Reading and Writing (2024) 37:731-755
https://doi.org/10.1007/511145-023-10429-z

®

Check for
updates

Executive functions mediate fine motor skills’
contribution to literacy achievement: a longitudinal study
of Arabic-speaking children

Afnan Khoury-Metanis'2® - Asaid Khateb'-

Accepted: 2 March 2023 / Published online: 30 April 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

Fine motor skills (FMS) are among the most studied nonlinguistic factors influenc-
ing early literacy acquisition. Although developmental studies have often supported
the presence of a relationship between FMS and emergent literacy, the underlying
mechanisms have not always been adequately explored. In this study, we used struc-
tural equation modeling to investigate the longitudinal relationship between FMS
in kindergarten and reading and spelling in first grade among 212 Arabic-speaking
children. We also used structural equation modeling to examine the contribution of
executive functions (EFs) measures as the possible mediators of this relationship.
The first structural equation model suggested that FMS (assessed by the functional
dexterity test, copying letters, and pure copying) at kindergarten was a significant
predictor (f=0.33, p <0.05) of literacy achievement (assessed by spelling and read-
ing words and pseudowords) in first grade. The second structural equation model
suggested that EFs measures (as assessed by The Head—-Toes—Knees—Shoulders
self-regulation task and the digit-span forward and backward tests) fully mediated
the relation between FMS and reading and spelling in the first grade. Results of
the bootstrap method also supported the statistically significant effect of FMS on
reading and spelling achievement through EFs, 95% CI [0.182, 0.802]. This study
emphasizes the importance of screening young children with non-academic and
non-language-based measures in order to identify the factors underlying difficulties
with reading and spelling.
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Introduction

Early reading and spelling skills among preschoolers and kindergarteners are
important and strong predictors of children’s later literacy skills and school
achievement (Whitehurst & Lonigan, 2001). Identifying the precursors of chil-
dren’s early literacy skills can help early childhood educators to understand what
knowledge and skills should be emphasized in promoting reading and spelling at
different learning stages.

In recent years, there has been a renewed interest in the role of fine motor skills
(FMS) in children’s reading and spelling (Diamond, 2010; Grissmer et al., 2010;
Mohamed & O’Brien, 2022). For example, it has been found that children with
motor coordination disorders or motor insufficiency had a higher probability of low
academic achievement than children without motor difficulties (Lopes et al., 2013).
Other studies report that early kindergarten FMS can predict later literacy (Grissmer
et al., 2010; Son & Meisels, 2006; Wang et al., 2015). However, the relationship
between FMS and early literacy remains unclear (Cameron et al., 2016). Apart from
FMS being an important predictor of pre-academic skills, early childhood profes-
sionals noted that executive functions (EFs) may also be an important determinant
of school readiness (Connor et al., 2016; L€ et al., 2021). In most of the studies, the
results of the strength of the relationship between FMS and reading and spelling do
not indicate if the relationship is direct or indirect, or mediated by EFs (Cameron
et al., 2016; Libertus & Hauf, 2017). The purpose of this paper is to clarify the rela-
tionship between FMS, EFs and literacy achievement, using a mediation model that
obtains a deeper understanding of the potential interrelations between FMS and EFs
and early literacy in Arabic-speaking children.

Fine motor skills and literacy achievement

It is estimated that preschoolers and kindergarteners spend between 27 and 66% of
the school day working on some form of fine motor activity (Marr et al., 2001),
which makes FMS an important aspect of early school readiness. FMS represents a
skill set linked to several similar constructs, including tasks that integrate motor with
spatial abilities (e.g., copying a geometric shape) (Carlson et al., 2013) and grapho-
motor skills. In the current work, in line with Suggate et al., (2019) and Mohamed
and O’Brien, (2022), we define three discrete terms, namely visuomotor control
(manual dexterity), visual-spatial integration, and graphomotor skills like handwrit-
ing. Visuomotor control or manual dexterity is defined as “small muscle movements
requiring close eye-hand coordination” (Luo et al., 2007, p. 596). Measures of man-
ual dexterity usually revolve around manipulating blocks or small objects, threading
beads, shifting pegs, or posting coins. Visual-spatial integration refers to a subset
of FMS that directly involves skills closely tied to writing (e.g., copying charac-
ters/symbols) without requiring cognitive knowledge. Finally, handwriting skills are
graphomotor abilities coupled with the cognitive knowledge of letters leading to the
ability to produce letters in a copying task fluently and with correct form.
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Mastery of FMS can be framed in the context of the Theory of Automaticity,
which posits that the more skilled an individual becomes at performing a particu-
lar task, the more “automatic” this process becomes — thus freeing up cognitive
resources that would otherwise be used to focus on its execution (Savage, 2004).
In the context of fine motor skills and school performance, this means that a child
who possesses higher levels of mastery of basic motor skills (i.e., writing letters)
may be better able to focus his/her attention on higher-order concepts like spell-
ing words correctly or composing sentences (Cameron et al., 2012). In contrast,
a child low in fine motor skills may struggle with these more basic classroom
activities and thus be less able to allocate his or her attention to the content of
lessons or the execution of more complex tasks.

Moreover, most influential models of writing assume that spelling and handwrit-
ing (graphomotor skills) are different processes but closely related (Hayes, 1996;
Van Galen, 1991). The spelling module involves the retrieval and maintenance of the
orthographic representation of words; and the motor modules are engaged in allo-
graph selection, size control, and muscular adjustment. From a developmental point
of view, the importance of automating both spelling and handwriting processes has
been highlighted (Berninger & Amtmann, 2003), in order to ensure that resources
are available for higher-order processes (McCutchen, 2011).

