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Abstract

We assessed the automaticity of spatial-numerical and spatial-musical associations by testing
their intentionality and load sensitivity in a dual-task paradigm. In separate sessions, 16 healthy
adults performed magnitude and pitch comparisons on sung numbers with variable pitch. Stimuli
and response alternatives were identical, but the relevant stimulus attribute (pitch or number) dif-
fered between tasks. Concomitant tasks required retention of either color or location information.
Results show that spatial associations of both magnitude and pitch are load sensitive and that the
spatial association for pitch is more powerful than that for magnitude. These findings argue
against the automaticity of spatial mappings in either stimulus dimension.
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Cognitive activities can be more or less demanding, and our performance limitations
under cognitive load reveal important principles of cognitive functioning. One such prin-
ciple is to rely on physical space for problem solving. This spatialization strategy is evi-
dent in several domains of cognition. For example, in numerical cognition most Western
adults associate small numbers with left space and larger numbers with right space. As a
result, lateralized responses to classify digits as odd or even (the parity judgment task)
show a preference for left response keys with small numbers and for right response keys
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with large numbers. Similarly, in a magnitude comparison task the smaller of two num-
bers is faster identified with left-side responses and the larger of two numbers is faster
identified with right-side responses. This Spatial-Numerical Association of Response
Codes (SNARC effect: Dehaene, Bossini, & Giraux, 1993) has now been documented in
a wide range of settings (Wood, Nuerk, Willmes, & Fischer, 2008) and across several
cultures (Gobel, Shaki, & Fischer, 2011). Similarly, in auditory frequency discrimination,
a preferential association between lower response keys and low pitch, and between upper
response keys and high pitch, has been documented, also known as Spatial-Musical Asso-
ciation of Response Codes (SMARC effect: Rusconi, Kwan, Giordano, Umilta, & Butter-
worth, 2005). The SMARC effect, although introduced more recently than the SNARC
effect, has been reported in both Western and Asian participants (e.g., Beecham, Reeve,
& Wilson, 2009; Nishimura & Yokosawa, 2009; Rusconi, Giordano, Casey, Umilta, &
Butterworth, 2006; Rusconi, Kwan, Giordano, Umilta, & Butterworth, 2006). Several
authors had previously noticed that pitch and vertical space are associated in a very con-
sistent way, and they pointed to regularities of the physical world as to the possible origin
of such regularities (Stumpf, 1883). Others, like Pratt (1930), hypothesized that pitch—
space associations originate in a physiological bias in the perception of spatial sound. As the
auditory modality is not as well equipped as the visual modality for localization purposes,
pitch height would act as an extra-clue in case of particularly defective localization (i.e.,
along the vertical meridian; see, e.g., Middlebrooks & Green, 1991). Accordingly, Roffler
and Butler (1968) reported pitch-space associations along the vertical meridian in congeni-
tally blind participants and young children. Also, pitch seems to be processed in the right
hemisphere of the human brain (e.g., Alcock, Wade, Anslow, & Passingham, 2000).

Findings and hypotheses such as these suggest that we frequently rely on spatial repre-
sentations for problem solving, even when the source domain of our problem has no spa-
tial component. This study investigates whether the use of space in the cognitive
representation of numbers and pitch is automatic, or whether it is under intentional
control and resource dependent (Jonides, 1981). This distinction between automatic and
controlled processing is of fundamental importance in psychology because it addresses
the basic operating mechanisms of the human mind. Initial studies of the SNARC effect
suggested that the number-to-space mapping requires no cognitive resources because it
emerged even when number meaning was task irrelevant, as for speeded discrimination
of the presence/absence of a particular phoneme sound in a number’s name (e.g., Fias,
Brysbaert, Geypens, & d’Ydewalle, 1996; see also Lammertyn, Fias, & Lauwereyns,
2002). However, cross-cultural differences in SNARC and the often flexible nature of the
mapping between numbers and space, even within a culture, raised the possibility of a
primarily strategic rather than automatic origin of the spatial mapping of numbers (STra-
tegic Association of Response Codes or STARC; Fischer, 2006; see also Rusconi, Bueti,
Walsh, & Butterworth, 2011 for consistent neuro-functional evidence regarding the
SNARC effect in magnitude judgment). Supporting this hypothesis of cognitively
demanding use of external space for problem solving, the SMARC effect is stronger in
trained musicians than in novices (Rusconi, Kwan et al., 2006), and might thus reflect —
completely or in part — learned spatial associations.
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This study aimed to clarify the issue of automaticity of spatialization, and to assess the
extent to which SNARC and SMARC effects demand similar cognitive resources. We
combined, in a single stimulus, a numerical magnitude with a distinctive auditory pitch.
This type of stimulus allowed us to assess the selectivity of cognitive processing when
either one or the other stimulus attribute became task relevant.

