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Introduction

In numerical cognition, there are two dominant approaches proposing different underlying factors
leading to mathematical competence. First, domain-general approaches have proposed that variability
in non-numerical skills such as phonological skills, working memory, long-term memory, and visuo-
spatial processing underlies individual differences in mathematics achievement (e.g., Geary, 1993;
Raghubar, Barnes, & Hecht, 2010). For instance, Passolunghi and Siegel (2004) observed a general
working memory deficit in children with difficulties in mathematics. Alternatively, domain-specific
approaches have proposed that individual differences in number-specific processes are related to var-
iance in math skills (e.g., Dehaene, Piazza, Pinel, & Cohen, 2003; Piazza et al., 2010). Typically, domain-
specific approaches assume an innate capacity for approximate number processing that is shared by
human infants and other species (Agrillo, Piffer, Bisazza, & Butterworth, 2012; Cantlon, Platt, &
Brannon, 2009). Studies on infants have provided evidence for this approximate number sense
(ANS) (Xu & Spelke, 2000). The ANS has been suggested to form the basis of the arithmetic skill of
5-year-old children who had not yet been taught formal arithmetic but could compare, add, and sub-
tract different dot arrays or sequences of sounds (Barth, Beckmann, & Spelke, 2008). Later, when chil-
dren are confronted with symbols to represent numbers, these symbols are thought to acquire
meaning by being associated with this preexisting nonsymbolic approximate representation (Mundy
& Gilmore, 2009). Indeed, in tasks such as magnitude comparison, similar behavioral effects have been
found with nonsymbolic and symbolic numbers (Cohen Kadosh, Lammertyn, & Izard, 2008). In the
current study, we investigated three domain-specific numerical processes as possible predictors for
individual differences in mathematics achievement: acuity of the ANS, performance in symbolic num-
ber comparison, and accuracy of number-space mappings of children.

In an ANS task, participants are instructed to decide which of two presented dot arrays contains the
larger number of dots. Typically, ratio-dependent performance is observed following Weber-Fechner’s
law (Fechner, 1860); that is, participants are less accurate in discriminating two numerosities with a
smaller ratio (e.g., ratio 1.25, 8 vs. 10 dots) than with a larger ratio (e.g., ratio 2, 8 vs. 16 dots). This
ratio-dependent performance pattern can be expressed as a separate Weber fraction (w) for each par-
ticipant. The Weber fraction reflects the minimum change in number that is needed for each partici-
pant to perceive a difference in number and, therefore, reflects the acuity of the ANS (Halberda,
Mazzocco, & Feigenson, 2008; Piazza, 2010). This individual Weber fraction, as well as the mean accu-
racy on ANS tasks, has been shown to be related to children’s performance on math achievement tests
(e.g., Halberda & Feigenson, 2008; Inglis, Attridge, Batchelor, & Gilmore, 2011; Libertus, Feigenson, &
Halberda, 2011; Mazzocco, Feigenson, & Halberda, 2011; Piazza et al., 2010). For instance, Inglis et al.
(2011) showed that the Weber fraction measured with 7- to 9-year-olds is related to their perfor-
mance on a math test. However, findings are inconsistent, and studies that did not find a relation be-
tween nonsymbolic number comparison and (future) mathematical abilities exist as well (e.g., De
Smedt & Gilmore, 2011; Holloway & Ansari, 2009; Sasanguie, De Smedt, Defever, & Reynvoet, 2012;
Soltész, Sziics, & Sziics, 2010).

Other authors have argued that it is not the representation of numerosities (as measured by dis-
crimination performance) but rather the speed in accessing nonsymbolic magnitude representations
from symbols that is crucial for predicting performance on math achievement tests (Rouselle &
Noél, 2007). Evidence for this comes from findings with children with mathematical difficulties
who perform worse on symbolic number comparison tasks than typically achieving children. In sym-
bolic comparison tasks, the participants need to decide which is the larger number of a pair of single
digits (1-9). This results in a distance effect; that is, reaction times are longer when two numerically
close numbers (e.g., 8 vs. 9) need to be compared than when two numerically more distant numbers
(e.g., 2 vs. 9) need to be compared. In developmental studies, the size of the distance effect decreases
with age, and several studies have shown that either the size of the distance effect or average reaction
times on symbolic comparison are related to individual differences in mathematics achievement. No
such relationship has been reported for comparisons of dot patterns instead of digits (e.g., De Smedt &
Gilmore, 2011; Holloway & Ansari, 2009; Landerl & Kolle, 2009; Lonnemann, Linkersdorfer, Heselhaus,
Hasselhorn, & Lindberg, 2011; Sasanguie, De Smedt, et al., 2012). This seems to be at odds with studies
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that have shown a relationship between the precision of the ANS and math achievement. Recently,
Noél and Rouselle (2011) proposed a theoretical explanation in which they assumed that children,
in addition to their approximate number system, also develop an exact number system for symbolic
number processing. This exact number system becomes connected to the approximate representation
during development. In this view, an increase in precision (i.e., more fine-tuned representations in the
approximate number system) is a direct consequence of the connection to the exact number system.
Children with mathematical problems, however, have an early deficit in symbolic magnitude process-
ing that will in turn lead to a less fine-tuned approximate number processing system (i.e., less ANS
acuity), especially at a later age (but see Libertus et al., 2011, and Inglis et al., 2011, for ANS associa-
tions with math achievement at early ages).

