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for children’s math abilities
Alex Marissa Silver, MS

University of Pittsburgh, 2021

Math abilities predict children’s academic achievement and outcomes in adulthood such as
full-time employment and income. Previous work indicates that parenting factors (i.e., education,
parent math ability, frequency of math activities) relate to children’s math performance. Further,
research demonstrates that both domain-general (i.e., language skills, inhibitory control) and
domain-specific (i.e., approximate number system acuity, spontaneous focusing on number)
cognitive predictors are related to math during early childhood. However, no work has examined
all of these factors together to identify their unique contributions for early math. Here, we examine
whether parent-level and child-level factors uniquely explain children’s math abilities. To this end,
112 four-year-old children and one of their parents completed a battery of assessments and
questionnaires. Results indicate that children’s math performance is uniquely predicted by the
frequency of home math activities, as well as children’s own inhibitory control, approximate

number system acuity, and tendency to spontaneously focus on number.
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1.0 Introduction

Every day brings opportunities for children and adults to use math: from measuring the
correct quantity of ingredients when following a recipe to calculating the time it will take to arrive
at an appointment on time, numerical information is critical. Nonetheless, many adults struggle to
perform simple calculations. Individual differences in math skills are related to other important
outcomes, including educational attainment, career choice and likelihood of full-time employment,
income, financial and health decision making, and health outcomes (Agarwal & Mazumder, 2013;
Currie & Thomas, 1999; Reyna & Brainerd, 2007; Trusty et al., 2000). These individual
differences are present early: already by the time of entry to kindergarten, there is large variability
in math performance (Jordan et al., 2009).

Given the importance of math achievement for such wide-ranging life outcomes, much
work has examined possible predictors of individual differences in young children’s math abilities.
Past work addressing sources of this heterogeneity typically either examined how children’s
experiences at home with their parents may foster math skills or focused on how children’s
underlying cognitive skills support their math learning. In this study, we examine how parent-level
and child-level factors independently predict preschool-aged children’s math achievement in order
to identify the character- istics that uniquely relate to math learning. Specifically, we identify
several factors that have been studied in relative isolation in past work, including socioeconomic
status, parents’ own math abilities, children’s opportunities to learn math through home math
activities with their parents, and a range of children’s cognitive skills (see Figure 1). Importantly,

we will consider both children’s domain-general cognitive skills (i.e., language skills, inhibitory



control) as well as their domain-specific cognitive skills (i.e., approximate number system acuity,

and tendency to spontaneously focus on number).

Parent-level predictors Child-level predictors
education

math ability domain-general cognitive skills
frequency of involvement in domain-specific cognitive skills
home math activities

Children’s math
performance

Figure 1 Parent- and child-level predictors of children's math performance

1.1 Parent-level predictors of children’s math performance

Much work has identified that children’s early math skills are related to social and
environmental factors (LeFevre et al., 2009; Levine et al., 2010). This is particularly salient in the
case of parents, who are often the primary introduction to math for children before they begin
formal schooling. In the United States, children of parents with high socioeconomic status (SES),

including higher levels of education or income, tend to outperform their low-SES peers in math



(Davis-Kean, 2005; see Jordan & Levine, 2009, for a review). These SES differences in math
achievement are comparable in magnitude to those seen in reading and language skills (see Duncan
& Magnuson, 2011, for a review) and may be attributable to increased resources, including
financial and psychological resources as well as time, that can be invested in children (Duncan et
al., 2014; Foster, 2002).

Children’s math skills are also related to parents’ own math abilities, as evidenced through
studies using intergenerational correlational designs (Braham & Libertus, 2017). Some evidence
suggests this may be due to shared genetics, as past work has identified that math abilities are
highly heritable (Hart et al., 2009). However, it is also likely that parents with higher math abilities
create environments for their children that are more stimulating or supportive of math. Therefore,
it may not be the genetic predisposition for math achievement, but the environmental parenting
factors that explain intergenerational associations between children’s and parents’ math
performance. Some previous work suggests that this is likely the case: Crane (1996) found that the
effect of parents’ cognitive abilities on children’s math performance was substantially reduced
when measures of the home numeracy environment were included in analyses. This suggests that
although parents may pass on genetic predispositions for high math achievement, their role in
shaping the environmental factors around a child may play a larger part in children’s math
performance.

Indeed, many studies indicate that children benefit from exposure to math content at home.
The frequency of home numeracy activities is typically positively correlated with children’s math
skills (Blevins-Knabe & Musun-Miller, 1996; Huntsinger et al., 2016; LeFevre et al., 2009; Mutaf
Yildiz et al., 2018). Although there is some debate regarding how to measure math activities in the

home and which types of activities are most strongly predictive of children’s outcomes (see Elliott



& Bachman, 2018, for a review), most past work suggests that parents who engage in more
frequent and varied math activities with their preschool-aged children have children who tend to
perform better in math.

