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ARTICLE INFO ABSTRACT

Keywords: Numerical abilities are crucial in numerate societies, which is why it is important to observe their
Cardinality development early in childhood. The aim of the present study was to investigate the interplay
Counting

between domain-general (i.e., executive functions) and domain-specific precursors in predicting
the development of cardinality understanding in early preschool. In this context, we also exam-
ined children’s finger use in pointing and touching behaviors, an aspect understudied compared
to finger use to represent quantities. A sample of preschool children from the first and second
years of preschool (Mage= 3 years, 7 months; SD = 6 months; months range: 36 — 58; females
= 49; males = 51) took part in the study. All participants were evaluated in domain-general and
domain-specific precursors. We analyzed the data using a mediation model with visuospatial
working memory and inhibition skills as focal variables, verbal counting, enumeration, and finger
use as mediating variables, and cardinality understanding as dependent variable. Data show a
direct effect of executive functions on early numerical abilities, i.e., counting and enumeration.
These latter two specific precursors have an effect on cardinality understanding. Furthermore,
data indicate no correlation between inhibition and finger use and a negative correlation between
visuospatial working memory and finger use. Data are discussed from both a theoretical and
educational perspective, highlighting the role of general cognitive and domain-specific precursors
of math abilities with the possibility of observing early signals for the development of specific
numerical difficulties.

Early numerical skills
Executive functions
Finger use

Working memory

Mathematical abilities are crucial in our increasingly complex and numeracy-dependent societies. Defined as the abilities to ac-
quire, process, and store mathematical knowledge (Karsenty, 2014), these skills constitute a vital component of human cognitive
functioning throughout the entire developmental path (Keitel et al., 1993). Early mathematical abilities at the end of preschool are
strong predictors of the variability observed in later mathematical achievement (Duncan et al., 2007; Geary, 2011; Sarama & Clements,
2009; Silver et al., 2020; Traff et al., 2020). Despite this well-documented relationship and the importance of numeracy in modern
societies, children’s underachievement in mathematics remains a consistent and significant problem (Dowker, 2004). A growing body
of evidence points to a widespread gap in mathematical abilities among school-aged children. For instance, a study conducted by Cragg
& Gilmore (2014) found that approximately 21 % of elementary school graduates failed to meet expected mathematical standards.
Furthermore, reports from the OECD (2013) indicate that nearly 36 % of students globally do not achieve basic mathematical skills.
Generally, around 20 % of students show low numeracy skills, and depending on the classification criteria, a percentage ranging
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between 4 % and 14 % of children and adolescents have been identified with a substantive learning difficulty in at least one math-
ematical area (Barbaresi et al., 2005; Butterworth, 2011; Shalev, 2007; Shalev et al., 2005). These alarming data underline the
importance of focusing on the precursors and the different cognitive abilities involved in mathematical learning. In this regard,
extensive evidence suggests that formal mathematical skills are predicted by several cognitive constructs defined as domain-general
precursors (Geary, 2011; Mazzocco & Thompson, 2005) that are transversal to the different academic fields and school subjects, among
which executive functions (EFs) play a prominent role. Similarly, previous studies suggest that domain-specific precursors — i.e., skills
within the strictly numerical domain specifically associated to mathematical learning — also contribute to mathematical achievement
(Passolunghi & Lanfranchi, 2011; Passolunghi et al., 2007).

In the present study, we consider how EFs, in particular working memory (WM) and inhibition skills, interplay with the devel-
opment of some domain-specific precursors of mathematical learning in a sample of preschool children. This investigation is funda-
mental from both a theoretical and practical perspective to further focus and intervene on those cognitive components involved in the
development of formal mathematical skills, with the ultimate aim of helping to prevent the onset of academic difficulties (Cuder et al.,
2024; Pellizzoni et al., 2024).

1. EFs in early math abilities

EFs are defined as an “umbrella” term encompassing a set of high-order cognitive abilities crucial for self-regulation and organizing
complex, goal-directed behaviors. In adulthood, studies have identified three distinct but related EFs, i.e., inhibition, shifting, and
updating abilities (Miyake et al., 2000). However, when considering preschool-aged children, evidence on the factorial structure of EFs
remains inconclusive (see Emslander & Scherer, 2022). Specifically, in the literature concerning preschool children, some models
suggest that EFs are better represented by an unifactorial structure (e.g., Wiebe et al., 2008), while others propose a bifactorial
structure comprising WM and inhibition skills (e.g., Monette et al., 2015; Usai et al., 2014). Furthermore, WM and inhibition skills are
frequently assessed together in studies related to mathematics, further underscoring their theoretical importance as key components of
EFs in this age group (Emslander & Scherer, 2022).