Another explanation for the inconsistent results between studies investigating the influence of
symbolic number processing on math achievement and studies investigating the contribution of the
ANS to math achievement may lie in the design of both types of studies. An important difference be-
tween these studies is that symbolic comparison is contrasted with nonsymbolic comparison of small
numbers ranging from 1 to 9. This is done to allow a direct comparison with the symbolic number con-
dition in which digits from the same range are presented (e.g., Holloway & Ansari, 2009). As a result,
these designs contain numerosities from below and above the subitizing range (Trick & Pylyshyn,
1994), whereas numerosities from the subitizing range are typically avoided in studies measuring
the ANS acuity. This difference in research design might be responsible for diverging results.

Quite independent from these comparison studies, many studies have also demonstrated a relation
between the performance on a number line estimation task and mathematics achievement (e.g., Booth
& Siegler, 2006, 2008; Sasanguie, De Smedt, et al., 2012; Sasanguie, Van den Bussche, & Reynvoet,
2012; Schneider, Grabner, & Paetsch, 2009; Siegler & Booth, 2004). In this task, participants are in-
structed to indicate the position of a number on an empty number line. Sasanguie, De Smedt, et al.
(2012), for instance, showed that children who are more precise in estimating the corresponding place
on the number line of a digit or a dot pattern have higher scores on a math achievement test. When
performing this task, it is typically found that with increasing age the pattern to map numbers on the
line moves from a logarithmic pattern, with larger magnitudes put closer together than smaller mag-
nitudes, toward a linear pattern (e.g., Booth & Siegler, 2006; Sasanguie, De Smedyt, et al., 2012). Deh-
aene, Izard, Spelke, and Pica (2008) investigated these number-space mappings in the Mundurucu, an
Amazonian indigene group with little or no formal education, and observed that “mapping numbers
onto space” is a universal intuition that is logarithmic. As a consequence, these authors concluded that
the concept of a linear number line is really a cultural invention that fails to develop in the absence of
formal education.

Unfortunately, although these studies had the same aim (i.e., explaining individual variance on a
math achievement test), none of them contrasted the performance on several of these tasks by incor-
porating more than one task in the same study. As a result, it remains unanswered which basic numer-
ical process is the most related to performance on a math test. A first attempt was provided by
Sasanguie, Van den Bussche, et al. (2012), who included symbolic and nonsymbolic comparison tasks
and number line estimation tasks in their study. It was found that mathematical competence was pre-
dicted by symbolic number comparison performance and number-space mappings. However, in that
study, nonsymbolic comparison was limited to small numerosities. We already mentioned that it is
difficult to generalize these results to typical ANS discrimination tasks that do not include numeros-
ities within the subitizing range. Therefore, the current study examined performance of children be-
tween 6 and 8 years of age on (a) an ANS discrimination task with large numerosities, (b) a symbolic
comparison task, and (c) a symbolic and nonsymbolic number line estimation task. In addition, as a
first, we explicitly investigated which of these tasks best predicted future mathematical abilities.

Furthermore, we questioned whether predictive patterns change as a result of different tasks used
to assess math achievement. In general, just one of two different math tests is commonly used in these
studies: a timed arithmetic test (e.g., the Woodcock-Johnson Il Fluency subtest in Holloway & Ansari,
2009) or a more general curriculum-based test (e.g., the Test of Early Mathematical Ability — Second
Edition [TEMA-2] in Halberda et al., 2008). Rarely are both tests used at the same time. Therefore, we
also examined whether this may have contributed to the conflicting findings. Preliminary evidence for
this comes from a study of Holloway and Ansari (2009). They demonstrated that performance on the
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symbolic comparison task correlates significantly with a timed mathematics fluency subtest but not
with an untimed calculation subtest of the Woodcock-Johnson III Tests of Achievement (Woodcock,
McGrew, & Mather, 2001). In the current study, therefore, children’s math achievement scores were
measured 1 year later with both type of tests, and we examined whether the predictive value of the
basic number tasks differed depending on the math test. To investigate whether the association be-
tween the number processing tasks and mathematics achievement is specific, 1 year later, simulta-
neously with these math tests, we also administered a curriculum-based spelling test.

