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Abstract

A core proposition in numerical cognition is numbers are represented spatially. Evidence for
this proposition comes from the “spatial numerical association of response codes” effect
(SNARC) in which faster responses are made by the left/right hand judging whether one of a
pair of Arabic digits is smaller/larger than the other. Less is known if a similar SNARC effect
exists for non-symbolic magnitudes; and research that has been conducted used stimuli
which could be translated into symbolic terms. To overcome this limitation, we employed a
referent-to-target judgment paradigm in which a referent dot array (n = 30 dots) was follow
by a second array of dots (e.g., n=45 or 15 dots)—participants judged if the second array
contained fewer or more dots than the referent array. Dot arrays with fewer dots were judged
more quickly with the left hand compared to the right hand (i.e., a SNARC effect). Not all par-
ticipants demonstrated a SNARC effect, however. Neither visuospatial working memory nor
math ability was associated with the presence/absence of a non-symbolic SNARC effect.
Implications of the non-symbolic SNARC effect for accounts of numerical cognition are
discussed.

Introduction

The brain appears to associate numbers with spatial locations: smaller numbers are associated
with the left side of space and larger numbers with the right side. The “spatial-numerical asso-
ciation of response codes” (SNARC) illustrates this association: The speed of magnitude judge-
ment differs as a function of the hand used to make the judgement [1]. It has been suggested
the SNARC effect activates a cognitive representation of number and occurs because of the
association between the spatial code of the side of response and the magnitude of the number
[2-5]. With smaller numbers (e.g., 1 or 2), judgments are faster using the left hand, and with
larger numbers (e.g., 8 or 9), judgments are faster using the right hand. The SNARC effect is
found for visual number words, auditory number words [6], double-digit numbers [7], and
negative numbers [8].
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The SNARC effect has also been found in non-numerical domains such as letters of the
alphabet [9], object size [10-11], pitch height [12-13], loss and gain words [14], and emotional
valence [15] (see Macnamara, Keage & Loetscher, for a review [16]). Given non-symbolic mag-
nitude representation may be a more basic form of quantity representation (evident in human
infants and animals), which may support symbolic representation, it is important to determine
if a SNARC effect exists for non-symbolic quantity information.

The parietal area of the brain appears to represent number in an abstract notation form
(i.e., activated by “3”, “three”, or three objects [17]), which suggests smaller and larger non-
symbolic magnitudes (e.g., dot patterns with a smaller or larger numbers of dots) might be
associated with spatial locations. Numerosity appears to be mapped topographically in the
parietal cortex [18]. The parietal area is also involved in spatial processing [19-22]. Indeed,
some findings have been interpreted as showing a spatial-numerical association for non-sym-
bolic quantities using SNARC or SNARC-like paradigms [6, 23-25]. However, caution should
be exercised since these findings could be interpreted in other ways.

It is possible that symbolic number representations are activated by non-symbolic stimuli,
which implies sub-vocally counting cannot always be discounted. Non-symbolic magnitudes
occasionally span the subitizing and approximate number system ranges, which activate differ-
ent neuro-cognitive systems [26]. The approximate number system—the ANS—allows repre-
sentations of large approximate non-symbolic magnitudes, whereas the subitizing range
focuses on small precise magnitudes (e.g., “1”7-“4”) (see Feigenson, Dehaene & Spelke [27]).
Evidence for this possibility has been found by Mitchell et al., [23] who showed a SNARC-like
effect in a task for which non-symbolic magnitude stimuli were irrelevant to the task at hand.
Participants judged the colour of dots (Experiment 1) or the orientation of triangles which
were displayed as upright or inverted (Experiment 2). They found a stronger SNARC-like
effect in the putative subitizing range (1-4), compared to larger numerosities (6-9) for the ori-
entation judgement only.

In a recent study, Zhou et al. [25] used a same/different matching task to investigate the spa-
tial representation of non-symbolic magnitude, size and density, to determine if non-symbolic
magnitude is spatially represented, as evidenced by a non-symbolic SNARC effect. In the non-
symbolic magnitude and density matching task, two dot arrays were presented sequentially.
The first dot array was presented for 200 ms, followed by a blank screen for 1300 ms, followed
by the second dot array that remained until a response was made (arrays comprised 11, 14, 17,
20, 23, 26 and 29 dots). In the area matching task, stimuli comprised pentagons differing in
size. Findings revealed faster right-hand responses to large non-symbolic magnitudes; how-
ever, no difference was found for left hand responses. The authors suggest this was due to the
right-hand responses reducing the RT difference between small left and small right data. Nei-
ther size nor density affected responses. The authors claimed their findings are consistent with
anon-symbolic SNARC effect.

