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Abstract
The SNARC (Spatial-Numerical Association of Response Codes) effect (i.e., a tendency to associate small/large magnitude 
numbers with the left/right hand side) is prevalent across the whole lifespan. Because the ability to relate numbers to space 
has been viewed as a cornerstone in the development of mathematical skills, the relationship between the SNARC effect 
and math skills has been frequently examined. The results remain largely inconsistent. Studies testing groups of people with 
very low or very high skill levels in math sometimes found relationships between SNARC and math skills. So far, however, 
studies testing such extreme math skills level groups were mostly investigating the SNARC effect in individuals revealing 
math difficulties. Groups with above average math skills remain understudied, especially in regard to children. Here, we 
investigate the SNARC effect in gifted children, as compared to normally developing children (overall n = 165). Frequentist 
and Bayesian analysis suggested that the groups did not differ from each other in the SNARC effect. These results are the 
first to provide evidence for the SNARC effect in a relatively large sample of gifted (and mathematically highly skilled) 
children. In sum, our study provides another piece of evidence for no direct link between the SNARC effect and mathemati-
cal ability in childhood.

Introduction

Spatial–numerical associations and the SNARC 
effect

From behavioural indexes to neural signatures, a large body 
of evidence shows bidirectional links between quantity/num-
ber processing and space (Cipora, Schroeder, Soltanlou, & 
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Nuerk, 2018a; Dehaene, Bossini, & Giraux, 1993; Galton, 
1880). This heterogeneous family of phenomena is referred 
to as Spatial–Numerical Associations (SNAs, e.g., Fis-
cher & Shaki, 2014; Patro, Nuerk, Cress, & Haman, 2014; 
Cipora et al., 2018a for a recent taxonomy). One of the most 
thoroughly studied SNAs, showing association between 
numerical magnitude and directions in space, is the Spatial-
Numerical Association of Response Codes (SNARC) effect 
(Dehene, Bossini, & Giraux, 1993). It denotes the observa-
tion that in a timed bimanual setup, responses to relatively 
small/large magnitude numbers are faster on the left-/right-
hand side, respectively. The SNARC effect can be observed 
in multiple tasks (e.g., parity judgment, magnitude classifi-
cation, and phoneme monitoring). It is present irrespective 
of number presentation format (e.g., Arabic, number words, 
auditory numbers, dice patterns, nonsymbolic numbers, and 
numbers presented in a tactile format) and response mode 
(bi- and uni-manual, pointing, bipedal, and eye movements; 
see Nemeh, Humberstone, Yates, & Reeve, 2018; Patro, & 
Shaki, 2016a,  b for effects in non-symbolic numbers; Wood, 
Willmes, Nuerk, & Fischer, 2008 for a meta-analysis; Fis-
cher & Shaki, 2014 for a review).

SNARC-like effects can be observed very early in devel-
opment, including in neonates (see Di Giorgio et al., 2019; 
de Hevia, Veggiotti, Streri, & Bonn, 2017) and prevail in 
subsequent stages of development. For instance, preliterate 
kindergarten children, already show non-symbolic SNARC 
effects (Patro & Haman, 2012; for possible mechanisms, see 
Nuerk et al., 2015). When children enter primary school, 
and develop literacy and familiarity with symbolic num-
bers, their SNARC effects can be measured through tasks 
typically used with adults. At the age of about 7 years, the 
SNARC effect can be observed in a symbolic magnitude 
judgment task (Galen & van Reitsma, 2008) and in a par-
ity judgment task at the age of about 9 years (Berch et al., 
1999). The SNARC effect in early adolescents (fifth- and 
sixth-graders, mean age approximately 11 years old) has 
been documented in a large-scale (n = 429) study by Sch-
neider, Grabner and Paetsch (2009). The SNARC effect 
can be also observed in adult participants of various ages 
(Hoffmann, Mussolin, Martin, & Schiltz, 2014a, b; see also 
Ninaus et al., 2017 for a cross-sectional study; Wood et al, 
2008, for a meta-analysis).

Despite being a well-established and easily replica-
ble phenomenon (see Cipora, Soltanlou, Reips, & Nuerk, 
2019a for a large-scale online replication), the underlying 
mechanisms of the SNARC effect are still a subject of debate 
(e.g., Dehaene et al., 1993, but van Dijck & Fias, 2011, 
Schroeder, Nuerk, & Plewnia, 2017 for opposing views). 
The determinants of left-to-right directionality are also 
debated and opposing views emphasize the role of innate 
biases (e.g., Rugani, Regolin & Vallortigara, 2010) or cul-
tural factors such as dominant reading/writing direction and 

other implicit spatial biases in a society (e.g., Patro, Fischer, 
Nuerk, & Cress, 2016a, b; Patro, Nuerk, & Cress, 2016; 
Shaki, Fischer & Petrusic, 2009). Interestingly, as typically 
quantified, the SNARC effect can be observed in about 
70–80% of individuals (e.g., Wood et al., 2008; Cipora et al., 
2016, Cipora et al., 2019b). Since individual differences can 
be observed, another vital question in the debate is: which 
variables correlate with the SNARC effect?

Some correlates of the SNARC effect have been repeat-
edly reported in the literature. For instance, reaction time 
(RT) characteristics in a task measuring the SNARC effect 
are related to the SNARC effect itself: slower and more var-
ied responses, longer mean RT, and larger intraindividual 
variability in RT, (SD)RT are linked to a stronger SNARC 
effect (Cipora & Nuerk, 2013; Gevers, Verguts, Reynvoet, 
Caessens, & Fias, 2006; Wood et al., 2008, for a meta-anal-
ysis). Therefore, it is possible to find a consistent pattern of 
correlations between the SNARC effect and other measures 
(especially when large samples are tested and reliable tasks 
are utilized (e.g., Cipora et al., 2019a). On the other hand, 
it is still unknown if and how the SNARC effect correlates 
with other constructs, especially with math skills level.

The relationship of the SNARC effect and math skill: 
does its direction depend on age?

Math skills can be considered a natural candidate to be a cor-
relate of the SNARC effect: elementary spatial mapping of 
numbers might be related to the efficiency of more advanced 
number processing such as arithmetic (see Cipora, He, & 
Nuerk, 2020b). Note that similar discussions on whether 
high/low cognitive ability in a specific domain modulates 
other processes and representations are present in other 
domains of cognitive psychology as well, and similar to this 
discussion, they also do not bring very consistent results. For 
instance, there is a long-lasting debate on whether bilingual-
ism influences efficiency of cognitive control processes (e.g., 
De Bruin et al., 2015; Paap et al., 2015), or whether physical 
exercise modulates cognitive processes such as perception 
or attention (e.g., Mann et al., 2007).1

As regards the SNARC effect, most studies to date, con-
sidering both children and adults, have not found such a rela-
tionship (see Cipora et al., 2018b for a review considering 
different ways to quantify math/arithmetic skill used across 
studies). Specifically, to the best of our knowledge, there 
are eleven published studies investigating the relationship 
between the SNARC effect and math skills in adults (review 
by Cipora et al., 2018b does not consider three adult studies; 
Cipora et al., 2019a, Kramer et al., 2018 and Toomarian, 

1 We would like to thank an anonymous Reviewer for bringing this 
point to our attention.
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Meng, & Hubbard, 2019, which were published afterwards; 
see also Table 1 in Cipora et al., 2020b for a complete over-
view). Out of these, eight studies (Dehaene et al., 1993, Exp. 
1; Fischer & Rottmann, 2005; Bonato et al., 2007, Exp. 1; 
Bull et al., 2013, Exp. 2; Cipora & Nuerk, 2013; Goebel 
et al., 2015; Cipora, et al., 2019a, Toomarian et al., 2019) 
reported null results. The other three studies (Hoffmann 
et al., 2014a, b; Cipora et al., 2016; Kramer et al., 2018) 
reported that individuals characterized as having better math 
skills had a weaker SNARC effect. In the case of child stud-
ies, there are seven published studies investigating the rela-
tionship between math skills and the SNARC effect. Out of 
these, in three studies (Schneider et al., 2009, Exp. 2; Crol-
len & Noel, 2015; Gibson & Maurer, 2016) no such effect 
was found. In the remaining four studies (Bachot et al. 2005; 
Georges et al., 2017; Crollen et al., 2015; Hoffmann et al., 
2013), children characterized as having a higher level of 
math skills had a stronger SNARC effect, and the SNARC 
effect was not present in children who experienced math 
difficulties. Of note, even in the case of studies in which a 
significant relationship was found, the observed effect sizes 
were either small or moderate (only in one case did the cor-
relation exceed 0.30; in the case of group comparisons, cor-
responding effect sizes were also small, see Cipora et al., 
2018b). Thus, our reading of the literature is that for the 
relationship between the SNARC effect and math skill, there 
probably has been a null and possibly small effect size in 
children, but certainly not a medium or large one.

In regard to adults, out of the three studies which reported 
a significant relationship between the SNARC effect and 

math skills two considered extreme groups: individuals with 
math difficulties, who turned out to reveal stronger SNARC 
effect than other groups (Hoffmann et al., 2014a, b) and pro-
fessional mathematicians, who did not reveal the SNARC 
effect (Cipora et al., 2016). These extreme groups mostly 
drove the observed effects in these studies. In the case of 
individuals with math difficulties, the explanation provided 
by the authors is that in these participants the retrieval of the 
parity of a given number was related with higher executive 
function load. This consequently lead to less efficient inhibi-
tion of the task-irrelevant spatial representation, and ampli-
fied the observed SNARC effect (Hoffmann et al., 2014a, b). 
The lack of the SNARC effect in professional mathemati-
cians (and a difference when compared to individuals with 
normal math skills level) was attributed to more abstract 
number processing or more flexible spatial-numerical rep-
resentations (Cipora et al., 2016).

While for adults, extreme groups from both sides of the 
spectrum (high and low skills) have been tested, that has not 
been the case for child studies so far. The four child stud-
ies conducted, which showed the relationship between the 
SNARC effect and math skill, considered either typically 
developing children with typical levels of skill in math (e.g., 
Georges et al., 2017; Hoffmann et al., 2013), or children with 
developmental disorders and/or math problems (e.g., Bachot 
et al., 2005; Crollen et al., 2015). Authors of these latter 
studies interpret their results in terms of decreased saliency 
of left to right mapping of numbers in children with non-
verbal learning disabilities (Crollen et al., 2015)/visuospatial 
disabilities (Bachot et al., 2005), role of spatial numerical 

Table 1  Descriptive information of participants

Overall n (female) Grade n (female) Mean age (years) Age range (years)

Main analysis Gifted children 74 (32) 3 26 (8) 9.45 ± 0.297 8.92–9.83
4 29 (17) 10.31 ± 0.301 9.75–10.75
5 19 (7) 11.60 ± 0.252 11.00–12.00

Normal children 91 (41) 3 31 (15) 9.50 ± 0.427 9.00–11.33
4 26 (8) 10.15 ± 0.331 9.58–11.08
5 34 (18) 11.44 ± 0.395 10.67–12.58

Intelligence- 
based analysis

Intellectually gifted children 44 (18) 3 22 (7) 9.41 ± 0.295 8.92–9.83
4 17 (10) 10.34 ± 0.311 9.75–10.75
5 5 (1) 11.50 ± 0.295 11.00–11.75

Intellectually normal children 17 (9) 3 6 (3) 9.43 ± 0.244 9.08–9.83
4 3 (1) 10.36 ± 0.337 10.00– 10.67
5 8(5) 11.36 ± 0.336 10.67–11.83

Arithmetic 
performance-
based analysis

Arithmetically gifted children 13 (2) 3 6 (0) 9.21 ± 0.246 8.92–9.58
4 6 (2) 10.13 ± 0.311 9.75–10.67
5 1 (0) 11.50 ± 0 11.50–11.50

Arithmetically normal children 47 (23) 3 14 (8) 9.57 ± 0.574 9.00–11.33
4 15 (5) 10.18 ± 0.287 9.58–10.67
5 18 (10) 11.46 ± 0.408 10.67–12.58
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associations for math skills at early stages of math develop-
ment (Georges et al., 2017), or greater familiarity with Ara-
bic numbers being related to stronger SNARC (Hoffmann 
et al., 2013). Importantly, none of the studies considered 
children highly skilled in math.

