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Early numeracy skills in preschool years have been found to be related to a variety of different factors, including Approximate Number System (ANS) skills, children’s cognitive and linguistic skills, and environmental variables such as home numeracy activities. The present study aimed to analyze the differential role of environmental variables, intergenerational patterns, children’s cognitive and linguistic skills, and their ANS in supporting early math skills. The sample included 64 children in their last year of kindergarten and one parent of each child. Children were administered a battery of cognitive and linguistic tasks, and a non-symbolic comparison task as a measure of ANS. Parents were administered similar tasks assessing cognitive skills, math skills, and ANS skills (estimation and non-symbolic comparison), together with a questionnaire on home numeracy. Results showed that home numeracy predicted children’s early math skills better than a number of parent and child variables. Considering children’s skills, their ability in the non-symbolic magnitude comparison task was the strongest predictor of early math skills. Results reinforce the importance of the role of home numeracy activities and children’s ANS skills above that of parents’ math skills.
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INTRODUCTION

Early numerical abilities, those that involve the understanding of magnitudes and the development of numerical processing skills, are manifested during the first few months of life in humans from various cultural backgrounds (Simon et al., 1995; Gordon, 2004; Xu et al., 2005). However, many different factors contribute to the development of mature math skills and the turning point between the end of preschool and the beginning of primary school resulted to be an important moment in which to understand how the spontaneous and intuitive basic calculation skills develop (Jordan et al., 2009).

From a theoretical viewpoint, the neuroconstructivism framework (Westermann et al., 2007) suggests that, when trying to explain developmental pathways of cognitive skills, different levels of analysis should be taken into account, including biological, cognitive, behavioral, and environmental components, as well as their reciprocal relationships. Considering the development of specific learning skills, the multiple deficit model (Pennington, 2006) evidenced the need to overcome the analysis of single markers in favor of multiple indexes, and increasing attention has been dedicated to intergenerational models (van Bergen et al., 2015) which extends to parents’ skills and family characteristics the set of variables to be considered in analyzing the development of learning skills. However, regarding intergenerational models, most studies were referred to literacy skills (Bonifacci et al., 2014; van Bergen et al., 2015) and very few studies tried to apply this model to the development of math skills (Braham and Libertus, 2017; Navarro et al., 2018) but these studies did not account for variables related to children’s cognitive and linguistic skills.

In the present study, focused on children at the end of preschool years, we took account of many of the candidate factors that previous literature suggested to be related to math skills development, including (1) environmental variables, (2) parents’ math skills and (3) children’s cognitive and early math skills. In the following sections, in order to better account for the selection of the candidate predictors included in the study, we will briefly revise previous evidence for these three domains.


Environmental Predictors of Math Skills

Differences in the quality and quantity of children’s early math learning opportunities have been shown to be related to their consequent math performance (Hill et al., 2005; Levine et al., 2010; Maloney et al., 2015; Tobia et al., 2016). Indeed, many pieces of evidence now indicate that parents matter in the development of children’s math skills, and recognize the influential role of home numeracy activities (LeFevre et al., 2009), defined as the parent-child interactions that include experiences with numerical content in daily-life settings (Mutaf Yildiz et al., 2018b). Previous research found evidence of the usefulness of home literacy, that is, exposure to books and reading in the familiar context, in the expansion of vocabulary and decoding skills (Sénéchal and LeFevre, 2001). Similar evidence has been found regarding the role of home numeracy activities in the development of math and arithmetic skills (Kleemans et al., 2012). Home numeracy, indeed, can be conceived as a multifaceted domain, and its relationship with children’s numeracy skills might be differentiated on the basis of direct versus indirect activities (LeFevre et al., 2009; Skwarchuk et al., 2014). The first focus on counting and teaching numbers and have been found to be related to the development of children’s symbolic abilities, whereas the second involve playing games with numbers (e.g., dice), or doing household activities where you need to count, and have been found to be related to children’s non-symbolic abilities. Other authors also highlighted the importance of “math talk,” that is, how parents use math or number words in everyday life (Braham et al., 2018). In this regard, Elliott et al. (2017) found that parents’ use of numbers larger than 10 was positively and significantly related to children’s math abilities even when controlling for parents’ overall talk. It has also been found that intervention directed to parents leads to enhanced home numeracy activities and significant gains in children’s early numerical skills (Niklas and Schneider, 2014). However, a few studies found a non-significant association between home numeracy and children’s performance in early math (e.g., Blevins-Knabe et al., 2000), and some other studies showed that there were differential effects of formal and informal home numeracy activities on different domains of number processing skills (Manolitsis et al., 2013; Kleemans et al., 2016; Mutaf Yildiz et al., 2018a). For example, Mutaf Yildiz et al. (2018a) found that formal home numeracy was related to enumeration skills, informal home numeracy was related to calculation and symbolic processing, but there were no relationships with non-symbolic processing.

In sum, although most researchers agree that an enriched home numeracy environment is positively related to early numeracy skills in children, the precise causal patterns are far from clear, as cognitive and linguistic factors impact numerical abilities as well. A possible limitation of previous studies addressing the direct link between home numeracy and children’s numeracy skills was that a limited number of possible intervening variables that might reduce or hamper the strength of the relationship was considered (Carroll et al., 2019).

Finally, within a multilevel perspective, research examining the impact of family-related factors in children’s cognitive skills, should include the measurement of socio-economic status (SES) (Bradley and Corwyn, 2002). Although the relationships between academic achievement and SES was not consistent across studies (Sirin, 2005), both home numeracy activities and children’s early math skills might be related to SES and therefore the role of SES should be included. Although there is relatively little research on the specific relationship between SES and math skills, most authors suggested a positive relationship (Duncan and Magnuson, 2011; Reardon and Portilla, 2016), although with significant differences between countries and different school systems (Baird, 2012). Furthermore, SES disparities have been found to be differently related to subcomponents of math skills, with higher gaps in the verbal aspects of maths skills, and minor or no differences in the performance in non-verbal and non-symbolic tasks (Jordan et al., 1992; Jordan and Levine, 2009). There was, also, contrasting evidence concerning the relationship between SES and the quantity of home learning activities. Silinskas et al. (2010) showed that the lower the SES of mothers and fathers, the more teaching of reading and mathematics they reported; also, the lower the children’s academic performance at the beginning of primary school, the more teaching by mothers and fathers was reported. These results showed that parents adaptively adjusted their teaching to the child’s academic performance level, even when they had low SES. Similar results were found by LeFevre et al. (2010) and Niklas and Schneider (2014). It is, however, possible that higher SES children were exposed to higher quality numeracy activities compared to lower SES children (Elliott and Bachman, 2018).



