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Previous research repeatedly found basic numerical abilities (e.g., magnitude understanding, arithmetic fact
knowledge, etc.) to predict young students’ current and later arithmetic achievement as assessed by achievement
tests — even when controlling for the influence of domain-general abilities (e.g., intelligence, working memory).
However, to the best of our knowledge, previous studies hardly addressed this issue in secondary school students.
Additionally, they primarily assessed basic numerical abilities in a between-task approach (i.e., using different
tasks for different abilities). Finally, their relevance for real-life academic outcomes such as mathematics grades
has only rarely been investigated. The present study therefore pursued an approach using one and the same task
(i.e., a within-task approach) to reduce confounding effects driven by between-task differences. In particular, we
evaluated the relevance of i) number magnitude understanding, ii) arithmetic fact knowledge, and iii) conceptual
and procedural knowledge for the mathematics grades of 81 students aged between ten and thirteen (i.e., in
Grades 5 and 6) employing the number bisection task. Results indicated that number magnitude understanding,
arithmetic fact knowledge, and conceptual and procedural knowledge contributed to explaining mathematics
grades even when controlling for domain-general cognitive abilities. Methodological and practical implications
of the results are discussed.

1. Introduction Bynner, 2005; Shalev et al., 2005; Watts et al., 2014). As such, the

acquisition of skills enabling individuals to understand and process

Being able to understand and process numbers appropriately, that is,
being numerate, is essential for us to successfully manage our lives, as
we are living in a world full of numbers. The crucial role numeracy plays
becomes especially evident in children, adolescents, and adults who
experience difficulties with numbers and arithmetic (Price & Ansari,
2013; Rubinsten & Tannock, 2010). In particular, these individuals face
negative outcomes in education (i.e., poor academic achievement, math
anxiety, and school phobia), occupation (i.e., major disadvantages in
competing on the job market), and economic life prospects (i.e., lower
income; e.g., Bynner, Parsons, & Basic Skills Agency, 1997; Parsons &

numbers constitutes a crucial goal set for formal education (e.g., Baden-
Wiirttemberg Ministry of Science, Research and the Arts, 2016).

1.1. Numeracy and basic numerical abilities

Numeracy, however, does not represent a unidimensional construct
(e.g., Dowker, 2008). Instead, it encompasses several basic numerical
abilities for which different structural ideas have been put forth. For
instance, Aunio et al. (2004, 2010) differentiated basic numerical abil-
ities into relational (i.e., classification, seriation, nonsymbolic
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comparison) and counting abilities (i.e., structured and resultative
counting, use of number words, general number understanding). Others
have argued for the differentiation of symbolic (i.e., counting, naming
numbers) and nonsymbolic abilities (i.e., nonsymbolic number line
tasks, comparing sets of dots; e.g., Cirino, 2011; Kolkman et al., 2013),
for example. Independent of which structural approach to follow, basic
numerical abilities are usually assessed using a between-task approach,
meaning different tasks assess the respective basic numerical abilities.

Such a between-task approach relies on the assumption that perfor-
mance differences between tasks are only attributable to differences in
the abilities assessed (i.e., assuming task isomorphism), but not to dif-
ferences between tasks (e.g., underlying representation: verbal, seman-
tical, or digital; output format: spoken words or button presses;
interaction of the latter; overall difficulty; Moeller et al., 2009; Nuerk
et al., 2002; Wood et al., 2008). However, employing a between-task
approach, it is not possible to rule out that results could also be influ-
enced by such between-task differences.

Based on the triple code model of numerical cognition (Dehaene
et al., 2003; Dehaene & Cohen, 1995, 1997), another structural differ-
entiation of basic numerical abilities can be derived. As regards the
processing of numerical information, the triple code model distinguishes
between i) number magnitude understanding (e.g., magnitude comparison;
e.g., Bartelet et al., 2014; Cohen et al., 2000; Hubbard et al., 2005; Klein
et al., 2016; Wood et al., 2008) and ii) verbally mediated arithmetic fact
knowledge (e.g., multiplication tables; e.g., Delazer et al., 2003, 2004;
Klein et al., 2016; Wood et al., 2008). In addition to these two basic
numerical codes and one iii) coding visual Arabic symbols (Dehaene &
Cohen, 1995, 1997), the model also assumes influences of iv) conceptual
and procedural knowledge necessary to operate on above described nu-
merical representations (i.e., applying appropriate rules, strategies and
procedures, integrating all information to solve task at hand; e.g., But-
terworth, 2005; Delazer et al., 2003; Klein et al., 2016; Semenza, 2002;
Wood et al., 2008).

Different from the above described between-task approach, there is
evidence that the latter basic numerical abilities can be assessed and
differentiated within one and the same task (i.e., the number bisection
task), and thus using a within-task approach (Delazer et al., 2006;
Moeller et al., 2009, 2010; Moeller, Klein, et al., 2011; Nuerk et al.,
2002; Wood et al., 2008). In its verification version, the number bisec-
tion task requires participants to indicate whether the central number of
a number triplet corresponds to the arithmetic mean of the interval
defined by the two outer numbers (e.g., 23.26_29) or not (e.g.,
23_25_29). As described in detail by Nuerk et al. (2002), specific char-
acteristics of number triplets can be manipulated so that associated ef-
fects primarily reflect i) magnitude understanding (i.e., small vs. large
ranges between outer numbers: large 12-18 vs. small 4-8, e.g., 16 in
4.12_20 vs. 4 in 10_12_14; distance between the central number and the
correct arithmetic mean of the interval: large 2-8 vs. small 0.5-1.5, e.g.,
5in12_14_26 vs. 1 in 12_20_26), ii) arithmetic fact knowledge (i.e., triplets
with numbers from a multiplication table vs. not from a multiplication
table, e.g., 12.18_24 vs. 11_17_23), and iii) conceptual and procedural
knowledge (i.e., bisectable vs. non-bisectable problems with parity
homo- or heterogeneity, e.g., 24_27_32 has a mean of 28 vs. 24 27 31
has a mean of 27.5).

The major advantage of using a within-task approach to assess basic
numerical abilities is that it allows to control for influences of task-
specific differences on the effects examined (for a discussion see e.g.,
Nuerk et al., 2002). A within-task approach thus acknowledges that
individual performance differences found between tasks may not only be
attributable to different basic numerical abilities required to perform the
respective tasks (e.g., magnitude understanding vs. fact retrieval), but
also to differing task attributes (e.g., underlying representation, output
format, interaction of the latter, overall difficulty; Moeller et al., 2009;
Nuerk et al., 2002; Wood et al., 2008). Additionally, it allows to control
for influences of basic numerical abilities other than the one assessed, by
matching stimuli to variables reflecting other basic numeric abilities.
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Hence, within-task approaches substantiate that effects are attributable
to specific basic numerical abilities, rather than uncontrolled differences
between tasks or influences of other numerical skills.

