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Abstract

This longitudinal study investigates the role of domain-general cognitive abilities in predicting
domain-specific numerical abilities across early school years. Using von Aster and Shalev's four-
step developmental model of numerical cognition (2007) and Ackerman's general theory of skill
acquisition (1988), we examined how cognitive abilities (e.g., phonological processing, verbal
working memory) contribute to children's counting knowledge, digit magnitude comparison, and
number line estimation from kindergarten through second grade. The sample comprised 296
children (50.3% girls), who began participation at approximately six years (Myg = 6.7 years).
Findings highlight the influence of domain-general cognitive functions throughout early numerical
development. Specifically, phonological processes and processing speed significantly predict prior
to formal education, while verbal working memory and nonverbal logical reasoning become more
important after starting formal education. While the importance of certain domain-general abilities
increases over time, others decline. Our results align with both von Aster and Shalev's (2007) model
(positing that cognitive demands increase when learning new, more complex numerical abilities)
and with Ackerman's (1988) theory (suggesting that reliance on cognitive abilities decreases as
skills become more automated). Together, these frameworks complement each other, offering a
comprehensive understanding of how cognitive abilities support numerical development. Our
study highlights the important role of early cognitive abilities in forming the foundation for
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successively more complex numerical skills. While each framework provides valuable insights,
integrating them may better capture the complexities of early numerical development. These
findings emphasize the varying roles of domain-general cognitive abilities and the nuanced
trajectories depicted by these theoretical models.

Keywords

cognitive abilities, longitudinal study, mathematical development, number skills, domain-generality, domain-
specificity

Number skills are foundational in mathematical development (Nufez, 2017). More spe-
cifically, well-developed basic number skills are vital for the acquisition of arithmetic
skills, and arithmetic skills are in turn important for future mathematical learning (Qi et
al., 2023). For example, research suggests numerical proficiency (i.e., comprehension of
numerical sequences, counting principles) is associated with mathematical achievement
in later childhood and adulthood (Duncan et al., 2007; Geary et al., 2017; Jordan et
al., 2009; Siegler & Braithwaite, 2017). Furthermore, preschoolers' individual number
skills vary at school entry (Duncan et al., 2007; Jordan et al., 2009). Multiple theoretical
accounts also suggest that variation in domain-general cognitive abilities (e.g., working
memory [WM], logical reasoning) contributes to the individual differences in young
children’s basic number processing skills (Geary et al., 2017; LeFevre et al., 2010; von
Aster & Shalev, 2007). Thus, the purpose of this study was to deepen our understanding
of the mechanisms underlying children’s early number skills based on von Aster and
Shalev’s (2007) four-step-developmental model of numerical cognition, and Ackerman’s
(1988) general theory of skill acquisition as theoretical foundations. Our longitudinal
study assessed numerical skills across kindergarten, first grade, and second grade, while
also examining a set of general abilities. The aim was to investigate to what extent
the contribution of domain-general cognitive abilities and specific number abilities vary
between different aspects of number processing, and how this composition of underlying
abilities may change over time.

Two Theoretical Framework Models

The four-step-developmental model of numerical cognition by von Aster and Shalev
(2007), outlines children's hierarchical numerical development in four sequential steps.
Each step builds on the previous one, emphasizing that earlier developmental milestones
are important for advancing to more sophisticated phases. This model suggests that
children are born with a cardinal magnitude system (Step 1) involving abilities like subi-
tizing (i.e., quickly recognizing small quantities without counting) and approximation
(i.e., estimating larger quantities without counting), laying the groundwork for early
mathematical understanding before language acquisition (Carey, 2004; Dehaene, 1992; Xu
et al., 2005).
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As children advance to the next stage (Step 2), they start forming a verbal number
magnitude system, involving the association of number words (e.g., “three”) with numer-
ical concepts (e.g., ««+). This development is important for understanding the symbolic
number system (cf. Dehaene, 1992; Dresen et al., 2022; Geary, 2013; LeFevre et al., 2010).
Once a verbal number magnitude system is established, children successively learn the
Arabic number magnitude system (Step 3). This marks the transition from verbal to
written numerals (i.e., “three” to “3”), indicating that the understanding of numerical
magnitudes increases. The fourth and final step is the development of a spatially repre-
sented mental number line, incorporating both cardinality and ordinality (the numerical
order). The model assumes that acquiring number symbols and integrating them with the
core magnitude system increasingly relies on general cognitive abilities like language,
executive functions, and WM. This suggests that cognitive load is initially high when
learning new numerical skills due to the heavy reliance on these domain-general cogni-
tive abilities. However, as these numerical skills become more automated, the reliance
on general cognitive abilities decreases, leading to a reduction in cognitive load. In
later stages, the cognitive load may shift towards domain-specific abilities, as the basic
number processing abilities have been learned and require less domain-general cognitive
support.

Ackerman's (1988) general theory of skill acquisition complements von Aster and
Shalev’s (2007) model, suggesting a gradual decrease in reliance on general cognitive
abilities over time. Ackerman’s theory consists of three phases: the cognitive, the associa-
tive, and the autonomous phases. The cognitive phase marks the initial stage, focusing on
task-related knowledge and a higher cognitive demand. In numerical development, this
could encompass learning basic number concepts/skills, such as counting, associating
verbal and written numbers with their magnitudes. As numerical skills advance, estab-
lishing learning strategies, the child enters the second (associative) phase. With practice,
both speed and accuracy in numerical tasks improve, and the cognitive load decreases.
As the association between number symbols and their magnitudes becomes more refined
and strengthened, the cognitive load further decreases. Thus, to enhance numerical and
mathematical abilities, children need a foundation of acquired counting skills and an
understanding of number magnitude (Hirsch et al., 2018; Siegler & Booth, 2004). After
training, tasks become more automated or autonomous (Phase 3). The tasks are then
executed quickly and accurately even when attention may be devoted elsewhere (cf.,
Sweller, 1988). It still remains an open question how different domain-general cognitive
abilities scaffold the acquisition of numerical skills.

Basic Number Abilities Supporting Later Developed Number
Processing

According to Gelman and Gallistel (1978), a full comprehension of counting involves
mastering several core principles, such as: one-to-one correspondence (i.e., each object
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corresponds to one counting word), stable order (i.e., counting words follow a consistent
order), cardinality (i.e., final counting-word represent the total quantity), abstraction (i.e.,
counting applies to any collection of items, physical or abstract), and order irrelevance
(i.e., the order in which objects are counted does not affect final count). These principles
provide the scaffolding for numerical development, shaping skills such as counting,
cardinality and ordinality, aligning with Sasanguie and Vos (2018), who suggest that
younger children rely more on cardinal processing while older children and adults show
a shift towards ordinal processing in numerical tasks.

An increasing number of studies show that basic number abilities support later-devel-
oped number abilities. For instance, basic number skills in kindergartners predict later
math fluency, even after accounting for age, reading ability, vocabulary, memory, and
spatial reasoning (Locuniak & Jordan, 2008). Early calculation skills, influenced by count-
ing and magnitude comparison, significantly predict later mathematical performance
(Tobia et al.,, 2021). A longitudinal study found that successful numerical estimation in
children from kindergarten through 4th grade required a robust understanding of various
basic number skills, including counting, recognizing Arabic numerals and understanding
ordinality (Booth & Siegler, 2006). Furthermore, basic symbolic number skills, such as
symbolic comparison (Daker & Lyons, 2018) and symbolic semantic tasks (Meloni et al.,
2023), predict performance on number line estimation (NLE) tasks but not non-symbolic
number tasks. These abilities are important for proficiency in calculating and under-
standing the underlying mathematical concepts and principles (Kilpatrick et al., 2001).

