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INTRODUCTION

The development of early mathematical skills is of great 

importance— not simply for building more advanced 

mathematical skills (Watts et al., 2014), but also because 

it is a strong predictor of overall academic attainment 

(Duncan et al., 2007). Poor mathematical skills have con-

sequences far beyond academic attainment, including 

negative associations with health, income, and quality of 

life (National Numeracy, 2015). There are large individual 

differences in mathematical ability, and one factor which 

predicts these differences is socioeconomic status (SES), 

for example, maternal education at age four predicts 

mathematical achievement at age 15 (Ahmed et al., 2018). 

SES refers to an individual's combined social and eco-

nomic resources, and position within society (Duncan & 

Magnuson, 2012). By the time children begin formal ed-

ucation, SES disparities in mathematics are already ap-

parent, with children from lower- SES households having 

poorer mathematical ability, on average, than children 

from higher- SES households (Sirin,  2005). These early 

SES disparities not only persist, but increase, over the 

duration of a child's schooling (Caro et al., 2009). This 

has profound consequences: in the United Kingdom, one 

in four adults is estimated to have a lower mathematical 

ability than is needed for everyday life (Organization for 

Economic Co- operation and Development,  2013). It is 

therefore crucial to understand how SES disparities in 

mathematical ability first arise. Little is known about the 

mechanisms by which attainment gaps in mathematical 

ability emerge. This lack of understanding is a major ob-

stacle to any attempt to narrow these gaps before they 

embed. Therefore, the present research aims to investi-

gate multiple factors that might explain how SES attain-

ment gaps in early mathematical ability arise.

When seeking to understand how SES influences 

mathematical ability, it is particularly important to focus 

on early mechanisms. This is because mathematical 
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learning proceeds incrementally: each numerical prin-

ciple helps to form the foundations for later, more 

advanced principles. If a child lacks foundational math-

ematical skills (e.g., one- to- one correspondence), they 

will have difficulty building more advanced mathemati-

cal knowledge (e.g., basic addition; Baroody et al., 2012). 

As a child falls behind in their mathematical learning, 

it becomes incrementally harder for them to catch up, 

resulting in an ever- widening gap between the lowest-  

and highest- ability children (Educational Endowment 

Foundation, 2017). Identifying the factors that give rise 

to this attainment gap will be essential for developing 

theoretical models that can be tested in longitudinal and 

intervention work, with the long- term aim of narrowing 

the SES attainment gap.

There are many factors that might explain why SES 

gaps in early mathematics arise. These include variables 

that influence the context into which a child is born (e.g., 

poverty, parent health); variables relating to the home 

and school environment; and child- level competencies 

(Ribner et al.,  2019). Variables that influence the con-

text in which a child is born are largely unchangeable 

without major, long- term shifts in policy at a global or 

national level. In the present research, we focus on four 

home-  or child- level factors that may explain mathemat-

ical attainment gaps: working memory, inhibitory con-

trol, verbal ability, and home mathematical activities. 

There are three reasons in particular to focus on these 

factors. Firstly, all four factors have been found to relate 

to preschoolers' mathematical skills and each tends to 

show socioeconomic gradients. Secondly, these four fac-

tors reflect more proximal mechanisms that may directly 

explain SES attainment gaps. Thirdly, these home-  and 

child- level factors are often more malleable, and so pro-

vide plausible targets for any future interventions.

Working memory is the first proposed factor by 

which SES disparities in early mathematics may de-

velop. Working memory is a core cognitive ability that 

enables us to maintain and manipulate information 

(Diamond,  2013). Working memory may support early 

mathematics by enabling children to retrieve numerical 

facts, and to maintain and process numerical informa-

tion to successfully carry out mathematical operations. 

Working memory has been found to positively re-

late to preschoolers' mathematical ability (Blakey & 

Carroll, 2015; Blakey et al., 2020). In addition, environ-

mental factors linked to SES— including stress, nutri-

tion, and cognitive stimulation— are also linked to the 

development of brain areas responsible for higher- order 

cognitive control, including working memory (Hackman 

& Farah, 2009). Indeed, working memory itself has been 

found to vary by SES, with children from higher- SES 

families having better working memory, on average, than 

children from lower- SES families (Lawson et al., 2018). 

Furthermore, recent work has identified that preschool 

working memory mediates SES attainment gaps in mid-

dle childhood (Waters et al.,  2021). Therefore, working 

memory is an important variable to examine in its role 

in early socioeconomic attainment gaps in mathematics.

Inhibitory control is the second proposed factor by 

which SES disparities in early mathematics may develop. 

Inhibitory control enables us to suppress distractions and 

resist prepotent but incorrect responses (Diamond, 2013). 

Inhibitory control may support early mathematical 

skills by helping children to ignore distracting infor-

mation while focusing on a mathematical problem, and 

helping them to suppress prepotent but incorrect strat-

egies when solving a problem. A meta- analysis found a 

medium effect size for the relation between preschool-

ers' inhibitory control and mathematical ability (Allan 

et al., 2014). Inhibitory control is a higher- order cognitive 

process, and as such is influenced by environmental fac-

tors, which have socioeconomic gradients (Hackman & 

Farah, 2009). Indeed, inhibitory control varies by SES, 

with children from higher- SES families having, on aver-

age, better inhibitory control than children from lower- 

SES families (Blakey et al., 2020; Lawson et al., 2018). It is 

therefore plausible that inhibitory control plays a role in 

socioeconomic differences in early mathematical skills.

There has been some debate regarding whether work-

ing memory and inhibitory control should be considered 

separate facets of cognition (e.g., Wiebe et al., 2011), or 

be considered part of a broader single factor in early 

childhood (e.g., Miller et al., 2012). Pertinent to individ-

ual difference research, researchers have stressed the 

usefulness in looking at working memory and inhibitory 

control separately, given they often differentially predict 

academic outcomes (Lerner & Lonigan,  2014). As we 

were focused on understanding specific factors that may 

underpin attainment gaps, we rely more on the latter ap-

proach to enable us to say with greater specificity what 

factors may explain mathematical attainment gaps.

Verbal ability is the third proposed factor by which 

SES differences in early mathematical ability may develop. 

Socioeconomic disparities in verbal ability are well docu-

mented: from as young as 18 months of age, children from 

lower- SES households have significantly fewer words in 

their vocabulary than children from higher- SES house-

holds (Fernald et al., 2013). SES differences in verbal abil-

ity have been linked to both the quantity of words children 

hear in the home, and the quality of language interactions 

(Hoff, 2003). There has been a wealth of research demon-

strating that children with higher verbal ability have more 

advanced reading skills (e.g., Duff et al.,  2015) though 

less research has examined its role in mathematical skills. 