Methods
Participants

A total of 92 children in first, second, and third grades (between 6 and 8 years old) were recruited
from an elementary school in a middle to higher income neighborhood in Flanders, Belgium. These age
groups were chosen because previous developmental studies have shown that many developmental
changes occur at this age (e.g., Holloway & Ansari, 2009; Siegler & Booth, 2004). Of the original sample,
8 children were removed from the analyses because they were outliers (i.e., 3 standard deviations
above/below the group average: nonsymbolic comparison [n = 2], symbolic comparison [n = 2], and
number line estimation [n = 2]) or because they performed at chance level in the nonsymbolic com-
parison task (n = 2). In addition, participants whose performance on the nonsymbolic comparison task
resulted in a bad model fit in order to compute the Weber fraction were removed from the analyses
(n=10; see Results for details). Finally, 3 children were discarded from the analyses because of
missing math achievement or spelling achievement data. The final sample consisted of 71 typically
developing children, comprising 19 first graders (Mage(t1) = 6.6 years, SD = 0.24, 10 boys and 9 girls),
24 second graders (M,g(t1)=7.7 years, SD=0.30, 7 boys and 17 girls), and 28 third graders
(Mage(t1) = 8.6 years, SD = 0.24, 12 boys and 16 girls).

Procedure

The experimental tasks were administered in March 2011 (Time 1, t1). For all experimental mea-
sures, the children were tested in a separate room, accompanied by two experimenters, in groups of 7
to 10. All children first performed the symbolic and nonsymbolic number line estimation tasks, fol-
lowed by the symbolic and nonsymbolic comparison tasks. A short break between each task was pro-
vided. After the experiment, the children received a small reward. At the same time (t1), the score on
the general curriculum-based test for mathematics was collected for a first time by classroom testing.
One year later, around February 2012 (Time 2, t2), the scores on the two standardized math tests (i.e.,
general curriculum-based test and a timed arithmetic test) and the spelling test were collected by
classroom testing.

Measures

Experimental tasks

Nonsymbolic comparison task. The nonsymbolic comparison task was similar to the task used by
Piazza, Izard, Pinel, Le Bihan, and Dehaene (2004). Stimuli were pairs of arrays of yellow squares pre-
sented in two gray areas (450 x 450 pixels) on the left- and right-hand sides of the 14-inch screen (see
Fig. 1). One array always contained the reference numerosity of 16 squares, whereas the other array
contained 6, 8, 10, 12, 13, 14, 15, 17, 18, 19, 20, 22, 24, or 26 squares, resulting in 14 possible pairs.
Each of the 14 pairs was repeated 10 times, with each numerosity being presented 5 times on the
left-hand side and five times on the right-hand side. The experiment started with 3 training trials be-
fore the 140 test trials were given in a pseudo-randomized order. The program (Neurobehavioral Sys-
tems, http://www.neurobs.com) randomly allocated the location of the squares within the gray area
while running the task. To avoid that performance was based on non-numerical parameters, such
as total surface area and item size (Dehaene, Izard, & Piazza, 2005), the surface area between the
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Fig. 1. Sample stimulus used in the nonsymbolic comparison task. Participants indicated whether there were more yellow
squares in the left or right gray array while visual parameters such as total area and item size were controlled for. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

two arrays was kept constant and mixed-sized item sets were used. The size of squares varied within
each array but always contained at least 1/6 of the smallest item size (12 x 12 pixels) and 1/6 of the
largest item size (28 x 28 pixels) of squares allowed in the task. The remaining stimuli were created
online, with item sizes ranging in between the smallest and largest item sizes. Participants were asked
to indicate without counting which of the arrays consisted of more squares by pressing the left or right
button on the keyboard. Stimuli remained on the screen until the participants responded, and the next
trial was presented after an interstimulus interval of 300 ms.

Symbolic comparison task. Stimulus presentation and recording of the data were controlled by E-Prime
1.1 (Psychology Software Tools, http://www.pstnet.com). A trial started with a fixation cross for
600 ms, after which two stimuli appeared. Stimuli were white Arabic digits on a black background (Ar-
ial font, 16), simultaneously presented 4.25 cm to the left and right from the center of the screen, and
remained on the screen until the children responded. Participants needed to select the larger number
by pressing the left or right button on the keyboard. Children were asked to respond as quickly as pos-
sible without making errors. The intertrial interval was 1000 ms. The stimulus set consisted of num-
bers 1 to 9, but only combinations of stimuli with a maximum distance of 5 between both numbers
were presented to the children, resulting in 60 trials. This was done because in a previous study
(Sasanguie, De Smedt, et al., 2012) reaction times decreased with increasing distance, but from a dis-
tance of 5 onward any further decrease was minimal. Five practice trials were included, and feedback
on accuracy was provided during practice trials only.