Neurofunctional correlates of the number bisection task provide
further evidence for the claim that the task may be used to assess three
basic numerical abilities. First, Wood et al. (2008), but also Klein et al.
(2016) demonstrated that variations of the distance between the central
number of the triplet and the correct arithmetic mean of the interval
were specifically associated with activation in the bilateral intraparietal
sulcus (IPS) — an area typically associated with the processing of number
magnitude information (Ansari et al., 2006; Arsalidou & Taylor, 2011;
Cohen Kadosh et al., 2007; see Dehaene et al., 2003 for a review;
Dehaene & Cohen, 1995; Price et al., 2007; Skagerlund et al., 2016).
Neuropsychological evidence from patients with cerebral lesions further
supports the assumption that the number bisection task can be employed
to assess number magnitude processing (Cohen & Dehaene, 2000;
Delazer et al., 2006; Rossetti et al., 2004; Zorzi et al., 2002). This clearly
indicates that triplets differing in the distance between the central
number and the correct arithmetic mean of the interval draw heavily on
number magnitude processing and thus may indeed allow an assessment
of this basic numerical ability.

Second, Wood et al. (2008) as well as Klein et al. (2016) further
demonstrated that processing triplets, which were part of a multiplica-
tion table, was specifically associated with activation in the left angular
gyrus (AG) — an area typically associated with arithmetic fact retrieval
(De Visscher et al., 2015, 2018; see Dehaene et al., 2003 for a review;
Grabner et al., 2009; Ischebeck et al., 2006; Lee & Kang, 2002; Rivera
et al.,, 2005). In turn, this provides strong evidence that the multi-
plicativity effect as observed with the number bisection task indeed
reflects processes associated with arithmetic fact retrieval. One may
therefore conclude that the number bisection task, and in particular
triplets differing in whether arithmetic fact knowledge concerning
multiplication tables helps in solving them, are suitable to assess arith-
metic fact knowledge.

Finally, Wood et al. (2008) demonstrated that the evaluation of
parity in terms of the bisection possibility effect was associated with
activation in brain areas that have previously been found to be involved
in cognitive set shifting and the generation of alternative solutions to
problems via the controlled retrieval of rule meanings (e.g., Donohue
et al., 2005; Goel & Vartanian, 2004), such as the right ventrolateral
prefrontal cortex (VLPFC). This seems reasonable as parity in-
homogeneity of the outer numbers of the triplet allows for a rule-based
alternative solution to the common strategy based on magnitude
manipulation. Such rule-based strategies were considered to reflect
conceptual (Moeller et al., 2009; Wood et al., 2008) and/or procedural
knowledge (Mock et al., 2016; Wood et al., 2008). As such, lower error
rates for bisection impossible triplets with parity inhomogeneous outer
numbers may thus be due to processing parity information in a rule-
based manner (check for inhomogeneity). In turn, this seems to
involve aspects of both conceptual (parity) and procedural (check for
inhomogeneity) knowledge. Taken together, these results provide evi-
dence for the idea that the number bisection task may be used to assess
the basic numerical abilities magnitude understanding, arithmetic fact
knowledge, and conceptual and procedural knowledge in a within-task
approach.

1.2. Basic numerical abilities and mathematics achievement

An increasing body of cross-sectional research in young children in
kindergarten and primary school showed that basic numerical abilities
such as magnitude understanding, counting skills, symbolic and non-
symbolic number sense, and the understanding of mathematical re-
lations were associated with better arithmetic skills and mathematics
achievements (Aunio & Rasanen, 2016; Booth & Siegler, 2006, 2008;
Cowan & Powell, 2014; Dowker, 2008; Geary et al., 2007; Holloway &
Ansari, 2009; Landerl et al., 2004). Longitudinal data additionally



F. Blume et al.

supported the relevance of early basic numerical abilities for the
development of later mathematical abilities such as fraction under-
standing, algebra, geometry, and calculation fluency, as well as later
mathematics achievement (e.g., Aunio & Niemivirta, 2010; Bailey et al.,
2014; Bartelet et al., 2014; De Smedt et al., 2009; Desoete et al., 2012;
Duncan et al., 2007; Gilmore et al., 2017; Hirsch et al., 2018; Jordan
etal., 2007, 2010; Libertus et al., 2013; Locuniak & Jordan, 2008; Lyons
et al., 2014; Moeller, Pixner, et al., 2011; Ribner et al., 2018; Siegler
et al., 2012; Watts et al., 2014).

Among the domain-specific basic numerical competencies assessed
in these studies, magnitude understanding, arithmetic fact knowledge,
and conceptual and procedural knowledge were consistently shown to
be relevant for arithmetic achievement and the development of arith-
metic skills, even after controlling for the influence of important
domain-general covariates such as intelligence, working memory, but
also reading performance (e.g., Bailey et al., 2014; Booth & Siegler,
2006, 2008; Cowan & Powell, 2014; Geary et al., 2007; Hirsch et al.,
2018; Jordan et al., 2003, 2007; Krajewski & Schneider, 2009). Hence,
basic numerical abilities should be assumed to constitute important
prerequisites for the successful acquisition of mathematics as taught
through formal schooling as well as for individual mathematics
achievement.

Only very little is, however, known about the relevance of older
students’ basic numerical abilities for their mathematics achievement,
hence indicating the need for further research. The few studies available
nevertheless support the assumption that basic numerical abilities are
still relevant for students’ mathematics achievement in secondary
school. Ludewig et al. (2020), for instance, showed basic numerical
abilities of students in Grades 9 to 11, who were on average 17 years old,
to be related to their reading performance of mathematical graphs.
Additionally, Rittle-Johnson et al. (2001) demonstrated that knowledge
of decimal fraction concepts (i.e., conceptual knowledge) of children in
Grades 5 and 6, who were on average 12 years old, predicted gains in
procedural knowledge, while their procedural knowledge also predicted
gains in conceptual knowledge, respectively. These studies, however,
relied on between-task approaches to assess basic numerical abilities,
using separate tasks for each ability. To our knowledge, no study
investigating the relevance of secondary school students’ basic numer-
ical abilities, as assessed using a within-task approach, for their math-
ematics achievement has been conducted before. Additionally, the few
existing studies used the results of mathematics achievement tests as
criterion variables. Thus, the ecological relevance of basic numerical
abilities for real-life academic outcomes, that is, students’ mathematics
grades, is yet to be investigated.