LeFevre et al. (2010) found that subitizing relates to non-symbolic arithmetic, NLE,
and digit magnitude comparison (DMC), but not to number naming in children aged 4.5
to 7.5 years. These findings align with von Aster and Shalev's (2007) model, implying
each numerical step lays the groundwork for the next, advancing the child’s competence
and number knowledge. Cardinal value knowledge is important for children’s later nu-
merical development and performance, helping them to understand and compare digits
when they start school (Geary & vanMarle, 2018; Scalise & Ramani, 2021). Sarnecka et
al. (2023) studied 500 preschoolers and found that the understanding of cardinality and
knowledge of written number symbols are important for children’s ability to successfully
use the number line.

Furthermore, Fuchs et al. (2010) corroborate von Aster and Shalev’s (2007) model, in-
dicating that both numerical skills (e.g., digit comprehension, cardinality, ordinality) and
domain-general abilities support mathematical learning. This is important as complex
skills like arithmetic likely develop in stages, with cognitive processes varying across
these stages (Ackerman, 2007).

Domain-General Cognitive Predictors of Basic Number Processing

Several models assume that children’s development of basic symbolic number skills is
dependent on support from domain-general cognitive abilities (cf. Geary, 2013; LeFevre
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et al., 2010; von Aster, 2000). Examples of these abilities include phonological processing
(Cirino, 2011; Passolunghi et al., 2015; Traff et al., 2017), processing speed (Cirino, 2011;
Geary, 2011; Krajewski & Schneider, 2009; Passolunghi et al., 2015; Traff et al., 2017),
nonverbal logical reasoning (Koponen et al., 2018), and verbal WM (Geary, 2011; Traff et
al., 2020), all of which have been associated with early numerical skills.

Phonological Processes

Phonological awareness involves using the sound structure of language to comprehend
written and spoken information (Wagner & Torgesen, 1987). Cirino's (2011) study of 276
kindergartners found that phonological awareness is important for correctly identifying
and naming numerical symbols, such as rote counting and number recognition. Children
with stronger phonological awareness performed better on symbolic tasks that required
number recognition and sequencing. Furthermore, phonological awareness has been
identified as cognitive predictors in early numerical skills, including counting sequences
and magnitude comparisons tasks (Passolunghi et al., 2015). Traff et al. (2020) found that
children with high mathematical achievement demonstrated superior executive functions
and phonological fluency, from kindergarten to third grade, suggesting its importance for
later numerical skills.

Cognitive Processing Speed

Cognitive processing speed is important in numerical tasks. For instance, Cirino (2011)
found that Rapid Automatized Naming (RAN) predicts numerical performance, particu-
larly in tasks requiring fast identification. He suggests that faster processing speed is
important for both symbolic and non-symbolic comparison tasks, as well as for counting
and identifying missing numbers in sequences. Geary (2011) found, in a longitudinal
study, that faster processing speed, measured through RAN, enabled children to perform
counting and NLE tasks more efficiently. Higher RAN scores facilitated quicker under-
standing of numerical relationships, enhancing performance in DMC and estimation.
Faster processing speed allowed children to navigate these tasks more efficiently, which
in turn supported their overall mathematical development. Furthermore, in a longitudinal
study, Passolunghi et al. (2015), found that general processing speed supports rote count-
ing and DMC.

Nonverbal Logical Reasoning

Nonverbal logical reasoning is important for understanding numerical relationships
without verbal explanations. For example, it has been demonstrated by Koponen et al.
(2018) that nonverbal logical reasoning was associated with performance in rote counting
and NLE. Children who were better at solving problems using nonverbal information
had a stronger grasp of counting sequences, which suggests that nonverbal reasoning
supports early numerical skill development. Passolunghi et al. (2015) suggested that, non-
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verbal reasoning became increasingly important as tasks became more complex (i.e., in
NLE or comparing larger numbers). Geary (2011) found that intelligence (i.e., nonverbal
reasoning) predicts performance in NLE and complex counting tasks. This suggests that
nonverbal reasoning is not only important for early numerical skills but also for later
mathematical achievement.

Working Memory (WM)

WM plays an important role in early numerical abilities. For instance, Passolunghi et
al. (2015) concluded that WM sustains the development of early numerical abilities, sur-
passing the influence of domain-specific abilities in last year of kindergarten. Krajewski
and Schneider (2009) found that children’s ability to hold number words in mind while
counting was closely linked to their success in rote counting and other foundational
numerical tasks. In their longitudinal study with children from preschool to fourth grade,
they demonstrated that verbal WM supported children’s ability to keep track of number
sequences. Similarly, Koponen et al. (2018) showed, in a longitudinal sample, that verbal
short-term memory, a component of WM, strongly predicted rote counting abilities in
first graders. This indicates that children with better verbal short-term memory can
process number sequences more efficiently.

The Present Study

In summary, studies reviewed above show, in accordance with von Aster and Shalev's
(2007) four-step developmental model, how different domain-general cognitive abilities,
such as phonological processes, processing speed, nonverbal logical reasoning, and WM,
contribute to various aspects of early numerical skill, such as counting skills, DMC, and
NLE.

This study aims to fill a knowledge gap by investigating how number skills fit within
two distinct theoretical frameworks: von Aster and Shalev's (2007) four-step developmen-
tal model and Ackerman (1988) general theory of skill acquisition. Our longitudinal
design allowed us to follow the same children from kindergarten to second grade, pro-
viding deeper insights into early mathematical learning. The overall aim of the present
study was to investigate how domain-general cognitive abilities and number-specific
abilities support children’s performance and development (across three time-points) in
basic numerical processing tasks.

Grounded in von Aster and Shalev's (2007) development model and Ackerman's
(1988) theory, we employed a series of regression analyses to examine the variance of
domain-general abilities in dependent variables (domain-specific numerical abilities) and
the unique variance accounted for by each general cognitive ability.

Building upon Booth and Siegler's (2006) and in alignment with von Aster and
Shalev’s (2007) four-step developmental model, our first hypothesis is that prior early-
developed number skills support later-acquired ones. Specifically, each step provides
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support for the next step in the developmental process. This means that counting skills is
anticipated to facilitate children’s symbolic number magnitude comparison performance,
and that these in tandem provide support for NLE. Although not specifically addressed
by either model, this developmental process may also entail that reliance on more distal
abilities (e.g., counting knowledge) decreases as children begin to master later develop-
mental steps (e.g., NLE).

The second hypothesis, aligned with the four-step developmental model, posits that
domain-general cognitive abilities predict children’s number processing skills, but to
different extents. Specifically, later developed number skills such as NLE (i.e., Step 4)
demand more domain-general cognitive support during the learning process than earlier
developed number skills such as counting (i.e., Step 2) and symbolic number magnitude
comparison (i.e., Step 3).

The third hypothesis is founded on Ackerman's (1988) theory of skill acquisition,
stating that the importance of general cognitive abilities diminishes over time as children
become more adept at various numerical abilities. More precisely, as children become
more proficient in numerical tasks such as counting, digit comparison, and NLE, their
reliance on domain-general cognitive abilities is expected to decrease. Initially, higher-
order cognitive abilities such as WM and logical reasoning are important; however,
as proficiency increases, reliance shifts towards lower-order abilities like phonological
awareness.

To examine this shift, we analyze the cognitive abilities' complete and unique var-
iance in the three dependent variables (the domain-specific numerical abilities). Also, by
integrating our variables into von Aster and Shalev's (2007) and Ackerman's (1988) theo-
retical frameworks, we aimed to elucidate the intricate interplay of cognitive processes
underlying children's numerical development. This approach allows us to explore the
relationship between the general cognitive and specific numerical skills measured at each
stage in von Aster's and Shalev's model and Ackerman's phases of skill acquisition.