Many studies of school-age children have examined the link between children’s
FMS and learning to read or write (Chung et al., 2018; Khng & Ng, 2021; Lam &
McBride, 2018; Wang et al., 2015), Hindi (Bhide, 2018), English (Cunningham &
Stanovich, 1991), German (Suggate et al., 2018, 2019) and Arabic (Khoury-Metanis
& Khateb, 2022). McBride-Chang et al., (2011) found that visual-spatial integra-
tion (e.g., copying unfamiliar script) uniquely and significantly explained children’s
spelling ability. The researchers suggested that the importance of copying for Chi-
nese literacy acquisition might be due to several integrated processes. Visual-spa-
tial integration is important in spelling due to the visual complexity of logographic
forms in Chinese characters, which require a clear focus on spatial configuration and
order of strokes. Failure to attend to the details of the components of the characters
might result in poor handwriting, which may lead to poor character recognition and
poor performance in reading and spelling.

Consistent with McBride-Chang et al., (2011), Wang et al., (2014) found that
copying skills using unfamiliar scripts were also related to children’s reading and
writing. Moreover, in a correlational study on kindergarten children, examining
links between FMS and early reading skills (Suggate et al., 2018), FMS (visuomotor
control) was found to be correlated uniquely only to spelling skills, not to early word
reading and letter naming. However, when a graphomotor skill was added to the
regression analyses, FMS ceased to be a predictor even of reading skills. Interest-
ingly, a recent work by Khoury-Metanis and Khateb, (2022) did not show any direct
contribution of fine motor skills to spelling and reading at kindergarten, probably
due to a still nonstable relationship between FMS and reading and spelling over the
years. Children in kindergarten didn’t get instructions for reading and spelling, these
remain difficult tasks even for normally developed children. Because, the relation-
ship between FMS and early literacy is still not clear, more studies with a longitudi-
nal design are needed to better understand this relationship.
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Executive functions and literacy achievement

In the kindergarten years, EFs (inhibitory control, working memory, cognitive flex-
ibility) are frequently linked to children’s literacy achievement (Best et al., 2011).
It is thought that improvements in executive functioning facilitate improvements
in academic achievement (Best et al., 2009) or that adequate executive functioning
develops before behaviors affecting academic achievement (Blair & Razza, 2007).
EFs, also known as cognitive control, underpinned by the prefrontal cortex, are
defined as a set of high-level cognitive processes that are needed when individu-
als must pay attention to achieve a goal and/or when an automatic process cannot
be used to achieve a goal (Diamond, 2013). Researchers generally agree that three
core EFs exist: working memory (WM; mentally holding and using information),
inhibition (suppressing prepotent or dominant responses), and shifting (switching
between tasks or mental sets; Bull & Lee, 2014; Diamond, 2013). In this study, the
Head-Toes—Knees—Shoulders (HTKS) task (McClelland et al., 2015; Ponitz et al.,
2008) and the Digit Span Task from the Kaufman Assessment Battery for Children
(Kaufman & Kaufman, 2013) were used to assess kindergarteners’ EF skills. In par-
ticular, the HTKS task was used because it is thought to integrate different aspects of
EFs (i.e., inhibitory control, working memory, and cognitive flexibility) that interact
actively with each other to regulate behavior outcomes toward a future goal (Cam-
eron et al., 2012). Also, working memory tasks have been shown in previous studies
to be related to early literacy (Michel et al., 2019).

Researchers have shown that EFs and their component processes are centrally
involved in literacy (Becker et al., 2014; Connor et al., 2016). Learning to decode
and comprehend text requires inhibitory control to persist through challenges; cog-
nitive flexibility to learn all the associations between letter forms and sounds, word
meanings, and working memory to enable the individual to combine sounds into
words and words into paragraphs. In addition, as students advance in school, EFs
predict comprehension rather than decoding (Connor et al., 2016; Fuhs et al., 2014).
This shift reflects EFs’ role when tasks are new, not yet automated, and require
deliberate attention (Blair et al., 2011).

Although EFs have been robustly linked to decoding and comprehension aspects
of literacy over the school transition, there are fewer studies on the relations between
EFs and spelling. The available research has found that aspects of EFs significantly
predict early spelling development (Hooper et al., 2011; Kent et al., 2014; Kim
et al., 2013) and that students who struggle with are likely to have low EFs abilities
(Hooper et al., 2002). Thus, like early reading development, previous research sup-
ports the notion that children who demonstrate strong EFs (e.g., can focus and pay
attention) are more likely to develop stronger spelling skills.

The relationship between FMS, EFs and literacy achievement

The association of FMS with reading and spelling is often viewed as an indirect one,
a point that is central to this study. EFs are a common variable that may affect both

@ Springer



Executive functions mediate fine motor skills’ contribution... 735

FMS and academic skills. EFs, such as that measured as working memory, or self-
regulation, might underlie the apparent correlation between skills in motor and aca-
demic domains. EFs play a key role in fine motor skills development, as mastering
manual dexterity requires sustained attention, planning, and deliberation (Adolph
et al., 2010; Conners, 2009; Diamond et al., 2007; McClelland & Cameron, 2019).

Recent research indicates that EFs and FMS are highly related and co-develop
(Cameron et al., 2015; McClelland & Cameron, 2019; Roebers et al., 2014).

Donnelly and Lambourne, (2011)’s conceptual model hypothesized that EFs were
direct indicators of successful academic achievement. Most recently, Donnelly et al.,
(2016)’s substantial review indicated that EFs and FMS are the underlying mecha-
nisms contributing to reading proficiency and that moderate to strong associations
were found between EFs and reading proficiency. Children who evidence automatic-
ity in certain FMS may have greater processing capacity to learn through empow-
ered EFs, which may enhance their academic performance in reading (Donnelly &
Lambourne, 2011; Stipek & Valentino, 2015).