Intergenerational Paths of Math Skills

In recent years, increasing research has focused on intergenerational transmission of cognitive skills in parents and children. The first line of research regarded the concept of a broader phenotype of developmental disorders, which refers specifically to the cognitive endophenotypes that are shared with unaffected family members. Endophenotypes are heritable biochemical, endocrinological, neuroanatomical, or neuropsychological constituents of disorders, although they are likely to be influenced by complex interactions between genes and environments (Caspi and Moffitt, 2006). Studies conducted on children with dyslexia revealed, for example, that phonological deficits are shared in unaffected family members, and that parents and siblings of children with dyslexia underperform in reading measures compared to family members who are not at risk for the disorder (Göbel and Snowling, 2010). Bonifacci et al. (2014) found that parents of children with dyslexia underperformed in phonological and decoding tasks compared to parents of typical readers, with significant relationships between parents’ and children’s reading skills. As far as math is concerned, Shalev et al. (2001) suggested that dyscalculia, i.e., a specific learning disorder affecting mathematics (American Psychiatric Association, and Taskforce on Dsm-5, 2013), was a “familiar disorder,” with higher percentages of family members of children with dyscalculia showing impaired performances in math tasks, compared to the general population. In a similar vein, Desoete et al. (2013) found that 33% of siblings of children with dyscalculia had clinical or subclinical scores in early arithmetic skills and were at risk of developing dyscalculia: this percentage is above expectations based on typically-developing children. Therefore dyscalculia, like other specific learning disorders, was characterized by a significant family aggregation, suggesting a role of genetics in the evolution of this disorder (Shalev et al., 2001). However, twin studies found contrasting results on the genetic determinants of math ability. Some studies reported expected heritability for low mathematical performance ranging from 0.65 (Haworth et al., 2009) to 0.69 (Oliver et al., 2004); others proposed that basic numerical understanding was only moderately heritable, with environmental influences being a more powerful predictor (Tosto et al., 2014). Two genome-wide association studies failed to find any proper association (Docherty et al., 2010; Baron-Cohen et al., 2014), while Davis et al. (2014) confirmed a significant genetic component underlying mathematical abilities. Finally, Ludwig et al. (2013) found that the rs133885 variant in the myosin-18B (MYO18B) gene was associated with mathematical ability at a statistically significant level, but this result was not replicated by Pettigrew et al. (2015).

In summary, although previous evidence suggests a plausible genetic component in math intergeneration skills, the debate is still open and the role of environmental variables seems to be higher compared to studies on reading skills. Although very few studies have specifically assessed parents’ math skills, it might be that parents’ math skills may affect their math-related interactions with children at home. Parents’ with stronger math skills may be more interested in math and, for example, engage their children in math activities more often or, when possible, select a preschool with a more math-focused curriculum.

Recently, some studies addressed the issue of intergenerational transmission of literacy (van Bergen et al., 2015) and math (Braham and Libertus, 2017; Navarro et al., 2018; Bernabini et al., 2020) skills not only in children with dyscalculia but also in typical populations. Navarro et al. (2018) found that parents’ Approximate Number System (ANS) skills were related to toddlers’ number processing and that this relation was independent of children’s vocabulary or parents’ perceived math ability, suggesting a specific intergenerational transmission of the ANS. In another study (Braham and Libertus, 2017), conducted on 54 children (5–9 years old) and their parents, children’s ANS acuity positively correlated with their parents’ ANS acuity. Also, children’s math abilities were predicted by unique combinations of parents’ ANS acuity and math ability depending on the specific math skill in question. Nevertheless, to our knowledge, there is a paucity of research that considers the differential role of home numeracy, parents’ skills, and children’s own skills in a comprehensive model.



Children’s Cognitive, Linguistic and ANS Skills

The ability of humans (and animals) to process magnitudes even prior to the development of verbal skills is thought to be mediated by an intuitive, non-symbolic system defined as the ANS that includes the ability to quickly understand and manipulate numerical quantities (Dehaene, 1997). This precocious and preverbal sense of numerical magnitude seems to represent the basis on which, through the interplay with other cognitive skills (mainly language and working memory), numerical knowledge develops from preschool to primary school, when formal teaching shapes arithmetic ability (Xu and Spelke, 2000; Feigenson et al., 2004; Xu et al., 2005; Halberda and Feigenson, 2008; Izard et al., 2009; Nieder and Dehaene, 2009; Brannon and Merritt, 2011).

According to Von Aster and Shalev’s (2007), the development of number representation is hierarchically organized. In their four-step model, as the first step, core-system representation of cardinal magnitude and various functions, such as subitizing and approximating, implements the basic meaning of the number. This step is a necessary precondition for children to learn to connect a perceived number of objects or events with spoken or, later, written and Arabic symbols. As the second step, children learn the verbal number system and, as the third step, the Arabic symbolization. These two steps are, in turn, the precondition for the evolution of a mental number line (step 4) in which ordinality is represented as a second core aspect of number processing. The first step produces the foundation for the subsequent acquisition of all numerical skills. Children who do not show these primordial skills may be able to learn the names of the numbers but do not associate these names with the meaning of a quantity. From the first to the fourth step, the model predicts a progressive increase of working memory load in numerical processing.

In typically-developing children, several studies have revealed a strict relationship between dot comparison – as a measure of ANS - and mathematics achievement (Libertus et al., 2011; Mazzocco et al., 2011). However, there are contrasting results to this regard (for a review, see De Smedt et al., 2013), and some authors suggest that symbolic representation is more strictly related to mathematical achievements (Göbel et al., 2014; Goffin and Ansari, 2019). This is in line with the strong relationship found between math skills and language development (e.g., Korpipää et al., 2019), supporting the idea that language competence may act as a scaffolding ability on which numerical development may rely (Bonifacci et al., 2016). In terms of linguistic skills, the verbal code proposed within the Triple Code Model (Dehaene, 1992, 1997) was used in particular for counting, addition, and easy multiplication. From a developmental perspective, and in line with Von Aster and Shalev’s (2007) model (step 2), the verbal code allowed children to associate symbols to quantities. Therefore, language was essential for the growth of numerical competencies. In particular, lexical amplitude (vocabulary) was necessary to understand specific math terms (Adams, 2003; Purpura et al., 2011), and phonological awareness might play a role in the storing and retrieval of numbers (Swanson and Sachse-Lee, 2001).