Number line estimation tasks. Children were presented with 25-cm-long lines in the center of white A4
sheets (i.e., 29.7 x 21 cm). The 0-to-100 interval was administered in both a symbolic format and a
nonsymbolic format. Nonsymbolic stimuli were generated using the MATLAB program as described
by Dehaene et al. (2005). The dots of a single stimulus were displayed in a circle with a radius of
45 mm. The end points of the number lines were labeled by an empty circle on the left and a circle
with 100 dots on the right in the nonsymbolic condition. In the symbolic condition, the dots were re-
placed by Arabic digits. The target quantity that needed to be positioned was shown in the center of
the sheet, 6 cm above the number line. The quantities used in the experiment (2, 3, 4, 6, 18, 25, 48, 67,
71, and 86) were taken from Siegler and Opfer (2003). The presentation order of the quantities was
randomized, and each line was presented on a separate sheet. Children were instructed to put a mark
on the line where they thought the quantity needed to be positioned. To ensure that the children were
aware of the interval size, the experimenters took the first number line as an example and pointed to
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each item on the sheet while saying, “This line goes from 0 [dots] to 100 [dots]. If here is 0 and here is
100, where would you position this number [quantity]?” Afterward, children went through all sheets
at their own pace.

Standardized tests

Timed arithmetic test. The TTR (Tempo Test Rekenen; De Vos, 1992) is a test consisting of 200 arithme-
tic number fact problems presented in five rows (one row with addition, one row with subtraction,
one row with division, one row with multiplication, and one mixed problem row). Within each
row, the problems increase in difficulty. Children needed to solve as many items as possible within
1 min per row. The TTR is a standardized test that is frequently used in the Flemish education system.
The test is identical for each grade. For the analyses, the total number of correct items was trans-
formed into a z-score for each grade separately.

General curriculum-based math achievement test. The Flemish Student Monitoring System (Dudal,
2000a) consists of 60 items covering number knowledge, understanding of operations, (simple) arith-
metic, word problem solving, measurement, and geometry, based on the curriculum per grade. This
test specifically focuses on what the children are supposed to have learned during formal math edu-
cation according to their grade curriculum. Thus, the same constructs are included in each grade but
have a different difficulty level. The maximum score is 60, with 1 point for each correct answer. For the
analyses, the scores were transformed into a z-score for each age group separately. The reliability in-
dexes of Kuder-Richardson (KR 20) for the test are .90, .89, .90, and .89 for the first, second, third, and
fourth grades, respectively.

Curriculum-based spelling achievement test. The spelling test of the Flemish Student Monitoring System
(Dudal, 2000b) was used to measure children’s spelling skills. This test involves the dictation of letters,
words, and sentences. The maximum score is 60, with 1 point for each correct answer. For the anal-
yses, the scores were transformed into a z-score for each age group separately. The reliability index of
Kuder-Richardson (KR 20) for this test is .90 for second, third, and fourth grades.

Results

In this section, we focus on the associations between the experimental tasks and the math achieve-
ment tests. The detailed results for each number task are described in the Supplementary material. In
sum, all tasks showed the number processing effects typically described in the literature (see Table 1).
The nonsymbolic comparison task revealed a ratio effect; children were more accurate when the dif-
ference between the two numerosities to be discriminated was larger. Moreover, the computed Weber
fractions (w) decreased with grade. In the symbolic comparison task, a distance effect was present and
children became faster with increasing grade. In line with previous research (e.g., Holloway & Ansari,
2009), a numerical distance effect was calculated for each individual using the following formula. The
average of the median reaction times on trials with numerical distances of 4 and 5 was subtracted
from the average of the median reaction times on trials with numerical distances of 1 and 2. The dif-
ference was then divided by the average of the median reaction times on trials with numerical dis-
tances of 4 and 5 to correct for individual differences in reaction times. In the number line
estimation tasks, children showed a more linear estimation pattern with increasing age and error rates
decreasing with grade for both the symbolic and nonsymbolic number line tasks. Children’s estima-
tion accuracies were obtained by computing the percentage of absolute error per child according to
the following equation (Siegler & Booth, 2004):

Estimate — Estimated Quantity
Scale of Estimates ’
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Table 1
Children’s performance on the nonsymbolic comparison task, the symbolic comparison task, and the number line estimation tasks,
displayed by grade.

Nonsymbolic Symbolic comparison Number line estimation tasks
comparison task task
Weber fraction (w)  Reaction Accuracy  Symbolic notation Nonsymbolic notation
time (ms) (%) mean PAE (%) mean PAE (%)
First graders .96 (.71) 1043.71 94.41 (5) 8.63 (5) 14.16 (5)
(238.33)
Second graders .63 (.40) 899.31 96.11 (3) 7.58 (3) 13.42 (5)
(159.56)
Third graders .56 (.35) 784.53 97.44 (2) 493 (3) 10.96 (5)
(103.58)

Note: PAE, percentage of absolute error.

