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The approximate number system (ANS) theory and the ANS mapping account have been
the most prominent theories on non-symbolic numerosity processing and symbolic number
processing respectively, over the last 20 years. Recently, there is a growing debate about
these theories, mainly based on research in adults. However, whether the ANS theory and
ANS mapping account explain the processing of non-symbolic numerosity and symbolic
number in childhood has received little attention. In the current ERP study, we first examined
whether non-symbolic numerosity processing in 9-to-12-year-old children (N � 34) is
intuitive, as proposed by the ANS theory. Second, we examined whether symbolic
number processing is rooted in non-symbolic numerosity processing, as proposed the
ANS mapping account. ERPs were measured during four same-different match-to-sample
tasks with non-symbolic numerosities, symbolic numbers, and combinations of both. We
found no evidence for intuitive processing of non-symbolic numerosity. Instead, children
processed the visual features of non-symbolic stimuli more automatically than the numerosity
itself. Moreover, children do not seem to automatically activate non-symbolic numerosity
when processing symbolic numbers. These results challenge the ANS theory and ANS
mapping account in 9-to-12-year-old children.

Keywords: ANS mapping account, ANS theory, children, non-symbolic numerosity processing, symbolic number
processing, ERP

HIGHLIGHTS

• Children’s non-symbolic (NS) numerosity and symbolic number processing was assessed
• ERPs show that NS numerosity and symbolic number processing is not intuitive
• Instead, children process visual features of NS stimuli automatically
• The data do not support automatic activation of numerosity during number processing
• Thus, the results challenge the ANS theory and ANS mapping account in children

INTRODUCTION

Numerical processing is an important early marker of mathematical performance (e.g., Schneider
et al., 2017). Numerical processing can be subdivided into non-symbolic numerosity processing (e.g.,
comparison between two sets of dots) and symbolic number processing (e.g., comparison between
two Arabic numerals or number words). A prominent theory on non-symbolic numerosity
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processing is the ANS (approximate number system) theory. This
theory states that approximate numerosity, i.e., the number of
objects in a set, is intuitively extracted when one is confronted
with a set of objects, such as a dot pattern (Dehaene, 1997). This
means that the visual properties of a set of objects are removed or
normalized, such that the numerosity of the set can easily be
established, and that this process goes without much effort. The
ANS mapping account concerns symbolic number processing,
and theorizes that symbolic number processing in adults is rooted
in non-symbolic numerosity processing. Approximate non-
symbolic numerosity is thought to be activated automatically
when processing symbolic numbers (Dehaene, 1997). There is
currently a hot debate about whether the ANS theory and ANS
mapping account hold or whether alternative theories are more
likely to explain non-symbolic numerosity processing and
symbolic number processing (see for example Leibovich et al.,
2017, including commentaries on this paper). The aim of the
present study was to examine whether the ANS theory and ANS
mapping account do underlie non-symbolic numerosity
processing and symbolic number processing in children. An
event-related potential (ERP)-paradigm was employed to gain
insight into the processing of non-symbolic numerosity and
symbolic number.

ERP-research on the validity of the ANS theory and ANS
mapping account in children is limited. ERP-research in adults
shows both evidence confirming the ANS theory (Temple and
Posner, 1998; Paulsen and Neville, 2008; Hyde and Spelke, 2009;
Hyde and Spelke, 2012; Park et al., 2017; Van Rinsveld et al.,
2020) and ANS mapping account (Dehaene, 1996; Temple and
Posner, 1998; Pinel et al., 2001; Libertus et al., 2007), as well as
more recent evidence against the ANS theory (Gebuis and
Reynvoet, 2012; Soltész and Sz}ucs, 2014; Van Hoogmoed and
Kroesbergen, 2018) and ANS mapping account (Van
Hoogmoed and Kroesbergen, 2018). Children’s numerical
processing mechanisms may either be the same or different
from those in adults. Research has shown that even infants seem
to have a rudimentary understanding of non-symbolic
numerosity (e.g., Xu and Spelke, 2000; Xu et al., 2005; Xu
and Arriaga, 2007). However, it is not yet completely clear
whether this is purely based on numerosity, or whether it is
based on the visual features of a set of objects (Gebuis et al.,
2016). Moreover, the development of symbolic number
processing only starts at a later age.

From a developmental perspective, the early acquisition of
symbolic number in young children may be intertwined with
non-symbolic numerosity processing, as children usually start
grasping numerical information by counting small amounts of
non-symbolic objects (e.g., toys, pieces of fruit, or various body
parts; Gelman, and Gallistel, 1978). Based on the ANS mapping
account, this symbolic information will remain to activate their
non-symbolic counterparts, even into adulthood. However, Carey
(2004), Carey (2009), Carey (2011) claims that only small
numbers are acquired based on non-symbolic numerosities,
not based on the ANS, but on parallel individuation. The
acquisition of numbers larger than four would be dependent
on verbal counting routines and the notion that the next number
in the routine represents N + 1 instead of direct mapping onto

non-symbolic numerosities. However, other possible
mechanisms that help children acquire number symbols have
been proposed in several commentaries on Carey’s paper (2011).
For example, children’s understanding of number is argued to
occur prior to learning verbal principles such as counting, and
this knowledge of number might foster development of numerical
representations (Gelman, 2011; Gentner and Simms, 2011; Landy
et al., 2011; Spelke, 2011).

In older children in kindergarten, symbolic number
processing has been shown to be related to children’s mapping
skills (i.e., linking symbolic numbers and non-symbolic
numerosities; Kolkman et al., 2013). It might thus be the case
that symbolic number and non-symbolic numerosity processing
in (young) children—in contrast to adults—(partly) rely on a
common mechanism. However, this does not necessarily mean
that children automatically activate numerosity when confronted
with numbers as proposed by the ANS mapping account,
especially not when they are older and more proficient in
dealing with symbolic numbers. There is indeed evidence that
processing of symbolic (large) numbers predicts processing of
non-symbolic numerosity in kindergartners instead of vice versa,
which suggests that symbolic processing does not necessarily
build on the ANS (Lyons et al., 2018). Instead, there may be a
bidirectional relationship between the development of symbolic
and non-symbolic processing (Goffin and Ansari, 2019).
Together, this implies that the processing of non-symbolic
numerosity might not be as intuitive in children as assumed
by the ANS theory and that the ANS may not be automatically
activated when processing symbolic number, as proposed by the
ANS mapping account.