Furthermore, many studies have reported relationships between early numeracy skills and other cognitive skills. Executive functions (EFs), defined as cognitive processes which serve for selecting and successfully monitoring goal-directed behaviors, have been found to be related to early (Espy et al., 2004; Purpura et al., 2017; Schmitt et al., 2017) and late development of math skills (Cragg et al., 2017). Actually, some studies suggested that EFs, and in particular inhibitory control, might drive the relationship between ANS acuity and math ability in young children (Fuhs and McNeil, 2013) or, even, that the association between ANS and math skills might be better explained by the inhibitory control demands of some trials of the dot comparison task (Gilmore et al., 2013; Leibovich and Ansari, 2016). Finally, visuo-spatial working memory, that is, the ability to retain information for a short time in order to think about it, has been documented to be highly related to non-symbolic and written arithmetic and word problems (Zhang and Lin, 2015), counting (Cirino, 2011), and magnitude judgments (Simmons et al., 2012).

In summary, the different potential factors that might be related to math skills, above reviewed within the three main domains of analysis, strongly suggest that the emergence of formal mathematical competencies results from the complex interplay between the ANS and other cognitive skills and is further related to environmental factors and intergenerational paths. Despite many investigations addressed each of these factors separately, few studies attempted to examine multi-domains relationships with children’s math skills.



The Current Study

The present study aimed to investigate which components are related to early math skills in preschool children, within a multilevel theoretical framework that accounts for intergenerational paths, demographic and environmental factors and children’s cognitive and linguistic skills. In particular, our objective was to explore the role of SES and environmental stimuli (home numeracy), intergenerational patterns (parent’s math skills), children’s cognitive and linguistic skills, and children’s ANS in supporting children’s early math skills. To do so, a battery of tasks assessing prerequisites of math and ANS skills was administered to a sample of children during their last year of kindergarten, taking into account cognitive measures such as attention, visuo-spatial memory, and non-verbal IQ, as well as language skills. Another battery of tasks assessing math abilities, including ANS measures, was administered to parents.

(1) As a first step, we analyzed the correlations of children’s early math skills with the following variables included in the study:

a. Familiar SES and home numeracy (environmental variables). In line with past studies (e.g., LeFevre et al., 2009), positive associations between children’s early math skills and environmental variables were expected.

b. Parents’ cognitive and mathematical basic (i.e., ANS) and more advanced (i.e., calculation) abilities (intergenerational transmission). Based on previous literature, we expected significant associations between children’s early numeracy skills and their parents’ ANS skills (see Navarro et al., 2018). Our analysis of the link with parents’ calculation skills is more explorative, but we expected to see at least a weak association with children’s early math.

c. Children’s competence in the cognitive and linguistic domains (inter-domain children’s variables). We hypothesized significant links between early math skills and domain-general cognitive variables, and in particular with working memory, for which literature provides a body of evidence (Raghubar et al., 2010). Also, we expected to find an association with language variables, as shown by past studies on preschoolers (Bonifacci et al., 2016).

d. Children’s competence in ANS skills (intra-domain children’s variables). We hypothesized significant links between early math skills and ANS, as shown in previous literature (Mazzocco et al., 2011).

(2) As a second step, in order to test which of the above relationships was more strongly related to early math skills, we investigated the concurrent predictors of children’s early math skills with a three-steps regression model on children’s composite numeracy score, that included: (1) the environmental variables and the intergenerational transmission represented by parents’ skills, (2) children’s inter-domain (cognitive and linguistic) skills, and (3) intra-domain (ANS) skills as potential predictors. The aim of this analysis was to better understand the strength of these multiple factors as concurrent predictors of children’s early math skills. In particular, the aim was to disentangle, within environmental and intergenerational variables, if the parents’ abilities in mathematical tasks, in particular the ANS tasks, were predictive of their children’s performances when considered together with home numeracy activities. Then, adding children’s skills, we wanted to evaluate if these explained additional variance and which skills, amongst inter-domain and intra-domain, predicted children’s math skills above and beyond environmental and parents’ variables.

We hypothesized that, in line with Braham and Libertus (2017) and with Navarro et al. (2018), parents’ ANS, as measured by non-symbolic comparison, would predict children’s ability with numbers. However, with a sample of 4–5-year-old children, we expected that the role of the home numeracy would also be significant, along with children’s ANS skills.

This is the first study that directly investigates the link between preschool children’s and parents’ math skills, including measures of ANS, basic symbolic skills, and more complex calculating skills. This research design contributes to disentange the intergenerational role of both basic non-symbolic numerical skills and home numeracy in predicting math ability in children, as measured by a battery of ecological and complex tasks.



MATERIALS AND METHODS


Participants

The sample included 64 children (mean age = 5.72 years, SD = 0.53, range = 4.42–6.58; 45.3% females), attending their last year of kindergarten. For each child, a parent was involved in data collection. Most of the parents were mothers (87.5%; mean age = 40.53 years, SD = 4.64, range = 29–49); in the remaining cases fathers were involved (mean age = 45.14 years, SD = 8.84, range = 28–54). Mean Non-verbal IQ (standardized scores) was 103.2 (SD = 15.3) for children and 99.0 (SD = 14.5) for parents. Parents’ mean SES was in the medium-high interval (mean = 45.4, SD = 12.6), and 86,5% of parents had a medium to high SES (see section “Materials and Methods” for details on the instruments used). There were no significant differences (all ps > 0.1) between fathers’ and mothers’ educational level (fathers: mean = 4.83, SD = 0.98; mothers: mean = 5.4; SD = 1.22) and occupation (fathers: mean = 5.33, SD = 2.6; mothers: mean = 6.16 SD = 2.4). Parents who volunteered to participate in the study were tested by the first author of the study and they stated that they spent time with their children in everyday activities. All children and parents were native Italian speakers. None of the children included in the study had been referred for neurodevelopmental disorders.