WM is defined as a limited-capacity system that allows the temporary storage and manipulation of information for the length of
time required to perform a cognitive task (Baddeley, 2000). Over the past decades, research has proposed various WM models that can
broadly be grouped into three subcategories (see Carretti et al., 2022; Cornoldi & Giofre, 2014). The first are the modality-specific WM
models, which focus on the type of information being processed (e.g., verbal or visuospatial). Within this framework, one of the
best-known theorizations of WM is the tripartite model which describes a central executive responsible for data storage, processing,
and monitoring, and two other modality-dependent systems devoted to processing verbal or visuospatial information (Baddeley &
Hitch, 1974). Another subcategory includes modality-independent models, which emphasize the degree of attentional control over
information processing (Engle et al., 1999). According to these models (Engle et al., 1999; Engle, 2010), cognitive tasks used to
measure WM vary in the degree of attentional control they require, placing less emphasis on the role of modality-specific components.
Finally, Cornoldi & Vecchi (2003) proposed the continua model, a structural framework of WM that integrates evidence from both
modality-specific and modality-independent theories. According to this conceptualization, the visuospatial and verbal components of
WM are not entirely independent systems. Instead, they are characterized by different levels of cognitive control while still maintaining
a degree of independence in handling the information (see also Carretti et al., 2022). Despite the possible inconsistencies among the
above-mentioned explanatory models of WM structure, it is widely recognized that WM plays a key role in the development of
mathematical learning (De Vita et al., 2021; De Vita et al., 2022; Noel, 2009). Indeed, it supports the development of both early
numerical skills (e.g., verbal counting, enumeration, cardinality understanding) and mathematical abilities during formal education
(De Smedt et al., 2009; Geary et al., 1990; Zivkovié, et al., 2022).

Inhibition, defined as the ability to suppress task-irrelevant stimuli, distracting information and unwanted responses, also appears
to play a key role in early mathematical learning (Simanowski & Krajewski, 2019). Several studies have indeed shown that inhibition
skills are predictive of both early numeracy in preschool and formal mathematics in subsequent years (Bull et al., 2008; Bull & Scerif,
2001; Gilmore et al., 2015; Ng et al., 2015). In particular, recent data have suggested that preschoolers’ inhibitory control at age 4 was
concurrently and longitudinally associated with early math skills from age 4 to age 6 (Ng et al., 2015). Furthermore, a study conducted
by Gilmore and colleagues (2015) showed that adolescents’ and adults’ mathematics achievement was more strongly related to in-
hibition measured in numerical compared to non-numerical contexts. More specifically, the study highlights that inhibition skills were
related to conceptual knowledge in older participants but to procedural skills in younger participants. Overall, these studies highlight
how inhibition skills can developmentally shape the learning process, particularly in the domain of mathematics.

2. Domain-specific precursors of mathematical learning

Counting is one of the most studied domain-specific precursors of mathematical learning in the literature. It is the ability to
establish a one-to-one two-way relationship between objects in a set and their numerical representation (Geary, 2004) and begins to
develop in children as early as two years of age (Wynn, 1992). Counting is initially expressed through number-word recitation (i.e.,
procedural counting) (No€l, 2009), while later it involves the understanding that the purpose of such a procedure is to quantify sets (i.
e., conceptual counting). According to Gelman & Gallistel (1978), the child’s awareness of the purpose of counting is achieved around
the age of five years, when cardinality is commonly understood by children (Geary & vanMarle, 2018; Geary et al., 2018; Geary et al.,
2019; Litkowski et al., 2020).

Another domain-specific precursor of mathematical learning, closely related to counting, is enumeration, defined as the ability to
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define the numerosity of a set of concrete items (Aunio & Niemivirta, 2010; Jordan et al. 2006). The main difference between counting
and enumeration skills is that while the latter is specifically limited to the definition of the number of items within a set, counting is
related to the knowledge of numerical sequence. Two types of enumeration processes can be distinguished. The first is subitizing, i.e.,
the ability to reckon the number of items (up to four elements) of small sets quickly and accurately, without needing to count them (Cui
et al., 2024; Gray & Reeve, 2014; Hyde & Spelke, 2011). The second enumeration process emerges when the child has to define the
numerosity of larger sets. In these cases, they must resort to slow and sequential processes that involve counting skills (Schleifer &
Landerl, 2011) in conjunction with cognitive monitoring abilities that allow, for example, to keep track of items already counted and
inhibit possible distractors (Alibali & DiRusso, 1999). Given the complexity of such a procedure, children often support themselves
using their fingers. The use of fingers in children’s early numeracy has been extensively documented in the literature. Specifically,
several studies have shown that during counting, enumeration, and arithmetic processes, children use their fingers in two ways: to keep
track of counted items by pointing or touching each element within a set (Alibali & DiRusso, 1999; Graham, 1999), and to represent
quantities, associating each finger with a single element making up the quantity to be counted (Crollen & Noel, 2015; de Chambrier
et al., 2018). Finger use would begin to emerge as a numerical learning strategy in the preschool period, when the child begins to
simultaneously count and point to objects within sets (Fuson, 1988; Kyttala et al., 2003). Preschool children use their fingers because
they not only promote better numerical representation (Fischer et al., 2017) but also alleviate the cognitive burden associated with
performing mathematical tasks (Crollen & Noel, 2015). In this regard, studies conducted at the end of preschool have found how the
use of fingers facilitates counting and enumeration processes, thus representing a possible candidate in supporting also the devel-
opment of cardinality understanding (Alibali & DiRusso, 1999; Andres et al., 2007; Reeve & Humberstone, 2011). Although pointing to
and touching elements within sets is a behavior commonly exhibited by children in the early preschool years (Alibali & DiRusso, 1999),
studies evaluating finger use in this sense are relatively scarce, particularly regarding its associations with cardinality understanding
and domain-general cognitive factors. Therefore, the present study will investigate finger use in the context of pointing to and touching
elements within sets, rather than the representational forms of finger use that typically manifest during arithmetic tasks (e.g., raising
four fingers to represent the number 4).