Suggate et al., (2018) designed a longitudinal cross-panel to test the unique con-
tribution of kindergarten FMS to reading in grade 1, while controlling for IQ and
EFs. Importantly, the simple SEM indicated that FMS uniquely relate to later read-
ing development. Additionally, Chang and Gu, (2018), identified indirect effect of
FMS on reading proficiency through EF, suggesting that the influence of motor skill
proficiency on reading is dependent on a child’s development of executive function
ability. First, children with better manual dexterity might demonstrate better hand-
writing skills and thus, might easily copy letters, leading to an advantage in early
reading development. For children who can already decode, having greater grapho-
motor skills enables them to consolidate their reading skills by practicing their hand-
writing (Wamain et al., 2012). Indeed, children with greater FMS, as measured by
symbol or letter copying tasks, perform better on literacy tasks (Cameron et al.,
2012; Suggate et al., 2018). Second, reading and FMS might share common under-
lying cognitive processes, such as EFs (Cameron et al., 2016; Michel et al., 2019;
Suggate et al., 2018), the same sets of cognitive skills associated with reading are
also strongly correlated with fine motor abilities (Becker et al., 2014). This perspec-
tive suggests that once executive functions are accounted for, fine motor abilities
should not contribute any unique variance to literacy. This standpoint suggests that
executive functions might mediate the relationship between FMS and academic
achievement.

EFs play a key role in fine motor skills development, as mastering manual dex-
terity requires sustained attention, planning, and deliberation (Adolph et al., 2010;
Conners, 2009; Diamond et al., 2007; McClelland & Cameron, 2019). Similarly,
EFs’ contribution to literacy development is supported by findings of a strong cor-
relation between word reading performance and cognitive factors such as inhibition,
working memory, and self-regulation (National Early Literacy Panel, 2008). Fur-
thermore, the same sets of cognitive skills associated with reading are also strongly
correlated with fine motor abilities (Becker et al., 2014), such as attention (Conners,
2009), inhibitory control, and working memory (Cartwright, 2012). This perspective
suggests that fine motor abilities do not contribute any unique variance to literacy
once general cognitive skills are considered. In this respect, Grissmer et al., (2010),
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reporting on a joint analysis of three large longitudinal data sets, addressed the ques-
tion of whether the executive function demands of fine-motor tasks were responsible
for the significant link between motor skills and academic achievement or whether
there was a unique contribution of FMS for later achievement. The authors con-
cluded that the relative predictive power of FMS compared to measures of EFs was
so varied across data sets that the question remains unanswered.

However, findings in previous literature may not necessarily be generalizable to
Arabic script, especially considering the unique features of the Arabic writing sys-
tem. Because Arabic orthography is characterized by a certain degree of visual com-
plexity, one might assume that cognitive capabilities may be essential for developing
Arabic word reading and spelling and mediating the relation between FMS and lit-
eracy achievement. Indeed, one major aspect of visual complexity in Arabic is the
visual similarity between letters. This visual similarity is evidenced by the fact that
the Arabic writing system comprises several dyads or triads of letters that have the
same basic form but are differentiated by the presence or absence of dots, by their
number and location (1 to 3 dots, inside or below the letter). For example, such a dif-
ferentiation appears in the letters <o > ,<<> and <&> for the letters /B/, /T/ and /
TH/ and in the letters <g> <#> <g>for /h/, /x/ and /d3/ (Asadi et al., 2017). This
visual similarity and other phonological similarities increase orthographic ambigu-
ity (Taha & Khateb, 2013). Another aspect of orthographic complexity in Arabic is
that 22/28 letters connect to preceding and following letters (i.e., from the right and
left), and six letters connect only to the preceding one. Written letters change their
basic forms when connected based on their location (: at the beginning, middle, or
end) in the word (Khateb et al., 2013, 2014). These and other features are thought to
pose serious challenges for children during the early stages of literacy development
and might be at the origin of reading and spelling difficulties (Abdelhadi et al., 2011;
Asaad & Eviatar, 2013; Asadi et al., 2017; Khateb et al., 2014; Taha & Khateb,
2013).

Kindergarten literacy instruction in Israel

In Israel, children enter first grade (elementary) school the year they reach age six,
following a year of compulsory kindergarten. In Israeli kindergartens, children write
their names on their artwork and find their names printed on items such as clothes
hooks and personal lockers. Lists of letters, magnetic letters, printed words, and
texts are displayed around the room. Children frequently read to from storybooks,
view TV programs based on storybooks, and voluntarily browse books. Games that
promote phonological awareness, such as segmenting words into syllables, count-
ing syllables, and rhyming, abound. Worksheets encouraging training in visual dis-
crimination (including letter discrimination) and letter copying are commonplace.
The curriculum for teaching Arabic in preschool includes training in various alpha-
betic skills, including phonological awareness and letter knowledge, and book read-
ing to expose children to the linguistic structures of the standard language. Children
learn to read short-vowelized words, which follows relatively consistent letter-sound
conversion rules (Asadi et al., 2017). Writing instruction in kindergarten focuses
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exclusively on transcription. By the end of kindergarten, most students can name,
sound, and form all letters. It is also expected that students leave kindergarten with
knowledge of phoneme-grapheme correspondence and can write syllables and sim-
ple words (Levin et al., 2008).

The current study

Building on Donnelly and Lambourne’s, (2011) conceptual model, the present
investigation aimed at examining the longitudinal relationship of FMS and EFs in
kindergarten to first-grade literacy achievement among a typically developing sam-
ple of Arabic-speaking children. For this purpose, data collected from Kindergarten-
ers’ included FMS (visuomotor control, visual-spatial integration, and graphomotor
skills) and EFs tasks (self-regulation task and the digit-span forward and backward
tests). Data from first graders included a literacy achievement measure based on
word reading, pseudoword reading, and spelling, together with a measure of nonver-
bal intelligence. Based on prior research, we hypothesized: i) that FMS will directly
influence spelling and reading among first-grade children, when not entering EFs to
the analysis, and that ii) EFs would have a positive direct effect on literacy, and FMS
would have a positive effect on literacy through an indirect path with executive func-
tions mediating this relationship.

