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ARTICLE INFO ABSTRACT
Keywords: We examine a potential mechanism underlying the relation between executive function (EF) skills
Executive function and mathematics achievement in early childhood. Across two samples of three- to six-year-olds in

Numeracy skills

Preschool preschool and kindergarten, we found that children’s EF skills predict their concurrent skills in set
TesCcnoo.

Kindergarten counting, numeral identification, number comparison, and number line estimation. The effects of

& . . EF on later numeral identification, number comparison, and number line estimation skills
Mathematics achievement . o X

Early childhood remained significant for these two samples of children, but these effects attenuated when con-

trolling for the respective earlier numeracy skill. Further, aspects of numeracy skills mediated the

association between EF and mathematics achievement in both samples. Together, these findings

provide evidence on the nuanced relations between EF, numeracy, and mathematics achievement,

and suggest attention to each numeracy skill in order to support early mathematical development.

1. Introduction

A wealth of research has shown that children’s executive function (EF) skills relate to their mathematics achievement both
concurrently (Best, Miller, & Naglieri, 2011; Bull & Scerif, 2001) and over time (Clark et al., 2014; Mazzocco & Kover, 2007; Ribner,
Willoughby, & Blair, 2017). There are various theoretical models to explain this relation, with some suggesting that EF supports
mathematical skills development (e.g., Case, 1978; Goodrich, Peng, Bohaty, Leiva, & Thayer, 2021; Nguyen, Duncan, & Bailey, 2019;
Ribner, 2020), and with others suggesting bidirectional relations (e.g., Cameron, Kim, Duncan, Becker, & McClelland, 2019; Clements,
Sarama, & Germeroth, 2016; Fuhs, Nesbitt, Farran, & Dong, 2014; Nesbitt, Fuhs, & Farran, 2019). One potential mechanism un-
derlying this relation is that children’s EF skills support their developing numeracy skills, such as counting and comparing numbers,
and in turn, these numeracy skills predict children’s mathematics achievement (Chu, vanMarle, & Geary, 2016; Fuhs, Hornburg, &
McNeil, 2016).

Here, we investigate the relations between EF, numeracy skills, and mathematics achievement in early childhood with a focus on
four numeracy skills—set counting, numeral identification, number comparison, and number line estimation—as potential pathways
between EF and mathematics achievement. We focus on these numeracy skills because they have been identified as important early
predictors of later mathematics achievement (Lyons, Price, Vaessen, Blomert, & Ansari, 2014; Mazzocco & Thompson, 2005; Schneider
et al., 2018). Specifically, we examine (a) the concurrent association and (b) longitudinal relation between EF and these four numeracy
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skills; we also test (c) these skills as potential pathways between EF and mathematics achievement. By doing so in two samples of
children, we aim to better understand the roles of EF in mathematical development among children varying in age and demographic
background.

1. .1. Executive function and its role in mathematics achievement

Executive function skills are a set of top-down mental processes that support explicit and effortful control of one’s attention,
thoughts, and actions (Carlson, Zelazo, & Faja, 2013; Diamond, 2013; Miyake et al., 2000). They are typically conceptualized as
comprising three distinct but related components: working memory, inhibition, and cognitive flexibility. Working memory refers to the
ability to retain and manipulate information during a task. Inhibition refers to the ability to suppress or delay habitual or pre-potent
response. Cognitive flexibility refers to the ability to consider multiple options simultaneously or shift attention flexibly between
them. Although theoretically distinct, these three components of EF skills appear to emerge as a unitary construct in two- to
six-year-olds (Wiebe, Espy, & Charak, 2008; Wiebe et al., 2011), and begin to differentiate into three separable components during
middle childhood and into adulthood (Clark, Sheffield, Wiebe, & Espy, 2013; Lee, Bull, & Ho, 2013; Shing, Lindenberger, Diamond, Li,
& Davidson, 2010).

EF skills are theorized to be central to the information processing required by mathematics, and may influence children’s math-
ematics achievement in several ways. For instance, working memory allows children to keep different quantities in mind and
manipulate them while solving problems; inhibition helps children to ignore irrelevant information or suppress inappropriate stra-
tegies; cognitive flexibility allows children to shift attention between solution strategies, response options, or aspects of a problem (Bull
& Lee, 2014). The association between EF and mathematical skills is supported by a substantial body of work on their concurrent
correlations and predictive relations (Cragg & Gilmore, 2014; Fuhs et al., 2014; Geary, Hoard, & Nugent, 2012). For instance, pre-
schoolers’ EF skills significantly predict their concurrent mathematics achievement even after controlling for child age and intelligence
(Bull, Espy, Wiebe, Sheffield, & Nelson, 2011). A longitudinal study that followed children over a two-year period found that children’s
EF skills at age three significantly predicted their numeracy skills nine months and eighteen months later as well as their kindergarten
mathematics achievement, controlling for socioeconomic status (SES), language skills, and processing speed (Clark et al., 2013).
Together, these studies support the notion that EF skills influence mathematics achievement in early childhood, but offer little
empirical evidence on the mechanisms underlying this relation. In the current study, we examine the relative influence of EF on four
early numeracy skills, and ask whether the relation between EF and mathematics achievement may be mediated through these
numeracy skills.

1.2. Early numeracy skills as mediators of EF and mathematics achievement

Early numeracy skills encompass informal skills such as counting and comparing numerical magnitudes, and children often acquire
these skills prior to formal schooling (Purpura & Lonigan, 2013; Raghubar & Barnes, 2017). These early numeracy skills are consistent
predictors of children’s later mathematics achievement formally acquired through explicit instruction (e.g. Duncan et al., 2007; Geary,
2011; Jordan, Kaplan, Ramineni, & Locuniak, 2009; Watts, Duncan, Siegler, & Davis-Kean, 2014). In the current study, we focus on
four distinct numeracy skills—set counting, numeral identification, number comparison, and number line estimation—as potential
pathways between EF and mathematics achievement among three- to five-year-old preschoolers (Study 1) and five- to six-year-old
kindergartners (Study 2). Each of the selected numeracy skills represents a building block key to supporting children’s mathe-
matics achievement. Below, we provide an overview on each numeracy skill and its relation with EF and mathematics achievement,
followed by a review of prior work that examined a combination of these numeracy skills in one study.

1.2.1. Set counting. One of the first numeracy skills that children develop is set counting, mapping number words with sets of objects.
Although children can recite the counting sequence as early as two years of age (Gelman & Gallistel, 1978), it may take them a year or
more to correctly count sets of objects up to five (Baroody & Price, 1983; Schaeffer, Eggleston, & Scott, 1974). Children’s ability to
count sets of objects in the fall of preschool predicts their mathematics achievement at the end of the school year (Chu, vanMarle, &
Geary, 2015), and children’s counting skills at the entry of kindergarten significantly relate to their general mathematics achievement
across kindergarten and first grade (Jordan, Kaplan, Locuniak, & Ramineni, 2007).

While counting is a foundational skill that contributes to mathematics achievement, its developmental process is complex and
protracted as it may rely on other cognitive skills, such as EF. For young children who are still developing representations of number
words, counting sets of objects may require children to remember the verbal counting sequence, assign each number to one (and only
one) object, and inhibit the urge to count each object multiple times (Gelman & Gallistel, 1978). Indeed, studies have shown a cor-
relation between children’s EF and set counting skills (Purpura, Schmitt, & Ganley, 2017; Scalise & Ramani, 2021).

1.2.2. Numeral identification. In addition to learning the meanings of number words, young children must also learn about written
number symbols, such as Arabic numerals. Although knowledge of number words via the counting sequence occurs first in devel-
opment, young children quickly develop knowledge of numerals. By age four, approximately one-quarter of children can correctly
label numerals 1 to 9 (Ginsburg & Baroody, 2003). Numeral knowledge represents an important link to children’s success in formal
mathematics, since much of school-based mathematics requires children to correctly identify and produce written numerals (Purpura,
Baroody, & Lonigan, 2013). Indeed, preschoolers’ ability to identify written numerals is a significant predictor of their later mathe-
matics ability (Chard et al., 2005; Clarke & Shinn, 2004).
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The process of learning to identify numerals may require EF skills as children need to remember the verbal labels and connect them
with visual representations of numbers. For some children, this process may involve reciting the counting sequence out loud or
mentally to remind themselves of the numeral name. Moreover, children’s numeral identification skill is significantly correlated with
aspects of their EF skills, suggesting that EF skills may support children’s learning of numerals (Purpura et al., 2017).