Method

Participants

Initially, 315 six-year-olds were recruited from 22 schools located in a city with 155,000
inhabitants, in southern Sweden. Participants diagnosed with neuropsychological disor-
ders (e.g., attention-deficit/hyperactivity disorder), based on the Diagnostic and Statisti-
cal Manual of Mental Disorders (American Psychiatric Association, 1994) or the ICD-10
(World Health Organization, 1992) criteria, were not included in the study. Participants
were assessed on domain-specific numerical abilities one year before formal school entry.
One year later, 305 participants from the initial sample underwent reevaluation for do-
main-specific and general cognitive abilities. The ten missing participants had relocated
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to other parts of the country. Two years after initial measurement, another round of test-
ing was conducted for domain-specific numerical abilities and domain-general cognitive
abilities. Three of the remaining 305 participants lacked response time data at the third
measurement and were excluded. Additionally, five participants did not participate in
cognitive tests and were excluded, along with one identified outlier. After exclusions, 296
participants (50.3% girls) remained. The age of the sample ranged from 5 years and 10

months to 7 years and 4 months (M,,, = 6 years and 8 months, SD = + 4 months) at first

ge
measurement, at second between 6 years and 9 months to 8 years and 4 months (M, =
7 years and 7 months, SD = + 4 months), and at third between 7 years and 10 month to 9

years and 4 months (M,,, = 8 years and 7 months, SD = + 4 months).

ge

General Procedure

Participants were recruited by distributing a letter of consent to the children, which
they brought home from school. All children who obtained written parental consent
were included in the study. The sample primarily consisted of families with middle-class
backgrounds, determined by factors such as parental education, income, and housing
standards. Participating schools were mostly located in middle-class neighborhoods. All
children were fluent in Swedish, had normal or corrected-to-normal visual acuity, and
did not experience hearing loss.

Throughout all three measurement points, each child underwent a total testing of
approximately 90 minutes. Test sessions were interspersed with breaks, ranging from
15 to 60 minutes (e.g., lunch break). To ensure consistency and minimize variability in
the data, the test order remained the same for all children. This approach reduces noise
and ensures that any differences observed were due to the variables being studied rather
than inconsistencies in the testing procedure, as recommended in Field (2018). All testing
activities took place within the child's school, ensuring a familiar environment, and in
a one-on-one setting. Oral instructions were provided for all tasks to ensure clarity
and uniformity in administration by ten experimenters. Each child was tested around
the same month (from October to May) during each of the three measurement points
to ensure consistency. For instance, if a child’s first session occurred in December the
following session took place during the same month (up to one month’s variability) in
following years.

This research project was approved by the Regional Ethics Committee in Linképing,
Sweden (Protocol 33-09).

Measures

Domain-Specific Number Abilities

All measurements were conducted in kindergarten, first grade, and second grade, except
counting knowledge which was only measured at first and second time point due to the
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simplicity of the tasks. We have assessed reliability though different methods (split-half,
Cronbach’s alpha, and correlation) depending on the task.

Counting Skills — This task evaluated counting proficiency through five different
assignments. In the first assignment, children were asked to count from 1 to 50, and
from 1 to 30 (twice) as fast as possible. For each of these tasks the children earned 1
point for the correct performance, with a maximum score of 3. The second assignment
involved counting forward five numbers from a predetermined number (e.g., 8 to 13).
The maximum score was 4 in the first measurement. In the second measurement, the
second assignment included two additional tasks (e.g., 97 to 102), which increased the
total maximum score to 6. The counting score for each participant was calculated by
summing the number of correct answers across all tasks. The third assignment involved
counting backwards from a specified initial number to 1 (e.g., 10 down to 1). The
maximum available points was 3. The fourth and fifth assignment involved identifying
succeeding and preceding numbers. For example, the child was asked: “What number
comes after 6?” and if the child answered “7” s/he earned one point (maximum score:
5). In the last task, the child was asked for example: “What number comes before 9?”.
If the child answered correctly s/he received 1 point for each trial, a maximum score
of five. The total counting score for each participant was calculated by summing the
points earned across all five tasks. The maximum score was 20 at the first measurement
(Kindergarten) and 22 at the second measurement (1st Grade), due to the inclusion of two
additional items in the second assignment. At the second measurement, 12 outliers were
addressed through Winsorization at the 5th percentile. Reliability was assessed using
split-half: at first measurement ry, = .83 and second measurement ry, = .78.

Digit Magnitude Comparison (DMC) — This task tested the child's ability to access
quantities associated with symbolic representations and was presented on four different
sheets of paper. The first sheet featured single-digit pairs with a numerical distance of
1 (e.g., 2 and 3). The second sheet contained single-digit pairs with a numerical distance
of 4 to 5 (e.g., 7 and 2). The third sheet contained two-digit pairs with a numerical
distance of 1. Lastly, the fourth sheet also featured two-digit pairs, but with a numerical
distance of 4 to 5. All four sheets contained a total of 14 items each (56 in total). The
children responded by crossing out the larger number on the papers. Response time and
accuracy were registered and combined into a total efficiency measure (RT/proportion
correct) for each year. Response time and accuracy outliers (15 in all) were addressed
through Winsorization at the 95th percentile. The scores were inverted by multiplying
them by -1 to facilitate interpretation, so that higher scores reflect better (i.e., faster and
more accurate) performance. Internal reliability was assessed using Cronbach’s alpha for
digit magnitude efficiency: at first measurement o = .89, at second o = .89, and at third
measurement o = .90.
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Number Line Estimation (NLE) — The NLE task assessed children’s spatial numerical
ability across 16 items. Participants used a pencil to mark the placement of numbers on a
0-100 number line (0 to the left of the line, 100 to the right) in 16 trials. The task included
a booklet with eight pages, each featuring two 21-cm number lines. Estimations were
evaluated by comparing them to a perfect linear function, using percentage absolute
error. For interpretation purposes, the scores were inverted using the formula 100 - X,
so that higher values represent more accurate estimations. Administered at three time
points, NLE showed internal reliability of Cronbach’s alpha at first measurement a = .85,
at second o = .87, and at third measurement o = .91.

Domain-General Cognitive Abilities

All domain-general cognitive abilities were assessed at all three measurement time
points: kindergarten, first grade, and second grade. We employed various methods to
assess the reliability of the measures, depending on the nature of the task and the
number of available data points. For some tasks, repeated measures allowed for the use
of correlation analyses to assess test-retest reliability, whereas for others, Cronbach’s
Alpha or Split-Half reliability testing were more suitable. This variability in reliability
testing aligns with recommendations by McCrae et al. (2011), suggesting that reliability
assessment should consider the structure and characteristics of the data.

Phonological Awareness — An ability assessed via a segment subtraction, an indicator
of phonological awareness (Taube et al., 1984). The children identified omitted segments
from Swedish words (e.g., "What's removed from 'kamera’ if only 'mera’ remains?"). The
task consisted of 15 items, ending after four consecutive unsuccessful trials. Analysis
utilized the total accurately solved problems, with a maximum score of 15. To evaluate
reliability over the three measurement time points, test-retest correlations were compu-
ted. The correlation between the first and second measurement was r,. = .58, between
the first and the third measurement was r,. = .53, and between the second and third
measurement was r,, = .60. All correlations were significant with p < .001.

Phonological Verbal Fluency — In this task, children generate as many words as possi-
ble during sixty seconds in specific phonological categories, assessing verbal fluency (cf.
Andersson & Lyxell, 2007). They were naming words beginning with "f" and "s" sounds.
The number of words the child correctly retrieved during the allotted time, was counted,
granting one point each. At year 1, scores range from 0 to 22, and split-half reliability
was rg, = .66, second was rg, = .56, and third measurement was ry, = .50.