Material and methods
Population and procedures

A sample of 212 children was followed for one year (mid-kindergarten to mid-first
grade) in the context of a longitudinal study in [was removed for review]. The sam-
ple comprised 100 boys and 112 girls, with a mean age of 75 months (SD=3.41).
The study sample was recruited from 20 kindergartens in the north of Israel and
around the Haifa area. These kindergartens were selected to represent a wide range
of socioeconomic backgrounds.

With the consent of the school principals, parents received a flyer with informa-
tion about the purpose of the study and the procedure (number of sessions, activi-
ties during the sessions). Parents were asked to provide a signed written consent
form for their child’s participation. At the first measurement point (kindergarten),
intelligence, FMS, and EFs were assessed, and early school achievement in reading
and spelling were assessed at the second point (first grade). Intelligence was meas-
ured with Raven Colored Progressive Matrices test, a standardized non-verbal intel-
ligence test. FMS were selected as previous studies revealed that FMS are related
to literacy achievements (Cameron et al., 2012; Grissmer et al., 2010; Rigoli et al.,
2012).

All measures were individually administered by the first author or one of five
trained occupational therapists in a spare room at school. The preschool tests were
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spread over two sessions of about 15-20 min that took place in May and June. In
first grade, testing took place during the second trimester (February and March) in
one session lasting about 25 min.

Kindergarten measures
Fine motor skills (FMS)

Visuomotor control This skill was assessed using the Functional Dexterity Test
(FDT: North Coast Medical, Gilroy, CA). This test uses a pegboard having 16 cylin-
drical pegs arranged in a four-by-four matrix. A tripod pinch is used to turn over each
peg and replace it in the pegboard in a standardized pattern. A height-adjustable table
was used, and hand dominance was determined by asking the child to draw a circle
with a pen that had been placed in the center of the table. The hand that the child
spontaneously used was considered the dominant one. A practice trial was performed
after test instructions were given. The second trial was timed using a stopwatch. If a
peg was dropped, the timer was paused, and the peg was returned to its original posi-
tion. The timing was resumed once the child resumed turning pegs. The overall time
elapsed to turn over all pegs was measured.

Visual-spatial integration This skill was assessed with the straightforward task of
copying unfamiliar Chinese-script words of which children had no prior cognitive or
orthographic experience or knowledge (i.e., participants didn’t know Chinese at the
beginning of the study). Chinese word captures different elements of the integration
of visual and motor skills. The task consisted of 5 items (2 items for practice and 3
items were scored) and was time-limited, with children allotted 5 min to finish the
task (McBride-Chang et al., 2011). Each component of the items was scored based on
its shape and position. Different items contained different numbers of components,
so the score carried by each item varied. The total score for the task was 20. The reli-
ability of this test in the current study is determined as Cronbach’s a=0.81.

In order to check inter-rater agreement, fifty assessments from among the 212
completed were randomly selected to be double-coded. The inter-rater agreement
for the raw score for this subsample was 92% with a weighted Cohen’s kappa of 0.79
and correlated at r=0.93, p <0.001.

Grapho-motor skill: This ability was assessed based on the task of replicat-
ing Arabic letter forms from models printed on paper. The scoring was adapted to
Arabic letters from a letter form copying test, the Scale of Children’s Readiness In
PrinTing (SCRIPT), which was developed for kindergarten children by Weil and
Amundson, (1994). The letters on the SCRIPT are scored as correct or incorrect
according to following criteria:

1. The letter is quickly and easily recognized as itself, and no gross errors in propor-

tion are present.
2. The letter has no missing parts or dots and no extra parts.
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et

No lines extend beyond the intersection by more than two millimeters.

4. Dots must not touch the letter, and have no more than the three-millimeter dis-
tance for the letters (z/x/, z/d3/, elyl, sltl, &I/, s=ldsl, oIBl, sfi:, 15/8%,3 18/,
¢ /91, 1], oin/, &/0)).

5. Letter forms must be closed correctly, with no more than a two-millimeter gap,
used for the letters ( s/u:/ L/ 0%/ &/q/ S/l -o/h/ o=/ dS 1 L/t 1 o/ M/ o I5¥)).

6. Curved lines must be curved, and straight lines must be able to fit within a two-
millimeter space.

7. Angles must be present, used for the letters # /x/ ¢ /h /z/ d3/ <Yk/ o/d/ 3 3 /.

8. There is no rotation of more than 45° in any part of the letter: no reversals are

present.

Each letter must pass each criterion to be awarded one point. Failure on any one
criterion results in a score of zero for that letter (Marr et al., 2001). The handwriting
sample was judged by grading each letter individually and then calculating the over-
all score of correct letters for legibility (maximum score of 29).

Each letter must pass each criterion to be awarded one point. Failure on any indi-
vidual criterion results in a score of zero for that letter (Marr et al., 2001). The maxi-
mum score is seven. Inter-rater agreement was checked for 48 randomly selected
assessments for the copying letters task. The inter-rater agreement for the raw score
for this subsample was 93% with a weighted Cohen’s kappa of 0.81 and correlated at
r=0.95, p<0.001.