The present study had two aims. The first aim was to
investigate whether non-symbolic numerosity processing in
children between 9 and 12 years of age is intuitive, in line with
the ANS theory, or whether numerosities are processed based on
the processing of visual features instead, as is proposed by
alternative theories such as the sensory-integration theory
(Gebuis et al., 2016) and sense of magnitude theory (Leibovich
et al., 2017). Second, we examined whether children’s processing
of symbolic number can be explained by the ANS mapping
account, or whether this processing is independent of
numerosity, based on symbol-symbol associations (e.g.,
Reynvoet and Sasanguie, 2016).

Non-Symbolic Numerosity Processing
The ANS theory states that non-symbolic numerosity processing
relies on an innate approximate number system (Dehaene, 1997).
Non-symbolic stimuli are thought to be processed by an intuitive
estimation of numerosity (i.e., the number of objects in a set),
independently of physical features of the stimuli, such as the size
of the objects. Proof of concept for this theory is mainly based on
behavioral ratio effects within comparison tasks: Comparing two
non-symbolic numerosities is more difficult (i.e., lower accuracy
and slower reaction times) when these numerosities are closer in
magnitude, and thus have a ratio closer to 1 (see Guillaume and
Van Rinsveld, 2018 for a meta-analysis). This ratio effect is
assumed to result from a mental number line wherein
numerosities that are spatially located together are
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automatically co-activated, suggesting that non-symbolic
numerosities are processed intuitively. Results from ERP
research mirror the behavioral results by showing early ratio-
dependent ERP amplitudes around 200 ms after stimulus
presentation, suggesting that numerosity processing is fast
(Temple and Posner, 1998; Libertus et al., 2007; Paulsen and
Neville, 2008; Hyde and Spelke, 2009; Hyde and Spelke, 2011;
Hyde and Spelke, 2012).

Although the ANS theory suggests that stimuli are processed
independent of physical properties, physical features are
inherently related to numerosity in real life. For instance, if
one child has two pieces of candy and another child has four
pieces of candy, then the second child’s candy will occupy more of
the visual space (i.e., total area and surface of the candy).
According to the ANS theory, these visual features would be
removed in a very early stage of numerical processing (e.g.,
Dehaene, 1997), after which numerosities are estimated or
compared. However, instead of estimating numerosity after
removal of visual features, one might better use visual
properties of the objects to determine which child has the
most candy.

To prevent the use of visual properties to estimate or
compare numerosities, most research on non-symbolic
numerosity processing therefore aims to control for visual
properties of the stimuli. Even when using this kind of
control, some studies still find early effects of numerosity,
independent of visual features (Park et al., 2016; Fornaciai
et al., 2017), which could be interpreted as evidence for the
ANS theory. However, there are also studies that show that with
proper control over visual features, effects of numerosity are
absent or only starting around 650 ms (Gebuis and Reynvoet,
2012; Soltész and Sz}ucs, 2014; VanHoogmoed and Kroesbergen,
2018). These results do not align with the ANS theory, since
intuitive processing is unlikely to take such a long time, because
it should take little effort. Hence, these results are better
explained by alternative theories, such as the sensory-
integration theory which posits that the integration of visual
features is at the basis of an approximation of numerosity
(Gebuis et al., 2016).

In children, it has become evident that the processing of non-
symbolic stimuli relies more and more on actual non-symbolic
numerosity with age and education, whereas physical properties
of the stimuli become less relevant (Park, 2018; Piazza et al.,
2018). This may reflect the increasing precision of the ANS
(Halberda and Feigenson, 2008). Alternatively, it may reflect a
growth in inhibition, withdrawing the child from intuitively
responding to visual features and basing their decisions on the
number of elements instead (Fuhs and McNeil, 2013; Gilmore
et al., 2013). The argument of increasing precision of the ANS
would result in early effects of numerosity (more specifically
ratio) in the ERP with smaller and relatively short-lasting effects
for visual properties. However, growth in inhibition would result
in late effects of numerosity in the ERP in combination with early
and possibly longer-lasting effects of visual properties. Our first
aim was thus to examine whether non-symbolic numerosity
processing is indeed intuitive, as proposed by the ANS theory
(Dehaene, 1997), resulting in early effects of numerosity.

Alternatively, children could process visual features more
automatically than numerosity, which would be more in line
with the sensory-integration theory (Gebuis et al., 2016), resulting
in early effects of visual features in combination with later or no
effects of numerosity.

Event-Related Potential Correlates of
Non-symbolic Numerosity Processing in
Children
Previous ERP research shows similarities in ERPs of non-
symbolic numerosity processing between 5- and 8-year-old
children and young adults (Temple and Posner, 1998; Heine
et al., 2013; Soltész and Sz}ucs, 2014). Children and adults show
similar neural activation over the parietal cortices when
processing non-symbolic numerosity. For instance, similar
ratio effects were displayed in the early ERP components N1
and P2p for children and adults (Temple and Posner, 1998).
However, visual properties of the stimuli were not controlled in
this study and only small numerosities were included (1–9).
Other research controlling visual properties showed systematic
numerosity distance effects in typically developing children in
second and third grade in the parietal regions between 280 and
600 ms (Heine et al., 2013). Effects were found for subitizing,
counting and estimation. The fact that effects for non-symbolic
numerosity processing in children are more compelling for later
ERPs (when controlling for visual properties of the stimuli),
seems to indicate that this is not an automatic, but a more
conscious process. In the current study, early effects of ratio
would support the ANS theory, whereas either late ERP
components related to numerosity, or no components related
to numerosity at all, in combination with early and longer-lasting
effects of visual features, may align better with the sensory-
integration theory (also depending on the processing of the
visual features of the stimuli).

Symbolic Number Processing
The ANS mapping account theorizes that symbolic number
processing is rooted in the processing of the corresponding
non-symbolic numerosity (Dehaene, 1997). As such, when
encountering a number, the corresponding numerosity is
assumed to be automatically activated in adults. Evidence for
this account is mainly based on similar ratio effects for symbolic
numbers and non-symbolic numerosities, which was assumed to
be due to similar overlapping representations of numerosities and
numbers (Dehaene et al., 1990; Verguts and Van Opstal, 2005;
Holloway and Ansari, 2008; Sasanguie et al., 2012; Sasanguie
et al., 2013). The timing of these non-symbolic ratio effects and
symbolic distance effects is also similar, as has been shown by
ERP research (Dehaene, 1996; Temple and Posner, 1998; Libertus
et al., 2007). Arguments for the ANS mapping account thus seem
convincing.