The dual-task method is a powerful diagnostic tool to help us understand the cognitive
resources required in a given task (e.g., Wickens, 2008). It relies on the following basic
rationale: First, if task A performance deteriorates when performed together with task B
then task A is not automatized and does require cognitive resources. Secondly, different
well-understood secondary tasks can be combined with the primary task under investiga-
tion, so as to infer the underlying primary task processes from the pattern of interference
(in the domain of numerical cognition, see, among many others, Lee & Kang, 2002;
Rusconi, Galfano, Speriani, & Umilta, 2004; Imbo, Vandierendonck, & Fias, 2011). For
example, Lee and Kang (2002) measured multiplication and subtraction performance
while their participants simultaneously performed one of two secondary tasks; they either
repeatedly whispered a non-word or had to remember the shape and position of a visual
figure. While accuracy was comparable in all four task combinations, multiplications took
longer with simultaneous whispering and subtraction took longer with the simultaneous
memory load. These results indicate that the two arithmetic operations rely on distinct
working memory structures, with multiplication requiring the phonological loop and sub-
traction relying on the visuo-spatial sketchpad (cf. Baddeley, 2012, for a recent review of
working memory).

Applying this dual-task rationale to the SNARC effect in a magnitude comparison task,
Herrera, Macizo, and Semenza (2008) measured the strength of spatial-numerical associa-
tions under verbal and visuo-spatial secondary task conditions. They found that spatial
but not verbal memory load reduced the SNARC effect, confirming that the spatial-
numerical mapping relies on visuo-spatial resources. Following on from this study, Van
Dijk, Gevers, and Fias (2009) recently showed that the SNARC effect disappears under
verbal load in a parity judgment task but under spatial load in a magnitude comparison
task. This pattern of dual-task results suggests that spatial codes can be either visuo-spa-
tially or verbally mediated (see also Gevers et al., 2010). Using a similar dual-task logic,
we investigated the relationship between the SNARC and SMARC effects and determined
whether they are automatic or resource-demanding effects.

1. Method
1.1. Participants

Sixteen students (nine females, mean age: 22 years, all non-musicians, three left-hand-
ers) recruited at University College London participated in the experiment, in compliance

with UCL ethics. They had no hearing impairments, were musically untrained, and were
naive as to the purpose of the experiment.
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1.2. Tasks and materials

In the two main tasks (number magnitude and pitch comparison) stimuli consisted of
five English number words (two, three, four, five, and six) sung by four different profes-
sional singers (two men and two women) at each of five equidistant pitches, ranging from
B2 to G4. The central stimuli (number four and pitch A3) were references for magnitude
comparison and pitch comparison, respectively. In the magnitude comparison task partici-
pants decided whether a sung number target was smaller or larger than the preceding
fixed reference (number four sung at A3); in the pitch comparison task they decided
whether the target was lower or higher in pitch than the preceding fixed reference (num-
ber four sung at A3). Responses were given by pressing one of two keys placed diago-
nally (i.e., they were displaced from one another both in the vertical and in the horizontal
dimension) on a QWERTY keyboard (lower left V and upper right U). This layout
allowed us to capture both the horizontal SNARC effect and the vertical SMARC effect
at the same time. The experiment was run on a Toshiba SAS50 laptop display with
E-Prime Software (Schneider, Eschman, & Zuccolotto, 2002) and using Sennheiser HD 280
professional headphones.

1.3. Procedure

On each trial a fixation cross appeared in the center of the screen, which participants
were asked to fixate up to response execution. After 200 ms, the auditory reference stim-
ulus was played for 1,000 ms. It was immediately followed by the target, lasting for
another 1,000 ms. Responses were recorded within 2,000 ms after target onset. At the
end of each trial, a 300 ms feedback display showed a central fixation cross (if the
response was correct), an exclamation mark (if it was wrong) or a question mark (if no
response had been given).

Two concomitant short-term memory tasks (Luck & Vogel, 2007) required mainte-
nance of either color or location information presented before each trial of the main task.
In the color task, four squared concentric frames appeared in the center of the screen, and
participants were asked to remember their colors. At the end of a trial, a single squared
frame appeared on the screen and participants said aloud whether this color had been
present in the previous memory display (Fig. 1, left panels). The experimenter coded the
answer by clicking one of two mouse buttons. In the location task, participants remem-
bered the position of four dots appearing simultaneously on the screen at different posi-
tions of an imaginary central circle (each of them in a different imaginary quadrant). At
the end of a trial, a single dot appeared on the screen, at a position on the same imagi-
nary central circle, and participants said whether it was part of the previous memory dis-
play (Fig. 1, right panels). In either concomitant task, the memory display remained
visible for 150 ms, whereas the probe remained on screen until a response was entered.