1.2.3. Number comparison. After children understand how individual number words and numerals map onto quantities, they begin to
understand the relations between numbers. In the integrated theory of numerical development, Siegler and colleagues (2011, 2014,
2016) propose that an understanding of the relative magnitude of numbers underlies mathematical learning across the lifespan. An
accurate representation of numerical magnitude may support more advanced mathematics problem-solving by helping children learn
arithmetic, select appropriate calculation strategies, and assess the plausibility of their answers (Mussolin, Nys, Leybaert, & Content,
2013). Magnitude understanding is correlated with mathematical competence in children and adults (Schneider et al., 2017, 2018),
and the effects of magnitude interventions have generalized to other mathematical skills, including arithmetic (Honoré & Noél, 2016;
Park & Brannon, 2013). One method of assessing symbolic magnitude knowledge is through comparisons of number words and written
symbols (i.e., “which is more, 2 or 7?”"). Knowledge of number comparison strongly predicts performance on mathematics achievement
measures, such as mental arithmetic (Schneider et al., 2017).

To compare numbers, such as four and five, children may need to recall their memorized counting sequence, and shift attention
between the two numbers while inhibiting other proximal numbers, such as three and six. Children’s number comparison skill is
correlated with their concurrent inhibition (Scalise & Ramani, 2021) and working memory (Purpura et al., 2017) in preschool, and
both components of EF skills in kindergarten (Gashaj, Oberer, Mast, & Roebers, 2019a; Gashaj, Uehlinger, & Roebers, 2016). These
findings suggest the potential importance of EF skills in the development of magnitude understanding in early childhood.

1.2.4. Number line estimation. Another method of measuring symbolic magnitude knowledge is number line estimation tasks, in which
children mark where a target number would fall on a number line. Children with a strong understanding of numerical magnitude are
expected to make estimates that are close to where the target number would actually appear on a fully partitioned number line.
Although young children with knowledge of the counting sequence may correctly order the numbers, they often compress the space
between their estimates of larger numbers (Siegler, 2016). As children gain more experience with numbers through counting and
comparison, their estimates become more accurate and linear (Berteletti, Lucangeli, Piazza, Dehaene, & Zorzi, 2010; Laski & Siegler,
2007; Siegler & Booth, 2004). A meta-analysis by Schneider and colleagues (2018) estimated the strength of the relation between
number line estimation skill and mathematical competence to be r = 0.443 among four- to fourteen-year-olds, suggesting their close
relation across development.

To accurately estimate numbers on a number line, children must keep both endpoints and the target number in mind while
determining an appropriate placement for the target number; this process may involve thinking about the relations of these numbers in
the counting sequence. Moreover, children must inhibit the urge to place the target number at either endpoint or in the middle of the
page. Working memory and cognitive flexibility are correlated with concurrent performance on number line estimation in four- to
eight-year-olds (Friso-van den Bos, Kolkman, Kroesbergen & Leseman, 2014; Gashaj et al., 2016; Gashaj, Oberer, Mast, & Roebers,
2019a). Further, children’s working memory capacity positively predicts their improvement on number line estimation after six
sessions of number training (Kolkman, Hoijtink, Kroesbergen, & Leseman, 2013), suggesting its importance in the development of
number line estimation skill.

1.2.5. Investigations of multiple numeracy skills. Prior research has also considered the interrelations of these numeracy skills and their
unique relations with EF and mathematics achievement. For instance, children’s set counting, numeral identification, and number
comparison skills in kindergarten each uniquely predict their mathematics achievement in second and third grade (Mazzocco &
Thompson, 2005). Similarly, children’s number comparison and number line estimation skills each uniquely predict their arithmetic
performance in first and second grade (Lyons et al., 2014). All of these numeracy skills develop in early childhood, but each skill taps a
distinct aspect of numeracy and may require different levels of EF skills at different developmental stages (Purpura et al., 2017).

When examining numeracy skills as potential mediators between EF and mathematics achievement, Gashaj and colleagues (2019b)
found that children’s number comparison and number line estimation skills significantly mediated the association between EF skills in
preschool and mathematics achievement in second grade. However, Fuhs and colleagues (2016) found that EF skills predicted chil-
dren’s number line estimation skill, and set counting skill predicted children’s mathematics achievement in kindergarten, yet neither
numeracy skill mediated the association between EF and mathematics achievement. Whereas set counting and numeral identification
tap the skills of mapping between quantities, numerals, and number words, number comparison and number line estimation tap the
skills of connecting numbers in terms of cardinal values and spatial positions (Aunio et al., 2006; Purpura & Lonigan, 2013). By
studying these four early numeracy skills and their relations with EF and mathematics achievement, we aim to examine the roles of
these distinct skills in the association between EF and mathematics achievement.

In summary, the four numeracy skills reviewed above have each been linked to children’s EF skills and mathematics achievement.
However, the ways in which EF supports these four numeracy skills may differ by the particular skill and by children’s developmental
level. Because set counting and numeral identification tend to precede number comparison and number line estimation in development
(Siegel, 1971; Fuson, 1988), EF skills may be called on to support set counting and numeral identification early in development. As
children acquire set counting and numeral identification skills, these tasks may not require as much EF skills, whereas number
comparison and number line estimation may continue to demand EF skills later in development. Further, given the skills involved in
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number line estimation (e.g., attending to endpoints and the target number, shifting between numbers while comparing their cardinal
values and ordinal positions), number line estimation may be more closely related to and consistently engage children’s EF skills
compared to other numeracy skills. Prior work has demonstrated significant associations between set counting, numeral identification,
and EF skills among three- to five-year-olds (Purpura et al., 2017), and between number comparison, number line estimation, and EF
skills among six-year-olds (Gashaj et al., 2016). Further, among six-year-olds, EF skills appear to be a stronger predictor of number line
estimation than of number comparison skills (Gashaj et al., 2019a). Here, we extend prior work by examining the relations between EF,
mathematics achievement, and the four numeracy skills in two samples of children to test the robustness and consistency of these
relations in early childhood.

1.3. The current study
Our overarching research questions (RQ) and corresponding hypotheses are as follows:

1. Does the relation between EF and numeracy skills vary depending on the specific numeracy skill?

Given the complexity of number line estimation and the strong association between EF and number line estimation skills (Gashaj

et al., 2019a), we hypothesize that EF may be more strongly related to number line estimation than other numeracy skills.
2. Does the pattern of the relation between EF and numeracy skills change over time?

As children become better at counting and reading numerals, the effects of EF on these skills may decrease over time. Given the
prior findings on the association between EF and number line estimation skills in kindergartners (Gashaj et al., 2016, 2019a), the
influences of EF on number line estimation skill may remain strong over time.

3. Do the four numeracy skills independently mediate the association between EF and mathematics achievement?

Because each numeracy skill may tap different components of EF skills (e.g., Purpura et al., 2017; Gashaj et al., 2016) and
contribute to distinct aspects of mathematics achievement, the four numeracy skills may independently mediate the association
between EF and mathematics achievement.

We first addressed our research questions with a sample of three- to five-year-old preschoolers (Study 1), then repeated the analyses
with another sample of five- to six-year-old kindergartners (Study 2). These two studies differed in participant age and demographic
backgrounds as well as the measures of EF and mathematics achievement, limiting direct comparisons of the findings. For example, we
measured children’s addition skills as a proxy of their mathematics achievement in Study 1, and used a standardized assessment that
tapped a broad set of number principles in Study 2. While both types of measures focused on number rather than other domains of
mathematics (e.g., geometry), our approaches in the two studies were consistent with prior research that focused on children’s
knowledge of number principles as indicators of their broader mathematics achievement (e.g., Best et al., 2011; Fuhs et al., 2016;
Gashaj, Oberer, Mast, & Roebers, 2019b; Jordan et al., 2007; Ribner et al., 2017). Together, the two studies provided opportunities to
explore similar patterns of the relations between EF, numeracy, and mathematics achievement in early childhood.

2. Study 1: methods

2.1. Participants

Participants were 140 three- to five-year-olds at the first assessment (M = 4 years 5 months; range = 3 years 2 months — 5 years 4
months; 49% female, 51% male). Seventy-five percent of parents reported their child’s race; of those children, 60% were identified as
African American or Black, 19% as Asian or Pacific Islander, 9% as Caucasian or White, 1% as Native American or Alaskan, and 11% as
Biracial or Multiracial. Eighty-two percent of parents reported their child’s ethnicity; of those children, 21% were identified as His-
panic or Latino and 79% were identified as non-Hispanic/Latino. An additional four children were recruited but excluded from the
study because the child: was extremely distracted and unable to complete the assessments (n = 1), had little to no English compre-
hension and production capacity (n = 2), or repeatedly declined to participate (n = 1).