1.3. The present study

The present study therefore aimed to evaluate the relevance of the
basic numerical abilities i) number magnitude understanding, ii) arith-
metic fact knowledge, and iii) conceptual and procedural knowledge for
mathematics grades of students aged between ten and thirteen (i.e., in
Grades 5 and 6), employing a within-task approach using the number
bisection task. In line with results from studies employing a between-
task approach in younger students, it was expected that all three basic
numerical abilities contribute to explaining mathematics grades.
Against the background of the current literature, number magnitude
understanding was expected to be the most relevant basic numerical
predictor, while arithmetic fact knowledge, and conceptual and proce-
dural knowledge were expected to be less important predictors of chil-
dren’s mathematics grades. Additionally, domain-specific numerical
abilities were expected to explain mathematics grades over the influence
of domain-general cognitive abilities as reflected by students’ general
cognitive ability as well as their visual-spatial and verbal working
memory.
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2. Methods
2.1. Sample

Participants’ were recruited from local schools and invitations sent
out on the university’s mailing list. The recruited sample comprised N =
84 children, but data from three participants had to be excluded due to
missing values (n = 2) or misunderstood instructions regarding the
number bisection task (i.e., used wrong hand to respond; n = 1). The
final sample thus comprised N = 81 participants (Mgg = 11.27 years,
SDgge = 0.68 years; 35 female). Thirty-four participants were in Grade 5
and 47 in Grade 6. Seventy-five participants were enrolled in the aca-
demic track and two in the intermediate track. No track information was
available for four participants.2

Recruitment in schools was approved by the Baden-Wiirttemberg
Ministry of Science, Research and the Arts. Additionally, the study was
approved by the Ethics Committee for Psychological Research at the
University of Tiibingen. Written informed consent for study participa-
tion was obtained from both the participating children and their parents
or legal guardians. Children were eligible for participation when they
were in Grade 5 or 6, that is, when they were between ten and thirteen
years old, and not diagnosed with epilepsy.

Participants were reimbursed for their participation with a voucher
for a toy store (8 Euro). Parents were reimbursed with a voucher for a
local café (4 Euro).

2.2. Procedure

Each participant attended one test session that took place in a quiet
room either at a laboratory at the university or at the child’s own school.
The experimenter welcomed the participant and accompanying parents
upon arrival and answered any open questions. Children performed the
number bisection task after having attended a virtual math lesson for 15
min (see Blume et al., 2019 for further details). Finally, their general
cognitive ability as well as verbal and visual-spatial working memory
were assessed.® No test session conflicted with teaching times and only
one participant was assessed at a time. Each test session took approxi-
mately 75 min, including preparation time. The data from the number
bisection task analysed in the present study were collected between the
15th and the 40th minute while working memory was assessed at the
end of the test session. Prior to the test session, parents filled in an online
questionnaire, which lasted approximately 30 min, at home. Parents
reported on their child’s mathematics grade as shown in the last report,
their age, as well as the school year they were in, and ADHD or dys-
calculia diagnoses.”

2.3. Measures

2.3.1. Mathematics grades

To assess student achievement in mathematics, parent-reported
mathematics grades from the children’s last report card were used.
School grades in Germany range from 1 (best grade) to 6 (lowest grade)

! The sample of the present study was already described in more detail in an
earlier publication (Blume et al., 2019).

2 The federal state in which the study was conducted, like the majority of
German federal states, has a tripartite school system from Grade 5 on with
lower, intermediate, and academic tracks.

3 Children performed an additional task (i.e., the Stop Signal Task; Ver-
bruggen et al., 2008) and answered questions concerning the instructional
quality of a virtual math lesson attended and their preferred seating location in
a classroom. Data from the Stop Signal Task and the questionnaires were
collected to be analysed as part of other studies.

4 Additionally, parents informed about their child’s self-regulation (Rauch
et al., 2014) and ADHD symptoms (Lidzba et al., 2013). These data were also
collected to be analysed as part of other studies.
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and are typically graded in quarter steps between the limits of 1 and 6 (e.
g., 1.25). Consequently, lower grades indicated better mathematics
abilities. As parents typically reported mathematics grades as decimal
numbers, they were treated as a continuous variable.

2.3.2. Number bisection task

The number bisection task comprised 200 items presented on a
standard laptop (screen width of 15.6 in.) and required participants to
indicate whether or not the central number of a number triplet reflected
the arithmetic mean of the interval spanned by the two outer numbers
(e.g., 24_27_30 vs. 24_27_31, respectively; Nuerk et al., 2002). Partici-
pants indicated their answers by button presses on a German standard
QWERTZ keyboard: pressing the left ‘CTRL’ key indicated that the
central number was not the mean of the interval, whereas pressing the
right ‘CTRL’ key indicated that the central number was the arithmetic
mean of the triplet. Presentation time for each triplet and thus the time
limit for responses was 9000 ms. When participants responded within
the given time frame, the next item was presented after an inter-stimulus
interval (ISI) of 1000 ms. When participants did not respond within the
given time frame, their answer was coded as incorrect and the next item
was presented after an ISI of 1000 ms. Each item was preceded by a
fixation cross presented in the centre of the screen during the second half
of the ISI. Items were presented in four blocks of 50 items each with a
break of 20 s between blocks. Split-half reliability of the number
bisection task was 0.95 (Spearman-Brown corrected, calculated by
correlating performance on items with even and uneven numbers after
sorting them by bisection possibility and problem size, i.e., the arith-
metic mean of the three numbers; Blume et al., 2019).

Number triplets were composed of numbers ranging between 10 and
99 in Arabic notation. A 2 x 2 within-participant design was applied to
both bisectable (e.g., 24_27_30; requiring a ‘yes’ answer) and non-
bisectable items (e.g., 24_27_31; requiring a ‘no’ answer). For bisect-
able triplets, multiplicativity (i.e., number triplets from a multiplication
table vs. triplets not from a multiplication table, e.g., 12.18_24 vs.
11_17_23) and bisection range (i.e., numerical distance between outer
numbers; large 12-18 vs. small 4-8, e.g., 16 in 41220 vs. 4 in
10_12_14) were varied. For non-bisectable items, bisection possibility (i.
e., whether the two outer numbers had an integer mean; e.g., 24_27_32
has a mean of 28 vs. 24_27_31 has a mean of 27.5) and distance between
the central number and the correct arithmetic mean of the interval
(large: 2-8 vs. small: 0.5-1.5, e.g., 5in 12_14 26 vs. 1 in 12_20_26) were
manipulated. Problem size (mean of all numbers), average parity, parity
homogeneity, decade crossings, and the inclusion of multiples of ten
were matched across stimulus groups.