Executive functions

The Head-Toes—Knees—Shoulders (HTKS) (Ponitz et al., 2009) This task is considered
a core measure of behavioral self-regulation (McClelland & Cameron, 2012) and is
thought to incorporate aspects of EF into a short game for children aged 4-8 years.
The task is designed as a Simon-Says-like game in which participants are instructed
to touch the area—head, toes, knees, shoulders—opposite the one in the examiner’s
oral instruction. Children were first told to follow the examiner’s commands (e.g.,
touch your head) but then to “be silly and do the opposite. If I say, ‘touch your head,’
touch your toes instead.” In Phase I, children were given several practice commands
with feedback about two rules (e.g., head or toes) and then 10 test commands in a
pseudorandom, fixed order. In Phase II, children were taught to follow two additional
commands (e.g., knees or shoulders) and then do the opposite. After four practice
commands with feedback, the children were told they would hear one of four com-
mands (touch your head/touch your toes/touch your knees/touch your shoulders) and
should touch the “opposite” body part. They were then given another 10 test com-
mands with body parts fixed in a pseudorandom order. The task requires attention to
instructions, remembering which parts are paired, and inhibiting the natural tendency
to touch the named part and touch a different part instead. Strong reliability and pre-
dictive validity have been demonstrated for the HTKS, with 20 items scored as fol-
lows: no points for an incorrect response, one for a self-corrected action, and two for
a correct response. (Ponitz et al., 2009). The HTKS was shown to predict academic
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achievement, indicating that it taps the executive processes associated with success in
educational settings (Matthews et al., 2009). In the current sample, the HTKS demon-
strated strong internal consistency; Cronbach’s alpha=0.91.

Digit recall test (Forward and backward) In this verbal short-term/working memory
test, the participants are required to recall immediately a series of auditorily pre-
sented digits in the same order (forward) and in reversed order (backward). The Digit
Span Forward Task from the Kaufman Assessment Battery for Children (Kaufman
& Kaufman, 2013) was used as an indicator of short-term memory. In this task, the
child repeated the heared numbers in the same order. The test started with one prac-
tice item of two digits similar to the first level and increased by one digit at each sub-
sequent level (two items per level) until level seven, where two eight-digit numbers
were presented. The test was discontinued if a child made an error in two consecutive
items of the same length. The score represented the number of correct responses. In
the Backward Digit Recall (modified from Kaufman & Kaufman, 2013), there was
also a total of seven experimental blocks (2 trials each), which progressed from a
block with two digits to a block of eight digits. In each trial, the subject listened to
a series of numbers (e.g., 5, 2) and had to repeat the numbers verbally in backward
order (e.g., 2, 5). The research assistants recorded the children’s answers as correct or
incorrect. The final score was the total number of correct trials. The reliability of this
test in the current study is determined as Cronbach’s «=0.89 for forward digit span
and Cronbach’s a=0.83 for the backward digit span.

First grade measures
Literacy achievement tasks:

Spelling A word dictation task was used to assess children’s Arabic spelling ability.
Eight one- to three-syllable words (for example < el > /sa:m/, < Jl, > fra:ze >, < ;j.g >/
hara:ba>), chosen on the basis of familiarity as assessed by frequency-of-use in materi-
als studied in first grade, were dictated to each child individually. The child then had to
write the corresponding graphemic representation of the orally presented words follow-
ing the orthographic rules, such as choosing the right allograph and correctly connect-
ing the letters. Responses were scored as either correct or incorrect on this measure.
Cronbach’s alpha reliability for this task was 0.89. Inter-rater agreement was checked
for 55 randomly selected assessments for the spelling task. The inter-rater agreement
for the raw score for this subsample was 94%, with a weighted Cohen’s kappa of 0.93
and correlated at r=0.94, p <0.001.

Real word reading This task, developed for this study (Authors removed for review),
determined the most common words and syllable structures in four reading instruc-
tion books used in the first semester of first grade. The task comprised 25 words
with predetermined consonant (C) verb (V) structures. Five words had CVC structure
[e.g., /da:r/ ("house’)]. Four words had CV.CV.CV structure [e.g., /rasama/ (‘drew’).
Twelve words had CV.CVC structure [e.g., /raza:n/ (Razan, a given name’)]. Four
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words had CV.CV structure [e.g., /fa:di:/ (‘Fadi:, a given name’)]. Children were
instructed to read these words aloud in a clear voice, as quickly and accurately as pos-
sible, and to pay attention to diacritics. The score was the number of correctly read
items. The Cronbach’s alpha reliability for this task was 0.91. Inter-rater agreement
was checked for 55 randomly selected assessments for the real word reading task. The
inter-rater agreement for the raw score for this subsample was 94%, with a weighted
Cohen’s kappa of 0.91 and correlated at r=0.95, p <0.001.

Pseudoword reading In this task, all frequent words (derived from the previous task)
were modified so that the words’ letters were reversed in their order or substituted
by other letters to transform the real words into pseudowords (Authors removed for
review) without altering the syllabic structure of the words. Children were given the
same instructions as for the previous task (Real Word Reading), except that it was
emphasized that these words have no meaning. As in the previous task, the score
was the number of correctly read items. The Cronbach’s alpha reliability for this task
was 0.92. Inter-rater agreement was checked for 55 randomly selected assessments
for the pseudoword reading task. The inter-rater agreement for the raw score for this
subsample was 93% with a weighted Cohen’s kappa of 0.90 and correlated at r=0.94,
p<0.001.

Control variable

Nonverbal intelligence was assessed using the Colored Raven’s progressive matrices
(Raven, 2003). This test comprises three sets of 12 items each (Sets A, AB, and B),
with items within a set becoming increasingly complex. This test assesses children’s
reasoning abilities. This study used a shortened test version, including six items
of each set. One point was given for each correct item, thus providing a maximum
score of 18.