When considering parents’ SES, math skills, and math activities, it is important to
recognize the potential for interrelations between them. Attaining higher levels of education likely
offers parents more opportunities to develop and practice using advanced math skills. Furthermore,
both parental SES and math ability may relate to parents’ provision of math activities in the home.
Parents with higher SES may have more time or resources available to devote to learning activities
at home (Duncan et al., 2014; Foster, 2002). Additionally, it stands to reason that parents with
more advanced math skills may be more likely to engage in math activities at home if they are
more comfortable generating ideas for activities that involve math or implementing these ideas. In
an attempt to consider the relative contributions of these parenting factors on children’s math
achievement, we include measures of parent education, parent math ability, and frequency of home

math activities in the current study.

1.2 Child-level predictors of children’s math performance

Similar to parent-level predictors of children’s math achievement, much work has
attempted to identify child-level cognitive factors associated with math performance. Studies
examining child- level factors have identified both domain-general and domain-specific cognitive
abilities that relate to children’s math performance. Domain-general abilities including language
skills are related to children’s math performance (Purpura et al., 2011). Specifically, Purpura et al.

(2011) found that stronger print knowledge and vocabulary skills are associated with better math
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performance in three- to five- year-old children, above and beyond numeracy skills and nonverbal
cognitive abilities. In addition, executive functioning has long been argued to predict children’s
math achievement. Inhibitory control, in particular, is a consistent predictor of preschool-aged
children’s math performance (see Allan et al., 2014, for a review; Aunio et al., 2004; Clark et al.,
2010; Fuhs & McNeil, 2013). Children who possess stronger inhibition and are better able to stop
or prevent prepotent responses tend to perform better in math. Thus, here we will include both
vocabulary knowledge and inhibitory control as domain-general predictors of early math
performance.

In addition to domain-general cognitive factors, domain-specific cognitive factors are also
related to children’s math achievement. For example, the acuity of the approximate number system
(ANS) has been linked to math performance. The ANS allows for imprecise estimations of large
quantities and is present from birth (Coubart et al., 2014; Dehaene, 1997; Libertus & Brannon,
2009). Although the ANS is present in all humans, individual differences in ANS acuity exist.
Infants” ANS acuity at 6 months of age is related to their math performance 3 years later (Starr et
al., 2013), and preschoolers’ performance in ANS tasks is related to their later school math
performance (Bonny & Lourenco, 2013; Libertus et al., 2013b, 2013a; Mazzocco et al., 2011). The
relation between the ANS and math ability typically holds even when controlling for domain-
general cognitive skills such as inhibitory control, working memory, attention, general
intelligence, and verbal skills (Bonny & Lourenco, 2013; Libertus et al., 2013b, 2013a; Keller &
Libertus, 2015; Mazzocco et al., 2011). However, a number of studies have failed to replicate the
direct link between the ANS and math and argue that these observed associations are attributable
to other cognitive factors (Fuhs & McNeil, 2013; Gilmore et al., 2013; De Smedt & Gilmore, 2011;

Soltész et al., 2010), resulting in a lively debate regarding the nature of the ANS (Dietrich et al.,



2015; Gebuis et al., 2016; Gilmore et al., 2011; Leibovich & Ansari, 2016; Leibovich et al., 2017).
Here, we will examine how children’s ANS acuity is related to their math achievement, even when
controlling for other domain-specific, domain-general and environmental factors.

Another domain-specific characteristic of children that has been linked to math ability is
their spontaneous focusing on numerosity (SFON). SFON measures a child’s tendency to attend
to and utilize numerical information without being prompted, such as by counting sets of objects
in their environment (e.g., counting the number of apples in a bowl). This term was coined by
Hannula and Lehtinen (2005) to describe a child’s ability to selectively attend to number without
explicit instruction or prompting to do so. Prior work has found significant individual differences
in children’s tendency to spontaneously focus on number, and these differences are associated with
differences in children’s performance on other math tasks (Gray & Reeve, 2016; Hannula &
Lehtinen, 2005; Hannula et al., 2010; Hannula-Sormunen et al., 2015; Lepola & Hannula-
Sormunen, 2019; McMullen et al., 2015; Nanu et al., 2018). Children’s SFON scores at age 5
predict their later math performance at age 12 years (Hannula-Sormunen et al., 2015; McMullen
etal., 2015), and similar links have been found between preschool-aged children’s SFON and their
math scores at the end of elementary school (Nanu et al., 2018). These relations appear to be
domain-specific, as SFON performance predicts children’s math but not their reading performance
(Hannula et al., 2010; Hannula-Sormunen et al., 2015; Nanu et al., 2018). Although the specific
mechanisms underlying these associations have yet to be uncovered, some work indicates that
focusing on number may be particularly helpful for understanding the mapping between symbolic
and non-symbolic representations of number (Batchelor et al., 2015). Additionally, SFON
performance is associated with children’s other cognitive abilities, including ANS acuity and

response inhibition (Fuhs et al., 2018).