Rapid Automatized Naming (RAN) — This task was used to assess swift and auto-
mated access to information stored in long-term memory (cf. Andersson & Ostergren,
2012). The assessment materials comprised two sheets of paper, each containing 30 red,
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blue, green, yellow, and black XXX (Arial, 22-point font), arranged in two columns
with 15 in each column. The child was instructed to name the color of the XXX as
fast and accurately as possible. A stopwatch recorded the time taken to complete all
30 trials. Additionally, the experimenter monitored the child's responses throughout the
task, noting any errors made. The cumulative response times for both sheets of paper
were utilized as the primary outcome measure. The scores were inverted by multiplying
them by -1 to ensure that higher scores reflect faster performance. First year split-half
reliability was ry, = .88, second r, = .79, and third ry, = .79.

General Processing Speed — Participants swiftly identified and struck through dupli-
cate digits within 15 rows of numbers, each containing seven digits, within a 90-second
limit (cf. Andersson, 2008). A quotient variable determined processing speed, calculated
as the time taken to complete correct rows (e.g., if 12 rows were correct in 90 sec,
resulting in 7.5 seconds per row, higher scores indicate slower general processing speed).
The variable gauged participants' efficiency in identifying duplicates within the allotted
time. The scores were inverted by multiplying them by -1 to ensure that higher scores
reflect faster performance. Test-retest reliability calculated between measurement one
and two was r;. = .55, year one and three r;, = .39, and measurement two and three r, =
.46. All correlations were statistically significant, at p < .001.

Nonverbal Logical Reasoning — This ability was measured using the Matrix Reason-
ing subtest from Wechsler’s Intelligence Scale for Children (Wechsler, 2003). Participants
selected the missing piece to complete designs, responding verbally or through pointing.
Each item offered five possible responses. The subtest comprised 35 items, with testing
stopping after four consecutive incorrect answers or four wrong responses within five
trials, yielding a maximum score of 35. Test-retest reliability between the first and second
measurement was r, = .54, between the first and the third measurement r, = .50, and
between the second and third measurement r,. = .60. All correlations were significant at p
<.001.

Verbal Working Memory — Children performed a word span task, identifying whether
each presented word represented an animal before the next word was said by the
researcher (cf. Ostergren & Triff, 2013). They then recalled the words in proper serial
order. Each trial was repeated with different words. Starting at a span size of two, it
increased to seven. Testing extended beyond span four if successful, ceasing only after
two failed trials at the same span length. About 43% of words were animals. Reliability
across the three measurement points was assessed using test-retest correlations. The
total sum of completely and perfectly recalled list sequences was the dependent measure
(cf. Baddeley et al., 1975). The correlation between the first and second measurements
was 1y, = .36, between the first and third measurements r;,. = .35, and between the second
and third measurements r,. = .40. All correlations were statistically significant, at p < .001.
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Study Design and Data Analysis

Missing Data and Outliers — No variable exceeded 2.4% missing data. According to
Kline (2016) up to 5% missing data is generally manageable and does not significantly
bias the results. In one variable, general processing speed at second measurement, the
instrument measuring the children’s answer was malfunctioning for 7 responses. We
decided to move forward with the analysis without any manipulations. All other missing
data was at completely random (Little’s MCAR test: y% = 35.842, df = 45, p = .834).

In two variables (counting skills and DMC) we encountered possible outliers. To
ensure the appropriateness of the regression analyses and obtain a representative sample,
Winsorization at 5% and 95% was applied to the two variables using IBM SPSS Statistics
for Windows (version 29). By Winsorizing, we adjusted outlying values to the nearest
non-outlier value.

Distribution, Correlation Analysis, Strength, and Direction — Skewness and kurto-
sis assessments indicated low skewness (-1.876 to 1.041) and acceptable kurtosis (-1.031
to 4.948), suggesting a normal distribution for the variables. Consequently, parametric
analyses were conducted. Cohen's (1988) guidelines were applied to assess significance
and effect sizes for regression coefficients (f) in regression analyses.

Results

Descriptive statistics for the nine tasks at measurement 1 (i.e., kindergarten), 2 (i.e., first
grade), and 3 (i.e., second grade) are presented in Table 1. Note that counting skills
were only measured in kindergarten and in first grade due to the task’s simplicity.
The correlation matrix can be seen in Appendix A, homoscedasticity and linearity in
Appendix B, and additional analyses can be found in the Supplementary Materials.
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Exploring Cognitive Predictors 14

We conducted 14 regression analyses to examine whether domain-general cognitive
abilities can predict domain-specific numerical abilities, following the frameworks of von
Aster and Shalev (2007) and Ackerman (1988). For DMC and NLE, we used hierarchical
regression. In Model 1, domain-specific numerical abilities were entered first, followed
by domain-general cognitive abilities, based on von Aster and Shalev’s theory that count-
ing knowledge precedes DMC, which in turn precedes NLE. In Model 2, we reversed the
order to assess the importance of cognitive abilities in predicting numerical skills. We
focused on each predictor’s unique variance in the criterion variables.

Predicting Counting Skills

Kindergarten

The first model explained 37% of the variation in counting skills, F(6, 288) = 28.146, p <
.001; R? = .37. Unique contributions (Table 2) were seen in kindergarten for phonological
verbal fluency (5%), phonological awareness (4%), RAN (3%), and general processing
speed (1%).

Table 2

Two Linear Regression Analyses of Counting Skill: The Unique Contribution of Domain-General Cognitive Tasks in
Measurement One and Two

Kindergarten 1st Grade
Predictor B SE i t Sigz P’ B SE i t Sig. Pr
F6, 288) = 28.146, p<.001; R*=37 Ke, 278) = 13.730, p < .001; R*=.23
PhA 37 09 23 402 <.01 .04 .10 .04 .15 231 022 .01
PVF 31 06 27 481 <.01 05 .06 .03 .13 208  .038 .01
RAN 05 .01 -20 38 <.01 .03 .02 01 .11 188  .061 .01
GPS 16 07 -13 238 018 01 .05 .06 .05 79 429 .00
NLR 07 07 06 108 283 .00 .13 .03 23 375 <.001 .04
VWM 07 07 05 102 309 .00 .04 .04 07 126 208 .00

Note. N = 296. Abbreviations: B = unstandardized beta coefficient; SE = Standard Error; f = standardized beta
coefficient; t = t-value; Pr? = squared part correlation; PhA = Phonological Awareness; PVF = Phonological
Verbal Fluency; RAN = Rapid Automatized Naming; GPS = General Processing Speed; NLR = Nonverbal
Logical Reasoning; VWM = Verbal Working Memory. No significant autocorrelation noted in the residuals
(Durbin-Watson kindergarten = 1.980; Durbin-Watson 1st Grade = 2.122). No collinearity discovered (VIF
kindergarten = 1.176 — 1.486; VIF 1st Grade = 1.098 - 1.452). Homoscedasticity and linearity are available in
Appendix B.

First Grade

In first grade, the model explained 23% of the variation, K6, 278) = 13.730, p < .001;
R? = 23. The general cognitive abilities declined by 14% from kindergarten to first
grade in counting skills. The unique contributors were nonverbal logical reasoning (4%),
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phonological awareness (1%) and phonological verbal fluency (1%). This indicates a
rise in the role of nonverbal logical reasoning in first grade, while RAN no longer is
significant. Phonological processes and general processing speed slightly decreased from
kindergarten.

Predicting Digit Magnitude Comparison (DMC)
Kindergarten

In Model 1 (Table 3), counting skills (Block 1) accounted for 19% of the variance in DMC,
R?% =19, A1, 293) = 70.471, p < .001. Adding cognitive abilities in Block 2 contributed an
additional 17% variance, AR? = .17, Fepang (6, 287) = 13.168, p < .001. Significant unique
contributors (Block 2) were general processing speed (8%), counting skills (4%), and RAN
(3%) in that order.