Participants were selected from four public preschools in suburban areas in Northern Italy. Italian preschools do not provide formal instruction regarding reading, writing, or mathematical skills, although children are involved in pre-reading and pre-writing activities that aim to familiarize them with letters and letter-sound correspondence. From an initial sample of 69 children, in the study we included only participants with a complete dataset collected from the child and one of the parents. Parents provided written informed consent prior to the experiment. The study was approved by the Ethical Committee of University of Bologna.



Materials

Parents and children were administered tests assessing intellectual functioning, formal math skills, and symbolic and non-symbolic comparison tasks. Parents were also administered a socio-demographic questionnaire and a questionnaire investigating home numeracy habits. A detailed description of the tasks is detailed below.


Socio-Demographic Information

The Hollingshead Four Factor Index of Social Status (Hollingshead, 2011) was used. For this study, indexes of educational level (EL), and occupation (O) were chosen. For both indexes, scores ranged from 1 to 9. SES scores for fathers and mothers were managed with the formula EL∗3 + O∗5, and an aggregate SES score for children resulted from the mean of the two values. For example, a parent with a high school degree would receive a score of 4 and employed as a carpenter corresponds to a score of 4; therefore, the total SES for this parent would be of 12 + 20, equals 32 (mean range). A parent with a Ph.D. and employed as engineer would receive, respectively, scores of 7 and 8 with a total SES of 21 + 40 = 61 (high range). Scores ranged from a minimum of 8 to a maximum of 66; suggested classification for interpreting the scores is given by the questionnaire’s instructions (8–19 low; 20–29 medium-low; 30–39 medium; 40–54 medium-high; 54–66 high; Hollingshead, 2011).



Children’s Assessment


Cognitive skills


Non-verbal IQ

Children were administered the Matrices subtest of K-BIT 2 (Kaufman and Kaufman, 2004; Bonifacci and Nori, 2016). This test measured Non-Verbal IQ; it had different starting points based on the participant’s age and stops after four consecutive wrong responses. For children aged 4–5 years the first nine items required to point to the image (amongst five images) that was associated with the target image (e.g., a car goes with a truck). Then, from item 10 children were required to solve simple analogies with concrete objects (e.g., The car goes with the road, the boat goes with …) and, increasing in difficulty, with abstract figures. Raw scores (the maximum score was 46) were converted into standard scores (see participants description) according to the Italian test manual (Bonifacci and Nori, 2016) and z-scores (for calculating the Composite Cognitive Score). Split-half reliability coefficient in developmental age (4–18 years) was 0.87.



Visual-spatial memory

Children were administered the visual-spatial memory task from the SNUP test (Tobia et al., 2018). In this task, children had to remember the positions of one to four elements on 3 × 3 and 4 × 4 grids that were presented for 2 and 4 s, respectively, and then covered. A total of 10 grids, preceded by an example, were presented, and a score of 1 was assigned for each element remembered in the correct position, for a maximum total score of 26 (Cronbach’s α = 0.80). Z-scores derived from the test manual were used in the analyses.



Attention

The visual attention task from the NEPSY-II (Korkman et al., 2014) was administered to the children in order to assess selective and sustained attention. The visual attention task is a visual cancelation task, which requires children to identify and mark the target stimulus (a rabbit) from among an array of distractors as quickly as possible. The variable considered was accuracy, measured as the difference between the total number of target stimuli identified and the incorrect targets marked (i.e., distractors). The maximum score is 27. Z-scores derived from the test manual were used in the analyses. The Cronbach’s α reliability for this measure was 0.76.

A Composite Cognitive Score was computed with mean z-scores of non-verbal IQ, visuo-spatial memory and attention tests.



Language skills

Children were administered two subtests of the IDA battery (Bonifacci et al., 2015) to assess vocabulary and phonological awareness. For all the subtests, z-scores derived from the test manual were used.


Vocabulary

Children were asked to name 36 images selected for their decreasing frequency in spoken language. The accuracy score, ranging from 0 to 36, was considered. The scale’s Cronbach’s alpha was 0.85.



Phonological awareness

To assess children’s phonological awareness, a syllable segmentation task was administered. Stimuli were presented orally, and children were required to provide a verbal answer by segmenting sounds (e.g., Carota ? Ca-ro- ta; Carrot; six items). Each item received a score of 1 for correct responses and a score of 0 for incorrect answers, for a maximum total score of 6. The scale’s Cronbach’s alpha was 0.84.

A Composite Language Score was computed by calculating mean z-scores for the Vocabulary and Phonological Awareness score.



Early numeracy

Children were administered four subtests of the SNUP test (Tobia et al., 2018) to assess the children’s early numerical skills. For all the subtests, z-scores derived from the test manual were used.


Counting and biunivocal correspondence

Children were asked to count 20 buttons scattered on a board measuring 20 cm × 30 cm. Knowledge of the verbal sequence of numbers and the acquisition of the biunivocal correspondence principle of counting, namely the ability to link each number word to an individual object, were evaluated separately. Scores range from 0 to 20 for each subscale, and one point was given for each number word named correctly on the scale of 1–20 and when the child linked one number word to one button. The scale’s Cronbach’s alpha was 0.93.



Recognition and reading of digits

Semantic knowledge of digits, that is, recognition and reading, were assessed for digits 1 to 9. The task was organized as a game with numbers comparable to bingo. A card containing the digits from 1 to 9 randomly allocated on a grid amongst blank squares was used, together with a small bag containing nine number cards, each representing a digit. In the digit recognition subtask, children pointed to the number on the bingo card that had been picked out of the bag and read aloud by the examiner. For the digit reading subtask, children picked a number from the bag and read it aloud. For each digit correctly identified or read, a score of 1 was given (total score: 0–9 for each subtask). The subtest’s Cronbach’s alpha was 0.93.

A Composite Numeracy Score was computed by calculating mean z-scores for the counting, biunivocal correspondence, and recognition and reading of digit scores.



Speed of processing and ANS


Speed of processing

A task to measure simple reaction times (RTs, Bonifacci and Snowling, 2008) was administered. Children were required to press the space bar of the keyboard, as fast as they could, whenever a ‘blue star’ (measuring 8 cm × 8 cm) appeared on a white screen. The target stimulus was presented on the screen for a maximum of 1 s and disappeared after the response was made. The following stimuli appeared at 1-s intervals after the preceding stimulus had disappeared. Fifteen practice trials were completed, followed by 40 test trials. Mean RTs were recorded.



