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Abstract We investigated the effect of working memory load
on the SNARC (spatial–numerical association of response
codes) effect under different number judgment tasks (parity
judgment and magnitude comparison), using a novel dual
task. Instead of exerting load over the whole block of number
judgment trials, in this dual task, number judgment trials were
inserted into each interstimulus interval of an n-back task,
which served as the working memory load. We varied both
load type (verbal and spatial) and amount (1-load, 2-load, and
3-load). The results indicated that the SNARC effect disap-
peared even under the 1-load condition for a parity judg-
ment, regardless of the type of load. However, during the
magnitude comparison task, the SNARC effect increased
with increasing load amounts under spatial load conditions;
under verbal load conditions, the SNARC effect decreased
with increasing amounts of load, and disappeared during
the 3-load task. The difference between the parity and mag-
nitude tasks was not attributable to the interval stimuli or
task switching. These findings confirm that different spa-
tial–numerical associations for comparing numerical mag-
nitudes and judgments of parity have different needs with
respect to working memory resources.
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Processing numerical information is a key component of
many human activities. Cognitive scientists therefore have

shown keen interest in how such processing is carried out.
How numbers are represented in the mind is one of the many
important aspects of such processing. Several studies have
indicated that the representation of numerical magnitude is
closely related to the mental representation of space. Among
the effects explored, the SNARC (spatial–numerical associa-
tion of response codes) effect is a classical behavioral marker
of the spatial coding of numbers (for reviews, see Fias, van
Dijck, & Gevers, 2011; Fischer & Fias, 2005;Wood,Willmes,
Nuerk, & Fischer, 2008). The SNARC effect, first reported by
Dehaene, Bossini, and Giraux in 1993, means that individuals,
when completing basic number-processing tasks, typically re-
act faster with their left hands to relatively smaller numbers,
and faster with their right hands to relatively larger numbers.
The SNARC effect has been shown to be stable and ro-
bust, but its mechanism is still the subject of debate over
20 years later.

A primary issue in this debate is whether this spatial asso-
ciation is triggered automatically by the long-term representa-
tion underlying number processing, or whether it is temporally
constructed in working memory during task execution. The
SNARC effect has been observed in hemineglect patients
(Halligan, Fink, Marshall, & Vallar, 2003; Hubbard, Piazza,
Pinel, & Dehaene, 2009; Zorzi, Priftis, & Umiltà, 2002) and in
animals such as 3-day-old domestic chicks (Rugani,
Vallortigara, Priftis, and Regolin 2015) and chimpanzees
(Adachi, 2014). Studies in these types of subjects have dem-
onstrated that the SNARC effect takes the form of an inher-
ently spatial orientation of a mental number line (Dehaene,
1992; Gevers, Reynvoet, & Fias, 2003; Restle, 1970).
Studies of the attentional SNARC effect have also demonstrat-
ed that perceiving numbers could cause spatial shifts of atten-
tion even if the number is irrelevant (Dodd, Van der Stigchel,
Leghari, Fung, & Kingstone, 2008; Fischer, Castel, Dodd, &
Pratt, 2003; Hubbard, Piazza, Pinel, & Dehaene, 2005).
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However, accumulating evidence has indicated a role for
working memory in the SNARC effect. For example, the
SNARC effect is range-dependent: The number 5 receives
faster right responses when the overall range is 1 to 5, but
faster left responses when the range is 4 to 9 (Ben Nathan,
Shaki, Salti, & Algom, 2009; Dehaene et al., 1993; Fias,
Brysbaert, Geypens, & d’Ydewalle, 1996); imagining a clock
leads to a reversed SNARC effect (Bächtold, Baumüller, &
Brugger, 1998; Ristic, Wright, & Kingstone, 2006); and the
SNARC effect becomes less pronounced after the individual
experiences an incongruent response–number mapping event
(Fischer, Mills, & Shaki, 2010; Pfister, Schroeder, & Kunde,
2013). These studies indicate that the SNARC effect is flexi-
ble, context-dependent, and instant, so working memory may
play a role in these temporary representations.

Several observations have confirmed that working memory
is important to the SNARC effect, but debate on its specific
role is ongoing. Using the dual-task paradigm, some re-
searchers have found that the creation of number–space asso-
ciations during different tasks required different modalities of
working memory resources (Herrera, Macizo, & Semenza,
2008; van Dijck, Gevers, & Fias, 2009). Verbal working
memory resources were found to be important for the
SNARC effect with respect to parity judgment tasks (in which
participants judged whether digits are odd or even), whereas
visuospatial working memory resources were necessary for
comparisons of magnitude (in which participants judged
whether digits were smaller or larger than a reference num-
ber). However, researchers have also asked participants to
react to only a single number in a newly memorized number
sequence, and the results showed that the serial positions of
the items stored temporally in working memory determined
the direction of the SNARC effect (Fias, van Dijck, &
Gevers, 2011; Ginsburg, van Dijck, Previtali, Fias, &
Gevers, 2014; van Dijck & Fias, 2011). These studies dem-
onstrated that different behavioral measures address differ-
ent aspects of the relationship between working memory
and the SNARC effect.