Children were recruited from four local Head Start centers in a mid-Atlantic state as a part of a larger study on EF and mathematical
development (Scalise & Ramani, 2021). Head Start is a federally funded early childhood education program for children living in
households at or below the federal poverty line—an annual household income of $25,100 or less for a family of four in 2018. All
parents of three- to five- year-olds attending one of the participating Head Start centers received a letter describing the study, along
with a consent form and survey. All materials were available in English and Spanish. Children received a sticker after each assessment
session, and the lead teacher in each classroom received a $25 gift card for classroom materials.

2.2. Procedure

This study was approved by the Institutional Review Board of the University of Maryland, College Park. Written informed consent
was first collected from the parent or guardian of each child, and child verbal assent was collected prior to every session. Children
completed three 15- to 20-minute sessions of tasks individually with an experimenter in a quiet area of their classroom or school.

Time 1 of the study (November 2018 — January 2019) included two sessions assessing children’s set counting, numeral identifi-
cation, number comparison, number line estimation, mathematics achievement, and EF skills. Time 2 (March — May 2019) included
one session, assessing the four numeracy skills and mathematics achievement. On average, the gap between two time points was 3.7
months (SD = 0.23; range = 3.5 to 5.4).
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2.3. Measures

2.3.1. Executive function skills. Three EF tasks were administered targeting inhibition, working memory, and cognitive flexibility,
respectively (Diamond, 2013). EF tasks were administered on a tablet computer using the National Institutes of Health Toolbox
Cognition Battery (Weintraub et al., 2013). Children’s performance on each task was scored using the assessment protocols for un-
corrected standardized scores.

2.3.1.1. Flanker. Children saw displays with five fish and were asked to touch a button indicating the direction that the middle fish
was facing, which was either in the same direction as surrounding fish (i.e., congruent trials) or the opposite direction (i.e., incongruent
trials; adapted from Eriksen & Eriksen, 1974; Rueda et al., 2004). Children completed four practice trials with accuracy feedback and
20 test trials. For each accurate test trial, children received 0.125 points, which were summed over all test trials for a total accuracy
score (range: O to 2.5 points). Children with high accuracy on the initial test trials proceeded to 20 additional trials involving the
direction of arrows instead of fish; on these trials, children received both an accuracy score (range: 0 to 2.5 points) and a reaction time
score based on their median reaction time on the incongruent trials that they answered correctly (range: O to 5 points). The perfor-
mance measure was children’s uncorrected standardized scores, calculated as the sum of the accuracy and reaction time scores (range:
0 to 10 points) and converted into a normative score. Test-retest reliability for this task is 0.91 (Bauer & Zelazo, 2013).

2.3.1.2. List sorting. Children saw a series of stimuli (e.g., pictures of animals) while listening to verbal labels (e.g., dog, horse),
then repeated the verbal labels back to the experimenter from smallest to largest (Tulsky et al., 2013). Children had to remember the
animals and update the order of the animals based on size, thus the task tapped both storage and manipulation of working memory.
Trials began with a list of two stimuli; if a child correctly ordered the stimuli by size, the next trial increased the list length by one. If a
child incorrectly ordered the stimuli, the next trial repeated the same list length. The task ended if a child incorrectly responded to two
trials of the same list length. The performance measure was the uncorrected standardized score, calculated as the normalized sum of
scores across all lists presented. Test-retest reliability for this task is 0.86 (Bauer & Zelazo, 2013).

2.3.1.3. Dimensional Change Card Sort. Children were asked to sort pictures of objects by either color or shape (Zelazo, 2006).
Children received four practice trials to sort by color and four practice trials to sort by shape. If a child responded correctly to three or
more practice trials, they completed additional test trials where they sorted pictures by color or by shape. For each accurate trial,
children received 0.125 points, which was summed over all test trials for a total accuracy score (range: O to 5 points). Children with
high accuracy proceeded to more challenging test trials and also received a reaction time score based on their median reaction time on
trials of the less frequently cued dimension that they answered correctly (range: O to 5 points). The performance measure was chil-
dren’s uncorrected standardized scores, calculated as the sum of the accuracy and reaction time scores that are then converted into a
normative score. Test-retest reliability for this task is 0.92 (Bauer & Zelazo, 2013).

2.3.2. Numeracy skills

2.3.2.1. Set counting. Children were shown pictures of 2, 3, 4, 5, and 6 stars in random order and asked to count the stars (adapted
from Wynn, 1992). The performance measure was the percentage of trials in which the child correctly counted the number of stars. The
reliability of the items was KR-20 = 0.81 at Time 1 and KR-20 = 0.71 at Time 2.

2.3.2.2. Numeral identification. Children were shown cards with the numerals 1 to 10 presented in random order and asked what
number was on the card (Ramani & Siegler, 2008). The performance measure was the percentage of trials in which the child correctly
identified the numeral. The reliability of the items was KR-20 = 0.93 at both Time 1 and Time 2.

2.3.2.3. Number comparison. Children were asked to compare pairs of symbolic numerals ranging from 1 to 9 presented on a paper
flipbook (Ramani & Siegler, 2008). After two practice trials with accuracy feedback, children were shown 22 test pairs of numbers and
asked to indicate which number is larger. Each number was counterbalanced for side of presentation (i.e., 3|8, 8|3), with the ratio
between pairs ranging from 1.1 (e.g., 8/9) to 9.0 (e.g., 9|1). The performance measure was the percentage of correct comparisons. The
reliability of the items was KR-20 = 0.81 and 0.85 at Times 1 and 2, respectively.

2.3.2.4. Number line estimation. Children were shown 20 cm lines on a tablet computer, with a 0 labeled at the left end and 10
labeled at the right end, and asked to make a mark on the line where a target number would go (Ramani & Siegler, 2008). After practice
making marks on an example trial without a target number, children received 18 test trials with numbers ranging from 1 to 9 presented
in random order. On each trial, the experimenter identified the number at the top then asked, “If this is where 0 goes (pointing) and this
is where 10 goes (pointing), where does N go?” The performance measure was the percentage of absolute error (PAE = (|estimate -
target| / scale of estimates) x 100%). Lower PAE indicated higher accuracy; therefore, PAE were reversed prior to analyses to aid in
interpretability (e.g., 100% — PAE). Test-retest reliability in the current sample was r = 0.29, p < .001. We note that the reliability was
suboptimal, possibly due to the challenging nature of this task for preschoolers (Berteletti et al., 2010). We discuss the implications of
this finding in the Discussion section.

2.3.3. Mathematics achievement. Children’s mathematics achievement was assessed with two addition tasks. Basic arithmetic skills are
a hallmark of early elementary school mathematics instruction (Ginsburg, Lee, & Boyd, 2008), and addition tasks supported with
nonverbal representations are consistently related to other measures of early mathematics achievement (Chu et al., 2016; Jordan et al.,
2009). Thus, although these tasks focus on arithmetic, we used them as proxy measures of mathematics achievement, as in prior
research (e.g., Gashaj et al., 2019b).

2.3.3.1. Forced-choice addition. Children were asked which of two imaginary children answered arithmetic problems correctly
(adapted from Daubert, 2018; Prather & Alibali, 2011). Children were shown two equations (e.g. 2 + 1 = 3,2 + 1 = 1), one of which
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was answered correctly. All equations were shown in the form of symbolic numerals and their corresponding non-symbolic quantities
(i.e., sets of cookies). The experimenter read both equations aloud as they pointed to the equation they were reading. The participating
children were then asked to indicate which imaginary child was right. Children completed seven items, and the performance measure
was the percentage of items children answered correctly. The reliability of the items was KR-20 = 0.37 and 0.46 at Times 1 and 2,
respectively. The relatively low reliability might be due to the limited items in this task.

2.3.3.2. Story problem addition. Children were asked to solve addition problems embedded in a story context. The experimenter
described a child who has a starting number of tokens (e.g., 3) and gets some number of additional tokens (e.g., 2), then asked the
participant how many tokens the child had altogether. On each trial, the experimenter set out the number of tokens referenced for the
participant to use if they chose. Each child completed 10 trials, and the performance measure was the percentage of trials that the child
answered correctly. The reliability of the items was KR-20 = 0.86 and 0.85 at Times 1 and 2, respectively.