ANS – non-symbolic magnitude comparison

A computerized magnitude comparison task was administered. Children were presented with two sets of dots in a random configuration, and were asked to identify the set representing the larger numerosity, by pressing one of two keys on a computer keyboard (W and P); they were instructed not to count. After a practice block (10 trials), 64 randomized trials were administered, with pairs of stimuli ranging from 1 to 9 dots and numerical distance between them ranging from 1 to 8. Each set of dots remained on the screen until the child responded. The stimuli were designed to avoid template matching and to prevent the total dot area being used as a cue to numerosity. Therefore the total area occupied by the dots was equivalent across displays (for a complete description of this experiment, see Guarini et al., 2014, 2020). We decided to range dots 1–9 according to other studies conducted with children attending kindergarten (Lyons et al., 2018). The measures considered were accuracy (i.e., number of correct answers) and mean reaction time for correct answers.

A regression analysis with simple RTs as the independent variable and dot RTs as the dependent variable was performed, and standardized residuals were used in the following analyses in order to obtain a measure of speed in magnitude comparison task that was free of the influence of general processing speed. Standard residuals and mean accuracy scores were used in the analyses.



Parents’ Assessment


Home numeracy

The children’s Home Numeracy was assessed through a questionnaire that was designed to be administered to the child’s parents (see Appendix 1). The questionnaire includes seven items that investigate the child’s home numeracy habits and skills (‘Do activities that require placing objects in order of size or length’) and their knowledge of numbers (‘Read or write numbers’). The reliability index was Cronbach’s α = 0.78. The responses were provided on a 4-point Likert scale, ranging from ‘Never’ to ‘Very often,’ mean scores were used in the analyses (minimum = 1, maximum = 5).



General cognitive ability


Non-verbal IQ

Parents, similarly to children, were administered the Matrices subtest of K-BIT 2 (Kaufman and Kaufman, 2004; Bonifacci and Nori, 2016). The test measures Non-Verbal IQ; it has different starting points based on the participant’s age and stops after four consecutive wrong responses. The maximum score is 46. Raw scores were converted into standard scores according to the Italian test manual. Split-half reliability coefficient in adult age (19–90 years) was 0.87.



Calculation skills

Parents were administered three subtests of the BDE-2 test (Biancardi et al., 2016): Quick Calculation, Approximate Calculation, and Written Calculation. The test’s manual offers a reliability index for the three main factors investigated, identified by factorial analysis. In addition, the Mental Calculation subtest from the MT battery was administered to parents (Cornoldi et al., 2010). Raw scores were used in the correlation analyses. Z-scores derived from the sample of the study were used for the Composite Numeracy Score.


Quick calculation

In this test, parents have 2 min to write the correct results of as many mixed operations as possible (additions, subtractions, multiplications, divisions) up to a maximum of 40. The score is the total number of correct answers they give in 2 min. The level of saturation of these items on the First Factor of the test was 0.80 and the scale’s Cronbach’s alpha of the First Factor was 0.74.



Approximate calculation

Parents have 2 min to indicate the correct result of 18 operations, indicating one out of four options. For example, the operation is 75:5 and they have to choose between 80, 375, 15, or 5. The score is the total of correct answers and the maximum score is 18. The level of saturation of these items on the First Factor of the test was 0.77 and the scale’s Cronbach’s alpha of the First Factor was 0.74.



Written calculation

Parents have 2 min to indicate the correct result of six written operations: two additions, two subtractions, and two multiplications (example: 356 + 579; 102−48; 216 × 29). The score is the total of correct answers and the maximum score is 6. The level of saturation of this item on the Second Factor of the test was 0.29 and the scale’s Cronbach’s alpha of the Second Factor was 0.62.



Mental calculation

The examiner reads 8 operations (2 additions, 2 subtractions, 2 multiplications, and 2 divisions) and parents have 60 s to answer each operation with the correct result. The score is the total of correct answers they give. The maximum score is 8. The test–retest reliability was 0.75.

A Composite Numeracy Score was computed by calculating mean z scores, derived from the study sample, for the Quick Calculation, Approximate Calculation, Written Calculation, and Mental Calculation.



ANS


Estimation

This task was developed on E-Prime for the purpose of the present study and adapted from Knops et al. (2014). Different sets of black dots were presented on a white circle against a black background. The numerosities were 10, 16, 24, 32, 48, 56, or 64 dots. Each numerosity was presented five times, each time in a different configuration, so that the same numerosity never appeared in consecutive trials. Participants were instructed to look at the circle with black dots inside for 500 ms and then to estimate the quantity of dots shown on the computer screen, typing the number using the keyboard. The mean distance between the correct number and the given number (differential) was calculated. Z-scores were computed on study sample.



Non-symbolic magnitude comparison task

In this task, parents were instructed to compare two sets of violet squares, which were simultaneously presented in two black rectangles on the left and right side of the screen, and they were instructed to choose the side with the larger numerosity by pressing a key that was congruent (left or right). The task was adapted from Landerl et al. (2009). Forty pairs of sets of squares were presented. The difficulty in making this decision is manipulated by varying the ratio or the numerical distance between the two sets. Each display consisted of between 20 and 72 squares, with the difference between the two displays ranging from 10 to 29 squares. To avoid the displays with the larger numerosity systematically consisting of smaller squares, each display included squares of different sizes. The maximum score is 40. The percentage of correct responses was used in the analyses and then z-scores were used to compute the composite score.

A composite ANS score was computed by calculating mean z scores, derived from the study sample, for the estimation and the non-symbolic magnitude comparison tasks.



Data Analysis

Pearson correlations were performed to (aim 1) analyze associations between children’s early math skills and: environmental variables (SES and home numeracy), parents’ variables (non-verbal IQ, calculation skills, ANS), inter (non-verbal IQ, cognitive skills, linguistic skills) and intra-domain (ANS) children’s skills.

Then, in order to (aim 2) investigate predictors of children’s early math skills, as represented by the Composite Numeracy Score, a 3-step hierarchical regression analysis was run. Environmental and parents’ variables were included in the first step: home numeracy, parents’ calculation skills and ANS. In the second step, composite scores of children’s cognitive and language skills were included. Finally, in the last step, scores related to children’s ANS were included.



RESULTS

Descriptives for children’s and parents’ variables are showed in Table 1.


TABLE 1. Descriptive statistics for all the variables regarding children and parents.