In Model 2, cognitive abilities (Block 1) explained 33% of the variance, F(6, 288) =
23.282, p < .001; R? = .33. When adding counting skills in Block 2, the variance increased
to 37%, R? = .37, K7, 287) = 23.863, p < .001, with counting skills adding additional 4%
variance, AR? = .04, Fehange = 18.743, p < .001. Significant unique cognitive contributors
were (Block 1) general processing speed (9%), RAN (5%), nonverbal logical reasoning
(1%).

First Grade

In first grade (Model 1), counting skills (Block 1) explained 18% of the variance in DMC,
R? = .18, K1, 283) = 59.950, p < .001. General cognitive abilities (Block 2) added 17%
variance, AR? = .17, Fygpg (6, 277) = 11.766, p < .001. Significant unique contributors
(Block 2) were general processing speed (7%), counting skills (6%), RAN (3%), verbal
working memory (WM) (1%).

In Model 2, cognitive abilities (Block 1) accounted for 28% variance, R? = .28, F(6,
278) = 18.124, p < .001. When adding counting skills (Block 2), the variance increased
to 34%, R? = .34, K7, 277) = 20.604, p < .001, with counting skills adding additional
6%, AR? = .06, Fopange (1, 277) = 25.787, p < .001. Significant cognitive contributors were
(Block 1) general processing speed (7%), RAN (4%), and verbal WM (2%). The cognitive
contributions remained largely consistent even when counting skills were accounted for.

Second Grade

In second grade, counting skills (Model 1, Block 1) accounted for 6% of the variance in
DMC, R? = .06, K1, 291) = 19.505, p < .001, decreasing 11% from first grade. General
cognitive abilities (Block 2) added 23%, AR® = .23, Fygng(6, 285) = 15.567, p < .001. This
represented a 6% increase from first grade. The significant contributors were (Block 1)
general processing speed (11%), RAN (4%), and counting skills (1%) in that order.
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In the inverted Model 2, general cognitive abilities (Block 1) explained 28% of the var-
iance, R? = .28, (6, 286) = 18.721, p < .001. Adding counting skills (Block 2), the variance
increased with 1%, AR® = .01, Fygng (1, 285) = 4.905, p < .001, bringing the full model to
29% variance, R? = .29, F(7, 285) = 16.966, p < .001, in DMC performance. The significant
unique cognitive contributors (Block 1) explained were general processing speed (11%)
and RAN (4%).

Counting skills showed a downward trend across the three measurement points
(Model 1, Block 1), while delta (AR?, Model 2, Block 2) increased from kindergarten to
first grade, then decreased to second grade. Cognitive abilities declined between kinder-
garten and first grade but remained stable in second grade. Delta followed a different
path. When general cognitive abilities (Model 1, Block 2) were included, delta was the
same in kindergarten and first grade but increased in second grade.

Predicting Number Line Estimation (NLE)

Kindergarten

In Model 1, counting skills and DMC (Block 1) accounted for 43% of the variation in NLE,
R?% = 43, F(2, 292) = 109.971, p < .001. When the general cognitive abilities were included,
the model (Block 2) explained an additional 6% (AR? = .06, F pange(6, 286) = 6.066, p <
.001), bringing the total explained variance to 49%, R? = .49, K8, 276) = 28.510, p < .001.
Significant unique contributors were counting skills (17%), verbal WM (2%), phonological
awareness (1%), and general processing speed (1%).

In Model 2 (Block 1), general cognitive abilities accounted for 31%, R? = .31, He,
288) = 21.067, p < .001. When numerical skills were added into the model (Block 2)
the variance increased by 19%, AR? = .19, Fyang(2, 286) = 53.411, p < .001 in NLE
performance. This brought the total variance to 49%, R? = .49, (8, 286) = 34.904, p < .001.
The unique cognitive contributions (Block 1) came from phonological awareness (4%),
general processing speed (3%), and verbal WM (3%).

First Grade

In Model 1, counting skills and DMC (Block 1) explained 42% of the variation in NLE,
R? = 42, K2, 282) = 102.007, p < .001. The cognitive abilities (Block 2) accounted for
an additional 3% variance, AR? = .03, Fchange(é, 276) = 2.747, p < .001, bringing the total
explained variance to 45%, R? = .45, F(8, 276) = 28.510, p < .001. The unique contributors
were counting skills (17%), DMC (2%), and nonverbal logical reasoning (2%).

In the reverted Model 2 (Block 1), the domain-general cognitive abilities accounted
for 22%, R? = .22, 6, 278) = 12.660, p < .001 variance in NLE. When adding additional
numerical skills, the variance increased by 24%, AR? = .24, Fepange = 59.952, p < .001,
bringing the total variance to 45%, R? = .45, K8, 276) = 28.510, p < .001. The unique cogni-
tive contribution (Block 1) came from nonverbal logical reasoning (6%) and phonological
verbal fluency (1%).
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Second Grade

In Model 1, counting skills and DMC (Block 1) accounted for 19%, R? = .19, F2, 290) =
33.984, p < .001. When the domain-general cognitive abilities were included (Block 2) the
overall variance increased with 8%, AR? = .08, Fypge = 5.230, p < .001, bringing the total
variance to 27%, R? = .27, K8, 284) = 13.162, p < .001, in NLE performance. Significant
contributors were nonverbal logical reasoning (4%), counting skills (3%), DMC (2%), and
general processing speed (1%).

In the reverted Model 2, the general cognitive abilities (Block 2) explained 22%, R? =
.22, K6, 286) = 13.032, p < .001, same as in first grade. However, when including the
numerical skills, the increase was 6%, AR? = .06, Fepange = 10.856, p < .001, bringing
the total variance to 27%, R? = .27, H8, 284) = 13.162, p < .001. The unique cognitive
contributors (Block 1) were nonverbal logical reasoning (5%), general processing speed
(4%), phonological awareness (1%), and RAN (1%).

Numerical skills showed a general overall decreasing trend across the three measure-
ment points (Model 1, Block 1); however, it was an increasing trend for specifically DMC.
Delta (Model 2, Block 2) showed an increase over the three years for the numerical
predictors.

As for the general cognitive abilities (Model 2, Block 1), there was a decrease from
kindergarten to first grade, and it stayed stable in second grade. The delta trajectory
(Model 1, Block 2) for the cognitive abilities declined from kindergarten to first grade and
then increased in second grade.

Discussion

The primary objective of this study was to examine the extent to which domain-general
cognitive abilities and domain-specific abilities contribute to various aspects of number
processing, and how these contributions may change from kindergarten to second grade.
We utilized two theoretical frameworks: von Aster and Shalev's (2007) four-step-devel-
opmental model of numerical cognition, and Ackerman's (1988) general theory of skill
acquisition as theoretical foundations.

For a simplified overview of the results see Table 5 (presenting overall explained
variance and the unique variance [AR?]) and Figure 1 (presenting unique contributions).
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Figure 1

Hierarchical Regression of Cognitive Predictors’ Unique Variance in Numerical Skill Development

3% (9%)

RAN
4%

GPS
11%

v

!