2.4. Analytic approach

The analytic plan was pre-registered on the Open Science Framework (https://osf.io/6r84y). First, we conducted descriptive and
correlation analyses to examine the distributions of the data and the associations between the measures. A subset of the 140 partic-
ipants had missing data on one or more measures of EF (4 children), numeracy (9 children), and mathematics achievement (9 chil-
dren); however, less than 3% of scores on individual tasks were missing and only 11 children were missing scores on at least one task
across the two time points, representing less than 8% of the overall sample. Because the missingness was relatively small, we used
mean imputation for missing data instead of excluding these participants.

Next, because EF and mathematics achievement were measured with multiple tasks, we created composite scores for the respective
domains of skills to reduce the data for our analyses. We created the EF composite by scaling the three individual task scores to a
common Z score, then averaging the Z scores to form the EF composite. Similarly, we created the mathematics achievement composite
by averaging the Z scores of the forced-choice and story problem tasks.

To examine the concurrent relation between EF and numeracy skills (RQ1), we conducted OLS regressions on the data obtained at
Time 1. In these models, we predicted children’s performance on the four numeracy tasks with their concurrent EF composite score
while controlling for age and gender. To examine effects of EF on numeracy skills over time (RQ2), we repeated the OLS regressions
with the Time 2 numeracy task scores as the dependent variables. The original pre-registration included additional analyses for RQ2 in
which we explored the effects of EF on numeracy skills among children with high versus low initial numeracy skills. However, the
sample-based median split decreased the sample size for detecting significant effects and the scores within each subgroup were
restricted to the higher versus lower range, raising concerns on the reliability of the results. Due to these concerns, we omitted these
analyses in the results section. Instead, for RQ2, we added Time 1 numeracy task scores in the regression models to test the unique
effect of early EF skills on later numeracy skills.

Finally, we conducted a series of mediation analyses to test the potential mediating effects of the four numeracy skills (i.e., set
counting, numeral identification, number comparison, number line estimation) on the longitudinal association between EF and
mathematics achievement (RQ3). Because we were interested in the effect of the individual numeracy skill on this association, we first
conducted four mediation models to separately test the potential mediating effects of the four numeracy skills. In each model, the Time
1 EF composite was the exogenous variable, Time 2 mathematics achievement composite was the endogenous variable, age and gender
were the covariates of mathematics achievement composite, and the Time 1 numeracy task score was the mediator. These four separate
models allowed us to examine the individual effect of each numeracy skill on the association between EF and mathematics
achievement. Next, we tested significant mediators simultaneously in one model to examine their unique effects on the association
between EF and mathematics achievement. Because children’s numeracy skills might be correlated with each other, we also estimated
the covariance between the mediators. We reported the unstandardized coefficients in the mediation models as it is the recommended
practice (Hayes, 2017; Kim & Mueller, 1976).

All primary analyses were conducted in (R Core Team, 2020). We used the Ime4 package (Bates et al., 2015) for the regression
analysis, and the lavaan package (Rosseel, 2012) for the mediation analysis. Lavaan uses the Delta method to compute parameters.
Because the regression and mediation analyses were repeated for four numeracy skills, we used Bonferroni-corrected p-values when

Table 1
Mean and standard deviation of scores for each task at Time 1 and Time 2 in Study 1.
Tasks Time 1 Mean (SD) Time 2 Mean (SD)
Executive function skills
Flanker task 37.12 (17.39) -
List sorting task 22.79 (25.95) -
Dimensional Change Card Sort 40.74 (18.88) -
Early numeracy skills
Set counting (%) 81.46 (28.65) 86.32 (22.42)
Numeral identification (%) 66.23 (36.11) 75.49 (32.75)
Number comparison (%) 67.03 (20.74) 73.43 (20.78)
Number line estimation (%) 70.25 (11.24) 71.24 (10.89)
Mathematics achievement
Forced-choice addition (%) 67.60 (21.23) 72.28 (21.18)
Story problem addition (%) 51.62 (30.87) 57.20 (29.44)

Note: Number line estimation is reported as reversed percent absolute error (see Measures above).
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reporting significant effects and included 95% confidence intervals when interpreting the strength of the effects.

3. Study 1: results and discussion

3.1. Preliminary analysis

Descriptive statistics for each measure are shown in Table 1. The means and standard deviations suggest that the scores were widely
distributed and none of the tasks were subject to ceiling or floor effects.

Table 2 presents Pearson’s bivariate correlations between each measure within each time point. Most correlations were significant,
0.17 < rs < 0.63, ps < 0.05, except for the correlations between the scores on the list sort working memory and number line estimation
tasks at Time 1, and the correlations between the forced-choice addition task with the list sort working memory, Dimensional Change
Card Sort, set counting, numeral identification, and number line estimation tasks. We noted that the correlation between the two
measures of mathematics achievement was weak, likely due to the differences in the task demands. Whereas the forced-choice task
involved symbolic equations, the story problem task was more informal (e.g., asking how many tokens there were altogether instead of
asking what X + Y equals). Given that the two tasks measure distinct yet related aspects of children’s arithmetic skills and together may
provide a more complete measure of their mathematics achievement (Scalise & Ramani, 2021), we created composites using the two
task scores for the mediation analyses. However, due to concerns with the low reliability of the forced-choice addition task and the low
correlation between the two addition tasks, we also repeated the mediation analyses using only the standardized score on the story
problem task to test the consistency of the findings. In summary, the descriptive statistics and correlations suggested that children’s
performance varied across the sample, as did the relations between aspects of children’s EF and numeracy skills.

3.2. EF skills predict concurrent numeracy skills

OLS regression analyses revealed that EF skills significantly predicted all four concurrent numeracy skills above and beyond
children’s age and gender. Specifically, a one standard deviation increase in the EF score was associated with a 0.46 standard deviation
(SE = 0.11, 95%CI = [0.23,0.68]) increase in accuracy on set counting, 0.54 standard deviation (SE = 0.11, 95%CI = [0.32,0.76])
increase in accuracy on numeral identification, 0.60 standard deviation (SE = 0.10, 95%CI = [0.41,0.80]) increase in accuracy on
number comparison, and 0.38 standard deviation (SE = 0.10, 95%CI = [0.16,0.63]) improvement on number line estimation (Table 3).
The effect of EF on all four numeracy skills was significant after Bonferroni correction (p < 0.0125). Overall, the analyses suggested
that children with higher EF skills performed better on these numeracy tasks.

3.3. EF skills predict later numeracy skills

OLS regression analyses revealed that EF skills significantly predicted later performance on all four numeracy tasks above and
beyond children’s age and gender. Specifically, a one standard deviation increase in the EF score was associated with a 0.40 standard
deviation (SE = 0.11, 95%CI = [.17,.63]) increase in set counting, 0.39 standard deviation (SE = 0.11, 95%CI = [.17,.61]) increase in
numeral identification, 0.53 standard deviation (SE = 0.10, 95%CI = [.33,.73]) increase in number comparison, and 0.57 standard
deviation (SE = 0.11, 95%CI = [.14,.63]) improvement on number line estimation (Table 3). The effect of EF on the four numeracy
skills remained significant after Bonferroni correction (p < .0125). In summary, EF skills remained as a significant predictor of
children’s later numeracy skills.

Next, we added the respective Time 1 numeracy skill in each regression model to examine the unique influence of EF on later
numeracy skills. The models revealed that children’s Time 1 numeracy skills significantly predicted their Time 2 numeracy skills for set
counting, numeral identification, and number comparison, ps < 0.001. When controlling for children’s Time 1 numeracy skills and
applying the Bonferroni correction, children’s age, gender, and EF skills at Time 1 no longer predicted their later numeracy skills in set
counting, numeral identification, and number comparison. However, EF skills remained a significant predictor of children’s later
number line estimation skill (5 = 0.52, SE = 0.11, 95%CI = [.29,.74]). In sum, children’s early EF skills positively predicted their later

Table 2
Pearson correlations between all task scores at Time 1 (upper triangle) and Time 2 (lower triangle) in Study 1.
Flanker List Sort DCCS SC NID NC NLE FC SP
Flanker - 0.36%** 0.39%** 0.28%*** 0.19*
List Sort - 0.35%** 0.16 0.19*
DCCS 0.38%** 0.32%** 0.34%** 0.31%** 0.02
SC - 0.61%** 0.08
NID . 0.47%** - 0.09
NC 0.50%** 0.38%** 0.46%** 0.59%** 0.41%** 0.23**
NLE 0.49%** 0.27** 0.23** 0.43%** - 0.11
FC 0.14 0.13 —0.02 0.05 0.17* -
SP 0.41%** 0.37%** 0.46%** 0.61%** 0.48%*** 0.21* -

***p < 0.001; **p < 0.01; *p < 0.05.

Note: Flanker, List Sort, and DCCS were measured at Time 1 only, thus the values in the lower triangle represented the correlations between these EF
skills at Time 1 and the other measures at Time 2.