For example, if a child was asked to estimate 18 on a 0-to-100 number line and placed the mark at
the point on the line corresponding to 30, the percentage of absolute error would be (30-18)/100 or
12%.

Correlation analysis

We examined the relation between the indexes of the different experimental measures (see Ta-
ble 2). For the nonsymbolic comparison task, the Weber fractions and the mean accuracies were used
as indexes. For the symbolic comparison task, we used the median reaction times and the individual
distance effects. As indexes for the number line estimation tasks, the symbolic and nonsymbolic mean
percentages of absolute error were used. To exclude that correlations were due to differences between
grades or general abilities, we controlled for grade and general spelling achievement. There was a high
negative correlation between the Weber fraction and the mean accuracies of the children on the non-
symbolic comparison task, r1(67) = —.76, p <.001, indicating that the more accurate children were on
this task, the lower their Weber fraction was. There was also an association between reaction times
on the symbolic comparison task and mean percentage of absolute error on the symbolic number line
estimation task, r(67)=.37, p <.01, demonstrating that children who were faster at comparing digits
were also better at placing digits on an external number line. In addition, a large positive significant
correlation was found between both math achievement tests, 1(67) = .59, p <.001.

More important for the current purposes of the study, we also investigated the relation between
the individual differences on the experimental measures and the two standardized mathematics
achievement scores measured 1 year later. Math achievement measured with the timed arithmetic
test correlated negatively with reaction times on the symbolic number comparison task,
r(67)=—.35, p <.01, indicating that children with a high score on this timed math test were faster
in comparing digits. Other correlations were not significant. When math achievement was measured
with the general curriculum-based math test, significant correlations were found between mathemat-
ics achievement and symbolic comparison, r(67)= —.37, p <.01. In addition, math achievement also
correlated with performance on the symbolic number line estimation task, r(67) = —.40, p <.01, and
the nonsymbolic number line estimation task, 1(67) = —.25, p =.04, suggesting that children with a
high score on the curriculum-based math test were more accurate in placing numbers on a number
line.

Development of the associations over grades

We also examined whether the associations between the experimental tasks and mathematics
achievement changed over grades. Therefore, we performed analyses of covariance with the indexes
of the experimental tasks (see Table 1) as dependent variables, grade as a factor, and mathematics
achievement and the interaction between grade and mathematics achievement as covariates. If the
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interaction between grade and mathematics achievement were significant, this would indicate that for
performance on the experimental task, the association with mathematics achievement changed over
grades. These analyses were conducted for both measures of mathematics achievement.

For the timed arithmetic test, the grade by mathematics achievement interaction was significant
for reaction times on the symbolic number comparison task, F(3,67) = 3.43, p = .02, 17; =.13. To exam-
ine this interaction in more detail, Pearson correlation coefficients were calculated per grade.
Although these associations revealed a similar pattern in all grades, the largest association was found
in first graders: r(16) = —.44, p=.07 for first graders, 1(21)= —.35, p=.10 for second graders, and
r(25) = —.35, p = .08 for third graders.

For the curriculum-based math test, the grade by mathematics achievement interaction was signif-
icant for reaction times on the symbolic number comparison task, F(3,67) = 3.52, p =.02, n; = .14, per-
formance on the symbolic number line estimation task, F(3,67)=3.08, p=.03, nf, =.12, and
performance on the nonsymbolic number line estimation task, F(3,67) = 2.98, p = .04, nf, =.12. Pearson
correlation coefficients were calculated per grade to investigate the pattern of associations. For reac-
tion times on the symbolic comparison task, associations were r(16) = —.33, p =.19 for first graders,
r(21)=-.53, p<.01 for second graders, and r(25)= —.26, p =.20 for third graders, indicating that
the association is the largest for second graders. For performance on the symbolic number line estima-
tion task, the associations per grade showed a highly similar pattern: r(16)=—.42, p=.08 for first
graders, 1(21) = —.48, p =.02 for second graders, and r(25) = —.39, p = .04 for third graders. However,
for mean performance on the nonsymbolic number line estimation task, Pearson correlations showed
only a negative association, indicating that children with higher math scores made fewer errors in the
case of second graders, r(21) = —.37, p =.08, and third graders, r(25) = —.44, p = .02, but not in the case
of first graders, 1(16)=.18, p =.49. The other interactions were not significant, indicating that there
were no grade differences in the correlations between the other experimental tasks and mathematics
achievement.

Regression analysis

To examine which of these experimental measures predicted unique variance in both mathematics
achievement scores, two hierarchical multiple regression analyses were conducted with each math
test as a dependent variable and the experimental measures as predictors. Blocks of independent vari-
ables were added in a stepwise procedure. This method allowed us to control for nonexperimental
variables (i.e., grade and general abilities) before investigating the unique contribution of the experi-
mental measures to the variance in mathematics achievement. Grade was entered in Step 1 after

Table 2
Partial correlations between the diverse indexes of the experimental measures and between these measures and mathematics
achievement measured 1 year later with the two math tests (see frame), controlling for grade and spelling achievement (N = 71).