While Zhou et al. [25] overcome potential interpretive limitations of earlier non-symbolic
work by excluding quantities in the subitizing range, and by examining the potential influence
of visual cues of area and density, the authors employed an independent group design in
which each condition was completed by different participants. One potential issue is the design
ignores possible individual differences in density and area judgements. Moreover, like other
researchers, Zhou et al. collapsed data across different magnitudes (i.e. ‘small’ consisted of 11,
14 and 17 dots, while ‘large’ consisted of 23, 26 and 29 dots). Collapsing across data for non-
symbolic stimuli may be problematic since there are known individual differences in magni-
tude processing abilities (see Chew, Forte & Reeve, [28]).

Some cognitive indices (e.g., working memory) are thought to affect the symbolic SNARC
effect [29]. Differences in VSWM in children have been linked to poorer math accuracy [30]
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and the absence of a symbolic SNARC effect in those with comorbid VSWM disability and
dyscalculia [31]. It is of interest whether there is a link between a non-symbolic SNARC effect
and VSWM.

Not everyone exhibits a symbolic SNARC effect [32-38]. In symbolic SNARC research,
data is commonly collapsed over ‘small’ and ‘large” arrays (i.e. 1, 2 and 3 might be deemed
small and 7, 8, and 9 large), which may mask individual differences [32]. Moreover, we know
little of factors associated with the presence/absence of a SNARC effect. Some studies have
shown VSWM is related to non-symbolic magnitude processing [39] and other studies have
found a relationship between math ability and symbolic SNARC effects [34, 36]; the relation-
ship between non-symbolic number acuity and math ability is less consistent [40]. Given these
findings, it is possible the presence/absence of a non-symbolic effect is related to VSWM and/
or math abilities.

The current study

To overcome possible methodological limitations in research that has attempted to identify a
non-symbolic SNARC effect, and to determine whether non-symbolic SNARC effects are associ-
ated with visuo-spatial working memory and/or math ability, we employed a referent-to-target
judgment paradigm, in which stimuli were in the ANS range. Participants were presented a refer-
ent dot array for 300 ms followed by a second dot array and judged whether the second array con-
tained fewer or more dots than the referent array. The target judgment arrays (15, 20, 25, 36, 45
and 60 dots) were selected so the ratio between the smallest array (n = 15 dots) and the referent
array (n = 30 dots) was the same as the ratio between the largest arrays (n = 60 dots) and the refer-
ent array. Similarly, the ratio between arrays containing 20 and 30 dots was the same as arrays
containing between 30 and 45 dots, and the ratio between 25 and 30 dots was the same as between
30 and 36 dots. The rationale for the design is, all things being equal, difficulty discriminating two
non-symbolic magnitudes reflects the ratio between them (discriminating 9 from 10 dots is as dif-
ficult as discriminating 90 from 100 dots; see Mazzocco, Feigenson & Halberda [41]).

The set sizes selected were based on ratios that putatively reflect similar levels of difficulty
for pairs of stimuli (i.e., 15 and 60 dots = a ratio of 0.5, 20 and 45 dots = a ratio of 0.66, and 25
and 36 dots = a ratio of 0.83). Most research that has examined the symbolic SNARC effect has
focused on distance effects. However, the meaning of “distance” using non-symbolic SNARC
stimuli is less obvious. By focusing on ratio, we were able to investigate the effects of the rela-
tionship between ratio difficulties and non-symbolic SNARC effects. Like findings from mag-
nitude discrimination studies using the Weber fraction measure, we expected the 0.5 ratio
would be easiest to discriminate. We expected participants to respond more quickly to targets
more distant from the referent array than targets closer to the referent array. Based on findings
from symbolic SNARC research, we hypothesize smaller non-symbolic magnitudes would be
associated with the left side of space and larger non-symbolic magnitudes with the right side of
space, which, in turn, would be reflected in faster responses made with the left hand for smaller
numerical magnitudes and for larger numerical magnitudes using the right hand. We also
expected a hand by magnitude interaction. As working hypothesis, we expected the absence of
a non-symbolic SNARC effect would be associated with poor VSWM and/or math ability. We
used stimuli in the ANS range to avoid the use of sub-vocal strategies.

