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Abstract

The ability to extract patterns from sensory input across time and space is thought to underlie the
development and acquisition of language and literacy skills, particularly the subdomains marked by
the learning of probabilistic knowledge. Thus, impairments in procedural learning are hypothesized to
underlie neurodevelopmental disorders, such as dyslexia and developmental language disorder. In the
present meta-analysis, comprising 2396 participants from 39 independent studies, the continuous rela-
tionship between language, literacy, and procedural learning on the Serial Reaction Time task (SRTT)
was assessed across children and adults with typical development (TD), dyslexia, and Developmen-
tal Language Disorder (DLD). Despite a significant, but very small, relationship between procedural
learning and overall language and literacy measures, this pattern was not observed at the group-level
when examining TD, dyslexic, and DLD groups separately. Based on the procedural/declarative model,
a positive relationship was expected between procedural learning and language and literacy measures
for the typically developing group; however, no such relationship was observed. This was also the
case for the disordered groups (ps > .05). Also counter to expectations, the magnitude of the rela-
tionship between procedural learning and grammar and phonology did not differ between TD and
DLD (ps > .05), nor between the TD and dyslexic group on reading, spelling, and phonology (ps >
.05). While lending little support to the procedural/declarative model, we consider that these results
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may be the consequence of poor psychometric properties of the SRTT as a measure of procedural
learning.

Keywords: Procedural memory; Sequence learning; Individual differences; Language; Literacy;
Dyslexia; Developmental language disorder; Specific language impairment

1. Introduction

Procedural learning refers to the ability to learn, consolidate, and control motor and
cognitive skills that require the integration of statistical, probabilistic, and sequence knowl-
edge (Batterink, Paller, & Reber, 2019; Packard & Knowlton, 2002; Ullman, Earle, Walenski,
& Janacsek, 2020). This memory system has been proposed to support the development and
acquisition of language (Ullman, 2004; Ullman et al., 2020), specifically for linguistic subdo-
mains that require the extraction of patterns, such as phonology and grammar (Christiansen,
Conway, & Onnis, 2012; Conway & Pisoni, 2008; Ullman, 2004; Ullman & Pierpont, 2005;
Ullman et al., 2020). Deficits of procedural memory are also claimed to be a core causal
factor in dyslexia and developmental language disorder (Ullman, 2004). In line with this
account, there is clear evidence for a procedural deficit in populations with these neurodevel-
opmental disorders when compared to controls (e.g., Lum, Ullman, & Conti-Ramsden, 2013,
2014; West, Melby-Lervag, & Hulme, 2021). In contrast, recent meta-analyses examining the
continuous relationship between procedural learning and language and literacy found negli-
gible and nonsignificant evidence for such an association (Lammertink, Boersma, Wijnen, &
Rispens, 2020; West et al., 2021; cf. Hamrick, Lum, & Ullman, 2018 who did report a signifi-
cant overall association, albeit on the basis of a much smaller sample of studies). However, the
extant correlational meta-analyses have been limited as they mainly focused on grammar and
vocabulary (Hamrick et al., 2018; Lammertink et al., 2020), with the exception of West et al.
(2021) which combined measures of language and literacy. Therefore, here, we extend exist-
ing meta-analyses by producing the largest and most comprehensive meta-analysis examining
the continuous relationship between procedural learning and different language and literacy
subdomains, and directly comparing the magnitude of the relationship between language and
literacy and procedural learning in typical and atypical populations with language-related
learning difficulties (dyslexia and developmental language disorder).

1.1. Procedural learning in typical and atypical language and literacy development

Recent perspectives on language learning, including work in statistical learning, emphasize
the importance of the detection and acquisition of regularities in the input as a fundamental
aspect of language and literacy development (Bogaerts, Siegelman, & Frost, 2021; Saffran,
2020; Smith, Suanda, & Yu, 2014). One influential model, particularly in the area of devel-
opmental language and literacy disorders, is the Declarative/Procedural model developed by
Ullman and colleagues, which highlights the role of the domain-general procedural learning
system in the learning of these regularities (Ullman, 2001a, 2001b, 2004, 2016a, 2016b; Ull-
man et al., 2020; Ullman & Pierpont, 2005; Ullman & Pullman, 2015). According to this
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model, the procedural memory system is hypothesized to be involved in the acquisition and
processing of syntax (the set of rules for how linguistic units are combined to convey mean-
ing), morphology (how words and morphemes are combined to form words), and phonology
(the abstract representations and rules that allow for the combination of sounds into more
complex linguistic structures such as morphemes; van der Lely & Pinker, 2014). These fun-
damental domains of language are proposed to be acquired through gradual exposure to
statistical, probabilistic, and sequential structures (Ullman, 2001a, 2001b, 2004, 2016a,
2016b; Ullman et al., 2020). Other aspects of language may also be learned through the proce-
dural memory system, such as word boundaries in a speech stream, articulatory knowledge,
and speech perception (Ullman et al., 2020). Conversely, the declarative memory system,
which underpins the acquisition of arbitrary and idiosyncratic knowledge, is thought to be
relevant to the accumulation of vocabulary knowledge fundamental to the mental lexicon.

However, given the learning flexibility of the declarative memory system, this long-term
memory system is also expected to be involved in the acquisition of grammar through the
learning and storage of the rules using associative learning mechanisms, such as chunking
(Ullman & Pullman, 2015). Taking this into account, the Procedural/Declarative model cur-
rently lacks a precise delineation of the involvement of the procedural memory system in lan-
guage and literacy development, as it is not clear whether procedural memory is expected to be
involved in all aspects of syntactic, morphological, and phonological acquisition that involve
pattern extraction. Furthermore, it may well be that rather than a direct mapping between
one learning system and one behaviorally defined component of language (e.g., procedural
learning and syntax; declarative learning and vocabulary), both learning systems contribute
differentially to vocabulary and syntax, reflecting the presence of both sequential and asso-
ciative elements in each of these language components (Krishnan, Watkins, & Bishop, 2016).
Thus, it is possible that procedural memory will be associated with a greater extent with those
aspects of language for which sequential structure is key (e.g., syntax and phonology), but
will still be associated-albeit to a lesser extent-with aspects of language that are less intrinsi-
cally sequential (e.g., vocabulary). However, to our knowledge, there is as yet no formal set
of predictions in the existing literature that specifies the expected relative strengths of these
associations.

Several authors have proposed that neurological impairments in the procedural memory
system may account for the language and literacy difficulties (i.e., with grammar and phonol-
ogy) experienced by individuals with DLD and dyslexia, respectively (Fawcett, Nicolson,
& Dean, 1996; Krishnan et al., 2016; Nicolson & Fawcett, 2011; Ullman, 2004; Ullman
et al., 2020; Ullman & Pullman, 2015). Unlike domain-specific accounts of dyslexia and DLD
(e.g., phonological deficit: Snowling, 2000; grammatical deficit: van der Lely, 2005; van der
Lely & Pinker, 2014), hypotheses focusing on the deficits in the procedural memory system
emerge as an alternative core-deficit account of dyslexia and DLD, aiming to explain the
range of profiles observed within these diagnostic categories (Krishnan et al., 2016; Ullman
et al., 2020; Ullman & Pierpont, 2005), including nonlinguistic difficulties with motor skills,
attention, and working memory (Baird, Dworzynski, Slonims, & Simonoff, 2010; Brookman,
McDonald, McDonald, & Bishop, 2013; Buchholz & McKone, 2004; Delage & Frauenfelder,
2020; Fostick & Revah, 2018; Hill, 2001; Romani, Tsouknida, di Betta, & Olson, 2011).
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Despite the predicted difficulties in procedural memory, individuals with DLD and dyslexia
are thought to have relatively intact declarative memory and thus be able to compensate
for their procedural deficits by relying on the declarative system. Thus, while the procedu-
ral/declarative model (Lum, Conti-Ramsden, Page, & Ullman, 2012; Ullman & Pierpont,
2005) clearly predicts a positive association between language and literacy and procedural
memory in typical populations, the predictions for atypical populations are more complex,
given the possible compensatory role of declarative memory. On the one hand, procedural
memory and language skills may be correlated within language-disordered groups, even if
mean levels of performance are lower than in the typically developing population. On the
other hand, if there is active compensation by the declarative system, such that procedural
memory is not the main driver of language learning, then a correlation between procedural
memory and language would no longer be predicted (Lum et al., 2012). Rather, language and
literacy abilities which would usually be expected to rely on the procedural memory system
(e.g., grammar and phonology) would instead correlate with declarative memory.

1.2. Review of empirical evidence

The Serial Reaction Time task (SRTT; Nissen & Bullemer, 1987) is by far the most com-
monly used task in the now substantial body of research examining the procedural learning
abilities of typically developing children and adults and those with these developmental disor-
ders. In this task, participants are usually presented with a stimulus that appears in one of four
locations on the screen with participants being asked to respond as quickly as possible to its
position by pressing the corresponding key in the keyboard. Unbeknownst to the participants,
some of the positions of the stimulus follow a pattern. As participants learn the sequence, they
begin to implicitly anticipate sequenced trials, resulting in faster response times to these trials
compared to random trials (Barker, 2012; Nissen & Bullemer, 1987; Schwarb & Schumacher,
2012). In contrast to other tasks tapping procedural memory, there is consistent evidence of
the involvement of the basal ganglia-the core subcortical structure of the procedural learning
system-in the SRTT from both neuroimaging (e.g., Janacsek et al., 2020) and patient studies
(Williams, 2020). Thus, the SRTT, particularly its “classic” version (Janacsek et al., 2020), is
arguably the most well-established task of procedural learning.