Obviously, there are no professional mathematicians 
among children, but we can examine highly intellectually 
gifted children, who typically excel in math as well (see, e.g., 
Primi, Ferrão, & Almeida, 2010; Roth, Becker, Romeyke, 
et al., 2015)2 and receive more intense math training as com-
pared to their peers. Therefore, focusing on gifted children 
can provide complimentary evidence to the debate on the 
relationship between the SNARC effect and math skills. 
Testing this understudied group can reveal whether the rela-
tionship with the SNARC effect in children is linear (i.e., 
gifted children reveal even stronger SNARC than peers with 
typical math skills levels, end the mathematically challenged 
children experience the weakest/none SNARC) or non-linear 
(i.e., both mathematically highly skilled and mathematically 
challenged children with do not show the SNARC effect, 
but due to different mechanisms). In the case of children 
with math difficulties, it could be due to non-efficient, non-
automatized number processing, while for skilled/gifted 
children it could originate from flexible representations (see 
Moeller et al., 2011, Fig. 3, for a similar non-monotonic 
suggestion as concerns the distance effect). Apart from pro-
viding additional evidence for the relationship between the 
SNARC effect and math skill, testing highly gifted children 
may potentially be free from confounding factors related to 
testing atypically developing children. Specifically, math-
ematically challenged children can be characterized with 
longer and more variable reaction times, and as we already 
mentioned these RT parameters influence the SNARC effect.

To sum up, there is diverging evidence for the relation-
ship between the SNARC effect and math skills. These 
diverging results cannot be accounted for by differences in 
operationalization of the math skills either. However, if such 
a relationship did exist, its direction seems to differ between 
children and adults. In adults, the SNARC effect has tended 
to be weaker in highly skilled groups and stronger in groups 
with lesser skill. In children, the effects tended to be weaker 
in groups with lesser skill. However, in the case of child 
studies, the SNARC effect was not investigated in groups 
with high level math skills, and as mentioned above, there 
may be some confounds in measuring the SNARC effect in 
children with math difficulties. As giftedness and math skills 
are tightly related, testing gifted children can fill an obvious 

gap in the existing evidence on the relationship between the 
SNARC effect and math skills during lifetime development.

The current study

The current study aims to investigate the SNARC effect in 
gifted and normal children. To the best of our knowledge, 
this is the first attempt at exploring the SNARC effect in 
such a group with a relatively large sample of children that 
is compared to an age matched control group.

First, we aim to replicate the SNARC effect in our sam-
ple. We expect to observe the SNARC effect, at least in the 
control group. This will be the starting point for following 
analyses.

Second, we wish to investigate the SNARC effect in the 
group of highly gifted children. As we have already dis-
cussed, based on the existing literature it is hard to come 
up with a direct prediction regarding the SNARC effect 
in the gifted children. Specifically, there is some evidence 
favouring all three of the following theoretically possible 
scenarios:

1. Gifted children do not differ from controls in their 
SNARC effect. As documented in several child and adult 
studies, the SNARC effect can be independent of math 
skills level. For this reason, it is possible that the two 
groups will not differ in the SNARC effect.

2. Gifted children have a stronger SNARC effect than con-
trols. In most of the studies in which the relationship 
between the SNARC effect and math skills was found, 
groups characterized by extreme levels of math skills 
were tested. Highly gifted children are thus a group, 
in which one might expect such an effect. In keeping 
with other studies testing children of this age, one might 
expect gifted children to reveal a stronger SNARC effect 
than the controls.

3. Gifted children have a weaker SNARC effect than the 
controls. As described above, there are reasons to believe 
that gifted children would differ from controls. However, 
as the studies to this date did not test children with a 
very high level of skill in math, it may be also possi-
ble that this group has a similar pattern to professional 
mathematicians (i.e., weaker or non-existent SNARC 
effect), and the relationship between the SNARC effect 
and math skills in children is not linear.

2 On the other hand, a recent meta-analysis shows that fluid intelli-
gence correlates only moderately with math skills – on average r = 
.41, and the correlation increases with age (Peng, Wang, Wang, & 
Lin, 2019).
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Methods

Participants

A total of 182 children (from six different classrooms) 
participated in this study. They were recruited from Grades 
3 to 5, at the end of their second semester (July), in a 
gifted education school in Beijing. In this school there are 
separate classes for gifted and normal pupils. Children 
following normal curriculum were considered as a control 
group. Out of these, 17 participants had to be excluded 
from analyses: two of them due non-completion of both 
blocks of the parity judgment task and 15 for whom we 
did not have a valid reaction time within at least one cell 
(i.e., number × response side configuration). Thus, analy-
ses were conducted on 165 children (cf. Table 1, upper 
part). There were no significant differences between gifted 
children and normal children in age, t (163) =  − 0.495, 
p = 0.621; or in gender, χ2 (163) = 0.054, p = 0.816. Chil-
dren for whom data on the Raven’s Standard Progressive 
Matrices (n = 10) and arithmetic task (n = 7) was missing 
were not included in analyses considering these measures.

Gifted children to be enrolled in a dedicated curricu-
lum are selected every year, according to multiple criteria 
and methods, from about 3000 candidates recruited from 
a region populated by about 20 million people (Shi & Xu, 
2004; Shi & Zha, 2000). The selection takes place before 
children enter the first grade. The main selection steps 
include an application, a primary screening test (several 
classical intelligence tests), a second test (assessment of 
cognitive abilities, personality traits and creativity), and 
behavioural observation in a gifted educational environ-
ment. The children’s physical condition and learning 
abilities are also confirmed. The children enrolled into 
the gifted curriculum were within the top 5% of all the 
candidates. This screening process has been implemented 
for almost 40 years and it has turned out to be effective 
(Liu et al., 2007; Shi et al., 2013).

All participants had normal or corrected-to-normal 
vision. Prior to participation, written informed consent 
was collected from both the parents and children. The 
study was approved by the Ethics Committee of the Insti-
tute of Psychology, Chinese Academy of Sciences.

Experimental materials

Intelligence test

Fluid intelligence of the participants was measured with 
Raven’s Standard Progressive Matrices (RSPM; Raven, 
Court, & Raven, 2004). The test was administered in the 

standard paper-and-pencil format with a time limit of 
45 min. In the correlation analyses, raw scores (theoreti-
cal range 0–60) were used. Normalized scores used for 
subgroup selection were calculated according to Chinese 
norms (Zhang & Wang, 1989).

Parity judgment

A classic bimanual parity judgment task was used. Partici-
pants were to assess whether a number presented on a screen 
(front size 100px, presented in black centrally against a 
white background) was odd or even with a key press. Single-
digit Arabic numbers from 0 to 9 were used. Numbers were 
presented until the participant’s response, and the next trial 
followed immediately. Presentation order was randomized.

There were two experimental blocks (order fixed across 
participants). They were separated by another task (see 
“Procedure” section below). In the first block, participants 
pressed the Q key on a standard computer keyboard (i.e., left 
side response) for odd numbers and the P key (i.e., right side 
response) for even numbers. Response-to-key assignment 
was flipped in the second block. Within each block, each 
number was presented four times. Therefore, the total num-
ber of trials was 80. Experimental blocks were preceded by 
a practice session consisting of 20 trials. If a child reported 
difficulties in understanding the task during the practice ses-
sion, any questions were answered, and the practice session 
was repeated. The instruction stressed the importance of 
both the speed and accuracy of responses. The entire task 
together with instructions and practice sessions took about 
five minutes to complete.

According to previous Chinese studies on the develop-
ment of the SNARC effect (Liu et al., 2018; Yang et al., 
2014), Chinese children as young as kindergarten age have 
a clear understanding of parity. We have also confirmed our 
participants’ understanding of the parity concept with their 
teachers prior to the experiment and double-checked with 
the participants during and after experiments.

Arithmetic task

It was not possible to use the same measures as previous 
studies, in particular those, which reported significant 
effects: Hoffmann et al. (2013) tested kindergarteners (at 
this age no selection to gifted curricula is made in China), 
and measured proficiency with Arabic numbers as a measure 
of math skills (which would be too easy for our sample of 
3–5 graders). Bachot et al. (2005) and Crollen et al. (2015) 
tested children in much wider age range than we did (7–12 
and 6–13 respectively) and their participants had a diagnosis 
of learning disabilities. Bachot et al. (2005) measured math 
skills with arithmetic task (complex addition), number con-
cepts, and simple automatized number facts. Crollen et al. 
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(2015) used basic numerical reasoning. In our opinion, these 
tasks are not suitable for testing gifted children, because 
these tasks designed for children with learning abilities are 
likely leading to ceiling effects in our sample. Georges et al. 
(2017) used standardized math test (Heidelberg Mathemat-
ics Test—HRT) comprising mental additions, subtractions, 
multiplications, divisions, number equations filling and 
number comparison. All tasks are timed. However, HRT is 
designed to detect dyscalculic children; it can be used in the 
normal range, but does not differentiate so well for highly 
gifted children. Nevertheless, our approach resembles that 
of Georges et al. (2017). We used standardized (and normal-
ized) timed arithmetic task proven to be effective in Chinese 
cultural and educational context. For this reason, we believe 
that this task is suited to answer a general question we ask, 
that is whether the SNARC effect relates to math skills in 
highly gifted children. In the current study, arithmetic ability 
was assessed using a two-digit by one-digit number mul-
tiplication task (see He et al., 2016; Wei et al., 2012a, b). 
Participants were presented with a problem (e.g., 32 × 3), 
and four response alternatives were displayed below. Two 
alternatives were corresponding to the Q and the other two 
to the P key. All response alternatives had the same numbers 
of units, but a different number of decades (e.g., 66, 96, 56, 
86). Response alternatives ranged from 10 to 90. Participants 
were to press Q/P if the correct answer was one of those on 
the left/right side of the display. There were 76 problems in 
total. Participants were to solve as many problems as pos-
sible within a time limit of 2 min. The importance of both 
speed and accuracy were stressed in the instruction, use of 
calculation aids (e.g., paper and pencil) was forbidden.

As the correct answer is selected from four alternatives, 
and the response collected from the participant indicates 
two out of four alternatives, calculating the overall score 
considers a correction for guessing as suggested by Guil-
ford. Specifically, the formula S = R −W∕(N − 1) is used, 
where R is the number of correct responses, W is the number 
of incorrect responses, and N is the number of alternative 
responses to each item. In our case, as N = 2, the formula 
simplifies to R −W .

The resulting score S (theoretical range − 76 to 76) is 
defined as the number of items that the participant can 

actually answer without guessing (Guilford, 1936; Cirino, 
2011). Normative data for this task were obtained from 
a previous study on 1556 primary school children in the 
greater Beijing area of China, including the mountain area, 
suburbs and urban area (Wei et al., 2012a, b).

The parity judgment task and arithmetic task were imple-
mented in a web-based application “Online Psychological 
Experiment System (OPES)” (https ://www.dweip sy.com/
latti ce).

Procedure

This experiment was a part of a larger study on number 
processing of gifted children in comparison to children 
receiving a normal education. It comprised multiple ses-
sions conducted in a group setup. In the first session, RSPM 
were administered in the familiar environment of the stu-
dents’ classrooms, with paper and pen. The parity judgment 
task and arithmetic task were administered to each class in 
a computer classroom. The session in the computer room 
lasted 45 min, during which several computerized tasks were 
administered. The task order was as follows: (1) choice RT; 
(2) non-symbolic comparison (version 1); (3) parity judg-
ment block 1; (4) estimate arithmetic; (5) numerical Stroop 
task (version 1); (6) non-symbolic comparison (version 2); 
(7) parity judgment block 2; (8) exact arithmetic; (9) numer-
ical Stroop task (version 2). Here we only consider RSPM, 
the parity judgment task and the exact arithmetic task. Both 
sessions were administered within two weeks.