However, there is emerging evidence indicating that verbal 

ability may be important for early mathematical devel-

opment. Conceptually, the development of mathematics 

is closely related to the development of verbal ability. A 

child's ability to map vocabulary to number marks the 

transition from non- symbolic to symbolic number un-

derstanding (Xenidou- Dervou et al., 2015). An example 

of this at the most basic level is that when children first 

learn the count sequence, they are essentially learning 
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words with an arbitrary meaning. However, learning these 

words is essential for children to learn the cardinal prin-

ciple (mapping number to quantity) which gives num-

ber words meaning and is a cornerstone of subsequent 

mathematical development (Wynn, 1995). Following this, 

children will begin to learn more specialist mathemati-

cal language, including comparative terms (e.g., “more” 

vs. “less”; “bigger” vs. “smaller”) and mathematical op-

erators (e.g., “add”, “subtract”). This shows how verbal 

ability is directly intertwined with early mathematical 

learning. Indeed, LeFevre et al.  (2010) identified verbal 

ability as a key pathway to mathematical development 

in children aged 4– 6 years (see also Purpura et al., 2011). 

More recently, verbal ability has been found to medi-

ate the relation between SES and mathematical ability 

(Slusser et al., 2019; von Stumm et al., 2020). While there 

is emerging evidence that verbal ability supports early 

mathematical ability, many studies tend to use receptive 

vocabulary as a marker of general cognitive ability. This 

makes it difficult to disentangle the roles of verbal abil-

ity and general cognitive ability. In order to understand 

whether verbal ability can explain mathematical ability 

above and beyond general cognitive ability, it is vital that 

studies control for general cognitive ability using an al-

ternate variable to vocabulary, such as processing speed 

(Finkel et al., 2005). We opted to use processing speed in 

our study as it was age appropriate for young preschools 

(in contrast to IQ measures, which tend to be used from 

age five), and the task had minimal overlap with our key 

variables of interest.

Home mathematical activities are the fourth factor 

by which socioeconomic attainment gaps in early math-

ematical ability may develop. In recent years, there has 

been an increased focus on the role of the home envi-

ronment in the development of mathematical skills, fo-

cusing on the frequency of the mathematical activities 

that parents do with their children in the home (Elliott 

& Bachman, 2018). When we look at frequency, an in-

triguing but inconsistent picture emerges: substantial 

variation is found in the frequency with which parents 

report that they engage in home mathematical activ-

ities (from every day to not at all), and this frequency 

sometimes relates positively to children's mathematical 

ability (e.g., Kleemans et al., 2012; Lefevre et al., 2009); 

sometimes negatively (Blevins- Knabe et al., 2000; Ciping 

et al., 2015); and sometimes not at all (Missall et al., 2015; 

Zhou et al.,  2006). Despite these contrasting findings, 

a recent systematic review found an overall positive re-

lation between home mathematical practices and chil-

dren's mathematical ability (Mutaf- Yıldız et al.,  2020), 

suggesting that it is an important factor to consider when 

trying to explain how mathematical skills develop.

Currently, less is known about the influence of SES 

on the frequency of home mathematical activities. A 

moderate socioeconomic gradient has been found in the 

home learning environment more broadly (Melhuish 

et al.,  2008). However, our knowledge of whether there 

are specific socioeconomic gradients in the frequency of 

home mathematical activities is limited due to the socio-

economically homogeneous samples that are often used 

in existing research. Of the few studies that attempted to 

look at this in socioeconomically diverse samples, SES 

has often been examined in a binary categorical way (me-

dium and low SES; DeFlorio & Beliakoff,  2015; Saxe 

et al., 1987). This binary approach will be less sensitive to 

capturing the full influence of SES on home mathemati-

cal activities. More recently, Napoli et al. (2021) deployed 

a more diverse SES sample to explore whether there is 

an SES gradient in frequency of home mathematical ac-

tivities. They found a socioeconomic gradient in the fre-

quency of home mathematical activities when age and sex 

were controlled for. However, the study did not explore 

whether this SES gradient in home mathematical activi-

ties related to variation in early mathematical ability. The 

importance of using diverse SES samples is further illus-

trated by home literacy research. SES gradients are clearly 

apparent in home literacy activities when diverse samples 

across the full SES spectrum are used (e.g. Phillips & 

Lonigan, 2009). Therefore, the use of more diverse sam-

ples is likely to be useful in elucidating whether there are 

genuine SES differences in home mathematical activities.

To summarize: previous research identifies four pos-

sible factors through which SES attainment gaps in early 

mathematics may arise— working memory, inhibitory 

control, verbal ability, and frequency of home mathe-

matical activities. All four factors (i) vary by SES, and 

(ii) relate to mathematical ability. Moreover, it is vital 

these factors are considered together, as there are likely 

to be multiple pathways through which SES influences 

mathematics. Furthermore, it is most informative to 

look at these factors before children begin school, as this 

is when SES disparities first emerge. And it is imperative 

that low SES groups are included— many prior studies 

have used predominantly middle- higher SES samples, 

greatly limiting what we can learn about socioeconomic 

attainment gaps. This research is essential in identifying 

factors that may influence the emergence of these attain-

ment gaps, and will help to inform theoretical models to 

be tested in longitudinal investigations.

To that end, the current paper presents two cross- 

sectional correlational studies which together aim 

to identify factors that may explain how SES gaps in 

early mathematics develop. In both studies, we conduct 

confirmatory analyses to examine whether working 

memory, inhibitory control, verbal ability, and home 

mathematical activities indirectly explain the relation 

between SES and mathematics, above and beyond gen-

eral cognitive ability (see Figure 1). Study 2 aims to repli-

cate the novel findings of Study 1, and builds upon Study 

1 in three ways. Study 2 recruits a diverse SES sample; 

it uses a more commonly used measure of frequency of 

home mathematical activities; and it uses multiple mea-

sures of SES, including both a neighborhood- level and 

individual- level measure of SES.
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STU DY 1

The aim of Study 1 was to explore possible factors 

that may explain the SES gap in early mathematics. 

Specifically, we examined the extent to which working 

memory, inhibitory control, verbal ability, and frequency 

of home mathematical activities indirectly explained 

socioeconomic gradients in a range of mathematical 

skills, including counting and cardinality. Counting was 

included as it is one of the first symbolic mathematical 

skills to develop (Wynn, 1990). Cardinality was included 

as it represents the milestone of children mapping num-

ber words to meaning (i.e., understanding that the last 

pronounced number denotes the numerosity of the set) 

and is vital for subsequent mathematical skills (Geary 

et al.,  2018). A comprehensive standardized index of 

mathematical ability was also included. To measure fre-

quency of home mathematical activities, this study used 

a scale by Cahoon et al.  (2021) that has recently been 

developed based on comprehensive parent interviews. 

To measure SES, the Index of Multiple Deprivation 

(IMD) was used: this is a precise composite measure of 

neighborhood- level SES provided by the UK Office for 

National Statistics (Ministry of Housing Communities 

and Local Government, 2019). We predicted that work-

ing memory, inhibitory control, verbal ability, and home 

mathematical activities would vary by SES, and would 

relate to early mathematical ability (see Figure 1).