GPS NLR
2% 4%

v 3

1% (6% 2% (5%
Counting Skills? ]—D{—a‘[ Digit Magnitude Comparison — Number Line Estimation

Second Grade

T

T

RAN
4%

GPS
11%

PhA

1%

1% 4%

RAN GPS NLR

5%

17% (25%)

PhA
1%

PVF
1%

NLR
4%

L)

)

RAN

3%

GPS VWM

7%

1%

¥

¥

L]

NLR
2%

¥

First Grade

v 3

L]

¥

¥

¥

9 9 % (39
Counting Skills 6% (7% [ Digit Magnitude Comparison 2% (3% Number Line Estimation
RAN GPS VWM PVF NLR
4% 7% 2% 1% 6%
17% (32%)
PhA PVF RAN GPS RAN GPS PhA GPS VWM
4% 5% 3% 1% 3% 8% 1% 1% 2%

¥

]

]

9 9
Counting Skills A% 19 [ Digit Magnitude Comparison ]

Number Line Estimation

S
€
IS}
g
Bs
&
<

T

T

T

RAN
5%

GPS
9%

NLR
1%

T

f

f

PhA
4%

GPS
3%

VWM
3%

Model 1

Model 2

Model 1

Model 2

Model 1

Model 2

Note. Significant predictors at three educational stages are shown. Model 1 includes both numerical (Block 1)
and cognitive abilities (Block 2); Model 2 includes only cognitive abilities. The unique variance in parentheses is
for when the variable stands alone in Model 1, Block 1. Abbreviations: PhA = Phonological Awareness; PVF =
Phonological Verbal Fluency; RAN = Rapid Automatized Naming; GPS = General Processing Speed; NLR =
Nonverbal Logical Reasoning; VWM = Verbal Working Memory. Counting Skills? is measured in 1st Grade.

Journal of Numerical Cognition
2026, Vol. 12, Article e15049
https://doi.org/10.5964/jnc.15049

B PsychOpenGO

LD


https://www.psychopen.eu/

Karlsson, Skagerlund, Skagenholt, & Traff 23

Table 5

Simplified Overview of Results for Hypothesis 1 to 3

Counting

skills Digit Magnitude Comparison Number Line Estimation

D-G cog. Model 1, Model 1, Model 2, Model 2, Model 1, Model 1, Model 2, Model 2,

Grades abilities Block1 Block2 Block1l Block2 Block1 Block2 Block1 Block2
Kindergarten R?= 37 R*=19 AR?=.17 R*=33 AR*’=.04 R®=43 AR’=.06 R?*=31 AR*=.19
1% grade R*= 23 R*=18 AR?*=.17 R*=28 AR*=.06 R?=.42 AR?=.03 R*=.22 AR*=.24
2" grade R*=.06 AR*=23 R®=.28 AR?=.01 R’=.19 AR’=.08 R?*=22 AR*=.6

Note. This Table presents overall cognitive support from Table 2, 3, and 4, for easier tracking of our results
when explaining the 3 hypotheses (H1, H2, H3). H1 compares numerical skills, with a focus on Model 1, Block
1, and delta (R?) in Model 2, Block 2. H2 compares overall cognitive support when learning numerical skills,
i.e., Step 2, Step 3, and Step 4 in von Aster and Shalev’s (2007) model, with focus on Model 2, Block 1. H3
compares each numerical skill over time, focusing on Model 1, Block 2 and Model 2, Block 1 including unique
contributions as presented in Figure 1. For counting skills, only D-G cog. abilities (domain-general cognitive
abilities) are presented.

Prior Early-Developed Number Skills Provide Support for Later-
Acquired Ones

Our findings partly support the first hypothesis (H1) proposing that prior early-devel-
oped number skills support later-acquired ones, aligning with von Aster and Shalev’s
(2007) model. For example, in kindergarten, counting skills predict DMC and NLE (Figure
1, Model 1). However, DMC does not predict NLE in our sample in kindergarten and
therefore does not support H1. In first and second grade, our results indicate that
counting skills continue to predict DMC and NLE (Figure 1, Model 1), supporting H1, al-
though their unique contribution diminishes in second grade. DMC becomes a significant
predictor for NLE and therefore supports H1 and the unique contribution increases from
first to second grade.

Kindergarten

Meloni et al. (2023) studied 5-year-olds before formal schooling and found that semantic
number knowledge predicts NLE. These findings diverge from our results; however, it
is important to note that their variable included not only digit magnitude comparison
tasks but also a digit linear order task, leading to an assessment of both cardinality and
ordinality. Our variable, counting skills, only include the child’s ability to count.

Gelman and Gallistel’s (1978) counting principles might give one possible explanation
for the present non-significant relationship between DMC and NLE. Specifically, children
in kindergarten may still be consolidating their understanding of the stable-order princi-
ple, one-to-one correspondence, and the cardinality principle, which form the foundation
of counting and sequence understanding. In von Aster and Shalev’s (2007) model, Step 2,
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they showed that in kindergarten children are still using verbal strategies for counting
without necessarily understanding the quantitative relationship between them. These
skills are important for understanding the symbolic number system (Dehaene, 1992;
Dresen et al., 2022; LeFevre et al., 2010). This is probably the reason why counting skills
predicts NLE. While cardinality is fundamental, its influence on NLE may be less direct
during early development, as successful number line placement requires children to map
not only their relative order onto a spatial representation but also their quantities.

Our findings suggest that skills leaning more on the ordinality-related aspect (i.e.,
counting skills) are more predictive of NLE in kindergarten, whereas cardinality-related
skills play a more prominent role in later stages of numerical development when children
have a more robust understanding of numerical relations. This aligns with Booth and
Siegler’s (2006) findings that a robust foundational understanding of various basic num-
ber skills, including counting, recognizing Arabic numerals, estimating numerosity, and
understanding ordinality, is needed for placing a number correctly on a number line.
This reasoning and these findings are in support of the H1 and with von Aster and
Shalev’s (2007) model, suggesting that early skills like counting support skills like DMC.

First Grade and Second Grade

Digit Magnitude Comparison (DMC) — There is a general declining trend in the
explained overall variance by counting skills over time (Table 5, Model 1, Block 1). This
suggests that while earlier numerical skills are significant predictors, their explained
power decreases as other (possibly cognitive) factors gain influence. In the reversed
model (Table 5, Model 2, Block 2), results (AR?) show a 2% increase in variance explained
from kindergarten to first grade, but a 5% decrease from first to second grade. These re-
sults indicate that while the importance of numerical skills diminishes overall, first grade
marks an important period where children adopt more effective numerical strategies,
likely due to the introduction of formal education.

DMC becomes a significant predictor of NLE in first grade (Figure 1, Model 1) and
increases its unique variance in second grade (Figure 1, Model 1). This indicates that
abilities leaning heavier on cardinality gain importance at this stage of development, as
von Aster and Shalev’s (2007) model shows in Step 3, where the understanding of written
symbols and their quantities increase. These findings support H1, aligning with Booth
and Siegler (2006) and von Aster and Shalev’s proposition that early developed skills,
such as counting, provide a foundation for later-acquired skills like DMC. The change
in relative predictive strength concerning counting and DMC reflects a developmental
shift from reliance on immature strategies, such as verbal counting, to a more integrated
understanding of cardinality and ordinality.

Number Line Estimation (NLE) — As for NLE, the trends are distinct. In Model 1,
Block 1 (Table 5), a declining trend is observed in the overall variance explained by
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counting skills and DMC. However, in the reversed model (Table 5, Model 2, Block 2), the
unique variance (AR?) increases steadily across the years indicating that when control-
ling for cognitive abilities in Block 1, the unique contribution of counting skills and DMC
(in Block 2) becomes increasingly apparent. This pattern suggests that as children grow
older, numerical skills play a more distinct role in tasks like NLE, possibly due to their
integration into more advanced numerical strategies. Furthermore, the increasing delta
(AR?) highlights how counting skills and DMC complement cognitive abilities, especially
as NLE requires greater precision and an understanding of numerical relationships.

H1 in Relation to the Findings

In summary, while there is a declining trend for earlier acquired numerical skills in
later acquired numerical skills, this still supports H1. The results indicate that early
numerical skills are foundational, but their influence evolves as children receive formal
education and develop more complex numerical strategies. Interestingly, in kindergarten
the combined cardinality- and ordinality aspect of numerical ability is significant, not the
purer cardinality aspect, in NLE.

In the Supplementary Materials, we provide additional regression analyses for a deep-
er understanding of the developmental trajectories and potential bidirectional relation-
ships between counting skills, DMC, and NLE. These analyses support H1, illustrating
that early-developed number skills significantly contribute to later-acquired skills, with
both unidirectional and bidirectional influences aligning with von Aster and Shalev's
(2007) four-step-developmental model of numerical cognition.