Data preparation—quantifying the SNARC effect

Despite having used the full range of single digit numbers 
(0–9), in the main analysis, we excluded numbers 0 and 5. 
First, the number zero was shown to have a specific status 
(see Brysbaert, 1995; Fias, 2001; Armstrong, Gleitman, 
& Gleitman, 1983; Nuerk et al., 2004), and for number 5, 
which is in the middle of the range, we do not have any spe-
cific predictions in regards to its spatial associations. This 
stimuli set is considered the most typical in the SNARC 
effect literature (e.g., Georges et al., 2017). However, to give 

Table 2  The descriptive statistics of all tasks

a Results without 0 and 5/with 0 and 5

Group Parity task Arithmetic performance Intelligence (RSPM)

Accuracya Trials  includeda Mean RT (SD)  [ms]a SD within partici-
pants, SD (RT)  [ms]a

Mean (SD) Mean (SD)

Overall 0.93/0.92 0.89/0.88 765 (165)/761 (156) 188/181 26.82 (6.72) 47.08 (6.16)
Gifted 0.93/0.93 0.89/0.89 698 (108)/698 (107) 150/151 28.55 (6.79) 49.81 (5.38)
Control 0.92/0.92 0.88/0.87 820 (182)/811 (171) 219/205 25.30 (6.32) 44.58 (5.78)

https://www.dweipsy.com/lattice
https://www.dweipsy.com/lattice
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a full overview, the analysis considering the full number 
range is also reported.

Only correctly solved trials were considered for further 
analysis. The RT was the main dependent variable. Trials 
with RTs shorter than 200 ms were treated as anticipations 
and excluded from further analysis. The sequential trimming 
method (see Cipora & Nuerk, 2013) was applied: RTs ± 3SD 
outside the participant’s mean RT were removed sequen-
tially. The proportions of trials considered in the analysis 
are summarized in Table 2.

Calculation of the SNARC effect followed the approach 
adapted byCipora et al. (2019a; see also Fias et al., 1996, 
Nuerk, Bauer, Krummenacher, Heller, & Willmes, 2005a, 
b). Specifically, for each participant a dRT (RT difference 
RH – LH) was calculated for each number. Subsequently, 
dRTs were regressed on number magnitude and contrast-
coded parity (− 0.5 for odd and 0.5 for even numbers).3 Here 
we focus on the SNARC effect. The MARC effect (i.e., the 
parity contrast slopes; see Nuerk et al., 2004) is reported 
in Supplementary Material 1. As the sample was relatively 
large, it was also possible to investigate gender differences 
in the SNARC and MARC effects. These analyses are pre-
sented in Supplementary Material 2.

Following Cipora et  al. (2019a) we considered both 
unstandardized (henceforth SNARC) and standardized (ST-
SNARC) slopes. The latter were Fisher-Z transformed to 
approximate the normal distribution. Increasingly negative 
slopes correspond to a stronger SNARC effect.

Data analysis

First, we tested for the presence of the SNARC effect at the 
whole sample level and in each group separately. Addition-
ally, we tested for reliability of the SNARC slopes using 
the split-half method and adjusting for test length using the 
Spearman-Brown formula (see Cipora & Nuerk, 2013, see 
also Cipora et al., 2019b for a detailed description of the 
algorithm). In the next step, SNARC slopes were correlated 
with performance measures (mean and intraindividual vari-
ability of reaction times) in the parity judgment task, as well 
as with RSPM scores and performance in the arithmetic task.

Subsequently, the groups were compared. To obtain the 
largest power, we based our main group comparison on the 
Chinese selection process for placement in the gifted or 
normal curriculum (Main analysis). As one might question 
the Chinese selection system, we conducted two additional 

analyses considering subgroups selected based on additional 
criteria in order to check the robustness of our results: (1) 
Intelligence-based analysis children enrolled in the gifted 
curriculum who scored within the top 5% according to 
Chinese norms in RSPM (n = 44) were compared to chil-
dren enrolled in the normal curriculum, whose scores fell 
within the 25th–75th percentile (n = 19); (2) Arithmetic 
performance-based analysis we compared pupils enrolled 
in the gifted curriculum, who scored within the top 5% in the 
arithmetic task (n = 13), to pupils enrolled in the normal cur-
riculum, whose scores fell within 25th and 75th percentile 
(n = 47). Detailed information on participants considered in 
each of the analyses is presented in Table 1.

For group comparisons and correlations, we used fre-
quentist correlations and t tests along with their Bayesian 
equivalents.  BF01 are reported in the text; therefore, values 
above 1 show that the null hypothesis model is favoured 
over the alternative hypothesis model, and consequently, 
values < 1 indicate that alternative hypothesis model is 
favoured over the null hypothesis model. Typically, val-
ues > 3 and < 0.3 are considered as conclusive evidence. 
Nevertheless, there are no strict cutoff criteria, instead BF 
values can and should be treated in a continuous way (see 
Wagenmakers et al., 2018). Importantly, using Bayesian 
statistics allows us to provide positive evidence for the null 
hypothesis (i.e., lack of between group differences).

Results

Descriptive statistics

Descriptive statistics of all measures are presented in 
Table 2. Gifted children responded faster than controls in the 
parity judgment task, t (163) = − 4.97, p < 0.001, d = − 0.78, 
and their intraindividual variability in reaction times was 
smaller, t (163) = − 4.00, p < 0.001, d = − 0.63.4 They also 
achieved higher scores in RSPM, t (153) = 5.82, p < 0.001, 
d = 0.94, and on the arithmetic task, t (156) = 3.12, p = 0.002, 
d = 0.50.

The SNARC effect

A robust SNARC effect was observed at the whole sample 
level (cf. Table 3). As expected, it was present in the control 
group. Crucially, it was also robust in the gifted group. This 
observation holds irrespective of which set of numbers was 
considered, and of whether unstandardized or standardized 
slopes were considered. In all cases, both the frequentist 3 When numbers 1,2,3,4,6,7,8,9 (i.e., excluding 0 and 5) are consid-

ered, the parity and magnitude predictor are orthogonal. In such a 
case the slopes for the magnitude predictor (i.e., the SNARC effect) 
do not differ depending on whether the parity predictor is included or 
not. Therefore, results of such an analysis are perfectly comparable 
with studies which do not consider the parity predictor.

4 Formal comparisons reported here consider analysis including 0 
and 5. The results are the same when these numbers are excluded.
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Table 3  The summary of the SNARC effect: overall, within groups, and between group comparisons

Task property SNARC ST-SNARC 

1–4 6–9 0–9 1–4 6–9 0–9

Reliability 0.13 0.17 0.18 0.31
SD slope 21.95 19.19 0.43 0.71
% neg. slopes 0.67 0.70 0.67 0.70
Slope Overall Mean − 7.76 − 7.29 – 0.18 – 0.19

t test against 0  (df = 164) t − 4.54 − 4.88 – 5.48 – 6.11
p  < 0.001  < 0.001  < 0.001  < 0.001
d 0.35 0.38 0.43 0.48
BF01 8.177e − 4 2.038e − 4 1.468e − 5 7.408e − 7

Gifted Mean – 5.23 − 5.79 – 0.17 – 0.18
t test against 0 (df = 73) t – 2.32 − 3.12 – 3.09 – 3.73

p 0.023 0.003 0.003  < 0.001
d 0.27 0.36 0.36 0.43
BF01 0.636 0.094 0.102 0.017

Control Mean – 9.82 – 8.51 – 0.19 – 0.20
t test against 0 (df = 90) t – 3.95 – 3.78 – 4.78 – 4.87

p  < 0.001  < 0.001  < 0.001  < 0.001
d 0.41 0.40 0.50 0.51
BF01 0.008 0.014 4.286e − 4 3.061e − 4

Group comparison t test (df = 163) t 1.34 0.30 0.24 0.30
p 0.182 0.766 0.811 0.766
d 0.21 0.05 0.03 0.05
BF01 2.585 5.675 5.760 5.675

Table 4  Correlations between all measures considered in the study

Below the diagonal: Pearson correlations (95% CI); *p < 0.05, **p < 0.01, ***p < 0.001; Above the diagonal:  BF01; SNARC – unstandardized 
SNARC slope; ST-SNARC – standardized SNARC slope [both calculated with numbers 0 and 5 being excluded (1–4 6–9) and with all numbers 
included (0–9)], MeanRT – mean RT in the parity judgment task, SD(RT) – standard deviation of RT within a participant, RSPM – raw score in 
Raven Standard Progressive Matrices, Arithmetic – raw score in the arithmetic task.

Variable (1) (2) (3) (4) (5) (6) (7) (8)

(1) SNARC 
(1–4 6–9)

–  < 0.001  < 0.001  < 0.001 9.856 8.621 1.448 5.667

(2) ST-SNARC 
(1–4 6–9)

0.83***(0.78; 
0.87)

–  < 0.001  < 0.001 4.186 2.526 6.350 9.194

(3) SNARC 
(0–9)

0.86***(0.81; 
0.90)

0.71***(0.62; 
0.78)

–  < 0.001 10.166 8.188 3.954 2.699

(4) ST-SNARC 
(0–9)

0.72***(0.63; 
0.78)

0.80***(0.74; 
0.85)

0.87***(0.83; 
0.90)

— 6.177 1.877 8.585 7.363

(5) Mean RT 0.02 (− 0.13; 
0.18)

0.11 (– 0.05; 
0.25)

0.01 (– 0.14; 
0.16)

0.08 (– 0.07; 
0.23)

–  < 0.001 0.001  < 0.001

(6) SD (RT) 0.047(− 0.11; 
0.20)

0.13 (– 0.02; 
0.28)

0.05 (– 0.10; 
0.20)

0.14 (– 0.01; 
0.29)

0.88***(0.84; 
0.91)

– 0.023  < 0.001

(7) RSPM 
score

0.16*(0.00; 
0.31)

0.08 (– 0.08; 
0.23)

0.11 (– 0.05; 
0.26)

0.04 (– 0.11; 
0.20)

– 0.31***(– 0.45; 
–  0.16)

– 0.28***(– 0.42; 
– 0.13)

–  < 0.001

(8) Arithmetic 
score

0.09(− 0.07; 
0.24)

0.03 (– 0.12; 
0.19)

0.13 (– 0.03; 
0.28)

0.06 (– 0.09; 
0.22)

– 0.39***(– 0.52; 
– 0.25)

– 0.37***(– 0.50; 
– 0.23)

0.35***(0.20; 
0.48)

–



1653Psychological Research (2021) 85:1645–1661 

1 3

and Bayesian evidence are conclusive. To sum up, a robust 
SNARC effect was observed in all instances. Proportions of 
participants revealing negative slopes were comparable to 
those reported in the literature. On the other hand, reliabili-
ties of the slopes were very low (cf. Table 3), which might be 
a problem for correlations of individuals, but is typically less 
of a problem for mean group differences in high N groups as 
follows from the central limit theorem.

The SNARC effect correlations

Correlations of all measures we considered are presented in 
Table 4. Expectedly, all SNARC measures are highly corre-
lated. On the other hand, none of the SNARC measures cor-
related with RT characteristics in the parity judgment task. 
Expectedly, RT characteristics correlated very highly with 
each other. RT characteristics, RSPM, and arithmetic scores 
were correlated, which also could have been expected.

On the other hand, the SNARC effect measurements were 
not correlated with arithmetic performance scores. Bayesian 
analyses provided support for lack of correlations, only in 
one case could the Bayesian evidence be considered incon-
clusive  (BF01 < 3), but the analysis still favoured the null 
hypothesis model.

In the case of a relationship between the SNARC effect 
measures and the RSPM, only one correlation reached sig-
nificance, however this correlation was very low, and the 
Bayesian analysis still favoured the null hypothesis model 
(despite being largely inconclusive).

To sum up, the correlational analysis did not provide evi-
dence that the SNARC effect is related to math skills nor 
intelligence. Moreover, Bayesian analyses supported the null 
hypothesis models.

Between‑group comparisons

Main analysis

The main between-group comparisons (cf. Bottom part of 
Table 3) did not show any difference between gifted chil-
dren and the control group in respect to the SNARC effect 
measures.5 In all but one of the cases, the Bayesian analy-
sis favoured the null hypothesis model (only in one case 
the evidence was inconclusive). The conclusion that gifted 
children do not differ from controls is also supported by two 
subsequent analyses considering more conservative group 
allocation (see “Data analysis” section).