Method

Participants

One hundred and seventy- four children (91 females, 83 

males) participated. Children were recruited from six 

preschools in socioeconomically diverse areas of South 

Yorkshire, UK in 2019. Data were removed for 15 chil-

dren (nine children did not complete the tasks due to dis-

traction, three had a language impairment, and three had 

special educational needs). The final sample comprised 

159 children (82 females, 77 males, M
age

 = 44 months, 

SD = 3.95, range = 36– 55 months). Sample size was deter-

mined through a power calculation to predict mathemat-

ical skills from our six predictors and one covariate in 

a hierarchical regression. The calculation indicated that 

158 children would be required to detect a small- medium 

effect ( f2 = .09) with a power of .80 and alpha .05.

Parents were asked to complete a questionnaire about 

the home mathematical environment and their family 

demographics. Sixty- nine parents returned question-

naires (43% participation). The final sample of children 

who had questionnaires returned comprised 33 females 

and 36 males (M
age

 = 44 months, SD = 4.14, range 36– 

52 months). The ethnicity breakdown for these children 

was 65% White- British, 20% Asian, 10% mixed ethnicity, 

3% Black- African, 2% Kurdish. We were able to calculate 

SES for 87% of the sample (N = 138) using the IMD which 

was gained either from the parent questionnaire or from 

preschools. IMD scores ranged from 1 (most deprived) 

to 10 (least deprived). The socioeconomic distribution of 

the sample, shown in Figure 2, shows that the children in 

the study are predominantly from lower- SES households. 

Returned questionnaires were significantly more likely 

to be from households in higher- SES areas, and children 

with returned questionnaires also had significantly higher 

scores on the inhibitory control, working memory, verbal 

ability, counting, cardinality, and test of early mathemat-

ics ability (TEMA) tasks. Further details of these compar-

isons are given in Supporting Information.

Measures and procedure

Children were tested individually, completing all seven 

tasks in a single 45- min session in their preschool. Tasks 

were administered in the following fixed order: Give- 

a- Number (cardinality), Black/White Stroop (inhibi-

tory control), Object Span (working memory), Bubble 

F I G U R E  1  Our hypothesized indirect effects model to explain 

the relation between socioeconomic status (SES) and mathematical 

ability.

F I G U R E  2  The socioeconomic status distribution of the sample 

in Study 1 as indexed by the neighborhood deprivation measure 

Index of Multiple Deprivation (IMD; where 1 represents the most 

deprived neighborhoods and 10 represents the least deprived 

neighborhoods).
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Popping (processing speed), TEMA (standardized math-

ematical ability measure), Counting, and BPVS (verbal 

ability). Children were rewarded with stickers for com-

pleting the tasks. Following the session, parents were 

asked to complete the home mathematical activities and 

family demographic questionnaire.

Frequency of home mathematical activities was mea-

sured with a questionnaire adapted from Cahoon 

et al. (2021). Parents rated how frequently they engaged 

in 26 home mathematical activities with their child— 

for example, counting objects, playing timed games, or 

teaching children about money. Frequency was mea-

sured using a five- point Likert scale with the answers 

ranging from ‘activity did not occur’ to ‘almost daily’ 

(coded zero to four respectively). Total scores were calcu-

lated by adding up the scores for each question (ranging 

from 0 to 104). The home mathematical activities ques-

tionnaire had high reliability (α = .89).

Working memory was measured with the Object Span 

task (adapted from Müller et al.,  2012). Children were 

asked to copy a sequence of taps on six familiar objects 

(book, spoon, leaf, peg, torch, and cup) that were laid out 

in front of the child. The task contained a short practice 

phase, followed by three trials at each span length, with 

spans ranging from one to five (up to 12 trials in total). 

To progress to the next span length, children had to cor-

rectly copy two out of three trials in the correct order. 

Total scores were calculated by adding up the scores for 

each correct trial (each correct list position was scored 

0.25, with the total score ranging from 0 to 15).

Inhibitory control was measured using the Black/

White Stroop task (Vendetti et al., 2015). One white card 

and one black card were placed on a table directly in 

front of the child. Children were instructed to respond 

by touching the opposite color card to what they were 

instructed to do. Therefore, when the experimenter said 

‘black’ the child should touch the white card, and when 

the experimenter said ‘white’ the child should touch the 

black card. After a short practice phase, children com-

pleted 12 trials presented in a fixed pseudorandom order 

(BA- BA- AB- BA- BA- AB). Total scores were calculated 

by adding up the scores for each correct trial (ranging 

from 0 to 12). Good test– retest reliability scores for this 

kind of inhibitory control task have been reported (intra-

class correlation coefficient: .87; Lagattuta et al., 2011).

Verbal Ability was measured using the British Picture 

Vocabulary Scale II (BPVS- II; Dunn et al.,  1997). The 

BPVS is a standardized receptive vocabulary measure 

normed for children between 3 and 16 years. On each 

trial, four pictures were presented, and the experimenter 

read a word aloud. The child was asked to touch the pic-

ture that corresponded to the word. The task comprised 

a short training phase, followed by a testing phase of 

up to 14 sets of 12 words each, of increasing difficulty. 

To move onto a higher set, a child would need to give at 

least 5 correct answers in the current set. Total scores 

were calculated by adding up the scores for each correct 

trial (ranging from 0 to 168). The BPVS has been found 

to have high reliability (α = .93; Dunn et al., 1997).

Counting was measured using a forward enumeration 

task where children were asked to count out loud as high 

as they could, starting from one (up to a maximum of 

42). The task was ended if the child gave the wrong num-

ber or skipped a number in the count sequence. The total 

score was the highest number correctly counted to from 

1 (ranging from 0 to 42).

Cardinality was measured using the Give- a- Number 

task adapted from Wynn (1990). Children were given a 

basket of 15 toy strawberries, and were told they were the 

shopkeeper and the experimenter was the customer with 

an empty basket. The experimenter asked for n straw-

berries to be placed in their basket. N followed the order 

1, 2, 3, 4, 5, 8, 10. If the child did not place the correct 

number of strawberries in the basket, the trial was re-

peated a second time. The task ended if the child did not 

place the correct number of strawberries in the basket on 

the second repeated trial. Total scores were calculated 

by adding up the scores for each correct trial (ranging 

from 0 to 7).

Mathematical ability was assessed using the standard-

ized TEMA- 3 (Form A; Ginsbery & Baroody, 2003). The 

TEMA- 3 measures a range of early mathematical skills 

including numeracy, number comparison, numeral liter-

acy, mastery of number facts, calculation skills, and un-

derstanding of concepts, in children aged 3– 8 years. One 

point was awarded for each correct answer, and the task 

ended when five incorrect answers in a row were given. 

Total scores were calculated by adding up the scores for 

each correct trial (ranging from 0 to 72). The TEMA- 3 

has high reliability and validity (Bliss, 2006).

Processing speed was included as a control variable, 

measured using a computerized ‘bubble- popping’ task. 

Children were instructed to ‘pop’ bubbles as fast they 

could by touching bubbles that appeared on a touch-

screen computer (Blakey & Carroll, 2015). Bubbles stayed 

on the screen until the child had touched them; when 

children ‘popped’ the bubble, a burst bubble appeared on 

the screen. Between trials there was an interval varying 

between 800 and 1200 ms. Children completed a short 

practice block, followed by eight test trials. Children's 

median reaction time was calculated.