Abbreviations: DCCS = Dimensional Change Card Sort; SC = set counting; NID = numeral identification; NC = number comparison; NLE = number
line estimation; FC = forced-choice addition; SP = story problem addition
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Table 3
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Regression models predicting children’s numeracy skills at Time 1 and Time 2 in Study 1 (N = 140).

Time 1 Numeracy Skills

Time 2 Numeracy Skills

Outcome SC NID NC NLE SC NID NC NLE
Time 1 P(SE) P(SE) B(SE) P(SE) P(SE) P(SE) B(SE) P(SE)
Predictors [95%CI] [95%CI] [95%CI] [95%CI] [95%CI] [95%CI] [95%CI] [95%CI]
Age .17 (.09) .19 (.08)* .27 (.08)*** .05 (.10) .14 (.09) .27 (.09)** .29 (.08)*** .13 (.09)
[-.00,.35] [.02,.36] [.12,.42] [-.14,.24] [-.04,.31] [.10,.44] [.13,.44] [—.14,.24]
Gender —.20 (.15) —.05 (.14) —.08 (.13) .06 (.16) —.43 (.15) ** —.15(.15) —.16 (.13) .03 (.15)
[-.50,.09] [-.33,.24] [—.34,.18] [-.27,.38] [-.73,.13] [—.45,.14] [—.43,.11] [-.27,.38]
EF 46 (.11) *** .54 ((11)*** .60 (.10)*** .38 (.12)** .40 (.12)%** .39 ((11)*x* .53 (L10)*** 57 ((11)***
[.23,.68] [.32,.76] [.41,.80] [.16,.63] [.17,.63] [.17,.61] [.33,.73] [.14,.63]
R? .24 .30 .43 .10 .22 .26 .39 .27
Age .06 (.08) .11 (.05)* .16 (.07)* .12 (.09)
[-.10,.22] [.01,.21] [.02,.31] [-.05,.29]
Gender —.33 (.14)* —.11 (.08) —.12(.12) .02 (.15)
[-.60, —.06] [—.28,.05] [-.36,.11] [-.26,.31]
EF .19 (.11) —.07 (.07) .26 (.10)* 52 ((11)***
[—.03,.40] [—.21,.06] [.05,.46] [.29,.74]
Numeracy .47 (.08)*** .85 (.05)*** .46 (.08)*** .14 (.07)
[.32,.62] [.76,.95] [.31,.62] [-.01,.29]
R? .39 77 .51 .29

**¥p < 0.001; **p < 0.01; *p < 0.05. Gender: Male = 1, Female = 0. Abbreviations: SC = set counting; NID = numeral identification; NC = number
comparison; NLE = number line estimation; Numeracy = Time 1 numeracy task score corresponding to the Time 2 outcome.

set counting, number identification, number comparison, and number line estimation skills. However, only the effect of EF on number
line estimation skill remained significant when controlling for the respective early numeracy skills.

3.4. Numeracy skills mediate the association between EF and mathematics achievement

The first step of the mediation analysis revealed that EF skills predicted later mathematics achievement above and beyond age and
gender (Fig. 1a). Next, four separate mediation analyses revealed that children’s skills in set counting (Fig. 1b), numeral identification
(Fig. 1¢), and number comparison (Fig. 1d) partially mediated the association between EF and mathematics achievement; children’s
number line estimation skill did not mediate the association between EF and mathematics achievement (Fig. 1e). Finally, we tested the
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EESkills Achievement
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. Math
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Fig. 1. Mediation analyses between EF and later mathematics achievement through early numeracy skills in Study 1. All models include age and
gender as covariates of mathematics achievement. The path values represent non-standardized estimates. Note. *p < 0.05, **p < 0.01, ***p < 0.001.
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three significant mediators simultaneously (Fig. 1f), and found that only set counting skill mediated the association between EF and
mathematics achievement. Informed by poor reliability of the forced-choice addition task and the low correlation between the two
measures of children’s mathematics achievement, we repeated the mediation analyses using only the scores on the story problem
addition task. Because the results were replicated whether we used the composite score or the story problem addition score, we re-
ported the findings using the composite scores above.

In summary, we found that children’s set counting, numeral identification, and number comparison skills each partially mediated
the association between EF and mathematics achievement. However, when the three skills were tested simultaneously, only the set
counting skill mediated the association between EF and mathematics achievement, whereas the pathways from numeral identification
and number comparison skills to children’s later mathematics achievement were not significant. The findings suggest that children’s
set counting skill may be a potential pathway through which EF influences mathematics achievement among three- to five-year-olds.

4. Study 2: methods

4.1. Participants

A total of 109 kindergartners were recruited from four public schools in a midwestern state in the United States. The percentage of
students identified as English Language Learners ranged between 9% and 57% at each school; the percentage of students eligible for
free and reduced lunch ranged between 22% and 89%. Five children did not complete the study due to family relocation (n = 1) or
their request to end the sessions (n = 4), thus the analyses excluded these five children and the final sample included 104 children
(56% female, 44% male).

The participating children were five or six years of age (M = 5 years 11 months, SD = 4 months); 36% were identified as White, 25%
as Black, 15% as Asian or Asian American, 2% as American Indian or Alaskan Native, and 22% as other races. In terms of ethnicity, 21%
were identified as Spanish, Hispanic, or Latino, and 79% were not. We did not provide monetary compensation for children who
participated in the study. We gave the lead teacher in each classroom a $50 gift card for classroom materials.

4.2. Procedure

This study was approved by the Institutional Review Board of the University of Minnesota, Twin Cities. Written informed consent
was collected from the parent or guardian of each child. All measures were collected in the context of a larger training study in which
children received four 15-minute training sessions in one of three conditions that focused on (1) number only, (2) number combined
with EF and relational language (e.g., 5 is more than 4 and 5 comes after 4), or (3) alphabetic (non-numerical) ordering (Chan, 2019;
Chan, Sera, & Mazzocco, in press). The goal of the training conditions was to test whether the combination training was more effective
at improving children’s numeracy skills compared to the number only training. To examine the training effects and inform the primary
analyses, we conducted a 2 (Time: pretest vs. posttest) x 3 (Condition) repeated measures MANOVA on the four numeracy skills. The
MANOVA revealed a main effect of time, F(4,98) = 18.64, p < 0.001, npz = 0.432; the effects of condition and Time x Condition
interaction were not significant, ps > 0.10. The follow up ANOVAs revealed that children, regardless of the condition, improved on
numeral identification, F(1,101) = 19.83, p < 0.001, npz = 0.164, and number line estimation skills, F(1,101) = 58.90, p < 0.001, npz
= 0.368. Neither of these skills were practiced in the alphabetic condition, suggesting that the comparable gains across the three
conditions might be independent of the training activities. Thus, in the current study, we collapsed across the three training conditions
and focused on children’s performance at pretest and posttest only (hereafter Time 1 and Time 2, respectively).

We measured children’s EF, numeracy, and mathematics achievement at Time 1, and EF and numeracy skills at Time 2, approx-
imately six weeks later. Children were tested individually in the child’s school, in a relatively quiet area away from others. Most
children completed the Time 1 measures in two sessions, and the Time 2 measures in one session. Some children participated in an
additional session due to breaks they requested or time constraints set by teachers.

4.3. Measures

4.3.1. Executive function skills. Head Toes Knees Shoulders and Minnesota Executive Function Scale were used as two composite
measures of EF skills.

4.3.1.1. Head Toes Knees Shoulders (HTKS). In this standardized task, children were to do something different from what the
experimenter asked (Cameron Ponitz et al., 2008). For instance, children were to touch their shoulders when the experimenter said,
“touch your knees.” A total of 47 trials were administered (17 practice and 30 test trials), and children received 0 (incorrect), 1
(self-correct), or 2 (correct) points per trial, with a maximum of 94 points. Following the task developer’s recommendation, the practice
trials were included in the score to increase the test’s range and variability. The internal consistency reliability of the task ranges from
0.87 to 0.92 (Cameron Ponitz et al., 2008).