Statistical analysis

Before starting the analyses, the dataset was inspected for normality and homosce-
dasticity of the residual distribution, including checking for outliers. Following the
normality assumptions testing methods of Larson-Hall, (2015), histograms and p—p
plots were charted for each variable. Acceptable values of skewness (between— 1
and + 1) and kurtosis (ranging from — 1 to+ 1) (Brown, 2015) were found for all var-
iables. All variables formed histograms with a normal distribution. Intra-class cor-
relation coefficients (ICC) were estimated and used to calculate a design effect for
each outcome (reading and spelling) to determine whether the school had significant
effects on the dependent measures. This effect was below 2 for all outcomes (Real
word reading=1.52, Pseudoword reading=1.23, spelling=1.40), indicating that
between school effect would not need to be accounted for (Maas & Hox, 2005), and
school was, therefore not included in the analyses.
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After confirming the normality assumption, multiple steps were taken for data
analysis. First, descriptive statistics of the study variables were examined, and Cron-
bach’s alphas were used to assess the internal consistency of the scale scores of the
FMS, EFs, and literacy achievement tests. Second, descriptive statistics, includ-
ing means and standard deviations, were computed for all measures in the present
study. Third, bivariate correlational analyses were performed to examine correla-
tions among the study variables. Fourth, confirmatory factor analysis was used to
examine if the manifest variables significantly represented their respective latent
variables. Fifth, structural equation modeling (SEM) procedures were used to assess
the relationship between FMS and literacy achievement. Sixth, SEM procedures
were used to assess the hypothesized mediation model in which EFs mediate the
relationship between FMS and literacy achievement. Seventh, a comparison between
the models was conducted to determine significant differences. We tested the three
models: (1) direct effect only (FMS — EFs, and EFs — Literacy fixed to zero, and
FMS — Literacy estimated); (2) indirect effect only (FMS — Literacy fixed to zero,
FMS — EFs, and EFs — Literacy estimated) and (3) direct and indirect model (all 3
paths estimated).

The score of the Raven test, as general non-verbal ability, was controlled for in
the SEM model. Goodness-of-fit statistics, including chi-square, normed fit index
(NFI), Tucker—Lewis Index (TLI), incremental fit index (IFI), comparative fit index
(CFI), and root mean squared error of approximation (RMSEA), were used to test
model fit (Markus, 2012). A bootstrapping technique (Preacher & Hayes, 2008) was
used to test the mediation effect’s statistical significance and magnitude and estimate
the effect’s 95% confidence interval.

Results
Descriptive statistics and correlations

Descriptive statistics for the study variables are presented in Table 1. Table 2 shows
the correlation between all collected measures. As seen in this table, the reading and
spelling measures correlated highly with each other and moderately with FMS and
EFs, but reading is less correlated to the FDT measure.

Confirmatory factor analysis

Before testing the mediation of EFs, confirmatory factor analysis was conducted
with nine latent variables: fine motor skills, the three literacy variables (word
reading, pseudoword reading, and spelling), and the three potential EFs variables
(Fig. 1). The model presented a good fit with the data, Xz/df=1.587, p=0.034,
CFI1=0.978, RMSEA =0.053. All the manifest variables significantly represented
their respective latent variables (p <0.005). The analysis showed that literacy is
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Table 1 Descriptive statistics

Mean SD Min-Max
Spelling 4.29 2.87 0-8
WR 15.77 743 0-25
PWR 11.52 8.5 0-25
Raven 10.06 2.97 2-17
FDT 38.72 7.58 24.50-60
Copying 6.22 3.55 0-20
Pure Copying 15.43 3.05 4-20
HTKS 30.92 7.42 9-40
Digit (Fwr) 441 1.57 1-8
Digit (Bwr) 2.43 1.05 0-6

WR for real word reading; PWR for pseudoword reading; FDT for
the functional dexterity task; Copying for copying letters; HTKS for
The Head—Toes—Knees—Shoulders task; Digit (Fwr) for the forward
digit span test; Digit (Bwr) for the Backward digit Span test

strongly correlated with EFs, and moderately with FMS. The correlation between
FMS and EFs is moderate (Fig. 1).

Structural equation modeling

SEM was conducted to test the relationship between FMS and literacy achieve-
ment (Fig. 2). Initial evaluation of the fit indices for the proposed measurement
model indicated a good data fit: (ledfz 1.476, p=0.12; NFI=0.97; IFI=0.985;
TLI=0.982; CFI=0.99; RMSEA =0.047). The results showed that FMS were a
significant predictor of literacy achievement $=0.35, p <0.005, explaining 24%
of the variance.

Structural equation modeling-mediating model

SEM was conducted to test whether EFs mediate the relationship between FMS
and literacy achievement (Fig. 3). Initial evaluation of the fit indices for the pro-
posed measurement model indicated a good data fit: (ledf= 1.727, p=0.008;
NFI=0.93; IFI=0.969; TLI=0.953; CFI=0.968; RMSEA =0.059). The results
showed that FMS was a significant predictor of EFs ($=0.53, p<0.01), and EFs
were a significant predictor of literacy achievement (f=0.67, p <0.01). However,
the relationship between FMS and literacy achievement was insignificant in this
model (f=0.09, p=0.48) after taking EFs into account, suggesting that EFs fully
mediated the relationship between FMS and literacy achievement. Results of the
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0.50%* 0.71%+

Real Word
Read

Copying Pure F. Digit B. Digit Word Pseud. Word
| FpT || Leuyers | | Copying | | HTKS || Sparg] | I&I | Spell | Read

Fig.1 Confirmatory factor analysis. Abbreviations: EF for executive functions; FMS for fine motor
skills; WR for real-word reading; PWR for pseudoword reading; FDT for functional dexterity task;
Copying for copying letters; HTKS for The Head-Toes—Knees—Shoulders task; Digit (Fwr) for the for-

ward digit span test; Digit (Bwd) for the backward digit Span test. XZ/df= 1.587, p=0.034, CF1=0.978,
RMSEA =0.053. *p <0.05; **p<0.01