However, recent research has challenged the ANS mapping
account, by raising several theoretical concerns about important
assumptions (e.g., is it an evolutionary system; Reynvoet and
Sasanguie, 2016) and caveats (e.g., inconsistent findings; Gevers
et al., 2016) in those theories. For example, ratio and distance
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effects have also been found in non-numerical comparison tasks
such as ordering letters of the alphabet, which do not have
overlapping representations (Van Opstal et al., 2008). This
implies that the effects are likely task-related instead of
numerosity-related. Based on these results one cannot
conclude that numerosity and number share the same
numerical representation. Recently, symbolic numbers have
been suggested to be processed independently of numerosity
(Lyons et al., 2012; Sasanguie et al., 2017). Moreover, we
showed that adults do not automatically activate numerosities
when processing symbolic numbers (Van Hoogmoed and
Kroesbergen, 2018). Measuring EEG (ERPs) during four
different match-to-sample tasks (i.e., including non-symbolic
numerosities, symbolic numbers, and combinations of both),
we demonstrated that processing a non-symbolic target is
different when the target is preceded by a non-symbolic prime
compared to being preceded by a symbolic prime. If one would
assume that a symbolic prime automatically activates the
corresponding non-symbolic numerosity, one would expect
that the processing of the non-symbolic target would not
differ based on whether it is preceded by a symbolic or non-
symbolic prime. As such, these results suggest that even when a
task requires mapping (e.g., comparison between a symbolic
number and a non-symbolic numerosity), symbolic stimuli are
not automatically mapped onto their corresponding non-
symbolic numerosities in adults.

From a developmental perspective, it seems that symbolic
number processing is intertwined with non-symbolic
numerosity processing in (young) children. When children
learn numbers, they learn them by mapping these onto
numerosities. For example, many children start learning
numbers by counting their (and others) body parts (e.g., how
many eyes, how many arms, how many fingers do you have?).
However, symbolic skills appear to take a more prominent place
than non-symbolic skills in the development of mapping skills in
four-to six-year-old children (Kolkman et al., 2013). Whereas
non-symbolic skills are related to symbolic skills and mapping
skills in the first year of kindergarten, the relation between non-
symbolic and symbolic skills becomes insignificant in the second
year. Moreover, research shows that symbolic processing
predicts non-symbolic skills as soon as children have initial
number understanding, instead of the other way around
(Lyons et al., 2018). This suggests that if these skills are still
related in older children, non-symbolic (i.e., numerosity)
processing may not be the primary format as proposed by the
ANS mapping account. Instead, (larger) symbolic numbers may
be acquired by the successor function (i.e., the next number in
the counting row is exactly one more than the previous number),
and may be embedded in a semantic network of numbers instead
of grounded in the ANS (Krajcsi et al., 2016; Krajcsi et al., 2018;
Reynvoet and Sasanguie, 2016). This may explain why the
relation between non-symbolic and symbolic number weakens
with age (e.g., Kolkman et al., 2013).

In purely symbolic tasks, children from kindergarten to third
grade, as well as children in sixth grade have been found to use
digits’ physical properties to determine their magnitude, rather
than their numerical value in a same-different task. No distance

effect was found for numerical value (Defever et al., 2012). In a
mixed notation task–in which digits needed to be compared to
non-symbolic numerosities–a distance effect was found, showing
no development with age until the end of primary school (Defever
et al., 2012). In contrast, other research on symbolic digit
comparison and comparison of non-symbolic numerosities
(controlled for physical properties) found that the sizes of the
symbolic and non-symbolic distance effects both decreased
between six and eight years of age. The researchers concluded
that children’s magnitude representations become more precise
as they grow older (Holloway and Ansari, 2009). Whether the
distance effect becomes more fine-tuned with age or not, it seems
evident that an effect is present in children, even when controlling
for visual properties of the non-symbolic stimuli. Therefore, it
could be that in children symbolic number processing is rooted in
non-symbolic numerosity processing, in line with the ANS
mapping account and findings in younger children. This may
especially be the case when numbers need to be related to
numerosities, which may involve either activation of the non-
symbolic numerosity based on the processing of the symbolic
number, or the activation of notation-independent code that is
also activated by non-symbolic numerosities (Piazza et al., 2007).
However, based on adult literature, it may also be that older
children do not activate the corresponding numerosity in a purely
symbolic task (e.g., Marinova et al., 2018; Marinova et al., 2021).
In mapping tasks, they may map numerosities onto numbers,
thus in the opposite direction as predicted based on the ANS
mapping account (e.g., Van Hoogmoed and Kroesbergen, 2018).

Event-Related Potential Correlates of
Symbolic Number Processing
Previous research shows several differences in ERP correlates
of symbolic number processing between adults and children
or adolescents (Temple and Posner, 1998; Soltész, Sz}ucs et al.,
2007). While amplitude and direction of the P2p effect for
ratio in a number comparison task in five-year-old children
was similar to the effect of adults, the effect was delayed in
children (Temple and Posner, 1998). Regarding the ratio
effect, differences between adolescents (with math
problems, and matched controls) and adults (without
math problems) were found as well (Soltész et al., 2007).
Slope and topography of the (late) ratio effects were different,
being more mature in adults. These findings seem to indicate
that symbolic processing changes over development, as
differences in ERP components or scalp locations were
found respectively. Soltész et al. (2007) proposed that
differences in the late ERP components reflect differences
in complex symbolic number processing between adolescents
and adults. Note that similar differences in symbolic number
processing between children and adults have been found in
fMRI research (Ansari et al., 2005). These studies seem to
suggest that numerical processing mechanisms in children
and adolescents differ from adult mechanisms. This may
indicate that symbolic number processing relates to non-
symbolic numerosity processing in a different way in adults
and children.
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The Current Study
In the current study, we examined the electrophysiological
correlates of the processing of non-symbolic numerosity and
symbolic number in children between 9 and 12 years of age.
Electro-encephalograms (EEGs) were administered during four
match-to-sample tasks with two ratios, measuring the ratio
effect in processing of non-symbolic stimuli, symbolic
stimuli, or a combination between non-symbolic primes and
symbolic targets and vice versa. The non-symbolic stimuli were
controlled for visual features using the script of Gebuis and
Reynvoet (2011). In this setup, ratio effects for non-symbolic
processing, symbolic processing, and mapping of non-symbolic
numerosities and symbolic numbers could be measured.
Moreover, effects of task format and of visual properties
(i.e., surface, area, and diameter) of the stimuli could be
examined.