The third domain-specific precursor of mathematical learning considered in this study is cardinality understanding (Geary et al.,
2018), which reflects a child’s intuitive grasp that the last number pronounced when counting the items in a set represents the total
number of elements in that set (Fuson, 1988; Wynn, 1992). This competence is underpinned by the acquisition of awareness that the
word-number is used to describe the numerosity of a set of objects and is no longer a simple label associated with an element of a set.
According to several authors, the acquisition of the cardinality understanding occurs slowly and progressively, generally from the age
of 3 or 4 until the beginning of primary school (Ansari et al., 2003; Geary & vanMarle, 2018; Geary et al., 2019). Thus, counting and
enumeration are fundamental skills, but only after the acquisition of cardinality understanding can the child approach formal
mathematical learning (Geary & vanMarle, 2016; Geary et al., 2018).

Evidence in the literature has shown that children do not understand cardinality until they are able to accurately count and
enumerate sets of objects (Gelman & Gallistel, 1978; Paliwal & Baroody, 2018). Indeed, counting and enumeration are commonly
assumed in the literature to be prerequisites for cardinality understanding. For example, in a study by Pellizzoni and colleagues (2024),
the authors report that following an intervention to enhance counting skills, both typically developing and at-risk children showed
significant improvements in cardinality understanding as well. Furthermore, considering that finger use would promote counting and
enumeration processes, some authors argue that it may also play a role in the development of cardinality understanding (Andres et al.,
2007; Reeve & Humberstone, 2011). Given the role of counting, enumeration, and finger use in the acquisition of cardinality, as well as
its significance in formal mathematical learning (e.g., Geary & vanMarle, 2016), it is crucial to investigate the contribution of
domain-general precursors, particularly EFs, to the development of cardinality.

3. The relationship between EFs, domain-specific precursors and early numerical skills

EFs (specifically, WM and inhibition skills) have been found to be correlated with early numerical skills, such as counting,
enumeration and cardinality understanding, and strategies, for example finger use in the enumeration process (Cuder et al., 2022;
Dupont-Boime & Thevenot, 2018; Geary et al., 2018; Geary & vanMarle, 2016; Kyttala et al., 2003). Within this framework, some
studies have shown how WM and inhibitory skills help the child, respectively, to memorize and inhibit previously pronounced
numbers, avoiding in the case of enumeration the error of counting or pointing again to objects already counted (Alibali & DiRusso,
1999; Gray & Reeve, 2014; Graham, 1999). Considering WM, in a study by Passolunghi et al. (2015), the authors investigated the
relationship between different cognitive skills and early numerical abilities in children attending the last year of preschool, showing a
significant relationship between WM and early mathematics learning. Similarly, De Vita et al. (2021) showed that visuospatial WM in
three-year-old children was the best predictor of early numerical skills, as well as De Vita et al. (2022) highlighted how children in the
second preschool year heavily rely on visuo-spatial representations of number and quantity when performing numerical tasks. Vi-
suospatial WM can therefore be configured as a useful cognitive factor to consider in helping to identify children with early numerical
difficulties. Furthermore, some evidence has shown that WM is also involved in counting and enumeration strategies supported by the
finger use strategies, although most of the evidence has looked at the representational forms of finger use rather than the aspect of
pointing to and touching elements within sets (Dupont-Boime & Thevenot, 2018).

Studies have highlighted that inhibition skills also predict future academic achievement (Clark et al., 2010; Cragg & Gilmore,
2014). For example, in a study by Bull and colleagues (2008) aimed at investigating the role of EFs in mathematical learning, the
authors showed how children’s inhibitory skills were predictive of academic performance in the early years of primary school.
Furthermore, in a study by Purpura et al. (2017), the authors revealed a strong relationship between inhibitory control and basic
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mathematical skills, such as counting and cardinality understanding, in preschool children. Similarly, a study by Espy et al. (2004)
highlighted a strong relationship between inhibitory control and early mathematical skills in children ranging in age from 2 to 5 years,
even after statistically controlling for age, verbal intelligence and parental educational level. Some evidence shows that EFs might
modulate the use of different strategies in performing mathematical tasks (Bull & Scerif, 2001; Cragg & Gilmore, 2014), thus
potentially influencing finger use as well. However, to date, few studies have considered the relationship between children’s inhibitory
abilities and finger use strategies, especially in preschool.