Results

Descriptive statistics and preliminary analyses

Descriptive statistics and correlation analyses were 

conducted using SPSS. Mediation analyses were con-

ducted using the PROCESS macro for R (Hayes, 2018) 

however, we note that because the data are cross- 

sectional, we refer to the results as indirect effects, and 

not mediation (see O'Laughlin et al., 2018 for a discus-

sion). Consequently, results should be interpreted as 
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correlational, and not causal. Data were first examined 

to check the assumptions for the planned parametric 

statistical tests. All variables were visually inspected 

using histograms and P– P plots which revealed that 

the data for SES, counting, TEMA, and inhibitory 

control were not normally distributed. Therefore, 

the non- parametric correlation Spearman Rho was 

used to conduct correlation analysis reported in text. 

Descriptive statistics for the variables of interest, as 

well as Spearman and Pearson correlation coefficients, 

are shown in Table  1. The histogram for frequency 

of home mathematical activities showed substan-

tial variation in the frequency that parents engaged 

in home mathematical activities with their children, 

with frequency ranging from 14 to 100 (see Supporting 

Information). Hierarchical regressions looking at 

which variables predicted mathematical skills, and 

alternative mediation models tested can be found in 

Supporting Information. Age and sex were controlled 

for in the analyses. This is because prior studies in 

older children have found executive function mediated 

the relation between SES and mathematical ability for 

boys, but not girls (Ellefson et al., 2020).

Was there an SES attainment gap in early 
mathematical ability?

Spearman's correlation analysis revealed a socioeco-

nomic attainment gap in early mathematical ability, 

with children from more deprived neighborhoods hav-

ing lower TEMA scores than children from less deprived 

neighborhoods (r
s
(134) = .21, p = .015). However, SES did 

not correlate with counting or cardinality. Given that 

only the standardized measure of mathematical abil-

ity was correlated with SES, this will be the measure of 

mathematical ability used in the rest of the analyses, and 

will be referred to as “mathematical ability”.

Where do we see SES gradients?

There was a positive correlation between SES and in-

hibitory control (r
s
(132) = .18 p = .039), processing speed 

(rs(135)  = −.17, p = .044), and verbal ability (r
s
(134) = .24, 

p = .005). There were no significant correlations between 

SES and frequency of home mathematical activities or 

working memory.

Which variables correlated with mathematical 
ability?

There was a positive correlation between mathemati-

cal ability and inhibitory control (r
s
(151) = .40, p < .001), 

working memory (r
s
(150) = .39, p < .001), processing speed 

(r
s
(154) = −.29, p < .001), and verbal ability (r

s
(153) = .53, T
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p < .001). Mathematical ability was not significantly cor-

related with frequency of home mathematical activities.

How can we explain the SES attainment gap in 
mathematical ability?

Mediation analysis was conducted to explore whether 

inhibitory control and verbal ability— two factors which 

both showed a socioeconomic gradient, and both pre-

dicted mathematical ability— indirectly predicted the 

relation between SES and mathematical ability. The first 

stage of the mediation analysis involved defining the 

model with direct and indirect effects; the second stage 

involved assessing the significance of the mediation ef-

fects. To assess the significance of our mediation model, 

we followed Preacher and Hayes's  (2008) procedure to 

calculate the 95% confidence intervals (CIs) of 10,000 

bias- corrected bootstrapping analyses. This was chosen 

as it is considered a powerful method for detecting an ef-

fect while maintaining control over Type 1 errors, mak-

ing it superior to other mediation procedures such as the 

Sobel test. A significant mediated effect is indicated if 

the CIs do not pass through zero.

In order to test whether inhibitory control and verbal 

ability indirectly explained the relation between SES and 

mathematical ability, a mediation analysis with two indi-

rect effects was conducted. The model was fit with SES 

as the predictor; inhibitory control and verbal ability 

as mediators; and mathematical ability as the outcome 

variable. Processing speed, age, and sex were included as 

covariates (Figure 3). In the total effect model, SES had a 

significant positive effect on mathematical ability (β = .23, 

p = .006). In the mediated model, SES had a significant 

positive effect on inhibitory control (β = .27, p = .002) and 

verbal ability (β = .35, p < .001). Inhibitory control (β = .23, 

p = .009) and verbal ability (β = .30, p < .001) had signifi-

cant positive effects on mathematical ability. The results 

of the bootstrapping procedure revealed that the indirect 

effect through inhibitory control (95% CI [0.02, 0.14]) and 

the indirect effect through verbal ability (95% CI [0.03, 

0.21]) were significant, as the CIs did not pass through 

zero. The CIs indicated that inhibitory control and ver-

bal ability were significant indirect effects in the relation 

between SES and mathematical ability. Pairwise con-

trasts of the indirect effects through inhibitory control 

and verbal ability (95% CI [−0.07, 0.16]) indicated that 

the paths did not differ significantly from each other, as 

the CIs passed through zero.

Discussion

The aim of Study 1 was to explore whether working 

memory, inhibitory control, verbal ability, and fre-

quency of home mathematical activities are factors that 

may influence SES disparities in mathematical ability 

in the preschool years. Three measures of mathematical 

skill were assessed in the study: a standardized meas-

ure of general mathematical ability, and two measures 

of specific mathematical skills: counting and cardinal-

ity. The study found a socioeconomic attainment gap in 

the standardized measure of mathematical ability, but 

no socioeconomic gradients were found in counting and 

cardinality. Frequency of home mathematical activities 

did not vary by SES, and did not relate to any measure 

of mathematical ability. In contrast, working memory, 

inhibitory control, and verbal ability all positively cor-

related with mathematical ability— but socioeconomic 

gradients were only found in inhibitory control and ver-

bal ability. As inhibitory control and verbal ability both 

correlated with mathematical ability and SES, we exam-

ined the extent to which they indirectly explained early 

attainment gaps in mathematical ability using media-

tion analyses. Both inhibitory control and verbal ability 

emerged as indirect predictors in the relation between 

SES and mathematical ability. This is some of the first 

research to show that verbal ability and inhibitory con-

trol may be important factors to explain how mathemati-

cal attainment gaps arise.

Contrary to our hypotheses, neither working mem-

ory nor home mathematical activities varied by SES, 

suggesting these are not mechanisms by which SES at-

tainment gaps in early mathematical ability develop. 

With regards to working memory, the fact that no so-

cioeconomic gradient was found is at odds with some 

previous research (Lawson et al.,  2018). One potential 

explanation for this difference is the age of the children 

tested. The majority of studies looking at SES gradients 

in working memory have been conducted with school- 

age children. Our study looked at preschoolers, and it 

is conceivable that SES gradients in working memory 

F I G U R E  3  Mediation model showing the relation between 

socioeconomic status Index of Multiple Deprivation (IMD) and 

test of early mathematics ability (TEMA) is indirectly explained 

by inhibitory control and verbal ability, controlling for processing 

speed, age and sex. Standardized beta weights are given. *p < .05, 

**p < .01, ***p < .001.
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only emerge later in development. With regards to 

home mathematical activities, less is known about the 

role of SES, meaning that it is quite possible that the 

results of this study finding no SES gradient hold true. 