Based on the intuitive processing of non-symbolic numerosity
as proposed by the ANS theory, one would expect early effects of
ratio in the non-symbolic task. Moreover, one would expect no
later or long-lasting effects of visual properties, since these would
be removed/normalized in an initial step based on the ANS
theory. However, based on the alternative sensory-integration
theory, one would expect more long-lasting effects of visual
properties, and only later or no ratio effects for numerosity.
With regards to symbolic processing, based on the ANS mapping
account, one would expect to find similar (possibly slightly
delayed) ratio effects as compared to the non-symbolic
condition, since numerosity would be automatically extracted
from the symbolic stimuli, and then processed similarly to the
non-symbolic stimuli (i.e., either in a non-symbolic or notation-
independent format). An additional way to examine whether
non-symbolic numerosity and symbolic number are mapped
onto each other (based on the ANS theory), is a comparison
between tasks with the same primes or targets. If symbolic
numbers and non-symbolic numerosities are mapped onto
each other, one would expect that the processing of non-
symbolic primes is the same, regardless of whether these are
followed by non-symbolic or symbolic targets. Similarly, the
processing of non-symbolic targets would be the same
regardless of whether these are proceeded by non-symbolic or
symbolic primes. Thus, differences in processing of non-symbolic
stimuli depending on task, would provide evidence against the
ANS mapping account.

METHOD

Participants
Participants were 50 children from grade 3 to 6 in primary school.
Seven children were excluded due to recording problems (partly
due to a broken Ground-electrode), and nine children were
excluded due to noisy data (see below). The final sample
consisted of 34 children (16 boys and 18 girls) in grade 3 to 6,
with a mean age of 10.71 years (SD � 0.78). All participants had
normal or corrected-to-normal vision.

Procedure
Participants were recruited via a letter they received from their
schools. The major part of the participants (24 participants) were
tested individually in a separate room within their schools. The
procedure was explained to them verbally with supporting
pictures. The other part of the participants (10 participants)
was tested in the lab. The children were informed that they
could choose to stop participating at every moment. Informed
consent was signed by their parents.

After applying the EEG, the participants were seated behind
the computer. The task instruction was read from the screen
together with the child. Participants were told that there would be
a break after each task. The administrator of the task stayed with
the child during the experiment to answer any questions, and if
necessary, to encourage the child to pursue. The ERP tasks were
presented in a random order. After the four tasks, the EEG cap
was removed from the participant. All tasks including application
and removal of the EEG-cap lasted about 45–60 min. The parents
of all the participants gave written informed consent in
accordance with the Declaration of Helsinki. The research was
approved by the ethics review board of the faculty of Social and
Behavioral Sciences of Utrecht University.

Tasks
Non-Symbolic (Ns-Ns)
In the non-symbolic task, trials consisted of a prime picture with
dot patterns and a target picture with dot patterns, see Figure 1.
The dot patterns were generated in Matlab with the script
described in Gebuis and Reynvoet, 2011. This script allows for
controlling the relation between the number distance and visual
properties, as well as the congruency in area subtended, density,
total surface of the dots, average diameter, and total
circumference. The visual properties of the stimuli were
documented, enabling division of the data based on visual
properties as well (Gebuis and Reynvoet, 2011). The number
of dots for the primes ranged between 20 and 40, with both
smaller and larger targets at ratio 0.5, and 0.7. As such, all
numbers ranged between 10 and 80. A trials started with the
presentation of a prime for 750 ms, then a blank screen jittered
between 400 and 600 ms, and a target presented for 750 ms. The
inter trial interval was jittered between 1,000 and 1,500 ms. In
total, 88 trials were presented to the children. Twenty trials were
presented for each distance x size (target larger vs. target smaller
than prime). In addition to that, we included eight trials in which
the numerosity of the prime and the target were the same.
Participants were instructed to passively watch the stimuli and
only respond by pressing the space bar if they thought the prime
and target stimuli displayed the same quantity as soon as possible
during stimulus presentation or during the following blank
screen (ITI).

Non-Symbolic–Symbolic (Ns-S)
The Ns-S task was identical to the Ns-Ns task with the exception
that the targets were presented as digits instead of dot patterns.
Moreover, both the prime and target were presented for 1,000 ms.
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Symbolic–Non-symbolic (S-Ns)
The S-Ns task was identical to the Ns-S task with the
exception that the primes were presented as digits instead
of dot patterns and targets were presented as dot patterns
instead of digits.

Symbolic (S-S)
The S-S task was identical to the Ns-S task with the exception that
the primes were presented as number words, instead of dot
patterns.

Analyses
Behavioral
Participants were instructed to only respond to trials in which the
prime and target depicted the same numerosity. As such, a non-
response to the trials in which the prime and target did not match
was taken as correct response. Mean accuracy per ratio, per task
was calculated in SPSS, version 23. To examine whether
performance was above chance in each task, one-sample t-tests
were carried out against a test-value of 0.5. Bivariate correlations
between performance and age were carried out separately for
each task.

Event-Related Potential
Recording and Preprocessing
For the 24 participants tested at schools, data were recorded with
a 32 electrode active cap (Biosemi, Amsterdam, Netherlands)
with a sampling rate of 2048 Hz. Additional electrodes were
placed on both mastoids, and below and next to the eyes. The
system records data without reference. The electrode offset was
kept below 50 µV. For the ten participants that were tested in the
lab, data were recorded with a 32-electrode ActiCAP (Brain
Products GmbH) and were recorded online with a sampling
rate of 500 Hz. Measured activity was filtered online using a

125 Hz lowpass filter, and a time constant of 10 s. Impedance was
kept below 50 µV.

After recording, all data were imported into Matlab 2017a
(The MathWorks Inc., 2017) and analyzed using the Fieldtrip
toolbox (Oostenveld et al., 2011). Data of all participants were
downsampled to 500 Hz, rereferenced to the linked mastoids, and
low-pass filtered at 40 Hz. ICA was used to identify and delete eye
blinks and horizontal eye movements. After that, data were
manually inspected for bad channels. Bad channels were
removed and replaced with a weighted sum of the
surrounding channels. Deleted channels were never adjacent to
each other. Data (primes and targets) were segmented from
200 ms before to 1,000 ms after stimulus onset and baseline
corrected. After artifact rejection, the data were averaged per
ratio per task for the targets (MNtrials � 34.2, range 24–40). Data
from target larger than prime and target smaller than prime were
collapsed because of the limited number of trials included (Van
Hoogmoed and Kroesbergen, 2018). To examine the effects of
visual properties, averages were generated for small and large
diameter, small and large area, and small and large surface based
on all non-symbolic primes and targets (mean Ntrials � 31.7,
range Ntrials 19–40). The 40 trials with the largest and 40 trials
with the smallest surface/area/diameter were selected to generate
averages with similar amounts of trials as compared to the
number of trials per ratio. Averages for primes and targets
within each task were also computed (MNtrials � 71.9, range
53–88).