Two indices representing number magnitude understanding were
calculated. The first was calculated as the individual difference in error
rates for a) items with a large bisection range (i.e., numerical distance
between outer numbers of the interval, large 12-18, e.g., 16 in 4_12_20)
requiring ‘yes’ responses compared to b) items with a small bisection
range (4-8, e.g., in 10_12_14) requiring ‘yes’ responses. In the remainder
of this article, this difference will be referred to as the bisection range
effect. It reflects the notion that better magnitude understanding is
associated with smaller differences in error rates between items with
large (i.e., more difficult) versus small (i.e., easier) intervals. The second
index was calculated as the individual difference in error rates for a)
items with a small distance between the correct and the presented
arithmetic mean (i.e., 0.5-1.5, e.g., 1 in 12 20_26) requiring ‘no’ re-
sponses compared to b) items with a large distance between the correct
and the presented arithmetic mean (i.e., 2-8, e.g., 5 in 1214 _26)
requiring ‘no’ responses. This difference will be referred to as distance to
the middle effect. It reflects the idea that better magnitude understanding
is associated with smaller differences in error rates between items with a
small (i.e., more difficult) versus a large distance (i.e., easier) between
the presented and the correct mean.

The index representing arithmetic fact knowledge was calculated as
the individual difference in error rates when solving a) items requiring
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‘yes’ responses because they come from a multiplication table (e.g.,
12 24 _36) compared to b) items requiring ‘yes’ responses, but are not
from a multiplication table. This was termed the multiplicativity effect,
reflecting that better knowledge of arithmetic facts is associated with
larger differences in error rates between items whose constituting
numbers do not come (i.e., more difficult) versus come from a multi-
plication table (i.e., easier as the middle number of items from multi-
plication tables always represents the correct arithmetic mean of the
interval).

The index representing conceptual and procedural knowledge was
calculated as the individual difference in error rates for a) items
requiring ‘no’ responses because they have no integer mean due to
flanking numbers of differing parity (e.g., 24_27_31) compared to b)
items requiring ‘no’ responses but have flanking numbers of the same
parity (e.g., 24_27_32). This difference will be referred to as the bisection
possibility effect. This effect reflects that increased knowledge of arith-
metic strategies should lead to larger differences in error rates between
items whose flanking numbers do not differ (i.e., more difficult as they
require the use of additional strategies) versus differ in parity (i.e., easier
as they can easily be identified as incorrect).

Data from the bisection task were first inspected for overall error
rates deviating more than three standard deviations from the mean
(guessing rate was 50%), which might indicate that participants had not
performed the number bisection task correctly. Two participants were
excluded from further analyses. Additionally, after calculation of the
effects of interest (i.e., bisection range, distance to the middle, bisection
possibility and multiplicativity) data were again inspected for potential
outliers. Participants with effects deviating more than +3 SD from the
mean were excluded. This affected three participants.

2.3.3. General cognitive ability

The Matrices Span Task from the Wechsler Intelligence Scale for
Children, Fourth Edition (WISC-IV; Petermann & Petermann, 2011) was
used as an estimate of children’s general cognitive ability. As reported in
the manual, split-half reliability was r = 0.89 and r = 0.91 for the
respective age groups. Scores from the Matrices Span Task are reported
to correlate at r = 0.72 with the WISC-IV total IQ score and distinguished
well between typically developing and highly gifted children (stan-
dardized difference 0.93), and between typically developing and intel-
lectually impaired children (standardized difference 2.27). For the task,
the experimenter presented children with an incomplete matrix or row
of figures as well as five possible answers of which children had to select
the one they thought completed the matrix or row correctly. A maximum
of 35 trials with increasing difficulty could be solved, each of which was
awarded 1 point when solved correctly, making a range of scores be-
tween 0 and 35 possible. When children solved four successive trials or
four out of five successive trials incorrectly, the task was stopped. The
number of trials solved correctly was considered as the dependent var-
iable representing general cognitive ability in the analyses.

2.3.4. Working memory

A computerised version of the Corsi Block Tapping Task (Corsi, 1972;
Mueller, 2011) was used to assess visual-spatial working memory. In this
task, participants viewed nine blue blocks on the screen, of which an
increasing number successively lit up for 1000 ms each. Participants had
to reproduce the reversed order in which they had lit up by clicking the
respective blocks using the computer’s mouse. Starting with two blocks,
the number of blocks lit up increased by one up to a maximum of nine
blocks every time a sequence was replicated correctly in at least one of
two trials. In case participants did not replicate a sequence correctly in
neither of two trials, the task was stopped. The ISI was set to 1000 ms.
There was no time limit for the reproduction phase. The maximum
number of blocks correctly replicated, that is, the block span, was used
as the index representing visual-spatial working memory. The block
span could range from 0 to 9. Reliability of a non-computerised version
of the task in adults was reported to be r = 0.95. Validity was
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documented by findings supporting the independence of the visual-
spatial subsystems, a construct validation study, and reports on clin-
ical findings (Schellig, 1997).

The backward version of the Digit Span Task from the Wechsler In-
telligence Scale for Children (WISC-1V; Petermann & Petermann, 2011)
was used to assess verbal working memory. Split-half reliability was r =
0.71 and r = 0.81 for the respective age groups. Scores from the Digit
Span Task correlated at r = 0.74 with the WISC-IV total IQ score and
distinguished between typically developing and highly gifted children
(standardized difference 1.26), and between typically developing and
intellectually impaired children (standardized difference 2.85). In this
task, the experimenter read a successively increasing number of single-
digit numerals to participants who were instructed to reproduce the
numerals in reversed order. Starting with two numerals, the number of
numerals increased by one up to a maximum of eight every time a
sequence was correctly replicated in at least one of two trials. When
participants did not replicate the sequence correctly in neither of two
trials, the task was stopped. The maximum number of numerals
correctly replicated reflected the digit span, representing verbal working
memory, and could range from O to 8.

