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1. INTRODUCTION

In their seminal paper, Dehaene, Bossini and Giraux (1993) asked participants to classify
the parity of numbers by pressing a left- or right-sided key (i.e., parity judgement task). They
discovered that relative small numbers elicit faster left-sided responses and large numbers
faster right-sided responses. Since then, this Spatial-Numerical Association of Response
Codes effect (SNARC; for reviews see Fisher & Shaki, 2014; van Dijck et al., 2015; Wood et
al., 2008) has been replicated multiple times.

Originally, the SNARC effect has been explained within the framework of the mental number
line (MNL) account (Dehaene et al., 1993). The MNL is a semantic long-term memory
representation in which numbers are coded on a unidimensional conceptual space,
horizontally organized in ascending order from left to right: small numbers are encoded on the
left side and large numbers on the right side (Hubbard et al., 2005). This spatial organization
is thought to emerge from cultural practices such as writing/reading direction (Gobel, 2015;
Go6bel, Maier, & Shaki, 2015; Gobel, Shaki, & Fischer, 2011, for a right-to-left spatial orientation
of the MNL in non-Western cultures see Shaki, Fischer, & Gobel, 2012; Shaki, Fischer, &
Petrusic, 2009). According to the MNL account, the SNARC effect emerges from an
isomorphism (i.e., a direct mapping) between the position of a number on this semantic
representation and the left-right coordinates of the external response locations. Therefore, a
congruent mapping between conceptual (e.g., small numbers) and external space (e.g., left-
sided responses) generates faster response latencies compared to an incongruent mapping
(e.g., small numbers and right-sided responses), and vice versa for large numbers.

In the majority of the tasks used to investigate the SNARC effect (e.g., parity judgement
task) the magnitude of the number is irrelevant for the decision process (for a list of tasks see
Wood et al., 2008). Therefore, the MNL account proposes that the SNARC effect emerges
from the interference produced by an automatic activation of the semantic representation of
numbers (Dehaene et al., 1993; Nuerk, Wood, & Willmes, 2005). An important question
pertains to whether and how the amount of semantic processing (i.e., processing of abstract
properties of numbers such as magnitude or parity) required by the task modulates the level
of interference generated by the MNL. In line with the MNL account, one would expect that
deeper semantic processing of a number leads to a stronger activation of the MNL and in turn
more interference (i.e., a stronger SNARC effect) is expected. Wood and colleagues (2008)
evaluated this hypothesis in a meta-analysis which was consistent with the MNL account.
Tasks requiring deeper semantic processing (e.g., parity judgement and magnitude
classification) were associated with a stronger SNARC effect compared to tasks asking to

discriminate non-semantic features of the numbers (e.g., color judgement) (see table 1 and
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figure 2 in Wood et al., 2008). However, to the best of our knowledge, no study tested this
hypothesis in a within-participant design.

The assumption of a direct mapping between the position of a number on the MNL and
response location coordinates has been challenged by the dual route model (Gevers et al.,
2006, 2010; Santens & Gevers, 2008) and the working memory (WM) account (Abrahamse,
van Dijck, & Fias, 2016; Fias & van Dijck, 2016; van Dijck & Fias, 2011; van Dijck, Gevers, &
Fias, 2009; van Dijck et al., 2012, 2014). Neither of these accounts predicts that the strength
of the SNARC effect is affected by the level of semantic processing required by a task.

The dual route model (Gevers et al., 2006, 2010; Santens & Gevers, 2008; see also the
polarity correspondence account for a similar idea not restricted to number processing, Proctor
and Cho, 2006) introduces an intermediate level of processing, between the MNL and the
response stage, that codes numbers into binary categories such as magnitude (i.e., small vs.
large), parity (i.e., odd vs. even) or other dichotomous features of the stimulus. As the name
suggests, this model includes two routes of parallel information processing. The unconditional
route codes numbers based on their magnitude and is automatically activated regardless of
the task requirements. This route activates the long-term preexisting links between magnitude
and space coordinates, that is the associations small-left and large—right. The conditional
route codes numbers into a binary category based on task-specific requirements. It activates
short-term links between numbers and an arbitrary mapping based on task requirements, such
as small-right and large—left (for magnitude) or odd-right and even-left (for parity). The
SNARC effect emerges from the congruence, or lack of it, between the response sides
activated by the two routes. On the one hand, the conditional route activates a response side
based on task-specific mapping. On the other hand, the unconditional route can cooperate or
compete to activate the same or the opposite response side, respectively. If the task-related
mapping is consistent with the long-term number-space links the two routes cooperate,
otherwise they converge on opposite spatial response codes. The response selection process
takes longer and response latency is slower when the routes diverge and this generates the
SNARC effect. Since both routes are always simultaneously activated independent of the task,
the level of semantic processing required by the task should not influence the SNARC effect.
According to the dual-route model, however, the strength of the SNARC effect is influenced by
the duration of the number processing (Gevers et al., 2006). Namely, the strength of the
SNARC effect would increase along with response latency, because longer latency provides
the unconditional route with more time to interfere with response selection. Finally, the model
also predicts that in magnitude comparison or classification tasks the SNARC effect takes a
step-like shape (Gevers et al., 2006), indicating a categorical decision. In tasks that do not
require to evaluate the magnitude of a number (e.g., parity judgement task), the SNARC effect

is stronger for the extremes of the numerical interval presented in the experiment and thus it
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takes a linear shape (for a review see Wood et al., 2008; but see Schroeder, Nuerk & Plewnia,
2017c). On the other hand, in a magnitude classification task, where the numbers have to be
compared to a fixed standard (e.g., the numbers 1 to 9 being classified as smaller or larger
than 5), the SNARC effect interacts with the distance effect (i.e., the time required to compared
two numbers is inversely proportional to their numerical distance; Moyer & Landauer, 1967;
Verguts, Fias, & Stevens, 2005). Therefore, the numbers closer to the standard require more
time to be classified and thus the unconditional route has more time to interfere with the
response selection. This increases the strength of the SNARC effect for numbers in the center
of the interval and thus the effect acquires a categorical rather than linear shape (see figures
2 and 3 in Gevers et al., 2006).