Intelligence‑based analysis

In the comparison considering the additional criterion of 
RSPM scores, there were no between group differences in 
any of the SNARC effect measures: the SNARC effect with-
out 0 and 5, t (59) = 1.60, p = 0.116, d = 0.46,  BF01 = 1.244; 
the ST-SNARC effect without 0 and 5, t (59) = 0.57, 
p = 0.573, d = 0.16,  BF01 = 3.074; the SNARC effect with 0 
to 9, t (59) = 0.82, p = 0.413, d = 0.24,  BF01 = 2.668; the ST-
SNARC effect with 0 to 9, t (59) = 0.17, p = 0.864, d = 0.05, 
 BF01 = 3.469.6

Arithmetic performance‑based analysis

In the comparison considering additional criterion of arith-
metic performance there was no between group difference 
either: the SNARC effect without 0 and 5, t (58) = 0.85, 
p = 0.402, d = 0.27,  BF01 = 2.449; the ST-SNARC effect 
without 0 and 5, t (58) = 0.69, p = 0.495, d = 0.22, 
 BF01 = 2.700; the SNARC effect with 0 to 9, t (58) = 0.90, 
p = 0.373, d = 0.28,  BF01 = 2.366; the ST-SNARC effect with 
0 to 9, t (58) = 0.90, p = 0.374, d = 0.28,  BF01 = 2.366.7

Discussion

Overview

In the current study we explored the SNARC effect in gifted 
children in comparison with a control group. We found a 
robust SNARC effect in both groups. As expected, groups 
differed considerably in performance in RSPM and arith-
metic performance, with the gifted group performing bet-
ter. In the gifted group the RTs were also shorter and less 
variable, which was to be expected as RTs are related to 

5 Neither the SNARC nor ST-SNARC for any number range differed 
between grades, classes, and there was no grade × class interaction. 
Grade: Fs ≤ 2.44, ps ≥ .091. Class: Fs ≤ 2.27, ps ≥ .134. Grade × 
class: Fs ≤ .29, ps ≥ .746.

6 As there were very few participants in the control group, in an 
additional analysis we selected the  20th -  80th percentile according 
to Chinese RSPM norm as controls (n = 44), and compared them 
with gifted children (n = 44). Again, there were no differences: the 
SNARC effect without 0 and 5, t (86) = 1.68, p = .097, d = 0.36, 
 BF01 = 1.311; the ST-SNARC effect without 0 and 5, t (86) = 0.60, p 
= .550, d = 0.13,  BF01 = 3.829; the SNARC effect with 0 to 9, t (86) 
= 0.93, p = .358, d = 0.20,  BF01 = 3.069; the ST-SNARC effect with 
0 to 9, t (86) = 0.28, p = .777, d = 0.06,  BF01 = 4.333.
7 In this analysis there are very few children in the gifted group. 
Thus, in an additional analysis we selected the top 10% according to 
the Chinese norm on the arithmetic task as gifted children (n = 28), 
and compared them with the controls (n = 47). Again, there were no 
differences: the SNARC effect without 0 and 5, t (73) = 0.57, p = 
.572, d = 0.14,  BF01 = 3.541; the ST-SNARC effect without 0 and 5, 
t (73) = 0.15, p = .879, d = 0.04,  BF01 = 4.031; the SNARC effect 
with 0 to 9, t (73) = 0.51, p = .613, d = 0.12,  BF01 = 3.641; the ST-
SNARC effect with 0 to 9, t (73) = 0.06, p = .949, d = 0.02,  BF01 = 
4.064.
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fluid intelligence (for reviews, Neisser et al., 1996; Vernon, 
1987). All together these results further validate group divi-
sion originally based on the Chinese system for selection of 
gifted children. Nevertheless, groups did not differ in any 
measure of the SNARC effect, no matter which additional 
criterion was used to make group distinction even clearer. 
Importantly, the lack of between group differences in the 
SNARC effect cannot be accounted for by low reliability 
of the SNARC effect in our study. As low reliability can be 
problematic for correlational analyses, it is not so in the case 
of between group comparison. Specifically, reliability was 
low at the individual level. That is, the individual estimates 
of slope might have been affected by measurement error. 
Nevertheless (in line with fundamental assumptions of clas-
sical test theory), the error was randomly distributed, there-
fore, in case of relatively large samples (groups) it should 
cancel out in case of the between group comparison. For 
this reason, the group comparison remains meaningful and 
interpretable.

We have also observed that the SNARC effect was not 
related to continuous measures of arithmetic performance 
nor intelligence. These results should be interpreted with 
caution due to low reliability. Nevertheless, they point to 
the same direction (no SNARC – math skills relation) as the 
between group comparisons. Contrary to results reported in 
the literature, the SNARC effect did not correlate with reac-
tion time characteristics in our Chinese samples.

Importantly, in virtually all cases conclusions from 
frequentist and Bayesian analyses converge to favour null 
hypothesis models (i.e., no correlation/no between group 
differences). Additionally, the SNARC effect did not change 
significantly with age or grade. On one hand, it may be 
because the age range of our participants was relatively small 
(but see Berch et al., 1999 for contrasting results showing 
differences in SNARC between grades). On the other hand, 
our observation is in line with previous Chinese studies on 
the development of the SNARC effect (from kindergarteners 
to sixth graders, Yang et al., 2014 and from second graders 
to adults, Liu et al., 2018).

SNARC in gifted children–reasons for a difference

Studies reporting relations between math skills and the 
SNARC effect have proposed some explanations as to why 
such a relationship was observed. These interpretations refer 
to (1) differences in automatic magnitude processing, and (2) 
representation abstractness. This idea was recently elabo-
rated in a model framework by Cipora et al. (2020b). The 
model suggests multiple mechanisms on why the SNARC 
effect should or should not be related to math skills. Please 
note that this study was not aimed at verifying such a model: 
it was conducted before the actual model was developed. 

Thus, the below considerations are post-hoc explanations 
of null results observed here, and should be treated as such.

Automatic magnitude processing

As proposed by Hoffmann et al. (2013) the difference in 
the SNARC effect depending on math skills level might 
be related to differences in automatic number processing 
in children. This is a very plausible explanation, because 
automatic processing of magnitude (especially in a mag-
nitude-irrelevant parity judgment task) is a prerequisite for 
magnitude-related effects to occur. However, in the case of 
our participants, we can assume that they all reached a suf-
ficient level of such processing. First, our participants were 
older than those tested in the study by Hoffmann. Second, 
there is empirical evidence showing automatic magnitude 
processing in Chinese children of this age (Yao et al., 2015). 
Eventually, as it was shown in multiple international studies, 
Chinese children are ahead of their Western peers when it 
comes to early math skills (e.g., Cvencek, Nasir, O’connor, 
Wischnia, & Meltzoff, 2015). Moreover, it needs to be men-
tioned that apart from cross-cultural differences, the entire 
sample tested in the present study (including the control 
group), was at above-average level compared to Chinese 
children of this age in regard to math skills.

Importantly, in most of the studies which reported a rela-
tionship between math skills and the SNARC effect at the 
age of our participants, tested samples of **individuals who 
had math difficulties/developmental disorders (Bachot et al., 
2005; Crollen et al., 2015). Only one study (Georges, Hoff-
mann, & Schiltz, 2017) found a relationship between the 
SNARC effect and math skills level in typically developing 
children of the age of our participants. It is thus possible that 
at least in some of these studies the relationship between 
math skills and the SNARC effect was driven by differences 
in automaticity of magnitude processing. Such differences 
might not have occurred in our sample. On the contrary, 
it is likely that our participants have already reached the 
necessary level with automatic magnitude processing, and 
it did not differ between the groups to an extent which could 
cause differences in the SNARC effect. This can explain why 
gifted children did not reveal a stronger SNARC than their 
peers from the control group (i.e., the effect reported in some 
child studies on the SNARC and math skills). Potentially, 
one could use the interference measure in the physical size 
condition as a measure of automatic magnitude processing 
of numbers (numerical magnitude affects the decisions about 
physical size of presented digits). However, at the same time, 
the observed effect is not only measuring automatic number 
magnitude processing, but also the efficiency of inhibition 
processes (see Cipora et al., 2020b). On the one hand, we 
could expect the gifted children to process magnitude auto-
matically (assuming there are still any differences in that 
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respect), but also we would expect them to have more effi-
cient inhibition and interference control processes. So, test-
ing this prediction would require a measure of automaticity, 
which is not measured as interference effect.8

Abstractness and/or flexibility of the representation

Cipora et al. (2016) interpreted their results of weaker/non-
existent SNARC in adult professional mathematicians by 
referring to abstractness and or flexibility of their number 
representations. One of the characteristics of professional 
mathematicians is the reaching of the formal operation stage 
as postulated by Piaget. As originally proposed, this is the 
most advanced stage of cognitive development, allowing 
abstract thinking and the use of formal logic principles for 
reasoning. Studies have shown that only about 30% of adults 
reach this stage (Kuhn et al., 1977).

Being at the stage of formal reasoning may be an impor-
tant prerequisite for numerical representation to be abstract 
and flexible. Despite some studies showing that gifted chil-
dren reach formal operation stage earlier than their peers do 
(e.g., Carter, & Ormrod, 1982; Keating, 1975), our partici-
pants seem to be too young to have fully reached the formal 
operation stage.

It must also be kept in mind that the professional math-
ematicians, who were specially trained in mathematics for 
more than 20 years longer than our sample of gifted chil-
dren, might have mastered more abstract and flexible number 
representations (see Butterworth, 2018; Cipora et al., 2016; 
Sella & Cohen Kadosh, 2018; Siegler & Opfer, 2003). In 
summary, the gifted children tested in our study most likely 
have not reached the representation flexibility and abstrac-
tion level possessed by professional mathematicians.9 This 
may explain why gifted children did not reveal a weaker 
SNARC than their peers from the control group (i.e., the 
effect observed in some adult studies on the SNARC and 
math skill). Testing whether this was actually the case in 
case of our participants is not possible, because no such 
measures were used in the battery. As for now we also do not 

have a clear idea of a comprehensive measure of representa-
tion abstractness and/or flexibility.

Other observations

Interestingly, in our sample we did not observe a relation-
ship between the SNARC effect and reaction time charac-
teristics. This lack of relationship can be also potentially 
attributed to the low reliability of the SNARC effect. On the 
other hand, despite being widely reported in the literature, 
to the best of our knowledge, this relationship has not been 
reported in Chinese native speakers. For this reason, it is 
hard to interpret this result. However, it cannot be attributed 
to ceiling effects in the performance of Chinese children, as 
they responded slower and their reaction times were more 
variable as compared to Western adult samples (see, Cipora 
et al., 2019a).

Absence of evidence, evidence of absence, 
and a gaze into the SNARC file drawer

Given that results of studies reporting (lack of) relation-
ship between the SNARC effect and math skills are quite 
divergent, one might argue that this is because some studies 
have found evidence for an effect and some of them simply 
failed to find such an evidence (either due to power issues, 
methodological shortcomings, or simply bad luck), which 
does not preclude that such an effect exist (i.e., absence of 
evidence for a relationship does not have to imply evidence 
of absence of a relationship). We believe that this is not the 
case here and for several reasons, we discuss below.