In sum, EF skills influence the development of early numerical skills (Bull & Scerif, 2001; Bull et al., 1999; Passolunghi & Lan-
franchi, 2011; Purpura et al., 2017) and play a predictive role in later mathematical performance (Fuson, 1988; Mazzocco & Kover,
2007). In parallel, domain-specific abilities, such as counting and enumeration, would influence the development of complex nu-
merical skills, such as cardinality understanding, which emerge and consolidate at a later developmental period in children (Cuder
et al., 2022; Geary et al., 2018; Gray & Reeve, 2014). Indeed, the development of more complex numerical skills, such as the
acquisition of the cardinality principle, implies the child’s understanding and internalizing of simpler numerical principles, such as
counting and the concept of quantity, which in turn are predictors of future mathematical performance (Cuder et al., 2022; Fuson,
1988; Geary, 2004; Geary et al., 2018; Gray & Reeve, 2014).

4. The present study

In the light of the above-mentioned theoretical framework, the aim of the present study is to investigate the role and specific
contribution of EFs in the development of domain-specific precursors (i.e., verbal counting, enumeration, finger use in enumeration
and cardinality understanding) in a sample of children attending the first and second year of preschool. Based on previous studies, it
was primarily hypothesized that visuospatial WM and inhibition skills are positively associated with verbal counting, enumeration,
finger use and cardinality understanding (Bull & Scerif, 2001; Bull et al., 1999; Kyttala et al., 2003; Passolunghi & Lanfranchi, 2011;
Purpura et al., 2017).

Secondly, a cross-sectional mediation model was hypothesized in which some domain-specific precursors (i.e., verbal counting,
enumeration and finger use) mediate the relationship between domain-general precursors (i.e., visuospatial WM and inhibition skills)
and cardinality understanding. A key risk associated with cross-sectional mediation models is the difficulty of establishing the
directionality of relationships between variables, which can lead to the specification of multiple equivalent path analysis models
(MacCallum et al., 1993; Thoemmes, 2015). Therefore, specifying theory-based mediation models can enhance the validity of the
tested relationships and enable a more meaningful examination aligned with the theoretical research question (Thoemmes, 2015). In
the context of the present study, it is known in the literature that cardinality understanding is influenced by domain-specific abilities
such as counting and enumeration (Ansari et al., 2003; Cuder et al., 2022; Geary et al., 2018; Geary & vanMarle, 2016). These pre-
cursors, in turn, would be influenced by cognitive domain-general abilities such as visuospatial WM and inhibition skills (De Vita et al.,
2022; Emslander & Scherer, 2022; Kyttala et al., 2003). Furthermore, we hypothesized that finger use, assessed by observing children
pointing to or touching elements in haphazard arrays during the enumeration task, mediates the relationship between domain-general
cognitive factors and cardinality understanding. In this context, researchers propose that WM and inhibition skills may interplay with
children’s finger use during the quantification of sets (see Alibali & DiRusso, 1999; Gray & Reeve, 2014), thereby supporting the
development of cardinality understanding. Previous research (Krajewski & Schneider, 2009; Qi et al., 2023) has investigated how
domain-general precursors influence the acquisition of advanced mathematical skills (e.g., arithmetic) through the mediation of basic
numerical abilities, focusing on participants at the end of preschool and the beginning of primary school. Although these studies
employed a similar modeling approach, our study is novel in that it focuses on a younger age group and examines cardinality un-
derstanding, an early numerical skill crucial for the development of future mathematical abilities (Geary & vanMarle, 2016; Geary
etal., 2018). An additional novel aspect of the present study is the assessment of finger use. Although pointing to and touching items in
counting and enumeration processes are behaviors commonly exhibited by children in the early preschool years (Alibali & DiRusso,
1999; Graham, 1999), there is a notable lack of studies that specifically evaluate the use of fingers in this sense. This gap is especially
significant regarding its associations with cardinality understanding and domain-general cognitive precursors of math learning.

5. Method
5.1. Participants

Participants in this study included children enrolled in Italian preschools. The schools were randomly selected using regional public
databases. Subsequently, the schools were contacted, and only those whose principals agreed to participate in the study were included,
resulting in the selection of three different public preschools in northeastern Italy. Preschool in Italy spans three years, with the ac-
ademic year running from September to July. According to the Italian Ministry of Education, the goals of preschool include promoting
children’s identity, autonomy, competences, and social norms. Within this context, the acquisition of numerical skills is typically not
emphasized through structured activities, especially during the first and second year of preschool. Toward the end of the third year,
teachers usually begin to introduce formal activities to prepare children for entry into primary school the following year. Moreover,
unlike the structured education pathways of primary and secondary schools in Italy, preschool activities are sometimes conducted
collectively, bringing together children from different preschool years for shared activities.