Both the MNL account and the dual-route model assume that the association between
numbers and space coordinates are an intrinsic property of the long-term memory
representation of number. The working memory (WM) account instead assumes that no spatial
information is co-represented together with numbers and that the long-term representation only
includes serial order information (Abrahamse, van Dijck, & Fias, 2016; Fias & van Dijck, 2016;
van Dijck & Fias, 2011; van Dijck, Gevers, & Fias, 2009; van Dijck et al., 2012, 2014). The
number-space association would emerge from a temporary binding of numbers to a spatially
oriented template in working memory. Therefore, the WM account proposes that the SNARC
effect is produced by this temporary left-to-right orientation that numbers (considered as verbal
items) take only after being transferred to a spatial working memory template. Evidence in
favor of the coexistence of long-term space-number associations (i.e., spatially oriented MNL)
and temporary associations between space and order position in working memory (Ginsburg
& Gevers, 2015; Huber et al., 2016; Schroeder, Nuerk & Plewnia, 2017c) can be reconciled
with the WM account working assuming that multiple serially ordered sequences of numbers
can be simultaneously activated in working memory (Abrahamse, van Dijck, & Fias, 2016).
Reverse SNARC-like effect for ordinal non-numerical sequences (e.g., weekdays) under
transcranial direct current stimulation (Schroeder, Nuerk & Plewnia, 2017a) also challenges
the WM account, but mixed evidence emerged for such effect (Schroeder, Nuerk & Plewnia,
2017b). Since the spatial orientation is not a feature of the long-term memory representation
but rather emerges from short-term association in working memory, the level of processing
required by the task should not affect the strength of the SNARC effect. Therefore, the WM
account also predicts no influence of the amount of semantic processing on the strength of the
SNARC effect.

If one strictly defines “semantic processing” as reflecting the access to and the manipulation
of numerical magnitude, the fact that the SNARC effect was originally discovered in a parity
judgement task (Dehaene et al., 1993), which does not require magnitude processing, already

suggests that the amount of semantic processing required by the task does not influence the

4



O 00 N o un b W N B

[
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

strength of this effect. Wood and colleagues’ review (2008), which showed that the size of the
SNARC effect in magnitude classification and parity judgement tasks is comparable, also
provides evidence for a lack of influence of semantic processing. However, although unrelated
with numerical magnitude, parity is actually an intrinsic property of both non-symbolic
numerosities (reflecting the possibility to divide a set of objects in two subsets with equal
cardinality) and symbolic numbers (reflecting the property of being divisible by 2 with no
remainder, in the natural numbers set). Therefore, a parity judgement task requires explicitly
to process an abstract semantic (unrelated to magnitude) property of the number. Since in
both parity judgement and magnitude classification tasks participants are asked to evaluate an
intrinsic property of the number, it is plausible to assume that these two tasks do not allow to
clearly disentangle the depth of the semantic processing and thus to measure properly its
influence on the SNARC effect. Therefore, to investigate the effect of semantic processing on
the SNARC effect, it is more convenient to compare tasks requiring deeper semantic
processing (e.g., parity judgement and magnitude classification) with tasks in which response
selection is not related to semantic features of the numbers (e.g., color judgement and
phoneme detection, see description below). In fact, although to some extent the mere
presentation of a number may suffice to automatically activate its semantic representation
(Dehaene et al., 1998; Koechlin et al., 1999; Naccache & Dehaene, 2001), the automatic
processing of semantic information is not compulsory (Kunde, Kiesel & Hoffmann, 2003;
Maxfield, 1997). Therefore, we assumed that tasks requiring to assess non-numerical
properties of the stimulus (e.g., color judgement and phoneme detection) will evoke a weaker
activation of the semantic representation compared to tasks that directly require the
discrimination of magnitude or parity.

The present study aimed to evaluate whether and how the amount semantic processing
required by a task affects the strength of the SNARC effect, as predicted by the MNL approach.
Participants performed two tasks requiring semantic number processing (magnitude
classification and parity judgement) and two tasks requiring the discrimination of non-semantic
features of the numbers (color judgement and phoneme detection). According to the MNL
account, a stronger SNARC effect is expected for the magnitude classification task and parity
judgement task compared to the other two tasks. According to the dual-route model, the
SNARC effect should be modulated by response latency rather than by the amount of semantic
processing. Moreover, this model predicts a categorical shape of the SNARC effect for the
magnitude classification task and a linear shape for the other tasks. Finally, similar to the dual-
route model, the WM account does not predict that tasks requiring deeper semantic processing
(magnitude classification and parity judgement) generate a stronger SNARC effect compared
to those based on more peripheral features of the numbers (color judgement or phoneme

detection).
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Further predictions can also be made on the relationship between the SNARC effects
evoked in the different tasks‘l\[oon. The MNL account assumes the same origin for the SNARC
effect regardless of the task. In fact, independently of the task requirements, a common
semantic representation is automatically (or deliberately) activated and interferes with the
response selection. Given the common origin of this interference, in addition to the expected
relationship between SNARC effect and amount of semantic processing, the MNL account also
predicts strong correlations between the strength of this effect in the different tasks. The dual-
route model, on the other hand, assumes that the SNARC effect originates from the
competition/cooperation between two routes of parallel information processing. In other words,
in different tasks the unconditional route competes or cooperates with distinct conditional
routes, which reflect short-term task-specific mappings. Therefore, the dual-route model does
not expressly entail a correlation between the SNARC effects of the different tasks. The WM
account assumes that the SNARC effect emerges from the temporary spatial orientation that
numbers acquire after being loaded in a working memory template. The binding of numbers to
this spatial template is both context- and task-specific. Therefore, similar to the dual-route
model, the WM account also does not expressly entail a correlation between the SNARC

effects evoked by the different tasks.