Method
Participants

Twenty-eight undergraduate psychology students participated for course credit. Participants
(10 males, 18 females) were between 17 and 36 years (M = 20.32 years, SD = 3.9) and, as
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measured by the Edinburgh Handedness Inventory questionnaire (Oldfield), were strongly
right handed. While the sample comprised students from a range of cultural backgrounds, all
spoke English fluently. All participants had normal or corrected-to-normal vision. The study
was conducted in compliance with the approval and requirements of the author’s University’s
Human Ethics Committee, University of Melbourne (# 1237507.2). All participants provided
written, informed consent.

Materials and procedure

All participants completed a non-symbolic magnitude judgement, Corsi Blocks Forwards
(VSWM), WRAT-4 Math Computational Subtest (Mathematics ability), and the Edinburgh
Handedness Inventory (Handedness) tasks. The non-symbolic magnitude judgement task was
presented on a 20” computer screen using E-Prime software (version 2.0), with a viewing dis-
tance of approximately 50cm at ~ 8 degrees’ visual angle. Dot arrays were generated using
Microsoft Paint software.

Corsi Blocks-VSWM. The Corsi Blocks VSWM test was administered following Kessels,
van Zandvoort, Postma, Kappelle, and de Haan’s [42] method. The examiner began by a tap-
ping a two-block sequence. The participant tapped the same sequence back. Sequences gradu-
ally increased in the number of blocks tapped and task ended when the participant failed to
correctly copy a sequence twice in a row. Block span was calculated as the longest block
sequence repeated correctly.

Wide Range Achievement Test -4th Edition (WRAT-4)—math ability. WRAT-4, Math
Computational Subtest—(Wilkinson & Robinson, [43]) comprises 40-items and assesses the
capacity for basic mathematic skills though counting, identifying numbers, carrying out basic
written math problems such as addition, subtraction, division, multiplication, fractions, deci-
mals and algebra.

Edinburgh Handedness Inventory (Oldfield, [44])—Handedness. This 10-item ques-
tionnaire indexes hand preference. Responses range from strong (++) through to less strong
(+) and indifferent (+/-).

Non-symbolic magnitude judgement task. Firstly, a blank screen was shown, followed
by a grey circle in the centre of the screen for 500 ms. On each trial, participants were pre-
sented with two dot displays in sequence (first the referent stimulus for 300ms, followed by the
target until response) (see Fig 1 below for the trials sequence). These presentation times were
chosen after pilot work showed participants could not enumerate the dots in this time. That is
response times indicated they were not enumerating. The first dot display (the referent stimu-
lus) always contained a fixed number of dots (black dots). The second dot display (the target

Test numerosity
until response

Blank circle /
Until response
Reference
numerosity AO ms
Blank ﬁoo ms

circle
500 ms

Fig 1. Diagram of procedure.

https://doi.org/10.1371/journal.pone.0203019.9001
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stimulus) contained variable numbers of dots (15, 20, 25, 36, 45, or 60 dots). Participants judge
whether the second arrays of dots (the target stimulus) contained fewer or more dots than the
referent.

Participants responded by pressing either a left or a right response button, as appropriate.
Each participant completed two blocks of 96 trials (192 trials in total). Hand of response was
counterbalanced. In Block 1, participants were asked to press the left button if the target stimu-
lus contained less dots and the right button if the target contained more dots. For Block 2, the
instructions for the button response were reversed so that a left button press indicated a more
response for the target stimulus and a right button press indicated a less response for the target
stimulus. Participants were asked to switch their hand of response for the second half of the
experiment.

Prior to each block of trials, participants completed 20 practice trials. In the practice session,
accuracy was shown as a percentage on the screen. Participants with an accuracy of less than
75 percent were required to conduct the practice session again. Participants were given a short
break at the halfway point, prior to switching response hand. After the magnitude judgment
task, participants completed the WRAT math and VSWM tasks.