However, the lack of relation between SES and both 

working memory and home mathematical activities re-

quires further exploration before these conclusions can 

be accepted with confidence. There are two reasons for 

this. Firstly, the sample in the present study was drawn 

from predominantly low- SES neighborhoods. In order 

to be confident there are no SES gradients in working 

memory and home mathematical activities, a more di-

verse sample from across the full SES spectrum would 

be needed, to ensure enough variation to be able to de-

tect possible differences. Secondly, the present study 

used neighborhood indices of SES, rather than indi-

vidual indices. Previous research into working memory 

found SES differences when using parent education, but 

not when using a neighborhood deprivation measure 

(Hackman et al., 2014). While the IMD has been found 

to strongly relate to educational outcomes (Crawford & 

Greaves, 2013), it reflects the average SES for a neigh-

borhood. Therefore, using individual measures of SES 

(such as parental education) would give a more accurate 

measure of an individual child's SES.

The absence of relation between home mathematical 

activities and mathematical ability is particularly in-

teresting, as many previous studies have reported this 

relation (see Mutaf- Yıldız et al., 2020 for review). More 

broadly, it seems to go against the notion that practicing 

a skill will lead to improvements in that skill. There are 

three further reasons to be cautious about this null find-

ing. Firstly, it is important to note that while the current 

study was well powered overall, there was a low ques-

tionnaire return rate (43%). This meant that the study 

only had 51% power to detect a small- medium effect with 

home mathematical activities— although interestingly, 

the non- significant correlation between home mathe-

matical activities and mathematical ability was small and 

negative. Secondly, Study 1's mostly low- SES sample may 

have meant there was little variation in home mathemat-

ical activities. Furthermore, higher- SES families were 

more likely to return the home mathematical activities 

questionnaire than lower- SES families, limiting the con-

clusions that can be drawn about the relation between 

SES and home mathematical activities. Thirdly, Study 

1 used a new measure of home mathematical activities 

(Cahoon et al., 2021), while the majority of previous stud-

ies in this area have used a questionnaire based on the 

one developed by Lefevre et al. (2009). It may be that the 

questions developed by Lefevre et al. (2009) better cap-

ture the home mathematical activities relating to mathe-

matical ability. So, while Study 1 is not the first study to 

find no link between home mathematical activities and 

mathematical ability (see also Missall et al., 2015; Zhou 

et al., 2006), there are grounds to be cautious when inter-

preting this null result.

In summary, the results of Study 1 suggest two possi-

ble factors that may explain how early attainment gaps 

in mathematical skills emerge— verbal ability and in-

hibitory control. Furthermore, the results indicate that 

working memory and home mathematical activities may 

not be factors that influence early attainment gaps in 

mathematics. This would be an important finding that 

sheds new light on early- developing attainment gaps. 

However, given the relative novelty of these findings, it 

is important to test their robustness. Thus, we aimed to 

extend and replicate these findings in a further study.

STU DY 2

The aim of Study 2 was to replicate the findings of Study 

1. Like Study 1, Study 2 explores the role of working 

memory, inhibitory control, verbal ability, and frequency 

of home mathematical activities as mechanisms for ex-

plaining the SES attainment gap in early mathematical 

ability. However, in Study 2 we made three methodologi-

cal changes to ensure we could be confident in the results 

of Study 1. Firstly, the study aimed to recruit a socio-

economically diverse sample, to ensure we were captur-

ing full variation across the SES spectrum. Secondly, the 

study took an individual measure of SES (mother's edu-

cation) in addition to a neighborhood measure. Thirdly, 

the study used a different measure of home mathemati-

cal activities, which has been used more widely in the 

existing literature. To measure mathematical ability, we 

retained only the standardized measure of mathemati-

cal ability, since Study 1 only found a SES gradient on 

this broader and more comprehensive measure. All other 

measures remained the same.

Method

Participants

One hundred and forty- five preschoolers (80 females, 

65 males, M
age

 = 45.38 months, SD = 4.13, range = 37– 

52 months) participated between 2018 and 2019. Of these, 

113 preschoolers were recruited from five preschools in 

socioeconomically diverse areas of South Yorkshire, 

UK, and 32 children were recruited from a database of 

local families who had expressed an interest in partici-

pating in research. Sample size was determined through 

a power calculation to predict mathematical skills from 

five predictors and one covariate in a hierarchical re-

gression. This indicated that 149 children were required 

to detect a small- medium effect ( f2 = .09) with a power 

of  .80 and alpha .05.

Parents were asked to complete a questionnaire which 

collected data on demographic information, SES, and 

frequency of home mathematical activities. One hun-

dred and six parents returned the questionnaire (73% 
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participation, an increase from Study 1). The final sam-

ple of preschoolers who had questionnaires returned 

comprised 57 females and 49 males, M
age

 = 45 months, 

SD = 4.10, range 37– 52 months. The ethnicity breakdown 

for the children was 86% White- British, 9% White- other 

background, 4% Asian, 1% mixed ethnicity. Comparing 

the preschoolers whose parents completed the question-

naire to those who did not indicated no differences on 

the experimental tasks. It was not possible to assess SES 

differences in questionnaire return, as we only had SES 

information for children who returned the question-

naire. Further details of these comparisons are given in 

Supporting Information.

Socioeconomic status was calculated for each child 

using two measures: IMD and mother's highest level of 

education. IMD was derived from household postcode; 

for mother's education, the questionnaire asked for their 

highest level of education from a set list, ranging from ‘no 

formal qualifications’ to ‘postgraduate degree or simi-

lar’. The European Qualification Framework (European 

Commission, 2018) was used to score the qualification, 

which ranged from 0 (lowest level of education) to 7 

(highest level of education). The socioeconomic distribu-

tion of the sample, displayed in Figure 4, showed that the 

sample was socioeconomically diverse. In this study we 

focus on the more direct measure of SES, parent educa-

tion (further details below).

Measures and procedure

Children completed all five tasks in a single session, ei-

ther in their preschool or the university laboratory. Tasks 

were administered in a fixed order: Black/White Stroop 

(inhibitory control), TEMA (mathematical ability), 

Bubble Popping (processing speed), Object Span (work-

ing memory), and BPVS (verbal ability). Testing lasted 

approximately 40 min, and children were rewarded with 

stickers for completing the tasks. In addition, parents 

were asked to complete the questionnaire on home math-

ematical activities and family demographics.

Measures were identical to those in Study 1, with the 

single exception that frequency of home mathemati-

cal activities was measured using an alternative parent 

questionnaire. Parents were asked to rate how frequently 

they engaged in 21 mathematical activities with their 

child— for example, writing numbers, using calendars 

and dates, playing board games with a die or spinner 

(questions adapted from Lefevre et al., 2009). Frequency 

was measured using a five- point Likert scale, with the 

answers ranging from ‘activity did not occur’ to ‘activity 

occurred almost daily’ (coded 0– 4 respectively). Total 

scores were calculated by adding up the scores for each 

question (ranging from 0 to 84). The home mathematical 

activities questionnaire had high reliability (α = .89).