Meta-analyses comparing the performance of individuals with dyslexia and DLD to typ-
ically developing individuals have found a group deficit in DLD and dyslexia on the SRTT
(Lum et al., 2013, 2014; West et al., 2021). The magnitude of the effect size has been found
to be significantly moderated by the interaction between the age of participants (Lum et al.,
2013, 2014) and the number of exposures to the sequence (Lum, Conti-Ramsden, Morgan,
& Ullman, 2014) or the type of sequence (Lum et al., 2013), with smaller effects for older
participants when given more practice (Lum et al., 2013) or when these participants were
assessed using a second-order conditional sequence (Lum et al., 2014). Yet, as noted by West
et al. (2021), the effect size for this group difference tends to be small (g = —.30).

Taking an individual differences approach, in which rather than group comparisons, per-
formance on the SRTT is correlated with performance on standardized measures of language,
has yielded a more mixed set of findings. In typically developing children, where the predic-
tion is that there should be a positive association, some studies have indeed found correlations
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between the procedural learning effect captured by the various versions of the SRTT and stan-
dardized measures of language (Clark & Lum, 2017a; Desmottes, Meulemans, & Maillart,
2016; Lum et al., 2012). On the other hand, other studies using similar methods have found
no association (Gabriel, Meulemans, Parisse, & Maillart, 2015; Henderson & Warmington,
2017; Siegelman & Frost, 2015; Vakil, Lowe, & Goldfus, 2015; West, Clayton, Shanks, &
Hulme, 2019). In children with DLD and dyslexia, where the prediction from the Procedu-
ral Deficit Hypothesis (Lum et al., 2012) is that the association between language skills and
procedural learning should be absent, or at least smaller than in TD, there have also been
mixed findings: some studies have found a correlation between procedural learning and lan-
guage in children with DLD (e.g., Desmottes et al., 2016) and dyslexia (e.g., Vakil et al.,
2015), whereas others have not (e.g., DLD: Clark & Lum, 2017; Desmottes, Maillart, et al.,
2017; Gabriel et al., 2015; Lum et al., 2012; dyslexia: Deroost et al., 2010; Henderson &
Warmington, 2017; West et al., 2019).

Two recent meta-analyses which synthesize this evidence base concluded that there was no
convincing evidence of a relationship between procedural learning in the SRTT and continu-
ous measures of language and /literacy measures (Lammertink et al., 2020; West et al., 2021).
West et al. (2021) meta-analysis comprehensively examined the role of procedural learning
on language and literacy development across a set of tasks considered to tap into procedural
learning (e.g., SRTT, Hebb serial order learning task, artificial grammar learning, and statis-
tical learning tasks, among others), though there is a lack of consensus as to whether all these
tasks tap into procedural learning (see Conway et al. 2019 for a discussion). The results per-
taining to the SRTT are of particular interest to the current study: data from 441 participants
(drawn from five studies) revealed a negligible association between procedural learning and
measures of language and decoding in typically developing children and adults (r = .03; West
et al., 2021). Similarly, the large-scale meta-analysis conducted by Lammertink et al. (2020)
(N = 139 children with DLD and N = 573 typically developing children; 19 studies), also
found no evidence of an association between procedural learning in the SRTT and expressive
(overall sample: r = .07; DLD: r = .03; TD: r = .11) or receptive grammar (overall sample:
r = .05; DLD: r = .04; TD: r = .06) in children with or without DLD (Lammertink et al.,
2020), with no statistical difference between groups. As discussed above, while the absence of
an association between grammar and procedural learning in children with DLD is consistent
with the predictions of the procedural deficit hypothesis, this pattern of results for school-aged
typically developing children and adults is not.

On the other hand, a contrary set of findings that were more consistent with the predictions
of the procedural/declarative model were reported by Hamrick et al. (2018) in a set of four
meta-analyses that included 16 studies (N = 470 children, N = 254 adults) examining the link
between language and declarative and procedural memory in first- (children) and second-
language learners (adults). In this case, positive associations between procedural learning
and grammar were found for children (r = .27) and highly proficient second-language adults
(r = .55), while low-proficiency second-language adults did not show this relationship (r
= —.01). Conversely, declarative memory was associated with lexical abilities and to a
lesser extent with grammar in children (r = .41, r = .16, respectively), and with grammar in
low-proficiency but not high-proficiency second-language adult learners (r = .47, r = —.07,
respectively). These results point to the importance of considering language proficiency
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as a potential moderator of the relationships between procedural memory and language
learning, such that in individuals with low language proficiency (e.g., in second-language
learners, or DLD), declarative memory plays a more important role in grammar-learning than
procedural memory (Ullman, 2004, 2015, 2016a).

More generally, in interpreting the findings of correlational studies examining procedural
learning in relation to language and literacy, it is important to highlight recent studies showing
that the SRTT has low reliability both in children and adults (Kalra, Gabrieli, & Finn, 2019;
Siegelman & Frost, 2015; Stark-Inbar, Raza, Taylor, & Ivry, 2017; West, Vadillo, Shanks, &
Hulme, 2018; West, Shanks, & Hulme, 2021). Poor psychometric properties are particularly
problematic for individual difference studies as they contribute to the attenuation of the asso-
ciation between measures (Fleiss, 1986; Rouder et al., 2019; Spearman, 1904). Importantly,
this reliability issue is not limited to the SRTT, as other related tasks have been found to
have equally poor reliability (e.g., artificial grammar learning: Kalra et al., 2019; Hebb task:
Bogaerts, Siegelman, Ben-Porat, & Frost, 2018; West et al., 2018; statistical learning: Arnon,
2019; probabilistic classification task: Kalra et al., 2019).

1.3. The current study

In light of these findings, there still seems to be mixed evidence for a relationship between
language and procedural learning as indexed by the SRTT. Yet, given the predictions of the
procedural deficit hypothesis, which does not propose a unique contribution of procedural
learning to the acquisition of grammar, but for all rule-based knowledge, further research
on the role of procedural memory on language and literacy development more broadly is
required. Thus, contrary to previous meta-analyses which have mostly focused on the rela-
tionship between vocabulary and grammar and procedural memory (Hamrick et al., 2018;
Lammertink et al., 2020) or analyzed the relationship between language and literacy and
procedural memory only in a small sample of studies (West et al., 2021), the present meta-
analysis, with the largest sample to date, aims to extend these findings by analyzing the rela-
tionship between procedural learning and different subdomains, namely, grammar, vocabu-
lary, phonology, spelling, reading, in school-aged children and adults (5-27 years) with and
without language and literacy impairments.

Based on the procedural deficit hypothesis (Ullman & Pullman, 2015), distinct patterns of
association are hypothesized to occur for these populations as the declarative memory sys-
tem has been proposed to compensate for the procedural learning impairments in populations
with DLD and dyslexia. Specifically, a stronger association between procedural learning and
grammar would be expected for typically developing children than those with DLD (as found
by Lum et al., 2012). Similar findings would be expected for children with dyslexia, where
the declarative memory system would be expected to compensate for the literacy deficits
which are also proposed to emerge as a consequence of procedural learning impairments
(Lum et al., 2013; Ullman, 2004; Ullman et al., 2020). Furthermore, since the ability to com-
pensate for language and literacy deficits would be expected to increase with age as the declar-
ative memory system matures (Lum et al., 2013; Ullman, 2004; Ullman & Pullman, 2015),
age is expected to be a significant moderator of the association between procedural learning
and language and literacy measures, especially for individuals with DLD and dyslexia.

[uo//:sdny woxy papeojumod ‘L ‘€Z0T ‘60L91SS 1

AN £Q O1€€1°S309/[ [ 11°01/10p/wod" K1m Kreiqrjouy

Koltpn *Amaqry s

UONIPUOY) PUB SWLIS], Y} 39S *[£207/L0/1] U0 Areiqr auruQy

[uo/z:sdny) s

9 Kapim: Kreaqrpout|

AuI[uQ A3[IA UO (SUOIIPUOD-PUB-SULIA}/UIO:

asn Jo sa[n 1o ey

sapnIE VO ¢

03 218

SUDDI SUOWIWOY) NI aqedrdde ayy Aq pauo;



C. M. Oliveira, L. M. Henderson, M. E. Hayiou-Thomas /Cognitive Science 47 (2023) 7 of 34

Finally, considering the methodological variability in how the SRTT is designed and
implemented across different studies (Schwarb & Schumacher, 2012) and how these method-
ological decisions have been found to moderate the magnitude of the difference between
dyslexic and control groups in the SRTT (Lum et al., 2013, 2014), factors such as the (a)
number of trials, (b) type of sequence, and (c) type of SRTT were included as potential mod-
erators. Previous meta-analyses have found that studies with a larger number of trials (Lum
et al., 2013, 2014) showed a smaller difference between disordered and typically develop-
ing groups. Similarly, the size of the effect was also found to be moderated by the type of
sequence, with second-order conditional sequences being associated with smaller effect sizes
when comparing children with and without dyslexia in the SRTT (Lum et al., 2013), and type
of SRTT, with deterministic sequences showing larger effect sizes than alternating sequences
(West et al., 2021) although note that this was not the case in Lammertink et al. (2020), who
did not find a moderating effect for the type of sequence. Thus, by taking these factors into
account, we aim to determine whether methodological decisions impact the strength of the
association between language and literacy and procedural learning tasks and thus have con-
tributed to the inconsistent pattern of findings across studies.