Domain-General Cognitive Abilities Unevenly Predict Number
Processing Skills

Our findings partly support the second hypothesis (H2), which states that later-acquired
number skills, such as NLE tasks, require more domain-cognitive support during the
learning process than earlier-acquired number skills like counting and symbolic number
magnitude comparison. We examined how the overall explained variance of general
cognitive abilities predicts each numerical skill and whether cognitive support increases
with the complexity of the numerical skill (Table 5). For instance, the overall domain-
general cognitive abilities’ explanatory variance declines in counting skills from kinder-
garten to first grade, and for DMC and NLE the cognitive abilities also decline from
kindergarten to first grade but stagnate to second grade. This aligns with H2. However,
the unique variance (AR? Table 5, Model 1, Block 2) shows a different trend and there-
fore only partly aligning with H2.
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Kindergarten

In kindergarten (Table 5, Model 2, Block 1), the domain-general cognitive abilities ac-
counted for 37%, 33%, and 31% of the variance in counting skills, DMC, and NLE, respec-
tively. The unique variance (AR? Table 5, Model 1, Block 2) in DMC was 17%, and the
more complex numerical skill, according to von Aster and Shalev’s (2007) model, NLE,
showed AR? = 6%. These results do not support H2. However, it is possible that skills like
counting knowledge could overlap with some of the cognitive support, indicating that as
children develop, some cognitive abilities might be tied to specific numerical skills. For
instance, counting requires an understanding of numerical order and magnitude, but also
memory and attention to track and maintain progress.

First Grade and Second Grade

In first grade (Table 5, Model 2, Block 1), the corresponding accounted variances were
23% (counting skills), 28% (DMC), and 22% (NLE). When considering the unique variance
(AR?, Table 5, Model 1, Block 2) it was 17% for DMC and 3% for NLE. In second grade,
the accounted variance (Table 5, Model 2, Block 1) were 28% (DMC) and 22% (NLE), and
the unique variance (AR?, Table 5, Model 1, Block 2) accounted for by the domain-general
cognitive abilities was 23% for DMC and 8% for NLE.

When comparing the results from kindergarten to second grade, our results do not
support H2. Later-acquired number skills require less cognitive support than earlier
acquired number skills. It is possible that as the children reach second grade, they have
acquired full understanding of the five principles (Gelman & Gallistel, 1978) and no
longer need equal cognitive support as in kindergarten or first grade, but rather the skill
could have become more automatic.

H2 in Relation to the Findings

In summary, our results indicate that the overall explained variance of domain-general
cognitive abilities decreases for each more demanding numerical skills in kindergarten,
first grade, and second grade. These findings contradict H2, which suggests that more
advanced numerical skills require more cognitive support, as proposed by von Aster
and Shalev (2007). Even though cognitive support decreased, our results indicate that
domain-general cognitive abilities are still important in acquiring numerical skills.

The Importance of Domain-General Cognitive Abilities Diminishes
Over Time

Based on Ackerman's theory of skill acquisition (1988), the third hypothesis (H3) sug-
gests that the importance of general cognitive abilities diminishes over time as children
become more adept at various numerical abilities. This theory posits that as number
processing abilities become more automated; they require less cognitive resources.
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Furthermore, initially, higher-order cognitive abilities such as working memory (WM)
and logical reasoning are important; however, as proficiency increases, reliance shifts
towards lower-order skills like processing speed and RAN. In this section, we will
discuss how and to what extent different general cognitive ability supports the individual
numerical skills over time, and how this pattern of important cognitive abilities changes
over time.

Unlike H2, which suggests that more general cognitive abilities are needed when
learning new complex skills, H3 focuses on the reduction of cognitive effort as proficien-
cy increases. H3 emphasizes decreasing reliance on domain-general cognitive abilities as
skills become automated.

Counting Skills

The overall cognitive support declines from kindergarten to first grade in counting skills
(Table 5), suggesting that as children gain proficiency in counting skills less cognitive
support is needed. This indicates that, aligning with H3, the skill becomes more automa-
ted.

In kindergarten, phonological awareness and verbal fluency, RAN, and general pro-
cessing speed are significant unique contributors in counting skills (Figure 1), suggesting
that these general cognitive abilities are important as children learn early numerical
concepts. They can recite numbers but may not fully understand the five principles
of counting (Gelman & Gallistel, 1978). However, our results did not align with prior
research indicating that WM is important in counting skills (e.g., Koponen et al., 2018;
Krajewski & Schneider, 2009; Passolunghi et al., 2015). This discrepancy may be due to
our use of verbal WM as, while others have used e.g. visuospatial WM. It could also be
that the children have already passed that developmental stage when verbal WM might
have been more important than when they first learn, for instance, rote counting,.

In first grade, phonological awareness and verbal fluency remain significant predic-
tors of counting skills, albeit with reduced effect. This outcome supports H3, positing
that the influence of these skills diminishes over time. The emergence of nonverbal
logical reasoning as a significant predictor is more complex to explain. However, this
can also be interpreted through Ackerman’s theory, suggesting that as children receive
formal education, they revisit the cognitive phase described by Ackerman (1988). This
implies that a higher cognitive load from nonverbal logical reasoning is expected in
first grade as children begin to grasp counting concepts, such as the five principles
(Gelman & Gallistel, 1978). Our results also align with Cirino (2011) who found that
phonological awareness is important for naming and identifying numerical symbols,
while Passolunghi et al. (2015) identified same cognitive ability as predictor in counting
sequences and magnitude comparisons.
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Digit Magnitude Comparison (DMC)

The overall cognitive support (Table 5, Model 2, Block 1) for DMC declined from kinder-
garten to first grade and then stabilized in second grade. This pattern supports H3,
indicating less cognitive support is needed as children’s skills become more automated.
When observing the results in Table 5, Model 1, Block 2, the unique variance (AR?)
increases over time. This increase suggests that the contribution of general cognitive
abilities in DMC becomes more pronounced over time, which is contrary to what H3
predicts. According to H3, we would expect the reliance on general cognitive abilities to
decrease as children become more proficient and their skills become more automated. To
explain this further we look at the unique contributions in each year for DMC.

In kindergarten, RAN, general processing speed, and nonverbal logical reasoning
are significant contributors (Figure 1). Interestingly, the role of logical reasoning suggests
that informal counting knowledge learned before kindergarten is the foundation from
which they either: a) use logical thinking in performing a DMC, or b) logical thinking is
more indirectly involved through the learning process of the cardinality principle. This in
turn enhances the performance of DMC.

In first grade, RAN and general processing speed remain significant predictors of
DMC. These predictors are supplemented by verbal WM, whereas nonverbal logical
reasoning is no longer significant (Figure 1). This developmental change could reflect a
change in cognitive strategies, aligning with the start of formal education. The reduced
influence of processing speed partly supports H3. The emergence of verbal WM mirrors
Cirino's (2011) findings, indicating that verbal WM is important for magnitude compari-
son. An increased reliance on verbal WM may also mirror Ackerman's (1988) cognitive
phase, where children rely on higher-order cognitive processes to integrate and apply
learned concepts. Given that having more developed counting skills entails having a
(basic) conceptual understanding of relationships between digits and their numerical
magnitudes, it may be the case that children—at this stage—increasingly rely on verbal
WM to represent numerical information and retrieve relevant numerical facts (e.g., 4 > 2
and the count-list) from long-term memory. This, together with an increased reliance on
developing counting skills, could explain why nonverbal logical reasoning no longer is a
significant predictor of DMC as children learn to rely on already established numerical
facts for comparison purposes.