2.4. Statistical analyses

To investigate whether the three domain-specific basic numerical
abilities i) number magnitude understanding, ii) arithmetic fact
knowledge, and iii) conceptual and procedural knowledge would be
considered in a model predicting mathematics grades, a stepwise
regression analysis with bidirectional elimination and relevant pre-
dictors identified based on the Akaike information criterion corrected
(AICc) was conducted. By following an information theoretical
approach, the present study did not pursue the goal to test the fit of a
particular a priori defined model, but rather aimed to select the model
that best fitted the data from a set of several candidate models (Burnham
& Anderson, 2002, 2004). Initially, the model with the minimum AICc
value was considered the best fitting model. Following Burnham and
Anderson (2002, 2004), however, a delta AICc < 2 (i.e., the difference
between the AICc values of ‘the best’ and another candidate model of
interest) indicated that the model with the higher AICc value seemed to
fit the data equally well and should therefore be preferred. A delta AICc
> 4 and < 7 indicated considerable less support for the other model of
interest, and a delta AICc > 10 indicated the other model was unlikely to
fit the data well. Hence, a delta AICc < 4 was chosen as a cut-off crite-
rion, implying that models with delta AICc > 4 were considered to not fit
the data well. Additionally, AICc weights (i.e., the ratios of a candidate
models’ delta AICc relative to the sum of delta AICcs for all candidate
models; Burnham & Anderson, 2002) were calculated to evaluate the
cumulative Akaike weight for each model. Cumulative Akaike weights
denote the probability that the candidate model is the best among the
models considered and may take values between 0 and 1. For instance, a
cumulative weight of 0.95 suggests that the candidate model should be
considered the best with 95% probability. To evaluate whether domain-
specific abilities predicted mathematics grades while controlling for
influences of domain-general abilities, general cognitive ability as well
as visual-spatial and verbal working memory were considered as addi-
tional predictors.

To obtain a measure of how robust the three domain-specific basic
numerical abilities (i.e., number magnitude understanding, arithmetic
fact knowledge, conceptual and procedural knowledge) and domain-
general covariates (i.e., general cognitive ability, verbal working
memory, visual-spatial working memory) were considered in models
predicting mathematics grades, the selection process described above
for models best fitting the data was repeated with 1000 bootstrap
samples (n = 50). The frequency with which the predictors were
considered in the models serves as an indicator of the relevance of the
different predictors for mathematics grades.

All statistical analyses were performed in the R environment (R Core
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Team, 2020). For the stepwise regressions, the stepAIC function from the
MASS package (Venables & Ripley, 2002), adjusted for the Akaike in-
formation criterion corrected (i.e., the stepAICc function; Batary et al.,
2014), was used. To calculate further linear regression model parame-
ters of the models identified to fit the data best, the ‘lm’ function of the
stats package was used.

3. Results

Table 1 presents the descriptive characteristics of the sample after
the exclusion of data of the two participants with error rates more than
+3 SD from the mean in the number bisection task.

Table 2 presents the correlations of variables reflecting basic nu-
merical abilities, domain-general cognitive abilities, and further cova-
riates. The bisection range effect positively correlated with the distance
to the middle effect and the bisection possibility effect. Moreover, cor-
relations between the effects of bisection range, distance to the middle,
multiplicativity, and bisection possibility were small and statistically
insignificant. Additionally, the bisection range effect correlated nega-
tively with students’ general cognitive ability. As smaller effects of
bisection range reflect better number magnitude understanding, better

Table 1
Descriptive statistics (mean + SD or n (%)) and ranges (observed range and
[possible range]) for the analytic sample (N = 76).

Variable Mean £+ SDorn (%)  Observed range
[Possible range]
Gender
Male 44 (57.89)
Female 32 (42.11)
Age 11.29 (0.69) 10.00-12.83
Grade
5 31 (40.79)
6 45 (59.21)
ADHD diagnosis 6 (7.89)
Dyscalculia diagnosis 5 (6.58)
Mathematics grades® 2.00 (0.88) 1.00-5.00
[1.00-6.00]
ER small bisection range 7.28 (7.46) 0.00-43.84
[0.00-100.00]
ER large bisection range 14.40 (11.41) 1.20-52.63
[0.00-100.00]
ER small distance to the middle 10.40 (9.19) 0.00-38.09
[0.00-100.00]
ER large distance to the middle 4.60 (5.47) 0.00-30.00
[0.00-100.00]
ER item not from multiplication table 13.22 (12.49) 0.00-70.21
[0.00-100.00]
ER item from multiplication table 12.33 (11.69) 0.00-66.67
[0.00-100.00]
ER bisection impossible 5.88 (6.68) 0.00-31.11
[0.00-100.00]
ER bisection possible 9.08 (7.94) 0.00-36.73
[0.00-100.00]
Bisection range effect 7.12 (6.79) —5.54-24.33
[-100.00-100.00]
Distance to the middle effect 5.80 (6.24) —4.08-23.13
[-100.00-100.00]
Multiplicativity effect —0.20 (5.55) —18.60-13.32
[-100.00-100.00]
Bisection possibility effect 3.21 (5.20) —9.09-16.75
[~100.00-100.00]
General cognitive ability 23.83 (3.45) 17.00-33.00
[0.00-35.00]
Visual-spatial WM 5.75 (1.07) 3.00-8.00
[0.00-9.00]
Verbal WM 4.40 (1.14) 2.00-8.00
[0.00-8.00]

Note. ? lower values indicate better grades; ER = error rate in percent; number
magnitude understanding: bisection range effect, distance to the middle effect;
arithmetic fact knowledge: multiplicativity effect; conceptual and procedural
knowledge: bisection possibility effect.
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Table 2
Correlations of variables of interest and covariates.
Variable 1 2 3 4 5 6 7 8 9
1. Bisection range effect -
2. Distance to the middle effect 0.45* -
3. Multiplicativity effect -0.13 0.02 -
4. Bisection possibility effect 0.32* 0.18 —0.01 -
5. Age 0.19 —0.02 —-0.12 —0.02 -
6. Gender® 0.09 —0.08 —0.01 —0.13 0.06 -
7. Mathematics grade” 0.42* 0.08 -0.13 —0.03 0.33* 0.06 -
8. General cognitive ability —0.40" —0.14 0.11 —0.06 —0.03 0.04 —0.25*% -
9. Visual-spatial WM —0.09 0.04 0.18 —0.08 0.28* 0.13 —-0.15 0.27* -
10. Verbal WM -0.16 —0.04 0.12 —-0.09 0.17 —0.02 —0.12 0.33* 0.34*

Note. Number magnitude understanding: bisection range effect, distance to the middle effect; arithmetic fact knowledge: multiplicativity effect; conceptual and

procedural knowledge: bisection possibility effect.
Pearson’s correlations tested two-tailed.

" p<.05.