Children who were at least 3 years old at the scheduled start of the research activities and were attending the first or second year of
preschool were enrolled in the study. Thus, the participants were 107 children attending the first and second year of preschool. Of
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these, two children (n = 2) were excluded due to a diagnosis of neurodevelopmental disorder, three (n = 3) due to poor linguistic
understanding and two (n = 2) due to refusal to participate in the proposed tests. Children who refused to participate in the proposed
tests were partially assessed; however, the evaluation was interrupted due to their refusal, and their data were excluded from the final
dataset. Children with a diagnosis of neurodevelopmental disorders and those who showed poor linguistic understanding were
excluded a priori, before any assessments were conducted. Information regarding each child’s neurodevelopmental disorder status and
their Italian language understanding was provided by school records. The final sample consisted of 100 children (Mage= 3 years, 7
months; SD = 5.98 months; months range: 36 — 58; females = 49; males = 51). All participants were typically developing.

Written informed consent was signed by both parents of each child to allow participation in the study. The children were also asked
for verbal consent prior to their participation in the activities. The study was carried out in compliance with the Declaration of Helsinki
and the ethical guidelines of the Italian Association of Psychology. The study obtained approval by the ethical committee of the
University of Trieste. The socio-economic status (SES) of the sample was primarily middle class, established based on preschool re-
cords. Due to privacy constraints imposed by the school, it was not possible to directly access each child’s family SES. Instead, the
principals provided aggregated data, reflecting an overall middle-class SES across the three schools.

5.2. Procedure

Children were assessed in a single session lasting 30 minutes including the evaluation of EFs (i.e., visuospatial WM and inhibition)
and domain-specific cognitive skills (i.e., verbal counting, enumeration, finger use and cardinality understanding). The order of test
administration was as follows: visuospatial WM task, inhibition task, verbal counting task, enumeration, finger use and cardinality
understanding task. The tests were carried out in a silent location within the preschool. Test-retest reliabilities were calculated con-
ducting a pilot study on a randomized independent sample of 3—4- and 5-years old students.

5.3. Materials
5.3.1. EFs

5.3.1.1. Visuospatial WM. Visuospatial WM was measured using a span task (Lanfranchi et al., 2004) in which the child was asked to
indicate in the correct order the cells of a 3 x 3 chessboard previously touched by the experimenter. The task included an example item
followed by eight items of four levels of increasing difficulty, involving the memorization of two, three, four and five positions (each
consisting of two items). The final score was the sum of the correctly memorized positions and could range from 0 to 28. The test-retest
reliability of the task is good (r = .80).

5.3.1.2. Inhibition skills. Inhibition skills were assessed using the Grass & Snow task (Carlson & Moses, 2001). During the task, two
papers, one green and one white, were placed in front of the child. The test consisted of two conditions. During the congruent con-
dition, the child was asked to clap his hand on the green paper when the experimenter pronounced the word “grass” and to clap on the
white paper when the word “snow” was pronounced. In the incongruent condition, on the other hand, the child was asked to clap on
the green paper when the word “snow” was spoken and on the white paper when the word “green” was pronounced. Accuracy was
recorded with scores ranging from O to 16 for each condition. Then, the difference between the incongruent condition and the
congruent condition was calculated (Score = Incongruent — Congruent; total score range from —16 to +16). In each condition, “snow”
and “grass” words were presented by the examiner in pseudo-random order. The test-retest reliability of the task is good (r = .73).

5.3.2. Domain-specific precursors

5.3.2.1. Verbal counting. In the verbal counting task (BIN 4-6, Molin et al., 2007) the child was asked to count forward as far as
possible from one. The test was interrupted when the child made a mistake in the counted sequence. The total score corresponded to
the highest number counted by the child without making a mistake and could range from 0 to 20. The test-retest reliability of the task is
good (r = .83)

5.3.2.2. Enumeration, finger use and cardinality understanding. A task adapted from Le Corre & Carey (2007) was used to assess
enumeration skills, the strategic use of fingers during the enumeration process and cardinality understanding. Specifically, the child
was shown ten cards in random order with pictorial quantities represented on them (e.g., four trees, seven books). The quantities
depicted on the cards ranged from 1 to 10 and were arranged in haphazard arrays. Enumeration was assessed by asking the child to
count the items displayed on the cards. Unlike the verbal counting task, which evaluated the child’s ability to recite the numerical
sequence, this task specifically assessed the child’s skill in one-to-one counting of the items within the sets shown on the cards. One
point was awarded if the child correctly counted the items displayed on the card. During the enumeration task, the researcher reported
the child’s use of fingers only if the child pointed to or touched every item in the presented set. If the child counted verbally or silently
without pointing or touching, it was reported that the child did not use fingers during enumeration. The child got one point if he
pointed to or touched every item in the presented set during the enumeration. Finally, to assess cardinality understanding, the child
was asked how many objects there were in total. One point was awarded if the child correctly identified and pronounced the number of
previously counted objects displayed on the card without recounting them or pointing to or touching them again. The scores for each
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trial, as regards both enumeration and finger use and cardinality understanding, could range from O to 10. The test-retest reliability for
the cardinality understanding task is good (r = .84).

6. Results

All analyses were conducted in R (R Core Team, 2024). Mediation analyses were performed using the lavaan package version
0.6-18 (Rosseel, 2012). Descriptive statistics and bivariate correlations are shown in Table 1.