[image: Table 1](1) The correlations between children’s early numeracy skills and the environmental and parents’ variables are detailed in Table 2A. A strong association was found between home numeracy and the Composite Numeracy Score (r = 0.399) as well as with the single tasks: biunivocal correspondence, recognition and reading of digits (excluded counting). On the counterpart, SES was not significantly related to children’s early numeracy skills (all r < 0.2). Considering the relationships between children’s early math skills and intergenerational patterns, there were no significant correlations with parents’ calculation skills (quick calculation, approximate calculation, written calculation, mental calculation). Considering parents’ ANS skills, there was only a marginal negative association between biunivocal correspondence and parents’ accuracy in magnitude comparison, as well as with the composite measure of parents’ ANS.


TABLE 2A. Pearson correlations coefficients (r) between environmental stimuli, intergenerational variables, and children’s skills.

[image: Table 2]In Table 2B, correlations between children’s cognitive, linguistic, and early numeracy skills are reported. A significant relationship was found between children’s non-verbal IQ and early math skills (Composite Numeracy Score as well as single tasks: counting, recognition and reading of digits, see Table 2B). Also, visuo-spatial memory skills were related to the Composite Numeracy Score and, in particular, with digit recognition and digit reading. The attention task was not specifically related to children’s early math skills (all r < 0.2), but the Composite Cognitive Score was related to all the early numeracy subtests and to the Composite Numeracy Score except for biunivocal correspondence. Language skills (Composite Language Score), and in particular phonological awareness, were mostly linked to recognition and reading of digits, whereas vocabulary was not significantly associated with children’s early number skills. Finally, as revealed in Table 2B, many significant correlations could be observed among ANS skills (RTs and accuracy) and the Composite Numeracy Score. Magnitude comparison accuracy, in particular, was strongly related to digit recognition and reading and the composite score (all r > 0.5).


TABLE 2B. Pearson correlations coefficients (r) among children’s variables.

[image: Table 2](2) Table 3 shows the results of the hierarchical analysis investigating predictors of children’s early math skills, as represented by the Composite Numeracy Score. For the first step, only home numeracy resulted as a significant predictor of children’s early math skills, and the model explained 20.4% of variance. At the second step, children’s cognitive and linguistic skills (Composite Scores) were also included as potential predictors, adding a portion of explained variance (7.6%) that tended to significance (p = 0.055): home numeracy, as well as children’s cognitive skills, resulted as significant predictors. Children’s magnitude comparison performance (RTs and accuracy) was added as an additional potential predictor at step 3, and the model reached a total explained variance of 39.9%. Home numeracy resulted, again, as a significant predictor; also, children’s accuracy in the dot comparison task significantly predicted their early math skills.


TABLE 3. Hierarchical regression; dependent variables: children’s composite numeracy score.

[image: Table 3]


DISCUSSION

In the present study, we aimed to evaluate (1) the variables associated with early math skills in preschool children, as well as (2) concurrent predictors of children’s early math skills, including environmental variables (SES, home numeracy), intergenerational paths (parents’ non-verbal IQ, calculation skills, and ANS) and children’s cognitive, linguistic, and ANS skills. The main results are that, (1) regarding the analysis of associations, children’s early math skills were related to one aspect of the environment, namely home numeracy activities, but not to SES. Children’s early math skills did correlate with children’s cognitive and language skills, but not with parents’ calculation and ANS abilities, confirming our expectations only partially; (2) as far as the analysis of predictors is concerned, children’s non-symbolic magnitude comparison accuracy, as a measure of ANS, was the strongest predictor of their early math skills, but home numeracy also predicted children’s early math skills over and above a number of parent and child variables (e.g., cognitive skills, language skills).

Regarding the first aim, we found multiple relationships between parents’ and children’s skills, and within children’s skills. In terms of the associations between children’s early numeracy and environmental variables (SES, home numeracy), it is of interest that there was no significant relationship between SES and children’s skills. This result seems to be in contrast with the reported literature about the gap in math achievement of low-income children compared to high SES peers (Reardon and Portilla, 2016). However, as discussed in the introduction, some previous studies failed to find the achievement gap in low-SES children, at least for non-verbal math tasks (Jordan et al., 1992; Jordan and Levine, 2009). Baird (2012) found significant differences in the roles of SES on math skills between countries and different school systems. To this regard, for Italy, the OCSE report accounts for a minor predictive role of SES (Quintano et al., 2009). Therefore, according to Elliott and Bachman (2018), the relationship between SES and math skills should not be considered as a direct relationship, but rather to be mediated by how SES impacts on moderating factors such as beliefs, home numeracy, and math talk. In contrast, as we expected, a significant strong relationship between home numeracy activities and early math skills in children was described, reinforcing the strong evidence reported in literature about the important role of home numeracy in fostering numerical development in children (LeFevre et al., 2009). Therefore, results from the present study seem to suggest that home numeracy is more strongly associated with math skills than SES.

Concerning the role of the intergenerational path of math skills, neither parents’ ANS skills nor calculation were related to children’s formal math skills. This result was in contrast with our expectations and with previous studies (Braham and Libertus, 2017; Navarro et al., 2018).

Concerning the correlations between the children’s skills, a strong association between cognitive skills and early numeracy has been pointed out, revealing inter-domain relationships. Indeed, non-verbal IQ and visuo-spatial memory show a strict association with recognition and reading of digits, reinforcing the idea that math skills might be, at least in part, related to general intellectual functioning (Poletti, 2017), as well as to visuo-spatial memory skills (Cirino, 2011; Simmons et al., 2012; Zhang and Lin, 2015). It also has to be noticed that the association between non-verbal IQ and early numeracy might reflect an association between IQ and visual-spatial skills (as both non-verbal IQ and memory tests were highly confounded by visual-spatial skills; Cornoldi et al., 1995). In addition, the present study also gives useful insight into the relationship between linguistic and numeracy skills. As expected, there was a significant relationship between mean language scores and recognition and reading of digits (Purpura and Ganley, 2014; Korpipää et al., 2019), with phonological awareness playing a relevant role. Contrasting results were found regarding the relationship between phonological awareness and mathematical skills, and some authors have suggested that it might not be constant across development (Passolunghi et al., 2015).

Furthermore, a strict intra-domain relationship was observed, since non-symbolic magnitude comparison tasks were significantly related to early math skills, in line with previous evidence regarding the foundational role of ANS skills in number development (Libertus et al., 2013).