Analytic approach

Data analysis in symbolic SNARC studies commonly use ANOVA [2, 6, 45, 46] or linear
regression [47] techniques. In ANOVAs a SNARC effect is defined as the interaction between
hand and magnitude [1]. The SNARC effect is not contingent on the hand used during motor
response selection (Dehaene et al., Exp. 6, [1]), is independent of effector used [48, 49], and
appears to be amodal [6]. The SNARC effect has also been defined as the difference between
congruent and incongruent response conditions and spatial mapping [50-52]. While ANO-
VAs test if a SNARC effect is present, and is useful for group-level analysis, it does not identify
individual differences in RT latencies or accuracy. One way of overcoming this issue is to
examine difference in right-hand RTs and left-hand RTs in a linear regression, in which a
SNARC effect is defined as a negative slope.

To test for the presence of a non-symbolic SNARC-like interaction effect, we conducted a
2 x Response Key Position (left or right-side response box) x 2 Direction of the Magnitude/
Referent Relationship (smaller or larger than the 30-dot referent array) x 3 Ratios (0.5, 0.66,
0.83) ANOVA with Bonferroni post-hoc contrasts. (It should be noted that we assessed the
data distribution characteristics and found the RT distributions to be normal in form, as a con-
sequence of which we did not transform the data, and the findings reported herein are based
on the untransformed RT data.) We also examined the influence of the three different ratios
(0.5, 0.66 and 0.83) on the non-symbolic SNARC-like effect in separate 2 x Response Key Posi-
tion (left or right-side response box) x 2 Direction of the Magnitude/Referent Relationship
(smaller or larger than the 30-dot referent array) ANOVAs. Incorrect trials were excluded
from analysis, as were trials where response times (RTs) of 200ms or less (often considered to
be anticipatory responses) and trials which exceeded 1000ms (1000ms was chosen since it was
more than 3SDs above the mean RT).

For each participant, twelve median reaction times (RTs) were derived for left and right-
hand responses to each of the target stimuli (15, 20, 25, 36, 45 and 60 dots). There were four
experimental conditions: (1) left-hand response to target stimuli with smaller non-symbolic
magnitude (e.g., a referent containing 30 dots and a target containing 15, 20 or 25 dots); (2)
left-hand response to target stimuli with larger non-symbolic magnitude (e.g. a reference con-
taining 30 dots and a target containing 36, 45, or 60 dots; and (3) right-hand response to target
stimuli with smaller non-symbolic magnitude; and (4) right-hand response to target stimuli
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Table 1. Medians and SE’s of RTs and means and SD’s of accuracy as a function of magnitude.

Left Hand Right Hand
Ratio Dot Magnitude Target to Referent RTs (ms) Accuracy RTs (ms) Accuracy

Mdn SE M SD Mdn SE M SD
0.5 15 0.5 x Ref 497.50 17.49 0.99 0.03 518.75 17.76 0.99 0.02
0.66 20 1/1.5 x Ref 578.00 17.71 0.95 0.07 559.00 18.20 0.97 0.04
0.83 25 1/1.2 x Ref 641.25 21.85 0.80 0.20 664.50 20.57 0.78 0.20
0.83 36 1.2 x Ref 555.75 23.08 0.93 0.09 522.75 18.24 0.92 0.11
0.66 45 1.5 x Ref 521.25 21.04 0.97 0.05 461.25 17.13 0.97 0.04
0.5 60 2 x Ref 494.00 51.04 1.00 0.01 442.25 15.67 0.99 0.02

https://doi.org/10.1371/journal.pone.0203019.t001

with larger non-symbolic magnitude. Three median RT's from the four experimental condi-
tions were analysed using an ANOVA.

To examine individual differences in the direction of a non-symbolic SNARC-like effect we
followed Fias, Brysbaert, Geypens, and d,Ydewalle ‘s [47] analytic method. The difference
between right and left RTs (dRTs) were entered into a linear regression analysis in which the
natural logarithm of the non-symbolic magnitude was the independent variable. The linear
equation y = ax + b was used to calculate the slope for each individual. p slope coefficients
were analysed using a t-test to determine whether slopes were significantly different from 0.

A negative slope indicates a standard SNARC effect (i.e., small non-symbolic magnitudes
associated with the left-hand side), and a positive slope would indicate a reverse SNARC effect
(small non-symbolic magnitudes associated with the right-hand side).

We also examined the relationship between VSWM, math ability and the non-symbolic
SNARC-effect to determine whether these factors were associated with performance on the
non-symbolic SNARC task.

Results

The median RTs and accuracy for Magnitude x Hand judgments are shown in Table 1.
Table 1 reveals that, as the targets get closer in magnitude to the referent, responses appear to
slow and are less accurate.