1 2 3 4 5 6 7
1. Standardized score on timed arithmetic test
2. Standardized score on general curriculum-based math 597
achievement test

3. Nonsymbolic comparison Weber fraction -.17 -.17

4. Nonsymbolic comparison mean accuracy 14 .09 -76""

5. Symbolic comparison median RT -357 377 | .09 .06

6. Symbolic comparison DE .07 .06 —.05 .04 -.04

7. Symbolic 0-to-100 line mean PAE -.24 —-.40" .16 —-.08 377 .06

8. Nonsymbolic 0-to-100 line mean PAE -.19 -25" | —-.01 .01 .01 14 17
Note: RT, reaction time; DE, distance effect; PAE, percentage of absolute error.
*p <.05.
*p<.01.

**p < 001.
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recoding this variable in two dummies by means of effect recoding (i.e., Dummy 1: Grade 1 = 1, Grades
2 and 3 =0; Dummy 2: Grade 2 =1, Grades 1 and 3 =0). To control for general abilities, spelling
performance, which should also be mediated by general abilities, was entered into the model in Step
2. Finally, in Step 3, the experimental measures were added.

The model for the timed arithmetic test accounted in total for 21% of the variance (see Table 3).
After controlling for differences in spelling achievement (11% of variance), reaction time on the sym-
bolic comparison task was the only significant predictor for the timed arithmetic test.

The model for the general curriculum-based math test explained in total 26% of the variance (see
Table 4). After controlling for spelling achievement (7% of variance), reaction time on the symbolic
comparison task and performance on the symbolic number line estimation task were the only signif-
icant predictors.

Finally, we conducted a regression analysis with the scores on the curriculum-based math test
measured at t1 also incorporated into the model (in Step 3) before putting the experimental measures
in the regression model. This way, it can be examined whether the predictive associations between the
basic number processing tasks and math achievement at t2 (see Table 4) remain after controlling for
math achievement at t1. Because we collected scores only on the curriculum-based test at t1 (and not
on the timed test), this additional regression analysis was performed only with the curriculum-based
test at t2 as the dependent variable.

This model explained in total 54% of the variance for the general curriculum-based math test (see
Table 5). After controlling for spelling achievement (7% of variance), math achievement measured at t1
explained 51% of the variance in math achievement measured at t2. The number processing indexes
entered in the fourth step were no longer significant predictors.

Discussion

In this study, we investigated which basic numerical processes (i.e., numerosity discrimination,
symbol processing, or number line estimation) assessed in Grades 1 to 3 was most related to individ-
ual differences in math achievement 1 year later. In addition, we wanted to examine whether the type
of math achievement test (timed arithmetic vs. untimed, general curriculum-based) has an impact on
the predictive power of the basic numerical tasks. The typical results on nonsymbolic and symbolic
comparison tasks and on symbolic and nonsymbolic number line estimation tasks were obtained.
We then investigated whether the children’s performances on these tasks were related to their math
achievement scores. The math achievement scores of the children on both math achievement tests
were predicted by symbolic number processing.

Children who were fast at comparing digits performed better on the math tests. In addition, perfor-
mance on the curriculum-based math test was also predicted by the accuracy of placing digits on an
external number line. When the math achievement scores measured at t1 were incorporated into the
regression analysis, the number processing measures no longer contributed to the variance in math
achievement measured at t2. This indicates that the indexes of the experimental tasks do not predict
later math achievement on top of math achievement measured 1 year earlier. This is not surprising
given the high correlation between the scores on the math achievement tests at t1 and t2,
1(69) =.72,p <.001. However, the predictive power of the experimental indexes as presented in Table 4
are still interesting because they provide a more refined picture of the basic representations and pro-
cesses that are associated with later math achievement.

The current findings demonstrate that symbolic number comparison is clearly associated most
with the children’s mathematics achievement measured 1 year later. This association was particularly
strong in the youngest groups and was somewhat reduced in older children, a finding that is consis-
tent with previous studies (e.g., Holloway & Ansari, 2009; Sasanguie, De Smedyt, et al., 2012). Younger
children (i.e., first and second graders) are in the process of mapping symbolic digits onto preexisting
nonsymbolic representations (Barth et al., 2008; Mundy & Gilmore, 2009), which might explain why
symbolic number comparison is more sensitive to explaining individual differences in math achieve-
ment at this age. It is unlikely that this association is the result of an underlying general processing
speed mechanism because the association was present for both the timed arithmetic test and the
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Table 3