Taken as a whole, the results from the correlational analyses provided interesting insight into the complex pattern of relationships within and between groups, highlighting the fact that, beyond a relationship between early math skills and ANS-related measures, early numeracy skills develop within a network of multiple relationships, involving both environmental and within-subject variables.

In order to better understand the strength of these multiple factors, we developed as second aim a regression model that included, as the first step, the environmental and intergenerational variables, as the second step, the children’s cognitive and linguistic profile, and as the third step the children’s ANS skills. It emerged that environmental variables alone explained around 20% of the variance and home numeracy resulted as a significant predictor of children’s early math skills. By contrast, no effect of intergenerational variables (parents’ calculation and ANS skills) was found. The second step of the analysis added a marginally significant proportion of variance showing that children’s cognitive, but not linguistic skills predicted early numeracy skills. Although in the correlation analyses it was found a significant relationship between phonological awareness and early math skills and previous literature strongly reports evidence of language as a predictor of numeracy skills, in the regression analysis the children’s linguistic profile did not emerge as a significant concurrent predictor of their early numeracy skills, namely it did not add a significant proportion of explained variance in the model. A possible explanation is that, within a complex model that accounts for many different variables and in a sample of this age, the role of language skills becomes secondary to other skills and, particularly, to home numeracy activities. Further investigation through multiple-variables models would be necessary to better disentangle the role of language in early math skills when other environmental and cognitive variables are taken into account. Finally, we wanted to evaluate whether children’s ANS-related skills represented a meaningful predictor of their numeracy skills above the role of environmental and cognitive factors. The variance added in the third step was significant and accuracy scores in the dot comparison task, together with home numeracy, were the significant predictors of early numeracy in the final model.

Results from the regression analysis, therefore, highlighted the main role played by home numeracy and children’s ANS skills, whereas parents’ math skills and children’s cognitive and linguistic measures, although partially related to early math skills, resulted in being secondary factors. This picture is in line with previous studies that highlighted, on one side, the role of home numeracy (e.g., Kleemans et al., 2012) and, on the other hand, that of children’s non-symbolic magnitude comparison skills (Libertus et al., 2011). However, few previous studies have considered these factors together and the present study offers original insight into the possibility that both these factors are similarly related to children’s early math skills.

On the contrary, the pattern of results that emerges from the present study is partially in contrast with previous evidence of a direct relationship between parents’ and children’s math skills (Braham and Libertus, 2017; Navarro et al., 2018). It is possible that the intergeneration pattern of math skills is weaker than that of literacy skills, as reported in many previous studies (e.g., van Bergen et al., 2014). In other words, although some evidence suggests that math skills might have genetic/biological markers (Docherty et al., 2010), and that math disorders might be a “familiar” disorder (Shalev et al., 2001), it may be that in the pathway to the behavioral level many more external variables play a role. It has also to be considered that genetic links might be dependent on specific samples and situations: previous study on heritability estimates, which, however, found contrasting results, included children from clinical samples (Ludwig et al., 2013; Pettigrew et al., 2015). The present study was, instead, conducted on a sample of typically developing children and the genetic influence of math skills might result weaker. Further, it is known that many children (and adults) may underperform in math tasks because of stereotype threats (Tomasetto et al., 2011), math anxiety (Maloney et al., 2015), or didactic opportunities (Slavin et al., 2009; Pellizzoni et al., 2020). Considering the paucity of research on this issue, further investigation is warranted to better understand the intergenerational pathway of math skills and of possible intervening variables.

Finally, children’s cognitive skills were related to their early numeracy skills, but when their ANS skills were considered, the latter became the unique significant individual predictor of children’s early math skills. In our view, this pattern is not in contrast with previous studies that documented relationships between cognitive, linguistic, and math skills, but should be interpreted as a suggestion that these cross-domain connections should not be considered as strong as domain-specific variables.

These results represent an original picture of the complex interplay amongst variables involved in the development of early math skills. We previously reviewed evidence regarding the consolidated dual relationship between home numeracy and early math skills, and between ANS measures and early numeracy development. However, the present study offers a new window on this literature, taking account of these different variables altogether and adding the assessment of parents’ math skills. Undoubtedly, this line of research needs a more in-depth investigation in light of the limitations of the present study that might limit the generalizability of results. First, the sample is relatively small and data were collected in a concurrent design, therefore further investigation on a wider sample and through longitudinal design is needed. This would also allow alternative possibilities for the directions of relationships found in the present study, such as, for example, the role that children’s early math skills could have in eliciting more offers of home numeracy activities by their parents (i.e., evocative biology-environment correlation; Plomin et al., 1977), or the role of home numeracy activities as a mediator between parents’ and children’s math skills. Secondly, there is debate in the literature about which ANS tasks have the highest validity (Smets et al., 2014) and replication is required with different types of tasks, both in relation to ANS-related skills and early cognitive, literacy, and math skills. In particular, the magnitude comparison task proposed to preschool children ranged from 1–9, included the subitizing range (1–4) with possible contamination of the ANS measure (Lyons et al., 2018). Thus, it would be recommended to replicate our results by avoiding the subitizing range. In addition, as far as older children are concerned, symbolic magnitude comparison tasks could be included, in order to better understand the differential role of symbolic and non-symbolic measures in math skills. With reference to the relationship between SES and math skills, it is possible that the variance in the present sample was not sufficiently wide to detect differential effects. Furthermore, some limitations on the measured used should be taken into account: despite the home numeracy questionnaire showed good reliability, no factor analysis was performed because of the small sample; also, reliability measures are missing for some of the experimental tasks and for composite scores. Finally, the present study did not consider factors such as parents’ attitudes and expectations related to their children’s math performance (e.g., Neuenschwander et al., 2007), as well as familiar variables such as children’s birth order that could impact on the time their parents spend in doing activities with them (e.g., Price, 2008); these variables should be included in future research. Within this framework, it has also to be noticed that in the present study, as in others that adopted a similar methodology (see Braham and Libertus, 2017; Navarro et al., 2018), the term intergenerational is used, but selection procedures did not include all parents (father and mothers) and there is no direct control of genetic impact. Therefore, the term intergenerational, although frequently adopted in the literature on the relationships between parents’ and children’s cognitive (math, literacy) skills, should be interpreted with caution and more studies involving both parents are needed.