4.3.1.2. Minnesota Executive Function Scale (MEFS). This is an adaptive iPad version of Dimensional Change Card Sort (Carlson &
Zelazo, 2014; Zelazo, 2006). Similar to the traditional Dimensional Change Card Sort, children sorted virtual cards following the stated
rules. Extending from the traditional task, there were seven levels of difficulty and all children in the current study started at Level 4,
the entry level for five-year-olds. Children progressed forward to the next level or backward to an easier level depending on their
performance. The total scores were computed based on highest level passed, highest level attempted, errors, and reaction time, and an
age-referenced standard score was used as the indicator of children’s performance. The test-retest reliability for MEFS is ICC = 0.93
(Beck, Schaefer, Pang, & Carlson, 2011).
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4.3.2. Numeracy skills. The four numeracy tasks were similar to those in Study 1, except that the range of the numbers tested was
larger.

4.3.2.1. Set counting. The experimenter showed children a page with a set of black dots and asked them to count the dots carefully
with their fingers and to tell the experimenter how many there were. The set size ranged from 8 to 17. A total of four trials were
presented, and the performance measure was the percentage of trials in which the child correctly counted the number of dots. The
reliability of the items was KR-20 = 0.42 and 0.46 at Times 1 and 2, respectively. The relatively low reliability might be due to the
limited number of items.

4.3.2.2. Numeral identification. The experimenter presented printed numerals in a random order, and asked children to name the
number. The numbers ranged from 1 to 99. A total of 20 numerals were tested (1 to 9 and 11 numbers between 10 and 99). The
performance measure was the percentage of trials in which the child correctly identified the numeral. The reliability of the items was
KR-20 = 0.91 and 0.90 at Times 1 and 2, respectively.

4.3.2.3. Number comparison. The experimenter asked children, “which number means more”, then stated two numbers between 1
and 99. All 16 pairs of numbers differed by two (e.g., 3 vs. 5), and the performance measure was the percentage of correct response.
The reliability of the items was KR-20 = 0.74 and 0.77 at Times 1 and 2, respectively.

4.3.2.4. Number line estimation. The experimenter presented a number line with a target number on a letter-size paper in landscape
orientation, then asked children where the target number goes on the number line. The length of the line was 25.40 cm, and two points
were marked at 6.35 cm from each end of the line, resulting in a 12.70 cm span between the two points. Children received twelve
0-20 number line trials with targets between 3 and 19, and fourteen 0-100 number line trials with targets between 7 and 91, for a total
of 26 trials. On half of each set of trials, the correct midpoint (i.e., either 10 or 50) was marked and labeled to support estimation and to
maximize variation in children’s performance. As in Study 1, we calculated PAE for each trial. Children’s PAE across these four types of
trials (i.e., 0-20 number line and 0-100 number line with and without the midpoint) were significantly correlated with each other
(Time 1: 0.41 < |rss| < 0.74; Time 2: 0.54 < |rgs| < 0.76, ps < 0.001), thus we used the average PAE as an indicator of children’s
performance on this task. As in Study 1, PAE scores were reversed (e.g., 100% — PAE) prior to analyses. Test-retest reliability in the
current sample was r = 0.71, p < 0.001.

4.3.3. Mathematics achievement. We administered the Test of Early Mathematics Ability-3rd Edition (TEMA-3; Ginsburg & Baroody,
2003) as a measure of children’s general mathematics achievement. The TEMA-3 includes items such as verbal counting, story
problems, and arithmetic fact retrieval, and is a comprehensive assessment of children’s mathematical skills. Similar types of items
were grouped for the ease of testing but the beginning and the end of the test followed the standard procedure. Form A of the TEMA-3
was administered. The standard score based on an age-referenced mean of 100 and a standard deviation of 15 was used in the analyses.
The internal-consistency reliability of the TEMA-3 is 0.94 (Ginsburg & Baroody, 2003).

We noted that five TEMA-3 items overlapped with tasks that assessed set counting (two items) and numeral identification skills
(three items). However, our assessments of numeracy skills provided more granular information on each numeracy skill (e.g., number
of correct responses rather than pass or fail on each item). Further, TEMA-3 included additional items that tapped other skills, forming
a single measure of general mathematical skills.

4.4. Analytic approach

We conducted parallel analyses outlined in Study 1 to address RQ1 and RQ2. For RQ3, because mathematics achievement was only
measured at Time 1, we conducted mediation analyses using concurrent data at Time 1. Because we could not infer the directionality of
the effects based on concurrent data, we also conducted reverse mediations in which EF skills served as a mediator between numeracy
and mathematics achievement to examine the plausible directions of the influences. One child did not complete the number line
estimation task at Time 2, thus we used mean imputation for the missing data. We created composites for EF skills by computing the
average Z scores of the two EF tasks.

Table 4
Mean and standard deviation of scores for each task at Time 1 and Time 2 in Study 2.
Tasks Time 1 Mean (SD) Time 2 Mean (SD)
Executive function skills
HTKS total score 60.59 (26.13) 68.00 (20.93)
MEFS standard score 100.40 (9.88) 104.77 (12.50)
Early numeracy skills
Set counting (%) 71.39 (24.74) 69.47 (23.35)
Numeral identification (%) 85.19 (20.32) 89.38 (17.09)
Number comparison (%) 76.68 (18.06) 78.79 (18.57)
Number line estimation (%) 84.56 (7.07) 88.46 (6.16)
Mathematics achievement
TEMA standard score 99.59 (13.69) -

Note: Number line estimation is reported as reversed percent absolute error (see Measures above).
Abbreviations: HTKS = Head Toes Knees Shoulders task; MEFS = Minnesota Executive Function Scale; TEMA = Test of
Early Mathematics Ability.
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5. Study 2: results and discussion

5.1. Preliminary analysis

The descriptive analyses revealed that none of the tasks was subject to ceiling or floor effects, as reflected by the mean and standard
deviation of scores (Table 4). Spearman correlation analysis revealed that most bivariate correlations were significant,
0.22 < rgs < 0.75, ps < 0.05, except for the correlations between the scores on set counting and numeral identification at Time 2, and
set counting at Time 2 and TEMA at Time 1 (Table 5). These analyses provided evidence for a wide range of performance levels in the
sample, and relations between EF, numeracy, and mathematics achievement.

5.2. EF skills predict concurrent numeracy skills

The four OLS regression models revealed that EF skills significantly predicted all four numeracy skills above and beyond children’s
age and gender. Specifically, a one standard deviation increase in EF skills was associated with 0.34 standard deviation (SE = 0.12;
95%CI = [0.10,0.58]) increase in set counting, 0.53 standard deviation (SE = 0.11; 95%CI = [0.31,0.75]) increase in numeral
identification, 0.61 standard deviation (SE = 0.10; 95%CI = [0.41,0.81]) increase in number comparison, and 0.55 standard deviation
(SE = 0.11; 95%CI = [0.34,0.77]) improvement on number line estimation (Table 6). The effect of EF on the four numeracy skills was
significant after Bonferroni correction (p < 0.0125). Overall, the analyses suggested that children with higher EF skills performed
better on these four numeracy tasks.

5.3. EF skills predict later numeracy skills

OLS regression analyses revealed that when controlling for children’s age and gender, children’s EF skills significantly predicted
their later numeracy skills except for set counting. A one standard deviation increase in EF skills was associated with 0.50 standard
deviation (SE = 0.11, 95%CI = [0.27,0.72]) increase in numeral identification, 0.49 standard deviation (SE = 0.11, 95%CI =
[0.28,0.70]) increase in number comparison, and 0.46 standard deviation (SE = 0.11, 95%CI = [0.23,0.68]) improvement on number
line estimation skills (Table 6). After Bonferroni correction (p < 0.0125), the effect of EF on the three numeracy skills remained
significant.

Next, we added the respective Time 1 numeracy skill in each regression model to examine the unique influence of EF on later
numeracy skills. The models revealed that children’s Time 1 numeracy skills significantly predicted their Time 2 numeracy skills,
ps < 0.010. When accounting for children’s Time 1 numeracy skills and applying the Bonferroni correction, children’s age, gender, and
EF skills at Time 1 no longer predicted their later numeracy skills. In sum, children’s early EF skills positively predicted their later
numeral identification, number comparison, and number line estimation skills; however, the effect of EF on these numeracy skills was
no longer significant when controlling for the respective early numeracy skills.