Results

Descriptive statistics and preliminary analyses

Analyses were run in the same way as for Study 1. First, all 

variables were visually inspected using histograms and 

P– P plots which revealed that the data for mathemati-

cal ability, working memory, and inhibitory control were 

not normally distributed. Therefore, the non- parametric 

correlation Spearman Rho was used to conduct correla-

tion analysis reported in the text. Descriptive statistics 

for the variables of interest, as well as Spearman and 

Pearson correlation coefficients, can be seen in Table 2. 

The histogram for frequency of home mathematical ac-

tivities showed substantial variation in the frequency 

that parents are engaging in home mathematical activi-

ties with their children, with frequency ranging from 4 

F I G U R E  4  The socioeconomic status (SES) distribution of the sample in Study 2 as indexed by: (a) mother's education (where 0 is the 

lowest and 7 is the highest level of education) and (b) the neighborhood deprivation measure Index of Multiple Deprivation (IMD) (where 1 is 

the most deprived and 10 is the least deprived).
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to 73 (see Supporting Information). Hierarchical regres-

sions looking at which variables predicted mathemati-

cal ability, and alternative mediation models tested can 

be found in Supporting Information. Age and sex were 

controlled for in the regression and mediation analyses.

Is there an SES attainment gap in early 
mathematical ability?

Spearman's correlation analysis revealed a socioeco-

nomic attainment gap in early mathematical ability, as 

indexed by both IMD and mother's education. Lower lev-

els of mathematical ability were evident in children liv-

ing in more deprived neighborhoods (r
s(100)

 = .33, p = .001), 

and in children whose mothers had a lower level of edu-

cation (r
s(101)

 = .40, p < .001). For all further analyses, we 

used mother's education as the primary measure of SES, 

as this provides the most direct measure of family SES.

Where do we see SES gradients?

There were significant positive correlations between 

SES and inhibitory control (r
s(103)

 = .27, p = .005), and SES 

and verbal ability (r
s(102)

 = .39, p < .001). SES was not sig-

nificantly correlated with either working memory or fre-

quency of home mathematical activities.

Which factors correlated with mathematical 
ability?

Mathematical ability was significantly positively cor-

related with inhibitory control (r
s(141)

 = .48, p < .001), 

working memory (r
s
(141) = .48, p < .001) and verbal abil-

ity (r
s
(140) = .62, p < .001). It was not significantly corre-

lated with frequency of home mathematical activities, 

indicating that frequency of home mathematical activi-

ties does not influence early mathematical ability.

How can we explain the SES attainment gap in 
mathematical ability?

To test whether inhibitory control and verbal ability me-

diated the relation between SES and mathematical abil-

ity, a mediation analysis with two indirect effects was 

conducted. The model was fit with SES as the predic-

tor; inhibitory control and verbal ability as indirect ef-

fects; and mathematical ability as the outcome variable. 

Processing speed, age, and sex were included as covari-

ates (Figure 5). In the total effect model, SES had a sig-

nificant positive effect on mathematical ability (β = .29, 

p = .003). In the mediated model, SES had a significant 

positive effect on inhibitory control (β = .29, p = .005) and 

verbal ability (β = .37, p < .001). Inhibitory control (β = .38, 

p < .001) and verbal ability (β = .31, p = .001) had signifi-

cant positive effects on mathematical ability. The results 

of the bootstrapping procedure revealed that the indirect 

effect through inhibitory control (95% CI [0.03, 0.21]) and 

the indirect effect through verbal ability (95% CI [0.04, 

0.22]) were significant, as the CIs did not pass through 

zero. The CIs indicated that inhibitory control and ver-

bal ability mediate the relation between SES and math-

ematical ability. Pairwise contrasts of the indirect effects 

through inhibitory control and verbal ability (95% CI 

[−0.13, 0.13]) indicated that the paths did not differ sig-

nificantly from each other, as the CIs passed through 

zero.

Discussion

Study 2 aimed to replicate the findings of Study 1 using 

a more direct measure of SES, in a very diverse sample, 

TA B L E  2  Spearman's (bottom left) and Pearson's (top right) correlation coefficients for all measures in Study 2 (raw scores).

N M (SD) 1 2 3 4 5 6 7 8

1. SES (IMD) 104 4.05 (2.75) .51** −.03 −.17 .28** .07 .37** .28**

2. SES (mother 

education)

105 3.53 (2.42) .49*** −.08 −.22* .28** .16 .39** .30**

3. Mathematical 

activities

105 32.32 (13.27) .00 −.09 −.05 .04 .14 −.06 .12

4. Processing speed 142 1306.10 (338.52) −.21* −.26** .03 −.17* −.13 −.29** −.29**

5. Inhibitory control 145 5.83 (4.18) .30** .27** .06 −.16 .16* .34** .50**

6. Working memory 145 2.90 (2.01) .07 .17 .15 −.14 .17* .33** .49**

7. Verbal ability 144 37.87 (13.30) .35*** .39*** −.04 −.28** .36*** .33*** .55**

8. Mathematical 

ability

142 6.72 (6.03) .33** .40*** .12 −.29** .48*** .48*** .62***

Note: Spearman correlations are displayed in the bottom left corner and Pearson correlations are displayed in the top right corner. N = number of participants for 

each measure.

Abbreviations: IMD, Index of Multiple Deprivation; M, mean; SD, standard deviation; SES, socioeconomic status.

*p < .05; **p < .01; ***p < .001.
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and using a different scale to measure home mathemati-

cal activities. The results of Study 1 were fully replicated: 

inhibitory control and verbal ability explained the rela-

tion between SES and mathematical ability; working 

memory significantly related to mathematical ability, 

but was not found to vary by SES; and the frequency of 

home mathematical activities did not vary by SES, or 

relate to frequency of mathematical ability. The replica-

tion of these findings suggests we can be more confident 

in our conclusions: that inhibitory control and verbal 

ability are possible factors by which SES attainment 

gaps in early mathematics emerge; but working memory 

and frequency of home mathematical activities are not. 

However, it is important to note that due to the cross- 

sectional nature of the data, these results are indicative, 

and not confirmatory. The results should be interpreted 

as a way to inform future longitudinal research estab-

lishing causal inference, as a first step to establishing 

possible interventions. We now discuss these findings in 

more detail.

GEN ERA L DISCUSSION

The present research aimed to explore possible factors 

that influence early SES gaps in mathematical ability. 

Two studies were conducted to explore four possible 

factors: working memory, inhibitory control, verbal 

ability, and frequency of home mathematical activities. 

These factors were chosen because previous studies— 

which tend to look at them in isolation— found that they 

show SES gradients, and support children's mathemati-

cal skills. Study 1 explored the role of these factors in 

explaining SES attainment gaps (as indexed by neigh-

borhood deprivation) on three measures of mathemati-

cal ability. Study 2 replicated and extended this work, 

by using an individual measure of SES, and recruiting 

a highly socioeconomically diverse sample. Together, 

these studies provide a comprehensive exploration of 

factors that may influence SES gaps in mathematical 

ability in early childhood. Crucially, both studies show 

that verbal ability and inhibitory control may be key to 

explaining early attainment gaps.