Firstly, several studies (including the current) utilized 
Bayesian statistics, which can provide an evidence for 
absence of the effect in question differentiating it from 
inconclusive data (which is not possible within frequentist 
framework). Second, studies not reporting the effect were 
not characterized by systematically smaller sample sizes 
than studies revealing the effect. Moreover, low power does 
not only decrease the probability of observing the effect, 
which actually exists, but it also increases chances of false 
positives (e.g., Button et al., 2013). Third, given the file 
drawer problem and publication bias (it is more likely that 
positive results are published than null results) we assume 
that there might be more studies, which did not find effect 
and were not published, than studies, which found effect and 
were not published. Please note that in case of several papers 
lack of relationship between SNARC and math skills was 
reported as a side finding not being the main objective of the 
study (e.g., Bonato et al., 2007; Bull et al., 2013). Fourthly, 
the observation that the direction of relationship between 
the SNARC effect and math skills differs between children 
and adults also indirectly suggests that several mechanisms 
(going in opposite directions) can be at play (some of them 

8 However, for exploratory purposes we calculated correlations 
between SNARC effect measures and the interference index (RT 
incompatible – RT compatible) in the physical size condition of the 
numerical Stroop task. Correlations ranged from (-.03 to .03), and 
none of them was significant. This implies no direct link between 
automatic number magnitude processing and the SNARC effect 
(keeping in mind the caveats discussed in the main text).
9 We do not claim that such representational abstractness / flexibility 
is solely due to practice, but rather that it can be amplified by matura-
tion (as with maturation thinking becomes more abstract in general) 
and long-term practice. Note that professional mathematicians tested 
by Cipora et  al. (2016) were also much above the population aver-
age as regards fluid intelligence, and at least some of them might have 
been classified as gifted.
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more salient in children and some of them more salient in 
adults), it is also quite likely that the factors cancel each 
other out. Finally, in several studies both math skills and the 
SNARC effect were quantified in more than one way, and the 
results did not vary depending on which method was chosen. 
This also indirectly suggests that null results in some studies 
should not be solely attributed to failures to find an existing 
effect due to incorrect selection of measures of interest.

To sum up, it seems that both discrepancies in the litera-
ture and null results reported here cannot easily be accounted 
for occasional failures to find an evidence for truly existing 
relationship between the SNARC effect and math skills.

Limitations and future directions

Despite the general conclusiveness of the presented study, 
some limitations need to be kept in mind and addressed in 
future investigations. First, the reliability of the parity judg-
ment task was very low, mostly due to the small number 
of repetitions of each number in each experimental block. 
On the other hand, even with four repetitions, SNARC data 
can be quite stable on a group level (see Nuerk, Iversen, & 
Willmes, 2004, for stable data with four repetitions per num-
ber and hand). Indeed, our data also seem to be quite stable 
on a group level. In our data preparation process, the trim-
ming eliminated the outlier reaction times, and the values of 
mean, and in particular the intraindividual variance in RTs 
were similar to those reported in adult studies (Cipora et al., 
2019b). As we discussed in detail before, despite being prob-
lematic for correlation analysis, the reliability is not such a 
problem for between-group comparisons. Importantly, our 
null results for between-group comparisons held irrespective 
of the group allocation method.

Second, our controls may be not very representative of 
China. They were students in the same Beijing school as our 
gifted children, but they received the normal curriculum. 
In addition, socioeconomic status (SES) of Bejingers are 
higher than the average of the whole nation, and SES cor-
relates with mathematical achievement (e.g., Van Ewijk, & 
Sleegers, 2010 for a review), which perhaps indicates our 
controls are better in math than average Chinese students. 
Nevertheless, if we selected the controls from a different 
school in an economically average city, there might be some 
other confounds. Additionally, it needs to be mentioned that 
a robust SNARC effect was observed in the control group, 
and its size was similar to values reported in other studies 
testing children of a similar age (− 9.82 in our study, − 11.2 
in Schneider et al., 2009; − 13.97 in Bachot et al., 2005; 
− 11.37 in Georges et al., 2017). Therefore, the SNARC 
effect in the control group highly resembled the SNARC 
effect reported in other studies. While we cannot exclude 
that the control group is not representative of China, the 
SNARC effect is in the normal range in this group; therefore 

the available results do not point to major SNARC differ-
ences due to sampling.

Representative sampling does not only refer to sam-
ple selection within cultures, but also across cultures. For 
SNARC, like most other cognitive effects, there is a prob-
lematic WEIRD (Western, Educated, Industrialized, Rich, 
Democratic) bias in psychological science, which is known 
to affect even basic sensory and cognitive effects (e.g., Rad, 
Martingano, & Ginges, 2018). For the SNARC effect, we 
know that culture affects the effect (e.g., Shaki, Fischer & 
Petrusic, 2009). By providing data from normal and highly 
gifted children in an Eastern culture, we believe that this 
study can contribute to a more general picture of SNAs. 
Note for instance, that previous studies illustrated that Chi-
nese children differed from their peers in Western cultures 
in several aspects of number processing (e.g., automatic pro-
cessing of numerical magnitude in Stroop-like tasks, Zhou 
et al., 2007; and the age at which the SNARC effect can be 
first observed, Yang et al., 2014). As outlined above, the 
SNARC effect in our control group in China did not differ 
much from Western children of a similar age—this seems to 
indicate that cultural attributes do not modulate the SNARC 
effect on a group level in a major way. However, it also needs 
to be noted that null mean differences of course do not nec-
essarily imply that we are looking at the same distribution 
and the same underlying processes. A missing correlation 
between the SNARC effect and overall RT, which has been 
found in most studies in WEIRD populations so far can be 
a hint suggesting such differences. Our study is the first to 
examine the SNARC effect in highly gifted children and 
compare them to controls. We found no difference between 
these groups. Whether this result is generalizable to other 
cultures, and in particular, the dominant cultures in psycho-
logical science and SNARC research, the WEIRD cultures, 
remains to be shown.

One might argue that the way we operationalized math 
skills is somehow unclear because we tested gifted children 
and only measured their arithmetic performance using a 
timed task. Consequently, one might argue that it is hard 
to relate the arithmetic performance score to math skills 
in general. Admittedly, studies investigating links between 
SNARC and math skills operationalized math skills in very 
different ways, such as (1) performance on (timed) calcula-
tion tasks; (2) standardized math tests (e.g., Kramer, Bres-
san, & Grassi, 2018); (3) school grades (e.g., Schneider, 
Grabner, & Paetsch, 2009); (4) self-reported school grades 
(e.g., Cipora et al., 2019a); and (5) curriculum/field of stud-
ies pursued by the participants (e.g., Hoffmann, Mussolin, 
Martin, & Schiltz, 2014a, b). Therefore, there is a clear 
discrepancy between studies, and one can hardly think of 
any consensus here. Some studies have utilized multiple 
methods (e.g., Cipora & Nuerk, 2013). This is also the case 
for our study: we used both a timed arithmetic test as well 
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as group allocation. Importantly, gifted children had been 
allocated to the special curriculum on the basis of their 
intellectual capabilities before they started the first grade. 
Therefore, by the time they were tested in our experiment 
they had been in special training for several (3–5) years. 
This means that their mathematical knowledge and expe-
rience with math problems of varying sorts differed con-
siderably from their peers receiving normal curriculum in 
virtually all points present in the math curriculum. As our 
results show, this was clear in the case of the arithmetic 
task. Nevertheless, future studies should use broader range 
of math skills measures considering conceptual knowledge, 
geometry, or algebra. Noteworthy, math skills can prob-
ably not be treated as psychologically uniform construct. 
On the contrary, various cognitive processes (e.g., working 
memory, conceptual knowledge, or automation of process-
ing) and affective demands (e.g., presence of time pressure) 
are associated with solving different math tasks. Therefore 
the math skills is rather mathematical (i.e., skills necessary 
to solve mathematical problems), than psychological cat-
egory (see Cipora et al., 2018b). Progress in understanding 
of what constitutes math skills will also help us understand 
links between different SNAs and different math skills (see 
also Cipora et al., 2020a).

At the same time, future studies should consider mul-
tiple mechanisms on how math skills might relate to the 
SNARC effect (Cipora et al., 2020b), and the fact that these 
mechanisms might act in opposite direction. If this is the 
case, despite the lack of differences in the SNARC effect, 
groups might still differ in processes driving the SNARC 
effect (or in relative contributions of these processes). For 
instance, groups might differ in extent of automatic number 
processing or in abstractness and/or flexibility of representa-
tion. If one of the processes becomes more salient in a given 
setup or group, one can observe the relationship between the 
SNARC effect and math skills. This is even more likely if 
the measure of math skills is tapping on the process, which 
is most prominent for the formation of the SNARC in this 
setup (e.g., the automaticity of processing of numbers).

Finally, we wish to make a point, which we have out-
lined in some previous papers. The SNARC effect, as a 
directional SNA, is probably not representative for all 
SNAs (see Cipora et al., 2015, 2018a; Patro et al., 2014, 
for taxonomies and reviews). Gifted children might out-
perform controls in extension SNAs, especially in cases in 
which precise SNA is relevant and helpful in task perfor-
mance, such as number line estimation (see Hoard et al., 
2008 for evidence that intellectually gifted first graders 
outperformed controls in this task; see also Sella et al., 
2016 for similar evidence with professional mathemati-
cians). Therefore, also following our own arguments and 
taxonomy, we want to make clear that the null difference 
between gifted children and normal controls is observed 

here for the most frequently studied SNA, the SNARC 
effect, but this does not mean or even suggest that there 
are no differences for other SNAs.

Conclusion

In conclusion, this was the first study to examine the SNARC 
effect and its relationship with mathematical / arithmetic 
skill in gifted children as compared to typically developing 
controls. We replicated the SNARC effect in a large sample 
of gifted children. However, there were no significant differ-
ences in the SNARC effect between gifted children and the 
controls, no matter which additional criteria were used for 
group sampling. The SNARC effect did not correlate with 
intelligence nor math skills in our sample. These findings 
are in line with most of previous studies suggesting that the 
SNARC effect is not related to arithmetic skill and extends 
these findings within the normal skill range to the highly 
skilled range of gifted children. However, a lack of between 
group differences in the observed SNARC effect does not 
imply that SNAs in general do not differfor other SNAs 
effects (e.g., number line estimation), a relationship with 
arithmetic skill/intelligence seems to exist. In the broader 
sense, the current research is in line with the view that dif-
ferent SNAs must be distinguished and that this distinction 
is necessary already for children.

Acknowledgements We would like to thank all the participants, all the 
experimental assistants and the principal of the gifted School. We thank 
Zoë Kirste for the language proofreading of the manuscript.

YH is supported by grant from the China Scholarship Coun-
cil (No.201806800002), the Science and Technology Agency of 
Liaoning (Project: 20170520278) and Liaoning University (Project: 
LDQN2017006). KC is supported by a grant from the DFG (NU 265/3-
1) to HCN. KC and HCN are further supported by the LEAD Graduate 
School & Research Network (GSC1028), which is funded within the 
framework of the Excellence Initiative of the German federal and state 
governments.

Compliance to the ethical standards 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki 
Declaration and its later amendments or comparable ethical standards.

Informed consent Informed consent was obtained from all individual 
participants included in the study and their parents / legal guardians.

Author note Raw data along with the analysis scripts are available at 
https ://osf.io/nfqre /.

https://osf.io/nfqre/


1658 Psychological Research (2021) 85:1645–1661

1 3

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Armstrong, S. L., Gleitman, L. R., & Gleitman, H. (1983). What some 
concepts might not be. Cognition, 13(3), 263–308.

Bachot, J., Gevers, W., Fias, W., & Roeyers, H. (2005). Number sense 
in children with visuospatial disabilities: orientation of the men-
tal number line. Psychological Science, 47(1), 172–183.

Berch, D. B., Foley, E. J., Hill, R. J., & Ryan, P. M. (1999). Extract-
ing parity and magnitude from Arabic numerals: developmental 
changes in number processing and mental representation. Jour-
nal of Experimental Child Psychology, 74(4), 286–308. https ://
doi.org/10.1006/jecp.1999.2518.

Bonato, M., Fabbri, S., Umilta, C., & Zorzi, M. (2007). The mental 
representation of numerical fractions: real or integer? Journal of 
Experimental Psychology: Human Perception and Performance, 
33(6), 1410–1419. https ://doi.org/10.1037/0096-1523.33.6.1410.

Brozzoli, C., Ishihara, M., Göbel, S. M., Salemme, R., Rossetti, Y., 
& Farnè, A. (2008). Touch perception reveals the dominance of 
spatial over digital representation of numbers. Proceedings of the 
National Academy of Sciences, 105(14), 5644–5648. https ://doi.
org/10.1073/pnas.07084 14105 .

Brysbaert, M. (1995). Arabic number reading: On the nature of the 
numerical scale and the origin of phonological recoding. Journal 
of Experimental Psychology: General, 124(4), 434–452.