Analyses
Grand averages were computed over the 28 common electrodes in
both recording systems. Since the time course of the differences
between conditions was unknown because of the mixed findings
in previous research, cluster based permutation tests were carried
out (Oostenveld et al., 2011). For the Ratio effects in the tasks,

FIGURE 1 | Overview of the stimuli-formats in the different tasks with the upper line presenting the primes for each task, and the lower line presenting the targets.
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four separate permutation tests were carried out, one for each
task. Similar permutation tests were performed for the physical
parameters on small vs. large (mean) diameter, area (within the
convex hull), and surface (of the dots). To test for differences in
the processing of non-symbolic and symbolic stimuli depending
on task, three cluster based permutation tests were carried out:
one to compare the processing of non-symbolic primes in the
NsNs-task vs. the NsS-task, one to compare the processing of
the non-symbolic targets in the NsNs-task vs. the SNs-task, and
one to compare the processing of the symbolic targets in the
NsS-task and the SS-task.

A dependent-samples t-test on amplitude for each channel x
sample between 0 and 1,000 ms served as input for the cluster
based permutation test. Spatio-temporal clusters were defined
based on these t-statistics (α � 0.05). These clusters were entered
into the cluster-based permutation test (500 permutations or
1,000 permutations if the obtained |p-α| < 0.002). Since cluster-
based statistics (clusterstats) are calculated for positive and
negative slopes separately, the p-values were compared to α
� 0.025 (0.05/2) for all analyses (Fieldtrip, n. d.; for an example
see Van Hoogmoed and Kroesbergen, 2018). Note that by using
cluster-based permutation tests, the whole cluster is tested as
one test-statistic. As such, the latency and exact location of a
cluster are only descriptive (Sassenhagen and Draschkow,
2019).

RESULTS

Behavioral
Accuracy for each task is reported in Table 1 for matching pairs
and non-matching pairs separately. For matching pairs, a correct
response was a button press, whereas for non-matching pairs, a
correct response consisted of refraining from a button press.
Performance was above chance on task level in all tasks; for the
NsNs task (M � 0.69, SD � 0.12), t (33) � 9.74, p < 0.001, d � 1.67,
for the NsS task (M � 0.67, SD � 0.12), t (33) � 8.67, p < 0.001,
and d � 1.49, for the SNs task (M � 0.63, SD � 0.11), t (33) � 6.74,
p < 0.001, d � 1.16, and for the SS task (M � 0.97, SD � 0.03), t �
86.13, p < 0.001, and d � 14.77. However, participants had
difficulty identifying matching trials, with the proportion of
correctly answered trials ranging from 0.34 to 0.80. Age of
the participants did not significantly relate to performance in
any of the tasks (0.038 ≤ r ≤ 0.255). Exploratory analyses revealed
a small difference between the performance on the NsS-task and
the SNs-task, t (33) � 2,12, p � 0.041, d � 0.36.

Event-Related Potential
Distance Effects for Ratio per Task
ERPs for the different Ratios are depicted in Figure 2 for each task
separately. A permutation test on the difference between ratio 0.5
and ratio 0.7 in the NsNs-task resulted in a significant negative
cluster for Ratio, largest negative clusterstat � −1836.8, p � 0.022,
reflecting a parietal distance effect between 650 and 950 ms (see
Figure 3). No significant positive cluster was found, largest
positive clusterstat � 148.3, p � 0.329. For the NsS-task, no
positive clusters were found. Moreover, no significant negative
cluster was found, largest negative clusterstat � −352.2, p � 0.216,
which reflects no significant ratio effect for the NsS-task. For the
SNs-task, no significant positive or negative clusters were found,
largest positive clusterstat � 161.1, p � 0.371, largest negative
clusterstat � −100.8, p � 0.485, which reflects no significant ratio
effect for the SNs-task. For the SS-task, two significant effects of
distance were found. The first cluster, positive clusterstat �
2121.9, p � 0.012, reflects a very early effect, around
50–300 ms over the centro-parietal scalp regions. The second
cluster, positive clusterstat � 2089.2, p � 0.012, reflects a broadly
distributed effect between 700 and 800 ms (See Figure 4). No
negative clusters were found.

Distance Effects for Visuals
ERPs for the different visual features are depicted in Figure 5. For
the visual feature area, the permutation test (1,000 permutations)
resulted in no significant positive or negative clusters, largest
positive clusterstat � 223.7, p � 0.241, largest negative clusterstat
� −1217.3, p � 0.035. For the visual feature surface (1,000
permutations), the results showed no significant positive
cluster, largest clusterstat � 333.7, p � 0.208, but a significant
negative cluster, clusterstat � -2499.0, p � 0.013. This cluster
reflects a relatively early difference from around 200 ms to around
300 ms over the parieto-occipital scalp regions (see Figure 6). For
the visual feature diameter, the results showed no significant
positive cluster, largest clusterstat � 275.8, p � 0.275, but a
significant negative cluster, clusterstat � −2005.3, p � 0.009,
reflecting a occipital difference between small and large
diameter from around 200–300 ms (see Figure 7).

Differences Between Tasks
To assess whether processing of stimuli is related to task format,
we investigated differences in processing non-symbolic primes in
the NsNs-task and NsS-task, non-symbolic targets in the NsNs-
task and SNs-task, and symbolic targets in the NsS-task and SS-
task (see Figure 8).

TABLE 1 | Mean proportion correct and standard deviations for matching and non-matching trials per task.