2 male = —1, female = 1.

b lower values indicate better grades.

number magnitude understanding was positively associated with stu-
dents’ general cognitive ability. Finally, the bisection range effect, for
which smaller effects reflect better number magnitude understanding,
was positively associated with students’ mathematics grades, for which
smaller values also indicate better grades.

3.1. Considering influences of domain-specific basic numerical abilities

The stepwise regression analysis indicated that a model including the
bisection range effect should initially be considered fitting the data best,
as indicated by the lowest overall AICc value (Table 3, Model 1). As
reflected by delta AICcs < 4, however, models additionally including the
effects of bisection possibility (Table 3, Model 2), distance to the middle
(Table 3, Model 3), and multiplicativity (Table 3, Model 4) fitted the
data equally well. Moreover, the model considering all four domain-
specific numerical predictors (Model 4) had a cumulative AICc weight
of 1.00, indicating that with a probability of 100% it is the best model
among those considered. Therefore, it was concluded that a model
considering effects of bisection range, bisection possibility, distance to
the middle, and multiplicativity (i.e., Model 4) should fit the data best.
This model explained 21% of the variance in students’ mathematics
grades.

Inspection of the beta weights of Model 4 (see Table 4) indicated that
a smaller effect of bisection range, indicating better number magnitude
understanding, predicted better (i.e., smaller) mathematics grades. Also,
larger effects of bisection possibility and multiplicativity, reflecting
higher conceptual and procedural as well as arithmetic fact knowledge
were associated with better mathematics grades. Finally, larger effects

Table 3

Summary of the AICc, delta AICc, AICc weights, cumulative AICc weights, and
R? of the stepwise linear regression analysis for basic numerical abilities pre-
dicting mathematics grades.

Model AlCc AAICc  AlCe Cumulative R?
weight AICc weights

1 Bisection range 175.00  0.00 0.41 0.41 0.18
effect

2 + Bisection 175.17  0.17 0.38 0.79 0.20
possibility effect

3+ Distance to the 176.92  1.92 0.16 0.95 0.21
middle effect

4+ Multiplicativity 17895 3.95 0.06 1.00 0.21

effect

Note. Predictors of models were successively included while retaining predictors
considered as part of earlier models; number magnitude understanding: bisec-
tion range effect, distance to the middle effect; arithmetic fact knowledge:
multiplicativity effect; conceptual and procedural knowledge: bisection possi-
bility effect.

Table 4
Summary of the linear regression model of basic numerical abilities predicting
mathematics grades.

Variables B SE B
Intercept 1.69 0.15

Bisection range effect 0.065 0.017 0.49
Bisection possibility effect —0.027 0.020 -0.16
Distance to the middle effect —0.013 0.019 —0.084
Multiplicativity effect —0.010 0.017 —0.064

Note. Number magnitude understanding: bisection range effect, distance to the
middle effect; arithmetic fact knowledge: multiplicativity effect; conceptual and
procedural knowledge: bisection possibility effect.

R? = 0.21; F(4,66) = 4.39, p < .01.

of distance to the middle, indicating poorer number magnitude under-
standing, predicted better mathematics grades.”

The bootstrapping approach indicated nine different models were
identified that best fit the data. The model incorporating the effects of
bisection range, distance to the middle, multiplicativity, and bisection
possibility as predictors of mathematics grades was identified to fit the
data best in 44.3% of bootstrapping cycles, the model considering the
effects of bisection range, distance to the middle, and bisection possi-
bility in 21.2%, and the model considering the effects of bisection range,
multiplicativity, and bisection possibility in 21.8% of bootstrapping
cycles. The six other models were identified to fit the data best in less
than 2.7% of bootstrapping cycles. Most importantly, when looking at
the individual predictors, the bisection range effect was considered in
99.7% and the bisection possibility effect in 90.3% and thus in virtually
all of the models identified to fit the data best. The distance to the middle
effect was incorporated in 74.3% and the multiplicativity effect in
75.6% of the models.

3.2. Considering influences of basic numerical and domain-general
cognitive abilities

When additionally considering domain-general abilities such as
general cognitive ability as well as visual-spatial and verbal working

5 As there is a debate on whether (mathematics) grades can be considered
continuous variables, we also ran an ordinal regression analysis with the effects
of bisection range, distance to the middle, multiplicativity, and bisection pos-
sibility predicting students’ mathematics grades using the ‘polr’ function of the
MASS package (Venables & Ripley, 2002). Inspection and comparison of
regression weights and confidence intervals of the linear and the ordinal
regression model indicated comparable results. Hence, students’ mathematics
grades were treated as continuous variables for the current analyses.
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memory, the stepwise regression analysis indicated that the model only
incorporating the effect of bisection range had the lowest AICc and
hence initially presented as the best model (Table 5, Model 1). Never-
theless, as indicated by delta AICcs < 4, a model considering the effects
of bisection possibility and distance to the middle as well as visual-
spatial working memory as additional predictors fitted the data
equally well (Table 5, Model 4). Finally, as the cumulative weight of all
models with a delta AICc < 4 was 0.96, indicating that with a probability
of 96% model 4 is the best among those considered, it was concluded
that this model should fit the data best: explaining about 21% of the
variance in students’ mathematics grades.

Inspection of the beta weights of Model 4 (see Table 6) indicated that
smaller effects of bisection range, reflecting better number magnitude
understanding, predicted better (i.e., smaller) mathematics grades.
Additionally, larger effects of bisection possibility and distance to the
middle, reflecting better conceptual and procedural and poorer magni-
tude understanding, were associated with better mathematics grades.
Finally, larger effects of distance to the middle, indicating poorer
number magnitude understanding, predicted better mathematics
grades.”

The bootstrapping approach identified a total of 59 different models
to fit the data best. Of these, 53 incorporated a combination of domain-
specific and domain-general predictors, while five incorporated only
domain-specific predictors (i.e., basic numerical abilities). Models
considering domain-general and domain-specific predictors were iden-
tified to fit the data best in 96.0% of bootstrapping cycles. The model
considering the effects of bisection range, distance to the middle, mul-
tiplicativity, bisection possibility, as well as general cognitive ability,
visual-spatial, and verbal working memory (i.e., all predictors) was
identified to fit the data best in 49.2% of bootstrapping cycles. All other
models were identified to best fit the data only rarely (M = 0.97%, SD =
0.79, Min = 0.1%, Max = 3.1%). Importantly, as regards the frequency
with which basic numerical predictors were considered in the best-
fitting models, the bisection range effect was incorporated in the vast
majority of 98.6% of the models and the bisection possibility effect was
considered in 88.5% of the models. The distance to the middle effect was
considered in 78.9% of the models, and the multiplicativity effect in
82.3%. Beyond basic numerical abilities, general cognitive ability was
considered in 72.8% of the models identified to fit the data best, while
verbal working memory was considered in 75.1%, and visual-spatial
working memory in 73.9% of the models.