Bull, R., Cleland, A. A., & Mitchell, T. (2013). Sex differences in 
the spatial representation of number. J. Exp. Psychol. General, 
142(1), 181–192. https ://doi.org/10.1037/a0028 387.

Butterworth, B. (2018) Mathematical expertise. In: Ericsson,  K.,  Hoff-
man, R.,   Kozbelt, A.,  Williams, A., (eds) The Cambridge hand-
book of expertise and expert performance (Cambridge Hand-
books in Psychology) Cambridge University Press, Cambridge. 
pp. 616–633. https ://doi.org/10.1017/97813 16480 748.032

Button, K. S., Ioannidis, J. P., Mokrysz, C., Nosek, B. A., Flint, J., 
Robinson, E. S., et al. (2013). Power failure: why small sample 
size undermines the reliability of neuroscience. Nature Reviews 
Neuroscience, 14(5), 365–376. https ://doi.org/10.1038/nrn34 75.

Carter, K. R., & Ormrod, J. E. (1982). Acquisition of formal operations 
by intellectually gifted children. Gifted Child Q., 26(3), 110–115. 
https ://doi.org/10.1177/00169 86282 02600 304.

Cipora, K., Haman, M., Domahs, F., & Nuerk, H.-C. (2020a). Edito-
rial: On the development of Space-Number Relations: Linguistic 
and cognitive determinants, influences, and associations. Front.
Psychol., 11, 182. https ://doi.org/10.3389/fpsyg .2020.00182 .

Cipora, K., He, Y., & Nuerk, H.-C. (2020b). The Spatial Numerical 
Association of Response Codes effect and math skills: why 
related? Ann. NY Acad. Sci.. https ://doi.org/10.1111/nyas.14355 .

Cipora, K., Hohol, M., Nuerk, H.-C., Willmes, K., Brożek, B., Kucha-
rzyk, B., et al. (2016). Professional mathematicians differ from 
controls in their spatial-numerical associations. Psychol. Res. 
Psychol. Forschung, 80(4), 710–726. https ://doi.org/10.1007/
s0042 6-015-0677-6.

Cipora, K., & Nuerk, H.-C. (2013). Is the SNARC effect related to 
the level of mathematics? No systematic relationship observed 
despite more power, more repetitions, and more direct assess-
ment of arithmetic skill. Q. J. Exp. Psychol., 66(10), 1974–1991. 
https ://doi.org/10.1080/17470 218.2013.77221 5.

Cipora, K., Patro, K., & Nuerk, H.-C. (2015). Are Spatial-Numerical 
Associations a cornerstone for arithmetic learning? The lack of 
genuine correlations suggests no. Mind Brain Educ., 9(4), 190–
206. https ://doi.org/10.1111/mbe.12093 .

Cipora, K., Schroeder, P. A., & Nuerk, H.-C. (2018a). On the mul-
titude of mathematics skills: Spatial-Numerical Associations 
and geometry skill? In K. S. Mix & M. T. Battista (Eds.), Visu-
alizing Mathematics: the role of spatial reasoning in math-
ematical thought (pp. 361–370). Cham: Springer. https ://doi.
org/10.1007/978-3-319-98767 -5_18.

Cipora, K., Schroeder, P. A., Soltanlou, M., & Nuerk, H.-C. (2018b). 
More space, better mathematics: Is space a powerful tool or a 
cornerstone for understanding arithmetic? In K. S. Mix & M. 
T. Battista (Eds.), Visualizing Mathematics: the role of spa-
tial reasoning in mathematical thought (pp. 77–116). Cham: 
Springer. https ://doi.org/10.1007/978-3-319-98767 -5_4.

Cipora, K., Soltanlou, M., Reips, U.-D., & Nuerk, H.-C. (2019a). 
The SNARC and MARC effects measured online: Large-scale 
assessment methods in flexible cognitive effects. Behavior 
Research Methods, 51(4), 1676–1692. https ://doi.org/10.3758/
s1342 8-019-01213 -5.

Cipora, K., Soltanlou, M., Smaczny, S., Göbel, S. M., & Nuerk, 
H.-C. (2019b). Automatic place-value activation in magnitude-
irrelevant parity judgement. Psychol. Res. Psychol. Forschung. 
https ://doi.org/10.1007/s0042 6-019-01268 -1.

Cipora, K., & Wood, G. (2017). Finding the SNARC instead of hunt-
ing it: a 20 * 20 Monte Carlo investigation. Front. Psychol., 8, 
1194. https ://doi.org/10.3389/fpsyg .2017.01194 .

Cipora, K., van Dijck, J.-P., Georges, C., Masson, N., Göbel, S. M., 
Willmes, K., Pesenti, M., Schiltz, C., & Nuerk, H.-C. (2019b). 
A Minority pulls the sample mean: on the individual preva-
lence of robust group-level cognitive phenomena – the instance 
of the SNARC effect. PsyArXiv.https ://psyar xiv.com/bwyr3 

Cirino, P. T. (2011). The interrelationships of mathematical precur-
sors in kindergarten. J. Expe. Child Psychol., 108(4), 713–733. 
https ://doi.org/10.1016/j.jecp.2010.11.004.

Cohen Kadosh, R., Soskic, S., Iuculano, T., Kanai, R., & Walsh, 
V. (2010). Modulating neuronal activity produces specific 
and long-lasting changes in numerical competence. Cur-
rent Biology, 20(22), 2016–2020. https ://doi.org/10.1016/j.
cub.2010.10.007.

Cvencek, D., Nasir, N. I. S., O’connor, K., Wischnia, S., & Melt-
zoff, A. N. (2015). The development of math–race stereotypes: 
“They say Chinese people are the best at math”. J. Res. Ado-
lescence, 25(4), 630–637. https ://doi.org/10.1111/jora.12151 .

De Bruin, A., Treccani, B., & Della Sala, S. (2015). Cognitive advan-
tage in bilingualism: an example of publication bias? Psycho-
logical Science, 26(1), 99–107. https ://doi.org/10.1177/09567 
97614 55786 6.

Dehaene, S., Bossini, S., & Giraux, P. (1993). The men-
tal representation of parity and number magnitude. J. 
Exp. Psychol. General, 122(3), 371–396. https ://doi.
org/10.1037//0096-3445.122.3.371.

Dehaene, S., & Cohen, L. (1995). Towards an anatomical and func-
tional model of number processing. Math. Cogn., 1(1), 83–120.

Dehaene, S., Piazza, M., Pinel, P., & Cohen, L. (2003). Three parietal 
circuits for number processing. Cogn. Neuropsychol., 20(3–6), 
487–506. https ://doi.org/10.1080/02643 29024 40002 39.

De Hevia, M. D., Veggiotti, L., Streri, A., & Bonn, C. D. (2017). At 
birth, humans associate “few” with left and “many” with right. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1006/jecp.1999.2518
https://doi.org/10.1006/jecp.1999.2518
https://doi.org/10.1037/0096-1523.33.6.1410
https://doi.org/10.1073/pnas.0708414105
https://doi.org/10.1073/pnas.0708414105
https://doi.org/10.1037/a0028387
https://doi.org/10.1017/9781316480748.032
https://doi.org/10.1038/nrn3475
https://doi.org/10.1177/001698628202600304
https://doi.org/10.3389/fpsyg.2020.00182
https://doi.org/10.1111/nyas.14355
https://doi.org/10.1007/s00426-015-0677-6
https://doi.org/10.1007/s00426-015-0677-6
https://doi.org/10.1080/17470218.2013.772215
https://doi.org/10.1111/mbe.12093
https://doi.org/10.1007/978-3-319-98767-5_18
https://doi.org/10.1007/978-3-319-98767-5_18
https://doi.org/10.1007/978-3-319-98767-5_4
https://doi.org/10.3758/s13428-019-01213-5
https://doi.org/10.3758/s13428-019-01213-5
https://doi.org/10.1007/s00426-019-01268-1
https://doi.org/10.3389/fpsyg.2017.01194
https://psyarxiv.com/bwyr3
https://doi.org/10.1016/j.jecp.2010.11.004
https://doi.org/10.1016/j.cub.2010.10.007
https://doi.org/10.1016/j.cub.2010.10.007
https://doi.org/10.1111/jora.12151
https://doi.org/10.1177/0956797614557866
https://doi.org/10.1177/0956797614557866
https://doi.org/10.1037//0096-3445.122.3.371
https://doi.org/10.1037//0096-3445.122.3.371
https://doi.org/10.1080/02643290244000239


1659Psychological Research (2021) 85:1645–1661 

1 3

Current Biology, 27(24), 3879–3884. https ://doi.org/10.1016/j.
cub.2017.11.024.

Derakshan, N., & Eysenck, M. W. (2009). Anxiety, processing effi-
ciency, and cognitive performance: new developments from 
attentional control theory. European Psychologist, 14(2), 168–
176. https ://doi.org/10.1027/1016-9040.14.2.168.

Di Giorgio, E., Lunghi, M., Rugani, R., Regolin, L., Dalla Barba, B., 
Vallortigara, G., et al. (2019). A mental number line in human 
newborns. Dev. Sci.. https ://doi.org/10.1101/15933 5.

Fias, W. (2001). Two routes for the processing of verbal numbers: Evi-
dence from the SNARC effect. Psychological Research, 65(4), 
250–259. https ://doi.org/10.1007/s0042 60100 065.

Fias, W., Brysbaert, M., Geypens, F., & d’Ydewalle, G. (1996). The 
importance of magnitude information in numerical processing: 
evidence from the SNARC effect. Math. Cogn., 2(1), 95–110. 
https ://doi.org/10.1080/13546 79963 87552 .

Fischer, M. H. (2008). Finger counting habits modulate spatial-
numerical associations. Cortex, 44(4), 386–392. https ://doi.
org/10.1016/j.corte x.2007.08.004.

Fischer, M. H., & Rottmann, J. (2005). Do negative numbers have a 
place on the mental number line. Psychological Science, 47(1), 
22–32.

Fischer, M. H., & Shaki, S. (2014). Spatial associations in numerical 
cognition—from single digits to arithmetic. Quarterly Journal 
of Experimental Psychology, 67(8), 1461–1483.

Fischer, M. H., Shaki, S., & Cruise, A. (2009). It takes just one word 
to quash a SNARC. Exp. Psychol., 56(5), 361–366. https ://doi.
org/10.1027/1618-3169.56.5.361.

Fumarola, A., Prpic, V., Da Pos, O., Murgia, M., Umiltà, C., & Ago-
stini, T. (2014). Automatic spatial association for luminance. 
Attent. Percept. Psychophys., 76(3), 759–765. https ://doi.
org/10.3758/s1341 4-013-0614-y.

Galton, F. (1880). Visualised numerals. Nature, 21, 252–256.
Georges, C., Hoffmann, D., & Schiltz, C. (2016). How math anxiety 

relates to number–space associations. Front. Psychol., 7, 1401. 
https ://doi.org/10.3389/fpsyg .2016.01401 .

Georges, C., Hoffmann, D., & Schiltz, C. (2017). Mathematical 
abilities in elementary school: Do they relate to number–space 
associations? Journal of Experimental Child Psychology, 161, 
126–147. https ://doi.org/10.1016/j.jecp.2017.04.011.

Gevers, W., Verguts, T., Reynvoet, B., Caessens, B., & Fias, W. 
(2006). Numbers and space: a computational model of the 
SNARC effect. Journal of Experimental Psychology: Human 
Perception and Performance, 32(1), 32–44. https ://doi.
org/10.1037/0096-1523.32.1.32.

Gibson, L. C., & Maurer, D. (2016). Development of SNARC and 
distance effects and their relation to mathematical and visuos-
patial abilities. Journal of Experimental Child Psychology, 150, 
301–313. https ://doi.org/10.1016/j.jecp.2016.05.009.

Göbel, S. M., Maier, C. A., & Shaki, S. (2015). Which numbers do 
you have in mind? Number generation is influenced by read-
ing direction. Cognitive Processing, 16(1), 241–244. https ://doi.
org/10.1007/s1033 9-015-0715-8.