1.4. Aims and research questions

The current meta-analysis aims to provide a more comprehensive analysis of the relation-
ship between language and literacy and procedural memory. By including language and lit-
eracy measures across subdomains, this meta-analysis will be able to assess the predictions
of the procedural deficit hypothesis in children and adults with and without language and
literacy impairments. Furthermore, by investigating the effect of the moderating variables,
this meta-analysis may also provide some possible explanations for the inconsistent pattern
of results in the literature. Unlike previous meta-analyses, the present study includes effect
sizes for all available language and literacy measures as, instead of aggregating the effect
sizes derived from a single sample, we take advantage of multilevel models to deal with the
nonindependent effect sizes, thus preventing information loss.

We addressed the following preregistered (https://osf.io/vtdg3) research questions and
hypotheses:

Research Question 1: We examined the relationship between procedural learning and lan-
guage/literacy abilities in typically developing adults and children. Specifically, following
the declarative/procedural model, we predicted correlations between procedural learning and
grammar, phonology, reading, and spelling (Ullman et al., 2020), while vocabulary was
expected to only be weakly correlated with procedural learning (Hamrick et al., 2018; Ullman,
2004; Ullman et al., 2020) (Hypothesis 1 (HI).

Research Question 2: In line with the procedural deficit hypothesis (Ullman, 2004; Ullman
et al., 2020; Ullman & Pullman, 2015), we anticipated that group membership would mod-
erate the relationship between procedural learning and language/literacy abilities, with (a)
stronger associations expected between grammar, phonology, and procedural learning for typ-
ically developing groups than DLD groups, based on the proposal that individuals with DLD
compensate for difficulties in grammatical and phonological acquisition with the declarative
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learning system (H2) (Ullman, 2004; Ullman & Pullman, 2015; Ullman et al., 2020); and
similarly (b) stronger correlations between phonology, reading, spelling, and procedural
learning for typically developing groups than for dyslexic groups, as individuals with devel-
opmental dyslexia would be predicted to compensate for phonology, reading, and spelling
difficulties with the declarative learning system (H3) (Ullman, 2004; Ullman & Pullman,
2015; Ullman et al., 2020).

In a set of exploratory analyses, we also examined whether age, the number of SRTT ses-
sions, sequence complexity, and SRTT type (deterministic vs. probabilistic sequences) mod-
erate the relationship between procedural learning and language/literacy abilities.

2. Methods

All materials for this meta-analysis are available (https://osf.io/ev2xw/), including the
dataset and scripts necessary to replicate all reported analyses and plotting.

2.1. Search strategy

To find eligible studies, literature searches were conducted up to November of 2020 on
Pubmed and Google Scholar using the following search terms:

PUBMED: procedural learning OR procedural memory OR sequence learning OR
implicit learning AND language OR reading OR dyslexia OR language impairments

procedural learning OR procedural memory OR sequence learning OR implicit learn-
ing AND SRT OR Serial Reaction Time task AND language OR reading OR dyslexia OR
language impairments

GOOGLE SCHOLAR: Relationship AND language AND “serial reaction time task”
AND visual sequence learning

Once the search was completed, the first author screened all titles and abstracts (Fig. 1)
for records which analyzed the procedural learning, language, or literacy skills of individu-
als with and without dyslexia and developmental language disorder. Sixty-seven records met
these criteria and were then subjected to a full-text analysis against the inclusion and exclusion
criteria to determine eligibility. Full-text eligibility was assessed using the following inclu-
sion criteria: (i) Population: TD controls and/or individuals with language/reading impair-
ments of speakers of alphabetic languages; (ii) Used a strictly visual deterministic, proba-
bilistic, or alternating SRTT with procedural learning computed as the difference between
sequenced/probable and random/improbable trials; Audio-visual SRTTs or tasks that alter-
nated types of statistical dependencies were not included (e.g., Jackson, Leitdo, Claessen,
& Boyes, 2020); (iii) Analyzed the relationship between language/literacy and procedural
learning and reported Pearson’s correlation (or equivalent) coefficients; (iv) If correlations
were missing but the required measures were used, we solicited the correlation coefficients
directly from the authors; (v) English language publication; (vi) If the same results were pub-
lished in multiple articles, these were only reported once in the meta-analysis; we selected the
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S
Records identified through Additional records identified

S database searching through other sources

"§ (n= 5910) (n = 44)

s

-

c

[

= y

Records after duplicates removed (n = 5786)
—/
"
Records excluded (n = 4788)
4 ® Focus on different disorders;

.°E‘ Records screened ® Focus on 27 language learning;

c = —p{ © Literature reviews,;

8 (n=4855) ¢ Different implicit learning tasks;

E ® Analysed relationship between procedural
learning and variables not of interest to the
study (e.g5. sleep characteristics);

* Verbal or auditory versions of the SRT task;
—/
~—
4 Full-text articles excluded (n = 28),
Full-text articles assessed reasons:

§ for eligibility e did not analyse correlytions between

3 (n=67 sequence learning and

2 n=67) :

) language/literacy measures (n = 3);

w e used a variant of the SRT that does not

meet inclusion criteria (n = 14);
e included a non-alphabetical language
o (n=1);
e longitudinal design (n = 1);
e included the same data as another
study already included in the meta-

L~} P analysis (n=2)

% Stutti}::s‘.mclude‘: ln. e lack of response or data was no longer

_3 quantitative syn' esis available (n = 7)

£ (meta-analysis)

(n=39)
~—/

Fig. 1. PRISMA flowchart showing a selection of studies for meta-analysis on the relationship between language
and literacy and procedural learning.

publication with the largest sample size and most comprehensive information; (vii) Publica-
tion dates: between 2000 and 2020 to increase the chances of data availability; and exclusion
criteria: (i) Second language learning studies (we opted to exclude second language learn-
ing studies as the predictions from the procedural/declarative model are distinct for first and
second language learners (e.g., Hamrick et al., 2018); dual task paradigms with the SRTT; lon-
gitudinal studies that measured procedural learning and language measures at different time
points (e.g., language measures in infancy and procedural learning in adulthood); SRTTs
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which only involved three positions as typically four positions are used; studies that used
adaptations that deviate substantially from the task described by Nissen and Bullemer (1987)
(e.g., in the task used by Vicari, Marotta, Menghini, Molinari, and Petrosini, 2003, partici-
pants were expected to only provide a motor response to a subset of the stimuli).

Forward and backward searches were conducted on these records. Discrepancies regarding
an article’s eligibility were resolved among the authors until a consensus was reached. Once
the list of articles to be included in the meta-analysis was agreed upon, it was sent to two
independent experts in the field for feedback to ensure that relevant articles were not missed.

2.2. Data extraction

Articles included in the meta-analysis were coded by the first author and a second coder
blind to the purpose of the study using the preregistered data extraction form developed for
the current review and available at https://osf.io/ev2xw/. Data extraction was compared until
100% agreement was reached between coders. The following moderators were included: age
of participants, group (TD/typically developing, DD/dyslexic, or DLD/development language
disordered groups), domain of interest (language or literacy), subdomains (phonology, vocab-
ulary, grammar, reading, or spelling'), type of SRTT (deterministic, probabilistic, or alter-
nating), sequence complexity (first- [FOC] or second-order conditional [SOC]), number of
trials the participants were exposed to, and number of sessions (including training and testing
sessions).

2.3. Meta-analytic approach

The effect size metric of Pearson’s r was used to represent the strength and direction of
the relationship between procedural learning and language/literacy skills. Correlation coeffi-
cients were recoded to reflect a positive relationship (higher procedural learning and higher
language/literacy skills) when necessary. When missing data were identified, the correspond-
ing authors were contacted by email requesting the relevant information; this had the aim of
ensuring all correlations-rather than only significant ones reported in the published papers-
were included, as reporting biases of this nature have been shown to inflate the overall effect
(Kirkham et al., 2010). In the absence of a reply or data being unavailable, the articles were
not included in the meta-analysis.