Four key findings emerged from this research. Firstly, 

there was a clear SES attainment gap in early mathemat-

ical ability. Secondly, verbal ability indirectly predicted 

the relation between SES and early mathematical ability. 

Thirdly, inhibitory control indirectly predicted the rela-

tion between SES and mathematical ability. Fourthly, 

working memory and home mathematical activities did 

not explain SES disparities in mathematical ability in 

either study. The fact that both studies— with different 

samples and different measures of SES and home math-

ematical activities— align on all four key findings sug-

gests these results are robust. We now discuss each of 

these findings in more detail.

The first key finding was that a SES attainment gap 

in mathematical ability is apparent in children as young 

as 3 years of age. This is striking, and demonstrates that 

there are factors at play before children start school that 

lead to inequalities in outcomes. We know that mathe-

matical development proceeds cumulatively (Baroody 

et al., 2012), meaning this early attainment gap is likely 

to not only remain, but to widen over time. This under-

lines the importance of targeting attempts to narrow this 

gap to the preschool years. The fact that SES gradients 

were not seen in basic measures of mathematical skills— 

counting and cardinality— is interesting, and worthy of 

further study. It may indicate that SES does not affect all 

kinds of mathematical skills equally. One explanation is 

that counting and cardinality are very basic tasks which 

children may complete without a real understanding of 

numerical magnitude (Sella & Lucangeli, 2020). In con-

trast, our measure of overall mathematical ability (the 

TEMA) required children to complete more complex 

tasks, and to use skills in combination (e.g., magnitude 

comparison and the use of arithmetic facts). Therefore, 

the mechanisms leading to SES gradients in mathemati-

cal skills may be ones that affect children's ability to in-

tegrate and use mathematical skills in concert. This is 

entirely consistent with the idea that SES may correlate 

with mathematical skills due to differences in children's 

executive functions (see Blakey et al.,  2020). It would 

therefore follow that the biggest SES gradients on math-

ematical tasks would be seen on tasks that require chil-

dren to use multiple mathematical skills in parallel.

The second key finding was that SES attainment gaps 

in early mathematics were indirectly explained by verbal 

ability. This is a key finding that bridges two important 

areas of research. Firstly, the finding that there are SES 

differences in verbal ability is consistent with a wealth 

of research demonstrating SES gradients in verbal abil-

ity (e.g. Fernald et al., 2013). Secondly, the findings are 

F I G U R E  5  Mediation model showing the relation between 

socioeconomic status (mother's education) and mathematical ability 

is indirectly explained by inhibitory control and verbal ability, 

controlling for processing speed, age, and sex. Standardized beta 

weights are given. *p < .05, **p < .01, ***p < .001.
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also consistent with a separate, growing body of evi-

dence demonstrating the importance of verbal ability 

in the development of mathematical skills (Purpura 

et al., 2011; von Stumm et al., 2020). Verbal ability may 

support mathematical skills in multiple ways. Notably, 

language is essential for attributing meaning to arbi-

trary mathematical concepts, and for expressing those 

meanings. It is also conceivable that verbal ability may 

modulate the cognitive demands of a task: for example, a 

child with poor verbal ability may not only have to meet 

the demands of the mathematical task itself, but also of 

learning, understanding and using unfamiliar language 

when completing the task (Meyer, 2000). By connecting 

these two separate strands of research— one examining 

SES gradients in verbal ability, and one on verbal ability 

and mathematical skills— the current study provides a 

key factor for longitudinal research to explore. If longi-

tudinal evidence does indicate causation, this would be 

promising, as there are already a number of verbal abil-

ity interventions which have been found to be effective 

(Marulis & Neuman, 2010).

The third key finding was that SES attainment gaps 

in early mathematics were also indirectly explained by 

inhibitory control. This finding is consistent both with 

previous research showing inhibitory control to be im-

portant for early mathematical development (Allan 

et al., 2014), and with studies that have found SES gra-

dients in inhibitory control (Blakey et al., 2020; Lawson 

et al.,  2018). To date, little is known about the mecha-

nisms by which SES influences the development of in-

hibitory control. Recent longitudinal research may shed 

light on this. Waters et al.  (2021) found that inhibitory 

control mediates the relation between SES and later 

mathematical ability, but that this relation did not hold 

when controlling for verbal ability. This finding suggests 

that verbal ability may be important in explaining SES 

differences in inhibitory control. Indeed, there is some 

evidence to suggest that verbal ability may help scaffold 

executive function development, by enabling children to 

monitor their thoughts and actions using inner speech 

(Daneri et al., 2019). In line with these findings and the 

current findings, we speculate that verbal ability may 

be a critical mechanism that explains how disparities in 

children's mathematical skills arise through its impact 

on executive function skills. Specifically, SES dispari-

ties in mathematical skills may begin by SES influencing 

early verbal ability; this, in turn, may have a knock- 

on- effect on inhibitory control; which then goes on to 

influence mathematical ability. This speculation may 

inform a finer- grained model of how SES attainment 

gaps emerge, though it would be for future longitudinal 

research to definitively test such a model.

The fourth key finding was that SES attainment gaps 

in early mathematics were not explained by working 

memory or by home mathematical activities. Neither 

factor showed SES gradients, and thus neither could 

explain attainment gaps in mathematical ability. Both 

studies showed that working memory was positively re-

lated to mathematical ability, but that working memory 

did not vary by SES. This suggests that despite work-

ing memory's importance for early mathematical skills, 

it may not be a mechanism that drives SES disparities 

in mathematics. While the results were consistent across 

studies one and two, we would nevertheless suggest that 

working memory should not be entirely dismissed as a 

possible mechanism by which SES gaps could emerge— 

and that the way one operationalizes working memory 

may be crucial. In our studies, the working memory 

measure mostly indexed young children's visuospatial 

recall skills; this contrasts with the more complex work-

ing memory measures typically used with older children, 

which index the ability to manipulate and update in-

formation. Indeed, previous research has found small- 

medium SES differences in older children's working 

memory, using a working memory task with a manipu-

lation element (Blakey et al., 2020; Lawson et al., 2018). 

Recent work has also identified working memory as a 

mediator of attainment gaps when a verbal measure is 

used (Waters et al.,  2021). Therefore, it is possible that 

SES differences in the ability to process and manipulate 

information emerge over time and are more likely in the 

verbal domain, perhaps because SES shows gradients in 

language ability.