Much debate has surrounded the roles of these domain-specific cognitive skills and
whether they are uniquely linked with math performance. In particular, some researchers have
argued that the link between the ANS and math performance can be explained by inhibitory control
(Fuhs & McNeil, 2013; Gilmore et al., 2013), whereas other work has found that ANS acuity and
inhibition remain unique, independent predictors of children’s math performance (Keller &
Libertus, 2015). Similarly, it has been argued that the relations found between the ANS and math
performance may be explained by SFON (Fuhs et al., 2018). Few studies have examined all of
these cognitive skills together, and no work to date has attempted to parse out the unique
contributions of these distinct child factors in conjunction with other critical individual and

parental factors on children’s math performance.

1.3 The current study

The extant literature examining predictors of children’s math performance has primarily
focused either on parent-level factors or on child-level factors (both domain-general and domain-
specific ones), without much examination of how these parent and child factors may overlap. In
this study, we examine the extent to which parent factors and children’s underlying cognitive
skills, including both domain-general and domain-specific skills, uniquely predict children’s early
math achievement. Specifically, we first replicate the relations between these factors and
children’s math abilities, and then examine whether parent- and child-level factors contribute
uniquely to predict children’s math ability, even when controlling for the others. Using hierarchical
linear regression, we first examine the relations between distal factors (i.e., parenting and

demographic factors) and children’s math achievement, and then add in the more proximal, child-



level factors (i.e., expressive vocabulary, inhibitory control, ANS acuity, SFON tendency) to
determine whether any of these factors remain uniquely predictive of children’s math achievement
when controlling for the others. Based on some past research that has identified both parent and
child factors as significant predictors of math achievement in studies including measures of
children’s prior math achievement (e.g., Huntsinger et al., 2016; Jordan et al., 2009), we
hypothesize that parental education, parental math skills, home math activities, and children’s
domain-specific and domain-general cognitive skills will each uniquely relate to children’s math

achievement.



2.0 Method

2.1 Participants

Participants were 112 preschool-aged children (55 boys) and one of their parents.
Participants were part of a larger longitudinal study, where sample size was determined by the
larger goals of the longitudinal study. Children in this study ranged in age from 3 years 11 months
to 4 years 4 months (M = 4 years 1 month) and were primarily White, non-Hispanic (82%). Most
parents participating in this study were mothers (95%), and 90% of parents had at least a
Bachelor’s degree. Of the remaining 10%, four parents reported their highest degree as a high
school diploma or equivalent, two completed a vocational or technical program after high school,
four completed some college credits, and three completed an Associates’ degree. An additional 30
children (18 boys) and their parents participated but were dropped from analyses due to incomplete
or missing data. Families were recruited from a mid-sized city in the United States through a
combination of flyers, online postings, and mailings, and were compensated 8 USD per hour for
their time. Prior to any data collection, parents provided written informed consent as approved by
the local Institutional Review Board. Parents were not told that this was a study about early math,
however some families had participated in previous studies in the lab and may have been aware of

the focus of the research.



2.2 Procedure

Parents and children came into the laboratory as part of a larger longitudinal study; data
for the analyses presented in the current paper were collected during families’ second visit to the
lab. During this visit, parents and children completed a variety of tasks independently: Children
completed two measures of SFON, followed by a standardized math assessment, a non-symbolic
number comparison task, and a measure of inhibitory control, while parents completed numerous
surveys as well as standardized math assessments.

In addition to the measures described in detail below, parents and children completed a 10-
minute free play interaction when they first arrived in the lab and children completed a preferential
looking paradigm to measure children’s non-symbolic number discrimination abilities. Both of
these activities occurred prior to the completion of all of the measures described below but are not
of interest to the current study. Parents completed measures of language and reading skills as well

as non-symbolic math ability that were also not used in the present study.

2.3 Measures

2.3.1 Parent’s standardized math performance

Parental math performance was assessed using the Woodcock-Johnson Tests of
Achievement 11 (WJ- I11; Woodcock et al., 2001). Parents completed the Math Calculation subtest,
which is untimed and asked them to solve as many problems as they could, including arithmetic,

algebra and calculus. Then parents completed the Math Fluency subtest, a timed test of math
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fluency where they were given simple arithmetic problems and instructed to complete as many
problems as they could in three minutes. Parents’ scores on the Math Calculation and Math Fluency
subtests were then used to compute a normed Math Calculation Skills Composite Score. The WJ-
I11 is a standardized measure of achievement, with the Math Calculation Skills Composite Score

showing excellent reliability with Cronbach’s alpha of 0.94 (Woodcock et al., 2001).

2.3.2 Parent’s frequency of home math activities

Parents completed the frequency of home activities questionnaire by LeFevre et al. (2009).
Parents were asked to indicate how often in the past month they had participated in listed activities
(e.g., “Identifying names of written numbers”) with their child on a scale from 0 (“Did not occur”)
to 4 (“Almost daily”), and their responses for all math-related items were averaged to create a total
frequency of math activities score. This scale has acceptable internal reliability, with Cronbach’s

alpha of 0.80.