All correlation coefficients were converted from Pearson’s r to Fisher’s z scale as Pearson’s
r is not normally distributed (Hedges & Olkin, 1985). Since most studies contributed multiple
correlation coefficients to the meta-analysis, to deal with the lack of independence across
effect sizes and avoid reducing power by calculating the average for the effect sizes for these
studies, robust variance estimation (RVE) was used for model estimation alongside small-
sample corrections (Hedges, Tipton, & Johnson, 2010; Tipton & Pustejovsky, 2015) via the
robumeta package for R (Fisher & Tipton, 2015). RVE methods use a working model that
approximates the dependence structure but does not require exact knowledge of the error
distribution or covariance structure between effect size estimates. By using RVE methods,
even when the working model is misspecified, the meta-regression coefficient estimates will
be unbiased (Fisher & Tipton, 2015; J. E. Pustejovsky & Tipton, 2022).
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2.4. Modeling

An intercept-only meta-regression was initially run to estimate the overall effect size
between procedural learning and language/literacy across groups. Two separate random
effects models for language and literacy with correlated effects dependencies were computed
using the robumeta package (Fisher & Tipton, 2015) to deal with the nonindependent effect
sizes. Even though there is also evidence of hierarchical dependencies (e.g., some research
groups contributed multiple studies to the meta-analysis), weights for correlational depen-
dency were selected as recommended by Tanner-Smith, Tipton, and Polanin (2016) since this
was the most common form of dependency in the present dataset as a large number of studies
contributed more than one effect size per sample. For all analyses, the in-study effect size
correlation (p) was set at .8. In addition, sensitivity analyses were performed across varying
values of rho (.0, .2, 4, .6, .8, 1.0) to assess whether results were robust to changes in rho
values.

To answer the research questions, separate RVE mixed-effects meta-regression models
were performed with group as a moderating variable to determine whether there is a sig-
nificant correlation between language and literacy for the typically developing group and
disordered groups (represented in Table 2 as “TD = DLD = DD = 0,” with DD stand-
ing for the dyslexic group) and whether the magnitude of this effect is greater for this
group than for the clinical groups (represented in Table 2 as “TD vs. DLD vs. DD” or a
subset of the groups depending on the research questions). Separate meta-regressions were
also conducted for each of the remaining moderator variables (e.g., age, type of sequence)
to assess their effect on the association between procedural learning and language/literacy
for the overall sample (Tables 2 and 4), with the categorical levels contrasted in a similar
manner to group (e.g., “FOC vs. SOC”-representing the contrast between first- and second-
order conditional sequences) using the Wald_test() function from the clubSandwich package
(Pustejovsky, 2021). This function uses a method called approximate Hotelling’s 72 test which
has been shown to perform adequately even with degrees of freedom close to O (Tipton &
Pustejovsky, 2015).

After performing the meta-analytic calculations, Fisher’s z overall estimates were converted
back to Pearson’s r for reporting the average correlation and 95% confidence interval (CI) for
each model.

2.5. Bias and heterogeneity analyses

To test for the presence of publication/reporting bias, while taking account of the depen-
dencies in the data analysis, the PET-PEESE estimates (Stanley & Doucouliagos, 2014) were
computed using RVE via the robumeta package (Fisher & Tipton, 2015). PET (Precision-
Effect Test) and PEESE (Precision-Effect Estimate with Standard Error) methods use the
standard error and the sampling variance as predictors, respectively. The two-step method
PET-PEESE is recommended because both PET and PEESE methods show bias, with PET
being downwardly biased when the true effect is different from zero, while PEESE shows
an upward bias when the true effect is zero (Stanley & Doucouliagos, 2014). The two-
step process involves first assessing whether the PET estimate is significant, if the effect is
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significant, then the PEESE estimate is used; if not, the PET estimate should be adopted
(Stanley & Doucouliagos, 2014).

Since not all classical methods are available to analyze outliers, influential cases, and bias
for models with dependency, effect sizes were aggregated via the agg function from the MAc
package (Del Re & Hoyt, 2018). Following Borestein (2009), the default correlation between
within-study effect sizes was set at .50, with complementary sensitivity analyses to ensure the
robustness of the results (r = .10, .30, .50, .70, .90). The influence function from the metafor
package was used to identify potential outliers and influential cases for the aggregated effect
sizes for each model (Viechtbauer, 2010). To detect evidence of publication bias, funnel and
contour-enhanced funnel plots were also produced (Galbraith, 1988; Light et al., 1984) using
the metafor package (Viechtbauer, 2010). Rank correlation tests were performed to assess
funnel plot asymmetry (Begg & Mazumdar, 1994).

Study heterogeneity was analyzed using the Q statistics, /°, and 72 (Higgins & Thomp-
son, 2002). The Q test assesses heterogeneity by comparing the effect sizes across studies
to determine whether all studies show the same effect (null hypothesis). However, this test
has been shown to be poor at detecting true heterogeneity in smaller samples due to a lack
of power. Thus, the results of the Q test need to be considered in light of other measures of
heterogeneity. /> represents the proportion of variability across studies due to heterogeneity
rather than chance. This measure was introduced by Higgins and Thompson (2002) as being
more interpretable and comparable across studies than Q statistics. Yet, given the reliance on
the Q statistics for its calculation, /* is also often imprecise and/or biased in small samples
(von Hippel, 2015). For ease of interpretation, heterogeneity above 50% and 75% tends to
be considered moderate and substantial, respectively (Higgins & Thompson, 2002). Finally,
t2-the variance in the true effect sizes-was also interpreted since random effects models were
adopted across analyses as we anticipated that studies did not represent a homogeneous pop-
ulation due to the methodological and sampling differences (Borestein, 2009).

2.6. Correction for attenuation

In classical test theory, observed scores are thought to reflect the true scores plus measure-
ment error (Novick, 1966), with measurement error often limiting the size of the correlation
between two variables (Spearman, 1904; Wiernik & Dahlke, 2019). Thus, as recommended
by Wiernik and Dahlke (2019), the pooled correlation coefficient between language and
literacy and procedural learning was corrected for attenuation using Spearman’s derivation
(Spearman, 1904).

observed correlation
Jreliability (x) . reliability (y)

true correlation =

This method adjusts the raw correlation by taking into consideration the reliability esti-
mates for each measure (Spearman, 1904). Considering the scarce information about mea-
surement reliability, an artifact distribution method was used, as measurement error correction
was only performed after model estimation (Wiernik & Dahlke, 2019).
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The overall reliability for the SRTT was estimated to be approximately .30, based on a
recent meta-analysis conducted by Oliveira, Hayiou-Thomas et al. (2023, April 25). Unfor-
tunately, only a small number of studies reported the reliability of the tasks adopted (namely,
Siegelman & Frost, 2015; West et al., 2018; West et al., 2021), thus the estimate may not be
representative of the reliability of the SRTT used in the studies included in this meta-analysis.
For the literacy and language measures, an overall reliability of .70 was selected based on the
frequent test-retest reliability of standardized measures used to assess language and literacy.
However, as discussed by Rouder et al. (2019, March 25), disattenuation methods are flawed
and can produce highly variable estimates which can be both inflated and deflated, so these
need to be interpreted with caution.

3. Results

In total, the meta-analysis comprised 39 independent studies (see Table 1 for more details),
summarizing 500 effect sizes and data from 2396 participants. Participants’ age range: [5.2,
27.7], M = 12.69, SD = 5.64. See https://osf.io/ev2xw/ for the entire dataset.

3.1. Relationship between language and literacy and procedural learning

To directly test the predictions of the procedural/declarative model and the procedural
deficit hypothesis, separate analyses were required for the typically developing, DLD, and
dyslexic groups. Yet, before presenting those results, we started by examining the overall
effects across populations for both literacy and language.

3.1.1. Overall effect

All studies (k = 39) were included in this analysis (citations marked with an asterisk). The
estimated average correlation between procedural learning and overall language and literacy
measures for all studies using RVE was Fisher’s z = .06, 95% CI [.007, .12], SE = .03,
#(32.7) =2.3, p = .028, with a Pearson’s r of .06, indicating a very modest-though statistically
significant at this sample size-association between procedural learning and language/literacy.
Sensitivity analyses indicated that the results are robust to different values of rho (Fisher’s z
varied between .0619 and .0620). There was no significant difference between language and
literacy measures in terms of the strength of the relationship with procedural learning (F(1,
22.3) = .34, p = .563). Note that this result is not necessarily at odds with our predictions as
the relationship between language and literacy and procedural memory may have been shifted
downwardly by the inclusion of effect sizes from the disordered groups. A direct test of our
predictions, based on the procedural/declarative model, requires separate analyses for TD and
disordered groups.