Building on the work of van Dijck et al. (2009), who found
that the SNARC effects under different tasks required differ-
ent resources, the type of task was taken into serious consid-
eration here in assessing the mechanism underlying the
SNARC effect. Answers to the question of whether working
memory is needed, or is needed in what form, may vary by
task. Both comparison-of-magnitude and judgment-of-parity
tasks are common in research into the SNARC effect, but
whether they involve the same processes for spatial–numeri-
cal associations is still unknown. Clearly, the two methods
differ: Magnitude is by definition relevant to magnitude com-
parison tasks, but this is not the case for judgments of parity.
Furthermore, in addition to van Dijck et al. (2009), other re-
searchers have also found the cognitive processes involved in
the SNARC effect to be dependent on the type of task or the

task instructions (Georges, Hoffmann, & Schiltz, 2014b;
Georges, Schiltz, & Hoffmann, 2015). Georges et al. (2015)
found that whether verbal–spatial or visuospatial mechanisms
were activated depended on the type of instructions given (i.e.,
spatial or verbal instructions). For this reason, it was necessary
to explore the potential mechanistic differences in the SNARC
effect between the magnitude comparison and parity judgment
tasks, with a main focus on the role of working memory.

Working memory is usually defined as a cognitive system
that consists of a central executive and visual and phonologi-
cal memory storage slave systems (Baddeley & Hitch, 1974).
The central executive system controls and regulates cognitive
processes and coordinates the two subsidiary (slave) storage
systems (Ardila, 2014; Baddeley, 2012). It is a limited-
capacity system responsible for the active maintenance of in-
formation and the control of attention (Chow & Conway,
2015; McCabe, Roediger, McDaniel, Balota, & Hambrick,
2010). In the present study, not only the type of load (verbal
or spatial), but also the amount of load (1-load, 2-load, 3-
load), was taken into consideration.

In the present experiment, a new dual task that combined
an n-back (spatial or verbal) task with a number judgment
task (either parity judgment or magnitude comparison) was
adopted. As a classic measure of working memory, contin-
uous performance on the n-back task can represent an indi-
vidual’s working memory capacity (Conway et al., 2005).
Furthermore, the spatial n-back is functionally independent
from the verbal n-back task (Fried, Rushmore, Moss,
Valero-Cabré, & Pascual-Leone, 2014). To ensure that any
effect would be truly attributable to the maintenance of
working memory representations (Postle, D’Esposito, &
Corkin, 2005), number judgment trials were added to every
interstimulus interval of the n-back task. That meant that
the offset of a number judgment occurred prior to the next
n-back stimulus onset. This task was designed to meet the
following two requirements. First, the gradually changed
level of load could facilitate exploration of more complex
relationships between working memory and the SNARC
effect. Second, instead of exerting load across the whole
block of number judgment trials, as had been the case in
previous works (Herrera et al., 2008; van Dijck et al.,
2009), the procedure used here exerted a load on every
number judgment trial. Such an adjustment not only rough-
ly equalizes the load of every number, but also increases the
system’s sensitivity to the load effect for every number. If
working memory resources are generally needed for the
SNARC effect, then, even at low loads, the magnitude of
the SNARC effect should diminish, or it might even disap-
pear entirely. If working memory resources are not needed
for the SNARC effect, then the effect would not be affected
even at high loads. If working memory resources are need-
ed across some range, then the magnitude of the SNARC
effect should change as the amount of load changed.
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Experiment 1

Method

Experimental design

For the present experiment, we used a 2 (Type of Task: parity
judgment, magnitude comparison) × 2 (Type of Load: spatial,
verbal) × 4 (Amount of Load: 0, 1, 2, 3) repeated measures
design. Among these variables, the type of task and the type of
load were between-subjects variables, and the amount of load
was a within-subjects variable. To simplify the description and
clarify the design, the condition that combined the magnitude
comparison task with the spatial load will here be named the
S-magnitude condition, the magnitude comparison task com-
bined with the verbal load will be the V-magnitude condition,
the parity task combined with the spatial load will be the S-
parity condition, and the parity task combined with the verbal
load will be named the V-parity condition. Table 1 summa-
rizes the tasks that participants completed under each of these
four conditions. The basic dependent variable for number
judgment tasks was the reaction time (RT). When the
SNARC effect was analyzed, the dependent variable was
dRT (i.e., differences in RTs, computed by subtracting the
mean RT for left responses from the mean RT for right
responses; Fias et al., 1996). When the differences in the
SNARC effects among these conditions and tasks were
analyzed, the dependent variables were the regression
weights of the participants. The dependent variable for
the load task was the accuracy of the response, and d′
was used for further analysis.

Participants

We recruited 30 participants for the S-magnitude condition
(18–30 years old, with a mean age of 23 years; 16 female,

14 male), 31 for the V-magnitude condition (18–29 years old,
with a mean age of 22 years; 18 female, 13 male), 32 for the S-
parity condition (18–30 years old, with a mean age of 23
years; 20 female, 12 male), and 29 for the V-parity condition
(18–30 years old, with a mean age of 21 years; 14 female, 15
male). All participants had normal or corrected-to-normal vi-
sion and were native Chinese speakers with English as their
second language. Participants each received a small monetary
reward for participating. The purpose and procedures of the
experiment were explained to all of the participants, and they
provided informed consent. The experiment was approved by
the local institutional ethics committee.

Materials and apparatus

The experiment was performed using the E-Prime 2
Professional software on a 17-in. LCD computer screen
(1,280 × 1,024 pixels). Participants provided their responses
by pressing specified keys on a standard qwerty computer
keyboard, as we describe below.

All stimuli were given in black on a white background. The
fixation point was an asterisk (*), 48 points in size. The pri-
mary and also a basic task was either parity judgment or mag-
nitude comparison. The numbers 1 to 9 (except 5) were used.
The numbers (Arial font, 48-point) appeared at the center of
the screen, with each number (1–4, 6–9) repeated 16 times for
the basic task, and 20 times for the dual task.