2.3.3 Demographic information

Parents reported demographic information about themselves and their child. Parents
reported gender identity as well as birth dates for themselves and their child which were used to
calculate age. Finally, parents reported their highest level of education attained. Parent education
was dummy coded into two groups: parents with less than a college degree, and parents who had

earned a college degree or graduate degree.
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2.3.4 Child’s expressive vocabulary

To ensure that the measures of children’s math achievement reflected math ability
specifically, and not simply children’s cognitive abilities in general, we included a measure of
children’s expressive vocabulary. Children’s vocabulary was assessed using the Developmental
Vocabulary Assessment for Parents, a parent-report measure of children’s language development
(DVAP; Libertus et al., 2015). Parents were asked to read through a representative list of words
and check off any words that they had heard their child say. Children’s scores were calculated as
the total number of words that parents reported their children to have used. This questionnaire has
been validated as an alternative to a time-intensive, experimenter-administered test of vocabulary.
The DVAP shows high concurrent validity and is highly correlated with other measures of
children’s vocabulary, including the Peabody Picture Vocabulary Test (with a coefficient of 0.69)
and the MacArthur-Bates Communicative Development Inventories (with a coefficient of 0.79;

Libertus et al., 2015).

2.3.5 Child’s inhibitory control

Children’s inhibitory control was assessed using a modified Day-Night Stroop task
(Gerstadt et al., 1994). In this assessment, children were shown images and instructed to say “day”
when shown one image, and “night” when shown another image. The incongruent task asked
children to say “night” when shown a sun image, and “day” when shown a moon image, requiring
children to inhibit their prepotent association response. The control task showed children images
of either a checkerboard or a squiggle pattern and required children to form a new association

between the images and the words, without requiring inhibition of a prepotent response. This
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control task requires the same formation of a new association between a word and picture as in the
incongruent task but does not require inhibition. By including children’s scores in the control task
in models using the incongruent task, we can control for children’s ability to form a new
association and use this association to follow a rule in the incongruent task, such that performance
on the incongruent task reflects only their ability to inhibit a prepotent response.

The order in which children were administered the incongruent and control tasks was
counter- balanced across children. Children received 16 trials of the incongruent task and 16 trials
of the control task, each of which had 8 trials of “day” and 8 trials of “night” correct responses.
Children were not given any feedback after responding to a trial. In each trial, children could
receive 0, 1 or 2 points for their response. Children received 2 points for every response that was
correct on the first try, and 1 point for an incorrect response that they fixed spontaneously. Children
received 0 points for any incorrect responses. Children’s scores for all incongruent task trials were
averaged to create their incongruent task score, and their scores for all control task trials were
averaged to create their control task score. Past work demonstrates that the Day-Night Stroop task
is a reliable measure of young children’s interference control that is highly correlated with other
measures of inhibition, with correlation coefficients as high as 0.79 (Montgomery & Koeltzow,

2010).

2.3.6 Child’s approximate number system acuity

We used a non-symbolic number comparison task based on the Psychological Assessment
of Numerical Ability (Panamath; Halberda et al., 2008) to measure children’s acuity of the
approximate number system (ANS). Children were briefly (i.e., 2500 ms) shown yellow and blue

dots on a touchscreen computer screen and were asked to judge whether there were more yellow
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or blue dots and indicate their response by tapping the side of the screen with the larger number.
Presentation duration of the stimuli was too short for the children to count the numbers of dots to
ensure that children relied on the approximate number system to solve the task. The side of the
larger quantity was counter- balanced across trials. Children received 48 total trials with equal
numbers of trials for each of four ratios (1.3:1, 1.5:1, 2:1, or 3:1) with a set size ranging from 5 to
21 dots per side. Perceptual cues to determine the correct response were controlled via use of three
trial types. One-third of trials were Correlated (i.e., the side with the larger number also had the
larger cumulative area), one-third of trials were Anti-Correlated (i.e., the side with the smaller
number had the larger cumulative area but cumulative perimeter was equal) and one-third of trials
were Neutral (i.e., the arrays had equal cumulative areas). Previous work has found Spearman-
Brown corrected split-half reliability for children is 0.74 (Braham & Libertus, 2017). An overall

accuracy score for each child was used as the measure of ANS acuity.

2.3.7 Child’s spontaneous focusing on numerosity tendency

Children completed two measures of SFON, the “model” task and the “puppet” task,
adapted from Hannula and Lehtinen (2005). As in Hannula and Lehtinen (2005), for the “model”
task, an experimenter stamped a quantity of spikes onto a picture of a dinosaur, flipped it over, and
asked the child to do the same to an identical dinosaur picture. Children completed three trials,
each with a different quantity of stamps required. Here, the experimenter stamped two blue
triangles on the first dinosaur, then four red diamonds on the second dinosaur. On the third dinosaur
she stamped two green squares and three green rhombuses. For the “puppet” task, as in Hannula
and Lehtinen (2005), an experimenter fed quantities of marbles to a toy puppet and asked the child
to repeat his or her actions. The experimenter and child each fed the puppet for three trials. Here,

14



the experimenter fed two marbles to the puppet in the first trial, three marbles in the second trial,
and one marble in the third trial. Both SFON tasks were video-recorded and later transcribed by
trained research assistants.