He, Y., Zhou, X., Shi, D., Song, H., Zhang, H., & Shi, J. (2016). New 
evidence on causal relationship between approximate number 
system (ANS) acuity and arithmetic ability in elementary-school 
students: a longitudinal cross-lagged analysis. Front. Psychol., 7, 
1052. https ://doi.org/10.3389/fpsyg .2016.01052 .

Hoard, M. K., Geary, D. C., Byrd-Craven, J., & Nugent, L. (2008). 
Mathematical cognition in intellectually precocious first 
graders. Dev. Neuropsychol., 33(3), 251–276. https ://doi.
org/10.1080/87565 64080 19823 38.

Hoffmann, D., Hornung, C., Martin, R., & Schiltz, C. (2013). Devel-
oping number–space associations: SNARC effects using a color 
discrimination task in 5-year-olds. Journal of Experimental 

Child Psychology, 116(4), 775–791. https ://doi.org/10.1016/j.
jecp.2013.07.013.

Hoffmann, D., Mussolin, C., Martin, R., & Schiltz, C. (2014). The 
impact of mathematical proficiency on the number-space asso-
ciation. PLoS ONE, 9(1), e85048. https ://doi.org/10.1371/journ 
al.pone.00850 48.

Hoffmann, D., Pigat, D., & Schiltz, C. (2014). The impact of inhibi-
tion capacities and age on number–space associations. Cogni-
tive Processing, 15(3), 329–342. https ://doi.org/10.1007/s1033 
9-014-0601-9.

Holmes, K. J., & Lourenco, S. F. (2011). Common spatial organization 
of number and emotional expression: a mental magnitude line. 
Brain and Cognition, 77(2), 315–323. https ://doi.org/10.1016/j.
bandc .2011.07.002.

Huber, S., Klein, E., Graf, M., Nuerk, H.-C., Moeller, K., & Willmes, 
K. (2015). Embodied markedness of parity? Examining hand-
edness effects on parity judgments. Psychol. Res. Psychol. 
Forschung, 79(6), 963–977. https ://doi.org/10.1007/s0042 
6-014-0626-9.

Kramer, P., Bressan, P., & Grassi, M. (2018). The SNARC effect is 
associated with worse mathematical intelligence and poorer 
time estimation. R. Soc. Open Sci., 5(8), 172362. https ://doi.
org/10.1098/rsos.17236 2.

Keating, D. P. (1975). Precocious cognitive development at the level 
of formal operations. Child Development, 46(1), 276–280. https 
://doi.org/10.2307/11288 65.

Krajcsi, A., Lengyel, G., & Laczkó, Á. (2018). Interference between 
number magnitude and parity. Exp. Psychol., 65(2), 71–83. 
https ://doi.org/10.1027/1618-3169/a0003 94.

Kuhn, D., Langer, J., Kohlberg, L., & Haan, N. S. (1977). The devel-
opment of formal operations in logical and moral judgment. 
Genetic Psychol. Monographs, 95, 97–188.

Liu, T., Shi, J., Zhang, Q., Zhao, D., & Yang, J. (2007). Neural 
mechanisms of auditory sensory processing in children with 
high intelligence. NeuroReport, 18, 1571–1575. https ://doi.
org/10.1097/wnr.0b013 e3282 ef764 0.

Liu, Y., Zuo, Q., Li, R., & Wei, P. (2018). Development of the 
SNARC Effect in the Ethnic Minority Children and Adoles-
cents of Guizhou. Psychological Science, 41(5), 1138–1144.

Lorch, R. F., & Myers, J. L. (1990). Regression analyses of 
repeated measures data in cognitive research. J. Exp. Psy-
chol. Learn. Memory Cogn., 16(1), 149–157. https ://doi.
org/10.1037//0278-7393.16.1.149.

Mann, D. T., Williams, A. M., Ward, P., & Janelle, C. M. (2007). Per-
ceptual-cognitive expertise in sport: a meta-analysis. J. Sport 
Exercise Psychol., 29(4), 457–478. https ://doi.org/10.1123/
jsep.29.4.457.

Moeller, K., Pixner, S., Zuber, J., Kaufmann, L., & Nuerk, H.-C. 
(2011). Early place-value understanding as a precursor for later 
arithmetic performance—a longitudinal study on numerical 
development. Research in Developmental Disabilities, 32(5), 
1837–1851. https ://doi.org/10.1016/j.ridd.2011.03.012.

Nemeh, F., Humberstone, J., Yates, M. J., & Reeve, R. A. (2018). 
Non-symbolic magnitudes are represented spatially: evi-
dence from a non-symbolic SNARC task. PLoS ONE, 13(8), 
e0203019. https ://doi.org/10.1371/journ al.pone.02030 19.

Neisser, U., Boodoo, G., Bouchard, T. J., Jr., Boykin, A. W., 
Brody, N., Ceci, S. J., et al. (1996). Intelligence: knowns and 
unknowns. American Psychologist, 51(2), 77–101. https ://doi.
org/10.1037/0003-066X.51.2.77.

Ninaus, M., Moeller, K., Kaufmann, L., Fischer, M. H., Nuerk, 
H.-C., & Wood, G. (2017). Cognitive mechanisms underly-
ing directional and non-directional spatial-numerical associa-
tions across the lifespan. Front. Psychol., 8, 1421. https ://doi.
org/10.3389/fpsyg .2017.01421 .

https://doi.org/10.1016/j.cub.2017.11.024
https://doi.org/10.1016/j.cub.2017.11.024
https://doi.org/10.1027/1016-9040.14.2.168
https://doi.org/10.1101/159335
https://doi.org/10.1007/s004260100065
https://doi.org/10.1080/135467996387552
https://doi.org/10.1016/j.cortex.2007.08.004
https://doi.org/10.1016/j.cortex.2007.08.004
https://doi.org/10.1027/1618-3169.56.5.361
https://doi.org/10.1027/1618-3169.56.5.361
https://doi.org/10.3758/s13414-013-0614-y
https://doi.org/10.3758/s13414-013-0614-y
https://doi.org/10.3389/fpsyg.2016.01401
https://doi.org/10.1016/j.jecp.2017.04.011
https://doi.org/10.1037/0096-1523.32.1.32
https://doi.org/10.1037/0096-1523.32.1.32
https://doi.org/10.1016/j.jecp.2016.05.009
https://doi.org/10.1007/s10339-015-0715-8
https://doi.org/10.1007/s10339-015-0715-8
https://doi.org/10.3389/fpsyg.2016.01052
https://doi.org/10.1080/87565640801982338
https://doi.org/10.1080/87565640801982338
https://doi.org/10.1016/j.jecp.2013.07.013
https://doi.org/10.1016/j.jecp.2013.07.013
https://doi.org/10.1371/journal.pone.0085048
https://doi.org/10.1371/journal.pone.0085048
https://doi.org/10.1007/s10339-014-0601-9
https://doi.org/10.1007/s10339-014-0601-9
https://doi.org/10.1016/j.bandc.2011.07.002
https://doi.org/10.1016/j.bandc.2011.07.002
https://doi.org/10.1007/s00426-014-0626-9
https://doi.org/10.1007/s00426-014-0626-9
https://doi.org/10.1098/rsos.172362
https://doi.org/10.1098/rsos.172362
https://doi.org/10.2307/1128865
https://doi.org/10.2307/1128865
https://doi.org/10.1027/1618-3169/a000394
https://doi.org/10.1097/wnr.0b013e3282ef7640
https://doi.org/10.1097/wnr.0b013e3282ef7640
https://doi.org/10.1037//0278-7393.16.1.149
https://doi.org/10.1037//0278-7393.16.1.149
https://doi.org/10.1123/jsep.29.4.457
https://doi.org/10.1123/jsep.29.4.457
https://doi.org/10.1016/j.ridd.2011.03.012
https://doi.org/10.1371/journal.pone.0203019
https://doi.org/10.1037/0003-066X.51.2.77
https://doi.org/10.1037/0003-066X.51.2.77
https://doi.org/10.3389/fpsyg.2017.01421
https://doi.org/10.3389/fpsyg.2017.01421


1660 Psychological Research (2021) 85:1645–1661

1 3

Nuerk, H.-C., Bauer, F., Krummenacher, J., Heller, D., & Willmes, 
K. (2005). The power of the mental number line: How the 
magnitude of unattended numbers affects performance in an 
Eriksen task. Psychological Science, 47(1), 34–50.

Nuerk, H.-C., Patro, K., Cress, U., Schild, U., Friedrich, C. K., & 
Göbel, S. M. (2015). How space-number associations may be 
created in preliterate children: six distinct mechanisms. Front. 
Psychol., 6, 215. https ://doi.org/10.3389/fpsyg .2015.00215 .

Nuerk, H.-C., Iversen, W., & Willmes, K. (2004). Notational modu-
lation of the SNARC and the MARC (linguistic markedness 
of response codes) effect. Q. J. Exp. Psychol. Sect. A, 57(5), 
835–863. https ://doi.org/10.1080/02724 98034 30005 12.

Nuerk, H.-C., Wood, G., & Willmes, K. (2005). The universal 
SNARC effect: the association between number magnitude 
and space is amodal. Exp. Psychol., 52(3), 187–194. https ://
doi.org/10.1027/1618-3169.52.3.187.

Paap, K. R., Johnson, H. A., & Sawi, O. (2015). Bilingual advantages 
in executive functioning either do not exist or are restricted 
to very specific and undetermined circumstances. Cortex, 69, 
265–278. https ://doi.org/10.1016/j.corte x.2015.04.014.

Patro, K., & Shaki, S. (2016). SNARC for numerosities is modulated 
by comparative instruction (and resembles some non-numeri-
cal effects). Cognitive Processing, 17(2), 127–137. https ://doi.
org/10.1007/s1033 9-015-0745-2.

Patro, K., Fischer, U., Nuerk, H.-C., & Cress, U. (2016). How to rap-
idly construct a spatial–numerical representation in preliterate 
children (at least temporarily). Dev. Sci., 19(1), 126–144. https 
://doi.org/10.1111/desc.12296 .

Patro, K., & Haman, M. (2012). The spatial–numerical congruity effect 
in preschoolers. Journal of Experimental Child Psychology, 
111(3), 534–542. https ://doi.org/10.1016/j.jecp.2011.09.006.

Patro, K., Nuerk, H.-C., Cress, U., & Haman, M. (2014). How number-
space relationships are assessed before formal schooling: a tax-
onomy proposal. Front. Psychol., 5, 419. https ://doi.org/10.3389/
fpsyg .2014.00419 .

Patro, K., Nuerk, H.-C., & Cress, U. (2016). Mental number line in 
the preliterate brain: the role of early directional experiences. 
Child Dev. Perspect., 10(3), 172–177. https ://doi.org/10.1111/
cdep.12179 .

Peng, P., Wang, T., Wang, C., & Lin, X. (2019). A meta-analysis on 
the relation between fluid intelligence and reading/mathematics: 
effects of tasks, age, and social economics status. Psychological 
Bulletin, 145(2), 189–236. https ://doi.org/10.1037/bul00 00182 
.supp.

Primi, R., Ferrão, M. E., & Almeida, L. S. (2010). Fluid intelligence 
as a predictor of learning: a longitudinal multilevel approach 
applied to math. Learn. Individ. Differ., 20(5), 446–451. https ://
doi.org/10.1016/j.lindi f.2010.05.001.

Rad, M. S., Martingano, A. J., & Ginges, J. (2018). Toward a psy-
chology of Homo sapiens: making psychological science more 
representative of the human population. Proceedings of the 
National Academy of Sciences, 115(45), 11401–11405. https ://
doi.org/10.1073/pnas.17211 65115 .

Raven, J., Raven, J. C., & Court, J. H. (2004). Manual for Raven’s 
progressive matrices and vocabulary scales. Oxford: Oxfords 
Psychologists Press.

Restle, F. (1970). Speed of adding and comparing numbers. J. Exp. 
Psychol., 83(2p1), 274–278. https ://doi.org/10.1037/h0028 573.