2. METHOD

2.1. Participants

Thirty-two German-speaking participants took part in the study (22 female; mean age (SD)
= 26.7 (4.4), range = 18-35). All participants had normal or corrected-to-normal vision and
gave informed consent to participate for course credits or 8€. All participants were right-handed
and had no experience with right-to-left writing/reading languages. The study was approved
by the Ethics committee at the Department of Psychology of Humboldt-Universitat zu Berlin
(Nr. 2017-29).

2.2. Materials, tasks and design

The same set of numbers (Arabic digits ranging from 1 to 9, excluding 5) was used in all
tasks. Each participant performed four tasks. In the magnitude classification task, participants
were asked to decide if the presented number was smaller or larger than the fixed standard 5.
In the parity judgement task, were asked to judge if the number was even or odd. In the color
judgement task, participants classified the color of the font: numbers 2, 3, 6 and 8 were always
printed in red (RGB: 255, 0, 0) and numbers 1, 4, 7 and 9 always in green (RGB: 0, 255, 0). In

1 We would like to thank Wim Gevers for pointing out this idea.



O 00 N o U b W N

[EEN
o

11
12
13
14
15
16
17
18
19
20
21
22

23

24
25

26
27
28
29
30
31

the phoneme detection task, participants decided whether or not any of the phonemes /s/, /z/
and /ts/ was included in the German number word corresponding to the presented Arabic digit
(for a similar task see Fias, 2001; Fias et al., 1996). This rule was selected to create an arbitrary
mapping (i.e., not related to semantic features) between numbers and response sides.
Therefore, numbers were divided into two groups based on the presence (1 =/aIns/, 2 = /svail,
6 = /zeksl, 7 = /zi.bnl) or the absence (3 = /dra1l/, 4 = /fi;el, 8 = laxt/, 9 = /ngn/) of these
phonemes. Participants were explicitly instructed to base their decision on the phonological
feature and ignore the orthography of the word.

Four task sequences were created using the following rules: (1) each task must be
presented in each position of the sequence only once; (2) each task can follow the other tasks
only once. The four sequences were: Magnitude-Color-Parity-Phonology; Parity-
Magnitude-Phonology-Color;  Phonology-Parity-Color-Magnitude; = Color-Phonology-
Magnitude-Parity. Each sequence was administered to 8 participants. Each task included two
blocks, in which the response mapping was reversed (Table 1). Fifteen participants started all
tasks with the response mapping A and 17 participants with the response mapping B (the
sample size in the two groups is not equal because of a technical problem). In total, participants
performed 8 blocks (4 tasks x 2 response mappings). Following the recommendations of
Cipora and Wood (2017), in each block each number was repeated 20 times. Numbers were
pseudo-randomly presented with the constraint that the same digit could not be presented on
two consecutive trials. Sixteen practice trials preceded each block (each number presented
twice in a randomized order) to familiarize with the block-specific response mapping and

feedback was provided (no feedback was presented during the test blocks).

Table 1. The two response mappings used in the tasks. Response mappings A and B
were presented in two different blocks in counterbalanced order across participants.

Response .

mapping Left key Right key
Magnitude A 1 2 3 4 6 7 8 9
task B 6 7 8 9 1 2 3 4
Parity A 1 3 7 9 2 4 6 8
task B 2 4 6 8 1 3 7 9
Phonological | A 1 2 6 7 3 4 8 9
task B 3 4 8 9 1 2 6 7
Color A 2 3 6 8 1 4 7 9
task B 1 4 7 9 2 3 6 8

2.3. Procedure

The same procedure was used in all tasks. Stimulus presentation and response collection
were implemented in Matlab, using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997).
Stimuli were presented in the center of the monitor and were 22 mm high and 15 mm wide.

Participants sat at approximately 50 cm from the monitor (visual angle: 2.5° x 1.7°).
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Each trial started with a fixation mark (#) presented for 600 ms, followed by an Arabic
number, which remained on the screen until the response or for 1300 ms. Participants were
instructed to press a key on the left (“left-control” with the left-hand) or right (“enter” on the
numpad with the right-hand) side of the keyboard according to the block-specific response
mapping (Table 1). The two keys were approximately 40 cm apart. Following the offset of the
presented number, the next trial began after an intertrial-interval of 500 ms consisting of a
black screen. All stimuli were printed in white against a black background, except for numbers
in the color judgement which could be red (RGB: 255,0,0; numbers 2, 3, 6 and 8) or green
(RGB: 0.255,0;1,4,7,9).

Since participants had to perform eight blocks with different response mappings, a small
sheet showing the response mapping was placed under the monitor to help them to remember
the block-specific instructions. Participants were asked to respond as fast and accurately as

possible.

3. RESULTS

All analysesippz were performed using R-project software (R Core Team, 2015) and
RStudio software (RStudio Team, 2015). Participants had a very high accuracy in all tasks
(magnitude classification: mean = 0.97, SD = 0.03, range = 0.82—1.0; parity judgement: mean
=0.95, SD = 0.03, range = 0.87-0.99; color discrimination: mean = 0.97, SD = 0.03, range =
0.88-0.997; phoneme detection: mean = 0.94, SD = 0.04, range = 0.84-0.99). Accuracy data
are likely affected by a ceiling effect and thus will not be further analyzed.

Trials with incorrect responses and with reaction times (RTs) shorter than 200 ms (N = 9)
were excluded from the analyses. For each participant and task combination, trials with RT
more than 2.5 SD from the participant's mean were considered outliers and excluded from the
analysis (2.9% of the trials). A preliminary analysis on RTs showed that the order of the tasks
was hot significant and did not interact with other variables. Therefore, order was excluded
from the following analyses. All ANOVAs were Greenhouse-Geisser corrected (Greenhouse &
Geisser, 1959) when the assumption of sphericity was violated; uncorrected degrees of
freedom and epsilon values (¢GG) are reported. Effect sizes are reported following the
recommendation of Lakens (2013).