5.4. Numeracy skills mediate the association between EF and mathematics achievement

The first step of the mediation analysis revealed that EF skills predicted concurrent mathematics achievement above and beyond
age and gender (Fig. 2a). Next, we found that skills in set counting (Fig. 2b), numeral identification (Fig. 2c¢), number comparison
(Fig. 2d), and number line estimation (Fig. 2e) each partially mediated the concurrent association between EF and mathematics
achievement. Finally, we tested the four mediators simultaneously (Fig. 2f), and found that all four numeracy skills significantly
mediated the association between EF and mathematics achievement, and the path between EF and mathematics achievement was no
longer significant.

Because EF, numeracy, and mathematics achievement were all measured at Time 1, the concurrent measures precluded causal
inferences. We conducted follow-up analyses to explore whether the reverse mediation—EF as a pathway between numeracy and
mathematics achievement—would also be statistically significant. The first step of the analysis revealed that, after controlling for age
and gender, set counting (B = 0.10, SE = 0.03, 95%CI = [0.04,0.15]), numeral identification (B = 0.31, SE = 0.05, 95%CI =
[0.22,0.40]), number comparison (B = 0.20, SE = 0.05, 95%CI = [0.10,0.31]), and number line estimation skills (B = 0.48, SE = 0.12,
95%CI = [0.23,0.73]) significantly predicted children’s mathematics achievement, ps < 0.001. When we added EF skills as a mediator,
EF did not mediate the association between the four numeracy skills and mathematics achievement. Specifically, only number

Table 5
Spearman correlations between all task scores at Time 1 (upper triangle) and Time2 (lower triangle) in Study 2.
HTKS MEFS SC NID NC NLE TEMA
HTKS - 0.44%** 0.28** 0.60%** 0.57*** 0.55%** 0.53%**
MEFS 0.52%** - 0.22* 0.28%* 0.45%%% 0.49% % 4
SC 0.24* - 0.29%* 0.25*% 0.31%*
NID 0.14 - 0.68*** 0.56%**
NC 0.22* 0.71%** - 0.66%**
NLE .53 497 0.38%+* 0.61%+* 0.63% -
TEMA 0.56%** 0.48%* 0.16 0.73%** 0.69%** 0.61%*** -

**¥p < 0.001; **p < 0.01; *p < 0.05. Note: TEMA was measured at Time 1 only, thus the values in the lower triangle represented the correlations
between TEMA at Time 1 and the other measures at Time 2. Abbreviations: HTKS = Head Toes Knees Shoulders task; MEFS = Minnesota Executive
Function Scale; SC = set counting; NID = numeral identification; NC = number comparison; NLE = number line estimation; TEMA = Test of Early
Mathematics Ability.
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Table 6

Regression models predicting children’s numeracy skills at Time 1 and Time 2 in Study 2 (N = 104).

Cognitive Development 62 (2022) 101154

Time 1 Numeracy Skills

Time 2 Numeracy Skills

Outcome e NID NC NLE e NID NC NLE
Time 1 B(SE) B(SE) B(SE) P(SE) B(SE) B(SE) B(SE) B(SE)
Predictors [95%CI] [95%CI] [95%CI] [95%CI] [95%CI] [95%CI] [95%CI] [95%CI]
Age .05 (.10) .10 (.09) .18 (.09)* .06 (.09) .21 (.10)* .11 (.09) .27 (.09)** .07 (.10)
[-.15,.25] [-.09,.29] [.01,.35] [-.12,.24] [.04,.41] [-.08,.30] [.10,.45] [-.12,.26]
Gender —.04 (.19) .08 (.18) —.06 (.16) —.38 (.17)* —.20 (.19) .04 (.18) —11(17) —.40 (.18)*
[—.42,.34] [—.27,.42] [—.38,.26] [—.72,.—.04] [—.58,.18] [-.31,.40] [-.43,.22] [-.75, —0.05]
EF .34 (.12)** .53 ((11)*** .61 (.10)*** .55 (.11)*** .19 (.12) .50 (.11)*** .49 (11)*** .46 (11)***
[.10,.58] [.31,.75] [.41,.81] [.34,.77] [—.05,.43] [.27,.72] [.28,.70] [.23,.68]
R? .10 24 .36 .28 .10 .22 .32 22
Age .19 (.10) .02 (.05) .16 (.07)* .04 (.08)
[-.00,.38] [-.08,.13] [.02,.30] [-.11,.19]
Gender —.18(.18) —.02 (.09) —.07 (.13) —.16 (.14)
[-.54,.18] [-.21,.17] [-.32,.19] [—.44,.13]
EF .08 (.12) .05 (.07) .09 (.10) .10 (.10)
[-.15,.32] [-.09,.18] [-.10,.28] [-.10,.30]
Numeracy .32 (.09)** .86 (.05)*** .65 (.08)*** .64 (.08)***
[.13,.51] [.75,.96] [.49,.81] [.48,.81]
R? .20 .78 .60 .52

**%p < 0.001; **p < 0.01; *p < 0.05. Gender: Male = 1, Female = 0
Abbreviations: SC = set counting; NID = numeral identification; NC = number comparison; NLE = number line estimation; Numeracy = Time 1
numeracy task score corresponding to the Time 2 outcome.
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Fig. 2. Mediation analyses between EF and mathematics achievement through early numeracy skills at Time 1 in Study 2. All models include age
and gender as covariates of mathematics achievement. The path values represent non-standardized estimates. Note. **p < 0.01, ***p < 0.001.

comparison skill significantly predicted children’s EF skills (B = 0.02, SE = 0.01, 95%CI = [0.01,0.03]), p = 0.001; EF skills did not
significantly predict children’s mathematics achievement, p = 0.147.

In summary, when the numeracy skills were examined separately, these skills partially mediated the association between EF and
mathematics achievement. When these numeracy skills were tested simultaneously, they all significantly mediated the association
between EF and mathematics achievement, and together fully mediated this association. Further, the reverse mediation revealed that
EF was not a mediator between numeracy and mathematics achievement. The findings suggest that children’s numeracy skills may be
potential pathways through which EF influences mathematics achievement among five- to six-year-olds.

6. General discussion

The goal of the current study was to unpack the relations between EF, numeracy, and mathematics achievement in early childhood.

Across the two samples of children, the results revealed significant relations between EF and numeracy skills, although the patterns
varied between samples and specific types of skills. We discuss these findings in more detail below.
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6.1. Concurrent association between EF and numeracy skills

In both studies, we found that the concurrent association between EF and numeracy was significant and positive for the four
numeracy skills examined. The findings align with prior work on the association between EF and numeracy skills in preschool and
kindergarten children (Friso-van den Bos et al., 2014; Gashaj et al., 2016; Purpura et al., 2017), and provide additional evidence on the
robustness of this association across specific numeracy skills in early childhood. Further, the standardized beta coefficients for EF skills
range from 0.34 to 0.61 across the two studies; these values appear comparable to the correlations reported in previous studies on the
association between EF and set counting (0.28 < r < 0.60; Purpura et al., 2017), numeral identification (0.14 < r < 0.38; Purpura
et al., 2017), number comparison (r = 0.30; Gashaj et al., 2019a), and number line estimation skills (0.27 < r < 0.35; Gashaj et al.,
2016).

Contrary to our original hypothesis, we did not find that EF skills were more strongly related to number line estimation compared to
other numeracy skills. In fact, the confidence intervals for the effects of EF on each numeracy skill overlapped with one another in both
samples, suggesting comparable strength of the relations between EF and each numeracy skill in preschoolers and kindergartners
(Tables 3 and 6, respectively). Although the results differed from our hypothesis, the study still contributed to the existing literature
(Gashaj etal., 2016, 2019a; Purpura et al., 2017) by providing findings on the association between EF and number line estimation skills
in preschoolers as well as the association between EF and set counting and numeral identification skills in kindergartners.

One interpretation of our current findings is that many children are still developing these four numeracy skills in preschool and
kindergarten, and EF skills may play an important role in supporting their overall learning process. Alternatively, the influence of EF
skills on early numeracy development may be more nuanced in that aspects of numeracy skills may draw on certain components of EF
skills. For instance, while EF skills may support set counting by helping children remember the counting sequence and keep track of
counted objects, the ways in which EF skills are involved in numeral identification, number comparison, and number line estimation
skills may be different. Purpura and colleagues (2017) have found that inhibition may be more important for counting whereas
working memory may be more important for number comparison and arithmetic problem-solving. We used composite scores as an
overall indicator of EF skills because prior work suggested that EF skills might emerge (Lee et al., 2013) and contribute to mathematics
achievement as a unitary construct in early childhood (Nguyen et al., 2019). Future research should further explore how components
of EF skills relate to aspects of numeracy skills.