The secondary (load) task was either the verbal or spatial
n-back task. For the verbal n-back, the stimuli were the
eight letters Bb,^ Bf,^ B h,^ Bk,^ Bp,^ Bq,^ Br,^ and Bt^
(Times New Roman, 48-point)—the same letters used by
Jaeggi, Buschkuehl, Perrig, and Meier (2010) and by
Nystrom and colleagues (2000). The letters appeared one
at a time at the center of the screen. For the spatial n-back,
the stimuli were eight possible locations (see Fig. 1), indi-
cated by a black square (25 × 25 mm). In each trial block,

Table 1 Descriptions of tasks under each set of experimental conditions

S-magnitude (30) V-magnitude (31) S-parity (32) V-parity (29)

Basic task 0-load task (magnitude
comparison task)

0-load task (magnitude
comparison task)

0-load task (parity judgment
task)

0-load task (parity judgment
task)

Dual task 1-load task (magnitude
comparison + spatial 1-back)

1-load task (magnitude
comparison + verbal 1-back)

1-load task (parity judgment
+ spatial 1-back)

1-load task (parity judgment
+ verbal 1-back)

2-load task (magnitude
comparison + spatial 2-back)

2-load task (magnitude
comparison + verbal 2-back)

2-load task (parity judgment
+ spatial 2-back)

2-load task (parity judgment
+ verbal 2-back)

3-load task (magnitude
comparison
+ spatial 3-back)

3-load task (magnitude
comparison
+ verbal 3-back)

3-load task (parity judgment
+ spatial 3-back)

3-load task (parity judgment
+ verbal 3-back)

The experimental conditions were as follows: S-magnitude, spatial task with magnitude comparison; V-magnitude, verbal task with magnitude com-
parison; S-parity, spatial task with parity judgment; V-parity, verbal task with parity judgment. The basic task was a magnitude comparison or parity
judgment task with no n-back manipulation. The dual task was a magnitude comparison or parity judgment task with varying spatial or verbal n-back
manipulations (1-, 2-, or 3-back).
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every letter or location occurred five times, on average.
Each block included 40 n-back judgments, ten of which
were Byes^ responses. The Byes^ trials and the sequence
of stimuli appeared in random order.

Procedure

Each participant in each of the experimental groups (S-mag-
nitude, V-magnitude, S-parity, or V-parity) completed four
tasks. For the S-magnitude and V-magnitude conditions, the
basic task was the magnitude comparison task. For the S-
parity and V-parity conditions, the basic task was the parity
judgment task. All participants first completed the basic task.
Immediately following completion of the basic (0-load) task,
participants made parity and magnitude judgments under the
load conditions. The orders of the three load tasks (1-load, 2-

load, and 3-load) were counterbalanced across participants.
After completing the two tasks, the participant rested for 10
min. They finished all four tasks in about one and a half hours.

Basic task For both the magnitude comparison and parity
judgment tasks, trials started with a 300-ms fixation (*), prior
to a target number appearing at the center of the computer
screen. The keys that the participants would press to respond
to specific numbers were counterbalanced across two blocks.
For example, in the parity judgment task, participants pressed
the left key (A) with their left forefinger for odd numbers, and
the right key (L) with their right forefinger for even numbers,
and the positions were reversed for the next block. In the
magnitude comparison task, participants pressed the left key
(A) or the right key (L) for numbers numerically less than or
greater than 5. The mappings between numbers and keys were

*
1000 ms 500 ms

“SPACE” or wait 
6000 ms

500 ms

3

“A” or “L” “SPACE” or 
wait 6000 ms 500ms

8

“A” or “L” “SPACE” or 
wait 6000 ms

500 ms 500 ms

*
1000 ms 500 ms

“SPACE” or 
wait 4000 ms

500 ms

3

“A” or “L” “SPACE” or 
wait 4000 ms 500 ms

8

“A” or “L” “SPACE” or 
wait 4000 ms

500 ms

*
1000 ms 500 ms

“SPACE” or 
wait 2000 ms

500 ms

3

“A” or “L”
“SPACE” or 
wait 2000 ms

500 ms

8

“A” or “L”
“SPACE” or 

wait 2000 ms

Fig. 1 Schematic illustrations of the experimental procedures for the S-
magnitude and S-parity conditions; these three graphs show procedures
for the 1-load task, 2-load task, and 3-load task, in that order. For each
task, each block began with a fixation (*, 1,000 ms). The preceding n
stimuli for the first n-back trial each lasted for 500 ms. The last stimulus
for the first n-back trial and the stimuli for the following n-back trials
required participants to press the space bar with their thumbs if the current
stimulus was a repetition of the stimulus that had appeared n stimuli
previously. Otherwise, the stimulus remained visible for 2×n s without

any key-pressing response. The interstimulus interval separating the n-
back stimuli was first a delay of one 500-ms blank screen, followed by
one digital judgment task. During the digital judgment task, participants
were required to press BA^ (with the left forefinger) or BL^ (with the right
forefinger) to indicate the number’s magnitude (S-magnitude condition)
or parity (S-parity condition). The dotted squares in the second picture in
the first graph represent the eight possible locations used in the present
experiment
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also counterbalanced across the two blocks. After either
the participant had responded by pressing a key or
5,000 ms had elapsed with no action, the screen went
blank for 1,000 ms, before the next trial started. All 128
trials (8 numbers × 16 presentations) were completed in
two blocks for both kinds of basic tasks. The stimulus
numbers appeared in random order. Preceding each trial
block, participants completed six practice trials to famil-
iarize themselves with the procedure.

Dual task Each participant in the four experimental groups
(S-magnitude, V-magnitude, S-parity, or V-parity condition)
completed three dual tasks (1-load, 2-load, and 3-load). The
procedure was the same for all of these tasks, except for the
changes in n (n = 1, 2, and 3). There were four blocks per task.
Prior to each task, participants completed ten practice trials to
familiarize themselves with the procedure.