We also calculated the dRT as mean RTs for the right hand minus mean RTs for the left
hand, separately for each target number, task, and participant (see Fias et al., 1996; see also
Pinhas, Tzelgov, & Ganor-Stern, 2012; Tzelgov, Zohar-Shai, & Nuerk, 2013). The dRTs were

analyzed by means of a regression model: dRT ~ 8, + §; X Number (Fias et al., 1996). The



© 00 N O U B W N B

[y
o

11
12
13
14
15
16
17
18
19
20

21
22
23
24

slope (B;) was interpreted as a measure of the SNARC effect: larger negative values

correspond to a stronger effect.

3.1. Reaction times

To investigate the SNARC effect, we first analyzed mean RTs with a repeated measure
ANOVA with the within-subject factors task (magnitude, parity, phonology, color), target
number (1, 2, 3, 4, 6, 7, 8, 9) and response hand (right vs. left). The main effect of number was
significant [F(7, 217) = 21.47, p < 0.001, €GG = 0.70, generalized eta? = 0.02]. Mean RTs (in
ms) were 478 (SD = 52), 477 (57), 501 (53), 501 (56), 501 (58), 493 (52), 485 (53), 493 (49),
for the numbers 1, 2, 3, 4, 6, 7, 8, 9, respectively. The main effect of task was significant [F(3,
93) = 127.67, p < 0.001, eGG = 0.87, generalized eta? = 0.4]. Mean RTs were 411 (SD = 45),
475 (57), 524 (60), 555 (72), for color, magnitude, parity and phonology tasks, respectively
(Figure 1-A). As shown in Table 2, all the comparisons between mean RTs in the different
tasks were significant. Moreover, number significantly interacted with task [F(21, 651) = 12.30,
p < 0.001, eGG = 0.43, generalized eta? = 0.03]. Number and response hand also significantly
interacted [F(7, 217) = 16.03, p < 0.001, ¢GG = 0.58, generalized eta? = 0.02], indicating a
SNARC effect. Crucially, the significant three-way interaction number x response hand x task
indicates that the SNARC effect varied as a function of task [F(21, 651) = 3.01, p = 0.01, GG
= 0.28, generalized eta? = 0.007] (Figure 2).

600 5

Mean RTs
(%]
(=]
o
—
Slope
n
—
—

4501

g !

350 -15
Color Magnitude Parity Phonology Color Magnitude Parity Phonology

Tasks Tasks

Figure 1. Mean RTs (panel A) and mean slopes (panel B) across the tasks. Magnitude: magnitude classification
task; Parity: parity judgement task; Phonology: phoneme detection task; Color: color judgement task. Error bars
represent the standard error of the mean. Mean RTs of the tasks are all significantly different from each other (all

9
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ps < 0.001). Except for the difference between magnitude and parity, all the other mean slopes are significantly

different from each other (all ps < 0.05). In panel B, asterisks indicate that the mean slope is significantly different

from zero (all ps < 0.05).

Table 2. T-tests (one-tailed) comparing the tasks (slope and RTs) against each other and assessing whether

the slope distributions were different from zero.

Tasks Mean SD t df p-value Cohen'sd: Hedges gav
Reaction times
Magnitude vs. Parity - - -8.97 31 <0.001 1.58 0.82
Magnitude vs. Phonology - - -9.86 31 <0.001 1.74 1.19
Magnitude vs. Color - - 8.33 31 <0.001 1.47 1.20
Parity vs. Phonology - - -3.62 31 0.01 0.64 0.44
Parity vs. Color - - 1441 31 <0.001 2.55 2.08
Phonology vs. Color - - 1541 31 <0.001 2.72 2.33
Slopes
Magnitude -4.11 8.10 -2.87 31 0.018 0.51 0.70
Parity -5.92 4.79 -6.98 31 <0.001 1.23 1.70
Phonology -10.07 8.95 -6.36 31 <0.001 1.12 1.55
Color -0.64 3.75 -0.97 31 0.273 0.17 0.24
Magnitude vs. Parity — — 1.12 31 0.273 0.20 0.27
Magnitude vs. Phonology - - 375 31 0.002 0.66 0.68
Magnitude vs. Color - - -2.47 31 0.029 0.44 0.54
Parity vs. Phonology - - 259 31 0.029 0.46 0.56
Parity vs. Color - - -490 31 <0.001 0.87 1.20
Phonology vs. Color - - -5.89 31 <0.001 1.04 1.34

All p-values have been corrected with Holm’s method. For the calculation of the effect sizes (Cohen’s dz and

Hedges gav) refers to Lakens (2013).
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Figure 2. Mean RTs across numbers as a function of response hand (right-hand in black,

separately for each task. Error bars represent the standard error of the mean.

left-hand in grey),
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3.2. Slopes

To further investigate how the SNARC effect varies in the different tasks?, the slope?® was
analyzed with a repeated measures ANOVA with task (magnitude, parity, phonology, color) as
within-subject factor. Slope was significantly influenced by task [F(3, 93) = 13.78, p < 0.001,
€GG =0.87, generalized eta? = 0.21] (Figure 1-B). Two sets of t-tests were performed to further
explore the effect of task on slope (Table 2). First, one-sample t-tests, separately computed
for each task, were used to assess whether the slope distributions were significantly less than
zero. As shown in Figure 1-B and Table 2, the slopes for the magnitude classification task,
the parity judgement task, and the phoneme detection task were significantly different from
zero. The slope distribution for the color judgement task was not significantly different from
zero, suggesting the absence of a SNARC effect.