Somewhat unexpectedly, both Studies 1 and 2 found 

that home mathematical activities did not relate to chil-

dren's mathematical ability— and nor did they vary by 

SES. Therefore, SES gaps in early mathematical ability 

do not appear to arise as a function of differences in fre-

quency of home mathematical activities. The absence of 

relation between frequency of home mathematical activ-

ities and mathematical ability is surprising, and worth 

further attention, not least because prior research on 

this topic has yielded contrasting results. The present 

findings are consistent with some prior studies (Missall 

et al., 2015; Zhou et al., 2006), but not others (Kleemans 

et al., 2012; Lefevre et al., 2009). One possible explana-

tion could be the age of children: the current study was 

conducted with children prior to the start of formal 

education, in contrast to Lefevre et al.'s  (2009) seminal 

study, which was conducted after children had begun 

formal education. It may be that the relation between 

home mathematical activities and mathematical ability 

is age- specific, with it emerging as children get older and 

are able to do more complex mathematical operations 

(Thompson et al.,  2017). Another possible explanation 

for the diversity in findings might be the socioeconomic 

features of the samples tested. The majority of research 

into the frequency of home mathematical activities 

has been conducted with socioeconomically homoge-

neous samples. It is possible that the relation between 

frequency of home mathematical activities and mathe-

matical abilities does not have the same strength across 

the SES spectrum, and is perhaps seen most strongly in 

higher- SES families. This would go some way towards 
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explaining why no relation was found in Study 1 (with a 

predominantly lower- SES sample) or in Study 2 (with a 

diverse SES sample). This suggestion is wholly consistent 

with a meta- analysis showing that the positive relation 

between home mathematical activities and mathemat-

ical ability was larger in high- SES families than low- 

SES families (Dunst et al., 2017). The fact that both the 

present studies show this null relation, and that both use 

different home mathematical activities questionnaires, 

gives us confidence that in socioeconomically diverse 

samples, frequency of home mathematical activities does 

not influence mathematical ability prior to the start of 

formal education.

The absence of a SES gradient in frequency of home 

mathematical activities is noteworthy in its own right. 

Little previous research has directly explored this topic, 

and the few studies that do have tended to use socio-

economically homogeneous samples, or relatively basic 

measures of SES. The present research featured two 

commonly used measures of SES, and a diverse SES 

sample, and still found no relation between SES and fre-

quency of home mathematical activities. This indicates 

that SES really does not appear to influence the fre-

quency in which parents engage in home mathematical 

activities with their children.

While this research did not find frequency of home 

mathematical activities to be a mechanism by which 

SES attainment gaps emerge, it is nevertheless con-

ceivable that there is still a role to be played by home 

mathematical activities. It may be that a different pic-

ture will emerge when one considers not simply the 

frequency of mathematical activities in the home, but 

rather the type, range and quality of those activities. 

Indeed, language research has shown the importance of 

quality over quantity for a child's verbal ability (Hirsh- 

Pasek et al.,  2015). It remains a possibility that type, 

range and quality of mathematical activities may influ-

ence mathematical development, and may themselves 

be differently influenced by SES. To test this possi-

bility, studies need to go beyond questionnaire scales 

in order to gather richer data— for example, by using 

interviews and observations in the home, to fully cap-

ture the diversity of interactions and activities that may 

have mathematical components embedded (see Elliott 

et al.,  2020). This suggestion is supported by research 

comparing questionnaire data with semi- structured 

interview data on home mathematical activities which 

found they did not correlate with one another (Mutaf 

Yıldız et al., 2018). Alternatively, it may be that the fre-

quency of home mathematical activities predicts growth 

in mathematical ability, rather than a child's ability at 

a single time point, with early activities potentially pro-

viding a foundation to support the future acquisition 

of mathematical skills. Better understanding how the 

type, range and quality of home mathematical abilities 

contribute to mathematical skills over time will be an 

important avenue for future research.

It is important to note limitations of the studies pre-

sented. The first and most important limitation concerns 

their cross- sectional nature, meaning it is not possible to 

disentangle any causal direction among variables from 

the cross- sectional correlational data. While we did test 

plausible alternate models (see Supporting Information) 

and they explain less variance than our hypothesized 

models, the nature of the correlational data means that 

these alternate mediation models also provide statisti-

cally plausible indirect effects. Thus, while the current 

studies do provide a clear and robust account of theoreti-

cally grounded factors that may be of interest, longitudi-

nal research is needed to confirm the temporal ordering 

of these variables before conclusions can be drawn about 

causal mechanisms. Therefore, the results of the current 

study should be interpreted as descriptive and used to 

inform future longitudinal work rather than seen as any 

recommendation for applied interventions. The identifi-

cation of temporal ordering prior to intervention is cru-

cial as a bidirectional relation between the development 

of the executive functions and mathematical ability has 

been speculated (Schmitt et al., 2017). However, we note 

that a recent paper failed to replicate this finding in two 

large samples indicating that the causal relation does 

go executive functions to mathematical ability, not vice 

versa (Ellis et al.,  2021). Existing longitudinal research 

has been particularly helpful in identifying predictors of 

later mathematical achievement. They have been valu-

able in demonstrating the importance of SES and early 

executive functions on later skills (Ahmed et al.,  2018; 

Waters et al., 2021). However, of the longitudinal stud-

ies on this topic, many focus on older children who have 

started formal schooling, or do not look at mediators of 

attainment gaps directly. Instead, they elucidate predic-

tors of later achievement and have extensive control vari-

ables (including language and SES; Ahmed et al., 2018); 

or when they do examine attainment gaps, focus on ex-

ecutive functions (Waters et al., 2021). The predictors of 

attainment gaps, as this work has identified, are likely 

to be multi- factorial so it will be helpful for future work 

to examine how multiple predictors like executive func-

tions, language, and the quality of activities in the home 

predict mathematical attainment gaps as they emerge 

early on and change over time.

Another limitation relates to the measurement of 

some of our variables. Firstly, our measure of work-

ing memory may have relied more on short- term mem-

ory and that may be why we found little relation with 

working memory and SES. As yet, there are no sensi-

tive working memory tasks for 3- year- olds that require 

both storage and processing. It would be beneficial for 

future research to develop such measures. Secondly, 

measuring the frequency of home mathematical activi-

ties may not capture the full range of activities parents 

do with their children, nor the quality of such activ-

ities. It would be helpful for future research to move 

beyond questionnaires, to measures that can capture 
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the quality and breadth of home activities such as 

through observation. Thirdly, we focused on measur-

ing factors that were most proximal to mathematical 

development. However, other more distal factors may 

also be important in explaining SES attainment gaps, 

including mathematical vocabulary. Mathematical vo-

cabulary has been found to relate to preschoolers' early 

mathematical skills (King & Purpura, 2021), but less is 

known about its relation to SES. It would be fruitful to 

explore whether there is an SES gradient in children's 

mathematical vocabulary— and if so, whether math-

ematical vocabulary is a mediating factor to explain 

SES attainment gaps.

The present research is the first to directly investigate 

the specific factors that may explain SES gaps in early 

ability in a diverse socioeconomic sample. In two stud-

ies, we find that SES attainment gaps for mathematical 

ability are explained by both verbal ability and inhibi-

tory control. We find that frequency of home mathemat-

ical activities does not vary by SES or influence early 

mathematical ability and it may be fruitful for future 

work to focus on the quality of these activities above and 

beyond frequency. By examining multiple factors, these 

studies indicate how early SES gaps in mathematical 

ability may arise. The findings offer a vital first step to-

wards designing longitudinal studies to elucidate on the 

causal sequence and long- term consequences of these 

early inequalities.
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