6.2. Longitudinal association between EF and numeracy skills

In both studies, we found that EF skills predicted aspects of later numeracy skills. Specifically, EF skills remained as a significant
and strong predictor of all four numeracy skills three to five months later among preschoolers. Similarly, EF skills remained as a
significant and strong predictor of numeral identification, number comparison, and number line estimation skills, but not set counting
skill among kindergartners. One potential explanation for this finding may be that set counting is one of the earliest numeracy skills
children develop, and its demand on EF skills may decrease as children become better at counting sets of objects. Indeed, other research
has shown that the effects of EF skills are weaker in preschoolers with higher, compared to lower, EF and mathematical skills (Dong
et al., 2021), suggesting a decreasing trend of the association between EF and mathematical skills as children develop these skills.

When controlling for early numeracy skills, the effect of EF was only significant on later number line estimation skill among
preschoolers, and it was not significant on the numeracy skills among kindergartners. The significant effect of EF on number line
estimation aligned with a previous report on kindergartners (Gashaj et al., 2016, 2019a), but it was worth noting that the test-retest
reliability for number line estimation was relatively low among preschoolers in Study 1. The low reliability of this task among pre-
schoolers echoed the previous finding that 52% of four-year-olds’ estimation on 0-10 number lines could not be categorized as log-
arithmic (i.e., correct order of numbers but smaller spacing between larger numbers) or linear (i.e., correct order and equal spacing
between numbers; Berteletti et al., 2010). Instead, some of these children in the previous study alternated between the left and right
endpoints when placing the target numbers on number lines, suggesting that they might not yet fully understand the task or appreciate
the number line representation. Indeed, we also observed similar patterns of responses on the number line estimation task in our
preschool sample, and to some extent in our kindergarten sample. Therefore, the significant longitudinal relation between EF and
number line estimation skill combined with the low reliability of the number line estimation task among preschoolers might extend
prior research by suggesting the particular importance of EF in the early stages of learning about number line representations. With
little knowledge of numbers or number lines, children with higher versus lower EF skills may be better able to improve their numerical
understanding. As children acquire some foundational knowledge of numbers, their emerging number knowledge may become a
stronger predictor of their later performance, whereas the influence of EF may weaken overtime. This hypothesis warrants further
investigation, but the current research provides a starting point to examine the longitudinal association between EF and aspects of
numeracy skills across early childhood. With assessments at multiple time points, future studies can further unpack the association
between EF, number line estimation, and other early numeracy skills across development.

6.3. Numeracy skills as mediators of EF and mathematics achievement

The final goal of the current study was to examine the mechanisms underlying the relation between EF and mathematics
achievement in early childhood. Specifically, we hypothesized that children’s numeracy skills would mediate the relation between EF
and mathematics achievement. Our results provide evidence for a more nuanced understanding of the relations between EF, numeracy,
and mathematics development. In Study 1, we found that preschoolers’ set counting, numeral identification, and number comparison
skills each partially mediated the association between EF and later mathematics achievement when tested in separate models.
Similarly, in Study 2, we found that kindergartners’ set counting, numeral identification, number comparison, and number line
estimation skills each partially mediated the concurrent association between EF and mathematics achievement. These parallel findings
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suggest that each of these numeracy skills may be supported by EF skills and in turn contribute to mathematics achievement.

When we tested the numeracy skills simultaneously in a multiple mediation model, we found somewhat different patterns of results
between the two studies. In Study 1, only set counting skill, but not numeral identification or number comparison, predicted later
mathematics achievement among preschoolers. In Study 2, all four numeracy skills significantly predicted mathematics achievement
among kindergartners. There are several interpretations for the divergent findings. One possibility is that set counting may be
fundamental for preschoolers’ mathematics achievement (Chu et al., 2015), and it independently influences mathematics achievement
beyond other numeracy skills. As children develop other aspects of numeracy skills throughout preschool and kindergarten, other
numeracy skills may become more important for mathematics achievement.

Alternatively, the relation between numeracy skills and mathematics achievement may reflect the specifics of the measures used in
each study. For example, the addition tasks in Study 1 may rely on counting sets to find the summed total whereas TEMA-3 in Study 2
may tap a broad range of mathematical skills. Further, the reliability of the forced-choice addition task and its correlation with the
story problem addition task in Study 1 were relatively low, raising concerns for combining the two scores as a composite measure of
preschoolers’ mathematics achievement. Given the low reliability of the forced-choice addition task, we repeated the mediation an-
alyses with the standardized score on the story problem task as the outcome, and found that the patterns of results replicated those in
Study 1 with the composite measure of addition. In both studies, regardless of whether the mathematics achievement measures are
operationalized as a more advanced number principle (i.e., addition in Study 1) or a more general set of number skills (i.e., TEMA-3 in
Study 2), the results suggest that EF forms a foundation for these aspects of mathematical understanding. Together, the findings from
the two studies suggest that EF supports a collection of early numeracy skills, and in turn support children’s deeper and broader
understanding of more advanced number principles—a core component of children’s mathematics achievement. Our current study
provides evidence for the importance of supporting early numeracy skills as a collection of independent but related skills, rather than a
single skill driving the relation between EF and mathematics achievement.

6.4. Limitations and future directions

The current study has several limitations. First, although the findings provide some support for the independent relations between
EF and aspects of numeracy skills as well as numeracy skills being potential mediators between EF and mathematics achievement, the
results were based on two short-term studies with only two time points. Future research should consider longer-term studies with
multiple time points to better understand the developmental relations between EF, numeracy, and mathematics achievement
throughout early childhood. Second, the two studies used different measures of EF and mathematics achievement and some of the
measures had suboptimal reliability. In particular, the challenging nature of the number line estimation task might have contributed to
its low reliability in Study 1; the relatively small number of items in the forced-choice addition task in Study 1 and set counting task in
Study 2 might have also contributed to their low reliability. Further, while Study 1 used two laboratory-based addition tasks as
measures of children’s mathematics achievement and Study 2 used a standardized mathematics ability test, none of these measures
assessed children’s mathematics achievement beyond advanced numerical skills. Our measures did not tap other important mathe-
matical skills such as patterning, geometry, and problem-solving (LeFevre et al., 2010; National Research Council, 2009; Sarama &
Clements, 2004). These differences and limitations of our measures did not allow direct comparisons of the results from the two
studies, but did allow us to identify similar patterns across samples and measures. Future research with extended, reliable, and
consistent measures of EF and mathematics achievement that scale according to children’s age would allow direct comparisons across
subdomains and development. Third, there were SES differences between the two samples—the preschool sample enrolled children
from low-SES households, whereas the kindergarten sample included children from a range of SES groups. Given the vast literature
highlighting SES differences in children’s mathematics achievement (see Jordan & Levine, 2009), it is possible that some differences in
our findings reflect differences in children’s SES. Finally, future research should consider the possibility of a more complex model of
children’s developing skills with bidirectional paths between children’s EF, numeracy, and mathematics achievement. Indeed, some
evidence suggests that young children’s EF and mathematical skills have a bidirectional relation over time (Cameron et al., 2019;
Clements et al., 2016; Fuhs et al., 2014; Mulcahy et al., 2021; Nesbitt et al., 2019), however, other researchers have found support for a
unidirectional relation with EF supporting children’s early mathematical learning (Goodrich, et al., 2021; Ribner, 2020).

6.5. Conclusion

The relation between EF and mathematics achievement is well substantiated in theoretical and empirical literature. In the current
study, we examined a potential mechanism underlying this relation in early childhood. In two samples of children in preschool and
kindergarten, we found evidence that EF skills predicted children’s concurrent and later numeracy skills. Further, individual numeracy
skills partially mediated the association between EF and mathematics achievement, and together, these skills fully mediated this
association. Such findings may inform practices to better support mathematical learning among children with varying levels of EF
skills. For instance, researchers and educators may develop practices that strengthen children’s numeracy skills to mitigate the effects
of having lower EF skills and in turn lower mathematics achievement. In sum, the study provides evidence on the nuanced relations
between EF, numeracy, and mathematics achievement, and suggests attention to each numeracy skill in order to support early
mathematical development.
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