Matching M (SD) Matching RT (SD) Non-matching
ratio 0.5 M (SD)

Non-matching
ratio 0.7 M (SD)

NsNs 0.36 (0.22) 598.7 (86.9) 0.76 (0.15) 0.69 (015)
NsS 0.51 (0.19) 700 (99.7) 0.76 (0.15) 0.62 (0.14)
SNs 0.34 (0.21) 834.3 (247.3) 0.68 (0.14) 0.64 (0.14)
SS 0.80 (0.21) 599.0 (85.5) 0.99 (0.05) 0.99 (0.02)

NsNs � task with non-symbolic primes and non-symbolic targets, NsS � task with non-symbolic primes and symbolic targets, SNs � task with symbolic primes and non-symbolic targets,
and SS � task with symbolic primes and symbolic targets.
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Symbolic primes were not compared between tasks, since the
primes in the SNs-task consisted of digits, whereas the primes in
the SS-task consisted of written number words. For the non-
symbolic primes, no significant differences were found between
the NsNs-task and the NsS-task, largest positive clusterstat �
218.1, p � 0.307, largest negative clusterstat � −1148.2, p � 0.054,
showing no evidence for differences in the processing of non-
symbolic primes based on whether it is followed by a symbolic
target or by a non-symbolic target. For the non-symbolic targets,
no significant positive clusters were found, largest positive
clusterstat � 392.2, p � 0.152, but a significant negative cluster
was found, clusterstat � −6507.1, p � 0.012. This cluster reflects a
widespread (fronto)central difference moving toward the parietal
scalp regions between 100 ms 350 ms (see Figure 9) reflecting a
difference between the processing of non-symbolic targets in the
NsNs-task and the NsS-task. For the symbolic targets, a
significant positive cluster was found, clusterstat � 3724.4, p �

0.012, reflecting a long lasting occipital difference (200–700 ms)
between the processing of symbolic targets in the NsS-task and
the SS-task (see Figure 10). No significant negative clusters were
found, largest clusterstat � −2141.2, p � 0.040.

DISCUSSION

The first aim of the present study was to examine whether non-
symbolic numerosity processing in 9-to-12-year-old children is
intuitive and thus relatively fast, in line with the ANS theory
(Dehaene, 1997), or whether visual properties of stimuli play a
role in processing the numerosity, in line with the sensory-
integration theory (Gebuis et al., 2016; Gevers et al., 2016).
The second aim was to examine whether children process
symbolic numbers by automatically mapping them onto non-
symbolic numerosities, in line with the ANS mapping account

FIGURE 2 | Distance effects per task on electrodes Fz, Cz, and Pz (electrodes chosen for illustration purposes only) with ratio 0.5 in blue and ratio 0.7 in red.

FIGURE 3 | Topoplots of the differences between the ratio’s in the NsNs-task per time window with asterisks representing the significant differences between the
ratios based on α � 0.05.
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(Dehaene, 1997). Alternatively, children may process numbers
without automatically activating the corresponding numerosity,
for example based on symbol-symbol associations (Krajcsi et al.,
2016; Reynvoet and Sasanguie, 2016).

Non-Symbolic Numerosity Processing
The behavioral data in the non-symbolic task show performance
above chance level. However, accuracy on the matching trials was
relatively low, which indicates that the children had difficulty
determining whether two numerosities were the same. The
accuracy on ratio 0.5 was higher than on ratio 0.7, which is in
line with the expectations based on previous research (e.g.,
Guillaume and Van Rinsveld, 2018). The ERP data showed
only a late parietal effect for ratio in the completely non-
symbolic task, starting at 650 ms after the presentation of the
target, in line with previous research (Soltész and Sz}ucs, 2014).
However, earlier effects for the visual feature surface and diameter
were found over the occipital scalp regions, starting around
200 ms, suggesting that these are processed automatically, even
though the task focused on numerosity. Children thus seem to
process visual features more automatically than numerosity of
non-symbolic stimuli. Based on the ANS theory, one would have
expected an earlier distance effect for ratio of numerosity. As
such, our findings do not convincingly support the ANS theory
(Dehaene, 1997).

In earlier research in adults, we argued that the presence of a
long-lasting effect of visual properties starting early was not in
line with the ANS theory (Van Hoogmoed and Kroesbergen,

2018). Instead, we argued that these findings were in line with
two recent theories that have been proposed as alternatives for
the ANS theory: The sensory-integration theory and sense of
magnitude theory (Gebuis et al., 2016; Leibovich et al., 2017),
both suggesting that visual features are not removed before
processing numerosity, but are at the basis of this process.
However, the results in adults differed from those in
children. The duration of the effect of the visual features was
shorter and a late ratio effect was present in children, but not in
adults. As such, the results found in this study do not support
the sensory-integration theory either. Another possible
hypothesis may be that children do not use visual features as
the basis for the processing of numerosity, but first process the
visual features, and inhibit their response based on these visual
features (Fuhs and McNeil, 2013; Gilmore et al., 2013). After
that, they may still consciously process the numerosity, causing
the late effects of ratio. However, this possibility requires
additional research.

Another difference between the effects of visual properties in
previous research with adults (Van Hoogmoed and Kroesbergen,
2018) and the current study in children was that the visual
features showing a distance effect in the non-symbolic task in
children were surface and diameter as opposed to area in adults.
This difference, however, complements a developmental study on
the effects of visual features in children and adults (Gilmore et al.,
2016). That study revealed that adults indeed rely more on the
convex hull (or area) of non-symbolic stimuli, whereas in primary
school children the dot size (or surface) was most important. This

FIGURE 4 | Topoplots of the differences between the ratio’s in the SS-task per time window with asterisks representing the significant differences between the
ratios based on α � 0.05.
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is in line with the current results. Additionally, it has been
suggested that the contribution of any visual feature to non-
symbolic numerosity processing is dependent on the type of
stimuli, the setting, and the context of a task (Leibovich and
Henik, 2014). As such, the specific visual feature that shows the
result is deemed less important than the finding of effects for
visual features itself.