Reynvoet, B., & Brysbaert, M. (1999). Single-digit and two-digit Ara-
bic numerals address the same semantic number line. Cognition, 
72(2), 191–201. https ://doi.org/10.1016/s0010 -0277(99)00048 -7.

Roth, B., Becker, N., Romeyke, S., Schäfer, S., Domnick, F., & Spi-
nath, F. M. (2015). Intelligence and school grades: a meta-anal-
ysis. Intelligence, 53, 118–137. https ://doi.org/10.1016/j.intel 
l.2015.09.002.

Rugani, R., Regolin, L., & Vallortigara, G. (2010). Imprinted numbers: 
newborn chicks’ sensitivity to number vs. continuous extent of 
objects they have been reared with. Dev Sci, 13(5), 790–797. 
https ://doi.org/10.1111/j.1467-7687.2009.00936 .x.

Rugani, R., Vallortigara, G., Priftis, K., & Regolin, L. (2015). Num-
ber-space mapping in the newborn chick resembles humans’ 
mental number line. Science, 347(6221), 534–536. https ://doi.
org/10.1126/scien ce.aaa13 79.

Schneider, M., Grabner, R. H., & Paetsch, J. (2009). Mental number 
line, number line estimation, and mathematical achievement: 
their interrelations in grades 5 and 6. J. Educa. Psychol., 101(2), 
359–372. https ://doi.org/10.3389/fnins .2017.00654 .

Schroeder, P. A., Nuerk, H. -C., & Plewnia, C. (2017). Switching 
between multiple codes of SNARC-like associations: two con-
ceptual replication attempts with anodal tDCS in sham-controlled 
cross-over design. Frontiers in Neuroscience, 11

Sella, F., & Cohen Kadosh, R. (2018). What expertise can tell about 
mathematical learning and cognition. Mind Brain Educ., 12(4), 
186–192. https ://doi.org/10.1111/mbe.12179 .

Sella, F., Sader, E., Lolliot, S., & Cohen Kadosh, R. (2016). Basic 
and advanced numerical performances relate to mathematical 
expertise but are fully mediated by visuospatial skills. J. Exp. 
Psychol. Learn. Memory Cogn., 42(9), 1458–1472. https ://doi.
org/10.1037/xlm00 00249 .

Shaki, S., Fischer, M. H., & Petrusic, W. M. (2009). Reading habits 
for both words and numbers contribute to the SNARC effect. 
Psychonomic Bull. Rev., 16(2), 328–331. https ://doi.org/10.3758/
pbr.16.2.328.

Shi, J., Tao, T., Chen, W., Cheng, L., Wang, L., & Zhang, X. (2013). 
Sustained attention in intellectually gifted children assessed 
using a continuous performance test. PLoS ONE, 8, e57417. https 
://doi.org/10.1371/journ al.pone.00574 17.

Shi, J., & Xu, F. (2004). Developmental psychology of supernormal 
children. Hefei: Anhui Education Press.

Shi, J., & Zha, Z. (2000). Psychological research on and education of 
gifted and talented children in China. In K. Heller, F. Moenks, 
R. Sternberg, & R. Subotnik (Eds.), International handbook of 
research and development of giftedness and talent (2nd ed., pp. 
757–764). Amsterdam: Elsevier Science. https ://doi.org/10.1016/
b978-00804 3796-5/50054 -1.

Siegler, R. S., & Opfer, J. E. (2003). The development of numerical 
estimation: evidence for multiple representations of numerical 
quantity. Psychological Science, 14(3), 237–250. https ://doi.
org/10.1111/1467-9280.02438 .

Toomarian, E. Y., Meng, R., & Hubbard, E. M. (2019). Individual dif-
ferences in implicit and explicit spatial processing of fractions. 
Front. Psychol., https ://doi.org/10.3389/fpsyg .2019.00596 .

van Dijck, J. -P., & Fias, W. (2011). A working memory account for 
spatial–numerical associations. Cognition, 119(1), 114–119.

Van Ewijk, R., & Sleegers, P. (2010). The effect of peer socioeconomic 
status on student achievement: a meta-analysis. Educ. Res. Rev., 
5(2), 134–150. https ://doi.org/10.2139/ssrn.14026 45.

Van Galen, M. S., & Reitsma, P. (2008). Developing access to number 
magnitude: a study of the SNARC effect in 7-to 9-year-olds. 
Journal of Experimental Child Psychology, 101(2), 99–113. https 
://doi.org/10.1016/j.jecp.2008.05.001.

Vernon, P. A. (1987). Speed of information-processing and intelligence. 
Norwood: Ablex Publishing.

Wagenmakers, E. J., Marsman, M., Jamil, T., Ly, A., Verhagen, J., 
Love, J., et al. (2018). Bayesian inference for psychology. Part 
I: Theoretical advantages and practical ramifications. Psycho-
nomic Bull. Rev., 25(1), 35–57. https ://doi.org/10.3758/s1342 
3-017-1343-3.

Wei, W., Lu, H., Zhao, H., Chen, C., Dong, Q., & Zhou, X. 
(2012). Gender differences in children’s arithmetic perfor-
mance are accounted for by gender differences in language 

https://doi.org/10.3389/fpsyg.2015.00215
https://doi.org/10.1080/02724980343000512
https://doi.org/10.1027/1618-3169.52.3.187
https://doi.org/10.1027/1618-3169.52.3.187
https://doi.org/10.1016/j.cortex.2015.04.014
https://doi.org/10.1007/s10339-015-0745-2
https://doi.org/10.1007/s10339-015-0745-2
https://doi.org/10.1111/desc.12296
https://doi.org/10.1111/desc.12296
https://doi.org/10.1016/j.jecp.2011.09.006
https://doi.org/10.3389/fpsyg.2014.00419
https://doi.org/10.3389/fpsyg.2014.00419
https://doi.org/10.1111/cdep.12179
https://doi.org/10.1111/cdep.12179
https://doi.org/10.1037/bul0000182.supp
https://doi.org/10.1037/bul0000182.supp
https://doi.org/10.1016/j.lindif.2010.05.001
https://doi.org/10.1016/j.lindif.2010.05.001
https://doi.org/10.1073/pnas.1721165115
https://doi.org/10.1073/pnas.1721165115
https://doi.org/10.1037/h0028573
https://doi.org/10.1016/s0010-0277(99)00048-7
https://doi.org/10.1016/j.intell.2015.09.002
https://doi.org/10.1016/j.intell.2015.09.002
https://doi.org/10.1111/j.1467-7687.2009.00936.x
https://doi.org/10.1126/science.aaa1379
https://doi.org/10.1126/science.aaa1379
https://doi.org/10.3389/fnins.2017.00654
https://doi.org/10.1111/mbe.12179
https://doi.org/10.1037/xlm0000249
https://doi.org/10.1037/xlm0000249
https://doi.org/10.3758/pbr.16.2.328
https://doi.org/10.3758/pbr.16.2.328
https://doi.org/10.1371/journal.pone.0057417
https://doi.org/10.1371/journal.pone.0057417
https://doi.org/10.1016/b978-008043796-5/50054-1
https://doi.org/10.1016/b978-008043796-5/50054-1
https://doi.org/10.1111/1467-9280.02438
https://doi.org/10.1111/1467-9280.02438
https://doi.org/10.3389/fpsyg.2019.00596
https://doi.org/10.2139/ssrn.1402645
https://doi.org/10.1016/j.jecp.2008.05.001
https://doi.org/10.1016/j.jecp.2008.05.001
https://doi.org/10.3758/s13423-017-1343-3
https://doi.org/10.3758/s13423-017-1343-3


1661Psychological Research (2021) 85:1645–1661 

1 3

abilities. Psychological Science, 23(3), 320–330. https ://doi.
org/10.1177/09567 97611 42716 8.

Wei, W., Yuan, H., Chen, C., & Zhou, X. (2012). Cognitive corre-
lates of performance in advanced mathematics. British Journal 
of Educational Psychology, 82, 157–181. https ://doi.org/10.111
1/j.2044-8279.2011.02049 .x.

Weis, T., Nuerk, H.-C., & Lachmann, T. (2018). Attention allows the 
SNARC effect to operate on multiple number lines. Sci. Rep., 
8(1), 13778. https ://doi.org/10.1038/s4159 8-018-32174 -y.

Wood, G., Willmes, K., Nuerk, H.-C., & Fischer, M. H. (2008). On the 
cognitive link between space and number: a meta-analysis of the 
SNARC effect. Psychological Science, 50(4), 489–525.

Yang, T., Chen, C., Zhou, X., Xu, J., Dong, Q., & Chen, C. (2014). 
Development of spatial representation of numbers: a study of 
the SNARC effect in Chinese children. Journal of Experimen-
tal Child Psychology, 117, 1–11. https ://doi.org/10.1016/j.
jecp.2013.08.011.

Yao, Y., Du, F., Wang, C., Liu, Y., Weng, J., & Chen, F. (2015). Numer-
ical processing efficiency improved in children using mental aba-
cus: ERP evidence utilizing a numerical Stroop task. Front. Hum. 
Neurosci., 9, 245. https ://doi.org/10.3389/fnhum .2015.00245 .

Zebian, S. (2005). Linkages between numberconcepts, spatial thinking, 
and directionality of writing: the SNARC effect and the reverse 
SNARC effect in English and Arabic monoliterates, biliterates, 

and illiterate Arabic speakers. J. Cogn. Culture, 5(1–2), 165–190. 
https ://doi.org/10.1163/15685 37054 06866 0.

Zhang, H., & Wang, X. (1989). Revision of Raven’s standard progres-
sive matrices in china. Acta Psychologica Sinica, 2, 113–121.

Zhou, X., Chen, Y., Chen, C., Jiang, T., Zhang, H., & Dong, Q. (2007). 
Chinese kindergartners’ automatic processing of numerical mag-
nitude in Stroop-like tasks. Memory Cogn., 35(3), 464–470. https 
://doi.org/10.3758/bf031 93286 .

Zhou, X., Wei, W., Zhang, Y., Cui, J., & Chen, C. (2015). Visual per-
ception can account for the close relation between numerosity 
processing and computational fluency. Front. Psychol., 6, 1364. 
https ://doi.org/10.3389/fpsyg .2015.01364 .

Zohar-Shai, B., Tzelgov, J., Karni, A., & Rubinsten, O. (2017). It does 
exist! A left-to-right spatial–numerical association of response 
codes (SNARC) effect among native Hebrew speakers. Journal 
of Experimental Psychology: Human Perception and Perfor-
mance, 43(4), 719. https ://doi.org/10.1037/xhp00 00336 .

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1177/0956797611427168
https://doi.org/10.1177/0956797611427168
https://doi.org/10.1111/j.2044-8279.2011.02049.x
https://doi.org/10.1111/j.2044-8279.2011.02049.x
https://doi.org/10.1038/s41598-018-32174-y
https://doi.org/10.1016/j.jecp.2013.08.011
https://doi.org/10.1016/j.jecp.2013.08.011
https://doi.org/10.3389/fnhum.2015.00245
https://doi.org/10.1163/1568537054068660
https://doi.org/10.3758/bf03193286
https://doi.org/10.3758/bf03193286
https://doi.org/10.3389/fpsyg.2015.01364
https://doi.org/10.1037/xhp0000336

	A gifted SNARC? Directional spatial–numerical associations in gifted children with high-level math skills do not differ from controls
	Abstract
	Introduction
	Spatial–numerical associations and the SNARC effect
	The relationship of the SNARC effect and math skill: does its direction depend on age?
	The current study

	Methods
	Participants
	Experimental materials
	Intelligence test
	Parity judgment
	Arithmetic task

	Procedure
	Data preparation—quantifying the SNARC effect
	Data analysis

	Results
	Descriptive statistics
	The SNARC effect
	The SNARC effect correlations
	Between-group comparisons
	Main analysis
	Intelligence-based analysis
	Arithmetic performance-based analysis


	Discussion
	Overview
	SNARC in gifted children–reasons for a difference
	Automatic magnitude processing
	Abstractness andor flexibility of the representation

	Other observations
	Absence of evidence, evidence of absence, and a gaze into the SNARC file drawer
	Limitations and future directions

	Conclusion
	Acknowledgements 
	References