SNARC effect for non-symbolic numerical magnitudes

Initial analysis showed no error rate interaction between magnitude and hand (F (1, 27) = .95,
p=.34, n2 =.03) (i.e., no evidence of a speed-accuracy trade off: the mean error rate was
7.37%). We conducted a repeated-measures ANOVA to determine whether a SNARC-like
effect was evident for non-symbolic numerical magnitudes. In this analysis we used the Green-
house-Geisser correction of the data since Mauchley’s test was significant x* (2) = 15.00, p <
.05, which suggests the assumption of sphericity had been violated. The analysis comprised a

2 x Response Key Position (left or right-side response box) x 2 Direction of the Magnitude/
Referent Relationship (smaller or larger than the 30-dot referent array) x 3 Ratio (0.5, 0.66,
0.83) ANOVA. The analysis revealed that Hand was not significant (F(1, 27) = 3.15, p = .09).
However, Magnitude was significant (F(1,27) = 89.31, p < .0001, 1 =.77) as was Ratio (F(1.39,
37.54) = 94.25, p < .0001, n’ = .78). This finding suggested there was a difference in responses
for small and large magnitudes and for differing ratios. We also found a significant interaction
between Hand and Magnitude (F(1,27) = 6.29, p = .018, " = .19), which supports the existence
of a non-symbolic SNARC-like effect. The Magnitude x Ratio interaction was also significant
(F(1.60, 43.05) = 17.20, p < .0001, 1* =.39). However, neither the Hand x Ratio (F(1.65, 44.54)
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= 1.58, p = .22) nor the three-way interaction for Hand x Magnitude x Ratio were significant
(F(1.86,50.17) = .48, p = .61).

Since the main effect for ratio was significant, we compared differences in accuracy and RT
for the three ratios. The analysis showed that targets further in magnitude from the referent
were judged more quickly and more accurately. Bonferroni post-hoc contrasts revealed that
targets furthest in magnitude from the referent (a ratio of 0.5) were responded to significantly
faster (36 ms faster) than the next ratio closer to the referent (a ratio of 0.66) and 102 ms faster
than the ratio closest to the reference (a ratio of 0.83). (all contrasts p < .05). This suggests that
examining the three ratios separately would be more informative about the nature of the non-
symbolic SNARC effect.

Ratio and the SNARC Effect

Three separate 2 x 2 ANOV As were conducted to assess the relationship between response
hand (left hand vs right hand) and non-symbolic magnitude RT's for the three ratios (0.5, 0.66
and 0.83 respectively).

The analysis of the 0.5 ratio showed a Magnitude effect (F(1, 27) = 40.26, p = < .0001, W=
.60; and 60 dots were responded to faster than 15 dots. While no effects was found for Hand (F
(1,27) = 1.85, p = . 19), the interaction between Magnitude and Hand was significant (F(1, 27)
= 6.141 p = .010, > = .19). This provided support for a non-symbolic SNARC-like effect for
the 0.5 ratio. Simple effects analysis showed left hand responses showed no difference for small
or large numerosities (F(1,27) = 1.46, p = 0.24), whereas participants responded faster using
their right hand (a 38 ms advantage for right hand responses) to larger compared to smaller
numerosities (F(1,27) = 9.52, p = 0.01, M =0.26).

The analysis of the 0.66 ratio showed a Magnitude effect (F(1, 27) = 49.44, p < .0001, * =
.65), and a Hand effect (F(1, 27) = 8.58, p = .01, W = .24 —the right hand was faster than the left
hand), and an interaction between Magnitude and Hand (F(1, 27) = 7.84, p = .01, = .23).
Although, for the 0.66 ratio, the left hand was not faster than the right for smaller numerosities.

The 0.83 ratio analysis showed a Magnitude effect (F(1, 27) = 56.54, p < .0001, n2 =.68), no
effect of Hand (F(1, 27) = .12, p =. 73), but a marginally significant interaction between Mag-
nitude and Hand (F(1, 27) = .2.96, p = .10 (two-tailed) or .05 (one-tailed), W =.10).

Following the analytic convention used in symbolic SNARC studies, we collapsed data
across small (15, 20, 25) and large (36, 45, 60) magnitudes. Results still showed support for a
SNARC-like effect. Hand was not significant (F(1, 27) = 3.17, p = .09). However, Magnitude (F
(1,27) = 89.12, p < .0001, 1’ =.77) and the Hand x Magnitude Interaction were significant (F
(1,27) =6.30 p = .02, * = .19).