Second, two-sample t-tests were used to compare the slope distributions for the different
tasks. Except for the magnitude vs. parity comparison, all comparisons were significant (Table
2). These results confirm that there was no SNARC effect for the color judgement task, a
medium effect for the magnitude classification and the parity judgement tasks, and the
strongest effect for the phoneme detection task. It is worth noting that the pattern of results for
the slopes (i.e., the strength of the SNARC effect) mirrors the RT distributions (see panels A
and B in Figure 1). The similarity between the results of RTs and of slopes suggests that the
SNARC effect is due to the differences in latency rather than to the level of semantic
processing. This is also suggested by the unexpected pattern in the slopes: the phoneme
detection showed the strongest SNARC effect and the magnitude classification and parity
judgement tasks a smaller effect (Figure 1-B). The relationship between the slope distributions
of the different tasks were further investigated with Pearson's correlation coefficient (Table 3
and Figure 3). In line with previous studies (o = 0.08 in Georges, Hoffmann, & Schiltz, 2017
and p = 0.2 in Georges, Hoffmann, & Schiltz, 2018), the magnitude classification and the parity
judgement tasks did not correlate. The only significant positive correlation emerged between

the magnitude classification and phoneme detection tasks. Although this correlation is

2 Split-half reliability was computed for each task. Trials were odd-even half-split based on the order of
appearance, separately for each participant, block (response mapping A vs. B) and relevant category (i.e.,
magnitude classification task: smaller vs. larger than 5; parity judgement task: even vs. odd; phoneme detection
task: with vs. without the phonemes; color judgement task: red vs. green). Then, the participant’s slope was
calculated for each of the two halves. Finally, the Pearson correlation coefficients (r5) between the slopes of the
two halves of each task were calculated and corrected with the Spearman-Brown formula: r¢p = 2r5/(1 + 15).
The Spearman-Brown corrected correlation coefficients were: rsg = 0.86 for the magnitude classification task; rsg
=0.83 for the parity judgement task; rss = 0.79 for the phoneme detection task; rss = 0.58 for the color judgement
task. These coefficients are comparable to or higher than those reported in previous studies (Cipora & Nuerk,
2013; Georges, Hoffmann & Schiltz, 2017, 2018). These results indicated excellent reliability for the magnitude
classification task, the parity judgement task and the phoneme detection task, and poor reliability for the color
judgement task, which may be due to the absence of a SNARC effect for this task.
3 We also calculated the slopes based on the z-standardized RTs and the same results were found.
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consistent with the MNL account, it does not fully support the expected strong correlations
between the SNARC effects.

Table 3. Pearson’s correlation coefficients between slope distributions of the four tasks

(below the diagonal) and between slope and RT distributions (the diagonal).
Magnitude Parity Phonology Color
. -0.31*
Magnitude (-0.59, 0.04) - - -
. 0.06 -0.63*
P (-0.30,0.40)  (-0.80, -0.36)
Phonolo 0.45* 0.24 -0.36*
9y (0.12,0.69)  (-0.11,0.55) (-0.63, -0.02)
Color 0.27 -0.002 0.18 -0.30*
(=0.09, 0.57) (=0.35, 0.35) (=0.18, 0.50) (=0.60, 0.06)

The 95% confidence intervals are presented in parentheses. * p < 0.1, * p <0.05.
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Figure 3. Scatter plots of the correlation between the SNARC effects of the four tasks. Dots represent the

participant's mean slope. Magnitude: magnitude classification task; Parity: parity judgement task; Phonology:

phoneme detection task; Color: color judgement task. Pearson’s correlation coefficients (o) are reported in the upper

right corner.
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Figure 4. Mean slopes across tasks and bins as a function of RTs. Magnitude: magnitude classification task; Parity:
parity judgement task; Phonology: phoneme detection task; Color: color judgement task. For each task, the mean
slopes of the four bins are presented: from fastest RTs (leftmost point) to slowest RTs (rightmost point). Error bars

represent the standard error of the mean.

The absence of a SNARC effect for the color judgement task may be due to either the very
short RTs (i.e., the number processing did not have time to interfere with the response
selection) or the fact that a minimum number processing is required in order to produce the
SNARC effect and in this task numbers do not reach a sufficient level of processing. To further
investigate this possibility, for each participant and task, RTs were rank ordered and divided
into 4 bins (Gevers et al., 2006; Ratcliff, 1979). In each bin, slopes were recalculated following
the same procedure described above. Figure 4 shows the mean slope distributions across
tasks and the bins as a function of RTs and Table 4 reports mean RTs, mean slopes and one-
sample t-tests assessing whether the slope distributions were significantly less than zero,
separately computed for each bin and task. For the parity judgement tasks and the phoneme
detection task, a robust SNARC effect emerged in all the bins. The magnitude classification
task showed a SNARC effect only in the two slowest bins, a tendency in bin 2 and no effect
for the fastest RTs. For the color judgement task, a tendency toward significance emerged only
for the bin with longest RTs. All the tasks showed the same patters: mean slope and effect
size increased along with response latency. To confirm this pattern, for each task, repeated
measure correlation coefficients (Bakdash & Marusich, 2017, 2018) were calculated between
mean slopes and mean RTs. All tasks showed a significant negative correlation between slope

and response latency: r = —0.48 (95% confidence interval = -0.62, —0.30; p < 0.001) for the
13
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magnitude classification task; r = -0.32 (95% CI = -0.49, -0.13; p < 0.01) for the parity
judgement task; r = —-0.55 (95% CI = -0.68, —0.40; p < 0.001) for the phoneme detection task;
r=-0.46 (95% Cl = -0.61, -0.28; p < 0.001) for the color judgement task. Furthermore, a

negative correlation also emerged between the overall mean slopes and overall mean RTs

(Table 3 and Figure 5). In fact, both parity judgement and phoneme detection tasks showed

a significant negative correlation between overall mean slopes and overall mean RTs, and

magnitude classification and color judgement tasks showed a tendency for a negative

correlation. These negative correlations further support the idea that the SNARC effect

increases along with response latency.

Table 4. Statistics for the four bins and t-tests assessing whether the slopes differed from zero.