Each block began with a fixation (*) that lasted for
1,000 ms, and then the dual task started. The load task
was the n-back task (spatial n-back task for the S-
magnitude and S-parity conditions; verbal n-back task
for the V-magnitude and V-parity conditions), which
consisted of serial presentation of the stimuli. For the first
n-back trial, the preceding n stimuli each lasted 500 ms
(for each block, the preceding n stimulus for the first n-
back did not require a response). The last stimulus for the
first n-back trial and the stimuli for the following n-back
trials required participants to press the space bar with their
thumb if the current stimulus was a repetition of the stim-
ulus that had appeared n stimuli previously. Otherwise,
the stimulus was presented for 2 × n (s) if there was no
key-pressing response. (According to the feedback from
participants, the time was sufficient to finish comparing
and to keep new stimuli in mind for each condition.) To
reduce competition for number response resources, partic-
ipants responded only to the Byes^ trials, by pressing the
space bar with their thumbs. The interstimulus interval
(ISI) separating the n-back stimuli was the sum of the first
500-ms blank screen for delay and of one digital judg-
ment task. The digital judgment task was the primary
task, which required participants to press BA^ (with the
left forefinger) or BL^ (with the right forefinger) to re-
spond to its magnitude (for the S-magnitude and V-
magnitude conditions) or parity (for the S-parity and V-
parity conditions), just as in the basic tasks. The maps
between magnitude (or parity) and response keys were
counterbalanced across these four blocks. During one
block, each of the 40 n-back judgments was followed by
each of the 40 number judgments, which meant that par-
ticipants had to perform the number judgment while
retaining a working memory load. Figures 1 and 2 sum-
marize the procedures used in the experiment.

Results and discussion

d′ for the load taskThe load task was an n-back task, so the d′
for each condition was as shown in Table 2. d′ was calculated
using the formula d′ = ZHit – ZFA (Macmillan & Creelman,
1990), where Hit represents the proportion of hits on Byes^
trials [hits/(hits + misses)], and FA represented the proportion
of false alarms, when the Byes^ response was not correct [false
alarms/(false alarms + correct negative)]. A high d′ indicated
that the target was easily detected, so the value of d′ represent-
ed the difficulty of the load in part.

A repeated measures analysis of variance (ANOVA) was con-
ducted on d′, with the amount of load as a within-subjects
variable (1-load, 2-load, and 3-load) and type of task and type
of load as between-subjects variables. Only the main effect of
load amount reached significance, F(2, 236) = 92.173, p <
.0001, η2 = .439. Post-hoc analyses indicated that the differ-
ence between the 1-load and 2-load conditions was significant
(p < .001). Similarly, the 2-load and 3-load conditions differed
significantly (p < .001). Those results showed that, in these
tasks, the two types of load were considered roughly equal in
difficulty, but the difficulty increased with increasing amounts
of load.

Trade-offs between tasks For all of these dual tasks, none of
the correlation coefficients between digital judgment RT
and load task accuracy was significant (ranging in magni-
tude from 0 to .33; n = 12, all ps > .05, where n represents
the number of trade-offs), and the correlation coefficients
between digital judgment accuracy and load task accuracy
were all nonsignificant (magnitudes from 0 to .31; n = 12,
all ps > .05). All these results suggested no trade-offs be-
tween digital judgment task and load task. For the digital
judgment tasks (the basic and primary tasks of dual tasks),
there was no speed–accuracy trade-off (correlations ranged
from .02 to .25; n = 16, all ps > .05).

RTs for the number-judging task The error rates for the
number-judging task under each condition were low (all less
than 5%), so only the correct trials were considered for further
analysis. The RT data were trimmed to three standard devia-
tions. The proportions of the remaining number-judging data
under these conditions were all above 90%. The mean RTs
and standard errors of the means (SEMs) were calculated for
the remaining number-judging data; see Fig. 3.

A 2 (Type of Task) × 2 (Type of Load) × 4 (Amount of
Load) repeatedmeasures ANOVAwas performed on the mean
RTs. The results revealed a main effect of amount of load, F(3,
354) = 587.63, p < .0001, η2 = .833. Post-hoc analyses indi-
cated that under each condition, the mean RTs all showed the
progression 0-load < 1-load < 2-load < 3-load (all pairwise
comparisons were significant, p < .001).
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We observed a significant interaction between the amount
and type of load, F(3, 354) = 5.902, p < .001, η2 = .048.
Simple-effects analyses suggested that, under the 1-load, 2-
load, and 3-load conditions, the RTs of spatial load were
shorter than those of verbal load: respectively, F(1, 118) =
14.649, p < .0001, η2 = .110; F(1, 118) = 9.292, p < .01, η2

= .073; F(1, 118) = 5.767, p < .05, η2 = .047.

The interaction of the amount of load and type of task
was also significant, F(3, 354) = 4.661, p < .01, η2 = .038.
Simple-effects analyses suggested that only in the 2-load
condition was the mean RT of the parity task longer than
that of the magnitude comparison task, F(1, 118) = 9.808,
p < .01, η2 = .077.

In summary, RTs in the number judgment tasks increased
with the amount of load. Furthermore, the RTs in the number
judgment tasks under verbal load were longer than those un-
der spatial load.

SNARC effect Linear regression was used to analyze the
SNARC effect (Fias et al., 1996). For every participant and
every number presented, we calculated the dRTs (mean RT for
right responses – mean RT for left responses). Then, the dRT
values were regressed against the number stimuli (1–4, 6–9),
and we used the regression weights of every participant for
further analysis.