See Fig 2 below for the Hand by Magnitude interaction effect for the three separate ratios
(0.5, 0.66 and 0.83). Fig 2 shows the form of the non-symbolic SNARC-like effect differs for
each ratio but is similar to the symbolic SNARC effect for the 0.5 and 0.66 ratios.

SNARC, VSWM and Math Abilities

The WRAT standardised score ranged from 87 to 143 with a mean of 113.14. This showed for
the sample above average mathematics ability according to WRAT norms. For the Corsi
Blocks task, visuospatial span ranged from 5 to 9 with a mean of 6.54. The average test norm
for Corsi span is 6. Correlation coefficients for the WRAT, Corsi span, and regression slope
are reported in Table 2 below. Table 2 shows that there were no significant correlations with
either VSWM (Corsi span task) or math ability (WRAT) and the reaction time task (slope).
To investigate the relationship between VSWM and math ability and the non-symbolic
SNARC-like effect, we conducted a 2 x Response Key Position (left or right-side response
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Fig 2. Median RTs comparing 15 vs 60, 20 vs 45 and 25 vs 36 dots to the 30 dot referent as a function of left vs right
hand (error bars = standard error).

https://doi.org/10.1371/journal.pone.0203019.9002

box) x 2 Direction of the Magnitude/Referent Relationship (smaller or larger than the 30-dot
referent array) x 3 Ratio (0.5, 0.66, and 0.83) repeated measures ANCOVA. The math measure
(WRAT standardised score) and VSWM measures (Corsi) were entered as covariates. The
interaction effect between Hand and Magnitude was significant (F(1,27) = 8.08, p =. 01, ”=.
23) suggesting math and VSWM were not significant predictors of the non-symbolic SNARC
effect. As the earlier analysis showed that only the 0.5 ratio showed a non-symbolic SNARC
effect, we ran a 2 x Response Key Position (left or right-side response box) x 2 Direction of the
Magnitude/Referent Relationship (smaller or larger than the 30-dot referent array) repeated
measures ANCOVA for this ratio. The math (WRAT standardised score) and VSWM mea-
sures (Corsi) were entered as covariates. The original interaction effect for Hand by Magnitude
remained significant (F(1,27) = 6.14, p = .020, 1 = .19). This suggested that for the 0.5 ratio
both math and VSWM measures were not significant predictors of the non-symbolic SNARC
effect.

Standard and reverse SNARC effects

Inspection of participants’ performances showed that a small number of individuals (n = 8)
exhibited a reverse non-symbolic SNARC effect, with an average regression slope  value of
66.44, indicating a positive slope which significantly differed from 0, (£(7) = 4.17, p = .004).
Participants who exhibited a standard SNARC effect (n = 19), had an average regression slope
B value of -114.33. This indicated a negative slope which significantly differed from 0, (#(18) =
5.39, p < .0001). One participant had a regression slope of .00, indicating a flat line and no
SNARC effect.

An independent samples t-test confirmed a large difference in ’s -180.77 ms for those indi-
viduals who exhibited a standard SNARC compared to a reverse SNARC effect. This difference
between subgroups was significant (#(24.22) = 6.81, p < .0001).

Table 2. Correlations between VSWM, math measures and p slope.

WRAT Corsi Span B Slope
WRAT -
Corsi Span 0.09
B Slope 0.05 0.07 -

Note: N = 28, WRAT = Wide Range Achievement Test

https://doi.org/10.1371/journal.pone.0203019.t002
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Standard SNARC/Reverse SNARC, VSWM and math ability

We compared the VSWM and WRAT math measures for individuals who exhibited a standard
or a reverse SNARC effect. These analyses revealed no differences in either VSWM or math
between the two groups. For the math task, an independent samples t-test showed participants
in the standard SNARC subgroup (M = 114.89, SD = 12.73) scored 5.52 points higher on the
WRAT on average than those in the reverse SNARC subgroup (M = 109.38, SD = 18.72). How-
ever, this difference was not significant (#(25) = .89, p = .38). For the VSWM task, an indepen-
dent samples t-test showed little difference (#(25) = .06, p = .96) between participants in the
standard SNARC subgroup (M = 6.47, SD = 1.22) and those in the reverse SNARC subgroup
(M =6.5,SD=0.93).