Research assistants also coded the videos for verbal and non-verbal instances of children’s
tendency to spontaneously focus on number, following the criteria of Hannula and Lehtinen
(2005). Specifically, children were coded as focusing on number through speech in a given trial if
they mentioned number or quantity (e.g., “I’m going to feed him three,” “I don’t remember what
you did but I want to put five stamps,” or “How many did you do?”’). Children were coded as
focusing on number through action in a given trial if they replicated the number used by the
experimenter (e.g., put exactly the same number of spikes on the dinosaur, fed the puppet the exact
same number of marbles). For the first two trials of the “model” task, children were coded as
focusing on number if they replicated exactly two triangles or exactly four diamonds. To allow for
the most flexibility, for the third trial of the “model” task children were coded as focusing on
number through action if they replicated the exact number of squares or the exact number of
rhombuses, or the exact same total number of stamps regardless of which shapes they used. This
coding system was used only for the final trial as this was the only case in which children were
able to produce multiple sets and thus had multiple opportunities to attend to number (i.e., in the
first two trials, there was only one set present). Separate SFON scores for each task were calculated
as the total number of trials that the child spontaneously focused on number in either speech or
action out of three total trials. A composite SFON tendency score was then created by summing
the separate SFON scores, with possible total SFON tendency scores ranging from 0 to 6. This

composite SFON tendency score showed acceptable internal consistency, with Cronbach’s alpha
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of 0.66. Intercoder reliability in coding child speech was quite high, with two independent coders

agreeing on 95% of the 384 double-coded trials of the SFON tasks.

2.3.8 Child’s standardized math achievement

Children completed the Test of Early Mathematics Ability, 3rd edition (TEMA-3), a
standardized math assessment that assesses numbering skills, number-comparison facility,
numeral literacy, mastery of number facts, calculation skills, and understanding of concepts
(Ginsburg & Baroody, 2003). The TEMA-3 has been normed for children between the ages of 3
years 0 months and 8 years 11 months. We administered Form B of the TEMA-3, which has
demonstrated high reliability, with Cronbach’s alpha of 0.96 (Ginsburg & Baroody, 2003). Raw

TEMA-3 scores were used as the measure of children’s math abilities.

2.4 Statistical analyses

A series of regression models were estimated to examine child and parent factors that
related to children’s math abilities. First, children’s math achievement on the TEMA-3 was
regressed on the most distal predictors, i.e., our parent factors, including parents’ math scores on
the Woodcock- Johnson, home math activities, and parents’ level of education as well as children’s
demographic factors, i.e., age and gender. Child cognitive factors were then hierarchically added
to this model. The order of these child-level predictors was determined based on each construct’s
theoretical relevance to the math outcomes measured here. We first included the domain-general

predictors, expressive vocabulary and inhibitory control, followed by ANS acuity, which is
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numerical in nature but does not rely on exact number representations. Finally, SFON tendency

was included as the final predictor given that it involves exact numbers.
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3.0 Results

3.1 Preliminary analyses

Level of education for parents in this sample ranged from a high school degree or
equivalent to completed Graduate degree, with 90% of parents reporting having earned at least a
Bachelor’s degree. Parents varied considerably in their math scores, as measured by the
Woodcock-Johnson. Although the average standardized composite math score was 107.00 (SD =
12.51), scores ranged from 71 to 140. Reports of math activities in the home ranged from 0.53 to
3.32, with an average score of 1.76 (SD = 0.57). For reference, a score of 2 indicated that an
activity occurred roughly once per week.

Children’s scores on the DVAP ranged from 44 to 182 words known, as reported by
parents. Most children produced around 104 words of those listed (SD =26.71). Children’s overall
scores on the incongruent trials of the Day-Night Stroop task ranged from 0.25 to 2 (with O
indicating an incorrect response, 1 indicating a self-correction, and 2 indicating a correct response).
In the control condition of the Day-Night Stroop task, scores ranged from 0.19 to 2 (again, with 0
indicating an incorrect response, 1 indicating a self-correction, and 2 indicating a correct response).
Children were fairly accurate overall on this task, with average scores of 1.40 (SD = 0.52) and 1.58
(SD = 0.44) on the incongruent and control trials, respectively. Children’s performance on the non-
symbolic number comparison task also varied widely from 33% to 94% accuracy. On average,
children were above chance overall (M = 64%, SD = 14%) as well as on the correlated, neutral,
and anticorrelated trials (M = 64%, SD = 15%; M = 63%, SD = 16%; M = 64%, SD = 19%,