The bivariate correlations showed that visuospatial WM was positively associated with verbal counting (r = .42, p < .001),
enumeration (r = .42, p < .001), and cardinality understanding (r = .36, p < .001), but negatively with finger use (r =-.33, p < .001). In
addition, inhibition skills were positively correlated with verbal counting (r = .31, p < .01), enumeration (r = .40, p < .001), and
cardinality understanding (r = .36, p < .001), but not with finger use (r = -.04, p > .05). Finally, correlations showed that cardinality
understanding was positively associated with verbal counting (r = .52, p < .001) and enumeration (r = .85, p < .001) but not with
finger use (r = -.03, p > .05).

6.1. Mediation model

To assess the contribution of EFs on verbal counting skills, enumeration, finger use and cardinality understanding, a mediation
model was proposed (Fig. 1). In the model, visuospatial WM and inhibition skills were placed as focal variables, verbal counting,
enumeration and finger use as mediating variables, and cardinality understanding as dependent variable. Participants’ sex was placed
as a covariate. Bootstrap samples (n = 1000, using the percentile method) were used to generate 95 % confidence intervals for direct
and indirect effects.

The results showed that visuospatial WM (f = .38, s.e. = 0.089, p < .001) and inhibition skills (§ = .24., s.e. = 0.075, p =.001)
were directly and positively associated to verbal counting, and visuospatial WM (8 = -. 33, s.e. = 0.085, p < .001) had a negative direct
association to finger use. Moreover, both visuospatial WM ($ = .37, s.e. = 0.081, p < .001) and inhibition skills ( = .34, s.e. = 0.085,
p < .001) were directly and positively associated with enumeration. Cardinality understanding was directly and positively associated
with verbal counting (f = .13, s.e. =0.053, p =.015) and enumeration (§ = .83, s.e. = 0.065, p < .001), while it was negatively
associated with finger use (f = —.11, s.e. = 0.044, p = .010). Both visuospatial WM (g = —.08, s.e. = 0.061, p = .197) and inhibition
skills (8 = —.01, s.e. = 0.070, p = .906) had no statistically significant direct association with cardinality understanding.

Analyses also showed that visuospatial WM had a statistical significant indirect effect on cardinality understanding through verbal
counting (f# = .05, bootstrap s.e. =;.024, bootstrap 95 % CI [0.010, 0.102]), enumeration (f = .305, bootstrap s.e. = .069, bootstrap
95 % CI [0.175, 0.437]), and finger use (# = .037, bootstrap s.e. = .018, bootstrap 95 % CI [0.009, 0.082]). Furthermore, the results
indicated that inhibition skills had an indirect effect on cardinality comprehension through verbal counting (# = .032, bootstrap s.e.
=.016, bootstrap 95 % CI [0.007, 0.067]), and enumeration ( = .283, bootstrap s.e. = .073, bootstrap 95 % CI [0.155, 0.4471), but
not finger use (f = —.002, bootstrap s.e. = .013, bootstrap 95 % CI [-0.034, 0.022]). Although prior research suggests minimal dif-
ferences in the results of indirect effects when using various inferential testing methods (Hayes & Scharkow, 2013), we investigated
whether the pattern of findings in the mediation model would vary based on the method used (i.e., Sobel method, adjusted bootstrap
percentile method). The results showed that the significance pattern remained consistent when using either the Sobel method or the
adjusted bootstrap percentile method compared to the bootstrap percentile method.

7. Discussion
Possessing adequate mathematical competence is a fundamental resource for an individual immersed in an increasingly techno-

logically and numerically oriented society (Gerardi et al., 2013; Gross, 2006). Evidence has shown that early numerical skills such as
verbal counting, enumeration and cardinality understanding, in conjunction with EFs, are key predictors of an individual’s future

Table 1
Bivariate correlations, partial bivariate correlations (controlling for age), and descriptive statistics of measures considered in the study.
Measures 1. 2. 3. 4. 5. M SD S K
1. Visuospatial WM r - 11.62 6.34 0.10 —0.80
pr -
2. Inhibition r 18 - -3.06 4.38 -1.20 0.86
pr 13 -
3. Verbal Counting r 42" 317 - 12.13 8.64 0.89 -0.28
pr .39 .25%
4. Enumeration r 427 .40 497 - 7.56 2.50 —~0.96 0.22
pr 40" .38"" 47 -
5. Finger use r -.33"" —.04 -.19 .10 - 8.06 3.09 -1.66 1.43
pr —.30" .02 —.13 13
6. Cardinality understanding r 36" .36 52" .85 -.03 6.82 3.10 —0.64 -0.91
pr 33" 317 47 85" .04

Note: r = bivariate correlations, pr = partial bivariate correlations (controlling for age), M = mean, SD = standard deviation, S = skewness, K
= kurtosis. p < .05%, p < .017, p <.001"",
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Fig. 1. Mediation model considering visuospatial WM, inhibition, verbal counting, enumeration, finger use, and cardinality understanding (Note:
*p < .05, **p < .01, ***p<.001).

academic achievement (Bull & Scerif, 2001; Bull et al., 1999; Geary et al., 2018; Purpura et al., 2017). To date, many studies have
investigated the relationship between the EFs and early numerical skills focusing specifically on late preschool or school-age children
(Bull & Scerif, 2001; Kyttala et al., 2003) while fewer studies have been conducted in early childhood, especially at the beginning of
preschool (e.g., Bull et al., 2008; Espy et al., 2004; Purpura et al., 2017). For this reason, the aim of the present study was to assess the
role of EFs (i.e., visuospatial WM and inhibition skills) in the development of early numerical skills with a focus on cardinality un-
derstanding, a skill strongly associated with a child’s future formal mathematical performance (Koponen et al., 2019).