In second grade, RAN and general processing speed remained significant predictors,
regardless of with no difference observed whether counting skills are included or not
(Figure 1). This stage aligns with Ackerman’s (1988) associative or autonomous phase,
where DMC entails less cognitive demand.

Our results align with prior research indicating that phonological processes, cognitive
processing speed, nonverbal logical reasoning, and WM (Passolunghi et al., 2015) are
important domain-general cognitive abilities in DMC performance.
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Number Line Estimation (NLE)

The overall cognitive support (Table 5, Model 2, Block 1) showed a declining trend
from kindergarten to first grade but stagnated in second grade. This partially supports
H3. However, the unique variance (AR?, Model 1, Block 2) shows varying results. From
kindergarten to first grade there is a decline from 6% to 3%, but an increase to 8% in
second grade. This trajectory partially supports H3 and Ackerman’s theory. For clearer
understanding we need to study the unique contribution of each significant general
cognitive ability.

In kindergarten, phonological awareness, general processing speed, and verbal WM
are significant contributors in NLE (Figure 1). Even if counting skills and DMC are
included, the same three general cognitive abilities are significant, though with reduced
effect sizes. The significance of phonological awareness aligns with findings by Cirino
(2011), who showed that children with stronger phonological skills performed better
on symbolic tasks requiring number recognition and sequencing. Furthermore, it is no
surprise that at least one of the processing speed tasks (general processing speed) is
significant since the task was to perform as quickly as possible. Geary (2011) found that
RAN enabled children to perform counting and NLE tasks more efficiently. In our results
we found that RAN was significant in counting and DMC but not in NLE, at least not in
kindergarten and first grade. The reason for this might be that children in kindergarten
have not yet received formal education, i.e., not fully internalized Gelman and Gallistel’s
(1978) five counting principles. Verbal WM is a predictor for NLE in kindergarten, sug-
gesting that the counting knowledge children had prior to school is used as foundation
from which the children use verbal WM to hold and manipulate information in their
minds, facilitating accurate placement of numbers on the number line. This aligns with
Passolunghi et al's (2015) findings that WM is important for early numerical skills, as it
helps children keep track of multiple pieces of information simultaneously.

In first grade, new domain-general cognitive abilities became significant: phonolog-
ical verbal fluency and nonverbal logical reasoning, and with only nonverbal logical rea-
soning remaining significant when counting and DMC are included (Figure 1). This could
suggest that prior unique contributions from verbal abilities, in earlier development, are
subsumed by more developed (verbally dependent) counting and DMC skills. Nonverbal
logical reasoning may instead tap into visuospatial abilities (read limitations below),
which could indicate that children also learn to integrate spatial cues in number line
estimation. This suggests that children partly re-enter cognitive phase of Ackerman’s
(1988) theory to learn new strategies and to better understand the five principles of
counting (Gelman & Gallistel, 1978). Our results partially support H3, showing a decline
in less demanding cognitive support like phonological awareness and general processing
speed.

In second grade, phonological awareness, RAN, general processing speed, and non-
verbal logical reasoning are significant (Figure 1) when no numerical skills are included
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in the model. Nonverbal logical reasoning remains significant from first grade in NLE
performance, suggesting that logical thinking has an ongoing role in applying logical
principles as children’s numerical skills become more sophisticated. This corroborates
findings from Koponen et al. (2018) indicating that nonverbal logical reasoning is associ-
ated with NLE performance. The re-emerging of general processing speed suggests its
continued importance in quickly processing numerical information as children advance
in their skills.

When earlier-developed numerical skills are included in the model for NLE, only
general processing speed and nonverbal logical reasoning remain significant (Figure 1).
This suggests that phonological awareness and RAN overlap with the variance explained
by earlier-developed numerical skills, while general processing speed and nonverbal logi-
cal reasoning remain important for efficient and accurate task performance as children
better understand numerical concepts.

H3 in Relation to the Findings

Overall, these results indicate a dynamic interplay between different general cognitive
abilities as children develop their numerical skills. While some abilities become less sig-
nificant, others emerge or re-emerge to support the increasing complexity of numerical
tasks. This nuanced pattern of cognitive support partly aligns with H3, showing that
while the overall reliance on cognitive abilities may not decrease uniformly, the specific
contributions of different general cognitive abilities evolve as children’s proficiency
increases.

Theoretical Implications

In summary, counting skills in kindergarten appear to reflect the associative or even
the automatic phase described by Ackerman (1988). At this stage, children have started
to learn rote counting, but they still struggle to fully grasp numerical concepts. As chil-
dren go from counting skills to understanding the cardinal aspect of number concepts,
supporting DMC, nonverbal logical reasoning becomes a small contributor alongside
processing speed. Regarding NLE performance, our findings indicate associations with
both foundational cognitive skills (e.g., phonological processes, processing speed) and
higher-order abilities such as verbal WM.

At the onset of formal schooling, in first grade, children may start thinking more
logically and move beyond the rote counting they previously learned, working instead
to understand the five counting principles outlined by Gelman and Gallistel (1978). Here,
logical thinking becomes more prominent, although phonological processes and process-
ing speed are still present. Verbal WM also shifts and becomes significant in first grade
as evident in DMC, possibly reflecting increased cognitive demands associated with
learning the counting principles. It appears that numerical knowledge is intertwined
with general cognitive abilities, meaning that improvements in one area can positively
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influence another area. For instance, numerical knowledge, relies on various cognitive
processes, including memory, attention, logical reasoning etc. For example, to count
accurately, a child must remember the sequence of numbers (memory), focus on the
counting task (attention), and understand the concept of quantity (logical reasoning).

By second grade, counting tasks become too simple, indicating that children have
mastered rote counting to the extent that results on these tasks would likely reach a ceil-
ing effect. In DMC, only processing speed remains significant, suggesting that children
have acquired cardinality knowledge. In NLE, logical thinking is present, along with
phonological awareness, RAN, and general processing speed. When numerical knowl-
edge (counting and DMC) is included in hierarchical regression analysis, only general
processing speed and nonverbal logical reasoning remain significant. Thus, it seems that
second graders have a good grasp of the five counting principles, and the development
of counting, DMC, and NLE may occur more simultaneously than von Aster and Shalev's
model suggests. It may be that as children learn ordinality and cardinality, they also
develop an understanding of NLE, as in overlapping waves and not in distinct steps (cf.
Siegler, 1996).

One limitation in our study is the general processing speed task we used. Although
it measures processing speed, we utilized a symbolic number task, which could impact
on the results as it inherently involves numerical skills. Specifically, the task required
participants to quickly identify and strike through duplicate digits. This process does
not only measure the general processing speed but also engages numerical recognition
and comparison skills, potentially confounding the results. Another limitation of this
study is the lack of a measure of visuospatial ability (e.g., visuospatial working-memory,
mental rotation), which would allow us to further parse out the unique contribution of
intelligence.

Conclusion

Our findings illustrate the diverse ways in which domain-general cognitive abilities
predict numerical skills. These contributions vary not only across different numerical
domains but also change over time. Our approach clarifies the relationship between
domain-specific numerical abilities and domain-general cognitive abilities. We suggest
that von Aster and Shalev’s (2007) model and Ackerman’s (1988) theory can complement
each other by explaining different aspects of cognitive development in numerical skills.
While von Aster and Shalev’s model highlights the importance of general cognitive
abilities at different stages, Ackerman’s theory provides insight into how these abilities
evolve and become automated over time. This complementary relationship enhances our
understanding of the dynamic nature of cognitive development in early numerical skills.
We also observed that early numerical skills support the development of later and more
complex numerical skills, aligning with prior research.
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These findings could be considered when developing individualized mathematical
support for children. However, further research is necessary to fully determine which
general cognitive abilities should be targeted in training to support children as they
learn mathematical skills. Future research should also employ other types of analyses
such as Structural Equation Modeling, to enhance our understanding of development of
numerical skills.
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