Bins Mean RTs (SD)  Mean slope (SD) t df p-value Cohen'sd: Hedges gav
Magnitude
Bin 1 398 (46) -2.28 (6.95) -186 31 >0.1 0.33 0.45
Bin 2 445 (53) -3.27 (7.83) -2.37 31 0.073 0.42 0.58
Bin 3 486 (60) -4.44 (8.59) -2.92 31 0.022 0.52 0.71
Bin 4 569 (77) -6.41 (11.55) -3.14 31 0.015 0.55 0.77
Parity
Bin 1 435 (47) -4.32 (4.56) -5.35 31 <0.001 0.95 1.31
Bin 2 491 (55) -5.89 (5.65) -590 31 <0.001 1.04 1.44
Bin 3 538 (61) -7.18 (5.74) -7.07 31 <0.001 1.25 1.72
Bin 4 630 (80) —-6.86 (7.69) -5.05 31 <0.001 0.89 1.23
Phonology
Bin 1 458 (56) -6.28 (7.59) -4.68 31 <0.001 0.83 1.14
Bin 2 518 (66) -9.62 (9.45) -5.76 31 <0.001 1.02 1.41
Bin 3 569 (76) -12.01 (11.27) -6.03 31 <0.001 1.07 1.47
Bin 4 668 (92) -13.40 (10.27) -7.39 31 <0.001 1.31 1.80
Color
Bin 1 338 (37) 0.31 (3.10) 056 31 >0.1 0.10 0.14
Bin 2 384 (40) 0.73 (3.04) 136 31 >0.1 0.24 0.33
Bin 3 423 (45) -0.42 (4.59) -0.52 31 >0.1 0.09 0.13
Bin 4 499 (61) -3.16 (7.78) -2.30 31 0.073 0.41 0.56

All p-values have been corrected with Holm’s method. For the calculation of the effect sizes (Cohen’s dz and

Hedges gav) refers to Lakens (2013).
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Figure 5. Scatter plots of the correlation between the SNARC effects (mean slope) and response latency (mean
RT) in the four tasks. Dots represent the participant’s mean slope and RT. Pearson’s correlation coefficients (p) are

reported in the bottom left corner.

3.3. Shape of the SNARC effect

According to the dual-route account (Gevers et al., 2006), the SNARC effect should have a
categorical shape in the magnitude classification task and a linear shape in the other tasks. To
test this prediction, we assessed whether mean dRTs were best fitted by a categorical predictor
or a continuous predictor (for a similar analysis see, for example, Gevers et al., 2006). For
each task, we performed a stepwise linear regression analysis (by AIC, with both forward and
backward selection method) with mean dRT as dependent variable and two variables entered
in the model as possible predictors: a categorical predictor (a binary variable with the values 1
= “smaller than 5” and 2 = “larger than 5") and a continuous predictor (a continuous variable
with the values 1-9, excluding 5). Mean dRTs were calculated aggregating across participants.
Table &5 reports the models with the variables selected by the analysis. As expected according

to the dual-route account, for the magnitude classification task the categorical predictor was
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selected by the analysis, whereas for the parity judgement task and the phoneme detection
task the continuous predictor provided the best fit (Figure 6). Due to the lack of a SNARC
effect, no predictor was selected for the color judgement task (Figure 6).

Table 45. Results of the stepwise linear regression analysis.

Selected predictor B SE t p-value Adj. R?
Magnitude classification task 0.57
Intercept 15.14 5.23 2.90 0.028
Categorical -23.59 7.39 -3.19 0.019
Parity judgement task 0.37
Intercept 22.61 15.02 151 0.183
Continuous -5.92 2.63 -2.25 0.066
Phoneme detection task 0.91
Intercept 52.41 6.58 7.96 <0.001
Continuous -10.07 1.15 -8.72 <0.001
Color judgement task -
Intercept -1.73 2.00 -0.87 0.415
Magnitude classification task Parity judgement task
a0l dRT= +15.1 dRT= -85 0 m dRT= —5.9(Number) + 22.6
| = L
= 20 | D | ] (- 20 e
o Or  O0r n
S s B S | —
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1T 2 3 4 s 7 8 9 T 2 3 a4 6 7 8 9
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Figure 6. Mean dRTs across numbers, separately for each task. Gray lines represent the model selected in the
stepwise analysis: a categorical predictor for the magnitude task; a continuous predictor for the parity and phonology

tasks; a model with only intercept for the color task. Above each line, the corresponding model is reported.

4. DISCUSSION

The present study aimed to investigate whether the strength of the SNARC effect is
influenced by the amount of semantic humber processing required by a task. Participants
performed two tasks requiring deep semantic number processing (magnitude classification

task and parity judgement task) and two tasks requiring to evaluate non-semantic features of
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the numbers (color judgement task and phoneme detection task). Results do not provide
evidence for the idea that the level of semantic processing influences the SNARC effect.
Conversely, the strength of the SNARC effect was proportional to the overall RTs (the slower
the RT, the larger the effect, see Figure 1), suggesting that response latency is the main factor
that affects the strength of the SNARC effect. The phoneme detection task had both the longest
RTs and the strongest SNARC effect (mean RTs: 555 ms, mean slope: —-10.07). The
magnitude classification task (mean RTs: 475 ms, mean slope: -4.11) and the parity
judgement task (mean RTs: 524 ms, mean slope: -5.92) had faster RTs and showed a weaker
SNARC effect of comparable size. The color judgement task had the fastest RTs and showed
no evidence of a SNARC effect (mean RTs: 411 ms, mean slope: —0.64). The influence of
response latency was also confirmed by the analysis on the rank ordered RTs, which showed
that the strength of the SNARC effect was proportional to RTs. In fact, the color judgement
task showed a tendency toward significance when the slowest RTs were analyzed (bin 4, mean
RTs: 490 ms, mean slope: —3.16) and there was no evidence of a SNARC effect for the fastest
RTs of the magnitude classification task (bin 1, mean RTs: 398 ms, mean slope: —-2.28). The
overall slopes also negatively correlated with overall RTs in the parity judgement and phoneme
detection tasks and a tendency emerged in the magnitude classification and color judgement
tasks. Although the correlation analyses reported in this paper may be affected by the low
sample size (N = 32), they are consistent with those reported by Cipora and colleagues (2019),
who analyzed the results from a massive sample (N > 1,000) in an online assessment of the
SNARC effect in a parity judgement task and found a negative correlation between slope and
RT. Considering the relationship between the SNARC effects evoked by the four tasks, a
positive correlation (o = 0.45) between slopes emerged only for the magnitude classification
and phoneme detection tasks. Finally, the analysis of the shape of the SNARC effect showed
that the dRTs of the magnitude classification task were best fit by a categorical predictor, while
those of the parity judgement task and phoneme detection task by a continuous predictor.
The MNL account explains the SNARC effect as the result of the association between
response locations (left vs. right) and the position of nhumbers on their spatially oriented
representation (small/large numbers on the left/right, respectively) (Dehaene et al., 1993;
Hubbard et al., 2005). Therefore, this account predicts that the deeper the access to the MNL,
the stronger the influence of the spatial organization of this mental representation should be.
Namely, tasks associated with deeper semantic processing (magnitude classification task and
parity judgement task) should show a stronger SNARC effect compared to tasks requiring no
semantic processing (phoneme detection task and color judgement task). In the latter two
tasks, the MNL is thought to be automatically activated (Dehaene et al., 1993; Nuerk, Wood,
& Willmes, 2005) and thus the space-number association should, to some extent, generate a