To further explore the relationship between procedural learning and language/literacy, sep-
arate RVE models were computed for language and literacy measures.
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Table 1

Overview of the study sample characteristics for each individual experiment in our sample ?
=%
Study Group N Mean age (years) Type of SRTT Sequence complexity S
Clark and Lum (2017a) DLD 20 8.92 deterministic FOC a
TD 20 9.09 deterministic FOC N

Clark and Lum (2017b) DLD 25 9.81 deterministic FOC <
TD 27 9.70 deterministic FOC S
Deroost et al. (2010) DD 28 13.50 deterministic FOC §~
Desmottes et al. (2016b) DLD 21 10.20 deterministic FOC R
TD 21 10.54 deterministic FOC =
Desmottes, Maillart, and Meulemans DLD 18 10.24 deterministic FOC <
(2017a) TD 17 10.12 deterministic FOC S
Desmottes, Meulemans, Patinec, and DLD 15 10.39 deterministic FOC x>
Maillart (2017b) TD 15 10.41 deterministic FOC §
Earle and Ullman (2021) DLD 21 20.52 deterministic =
TD 79 20.49 deterministic <
Gabay, Schiff, and Vakil (2012) DD 12 23.58 deterministic SOC o
TD 12 24.83 deterministic soC B
Gabriel, Maillart, Guillaume, Stefaniak, DLD 15 10.17 probabilistic SOC §'
and Meulemans (2011) TD 15 10.25 probabilistic SOC 'ﬂ
Gabriel, Stefaniak, Maillart, Schmitz, DLD 15 10.25 deterministic FOC S
and Meulemans (2012) TD 15 10.42 deterministic FOC §
Gabriel et al. (2013) DLD 23 9.67 deterministic SOC a
TD 23 9.58 deterministic SOC e
Gabriel et al. (2015) DLD 16 9.92 deterministic FOC §
TD 16 9.83 deterministic FOC S
Hedenius et al. (2013) DD 12 11.00 alternating SOC S
TD 17 11.10 alternating SOC %
Hedenius et al. (2021) DD 30 11.60 alternating SOC ®
D 32 11.68 alternating Nele N
Henderson and Warmington (2017) DD 30 21.13 deterministic SOC g
TD 29 20.31 deterministic SOC @

Hsu and Bishop (2014) DLD 48 8.80 deterministic FOC

TD 24 7.37 deterministic FOC

Kidd and Kirjavainen (2011) TD 120 5.20 deterministic FOC

(Continued)
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Table 1

(Continued)
Study Group N Mean age (years) Type of SRTT Sequence complexity
Kidd (2012) TD 100 5.58 deterministic FOC
Kuppuraj, Rao, and Bishop (2016) DLD 30 11.65 deterministic SOC
TD 30 10.68 deterministic soC o
Lammertink et al. (2020) DLD 35 9.08 deterministic FOC <
D 35 9.08 deterministic FOC Q
Lee and Tomblin (2015) DLD 25 22.14 deterministic SOC §_
TD 23 22.23 deterministic SOC <
Llompart and Dabrowska (2020) TD 60 21.63 deterministic SOC ™~
Lukacs and Kemeny (2014) DLD 29 9.10 deterministic FOC <
Lum and Kidd (2012) TD 58 5.45 deterministic FOC %
Lum et al. (2012) DLD 51 9.80 deterministic SOC §
TD 51 9.85 deterministic SOC g
Mayor-Dubois, Zesiger, Van der Linden, DLD 65 18.00 deterministic FOC &
and Roulet-Perez (2014) <
Menghini et al. (2010) DD 60 11.43 deterministic FOC o
TD 65 11.94 deterministic FOC =
Mimeau, Coleman, and Donlan (2016) TD 76 6.50 deterministic FOC E-
Oliveira et al. (2022, May 10) TD 47 20.09 probabilistic SOC i
Park et al. (2018) DLD 27 9.95 deterministic FOC g
TD 59 10.27 deterministic FOC N
Schmalz, Moll, Mulatti, and TD 84 27.70 deterministic <
Schulte-Korne (2019) S
Siegelman and Frost (2015) TD 76 24.10 probabilistic SOC §
Spit and Rispens (2019) TD 25 10.90 deterministic g
Stoodley, Harrison, and Stein (2006) DD 19 23.92 deterministic SOC g
TD 21 22.83 deterministic soc &
Vakil et al. (2015) DD 23 12.41 deterministic SOC S
TD 30 12.55 deterministic SOC 3
van Witteloostuijn, Boersma, Wijnen, DD 50 9.83 deterministic FOC g
and Rispens (2019) TD 50 9.67 deterministic FOC Y
West et al. (2018) TD 101 8.19 probabilistic SOC e
West et al. (2019) DD 23 9.81 probabilistic SOC
TD 25 7.62 probabilistic socC o
West et al. (2021) TD 112 7.68 probabilistic SOC %
.

Abbreviations: DD, developmental dyslexia; DLD, development language disorder; N, number of participants; TD, typically developing children.
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3.1.2. Language and procedural learning

3.1.2.1. Overall effect across participants: Thirty-five studies reported the relationship
between procedural learning and language (marked with an asterisk). Fisher r-to-z trans-
formed correlation coefficients ranged from —.97 to .91, with just over half of the estimates
being positive (55%). However, the average correlation between procedural learning and spo-
ken language measures was again very modest, though statistically significant: Fisher’s z =
.06, 95% CI [—.002, .12] SE = .03, #30.1) = 1.98, p = .057, with an equivalent Pearson’s
correlation of r = .06, 95% CI [—.002, .12]. Sensitivity analyses confirmed that this result
was robust to different levels of rho. There was a moderate level of heterogeneity in the effect
sizes T2 = .028, I> = 51.72, which was further explored using meta-regression analyses (pre-
sented in Tables 2 and 3). As before, this result offers no support for or against our predictions
given that the overall estimate may be smaller due to the inclusion of the disordered groups.

3.1.2.2. Moderator analyses: Results of all separate RVE meta-regressions with moder-
ator variables as predictors are shown in Tables 2 and 3. F-tests were used to compare the
estimates between levels of categorical predictors.

There was no evidence that group membership affected the magnitude of the pooled asso-
ciation between procedural learning and language (Table 2). Subgroup RVE meta-analyses
(Table 3) for each linguistic domain (grammar, vocabulary, and phonology) were conducted
separately to assess whether there were group differences in the relationship between lan-
guage subdomains and procedural learning (H1/H2/H3). Since only one study included
vocabulary measures for the dyslexic group, this group was removed from the vocabulary
meta-regressions. The overall pattern was consistent across analyses, with no evidence of a
significant relationship between procedural learning and language subdomains regardless of
group (grammar: F(3, 3.02) = 1.40, p = .394; phonology: F(3, 67.83) = .78, p = .539; vocab-
ulary: F(2, 11.5) = 1.3, p = .311) and there was no evidence that the strength of the asso-
ciation differed between the typically developing and DLD groups for grammar (F(1, 17.1)
= 1.07, p = .315) or phonology specifically (¥(1, 9.02) = 2.44, p = .153), nor between the
typically developing and dyslexic groups for phonology (F(1,7.95) = 0.628, p = .451). Thus,
there was no evidence supporting H1 as there was no evidence of a relationship between lan-
guage and procedural memory on the SRTT for the typically developing group. Furthermore,
contrary to our predictions, the relationship between procedural learning and phonology did
not differ between the typically developing and disordered groups (H2, H3), nor did the asso-
ciation between grammar and procedural memory differ between the typically developing
and the DLD group (H2). Disattenuated correlations for the group comparisons (represented
as R) are also presented in Table 3. These show small correlations for the typically develop-
ing group between procedural learning and grammar (R = .12) and vocabulary (R = .19).
Small associations between procedural learning and phonology (R = .10) and grammar (R =
.19) were also observed for the dyslexic group. For the DLD, on the other hand, there was
a moderate association between phonology and procedural learning (R = .46). All the other
correlations were negligible (R < .1).

The moderating effect of sampling and methodological differences (domain, age of partic-
ipants, sequence complexity, type of SRTT, session, or number of trials) was also tested on
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Table 2
Results of all separate meta-regressions with moderator variables for language measures

Moderator (bolded) and level Study characteristics Effect size Test of significance Heterogeneity Sensitivity analysis
s k F Fisher’s z r SE t P 95% CI 72 P range a
Group 35 323 _ _ _ _ _ _ _ _ .029 52.572 _ =
TD=DLD =DD =0 _ _ 1.23 _ _ _ _ 333 _ _ _ _ _ S
TD vs. DLD vs. DD _ _ 124 _ _ _ _ 884 _ _ _ _ _ =
TD _ _ _ .056 .056 .033 1.719 .100 —.012 125 _ _ .0564; .0565 §.
DLD _ _ _ .083 .082 .090 917 376 —.112 278 _ _ .0826; .0830 S
DD _ _ _ .030 .030 .060 .500 .637 —.120 179 _ _ .0298;.0299 ~
Subdomain 35 313 _ _ _ _ _ _ _ _ .030 53.122 _ E
Grammar = Phonology = _ _ 1.26 _ _ _ _ 318 _ _ _ _ _ N
Vocabulary = 0 $
Grammar vs. Phonology vs. o o 213 o o o o 810 o o o o o i
Vocabulary S
Grammar _ _ _ .041 .041 .039 1.050 307 —.041 122 _ _ .0405; .0407 g
Phonology _ _ _ .088 .088 .079 1.120 291 —.089 .266 _ _ .0883; .0886 N
Vocabulary _ _ _ .067 .067 .044 1.540 .160 —.032 166 _ _ .0669; .0672 E
Age 35 323 _ .003 .003 .006 575 578 —.009 .015 .029 52.610 .0226; .0227 ™
Sequence complexity 33 298 _ _ _ _ _ _ _ _ .026 50.631 _ ét}
FOC =S0OC =0 _ _ 2.85 _ _ _ _ .082 _ _ _ _ _ <.
FOC vs. SOC _ 130 _ _ _ _ 721 _ _ _ _ _ S
FOC _ _ _ .081 .081 .045 1.810 .091 —.015 177 _ _ .0813;.0815 )
SOC _ _ _ .060 .060 .037 1.650 124 —.019 .140 _ _ .0603; .0606 §
Session® 33 291 _ _ _ _ _ _ _ _ .028 52.786 _ §
TI=T2=T3=0 _ _ 1.02 _ _ _ _ 462 _ _ _ _ _ N
T1 vs. T2 vs. T3 o o 930 o o . . 485 . . _ _ _ aQ
T1 _ _ _ .057 .057 .035 1.629 115 —.015 130 _ _ .0574; .0576 0§
T2 _ _ _ .091 .090 .076 1.193 282 —.099 280 _ _ .0904; .0908 3
T3 _ _ _ —.02 —.02 .048 —.397 732 —.241 203 _ _ —.0189 §'
# of Trials 35 323 _ _ _ .000 .062 953 .000 .000 .029 52.591 _ <
Type of SRTT 35 323 _ _ _ _ _ _ _ _ .031 53.977 _ X
Det = Prob = Alt =0 30 _ _ _ _ 213 _ _ _ _ _ 2
Det vs. Prob vs. Alt 4w _ _ _ _ 677 _ _ _ _ _ N
Det _ _ _ .067 .067 .038 1.788 .086 —.010 145 _ _ .0673; .0677 %
Prob _ _ _ .035 .035 .053 .661 549 —.120 190 _ _ .0351;.0357 ~
Alt _ _ _ .021 .021 .006 3.596 173 —.120 .190 _ _ .0206; .0207 §
SN—