Table 5

Summary of the AICc, delta AICc, AICc weights, cumulative AICc weights, and
R? of the stepwise linear regression analysis for basic numerical abilities and
domain-general abilities predicting mathematics grades.

Model AlCc AAICc  AlCc Cumulative R?
weight AlCc weights

1 Bisection range 173.42 0.00 0.38 0.41 0.18
effect

2 + Bisection 173.67 0.25 0.33 0.71 0.20
possibility effect

3+ Visual-spatial 174.88 1.46 0.18 0.89 0.21
WM

4 + Distance to the 176.71 3.29 0.07 0.96 0.21
middle effect

5  + Multiplicativity 178.84 5.42 0.03 0.99 0.22
effect

6  + General 181.14 7.72 <0.01 0.99 0.22
cognitive ability

7  + Verbal WM 183.73  10.31 <0.01 1.00 0.21

Note. Predictors of models were successively included while retaining predictors
considered as part of earlier models; number magnitude understanding: bisec-
tion range effect, distance to the middle effect; arithmetic fact knowledge:
multiplicativity effect; conceptual and procedural knowledge: bisection possi-
bility effect.
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Table 6
Summary of the linear regression model of basic numerical and domain-general
abilities predicting mathematics grades.

Variables B SE B
Intercept 2.24 0.55

Bisection range effect 0.065 0.016 0.49
Bisection possibility effect —-0.027 0.020 —-0.16
Visual-spatial WM —0.095 0.090 —0.12
Distance to the middle effect —0.013 0.018 —0.088

Note. Number magnitude understanding: bisection range effect, distance to the
middle effect; conceptual and procedural knowledge: bisection possibility effect.
R? = 0.22; F(4,66) = 4.64,p < .01.

4. Discussion

The present study employed a within-task approach (Nuerk et al.,
2002) to assess the performance of students aged between ten and
thirteen (i.e., in Grades 5 and 6) on three domain-specific basic nu-
merical abilities, these are i) number magnitude understanding, ii) arith-
metic fact knowledge, and iii) conceptual and procedural knowledge. At the
core of its research objectives, the study aimed to identify the best fitting
model predicting students’ mathematics grades based on these basic
numerical abilities in a first step and a combination of basic numerical as
well as domain-general cognitive abilities considering influences of
general cognitive ability, verbal, and visual-spatial working memory in a
second step.

The results supported our expectation that all three basic numerical
abilities should be important predictors of secondary school students’
mathematics grades. In fact, it was observed that a model considering
number magnitude understanding, arithmetic fact knowledge, and
conceptual and procedural knowledge (as reflected by effects of bisec-
tion range and distance to the middle, multiplicativity, and bisection
possibility, respectively) to predict students’ mathematics grades fitted
the data best. Furthermore, the results of the bootstrapping approach
identifying 1000 best fitting models based on randomly chosen sub-
samples of 50 students substantiated that number magnitude under-
standing as reflected by the bisection range effect and conceptual and
procedural knowledge as reflected by the bisection possibility effect
were considered in almost all models (> 90%) identified to fit the data
best. Additionally, arithmetic fact knowledge as reflected by the multi-
plicativity effect was considered in more than 75% and number
magnitude understanding as reflected by the distance to the middle ef-
fect in more than 74% of the best fitting models.

As such, our results are in line with prior research employing
between-task approaches, showing that a variety of different basic nu-
merical abilities — including number magnitude understanding, arith-
metic fact as well as conceptual and procedural knowledge — were
associated with and predicted current and later mathematics achieve-
ment in younger children (e.g., Aunio & Niemivirta, 2010; Bailey et al.,
2014; Cowan & Powell, 2014; Desoete et al., 2012; Hirsch et al., 2018;
Lyons et al., 2014; Siegler et al., 2012). Moreover, the current results fit
earlier evidence indicating that number magnitude understanding
seemed to be a particularly relevant predictor of children’s arithmetic
achievement (e.g., Bailey et al., 2014; Lyons et al., 2014). The results
showing that conceptual and procedural knowledge as reflected by the
bisection possibility effect were additionally considered in almost all
models further complement existing research.

Finally, our results also corroborated the expectation that domain-
specific basic numerical abilities are relevant predictors of students’
mathematics grades even when domain-general cognitive abilities were
considered in the respective models. This is reflected by the result that
number magnitude understanding and conceptual and procedural
knowledge remained relevant predictors of mathematics grades even
when visual-spatial working memory was considered in the final model
derived on the basis of its AICc values. The results of the bootstrapping
approach again substantiated this initial result. Number magnitude
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understanding as reflected by the effects of bisection range and distance
to the middle, conceptual and procedural knowledge as indicated by the
bisection possibility effect, and arithmetic fact knowledge as indicated
by the multiplicativity effect were considered in the vast majority (i.e., >
80%) of best fitting models also considering domain-general predictors.
Again, this is in line with prior research (Bailey et al., 2014; Booth &
Siegler, 2006, 2008; Cowan & Powell, 2014; Geary et al., 2007; Jordan
et al., 2007).

Apart from these findings, which are at the core of our research
question, the finding that a larger effect of distance to the middle,
indicating poorer magnitude understanding, was associated with better
mathematics grades in both models identified to best fit the data based
on their AICc values deserves further discussion. In general, empirical
findings on the predictive value of the distance effect are mixed. For
instance, Holloway and Ansari (2009) demonstrated a smaller distance
effect to be associated with better mathematical abilities in typically
developing children (see also e.g., De Smedt et al., 2009). In contrast,
Moeller, Pixner, et al. (2011) found a larger distance effect to be asso-
ciated with better performance in a comparable sample (Rousselle &
Noél, 2007). In an attempt to explain these inconsistent findings,
Moeller, Pixner, et al. (2011) argued that associations of the distance
effect with mathematical achievement may not be monotone but influ-
enced by the difficulty of the task based on which the distance effect is
estimated. It is difficult to evaluate the difficulty of the number bisection
task compared to number magnitude comparison tasks usually used to
estimate numerical distance effects. Nevertheless, strategies other than
magnitude comparison may well have been employed in the current
number bisection task, which may be one reason for the observed
negative association with mathematics grades (see Moeller, Pixner,
et al., 2011 for a more detailed discussion).