\**

0.5

0.35%*

Spelling RW | PWR |

| FDT

| Pure
Copying

| Copying

*p < 0.05; **p < 0.01

Fig.2 The structural equation modeling with standardized path coefficients. Abbreviations: FMS for
fine motor skills; WR for real-word reading; PWR for pseudoword reading; FDT for functional dexterity
task; Copying, copying letters. Xz/df= 1.476, p=0.12; NFI=0.97; IFI=0.985; TLI=0.982; CFI=0.99;
RMSEA =0.047. #p <0.05; **p <0.01

bootstrap method also supported the statistically significant effect of FMS on lit-
eracy achievement through EFs, b=0.363, 95% CI [0.182, 0.802].
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| HTKS | Digit (Fwr) |Digit(Bwr)

Spelling WR | PWR |

| FDT

| Pure
Copying

| Copying

#p <0.05; **p <0.01

Fig.3 The structural equation mediation modeling with standardized path coefficients. Abbreviations:
EF for executive functions; FMS for fine motor skills; WR for real-word reading; PWR for pseudow-
ord reading; FDT for functional dexterity task; Copying for copying letters; HTKS for The Head-Toes—
Knees—Shoulders task; Digit (Fwr) for the forward digit span test; Digit (Bwd) for the backward digit
Span test. x*/df=1.727, p=0.008; NFI=0.93; IFI=0.969; TLI=0.953; CFI=0.968; RMSEA =0.059.
*p<0.05; **p<0.01

Table 3 Model comparison for significant differences

Model CMIN DF P CMIN/DF NFI IFI TLI CFI
Direct and indirect model 51.80 30 0.008 1.727 0.93 0.96 0.95 0.96
Direct effect model 112.59 32 0.000 3.519 0.84 0.88 0.83 0.88
Indirect effect model 52.23 31 0.010 1.685 0.93 0.97 0.95 0.96

Comparison model for significant differences

As can be seen in Table 3, in the first model, the direct path from FMS to liter-
acy was significant, while in both models, indirect and direct and indirect effects
weren’t significant. The result strengthens the claim that including EFs in the
model was a better model for understanding the relationship between FMS and
literacy achievement.

Discussion

The present longitudinal study investigated the direct effect of kindergarten FMS
on literacy achievement in first grade, and also examined whether EFs mediate the
relationship between FMS and reading and spelling. For this aim, FMS and EFs
measures were collected from 212 Arabic-speaking kindergarten children whose
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first-grade literacy achievement was assessed a year later. Understanding the asso-
ciation between FMS and EFs could provide critical information for understanding
developmental variations among young children and differences in their academic
readiness for the school years (Cameron et al., 2012).

The first SEM analysis, in the current study, indicated that FMS directly impacted
reading and spelling in the first grade. However, their influence vanished when EFs
were included in the second model, indicating that their relationship with literacy
was fully mediated through EF performance. A direct relationship between FMS and
academic achievement was found in other studies (e.g., Doyen et al., 2017; L€ et al.,
2021; Mohamed & O’Brien, 2022). It has been argued that handwriting helps chil-
dren memorize the shape of letters (Longcamp et al., 2005) and helps with literacy
acquisition (Mohamed & O’Brien, 2022; Wang et al., 2015). Studies have reported
that graphomotor training enhanced letter recognition and pseudoword reading
(Longcamp et al., 2005). It could also be that a high level of manual proficiency
can help a child learn to write letters, while it is not a positive factor for reading
unless there is specific training, such as visuomotor training (Vinter & Chartrel,
2010). Our results are consistent with showing that fine motor performance is linked
to word spelling and reading when not considering executive functions (Mohamed
& O’Brien, 2022).

The observation of these links between FMS, word spelling, and word reading
is also consistent with other previous research (Cameron et al., 2012; Dellatolas
et al., 2003; Grissmer et al., 2010), which found indications of links between FMS,
graphomotor skills, and emergent literacy skills. These results imply that literacy
achievements are significantly related to fine motor experiences when children are
learning to write letters. Our observation supports Cameron et al.’s (2016) argument
that visual-spatial integration and reading are especially related when children are
given opportunities to practice handwriting in their language (Suggate et al., 2018).
Moreover, our findings are consistent with Lam and McBride, (2018) and Suggate
et al., (2019), who found that graphomotor skills are associated with early literacy
achievements.

The second SEM model, in our study, suggests that EFs mediate the effects of
FMS on literacy achievement. These results align with previous research that
emphasized the vital role of EFs for academic success at the beginning of schooling,
independent of intelligence (Blair & Razza, 2007; Roebers et al., 2014). In results
similar to ours, Rigoli et al., (2012) found no direct effect of motor skills on aca-
demic achievement, but mediation by the working memory was evident. The struc-
tural equation modeling in Chang and Gu, (2018) suggested that EFs fully mediated
the relation between FMS and reading. This comprehensive EFs role underscores
the importance of early diagnosis of EFs problems and the timely implementation of
prevention and intervention programs (e.g., Diamond & Lee, 2011).

The present longitudinal approach, chosen to test the mediational role of EFs in
the linkage between FMS and literacy achievement, confirms and further strengthens
the mediated path found in cross-sectional studies (Chang & Gu, 2018; Rigoli et al.,
2012; van der Niet et al., 2014). In the present study and the studies by Chang and
Gu, (2018), Rigoli et al., (2012), and van der Niet et al., (2014), there are similarities

@ Springer



748 A. Khoury-Metanis, A. Khateb

in path coefficients despite considerable differences in age groups, procedures, and
instruments used to operationalize the underlying constructs.

Our findings showed that EFs significantly influenced literacy achievements in
the first years of formal schooling. This understanding of EFs’ role is consistent with
and expands the findings of Roebers et al., (2014) for manual dexterity skills and
reiterates the decisive role of EFs. Schmidt et al., (2017) also found that EFs medi-
ated the relationship between motor skills (endurance, strength, and whole-body
coordination) and academic achievement. In this later study, strength and endurance
did not appear to affect school achievement, while motor coordination fully medi-
ated by EFs had actually a significant indirect effect.