SNARC effect. However, it should be smaller in size compared to tasks that explicitly require
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the processing of semantic aspects of numbers. Our results clearly point in another direction.
In fact, not only is the strength of the SNARC effect not proportional to the amount of semantic
processing, but also the pattern that emerges (i.e., phoneme detection > parity = magnitude >
color) cannot be explained by the MNL account. Consistent with a growing amount of evidence
showing that the SNARC effect is much more flexible than one would expect under the
hypothesis that it is generated from a long-term memory representation (Bachtold et al., 1998;
Fias & van Dijck, 2016; Fias et al., 1996; Georges, Hoffmann, & Schiltz, 2017, 2018; Shaki &
Fisher, 2008, 2018; van Dijck & Fias, 2011), our results provide additional empirical evidence
that the MNL account cannot adequately explain.

The dual-route model explains the SNARC effect as the result of the
competition/cooperation between two parallel information processing streams (Gevers et al.,
2006, 2010; Santens & Gevers, 2008). Since both the unconditional route (i.e., an automatic,
long-term space-number mapping) and a conditional route (i.e., an arbitrary task-specific
mapping) are always simultaneously activated (Gevers et al., 2006), the SNARC effect should
not be affected by the amount of semantic processing required by the task. However, the
interference of the unconditional route increases along with response latency, predicting a
stronger SNARC effect for longer RTs. Our results provide evidence for this model, showing
that the strength of the SNARC effect was influenced by response latency, whereas the amount
of semantic processing required by a task had negligible influence. The significant negative
correlations between slopes and both overall RTs (Figure 5) and rank ordered RTs (Figure 4)
also support the idea that the SNARC effect is mainly influenced by response latency. Our
findings are not consistent with the conclusions by Wood and colleagues (2008). In fact, the
authors found that “in tasks involving semantic number processing such as parity decision
task, the SNARC effect tended to be larger than in non-semantic tasks” (Wood et al., 2008, p.
500). This inconsistency might be due to the fact that we compared the SNARC effect of
different tasks in a within-participant design, whereas Wood and colleagues compared different
samples. To disentangle the influence of semantic processing and response latency on the
SNARC effect, future studies could manipulate the difficulty (and thus RTs) of the task and
evaluate whether the SNARC effect increases proportionally to RTs.

According to the MNL account, the SNARC effect originates from a common long-term
memory representation regardless of task requirements. Given this common origin, one would
expect to observe a strong correlation between the SNARC effects of the different tasks.
However, a correlation emerged only between the slopes of the magnitude and phonology
tasks (Figure 3). Moreover, the two tasks associated with deep semantic processing
(magnitude classification and parity judgement tasks) did not correlate at all (o = 0.06). The
lack of strong correlations is however consistent with the dual-route model and the WM

account. The dual-route model assumes that a parallel information processing, which may

18



O 00 N o un b W N

[E
o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

result in competition or cooperation, occurs between the unconditional route and a task-
specific conditional route. Therefore, the interaction between the two routes may vary with
different tasks and thus produce uncorrelated SNARC effects. The WM account assumes that
the SNARC effect is the result of a temporary binding of numbers to a spatial working memory
template. Since the spatial orientation of the number sequence is context- and task-specific,
this account is also consistent with uncorrelated SNARC effects. However, it is also possible
that the lack of correlation depends on the current sample size and thus this result calls for
caution. Future studies with a larger sample size should confirm or reject this result.

The absence of a SNARC effect in the color judgement task might be explained assuming
that the decision was made before the automatic activation of the MNL could interfere with the
response selection. It is certainly true that this task presents a confound between response
latency and amount of semantic processing, inasmuch very fast RTs were combined with a

decision process that could be performed without processing the Arabic numerals.