The results revealed that both visuospatial WM and inhibition skills were associated with verbal counting and enumeration
abilities. Moreover, finger use during enumeration was associated only with visuospatial WM, but not with inhibition skills, showing a
negative correlation. Considering the role of EFs in verbal counting and enumeration, these findings align with previous studies
indicating that EFs contribute to the development of early numerical skills (Bull et al., 1999; De Vita et al., 2021; Emslander & Scherer,
2022), thus supporting our starting hypothesis. Specifically, research suggests that inhibition skills may be primary involved in
suppressing previously spoken number words or in managing items of a set that have already been counted (Bull & Scerif, 2001),
whereas visuospatial WM is likely central for retaining spoken digits and managing the spatial arrangement of items during counting
and enumeration activities (Bull et al., 2008; De Vita et al., 2021).

Regarding the contribution of EFs to finger use, our findings offer a somewhat mixed picture. Indeed, inhibition skills did not have a
statistically significant effect on finger use in the enumeration task. Given that most research on inhibition and mathematical strategies
has focused on primary school children (Blair et al., 2008; Bull & Scerif, 2001; Cragg & Gilmore, 2014), this result may reflect
age-related changes and task-specific aspects. Indeed, it is important to note that there is a lack of studies investigating the relationship
between inhibition and finger use in early preschool children. Furthermore, inhibition may play a more significant role in the accuracy
with which children use their fingers during these activities, an aspect that could be more relevant than the frequency of finger use
assessed in the present study. Meanwhile, the negative association between visuospatial WM and finger use would suggests that
children with higher levels of visuospatial WM tend to use their fingers less frequently when enumerating. Although this finding is in
disagreement with our starting hypotheses, it aligns with evidence indicating that finger use can serve as a strategy to reduce the
cognitive demands of the task, particularly for children with lower WM capacity (Crollen & Noél, 2015). In other words, pointing or
touching each item within a set may help children to reduce the cognitive load required by the numerical tasks (Alibali & DiRusso,
1999; Crollen & Noel, 2015; Dupont-Boime & Thevenot, 2018), using fingers to keep track of counted items (see Alibali & DiRusso,
1999; Graham, 1999). We believe this way of using the fingers is even more relevant in our study, where we assessed finger use by
presenting children with sets arranged in haphazard arrays. These disorganized arrangements could have prompted children with
lower visuospatial WM resources to use their fingers as additional cognitive support during counting processes (Alibali & DiRusso,
1999), explaining the observed negative correlation. These findings are also consistent with the visual cognition literature (e.g.,
Lange-Kiittner, 2024; Lange-Kiittner & Kiittner, 2015), suggesting that, in the context of our study, using fingers may serve as a
cognitive strategy to reduce perseverative behaviors and support array processing, particularly when the items are arranged
haphazardly, as in our study.

The results showed that in the mediation model, cardinality understanding was directly associated with domain-specific abilities of
verbal counting and enumeration, but not with EFs. This result is in line with our initial hypotheses that supported a direct effect of
verbal counting and enumeration skills on the acquisition of the cardinality principle. The latter would indeed begin to develop from
the age of four and only after the child has learned the verbal counting and enumeration processes (Ansari et al., 2003). However,
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contrary to our hypotheses, the results showed a negative effect of finger use on the cardinality understanding. This result could
depend on specific characteristics of the sample such as the fact that children who tend to use their fingers more in numerical tasks are
the same ones who would present low levels of visuospatial WM and would therefore experience greater difficulties in learning
cardinality principle (De Vita et al., 2021).

Furthermore, with respect to the mediation model’s indirect effects, the findings indicated that visuospatial WM exerted a positive
indirect effect on cardinality understanding through verbal counting, enumeration skills, and finger use. Although the direct path
coefficients involving the mediating role of finger use between visuospatial WM and cardinality understanding were negative, their
combined effect resulted in an overall positive indirect effect (i.e., higher visuospatial WM is associated with lower finger use, which in
turn is linked to better cardinality understanding). These findings, in agreement with the starting hypotheses, are consistent with some
previous studies in the field showing that visuospatial WM is a key construct in early numerical skills development, which in turn have
an effect on cardinality understanding (Bull et al., 2008; Kyttala et al., 2003). It should be noted that, in the present study, we tested
only visuospatial WM, which does not allow for the examination of different theoretical models proposed for this cognitive system in
the literature (e.g., Carretti et al., 2022; Cornoldi & Giofre, 2014). Consequently, our findings may reflect a specific association be-
tween visuospatial WM and domain-specific numerical abilities, but they do not exclude the possibility that the contribution of WM
could be influenced by other modality-specific components (e.g., verbal WM; see Baddeley & Hitch, 1974; Carretti et al., 2022) or by
modality-independent factors related to attentional control (i.e., see Engle et al., 1999). Furthermore, statistical analyses have shown
that inhibition skills have an indirect effect on cardinality understanding through verbal counting and enumeration skills. Similar to
what has been found for visuospatial WM, inhibition skills could facilitate learning the cardinality principle through its positive effect
on domain-specific skills such as verbal counting and enumeration. Indeed, inhibition skills in mathematical learning have been shown
to be involved in the suppression of task-irrelevant stimuli, thus facilitating the acquisition of early numerical skills, which in turn
would play a predictive role in the development of cardinality understanding (Gray & Reeve, 2014).