Wassenberg et al., (2005) proposed that the nature of the evaluative tasks used to
assess cognitive ability and motor proficiency can influence their relationship. For
example, the authors found an association between cognitive and motor functions
in 5- to 6-year-old children when cognitive functions included motor skills such
as drawing or pointing. However, no association was evident when cognitive func-
tion tasks (such as verbal recall of digits or naming) devoid of motor skills were
employed. Although we cannot fully apply these findings to our results since only
the HTKS demands motor coordination but not the verbal recall of digits, it would
be interesting to expand this relevant knowledge in future studies. Also, and beyond
the results reported here, the literature cited previously showed that comparisons
among the various studies are quite complex and should be made with caution due
to the various influencing factors that include differences in sample characteristics,
the variety of evaluated motor skills, and the academic competencies assessed using
diverse instruments.

This study makes unique contributions to the literature by identifying the EF
mechanism that underlies the relationship between FMS and literacy achievement.
Our findings suggest that FMS and EFs concomitantly influence the development
of young children’s spelling and reading proficiency. Curriculum developers, school
administrators, and teachers must understand how FMS and EFs enhance kindergar-
teners’ reading and spelling capability. Since the ultimate goal of early schooling
is to promote higher spelling and reading proficiency among kindergarteners and
primary school pupils, teachers should provide sufficient opportunities for children
to learn and practice FMS in game-based activities, which in turn may enhance their
cognitive functioning (Chang & Gu, 2018). Moreover, the findings of the present
investigation highlight the critical issue of screening young children with non-aca-
demic and non-language-based assessment, such as screening specific FMS and EFs
components. These skills are known to be associated with literacy achievement and
their evaluation might provide a means of identifying underlying reading and spell-
ing difficulties. Early identification and intervention targeting FMS or EFs difficul-
ties should thus be emphasized (Chang & Gu, 2018). Compared to EFs, there is less
work that aims to explicitly improve children’s FMS and even fewer interventions
that make connections to academic skills. Existing evidence suggests that research-
ers should strive to improve quality and expand intervention efforts to typically
developing populations to see if approaches are effective among children with dif-
ficulties (McClelland & Cameron, 2019).
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Limitations and future work

The present study has limitations that need to be addressed. First, although the
present study employed a longitudinal design, not all variables were measured at
every wave of data collection, which did not allow for setting up an autoregres-
sive mediation model (Schmidt et al., 2017), in which longitudinal relations among
latent variables across 3 or more time points can be tested. The basic three-wave
autoregressive mediation model is a path model in which relations among variables
one lag (wave) apart are considered, the stability of measures is assessed over time,
and only longitudinal relations consistent with longitudinal mediation are consid-
ered (Lockhart et al., 2011). Hence, future studies should include measures of all
interesting variables at any wave of data collection and account for initial levels,
e.g., of FMS and EF at grade 1 and early academic achievement at kindergarten, to
reduce the potentially inflated estimates of the causal path of interest. Thus, extend-
ing the length of the study might have introduced confounding influences as reading
moves away from decoding to vocabulary and from word spelling to composing.
Further, it is likely that a longer follow-up would test different pathways about the
links between FMS and literacy.

Second, although EFs and FMS are important, they are not the only factors, and it
is important to also consider other variables such as early language and vocabulary
development (Slot & von Suchodoletz, 2018). Thus, moving forward, research needs
to focus on a variety of key domains of development and how they develop together
rather than pitting one set of skills against another (McClelland & Cameron, 2019).
Third, it is important to ask the question of “How can we best measure these skills?”
and “What measure or measures are most appropriate for a given outcome, context,
or question of interest?”. The current study used the pure copying task (chines char-
acters) as a graphomotor task. The mean of this task was high, and it seems it was
easy for kindergarten children. It could be due to the fact that Chinese script has its
pattern which might be statistically learned, characters can be visualized as resem-
bling a picture, depending on an individual’s imagination In future studies, we need
to focus on how to specifically measure domains of interest.

Fourth, this study makes unique contributions to the literature by identifying the
EFs mechanism that underlies the relationship between FMS and literacy. Indeed,
one can argue that the interpretation of the result regarding reading and spelling
respectively still missing, due to considering both as one latent variable. Further
studies are needed to understand the contribution to reading and spelling separately.
Moreover, it will be interesting to test the relationship between EFs and literacy after
taking FMS into account.

Conclusions
The current study is the first to utilize mediational analyses to shed light on the pre-
dictive value of common FMS and EFs components on reading and spelling among

Arabic-speaking children. The strength of the analysis presented in this study resides
in the use of structural equation modeling to provide a causal framework, that allows
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for a more comprehensive picture of the complexity of the longitudinal relationship
between FMS and academic achievement in six-year-old children while controlling
for general non-verbal ability measures. While it is generally more tempting in early
intervention to focus on reading and spelling skills to ensure literacy achievement,
the current results highlight the relevance of assessing and enhancing both fine
motor and cognitive abilities. Hence, the results presented here provide new insights
into the development of literacy skills among Arabic-speaking children in particular
and contribute more generally to the knowledge base regarding the specific relation-
ships extant between the components of FMS and EFs in preschoolers and their later
academic competencies. The analysis presented in this study confirms that a child’s
FMS and EFs are among the necessary abilities for literacy achievement and must
receive the necessary attention from educators during the early school years. Suf-
ficient effort must be made to support children’s motor and cognitive development
before they enter first grade. Additionally, those who are less prepared or have motor
difficulties in kindergarten must be more intensively supported to develop their
school readiness. Future studies should examine separately the roles of individual
areas of motor proficiency in order to better understand the relationship between
motor functioning, EFs, and literacy achievement. For this aim, additional measures
are needed in future studies to examine the unique contribution of each FMS dimen-
sion. In the same vein, future studies should also investigate children with motor
coordination difficulties who still show significant strengths in EFs and literacy
achievement.
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