Our results differ from the recent results on automatic
processing of numerosity, even as early as the visual cortex
(Park et al., 2016; Fornaciai et al., 2017; Starr et al., 2017;

Park, 2018; DeWind et al., 2019). In these studies, a fixed
number of five numerosities was used instead of the ratios of
numerosities that were used in the present study. Moreover,
control over visual properties was carried out in a different
manner in which visual properties seem to correlate more
with the presented numerosity compared to the current study.
In such passive paradigms without focus on numerosity, it is
likely that participants automatically process the most salient
features of the stimuli (either numerosity or a visual property; see
Leibovich et al., 2017). In our paradigm, the focus of the

FIGURE 5 | ERPs for the different visual features with small area (A), diameter (B), and surface (C) in blue, and large area, diameter, and surface in red.

FIGURE 6 | Topoplots of the differences between small and large surface per time window with asterisks representing the significant differences between the small
and large surface based on α � 0.05.
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participants was specifically on numerosity, since we instructed
them to press a button in case of matching numerosities. Even
then, there was more evidence for early processing of visual
features as compared to processing of the numerosity, which
suggests that this was more intuitive.

To conclude, we argued that our results do not align with the
ANS theory, but neither with the sensory integration theory. This
argument was based mainly on the late effects of ratio, which are
in contrast with earlier ERP-studies showing P2p-effects in
comparison tasks (e.g., Temple and Posner; Heine et al.,

2013). The current task differs from the comparison task in
that it may first be necessary to estimate the numerosity (after
removal/normalization of visual features), and then compare it
to the numerosity that is kept in memory. The normalization
of visual features may be reflected in the effects of visual
features around 200–300 ms. The late parietal effect for
ratio starting around 650 ms may reflect the next step,
i.e., the comparison itself. As such, the process could be
similar to what would be expected based on the ANS
theory. However, the timing of the effects suggest that the

FIGURE 7 | Topoplots of the differences between small and large diameter per time window with asterisks representing the significant differences between the
small and large diameter based on α � 0.05.

FIGURE 8 | ERPs of the non-symbolic primes in the NsNs-task and the NsS-task (A), the non-symbolic targets in the NsNs-task and the SNs-task (B), and the
symbolic targets in the NsS-task and the SS-task (C).
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processing of the numerosity is not intuitive, but requires
effort.

Symbolic Number Processing
For the completely symbolic task, we found a very early effect of ratio
between 50 and 300ms over the central scalp, and a late effect for
ratio over the central scalp between around 700 and 800ms. A ratio
effect in a symbolic task may reflect overlapping representations of
non-symbolic numerosity and symbolic number (Van Opstal and
Verguts, 2011), which would support the ANS mapping account.
However, this would mean that the symbolic numbers activate the
non-symbolic representation and show a distance effect based on
these non-symbolic representations. In that case, one would expect a
similar ratio effect in the non-symbolic task as well, something that
was not supported by our results. The early effect was not present in
the non-symbolic task. Moreover, the late effect was spread over the
(left)-fronto-central scalp in the symbolic task and more parietal in

the non-symbolic task. The results thus suggest that non-symbolic
numerosity processing and symbolic number processing rely on
different mechanisms. This idea is supported by recent work
showing only weak relations between the processing of non-
symbolic numerosity and symbolic number in adults and
children (see Leibovich and Ansari, 2016 and Reynvoet and
Sasanguie, 2016 for reviews).

The ratio effect found in the symbolic task may be better
explained by alternative accounts, such as the discrete semantic
system (DSS; Krajcsi et al., 2016) or a symbol-symbol association
account (Reynvoet and Sasanguie, 2016). Both accounts suggest
that relations between symbolic numbers are at the basis of
symbolic number processing instead of relations between a
symbolic number and the corresponding numerosity.
According the DSS theory, numbers are stored in nodes in a
network, similar to the mental lexicon or other conceptual
networks. The strength of the connections between the nodes

FIGURE 9 | Topoplots of the differences between the non-symbolic targets in the NsNs-task and the SNs-task with asterisks representing significant differences
based on α � 0.05.

FIGURE 10 | Topoplots of the differences between the symbolic targets in the NsS-task and the SS-task with asterisks representing significant differences based
on α � 0.05.
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is proportional to the strength of the semantic relations (Krajcsi
et al., 2016). Related to this theory, Reynvoet and Sasanguie argue
initially small numbers gain meaning through coupling to the
OTS, but larger numbers gain meaning through the ordinal
relation between numbers. The strength of connections
between the nodes (stronger connection for numbers closer to
each other) or the ordinal relation between numbers may explain
the ratio effects found in symbolic tasks, including the symbolic
task in the current study. With regards to the mapping tasks,
based on the ANS mapping account, one would expect that
humans automatically activate numerosity when they are
processing symbolic numbers, especially when these need to
be mapped onto non-symbolic numerosities. In this study, this
would have resulted in similar ratio effects in all tasks, including
the mapping tasks (although maybe different in exact timing).
However, no significant effects of numerosity were found in the
mapping tasks. Moreover, if numerosity would be activated
automatically, this activation should be independent of task
format. Thus, based on the ANS mapping account, non-
symbolic numerosity processing should not differ between
completely non-symbolic tasks and mapping tasks. The ERP
data showed no evidence for differences in processing non-
symbolic primes within different task formats, but do show
significant differences in the processing of non-symbolic
targets between task formats. This implies that the activation
of non-symbolic numerosity is not automatic, and thus not in line
with the ANS mapping account.

The differences in non-symbolic processing based on task
format contradict fMRI studies showing that, under passive
viewing conditions, non-symbolic and symbolic stimuli both
activate the hIPS (Dehaene et al., 2003; Piazza et al., 2007). The
authors interpreted these results as evidence for the integration
between symbolic numbers and non-symbolic numerosities. Their
findings thus seem to be in line with the ANS mapping account.
However, the fact that the hIPS is involved in symbolic and non-
symbolic processing does not necessarily mean that both formats
are processed in the same manner. Moreover, more recent, fine-
grained fMRI research shows different regions involved in symbolic
vs. non-symbolic processing (e.g., Bulthé et al., 2014; Bulthé et al.,
2015; Holloway, Price, and Ansari, 2010; see Sokolowski et al., 2017
for a meta-analysis), indicating that both formats may be processed
in different ways. The effect in our study indeed reflected larger ERP
amplitudes for non-symbolic targets following symbolic primes
compared to non-symbolic primes. This may indicate that more
resources are allocated to non-symbolic numerosity processing
during mapping than during the comparison of similar formats
(Kadosh, Lammertyn, and Izard, 2008; Landgraf et al., 2010). Thus,
our results substantiate other research showing differences in non-
symbolic processing based on task format.