4.1. Methodological and practical implications

In line with previous research using a between-task approach (i.e.,
basic numerical abilities were assessed using different tasks; e.g., Aunio
& Niemivirta, 2010; Bailey et al., 2014; Cowan & Powell, 2014; Desoete
et al., 2012; Hirsch et al., 2018; Lyons et al., 2014; Siegler et al., 2012),
the present results of a within-task approach substantiated that several
basic numerical abilities could be assessed using one and the same task
and were relevant predictors of children’s mathematics achievement
measured through their mathematics grades. Thereby, the present study
demonstrated that the proposed within-task approach may be an
ecologically valid and theoretically warranted alternative to be used in
children to assess their basic numerical abilities. This argument is
further substantiated by the finding that a model including domain-
specific numerical abilities as well as domain-general cognitive abili-
ties was selected to best predict mathematics achievement (Bailey et al.,
2014; Booth & Siegler, 2006, 2008; Cowan & Powell, 2014; Geary et al.,
2007; Hirsch et al., 2018; Jordan et al., 2007). As differences in basic
numerical abilities could be attributed to task differences in the current
study (cf. Moeller et al., 2009; Nuerk et al., 2002; Wood et al., 2008),
which was furthermore supported by weak associations between the
effects assumed to reflect different numeric abilities, within-task ap-
proaches seem to be a preferable alternative to between-task approaches
to be used in future research.

Beyond this methodological implication, results of the present study
also have a practical implication: the finding that basic numerical abil-
ities (i.e., number magnitude understanding, arithmetic fact knowledge,
conceptual and procedural knowledge) should be considered relevant
predictors of mathematics grades of students aged between ten and
thirteen (i.e., in Grades 5 and 6) substantiates the idea that basic nu-
merical competences should also be considered in secondary school
mathematics education. Although primarily proclaimed as a learning
goal for primary school (i.e., until the end of Grade 4; Ministry of Edu-
cation and Cultural Affairs Baden-Wiirttemberg, 2016), not all children
may have mastered to, for instance, manipulate magnitudes, and thus
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still experience difficulties with arithmetic. As suggested by our data,
this may result in poorer mathematics grades in secondary school, where
mathematics education moves on beyond calculating. As such, contin-
uous screening and further training might be reasonable also in sec-
ondary school. Earlier studies already provided support for the
assumption that basic numerical and arithmetic abilities can be
improved by training in kindergarten and primary school (e.g., Rasanen
et al., 2009; van der Ven et al., 2017). This might, for instance, also be
accomplished by using arithmetic games (Kiili et al., 2018; Ninaus et al.,
2017; van der Ven et al., 2017). Whether training basic numerical
abilities of children aged between ten and thirteen (i.e., in Grades 5 and
6) would also improve mathematics grades should, however, be inves-
tigated in further research.

4.2. Limitations & perspectives

To the best of our knowledge, the present study was the first to
employ a within-task approach to investigate the relevance of basic
numerical abilities for mathematics grades of students aged between ten
and thirteen (i.e., in Grades 5 and 6). Future studies aiming to replicate
and extend these findings may consider the following limitations. First,
the present study followed an information theoretic approach with the
aim to identify the model fitting the data best from a set of candidate
models. Therefore, further studies are needed to evaluate whether the
selected models are substantiated by new data (i.e., following fre-
quentist statistical approaches).

Additionally, in examining the relevance of the basic numerical
abilities i) number magnitude understanding, ii) arithmetic fact
knowledge, and iii) conceptual and procedural knowledge for students’
mathematics grades, the present study only acknowledged three oper-
ationalisations of basic numerical abilities whereas others exist and have
been evaluated using between-task approaches (e.g., relational and
counting skills, symbolic and nonsymbolic abilities; Hirsch et al., 2018).
Hence, generalisation of the present results to basic numerical abilities
beyond those assessed is not possible so far. Future research may
therefore wish to extend the within-task approach to further conceptu-
alizations of basic numerical abilities when evaluating their relevance
for students’ mathematics grades in secondary school.

Moreover, empirical support for the assumption that the bisection
possibility effect reflects conceptual and procedural knowledge is rela-
tively weak. Wood et al. (2008) showed that the evaluation of parity in
terms of the bisection possibility effect was associated with activation in
brain areas that have previously been found to be involved in cognitive
set shifting and the generation of alternative solutions to problems via
the controlled retrieval of rule meanings (e.g., Donohue et al., 2005;
Goel & Vartanian, 2004), such as the right ventrolateral prefrontal
cortex (VLPFC). Such rule-based strategies were considered to reflect
conceptual (Moeller et al., 2009; Wood et al., 2008) and/or procedural
knowledge (Mock et al., 2016; Wood et al., 2008). However, this state of
affairs clearly requires future studies validating the claim that the
bisection possibility effect indeed reflects conceptual and/or procedural
knowledge.

Furthermore, using students’ mathematics grades as the criterion
variable, the present investigation only obtained information on math-
ematics achievements during one term of the school year. These grades
might thus reflect students’ achievements related to precise learning
contents covered in the respective term only (e.g., concepts of decimals,
fractions, measuring and units, geometry, probability theory according
to the respective curriculum; Ministry of Education and Cultural Affairs
Baden-Wiirttemberg, 2016). Hence, it is possible that, for instance,
number magnitude understanding was found to be associated with
students’ mathematics grades most prominently because it was specif-
ically related to certain teaching content (e.g., understanding the
magnitude related concept of fractions). Future research should there-
fore consider more specific information on grade-related learning con-
tent. This would allow evaluating whether the relation between basic
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numerical abilities and students’ mathematics grades holds generally or
is specific to particular learning contents.

Finally, the present investigation’s sample almost entirely comprised
students from academic track schools (i.e., highest track of German
tripartite secondary school system). Thus, it is not possible to generalise
results to students of other school tracks. Future studies should therefore
be concerned with examining whether the relevance of domain-specific
numerical predictors for mathematics achievement also holds for stu-
dents attending lower or intermediate track schools.

5. Conclusion

The present study employed a within-task approach to evaluate the
relevance of basic numerical abilities for children’s mathematics
achievement (i.e., mathematics grades) in early secondary school. It was
observed that number magnitude understanding, arithmetic fact
knowledge, and conceptual and procedural knowledge were relevant
predictors of students’ mathematics achievement, even when control-
ling for influences of domain-general cognitive abilities. These results
demonstrate that basic numerical abilities keep their importance for
children’s mathematics abilities beyond the very early school years.
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