Fig. 2 Schematic illustrations of the experimental procedures for the V-
magnitude and V-parity conditions; these three graphs show procedures
for the 1-load task, 2-load task, and 3-load task, in that order. For each
task, each block began with a fixation (*, 1,000 ms). The preceding n
stimuli for the first n-back trial each lasted 500 ms. The last stimulus for
the first n-back trial and the stimuli for the following n-back trials required
participants to press the space bar with their thumbs if the current stimulus
was a repetition of the stimulus that had appeared n stimuli previously.

Otherwise, the stimulus remained visible for 2×n s without any key-
pressing response. The interstimulus interval separating the n-back stim-
uli was first a delay of one 500-ms blank screen, followed by one digital
judgment task. During the digital judgment task, participants needed to
press BA^ (with left forefinger) or BL^ (with the right forefinger) to
indicate the number’s magnitude (V-magnitude condition) or parity (V-
parity condition)

Table 2 Values of d′ for the load task under each set of experimental
conditions

Load S-Magnitude V-Magnitude S-Parity V-Parity

1-back 4.61 4.31 4.28 4.02

2-back 3.77 3.65 3.71 3.50

3-back 3.16 3.30 2.86 2.95

d′ = ZHits – ZFalse Alarm. The experimental conditions were as follows: S-
magnitude, spatial task with magnitude comparison; V-magnitude, verbal
task with magnitude comparison; S-parity, spatial task with parity judg-
ment; V-parity, verbal task with parity judgment
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In the present work, we evaluated whether the regression
weights of the group deviated significantly from zero using t
tests. Figure 4 shows the mean unstandardized coefficients
and SDs for each experimental condition.

As is shown in Fig. 4, all the SNARC effects in the basic task
(0-load) were significant [S-magnitude condition:M = −6.08, SD
= 7.64, t(29) = −4.36, p < .01; V-magnitude condition: M =
−7.09, SD = 10.04, t(30) = −3.93, p < .01; S-parity condition:
M = −7.31, SD = 8.67, t(31) = −4.77, p < .01; V-parity condition:
M = −6.10, SD = 7.91, t(28) = −4.16, p < .01].When the primary
task was parity judgment, no matter the type of load (verbal or
spatial) and no matter the amount of load (1-load, 2-load, or 3-
load), the sizes of the SNARC effect all became nonsignificant.
For the S-parity condition, the means and SDs for each load
condition were M = −0.92, SD = 17.43, t(31) = −0.30, p > .05
(1-load);M = −3.90, SD = 25.27, t(31) = −0.87, p > .05 (2-load);
M = −5.88, SD = 38.25, t(31) = −0.87, p > .05 (3-load). For the
V-parity condition, the means and SDs for each load condition
wereM= −3.09, SD = 23.04, t(28) =−0.72, p > .05 (1-load);M=
−4.58, SD = 23.36, t(28) = −1.05, p > .05 (2-load); M = −6.15,
SD = 35.85, t(28) = −0.92, p > .05 (3-load).

However, when the primary task was magnitude compari-
son and the type of load was spatial n-back, the sizes of the
SNARC effect increased with increasing load [S-magnitude
condition:M = −12.94, SD = 31.20, t(29) = −2.27, p < .05 (1-
load);M = −15.56, SD = 41.42, t(29) = −2.06, p < .05 (2-load);
M = −30.16, SD = 40.75, t(29) = −4.05, p < .01 (3-load)].
When the primary task was magnitude comparison and the
type of load was verbal n-back, the sizes of the SNARC effect
were greater than that in the 0-load task, but they decreased
with increasing load, and even became nonsignificant under
the 3-load task [V-magnitude condition: M = −32.31, SD =
40.71, t(30) = −4.42, p < .01 (1-load); M = −24.36, SD =
48.87, t(30) = −2.78, p < .01 (2-load); M = −15.36, SD =
61.63, t(30) = −1.39, p > .05 (3-load)].

To further substantiate the differential influence of type
and amount of load on the SNARC effect under parity and
magnitude tasks, a 2 (Type of Task) × 2 (Type of Load) × 4
(Amount of Load) repeated measures ANOVA was per-
formed on the regression weights. To control the influence
of RT (van Dijck et al., 2009; Wood et al., 2008), the dif-
ferences in RT between the baseline and load conditions
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Fig. 4 Sizes of the SNARC effects (β values) and their significance in all
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(mean of RT load – RT baseline) served as a covariate var-
iable. The results revealed a main effect of type of task, F(1,
117) = 13.836, p < .0001, η2 = .106, as well as significant
interactions between amount and type of load, F(3, 351) =
3.215, p < .05, η2 = .027, and amount of load and type of
task, F(3, 351) = 3.029, p < .05, η2 = .025. All the other
main effects and interactions were nonsignificant.

Considering that the effects of the four conditions were
different, and that the triple interaction effect was not signifi-
cant, we performed another repeated measures ANOVA on
the regression weights with the amount of load as a within-
subjects variable and the condition (S-magnitude, S-parity, V-
magnitude, or V-parity) as a between-subjects variable, with
the difference in RTs between the baseline and the load con-
ditions as a covariate variable. The results revealed that the
main effect of the conditions reached significance, F(3, 117) =
4.677, p < .01, η2 = .107. The interaction between the condi-
tions and the amount of load also reached significance, F(9,
351) = 2.709, p < .01, η2 = .065. Simple-effects analysis sug-
gested that, under the 0-load baseline, there was no difference
between the four conditions (all ps > .05), but in the S-
magnitude condition, the size of the SNARC effect under
the 3-load condition was larger than under 0-load (p <
.0001). Under the V-magnitude condition, the size of the 1-
load condition was also larger than under 0-load (p < .01).
However, in the parity tasks, no significant differences
emerged between the load conditions (1-load, 2-load, and 3-
load) and the 0-load condition (all ps > .05), for both the S-
parity and V-parity conditions.