These results raise the question based on which format
mapping tasks are solved. In our previous study in adults
(Van Hoogmoed and Kroesbergen, 2018), we argued that tasks
with mixed stimuli might be solved by attaching a symbolic
number to the numerosity of a dot pattern and comparing this
symbolic number to the presented digit. As such, it was suggested
that symbolic number processing was the primary format in
mapping tasks. The exploratory analysis on the differences in

behavior between the SNs-task and the NsS-task in the current
study could be seen as support for this argument. These results
show that it was easier for the children to compare a symbolic
target to a non-symbolic prime than to compare a non-symbolic
target to a symbolic prime. However, whereas these results are
provide some evidence against the notation-independent code,
they do not necessarily inform us about the primary format of
processing. The results could imply that the non-symbolic prime
already activated the symbolic number, after which the symbolic
target was matched to this symbolic number, meaning that
symbolic processing was the primary format. However, it
could also mean that the format of processing is dependent on
the format of the prime, and that activation of the non-symbolic
format based on a symbolic target (in the NsS-task) was easier
than activation of the symbolic format based on a non-symbolic
target (in the SNs-task). Moreover, the ERP results showed
differences in the processing of the symbolic targets based on
task format as well. If number would be the primary format of
processing, one would not expect a dependency on task. This may
suggest that non-symbolic numerosity processing is not rooted in
symbolic number processing either, but processing formatmay be
based on specific task demands.

Additional insights would have been possible based on a
comparison between symbolic primes in the different task
formats. However, we could not compare the symbolic primes
to subsequent non-symbolic targets and symbolic targets, because
the symbolic primes we used had a different format in both tasks.
The symbolic primes consisted of digits (e.g., “10”) in the mapping
task, whereas the symbolic primes consisted of number words (e.g.,
“ten”) in the symbolic task. The reason for this is that we prioritized
the analyses of the (symbolic) targets: In the completely symbolic
task, the prime and target had to be physically different in order to
prevent children to compare visual properties of the number
instead of its magnitude. Still, the notion that children do not
anticipate the format of the target seems to hold, as there was no
difference between the non-symbolic primes. This appears to
suggest that children remember the (non-symbolic) prime in
the original format, and only start processing the prime when
the target is presented. This may explain the difference between the
ERPs to symbolic targets in the mapping task vs. the symbolic task,
but does not inform us about the format of processing. The
behavioral data suggest that the mapping task was more
difficult for children, which probably resulted in the differences
in ERPs. This delayed processing of the prime in children may well
be different from the way adults approach the task, irrespective of
differences in the processing of numerosities and numbers itself.

Limitations
Several limitations of the present study should be acknowledged.
First, the absence of responses to the non-matching trials in the
experiment might have confounded the results, because non-
response trials (in this case 91% of the trials) might be due to
irrelevant functions (e.g., distraction, boredom, uncertainty in
decision-making) instead of correct task performance and may
have made the task more difficult compared to an active
comparison task. This difficulty can be inferred from the low
accuracy on the matching trials. However, we explicitly aimed for
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a match-to-sample task with mainly non-response, because
previous research on non-symbolic numerosity and symbolic
number has suggested that active same-different tasks and
active comparison tasks may tap into different cognitive
processes (Van Opstal et al., 2008; Van Opstal and Verguts,
2011). Whereas the ratio effect in comparison tasks may be
caused by a general decision process, in the same-different
task, it is thought to be due to co-activation based on neural
overlap between numbers. While acknowledging the limitations
of the more passive task, the behavioral results show that there is a
ratio effect in all tasks included non-symbolic stimuli. This
suggests that children were actively engaged in the task,
although their engagement may have been lower than in a
traditional comparison task which requires a response to
each trial.

A second limitation is the quite large age range of the
participants. Previous research showed that susceptibility to
perceptual cues is affected by the age of the participating
children (Defever et al., 2013). However, the age range of
participating children was much larger in that study.
Moreover, our behavioral results did not show significant
relations between performance and age. Therefore, we did not
include age as a factor in our analyses. Future research with a
larger sample and a larger age range could shed light on possible
differences between different age groups.

A third limitation is that we did not directly examine the effect
of visual properties on the processing of numerosity. Instead, we
examined the effects of numerosity and visual features separately,
and qualitatively compared them. Moreover, we chose to create
stimuli such that the overlap between numerosity and visual features
was as limited as possible (based on Gebuis and Reynvoet, 2011).
This has led to a larger differences in visual features as compared to
ratio differences. Previous research has shown that the variation in
visual features impacts the judgment of numerosity (e.g., Nys and
Content, 2012; Clayton et al., 2015; Gilmore et al., 2016). Future
research should include a full comparison of the different methods
of constructing visual stimuli (including more difficult ratios), and
directly compare the impact of these different ways of constructing
stimuli on numerosity processing. Such an endeavor would help to
gain a comprehensive understanding of numerosity processing
under different circumstances.

CONCLUSION

To conclude, our results show very late numerosity-related ratio
effects, in combination with early effects related to the visual
features of non-symbolic stimuli. As such, these results seem to
contradict the ANS theory, and suggest that processing of non-
symbolic numerosity is unlikely to be automatic. Moreover, we
found that non-symbolic numerosity is not automatically
activated when processing symbolic numbers, which contrasts
the ANS mapping account (Dehaene, 1997). Although children
can relate numbers and numerosities, given their behavioral ratio
effect in the mapping tasks, this process does not seem to be
automatic. In adults, it has been suggested that symbolic number
could be the primary format of processing, and non-symbolic

numerosity processing would possibly occur by estimating the
number of dots, and then compare the numbers in a symbolic
format (Van Hoogmoed and Kroesbergen, 2018). However, this
hypothesis does not seem to hold either, since we found that the
processing of symbolic targets is also dependent on task format in
children. This may however be due to the fact that children,
contrary to adults, do not anticipate on the upcoming target. The
difference between the symbolic targets in the mapping task and
the purely symbolic task might be explained by the notion that
children still need to process the prime once the target it
presented. Future research including both a blocked design
and a mixed design (i.e., manipulating expectancy of a certain
format) would be suitable to examine this idea. Moreover, future
research including younger children could shed light on
differences in the dependence or independence of symbolic
number processing on non-symbolic numerosity processing
over development. This may substantiate the current evidence
against the ANS theory and ANS mapping account.
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