Notes. F values are from Approximate Hotelling—Zhang with small sample correction omnibus tests of the effects of moderators with more than two levels; r = Pearson’s R correlation; standard
errors (SE) and 7 values for individual levels of a moderator; p values correspond to F or f values; 95% CI corresponds to the Fisher’s z.

Abbreviations: k, number of effect size estimates; s, number of studies.

*Studies by Clark and Lum (2017b) and Desmottes et al. (2017) were removed from the meta-regression with session as a moderator variable as these studies did not compute correlations
independently for each session.
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Table 3
Results of all meta-regressions for language and literacy components with group as a moderator variable

Moderators (bolded) and levels Study characteristics Effect size Test of significance Heterogeneity Sensitivity analysis ;
s k F Fisher’s z r R SE t P 95% CI 72 r range Q

Grammar 25 137 o o o o o o o o o 0.023 44.432 o E
TD=DLD=DD =0 _ _ 1.400 _ _ _ _ _ 394 _ _ _ _ _ 3
D vs. DLD 0210 _ _ L . m _ _ _ _ _ £
GroupDD _ _ _ 0.085 .085 .185 0.039 2.180 274 —0.410 0.580 _ _ 0.0849; 0.0851 &~
GroupDLD _ _ _ —0.017 —-017 —.037 0060 —0283 782 —0.147 0.113 _ _ —0.0169; —0.0168 3
GroupTD _ _ _ 0.057 .057 125 0.044 1.298 214 —0.037 0.151 _ _ 0.0572; 0.0574 as)
Vocabulary?® 18 63 _ _ _ _ _ _ _ _ _ 0.017 35.482 _ S
TD =DLD =0 1300 _ _ _ _ _ 311 _ _ _ _ _ &
TD vs. DLD 149 _ _ _ _ _ 243 _ _ _ _ _ g
GroupDLD _ _ _ 0.014 .014 .031 0.036 0.389 706 —0.067 0.096 _ _ 0.0141; 0.0142 =
GroupTD _ _ _ 0.089 .089 .194 0.054 1.665 129 —0.031 0.210 _ _ 0.0892; 0.0895 §
Phonology 16 111 _ _ _ _ _ _ _ _ _ 0.028 42.235 _ o
TD=DLD=DD =0 _ _ 0.778 _ _ _ _ _ .539 _ _ _ _ _ =
TD vs. DLD _ _ 2.440 _ _ _ _ _ 153 _ _ _ _ _ )
TD vs. DD _ _ 0.628 _ _ _ _ _ 451 _ _ _ _ _ 3
GroupDD _ _ _ 0.047 .047 .103 0.065 0.725 498 —0.116 0.211 _ _ _ 5
GroupDLD _ _ _ 0.212 209 455 0.138 1.536 192 —0.155 0.579 _ _ _ ;1.
GroupTD _ _ _ —0.018 —.017 —.038 0041 —0427 .678 —0.109 0.074 _ _ _ §
Reading 15 132 _ _ _ _ _ _ _ _ _ 0.003 10.643 _ 2
TD=DLD=DD =0 _ _ 2.120 _ _ _ _ _ 207 _ _ _ _ _ ~
TD vs. DD o o 0.003 o o o o o 986 . . . _ _ og:
GroupDD _ _ _ 0.045 .045 0.098  0.075 0.596 576 —0.145 0.235 _ _ 0.0442; 0.0477 S
GroupDLD _ _ _ 0.100° .100 0217  0.043 2.307 114 —0.047 0.246 _ _ 0.9926; 0.0999 5:
GroupTD _ _ _ 0.047 .047 0.102  0.040 1.167 283 —0.049 0.142 _ _ 0.0462; 0.0488 o
Spelling” 5 12 _ _ _ _ _ _ _ _ _ 0.017 34.435 _ S
TD=DD =0 1600 _ _ _ _ _ 388 _ _ _ _ _ ]
TD vs. DD _ _ 089% _ _ _ _ _ 421 _ _ _ _ _ ]
GroupDD _ _ _ 0.252 247 538 0.159 1.588 263 —0.489 0.993 _ _ 0.2517; 0.2527 R
GroupTD _ _ _ 0.047¢ .047 .103 0.088 0.537 .627 —0.226 0.320 _ _ 0.0473; 0.0470 ,S
Notes. F values are from Approximate Hotelling—Zhang with small sample correction omnibus tests of the effects of moderators with more than two levels; r = Pearson’s R correlation; R = 8
disattenuated Pearson’s R correlation; standard errors (SE) and ¢ values for individual levels of a moderator; p values correspond to F or ¢ values; 95% CI corresponds to the Fisher’s z. »

Abbreviations: k, number of effect size estimates; s, number of studies.
aThe DD (k = 2) and PDLD (k = 1) groups were not included in these analyses due to the small sample size.
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the entire sample, yet there was no evidence of a moderating effect of any of these factors on
the relationship between language and procedural memory (Table 2).

3.1.2.3. Model diagnostics: Sensitivity analyses revealed consistent results across rho
values for all meta-analytic analyses (see Tables 2 and 3). To assess the presence of influential
studies, effect sizes were aggregated per study as these analyses are not available for RVE
models. There was no evidence of influential studies.

3.1.2.4. Publication bias: Several assessments of publication bias were conducted on the
aggregated data, with the exception of PET and PEESE models which examined publication
bias on all effect sizes. Funnel plot and contour plots for the estimates are shown in Figs. 2a
and b. Visual inspection shows no obvious evidence of plot asymmetry or overrepresentation
of studies in the significance contours. These results are further supported by the nonsignifi-
cance of the rank correlation test (Kendall’s 7 = —.03, p = .880).

In line with previous results, both PET and PEESE models with RVE showed no evidence
of publication bias (PETrve: b1 = —.739, p = .120; PEESErve: b1 = —1.560, p = .210).

3.1.3. Literacy and procedural learning

3.1.3.1. Overall effect: A total of k = 18 studies were included in the analyses. Simi-
lar findings to those obtained for language were observed for literacy, both for the overall
effect, and the meta-regressions examining moderators. Fisher’s z for individual studies var-
ied between —.48 and .91, with 57% positive effect sizes. The meta-analytical model revealed
a significant, but again very modest, relationship between literacy and procedural learning,
Fisher’s z = .05 (Pearson’s r = .05), 95% CI [.003, .10], SE = .02, #(13.5) = 2.29, p = .039,
with evidence of a small amount of heterogeneity in the effect sizes (r° = .011, I = 29.48).
Sensitivity analyses indicated that this result was consistent across rho values (values ranged
from .0495 to .0496). Similarly to previous results, the weak relationship between literacy and
procedural learning may reflect the inclusion of the disorder groups, thus it does not speak
directly to our hypotheses.