In sum, our results showed that the SNARC effects under
parity judgment and magnitude comparison were stable (as
indicated by the basic tasks), whereas the requirements for
working memory resources under these two tasks were differ-
ent (as indicated by the load tasks). The SNARC effects under
parity judgment were all abolished, regardless of the type and
the amount of load, whereas the SNARC effects under mag-
nitude comparison became stronger as the amount of spatial
load increased, but the SNARC effect under the verbal load
condition became stronger under the 1-load condition, and the
difficulty decreased as the amount of load increased further,
disappearing under the 3-load. Additionally, although the RTs
of digital judgment and the SDs of the SNARC effect in-
creased with the amount of load, the SNARC effect did not
always increase, as well.

Experiment 2

The results of Experiment 1 showed that the SNARC effect in
parity judgment disappeared altogether, but that the effect in-
creased in magnitude comparison, regardless of the type or
amount of load. However, this begs the question of whether
the pattern was caused by the intervening stimuli or the act of

switching between two tasks. For this reason, in Experiment 2,
whether the same interference could be observed in the inter-
val task and the switch task was tested further. During these
two tasks, we included no working memory load manipula-
tion, but the interval stimuli and task switching were as in
Experiment 1. Thus, if the interval stimuli or the task
switching caused the differences between the trends in the
changes under load from those with 0-load both in the parity
and magnitude tasks, the difference would still be observable
in Experiment 2. However, if the working memory load
caused these differences, then the SNARC effects in these
tasks would be similar to each other in Experiment 2.

Method

Experimental design

To simplify and clarify the design, the condition that com-
bined the comparison of the magnitude task with the spatial
interval stimuli or the spatial judgment task was here named
the S-magnitude-control condition; the magnitude comparison
task combined with the verbal interval stimuli or the verbal
judgment task was named the V-magnitude-control condition;
the parity task combined with the spatial interval stimuli or the
spatial judgment task was named the S-parity-control condi-
tion; and the parity task combined with the verbal interval
stimuli or the verbal judgment task was named the V-parity-
control condition.

Participants

In all, 25 participants took part in the S-magnitude-control
condition (18–27 years old, with a mean age of 21 years; 13
female, 12 male), 26 in the V-magnitude-control condition
(18–29 years old, with a mean age of 22 years; 14 female,
12 male), 27 in the S-parity-control condition (19–30 years
old, with a mean age of 23 years; 13 female, 14 male), and 26
in the V-parity-control condition (20–30 years old, with a
mean age of 24 years; 15 female, 11 male). All of these par-
ticipants were native Chinese speakers with normal or
corrected-to-normal vision.

Materials and procedure

Each participant in each of the experimental groups (S-mag-
nitude-control, V-magnitude-control, S-parity-control, or V-
parity-control) completed three tasks, including the basic task,
the interval task (number judgment task with spatial or verbal
stimuli interval), and the switch task (switching between the
number judgment task and the spatial/verbal judgment task).
The order in which the participants performed these three
tasks was randomized.
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Basic task This was the same as Experiment 1. All 128 trials
were completed in two blocks in both the parity task and the
magnitude judgment task.

Interval task In this task, interstimulus intervals were inserted
into each number judgment trial. Each trial started with the
digital judgment task, which required participants to press
BA^ or BL^ to indicate a number’s magnitude (for the S-
magnitude-control and V-magnitude-control conditions) or
parity (for the S-parity-control and V-parity-control condi-
tions), just as in the basic tasks. The maps between magnitude
(or parity) and response keys were counterbalanced across
these two blocks. Then the interval stimuli (one or two squares
located in eight possible locations in the S-magnitude-control
and S-parity-control conditions; one or two letters located in
the center of the screen in the V-magnitude-control and V-
parity-control conditions) were presented for several seconds
(random among 500, 800, 1,000, 1,500, 2,000, 4,000, and
6,000 ms) and did not require a response. The times 2,000,
4,000, and 6,000 ms were consistent with the times that par-
ticipants had needed to wait in Experiment 1; 500, 800, 1,000,
and 1,500 ms represented the times that participants might
have needed if they pressed the key in Experiment 1. Then
the screen went blank for 500 ms, until the beginning of the
next trial. All 128 trials were completed in two blocks.
Preceding each trial block, participants completed six practice
trials to become familiar with the procedure.

Switch task In this task, a spatial or verbal judgment task was
added to each number judgment trial, so participants had to
alternate back and forth between the number judgment task
and the spatial or verbal judgment task.

Each trial started with the digital judgment task, just as in
the basic and interval tasks. Then the spatial (in the S-
magnitude-control and S-parity-control conditions) or the ver-
bal (in the V-magnitude-control and V-parity-control condi-
tions) judgment task took place. Participants had to judge
whether two squares were in a vertical or horizontal line or
whether two letters had the same pronunciation. If the answer
was Byes,^ they needed to press the space bar with their
thumbs; if the answer was Bno,^ they did not need to press
any key, but rather needed to wait for 2 s. Then the screenwent
blank for 500ms, until the next trial started. All 128 trials were
completed in two blocks in both kinds of basic tasks.
Preceding each trial block, participants completed six practice
trials to familiarize themselves with the procedure.

Figures 5 and 6 summarize the main procedures used in
Experiment 2.

Results and discussion

The error rates for the number-judging tasks under each set of
conditions were low (all less than 5%), so only the correct

trials were considered for further analysis. The RT data were
trimmed to three standard deviations. The proportions of the
remaining number-judging data under these conditions were
all above 95%. The error rates of the spatial and verbal judg-
ment tasks were all low (less than 5%) in the switch task. The
mean RTs and standard errors of the means (SEMs) were cal-
culated for the remaining number-judging data; see Fig. 7.