respectively). Furthermore, 79% of children were above chance (50%) on the overall task and
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78%, 72%, and 72% of children were above chance on the correlated, neutral, and anticorrelated
trials, respectively. Children’s tendency to focus on number in the SFON assessments also varied
across tasks. In the “model” task, 53% of children either recreated the model correctly or verbally
referenced number on all three trials, 28% did so on two trials, and 11% did so only on one trial.
The final 9% of children never focused on number in this task. Similarly, in the “puppet” task,
62% of children fed the puppet the same number of marbles or verbally referenced number on all
three trials, 17% did so on two trials, 12% did so on one trial, and 10% never focused on number
in this task. Children focused on number either through action or verbally on 2.24 trials (SD =
0.97) out of 3 in the “model” task (M = 2.07, SD = 1.00 for action and M = 0.42, SD = 0.82
verbally) and on 2.30 trials (SD = 1.02) out of 3 in the “puppet” task (M = 2.05, SD = 1.14 for
action and M = 0.94, SD = 1.05 verbally). Finally, performance on the TEMA-3, as measured by
raw scores, ranged from 1 to 31, with an average of 12.41 (SD = 5.51). Descriptive statistics and

correlations for all study variables are shown in Table 1.
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Table 1 Descriptive statistics and correlations for key study variables, N = 112

Values shown in the table are Pearson correlations except for associations with parental education, where point-biserial correlations are shown.

p <10, *p < .05, **p < .01, ***p < .001

1 2 3 4 5 6 7 8 9 10
1. Parent Math Ability 1.00
2. Home Math Activities -11 1.00
3. Parent Education 32%** .09 1.00
4. Child Age (months) -15 -0.07 -01 1.00
5. Child Vocabulary -.06 32*** 01 -03 1.00
6. Child Inhibitory Control- Incongruent A2 .02 11 .01 .04 1.00
Condition
7. Child Inhibitory Control- Control -.06 -.10 02 -11 -07 36*** 1.00
Condition
8. Child ANS Acuity .18f .05 20* .02 30** 42+ 167 1.00
9. Child SFON .04 15 10 .10 .06 167 004 .24* 1.00
10. Child Math Ability 14 19* A2 -01  -.002  40***  21*%  A3F**  32***  1.00
M 107.00 1.76 0.90 48.97 104.00 1.40 158 0.64 4.54 12.41
SD 1251 0.57 030 0.92 26.71 0.52 0.44 0.14 1.54 5.51
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3.2 Parent predictors of children’s math abilities

Children’s raw scores on the TEMA-3 were first regressed on parents’ composite math
score from the Woodcock-Johnson, home math activities, parents’ education (with less than a
Bachelor’s degree as the reference group), child’s age, and child’s gender (with female as the
reference group). This model was not significant overall, F(5, 106) = 1.51, p =.194, and explained
2% of the variance in children’s math abilities based on the adjusted R?. Results from this model
are shown in the first column of Table 2. Importantly, parents who reported engaging in math
activities in the home more frequently tended to have children with more advanced math abilities,
p =.040, unstandardized B = 1.94, CI =[0.09, 3.79]. Specifically, a 1 SD increase in math activities
at home was associated with a 0.21 SD increase in children’s math abilities above and beyond the
effects of parent math ability, level of education, and child age and gender. Parent math ability,

level of education, child gender, and child age were unrelated to children’s math abilities.

3.3 Child predictors of children’s math abilities

Child characteristics were then sequentially added to this regression model. First,
children’s expressive vocabulary was added to the model. This resulted in a non-significant
increase in explained variance, 4F(1, 105) = 0.35, p = .558, as well as a non-significant overall
model, F(6, 105) = 1.31, p = .261. As shown in the second column of Table 2, children’s
vocabulary scores were not related to math skills.

Next, performance on the incongruent and control conditions of the Day-Night Stroop task

was added to the model. The inclusion of these variables resulted in a significant increase in
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explained variance, 4F(2, 103) = 9.96, p < .001. This model was significant overall, adjusted R? =
.16, F(8, 103) = 3.64, p <.001. As shown in the second column of Table 2, inhibitory control was
significantly associated with children’s math abilities, p = .001, unstandardized B = 3.68, Cl =
[1.62, 5.75], as a 1 SD increase in accuracy on the incongruent condition of the Day-Night Stroop
was associated with a 0.35 SD increase in math scores, above and beyond the effects of other
covariates.

ANS acuity was then added as a predictor to this model, 4F(1, 102) = 13.50, p < .0001.
This model was also significant overall, F(9, 102) = 5.13, p <.001, explained 25% of the variance
in math skills according to the adjusted R? value, and is shown in the third column of Table 2.
Even when controlling for parent factors and children’s vocabulary and inhibitory control, child
ANS acuity was significantly related to math scores, p < .0001, unstandardized B = 14.56, CI =
[6.70,22.42]. A 1 SD increase in accuracy on the ANS task was associated with a 0.36 SD increase
in math scores, above and beyond the effects of other variables.