Despite these limitations, the suggestion that came from the present study is that the type of activity that parents carry out in the home environment might be more powerful than their actual efficiency in math skills. In terms of children’s skills, moreover, the present study showed that domain-specific skills, such as those related to the ANS, are more important than domain-general cognitive and linguistic skills in shaping early numeracy competence. Therefore, stimulating children’s ANS skills is of importance for favoring their early math skills. Further research in other age ranges (primary and secondary school) should better investigate the developmental patterns of complex interactions across individual and environmental variables in predicting math skills. For example, in a similar research design, Bernabini et al. (2020) found that, in fifth graders, children’s symbolic comparison skills were the most significant predictor of their math skills, above and beyond mothers’ math skills.

Finally, the present study suggests important implications for the educational setting, where it is important to activate both direct (directed at the child) and indirect (directed at parents) instruction in numeracy development. Regarding the direct instruction approach, training programs aimed at improving ANS skills in young children (e.g., Van Herwegen et al., 2017) are recommended. Considering interventions directed at parents, a few past studies have documented the efficacy of training to improve their ability to involve their children in adequate home numeracy activities (e.g., Niklas et al., 2016); our study suggests that this type of intervention should be implemented in order to improve home numeracy in families of preschoolers.
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Appendix 1 | Questionnaire for parents on home numeracy activities.
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We ask you to think about your child’s behavior. How many times does your child do the following activities at home? Rate your responses on the scale detailed below,
from 1 (never) to 5 (everyday).*

Never Sometimes Often Very Often Every day
1 Count objects 1 2 3 4 5
2 Read or write numbers 1 2 3 4 5
3 Use games (even on Tablet or PC) that use numbers 1 2 3 4 5
4 Use games that use dice 1 2 3 4 5
5 Repeat songs that contain numbers 1 2 3 4 5
6 Do activities that require the ordering of size or length of objects 1 2 3 4 5
7 Do simple calculations (2 + 1 = 3) in games or during other daily activities 1 2 3 4 5
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Non-standardized coefficients
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10 (R2 = 0.204) Home numeracy 0.234 0.064 0.429*
Composite ANS (Parents) —-0.171 0.149 —-0.137
Composite Numeracy Score (Parents) 0.147 0.087 0.204

20 (AR? = 0.076, p = 0.055) Home numeracy 0.193 0.065 0.355"*
Composite ANS (Parents) —0.170 0.146 —0.136
Composite Numeracy Score (Parents) 0.102 0.087 0.142
Composite Cognitive Score (Children) 0.252 0.111 0.275*
Composite Language Score (Children) 0.026 0.091 0.035

30 (AR? = 0.119, p = 0.006) Home numeracy 0.136 0.063 0.250*
Composite ANS (Parents) —-0.102 0.138 —0.082
Composite Numeracy Score (Parents) 0.066 0.081 0.092
Composite Cognitive Score (Children) 0.143 0.109 0.156
Composite Language Score (Children) —-0.017 0.093 —0.023
Children’s magnitude comparison (accuracy) 2.181 0.672 0.399*
Children’s magnitude comparison (RT) —-0.014 0.065 —0.027

*p < 0.01; *p < 0.05. ANS, approximate number system; RT, reaction times.
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Counting Biunivocal correspondence Recognition of digits Reading of digits Composite Numeracy Score

Non-verbal IQ 0.272* —0.020 0.325* 0.328** 0.278*
Memory 0.138 0.033 0.672** 0.516** 0.380**
Attention 0.041 —0.090 0.108 -0.012 0.001
Composite Cognitive Score 0.265* —0.034 0.553* 0.456™ 0.371*
Vocabulary 0.132 —0.191 0.208 0.217 0.082
Phonological awareness 0.160 —0.050 0.285* 0.391* 0.230
Composite Language Score 0.204 —0.144 0.349* 0.442* 0.236
ANS- Magnitude comparison (RTs) —-0.179 0.118 —0.410* —0.449* —0.258"
ANS- Magnitude comparison (accuracy) 0.246 0.337* 0.536™ 0.574* 0.563"*

*p < 0.01; *p < 0.05; IQ, intellectual quotient; RT, reaction times; ANS, approximate number system.
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Environmental Home Numeracy*

variables
Children

Parents

SES*

Non-verbal 1Q*

Memory*

Attention*

Composite Cognitive Score®
Vocabulary®

Phonological awareness*
Composite Language Score®
Counting*

Biunivocal Correspondence*
Recognition*

Reading of digits*
Composite Numeracy Score®
Speed of processing®
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Acc”
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Quick calculation*
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Mean SD MinimumMaximum

30 06
454 126
169 5.1
202 44
210 40
0.33 059
336 23
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2.0
17.0
3.0
4.0
11.0
—2.34
24.0
0.0
—1.47
3.0
2.0
1.0
0.0
—-1.32
280.2
648.1

0.5

20.0

15.0
9.0
1.0
1.0

—2.16
4.7
0.8

0.68

—1.42

5.0
61.0
29.0
26.0
26.0

1.33
36.0

6.0

1.06
20.0
20.0

9.0

9.0

1.15

826.0
3417.2

1.0

46.0
40.0
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6.0
8.0
1.23
52.5
2.6

0.97

*Raw scores;°z-scores; S reaction times; “accuracy.
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Children

Counting Biunivocal correspondence Recognition of digits Reading of digits Composite Numeracy Score

SES 0.038 —0.135 —0.002 0.016 —0.052
Home numeracy 0.170 0.268* 0.398** 0.340** 0.399**
Non-verbal IQ 0.098 —0.097 0.193 0.164 0.095
Quick calculation 0.054 0.004 0.047 0.078 0.058
Approximate calculation 0.213 0.039 0.181 0.163 0.194
— Written calculation 0.138 —0.238 —0.046 —0.108 —0.105
Mental calculation 0.140 —0.022 0.077 0.110 0.094
ANS-Estimation —0.018 0.049 0.121 0.126 0.088
ANS-Magnitude comparison (accuracy)  0.079 —0.253* 0.056 —0.002 —0.073
ANS-Magnitude comparison (RTs) —0.143 —0.106 —-0.174 -0.212 0.212
Composite ANS 0.064 —0.2452 —0.010 —0.091 —0.120
Composite Numeracy Score 0.180 —0.071 0.086 0.081 0.079

***p < 0.01; *p < 0.05; @p = 0.051 SES, socio-economic status; IQ, intellectual quotient; ANS, approximate number system; RT, reaction times.
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