Basic taskAs is shown in Fig. 8, all the SNARC effects
in the basic task were significant [S-magnitude-control
condition: M = −7.59, SD = 16.67, t(24) = −2.28, p <
.05; V-magnitude-control condition: M = −7.33, SD =
17.43, t(25) = −2.143, p < .05; S-parity-control condi-
tion: M = −5.46, SD = 8.17, t(26) = −3.47, p < .01; V-
parity-control condition: M = −6.58, SD = 10.86, t(25)
= −3.09, p < .01], and there were no differences among
them [F(3, 100) = 0.127, p > .05].

Interval task A 2 (Type of Task) × 4 (Condition) repeated
measures ANOVAwas performed on the mean RTs, with the
type of task (basic task and interval task) as a within-subjects
variable and the four conditions (S-magnitude-control, S-par-
ity-control, V-magnitude-control, and V-parity-control) as a
between-subjects variable. The results revealed a main effect
of the type of task, F(1, 99) = 300.69, p < .0001, η2 = .752. All
the other main effects and interactions were nonsignificant.
The results indicated that the RTs for the interval tasks were
longer than those for the basic tasks.

As is shown in Fig. 8, all the SNARC effects in the interval
task were also significant [S-magnitude-control condition: M
= −9.18, SD = 21.03, t(24) = −2.18, p < .05; V-magnitude-
control condition: M = −7.85, SD = 16.55, t(25) = −2.42, p <
.05; S-parity-control condition: M = −8.26, SD = 11.35, t(26)
= −3.78, p < .01; V-parity-control condition:M = −6.51, SD =
12.29, t(25) = −2.69, p < .05]. A 2 (Type of Task) × 4
(Condition) repeated measures ANOVA was conducted on
the regression weights, and none of the main effects or inter-
actions were significant (ps > .05). The results indicated that
the stimulus interval influenced the RTs but did not influence
the SNARC effect.

Switch task A 2 (Type of Task) × 4 (Condition) repeated
measures ANOVA on the mean RTs was conducted with the
type of task (basic and switch task) as a within-subjects vari-
able and the four conditions (S-magnitude-control, S-parity-
control, V-magnitude-control, and V-parity-control) as a
between-subjects variable. The results revealed a main effect
of type of task, F(1, 99) = 508.53, p < .0001, η2 = .837. All the
other main effects and interactions were nonsignificant. The
results indicated that the RTs for the switch tasks were longer
than those for the basic tasks.

As is shown in Fig. 8, all the SNARC effects in the switch
task were significant [S-magnitude-control condition, M =
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−10.39, SD = 24.81, t(24) = −2.09, p < .05; V-magnitude-
control condition, M = −8.05, SD = 19.07, t(25) = −2.15, p
< .05; S-parity-control condition, M = −6.59, SD = 15.22,
t(26) = −2.25, p < .05; V-parity-control condition, M =
−10.33, SD = 15.17, t(25) = −3.47, p < .01]. A 2 (Type of
Task) × 4 (Condition) repeated measures ANOVA was per-
formed on the regression weights, and none of the main effects
or interactions were significant (ps > .05).

Experiment 2 ruled out two possible interference effects.
First, intervening stimuli did not cause the difference be-
tween parity and magnitude judgments, as indicated by the
fact that the SNARC effects were the same for the interval
and basic tasks. Second, switching between two tasks did
not cause the difference, either, because the SNARC effect
was the same in the switch task as in the basic task. Taking
into account the results of both Experiments 1 and 2, we can
conclude that what primarily affected the differences in the
SNARC effects during these tasks was the working

memory load imposed on the mechanisms responsible for
the number and spatial associations.

General discussion

The effect of working memory load on the processing of the
numerical–spatial representations underlying the SNARC ef-
fect was here investigated by imposing different amounts of
verbal or spatial working memory load during each single-
number parity judgment or magnitude comparison trial.
Because it was not possible to confirm whether spatial work-
ing memory resources were needed by the magnitude com-
parison task in our present study (the discussion will be con-
tinued in more detail in the sixth paragraph), the results of the
present work could not definitely indicate whether there was a
dissociation between the type of working memory load and
the type of digital judgment task, as was described by Herrera

Fig. 5 Schematic illustrations of the experimental procedures for the
interval task under all four sets of conditions. These two graphs show
the procedures for the S-magnitude-control/S-parity-control conditions
and the V-magnitude-control/V-parity-control conditions. For each task,

each block began with a fixation (*, 1,000 ms). The interstimulus interval
separating trials was 500 ms of blank screen. X represents that the
presentation time was random chosen from among 500, 800, 1,000,
1,500, 2,000, 4,000, and 6,000 ms

Fig. 6 Schematic illustrations of the experimental procedures for the
switch task under all four sets of conditions. These two graphs are the
procedures for the S-magnitude-control/S-parity-control and V-

magnitude-control/V-parity-control conditions, in that order. For each
task, each block began with a fixation (*, 1,000 ms). The interstimulus
interval separating trials was 500 ms of blank screen
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et al. (2008) and van Dijck et al. (2009). Our findings did
show a dissociation between the amount of working memory
load and the type of digital judgment task, though. The
SNARC effect under parity judgment demonstrated greater
sensitivity to working memory resources than did compari-
sons of magnitude.