Finally, SFON tendency was added as a predictor of children’s math abilities. This model
was significant overall, F(10, 101) = 5.37, p <.001, and explained 28% of the variance according
to the adjusted R2. This model also explained additional variance in children’s math abilities
compared to the model that did not include SFON tendency, 4F(1, 101) = 5.55, p = .020. In this
model, SFON tendency was a significant predictor of math abilities, p = .020, unstandardized B =
0.72, Cl = [0.11, 1.33], as a 1 SD increase in SFON tendency was associated with a 0.20 SD
increase in scores on the TEMA-3, above and beyond the effects of other variables. Additionally,
ANS acuity, inhibitory control and parent math activities remained significant predictors even with
the inclusion of SFON tendency in this model, with standardized coefficients of 0.32, 0.21, and

0.21 respectively. Results from this model are shown in the final column of Table 2.
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Table 2 Parent and child factors as predictors of children's math ability

R? values shown in the Table differ from those presented in the test as the Table displays unadjusted R? values and the text displays adjusted R? values.

p <10, *p < .05, **p < .01, ***p < .001

b (S.E) b (S.E.) b (S.E) b (S.E) b (S.E.)

Parent Math Ability 0.06 (0.04) 0.06 (0.04) 0.05 (0.04) 0.03 (0.04) 0.03 (0.04)
Home Math Activities 1.94* (0.93) 2.12* (0.98) 2.20* (0.92) 2.35** (0.87) 2.04* (0.86)
Parent Bachelor’s Degree 1.17 (1.85) 1.15 (1.86) 0.36 (1.72) -0.44 (1.64) -0.61 (1.61)
Child Age in Months 0.18 (0.57) 0.18 (0.57) 0.21 (0.54) 0.10 (0.51) -0.03 (0.50)
Child is Male -0.57 (1.03) -0.51 (1.04) 0.60 (0.99) 0.62 (0.94) 0.95 (0.93)
Child Vocabulary -0.01 (0.02) -0.02 (0.02) -0.04 (0.02) -0.0471 (0.02)
Child Inhibitory 3.68** (1.04) 2.33* (1.05) 2.23* (1.03)

Control- Incongruent

Condition
Child Inhibitory Control- 1.48 (1.20) 1.21 (1.14) 1.32 (1.12)

Control Condition
Child ANS Acuity 14.56*** (3.96) 12.85** (3.94)
Child SFON 0.72* (0.31)
Constant -7.32 (29.28) -6.19 (29.43) -13.95(28.00) -10.42 (26.46) -5.91(25.96)
R? .07 .07 22 31 .35
AR? - .003 157" .09 04"

23



4.0 Discussion

The goals of the present study were to examine parent and child predictors of children’s
math achievement and to investigate the unique contributions of each of these factors. We found
that the frequency of home numeracy activities, children’s own inhibitory control, approximate
number system acuity, and spontaneous focusing on number each provided independent

contributions to math achievement in early childhood.

4.1 Parent-level predictors of children’s math performance

We found that the frequency with which parents reported engaging in math activities with
their children was positively related to their children’s math performance. This finding adds to a
growing literature documenting the role of the home numeracy environment in children’s math
development. However, some other studies have not replicated this link between math activity
frequency and children’s math performance (see Elliott & Bachman, 2018, for a review). Thus, it
remains critical to continue to develop more sensitive measures of the home numeracy
environment to understand the role that math activities play in children’s development.
Specifically, work that continues to examine the benefits children gain from engaging in particular
types of math activities or particular types of interactions with their parents during those activities
may help to elucidate the role of home numeracy.

Interestingly, the frequency of home math activities was the only significant parent-level

predictor of children’s performance in this study. In contrast to previous work, here we found no
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effect of parent education on children’s math performance. It is important to note, however, that
there was limited variability in our sample as most parents participating in this study had completed
college. It may be that this relatively homogeneous sample did not have enough variability in
parental education to detect differences based on parent education. Similarly, we also did not
replicate previous findings that parental math ability predicts children’s math ability (Braham &
Libertus, 2017; Hart et al., 2009). These associations failed to reach conventional significance
levels in controlled regression models as well as at the bivariate level. One possible explanation
for this finding is the relatively young age of the children in our study compared to past work, as
the foundational math skills learned during the preschool years may be less related to parents’ own
math achievement. Another possible explanation is that we measured two qualitatively different
sets of math skills in children and adults. The Woodcock- Johnson Math Calculation subtest taps
into parents’ ability to do calculus or other more advanced math, which may be highly dependent
on parents’ overall education level or how well they remember the procedures to solve such
problems, and the Math Fluency subtest depends heavily on fact retrieval. In contrast, the Test of
Early Mathematics Ability requires children to count, identify Arabic numerals, and solve simple
word problems. The differences in which aspects of math we measured in parents and children
respectively could account for the null results, regardless of whether generational associations are
attributable to genetic or environmental links.

If these associations are due to variability in the environment, parental math ability may
also be less predictive of children’s math skills in early childhood if parents’ abilities to teach their
children math and engage in math activities do not hinge upon their own math skills. In other
words, parents” own proficiency in math is likely less critical for playing a board game or teaching

a child to count during preschool than helping with homework in elementary or middle school. In
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contrast, it is less clear why these links between parents’ and children’s math skills would be lower
in this study if these associations are attributable to genetic influences. Although very few studies
have examined heritability of math in particular, some work does indicate that heritability
estimates of domain-general cognitive abilities such as 1Q increase as children get older
(Bouchard, 2013). As such, it is possible that environmental influences are stronger in early
childhood. Unfortunately, in the absence of a more complex behavioral genetic design,

disentangling these explanations in our sample is not possible.