Hierarchical regression analysis predicting mathematics achievement 1 year later measured with a timed arithmetic test.
Variable Standardized g t p
Grade_dummy1 .00 0.00 1.00
Grade_dummy?2 .00 0.00 1.00
FChange <1
Spelling achievement 38 3.39 .001
Fchange (1,67)=11.48, p< .01, R*=.15
Nonsymbolic comparison Weber fraction -.02 -0.10 923
Nonsymbolic comparison mean accuracy 13 0.75 456
Symbolic comparison mean RT -.36 -2.59 .012
Symbolic comparison DE .08 0.71 482
Symbolic 0-to-100 line mean PAE -.08 -0.63 532
Nonsymbolic 0-to-100 line mean PAE -.18 -1.59 .118

Fchange(6,61)=2.50, p=.03, R*=.17

Note: RT, reaction time; DE, distance effect; PAE, percentage of absolute error.

Table 4
Hierarchical regression analysis predicting mathematics achievement 1 year later measured with a general, curriculum-based
math test.

Variable Standardized B t p
Grade_dummy1 .00 0.00 1.00
Grade_dummy?2 .00 0.00 1.00
FChange <1

Spelling achievement 33 2.86 .006
Fchange(1,67) = 8.18, p<.01, R* =11

Nonsymbolic comparison Weber fraction —-.08 -0.45 .656
Nonsymbolic comparison mean accuracy .03 0.15 .885
Symbolic comparison mean RT -.30 -2.25 .028
Symbolic comparison DE .08 0.78 439
Symbolic 0-to-100 line mean PAE -.27 -2.14 .037
Nonsymbolic 0-to-100 line mean PAE -.22 -1.97 .054

Fchange(6,61) =3.93, p< .01, R* = .25

Note: RT, reaction time; DE, distance effect; PAE, percentage of absolute error.

Table 5
Hierarchical regression analysis predicting mathematics achievement 1 year later measured with a general, curriculum-based
math test, controlling for math achievement at t1.

Variable Standardized B t p
Grade_dummy1 .00 0.00 1.00
Grade_dummy?2 .00 0.00 1.00
FChange <1

Spelling achievement 33 2.86 .006
Fchange(1,67)=8.18, p<.01, R* = .11

Math achievement at t1 .67 7.86 .000
Fchange(1,66) = 61.80, p <.001, R? = 43

Nonsymbolic comparison Weber fraction -.15 -1.08 .286
Nonsymbolic comparison mean accuracy -.03 -0.23 .816
Symbolic comparison mean RT -.13 -1.18 244
Symbolic comparison DE .05 0.60 .553
Symbolic 0-to-100 line mean PAE -.07 -0.64 522
Nonsymbolic 0-to-100 line mean PAE —-.16 -1.87 .066

Fehange(6,60) = 1.54, p = .18, R* = .06

Note: RT, reaction time; DE, distance effect; PAE, percentage of absolute error.
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untimed general curriculum-based math test. Processing symbolic numbers seems to be important for
later mathematical skills. When digits need to be compared, they must first be associated with their
corresponding magnitude representation. In a next step, a decision would need to be made on the acti-
vated representations, which typically results in a distance effect (Moyer & Landauer, 1967; Restle,
1970). Previous studies have indeed reported a relationship between the distance effect in symbolic
comparison and mathematics achievement, indicating that the decisional aspect is problematic in di-
git comparison (e.g., De Smedt, Verschaffel, & Ghesquiére, 2009; Holloway & Ansari, 2009). It is pos-
sible that the larger distance effect observed in children with mathematics difficulties is due to a more
imprecise representation of Arabic numbers (e.g., Holloway & Ansari, 2009). However, an association
between the distance effect and mathematics achievement was absent in the current study, which is
in line with other studies (e.g., De Smedt & Gilmore, 2011; Landerl, Fussenegger, Moll, & Willburger,
2009; Sasanguie, Van den Bussche, et al., 2012). Taking a closer look at the studies that reported an
association between the distance effect and mathematics achievement, it becomes clear that the
amount of variance that could be explained by the size of the symbolic distance effect was generally
relatively smaller than the variance explained by general reaction times. In addition, associations be-
tween the distance effect and mathematics achievement were limited to younger participants, at least
in some studies (e.g., Holloway & Ansari, 2009). Therefore, we argue that it is not an imprecise repre-
sentation but rather a delayed activation of the corresponding magnitude of a symbol that is respon-
sible for the association between symbolic comparison and mathematics achievement. This is in line
with the so-called “access-deficit hypothesis” proposed by Rouselle and Noél (2007).