The factors that may influence the different levels of work-
ing memory resources engaged in the parity judgment and
magnitude comparison tasks remain uncertain. Thus, it was
first necessary for us to rule out possible confounding factors.
First, we had to confirm that the differences were not due to
the interval or the task switching, because the SNARC effects
in the interval and switch tasks were all the same as in the
basic tasks, under both the parity judgment and magnitude
comparison tasks in Experiment 2. Second, we found that this
was not due to the changes in RTs, because there was a notable
dissociation of the load effects on the RTs of number judg-
ments and on the slope values of the SNARC effect. For ex-
ample, the RTs of number judgments increased as the amount
of load increased, whereas the sizes of the SNARC effect did
not always increase across these levels. Third, we found that

this effect was not due to a change of interpersonal variability.
Although individual differences are also an important factor
that affects the SNARC effect (Georges, Hoffmann, & Schiltz,
2014a; Hoffmann, Pigat, & Schiltz, 2014; Viarouge, Hubbard,
& McCandliss, 2014), this was not the reason for the differ-
ence between parity and magnitude tasks in the present study.
The spatial working memory load condition here served as an
example. The SDs of the participant’s regression weights with
the 3-load task were larger than those with the 1-load condi-
tion in both tasks, but the SNARC effect disappeared from the
parity task but not from the magnitude task.

One possible factor worth considering, regarding the dif-
ference between the parity and magnitude tasks, is what the
determining factor for the different levels of working memory
resources engaged might be. The difference between these
two tasks may come from either of two stages, or from both.
One is at the response selection stage, as was indicated in
several studies that found that the to-be-discriminated alterna-
tive responses must be represented in working memory
(Ansorge, & Wühr, 2004; Gevers, Verguts, Reynvoet,
Caessens, & Fias, 2006). For comparisons of magnitude, the
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same responses were associated with numbers that were
smaller or larger than the referent, but the responses alternated
with each number in parity judgment. Because more alterna-
tive responses were needed in the parity than in the magnitude
task (van Dijck et al., 2009), this made it easy to infer that
more working memory resources were needed for the parity
than for the magnitude task. The other stage was in the
processing of magnitude information. Obviously, magni-
tude comparison drew directly from the magnitude infor-
mation, which may have helped activate Bthe mental num-
ber line,^ but this was not the case for parity judgment, in
which accessing the magnitude information required a
switch from judging parity (Bae, Choi, Cho, & Proctor,
2009). Further studies will be needed to point out the
exact stage at which the spatial–numerical associations
consume working memory resources.

The design of the present studymay also have increased the
sensitivity to the amount change in working memory load in
the parity task. Here, participants needed to update the work-
ing memory load for every single number trial, but in previous
studies participants had maintained working memory load
across a sequence of numbers (16 number trials; Herrera
et al., 2008; van Dijck et al., 2009). This difference in study
designs may mean that even small changes in working mem-
ory load can impact the SNARC. The SNARC effect under
parity judgment being sensitive to even very low loads may be
supported by the studies that have used parity judgment to
show that the SNARC effect can be reduced just after incon-
gruent trials (Fischer et al., 2010; Pfister et al., 2013). Other
studies that have used the parity task also showed no SNARC
effect when three sequences were maintained in descending
order (e.g., 5–4–3; Lindemann, Abolafia, Pratt, & Bekkering,
2008). The present study is the first one to explicitly show that
working memory resources are largely needed by the SNARC
effect in the parity task.

The fact that the SNARC effect under magnitude compar-
ison was influenced differently by different types and amounts
of load requires that these factors be taken into more detailed
consideration. First, it must be acknowledged that the SNARC
effect under magnitude comparison also requires working
memory resources, because it disappeared in the 3-load verbal
condition. The assumption of autonomy rendered the system
immune to the influence of any other task being executed
concurrently (Palmeri, 2002). The conclusion that verbal
working memory resources are needed for magnitude tasks
was consistent with the findings reported by Gevers and col-
leagues (2010), who observed that verbal–spatial coding was
the dominant factor driving the SNARC effects in both the
parity judgment and magnitude comparison tasks.

Second, our results showed that, in the magnitude compar-
ison task, the SNARC effect increased with increasing
amounts of spatial working memory load. This indicated that
spatial working memory resources might not be needed in the

magnitude task. It was also possible that spatial working
memory resources might be needed less than verbal working
memory resources, or that they would not be needed to the
same extent as in the parity task, because the spatial working
memory load used in the present study probably did not load
working memory as extensively as in the study by van Dijck
et al. (2009), who manipulated sequence length according to
participants’ working memory spans. No matter which of
these is the case, all scenarios indicate that spatial working
memory is not needed by the SNARC effect under magnitude
comparison tasks to the same extent as under the parity judg-
ment task. This leaves the question of why the SNARC effect
became more pronounced as the amount of spatial load in-
creased in the magnitude comparison task. It may be that the
spatial material acted as a cue to activate brain regions asso-
ciated with spatial operations (ventral intraparietal cortex).
This area overlapped with the horizontal aspect of the
intraparietal sulcus, the part of the brain used to process num-
bers (Dehaene, Spelke, Pinel, Stanescu, & Tsivkin, 1999; Van
Opstal, Santens, & Ansari, 2012). In this way, increasing the
spatial load leads to an increasingly closer relationship be-
tween numbers and space.

In conclusion, the present results indicate that working
memory is needed for both parity and magnitude judgment
tasks, but the amounts and types of the working memory re-
sources needed are different, as indicated by the differences in
the SNARC effect. The results of the present work confirmed
that the mechanisms underlying the SNARC effects created
during different tasks were not uniform. This is the first study
to indicate that different amounts of working memory re-
sources are needed for the association of numbers and space
in magnitude comparison and parity judgment tasks. These
findings remind us that the type of task is also a key element
in the exploration of the nature of the SNARC effect.
However, additional direct methods and neuroimaging
studies will be needed to determine the mechanisms under-
lying these tasks.

Author note This study was funded by major project grants from the
National Social Science Foundation of China (No. 14ZDB160) and the
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