Discussion

This study investigated whether a non-symbolic SNARC effect is evident in large magnitude
dot arrays in a referent-to-target judgement paradigm. Three findings are worth noting. First,
findings show non-symbolic magnitude is represented spatially, as evidenced by a non-sym-
bolic SNARC effect. Presentation of smaller non-symbolic magnitudes (i.e., 15, 20, and 25)
facilitated faster responses using the left hand, and larger non-symbolic magnitudes (i.e., 36,
45 and 60) facilitated faster responses using the right hand, demonstrating non-symbolic mag-
nitude RTs is modulated by response hand. This finding confirmed those of Zhou et al. [25]
showing a non-symbolic SNARC effect. In other words, a non-symbolic SNARC effect is evi-
dent in the so-called ANS range. A distance effect was also evident: participants were quicker
responding to targets further away from the referent dot arrays. For dot arrays closer in magni-
tude to the referent, responses slowed.

Second, the form of the interaction in the non-symbolic SNARC effect showed a similar
pattern to the symbolic SNARC effect (i.e., an interaction effect for non-symbolic magnitude
and hand). The difference between left-hand and right-hand RT responses to larger stimuli
was more pronounced than left and right-hand responses to smaller stimuli.

Third, only 64% of participants showed a SNARC effect. This finding is similar to those
found in symbolic SNARC research, which show just over half of participants exhibited a
SNARC effect [32-38]. Indeed, atypical differences in ANS processing abilities more generally
are common [53-55].

Given the pattern of findings is similar to symbolic SNARC studies, what factor distin-
guishes individuals who exhibit a SNARC effect from those who do not? Does the failure to
exhibit a SNARC effect, for example, indicate a deficit in number space representation that, in
turn, affects numerical processing abilities? There are three aspects to this question (partici-
pants assessed herein showed variation in RTs and SNARC slope direction—see the Supple-
mentary Materials section): to what degree are differences in SNARC abilities related to
differences in (1) number-space representation, (2) stimuli parameters, and (3) cognitive and/
or number specific abilities. Answers to these questions may help clarify understanding of
number-space relationships and the functional value of SNARC data more specifically.

The issue of how best to conceptualize number-space relationships has been raised by Lei-
bovich, Katzin, Harel and Henik [56] who claim a sense of magnitude is the basis of math
understanding. Specifically, they argue continuous magnitudes, such as size, area and density,
are processed quicker and more accurately than number itself. In fact, they argue it is impossi-
ble to separate numerosity from continuous magnitudes in non-symbolic magnitude judg-
ment tasks. Leibovich et al.’s claims are disputed, however. Burr [57], for example, provides
evidence showing number strongly influences both area and density, and suggests number is a
more fundamental attribute than continuous magnitudes. Similarly, Beran and Parrish [58]
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argued that although numerical and continuous magnitudes co-vary, continuous magnitudes
alone do not influence responses. Indeed, Zhou et al., [25] showed a non-symbolic SNARC
effect for non-symbolic numerical magnitudes, but not for continuous magnitudes (i.e., for
area and density). These findings suggest it is unlikely a sense of magnitude alone is responsi-
ble for differences in non-symbolic SNARC abilities.

ANS theory (Dehaene, [59]) suggests the magnitude of numerosities is extracted indepen-
dent of visual cues. In contrast, sensory integration theory (Gebuis, Kadosh & Gevers, [60])
proposes visual cues may affect magnitude judgment processes. Indeed, Leibovich et al., [56]
argue that magnitude processing is affected by visual cues such as density, luminance and sur-
face area. Since we did not control for low level visual cues, we are unable to draw conclusions
about the role of these visual cues in the current study.

Individual differences in SNARC responses may be related to differences in how non-sym-
bolic number is encoded and numerical decisions made. Odic [61] argues that non-symbolic
numerical magnitude is encoded with the aid of low level congruent visual cues. For example,
if density is manipulated it may influence perception of number because of shared visual cues;
that is, numeric and non-numeric cues compete for decision components such as working
memory. Odic’s arguments are similar to those of Gebuis and Reynvoet [62] who suggest
visual cues may affect non-symbolic magnitude abilities. Gebuis et al., [60] argue for a sensory
integration theory in which the importance of visual cues is weighted and these weights affect
magnitude judgements [63]. Insofar as the impact of visual cues can be demonstrated, they
might explain reasons for individual differences in non-symbolic SNARC judgments.