In contrast to some previous studies (e.g., Halberda & Feigenson, 2008; Inglis et al., 2011; Libertus
etal., 2011; Piazza et al., 2010), neither the accuracy nor the Weber fraction derived from the nonsym-
bolic comparison task was related to math achievement, suggesting that the innate approximate rep-
resentation of numbers does not underlie later mathematics achievement in 6- to 8-year-old children.
Recently, Price, Palmer, Battista, and Ansari (2012) put forward several possibilities for the absence of
a relation between ANS acuity and math achievement in some studies (e.g., Holloway & Ansari, 2009;
Iuculano, Tang, Hall, & Butterworth, 2008; Price et al., 2012). They proposed that differences between
studies, such as sample size, age group, type of arithmetic test, and nature of the ANS metric, might be
responsible for the inconsistent findings. However, none of these explanations seems to account for
the absence of an association between ANS acuity and math achievement in the current study. The
sample size and age range were similar to those in studies having found a relationship between the
ANS and math achievement (e.g., Halberda & Feigenson, 2008; Inglis et al., 2011). Moreover, we used
different metrics of ANS performance as well as different math tests. Soltész et al. (2010) suggested
that the visual cues of the number stimuli (e.g., surface, diameter) might play a significant role in
the variance observed in the outcomes of nonsymbolic number studies. These researchers showed that
4-year-olds have the tendency to respond to the visual properties of the stimuli instead of number
when they need to decide which stimulus contains more items. Such biases were also observed in old-
er children (Inglis et al., 2011) and adults (Gebuis & Reynvoet, 2012b; Gilmore, Attridge, & Inglis,
2011). Furthermore, the methods used to control the visual cues in studies might, thus, account for
the discrepancies in the results (Gebuis & Reynvoet, 2012a). More research focusing on subtle differ-
ences in the procedure, such as stimuli used (but also presentation rate, etc.), is required to unravel
why an association between the ANS acuity and math achievement in children sometimes is found
and sometimes is not found.

Although we have considered the observed associations between experimental tasks and math
ability as evidence in favor of a delayed access from symbols to their corresponding quantity in par-
ticipants with lower math achievement scores (see also Mundy & Gilmore, 2009), an alternative expla-
nation cannot be excluded. Recently, some researchers have argued in favor of two independent
representations: an approximate representation for large numerosities and an exact representation
for symbols (e.g., Lyons, Ansari, & Beilock, 2012; Noél & Rouselle, 2011). Both representations need
to be related to one another in the process of acquisition of symbols (Noél & Rouselle, 2011). According
to Lyons et al. (2012), the approximate nonsymbolic system and the acquired exact symbolic system
gradually diverge again, resulting in two rather distinct representations during adulthood. According
to this theoretical framework, the current results show that the exact symbolic system explains var-
iance in individual mathematics achievement at least during the primary school years. However, our
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results cannot distinguish between either accounts with one magnitude representation onto which
symbols are mapped or accounts with distinct representations for nonsymbolic stimuli and symbols.

Another goal of this study was to clarify whether the type of math test that is used to assess math
achievement may have led to diverging results between studies. A strong positive correlation between
both math tests was observed. Therefore, it is not surprising that the results of the current study seem
to suggest more similarities than differences if another type of math test is used. Both performance on
a timed arithmetic test, which was identical for each grade, and on a more general curriculum-based
test, adjusted to the level that needs to be acquired by the children in each grade in terms of geometry,
measurement, word problem solving, and so forth, were associated with reaction times on the sym-
bolic comparison task. Individual differences on the curriculum-based test were also explained by per-
formance on the symbolic number line estimation task, which in turn can be explained by the fact that
the curriculum-based math test measures a broader spectrum of skills that are, among others, more
related to mapping digits onto space (e.g., spatial abilities, order aspects, left and right, before and
after) than the arithmetic test. The observation that performance on the general curriculum-based
math test was better predicted by the number-space mapping of symbols than that of dot patterns
is also evidence in favor of symbolic number processing as the main contributor to individual variance
in mathematics achievement (i.e., the “access deficit hypothesis”; Rouselle & Noél, 2007). In particular,
this association between number-space mappings and math achievement was stronger in the oldest
groups (i.e., second and third graders). This might be due to the fact that a 0-to-100 number range was
used in all age groups. Not all children in the first grade are completely familiar with this number
range, leading to more random variance in number line positioning in the youngest group and a smal-
ler association with mathematics achievement (e.g., Berteletti, Lucangeli, Piazza, Dehaene, & Zorzi,
2010; Siegler & Booth, 2004).

To conclude, the current findings revealed that children’s performance on an ANS task was not
associated with their math achievement score, implying that the innate representation of number is
not predictive of children’s later math achievement. In contrast, symbolic number processing seems
to predict math achievement of 6- to 8-year-olds measured 1 year later. When math achievement
was measured with a curriculum-based math test, the accuracy of placing digits on an external num-
ber line had additional predictive value. These findings suggest that children who have mathematical
difficulties struggle with delayed activation from the corresponding magnitude from a symbol or a
deficient exact representational system for symbols. Thus, focusing on symbols and the translation
to their corresponding representation is very important in learning contexts because this process
seems so crucial for later math achievement.
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