4.2 Child-level predictors of children’s math performance

Critically, we found that children’s inhibitory control, ANS acuity, and SFON tendency
were all independently related to their math achievement, even when controlling for parent factors,
demo- graphic factors, and children’s expressive vocabulary. These results add to the considerable
literature documenting the consistent relations between inhibitory control and math ability (Allan
et al., 2014; Aunio et al., 2004; St Clair-Thompson & Gathercole, 2006; Clark et al., 2010; Fuhs
& McNeil, 2013), as well as between ANS acuity and math ability even when controlling for a
host of domain-general and domain-specific cognitive abilities (Bonny & Lourenco, 2013;
Libertus etal., 2013b, 2013a; Keller & Libertus, 2015; Mazzocco et al., 2011). This further extends
past work from Batchelor et al. (2015), who found that SFON predicted children’s math
performance above and beyond children’s working memory. We add to this literature by
demonstrating that associations between SFON tendency and math skills cannot be explained by
children’s other cognitive abilities like inhibitory control or ANS acuity, nor by parent or

contextual factors, consistent with recent work demonstrating that children’s SFON is not related

26



to home math activities (Rathé et al., 2020). Here, we find that the child-level factors SFON, ANS,
and inhibitory control each explain a unique portion of children’s math. Despite some conceptual
similarities between these cognitive abilities, they each appear to play a unique role in the
development of early math skills.

Furthermore, these child-level predictors accounted for considerably more variance in
children’s math performance than the parent-level predictors. This suggests that while parenting
factors may be important, children’s own propensities should not be ignored. Additionally, it is
critical to examine how parent factors may shape child factors to predict children’s math
performance. For example, future work examining how parental factors predict children’s skills,
and how children’s skills perhaps shape parental engagement in math activities, is warranted.
Examining the potential for bidirectional relations between parent-level factors, child-level factors,
and children’s math achievement may provide useful insight. Similarly, future work may
investigate whether these parent and child factors interact to predict children’s math performance
such that some children may benefit more from parent engagement than others, perhaps based on
their own cognitive abilities, to fully understand the roles of each of these factors. Nonetheless,
this work suggests that both parent engagement and children’s cognitive abilities are related to
children’s performance.

However, several important questions regarding the nature of the associations between
specific child cognitive factors and math remain unanswered, especially when considering the
unique associations seen for each of the constructs included here. For example, our results
contradict past claims that the link between the ANS and math may be explained by individual
variations in inhibitory control or SFON (e.g., Fuhs & McNeil, 2013; Fuhs et al., 2018). If ANS

acuity does in fact predict math skills when controlling for these hypothesized mechanisms,
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alternative explanations for how this non-symbolic number sense relates to symbolic math skills
are needed (see Feigenson et al., 2013, for possible mechanisms). Similarly, more work is needed
to understand how spontaneous attention to numerical information predicts math skills even when
accounting for children’s inhibitory control and whether these associations persist when

controlling for factors such as attention and cognitive flexibility.

4.3 Limitations, conclusions, and future directions

In the current study, we examined the unique contributions of the well-documented
associations between parents’ education, math skills and math activities, children’s domain-
general and domain- specific cognitive skills, and children’s math achievement in early childhood.
We found that parent math activities in addition to children’s inhibitory control, ANS acuity, and
SFON tendency uniquely predicted children’s math skills over and above the other factors. As
such, we replicate and extend past work by demonstrating that math activities at home, inhibitory
control, the ANS, and SFON are important constructs for future study as predictors of math and
potential targets for interventions designed to improve math abilities.

Several limitations of this study warrant discussion. As noted above, more nuanced
measures of children’s math-related experiences at home would shed further light on the nature of
the association between these predictors and children’s math performance. In addition, the data in
the present study were correlational and collected from a single time point; as such, the direction
and causal nature of these associations remains unclear. Finally, our sample consisted primarily of
highly educated, White mothers and their children in the United States limiting our ability to

generalize our findings to a broader population.
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Despite these limitations, we find that child and parent factors play a unique role in
explaining variability in preschool-aged children’s math abilities above and beyond the significant
influences of the other factors. However, many important questions regarding the development of
children’s math abilities remain, including understanding how these factors may interact to shape
children’s development. In particular, future work may explore how child-level factors are shaped
by parents’ provision of math activities or how these factors moderate the effect of parents’
engagement in math activities. It is possible that some children may benefit more from math
activities than others, perhaps due to stronger vocabulary, inhibitory control, ANS acuity, or SFON
tendency. In addition, it is possible that parents tailor the frequency and types of math activities
they provide to their children’s domain-general and domain-specific cognitive skills.
Understanding the mechanisms for each of these effects will undoubtedly prove useful. Finally,
given that these factors appear to operate independently to influence children’s math performance,
future work may continue to examine the impact of interventions designed to improve or increase

one of these factors and the consequences of this for children’s math achievement.
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