3.1.3.2. Moderator analyses: All results from the meta-regressions are presented in
Tables 3 and 4.

Group membership was not a significant predictor of the magnitude of the relationship
between literacy and procedural memory and there was no evidence that this relationship
differed from zero for all groups (Table 4). To answer our research questions (H1/H2/H3),
separate meta-regressions were conducted for reading and spelling to determine whether
there were differences between groups for these subdomains. Given the low number of effect
sizes for the DLD group for spelling (n = 1), the DLD group was omitted from these anal-
yses, but was included in the remaining analyses. There was no evidence that the magnitude
of the pooled effect size differed between the typically developing and dyslexic groups for
spelling (F(1, 2.7) = .90, p = .421) and reading (F(1, 7.44) = .003, p = .956). Additionally,
the relationship between procedural learning and spelling was not significant for any group
(F(2, 1.95) = 1.60, p = .388). The same pattern was observed for reading (F(2, 7.64) = .99,
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Table 4
Results of all separate meta-regressions with moderator variables for literacy measures

Moderator (bolded) and level Study characteristics Effect size Test of significance Heterogeneity Sensitivity analysis 9
s k F Fisher’s z r SE t P 95% CI 72 r range <
Group 18 155 _ _ _ _ _ _ _ _ .013 32.056 _ g
TD=DLD=DD =0 _ _ 1.300 _ _ _ _ 347 _ _ _ _ _ §.
TD vs. DLD vs. DD _ _ 0.127 _ _ _ _ .883 _ _ _ _ _ S
TD _ _ _ .038 .037 .030 1.230 249 —.031 .106 _ _ .0801; .0808 ~
DLD _ _ _ .054 .054 .069 0.786 493 —.174 281 _ _ .0532;.0539 E
DD _ _ _ .080 .080 .065 1.237 254 —.072 232 _ _ .0374;.0377 R
Domain® 16 143 _ _ _ _ _ _ _ _ 006 16.164 _ $
Reading = Spelling = 0 2440 _ _ _ _ 165 _ _ _ _ _ §
Reading vs. Spelling _ _ 0.854 _ _ _ _ 401 _ _ _ _ _ 3
Reading _ _ _ .048 .048 027 1.800 .103 —.012 .108 _ _ .0481;.0497 g
Spelling _ _ _ 120 120 .074 1.620 185 —.091 331 _ _ .1196; .1203 N
Age 18 155 _ .001 .001 .004 0.154 .884 —.010 011 .014 32.988 _ E
Sequence complexity 16 125 _ _ _ _ _ _ _ _ 018 37.434 _ ol
FOC =S0OC =0 _ _ 2.220 _ _ _ _ 177 _ _ _ _ _ T
FOC vs. SOC 069 _ _ _ _ 427 _ _ _ _ _ <
FOC _ _ _ .028 .028 .029 0.972 .383 —.050 105 _ _ .0277; .0282 g
Ne® _ _ _ .069 .069 .036 1.886 .098 —.016 153 _ _ .0686; .0688 )
Session” 18 152 _ _ _ _ _ _ _ _ 008 21.693 _ g
TI=T2=0 . 5890 _ _ _ _ 036 _ _ _ _ _ s
T1vs. T2 _ _ 8.400 _ _ _ _ .033 _ _ _ _ _ N
Tl _ _ _ .023 .023 024 0.947 .361 —.029 075 _ _ _ Q
T2 _ _ _ 164 .163 .045 3.646 025 .035 294 _ _ _ 0§
Number of trials 18 155 _ .000 .000 .000 1.118 312 .000 .000 011 28.483 4.43e-05; 4.23e-05 3
Type of SRTT 18 155 _ _ _ _ _ _ _ _ 016 35.618 _ s
Det = Prob = Alt =0 _ _ 0.967 _ _ _ _ 543 _ _ _ _ _ g
Det vs. Prob vs. Alt o o 0.291 o o o . .669 o o o o . N
Deterministic _ _ _ .046 .046 .023 2.041 .070 .005 .097 _ _ .0455;.0462 g
Probabilistic _ _ _ .067 .067 .053 1.259 .308 —.117 251 _ _ .0678; .0669 ©
Alternating _ _ _ .001 .001 .081 0.011 993 —1.025 1.026 _ _ —.0004; .0012 %
—~
Notes. F values are from Approximate Hotelling—Zhang with small sample correction omnibus tests of the effects of moderators with more than two levels; r = Pearson’s R correlation; standard 8
errors (SE) and ¢ values for individual levels of a moderator; p values correspond to F or Fisher’s z values; 95% CI corresponds to the Fisher’s z. &
SN—

Abbreviations: k, number of effect size estimates; s, number of studies.
2The effect of subdomain was only analyzed for spelling and reading.
YGiven the small number of studies for the third session, this level was omitted from the analyses as the parameters could not be estimated.
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p = .414). Again, there was no evidence supporting our hypothesis for a relationship between
literacy and procedural memory in the typically developing group (H1), nor did the magnitude
of the relationship between spelling and reading and procedural memory differed between
the typically developing and dyslexic groups (H3). Yet, the disattenuated correlations (see
Table 3) show a small relationship between spelling and procedural abilities for the typically
developing group (r = .10), while for the DLD group, there was a small association between
reading and procedural abilities (R = .22). Of particular interest, the spelling abilities of the
dyslexic group moderately correlated with procedural learning (R = .54).

For all sampling and methodological moderators, the magnitude of the relationship was
not significantly different between categorical levels nor from zero, except for session. The
relationship between literacy and procedural learning was moderated by session (F(2, 6.36)
= 5.89, p = .036), with a higher correlation between these variables for the second session
(Fisher’s z = .164, 95% CI [.035, .294] SE = .045, #(3.67) = 3.65, p = .025) than for the first
(Fisher’s z = .023, 95% CI [—.029, .075], SE = .024, #(12.80) = .95, p = .361). The differ-
ence in the magnitude of the effect size estimate between sessions 1 and 2 was statistically
significant (F(1, 5.13) = 8.40, p = .033), with a higher effect for session 2 than session 1.

3.1.3.3. Model diagnostics: Sensitivity analyses show that the findings did not differ
depending on the value of rho (see Tables 3 and 4). The study by West et al. (2021) was iden-
tified as a potential influential effect size, with an aggregated effect size higher than expected.
Given that outlier detection was conducted on the aggregated data, no further actions were
taken.

3.1.3.4. Publication bias: For publication bias, visual inspection of the funnel (shown
in Fig. 3a) and contour (shown in Fig. 3b) plots of the aggregated effect sizes revealed no
evidence of asymmetry. This is consistent with the nonsignificant rank test for plot asymmetry
(Kendall’s T = —.026, p = .880), thus suggesting low likelihood of publication bias.

PET and PEESE RVE models also showed no evidence of publication bias (PETrve: b1 =
.02, p = .961; PEESErve: b1 = .17, p = .840).

4. Discussion

In the current study, we take a continuous approach to examining individual differences in
literacy and language as predictors of procedural learning, in typical and literacy/language-
disordered populations, as predicted by the procedural/declarative model. Our large-scale
meta-analysis found limited evidence of support for the procedural/declarative model.
Counter to this hypothesis (and our predictions) but in keeping with recent smaller-scale meta-
analyses, the results revealed only a negligible relationship between procedural learning and
language and literacy for the overall sample. Neither association remained significant when
examined separately within each group (TD, DLD, and dyslexia). Turning to the separate
subdomains of language and literacy, as expected, vocabulary did not significantly correlate
with procedural learning for any of the groups, nor were there differences in the pooled effect
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size between groups. However, there was also no evidence of a relationship between procedu-
ral learning and grammar, phonology, reading, and spelling in typically developing children,
which is counter to our hypotheses and the predictions of the procedural/declarative model.
Furthermore, the magnitude of the relationship between language and literacy and procedu-
ral learning did not differ between groups; specifically, the size of the effect did not differ
between the typically developing and DLD groups for grammar and phonology, nor did it
differ between typically developing and dyslexic groups for phonology, reading, and spelling.
Together, these results provide minimal to no support for the procedural/declarative model or
the procedural deficit hypothesis.

While the absence of correlations between language and literacy measures and procedural
learning for the disordered groups may be taken as supportive evidence for the procedural
deficit hypothesis (see Lum et al., 2012), this was observed alongside a similar pattern for
the typically developing group. Thus, these results point to an overall lack of a continuous
association between language, literacy, and procedural learning as previously observed by
Lammertink et al. (2020) and West et al. (2021).

The findings from this meta-analysis replicate and extend the results of recent meta-
analyses which found no association between grammar and procedural learning in chil-
dren (Lammertink, Boersma, Wijnen, & Rispens, 2017) and between language and decoding
measures and procedural learning on the SRTT (West et al., 2021). However, these find-
ings are at odds with those obtained by Hamrick et al. (2018). The significant relationship
between procedural learning and grammatical abilities observed by Hamrick et al. (2018) for
first language learners may have been due to the small sample size, and inclusion of low-
powered studies which have been found to often upwardly bias the overall estimate (Loken &
Gelman, 2017; Turner, Bird, & Higgins, 2013). Importantly, subsequent larger published stud-
ies reported a nonsignificant relationship between procedural learning and grammatical abil-
ities (e.g., Llompart & Dabrowska, 2020; West et al., 2018). There was no evidence of a
moderating role of age in the present meta-analysis, thus suggesting that the strength of the
relationship between procedural learning and language/literacy was not influenced by the age
of the participants counter to Hamrick et al. (2018) but in line with the finding from Lam-
mertink et al. (2020). However, only children older than 5 years old were included in the
present meta-analysis. Thus, we cannot rule out that procedural learning may be more tightly
associated with language and literacy acquisition at earlier stages of development. The asso-
ciation between procedural learning and grammar abilities in adult second language learners
observed by Hamrick et al. (2018) may capture this early stage of language acquisition, when
linguistic rule-based knowledge is accumulated and integrated into more abstract and com-
plex grammatical structures. Thus, it will be important for future work to take a broader age
perspective. Another possible explanation for the discrepancy between the present results and
Hamrick et al. (2018) is that the latter focused on studies that used deterministic SRTTs when
examining the relationship between these variables in children, whereas the present review
included both deterministic and probabilistic tasks; however, there were no differences in the
effect sizes for these task variants here, making this explanation unlikely.