Insofar SNARC abilities are related to magnitude representations more generally, research
has found links with magnitude representation, cognitive and math abilities. A study by
Cornu, Hornung, Schiltz and Martin [64] discovered spatial skills partially mediated the rela-
tionship between number line estimation and arithmetic in kindergarteners. Also, a model
with control variables (i.e. age, gender), domain-general skills (i.e. verbal short-term memory
and verbal intelligence), domain-specific skills (i.e. counting knowledge, Arabic number
knowledge and quantitative knowledge) and spatial skills (i.e. spatial perception, visuo-motor
integration and spatial visualisation) was a better predictor of number line estimation and
arithmetic four months later than a similar model without spatial skills [64]. Lourenco, Aulet,
Ayzenberg, Cheung and Holmes [65], found individual differences in the associations between
number, area and duration at 9 months of age predicted similar associations at 3.5 years. This
finding shows stable individual differences in number magnitude representations over time.
Arguably, non-symbolic numerical magnitude abilities represent a way of acquiring the mean-
ing of Arabic numbers symbols.

A large-scale longitudinal study by Tosto et al., [66] examined individual differences in
number sense, its relation to math performance, and other general cognitive measures such as
VSWM (Corsi), RTs (speed and accuracy), non-verbal intelligence (Raven’s progressive matri-
ces), vocabulary (Mill Hill Vocabulary) and reading comprehension. The aim of the study was
to examine which measures were important, at what time during development, how strong the
relationship was and to what degree these measures were moderated by other cognitive mea-
sures. To do this, Tosto et al. tested the estimation ability of 4,984 16-year-old students using
number sense measures (i.e. a dot comparison and number line task). This data was compared
to cognitive and achievement data from the same students at ages 7, 9, 10, 12 and 14. Results of
the study showed dot comparison and number line tasks correlated with mathematics perfor-
mance at age 16. However, the strength of the association between dot comparison, number
line tasks and earlier math performance varied considerably across development and was
moderated by differing cognitive abilities [66]. This shows both domain-general (quantitative)
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and domain-specific (working memory, spatial) skills are related to magnitude representation
and development of math.

Individual differences in the symbolic SNARC effect and number-space mapping may be
related to structural differences in the brain. For example, Krause, Lindemann, Toni and Bek-
kering [67] showed participants with a stronger SNARC effect had increased grey matter in
the parietal area of the right precuneus. Amalric and Dehaene [68] showed bilateral activation
of brain areas related to numbers and space, but little activation of language areas in expert
mathematicians carrying out high level math reasoning. Amalric and Dehaene suggest this
finding supports the claim that number-space mapping in early development is related to
math achievement. A recent literature review by Myers, Carey and Szucs [69] on the neural
correlates of spatial processing and WM in gifted children and adults showed these abilities
contributed to being gifted at math.

Indeed, adults with developmental dyscalculia have shown deficits mapping number onto
physical space [70]. Some children with visuo-spatial deficits and developmental dyscalculia
show a reversed symbolic SNARC effect (suggesting a right-to-left mental number-line) and
poorer math performance, compared to matched controls who show a standard SNARC effect
[31].

Training in spatial associations improves acuity and math performance [71]. As far as we
can ascertain, no studies have investigated the impact of magnitude representation training on
changes in SNARC abilities. To more thoroughly investigate the significance of individual dif-
ferences in SNARC and associated abilities, different analytic methods may be helpful. For
example, Chew, Forte and Reeve [28] conducted a latent class analysis of symbolic and non-
symbolic magnitude judgments, which revealed distinct and different patterns of judgments
associated with math abilities.

Conclusion

The findings confirm a non-symbolic SNARC effect which, in turn, supports the claim that
non-symbolic magnitude information is represented mentally in a left-to-right spatial manner.
While the focus of the present study was non-symbolic representation, caution should be exer-
cised in drawing parallels between factors that affect differences in non-symbolic and symbolic
SNARC effects. It might be not only easier to differentiate 60 and 66 presented as Arabic sym-
bols, compared to presented as dot arrays, but it seems likely different factors might affect the
speed of judgments in the two representations [28]. Future researchers would do well to iden-
tify those factors that affect individual differences for both symbolic and non-symbolic
SNARC judgments.
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