7.1. Limitations and future directions

Although our research focused on studying the relationships between EFs and domain-specific precursors at a very early age by
proposing a theoretically substantiated mediation model, one of the main limitations of the study is its cross-sectional nature.
Therefore, caution must be exercised in interpreting the directionality of the effects of the variables explored in the present research.
Future studies should adopt longitudinal and experimental approaches to reach more accurate conclusions on the relationships be-
tween the analyzed variables. Furthermore, it would be advisable to investigate the role of other cognitive components related to EFs in
future studies. Indeed, in the present study it was decided to consider only visuospatial WM and inhibition skills because they are easily
detectable at an early age (Usai et al., 2014) and they have been shown to be strongly involved in the development of mathematical
learning. However, it should be noted that an additional domain-general precursor of mathematical learning potentially involved,
particularly in processes involving verbal counting, is verbal WM (Krajewski & Schneider, 2009). Furthermore, future studies could
benefit from testing measurement models to confirm the structure of EFs (e.g., one-factor or two-factors measurement models), an
aspect that remains debated in the literature (Emslander & Scherer, 2022). Future studies could also measure verbal WM to evaluate its
contribution to the development of cardinality understanding as mediated by counting processes as well as the role of other con-
founding variables. Additionally, in light of the various models proposed in the literature regarding the WM structure (Carretti et al.,
2022), future studies could conduct a more comprehensive assessment of WM, testing and comparing different possible WM structural
models and exploring how they relate to the cognitive constructs examined in the present study. Another limitation of this study is the
sample size, although it aligns with similar research conducted on preschool children (e.g., Krajewski & Schneider, 2009; Qi et al.,
2023). To address potential concerns regarding statistical power and maintain transparency, we conducted a post-hoc power analysis
using a Monte Carlo simulation (1000 simulated datasets, Beta = .80, alpha <.05, n = 100) based on the relationships observed in our
mediation model. This approach revealed that some mediated paths were adequately powered—specifically those in which
enumeration mediates the relationship between EFs and cardinality understanding—whereas others did not reach the desired power
threshold. In light of these findings, we consider our study to offer important preliminary evidence; however, to increase the likelihood
of detecting smaller effects and ensure greater generalizability to the preschool population, future studies should include larger
samples. Finally, another limitation arises from measuring enumeration and cardinality understanding using the same items within the
same task. As a result, we must acknowledge that the correlation between these two assessments may be inflated due to shared
methodological variance inherent in the task, which could have reduced the magnitude of certain expected direct effects, such as the
association between EFs and cardinality understanding.

7.2. Conclusions

To summarize, the results of the present study have shown that EFs play a role in predicting the development of early numerical
skills, specifically cardinality understanding, one of the crucial precursors of formal mathematical learning (Koponen et al., 2019).
These findings are relevant not only from a theoretical perspective, since they highlight how the development of domain-specific
precursors is intimately linked to the developmental trajectories of certain domain-general cognitive abilities, but also from a prac-
tical point of view in light of their implications. Indeed, the results suggest that WM and inhibition skills may be associated with the
development of domain-specific precursors, which — in cases of poor acquisition compared to the expected performance for the age —
could represent a possible risk factor for the emergence and development of specific learning difficulties or disorders. Interestingly, our
results also revealed a negative association between visuospatial WM and finger pointing. In this context, pointing to or touching each
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item within a set may serve as a strategy to reduce cognitive load during enumeration tasks. Specifically, using fingers can help
children track counted items (Alibali & DiRusso, 1999; Graham, 1999) and may function as a cognitive strategy to prevent persev-
erative behaviors (Lange-Kiittner, 2024; Lange-Kiittner & Kiittner, 2015), especially when enumeration tasks involve haphazardly
arranged arrays. For this reason, designing and implementing early interventions aimed at strengthening EFs skills already in pre-
school (Passolunghi & Costa, 2016) may represent an effective preventive strategy to prepare preschool children to adequately face
and manage the mathematical challenges of the future (Pellizzoni et al., 2024). In this regard, interventions targeting WM and in-
hibition skills have shown promise in early childhood settings, including structured cognitive training and physical activities
embedded in engaging and playful contexts, such as mediated play or tasks designed to challenge EFs through movement and
collaboration (Muir et al., 2023).
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