Furthermore, exploratory meta-regressions on the whole sample were conducted to assess
the impact of methodological differences on the magnitude of the relationship between
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language and literacy and procedural learning. There was no evidence that sequence com-
plexity, number of trials, and type of SRTT affected the association between language and
literacy and procedural learning. Thus, even though the classic SRTT has been suggested to
be a better index of the procedural memory function (Conway et al., 2019; Janacsek et al.,
2020), there was no moderating effect of the type of SRTT on the relationship between proce-
dural memory and language/literacy. However, the number of SRTT sessions was found to be
a significant moderator of the relationship between procedural learning and literacy, such that
the size of the effect was higher, even though still small, for procedural learning captured dur-
ing a second session than for a first session. This is consistent with the suggestion by Conway
et al. (2019), that correlations between literacy and procedural learning may emerge only for
later sessions when procedural learning is more robust since knowledge and skill acquisition
in this memory system tends to be gradual and require multiple exposures to the stimuli. That
is, procedural learning that takes place after multiple training sessions may provide a more
reliable predictor of individual differences than after a single session.

Importantly, the present findings suggest that while the SRTT is a robust experimental
task which is able to capture group differences, it may not provide a reliable measure of
individual differences (Hedge, Powell, & Sumner, 2018). In line with this, in their meta-
analysis, West et al. (2021) found group differences between individuals with dyslexia and
DLD and the typically developing group on procedural learning across measures (SRTT,
Hebb learning task, artificial grammar and statistical learning tasks, weather prediction task).
However, they found a nonsignificant relationship between continuous measures of language-
and procedural learning. While a reliable measure of individual differences requires consid-
erable interindividual variance allowing for the ranking of individuals, a sensitive measure
of group differences does not. This interpretation concurs with recent evidence demonstrat-
ing the poor test-retest reliability of the procedural learning scores obtained with the SRTT
(e.g., Kalra et al., 2019; Siegelman & Frost, 2015; Stark-Inbar et al., 2017; West et al., 2018;
West et al., 2021). Given this, one must consider that the weak/absent correlations observed
here may not necessarily refute the procedural/declarative model and the procedural deficit
hypothesis, but rather, the SRTT may be insufficiently sensitive to individual differences to
provide an adequate test of these hypotheses.

Test-retest reliability refers to the measure’s consistency in ordering participants’ per-
formance at different time points (Kottner & Streiner, 2011). Measurement error and low
variance between individuals have been suggested to decrease reliability (e.g., Fleiss, 1986;
Hedge et al., 2018). Thus, the reliability of each measure will inform how much the raw cor-
relations have been attenuated (e.g., Fleiss, 1986; Rouder et al., 2019; Spearman, 1904). The
issue of attenuation has long been discussed (Spearman, 1904), yet, despite good progress,
correlation recovery is still suboptimal as the methods available, while less biased than raw
correlations, still produce highly variable estimates (Rouder et al., 2019). One such method
was proposed by Spearman (1904) and it proposes that the disattenuation of a correlation
between two measures can be accomplished by taking into account the reliability of each
measure. We took this approach to estimate disattenuated correlations between language and
literacy and procedural learning, but this did not change the pattern of results; correlations
remained very low except for the correlations between procedural learning and phonology
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in DLD and spelling in dyslexia. Crucially, while disattenuated correlations may provide a
better understanding of the true correlations, the Spearman (1904) method has been found to
produce highly variable estimates and so these should be interpreted with caution. This is of
special relevance given the pattern for low correlations for the typically developing group for
which the procedural/declarative model makes clear predictions. Importantly, these results do
not appear to be explained by publication bias. In sum, there appears to be some previous
support for a procedural memory impairment in individuals with dyslexia and DLD in line
with the procedural deficit hypothesis, as indicated by group-level studies. However, in the
absence of evidence for a relationship between language and literacy and procedural mem-
ory as measured continuously-which may be a consequence of methodological limitations-it
is still unclear whether and to what extent procedural memory underlies the development
of language and literacy across the whole distribution of ability. While the SRTT has been
shown to engage similar brain regions to motor skill learning (Keele, Ivry, Mayr, Hazeltine,
& Heuer, 2003; Pascual-Leone, Wassermann, Grafman, & Hallett, 1996; Robertson et al.,
2001; Torriero, Oliveri, Koch, Caltagirone, & Petrosini, 2004), and a more recent functional
neuroanatomical meta-analysis by Janacsek et al. (2020) has clearly tied the SRTT to basal
ganglia activation, little is known about whether the abilities required to perform the SRTT
are predictive of how well an individual learns and performs real-world procedural learn-
ing tasks (Mathews, 1997) and indeed whether quantitative differences in procedural learn-
ing on the SRTT are meaningful. A related issue is the lack of correlation between different
tasks purporting to measure procedural learning, even when task demands have been carefully
matched (Erickson, Kaschak, Thiessen, & Berry, 2016). While this could again be explained
by poor psychometric properties (Arnon, 2020; Siegelman & Frost, 2015; West et al., 2018;
West et al., 2021), it is also possible that procedural learning is not a unified ability that can
be similarly captured by all these tasks (Bogaerts et al., 2021). Thus, it may be that some
measures of procedural learning are more relevant to the acquisition of language and liter-
acy than others. This may explain the significant relationship between artificial grammar and
statistical learning tasks and language-related abilities found by West et al. (2021). This chal-
lenges the view of procedural learning as a general capacity that underlies the acquisition of
all probabilistic knowledge irrespective of modality and domain (Conway et al., 2019). As
suggested by Bogaerts et al. (2021) and Siegelman, Bogaerts, Christiansen, and Frost (2017),
future empirical work should focus on understanding the computations underlying procedural
learning acquisition in each task so that these can be better mapped onto linguistic abilities.
Thus, while this meta-analysis has focused on broad linguistic and literacy categories, future
work should aim to map the relationship between procedural learning and specific linguistic
processes and representations.

Finally, the absence of evidence for a relationship between procedural learning on the SRTT
and language/literacy also raises the possibility that group differences on the SRTT may be
unrelated to language and literacy skills. The SRTT is not a pure measure of procedural learn-
ing and has been shown to rely on attention and working memory (Arciuli, 2017; Sengot-
tuvel & Rao, 2013; D. R. Shanks & St. John, 1994; West et al., 2021). Thus, in light of the
evidence that individuals with dyslexia and DLD often have weaknesses in executive func-
tion (DLD: Marini, Piccolo, Taverna, Berginc, & Ozbic¢, 2020; dyslexia: Romani et al., 2011;
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M. J. Snowling, Hulme, & Nation, 2020) and working memory (DLD: e.g., Baird et al., 2010;
dyslexia: e.g., Fostick & Revah, 2018), group differences may actually reflect differences in
other cognitive skills.

In conclusion, the present meta-analysis provides the most comprehensive overview to
date of the relationship between procedural memory and language and literacy across chil-
dren and adults with and without language and literacy disorders. The results provide lim-
ited evidence for a relationship between continuous measures of language and literacy and
procedural learning as indexed by the SRTT, thus calling into question the validity of the
procedural/declarative model and procedural deficit hypothesis as a framework for under-
standing language acquisition. However, this research is not without its limitations. As pre-
viously mentioned, even though the SRTT shows the most consistent neuroimaging evidence
for the engagement of the basal ganglia (Janacsek et al., 2020), the poor psychometric prop-
erties of this task have likely downwardly biased the overall effect size. Thus, our efforts to
correct for this attenuation should provide a better estimate of the true association between
language/literacy and procedural memory (Wiernik & Dahlke, 2019). After disattenuation,
there was a moderate association between spelling and procedural memory in the dyslexic
group and between phonology and procedural memory in the DLD group, thus lending some
weak support for the procedural deficit hypothesis. However, due to the lack of clear predic-
tions for these groups, and the null effects for the control group, it is unclear whether these
results support the involvement of procedural memory in language and literacy as proposed
by the procedural/declarative model. The small sample sizes of the studies included in this
meta-analysis and the age range of the participants may have also contributed to the null find-
ings, particularly if developmental changes in this relationship are expected to occur. Finally,
we have only partially assessed the predictions of the procedural/declarative model as the role
of declarative memory in language and literacy has not been assessed. Thus, the inclusion of
a declarative memory task would have been useful to better understand the dynamics between
these long-term memory systems and their involvement in language and literacy acquisition
and processing.

Future research is also needed to ascertain and improve the psychometric properties of the
SRTT before this theoretical framework can be robustly tested. An important step will be for
individual differences studies in this field to routinely adopt the practice of reporting test-
retest reliability, allowing researchers to analyze the impact of reliability on their outcomes
of interest (Parsons, Kruijt, & Fox, 2019). Additionally, more sophisticated models, such as
meta-analytic structural equation modeling, may be better suited for assessing the relation-
ship between language and literacy and procedural learning as latent variables, while taking
measurement error into account. Such a meta-analysis should ideally include measures of
procedural learning from multiple tasks that tap into different abilities across subdomains;
as well as declarative memory and potential confounding variables, such as attention and
working memory. This model would have the potential to shed light on the moderating and
mediating effects of procedural learning on language and literacy in children and adults with
and without neurodevelopmental disorders. Such future research endeavors will be important
in advancing our understanding of procedural memory, and its putative role in language and
literacy acquisition, with the potential for informing practice and intervention.
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