this
confound is absent in the other tasks. In fact, the phoneme detection task presented the
longest response latencies but required no semantic processing; whereas the magnitude
classification and parity judgement task had halfway response latencies but required deep
semantic processing. Therefore, the MNL account would predict a stronger SNARC effect in
the phoneme detection task compared to the color judgement task, because the longer RTs of
the former would provide the spatial orientation of the MNL with enough time to interfere with
the response selection. However, the highest interference (strongest SNARC effect) is
expected in the magnitude task, given that the semantic representation at the origin of the
SNARC effect is also the reference frame for the response selection. In fact, the activation of
the number on the sematic representation is required to classify the stimulus magnitude. Given
the absence of a confound between amount of semantic processing and response latency in
the magnitude classification and phoneme detection tasks, the overall results support the idea
that the SNARC effect is modulated by response latency rather than semantic processing.
However, future studies should further investigate the confound the
color judgement task by manipulating the processing of the target number. For
example, in a go/no-go color judgement task, where participants are asked to discriminate the
color only for a specific subset of the number range (e.qg., go trials: 1, 4, 6, 9).
We interpreted our results as evidence in favor of the dual-route model. However, is there
an alternative interpretation that would allow to explain these results within the MNL
framework? In principle the answer is yes. In fact, along with the idea that the deeper the
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semantic processing required by a task, the stronger the in interference from the spatial
orientation of the MNL is,; one could also assume that this interference increases proportionally
to response latency. Similar to what the dual-route model, the longer
the decision process takes, the higher the chance for the spatial orientation of the MNL to
interfere with the response selection is. Although this seems a plausible explanation, we
believe that our results do not support this interpretation. The MNL account and the dual-route
model make divergent predictions for the relationship between the SNARC effect and the rank
ordered RTs in the bin analysis. If one assumes that the interference of the semantic
representation increases with the duration of the decision process, the MNL account predicts
that the strength of the SNARC effect increases proportionally to the RTs in the parity
judgement, phoneme detection and color judgement tasks. This is indeed consistent to what
we observed in the bin analysis (see Figure 4 and Table 4). On the contrary, for the magnitude
classification task, the strength of the SNARC effect should remain constant and not be
affected by response latency. In fact, in this task, the semantic representation must be explicitly
activated, since it is strictly required to classify the magnitude of the number, and thus its
activation level should not be modulated by response latency. However, this prediction is
inconsistent with the results of the magnitude classification task: no SNARC effect in bin 1, a
tendency in bin 2, and a SNARC effect emerging only in bin 3 and 4 (see Figure 4 and Table
4). At this point, it is worth drawing attention to a fundamental difference between the two
accounts. Contrary to the MNL account, increasing strength of the SNARC effect with longer
response latencies in the magnitude task is an important feature of the dual-route model and
explains the shape of the SNARC effect in this task (see Introduction and next paragraph). To
sum up, even an alternative interpretation of the MNL account cannot explain the observed
relationship between the SNARC effect and the rank ordered RTs.

Further evidence in favor of the dual-route model is also provided by the analysis of the
shape of the SNARC effect. Consistent with the prediction of this model (Gevers et al., 2006),
we found a categorical shape for the SNARC effect in the magnitude classification task and a
linear shape for the other tasks. This result is consistent with the meta-analysis of Wood and
colleagues (2008), who found that in 60% of the studies included in their review a categorical
predictor alone could account for the SNARC effect in the magnitude comparison task. The
categorical shape of the SNARC effect in the magnitude classification task also provides
further evidence for the idea that response latency has a major impact on this effect. In fact,
the categorical shape depends on the fact that the processing of the numbers closer to the
fixed standard (i.e., 5) is more time consuming due to the distance effect (Gevers et al., 2006;
see also Moyer & Landauer, 1967; Verguts, Fias, & Stevens, 2005). This longer processing
provides more time to the unconditional route to interfere with the decision process, and thus

generates a stronger SNARC effect for the numbers closer to the fixed standard.
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The WM account assumes that the SNARC effect emerges by the positioning of numbers
within a temporary spatial template loaded in working memory (Abrahamse, van Dijck, & Fias,
2016; Fias & van Dijck, 2016; van Dijck & Fias, 2011; van Dijck, Gevers, & Fias, 2009; van
Dijck et al., 2012, 2014). The space-number association results from the fact that this template
is spatially oriented from left to right (small to large numbers). Since the space-number
association is not an intrinsic property of the number representation but it is instead

created in working memory (Abrahamse, van Dijck, & Fias, 2016), this account
also does not predict that deeper semantic processing generates a stronger SNARC effect.
Although this account does not specify whether and how response latency affects the strength
of the SNARC effect, it is not incompatible with the results reported in the current study.
However, it should be specified which mechanism is responsible for the influence of response
latency on the strength of the SNARC effect. The WM account can also explain the categorical
shape of the SNARC effect by assuming that the spatial template temporarily loaded in working
memory is subject to the distance effect. However, it is worth mentioning that, according to the
WM account, the distance effect is generated in working memory, whereas for the dual-route
model this effect results from a feature of the long-term memory representation of the numbers
(Abrahamse, van Dijck, & Fias, 2016).

Despite the very low error rate, the RTs of the phoneme detection task were significantly
longer than those of the other tasks. This task required to judge the presence or absence of a
group of three phonemes in the number words and thus to transcode the stimulus between
two symbolic notations: Arabic to phonological (Nuerk, Moeller, & Willmes, 2015; Silke Gobel
et al.,, 2014). Namely, the visually presented Arabic number had to be transcoded into the
internal phonological representation, on which then the search for a specific phoneme could
be performed. The phoneme detection task was therefore more demanding compared to the
other three tasks and this could explain why this task had the longest RTs and thus the
strongest SNARC effect.

The tasks investigated in the current study required explicit spatial-directional processing
(i.e., response keys were lateralized) and explicit (magnitude classification task) or implicit
(parity judgement task, color judgement task, and phoneme detection task) magnitude
processing (for a more detailed description of this task classification see Shaki & Fischer,
2018). In a recent study, Shaki and Fischer (2018) provided evidence that to some extent the
SNARC effect might be an artifact of the procedure used to measure it. In fact, using magnitude
classification and parity judgement tasks with go/no-go responses, Shaki and Fischer showed
that horizontal requires explicit activation of spatial representation (in
stimulus or response code) or explicit magnitude processing. On the other hand,—= vertical
SNA emerged also with implicit spatial and magnitude processing. Consistent with

our results, Shaki and Fischer’s findings are also difficult to reconcile with the assumption of a
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left-to-right horizontally organized long-term memory representation of numbers. However, the
results reported in the current manuscript might be limited to tasks with left/right horizontally
distributed response keys. Future studies should investigate whether our results are limited
only to tasks that require an explicit spatial-directional processing or whether they are also
valid for tasks with implicit spatial processing (e.g., go/no-go responses).

In sum, the results reported in the present study suggest that the strength of the SNARC
effect is mainly modulated by overall response latencies rather than by the amount of semantic
processing required by the tasks. These results are in line with the prediction of the dual-route
model and can also be explained within the framework of the WM account. On the other hand,
our data provide evidence against the idea that deeper semantic processing generates a

stronger SNARC effect, as it would be expected according to the MNL account.
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