The experiment was divided into two sessions to avoid fatigue and was completed on
two different days by each participant. Each session comprised of an initial training with
the color and location tasks alone. Then baseline data were collected for one of the main
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Fig. 1. Sample memory and probe displays in the color task (left-side panels, “yes” trial) and the location
task (right-side panels, “no” trial).

tasks (single-task condition, first half), followed by the same task with both concomitant
tasks, and finally by another baseline (single-task condition, second half). On each session
a different main task was tested. Order of main and concomitant tasks was fully counter-
balanced between participants to cancel out any practice or tiredness effects.

2. Results

The main tasks were performed with mean accuracy of 93% in the single-task condi-
tion and with mean accuracies of 93% and 92% in the color and location dual-task condi-
tions, respectively. These figures show that participants were able to perform our tasks,
both alone and in combination. Both mean correct reaction times (RTs) and arcsine-trans-
formed accuracy scores were submitted to repeated measures analyses of variance
(aNovas) to evaluate the effects of Condition (single-task, color dual-task, location dual-
task), SMARC (compatible, incompatible), SNARC (compatible, incompatible), and Task
(magnitude comparison, pitch comparison) on performance.

2.1. Reaction times

The analysis on RTs revealed a main effect of Condition, F(2,30) = 13.396, p < .001,
indicating that the single-task was performed faster than either dual-task condition (sin-
gle-task: M = 747 ms, SE = 35 ms; color dual-task: M = 864 ms, SE = 33 ms; location
dual-task: M = 870 ms, SE = 27 ms). Paired f-tests confirmed significant differences
between single-task and both dual-tasks, #(15) =4.35, p <.001 and #(15) =5.21,
p <.001 for color and location, respectively, and no difference between dual-tasks
(t < 1). The main effect of Task was also significant, F(1,15) = 10.695, p < .01, with fas-
ter RTs in magnitude comparison than in pitch comparison (magnitude: M = 775 ms,
SE = 22 ms; pitch: M = 878 ms, SE = 40 ms). The main effect of SMARC was highly
significant, F(1,15) = 9.808, p < .01, and the main effect of SNARC showed a tendency
toward significance, F(1,15) = 3.459, p < .10. Thus, while both spatial mappings of inter-
est were present, they were expressed with different strength in our data. Following the
dual-task logic outlined in our introduction, the pattern of interactions was inspected next
to investigate possible explanations for this result.

There were reliable SMARC x Task, F(1,15) =5.245, p <.05, and SNARC x
Task, F(1,15) = 9.346, p < .01, interactions, which were further qualified by a significant
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three-way SMARC x SNARC x Task interaction, F(1,15) = 5.850, p < .05. This very
informative interaction is depicted in Fig. 2 and is explained in more detail next, by look-
ing at the data pattern in each task. In the magnitude comparison task (Fig. 2, left panel)
there was a significant SNARC effect, #(15) = 3.09, p < .01; SNARC compatible trials:
M =758 ms, SE = 20 ms; SNARC incompatible trials: M = 793 ms, SE = 26 ms, in the
absence of a significant SMARC effect (p > .10; SMARC compatible trials: M = 772 ms,
SE = 22 ms; SMARC incompatible trials: M = 779 ms, SE = 23 ms). Thus, our partici-
pants performed magnitude comparisons by mapping numbers onto space but were at the
same time able to ignore the spatial association of pitch.

In the pitch comparison task (Fig. 2, right panel) there was a significant SMARC
effect, #(15) =2.74, p <.05; SMARC compatible trials: M = 847 ms, SE = 38 ms;
SMARC incompatible trials: M = 910 ms, SE = 45 ms, in the presence of a significant
but reverse SNARC effect in SMARC incompatible trials only, #(15) = 3.08, p < .01;
SNARC compatible trials: M = 928 ms, SE = 48 ms; SNARC incompatible trials:
M = 892 ms, SE = 43 ms. Thus, our participants performed pitch comparisons by map-
ping frequency onto space but were at the same time able to block the typical spatial
mapping of numbers. We will discuss possible reasons for the reversal of SNARC further
below after inspecting the accuracy scores to safeguard our interpretation of the results
against possible speed-accuracy trade-offs.
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Fig. 2. Response speed results. Magnitude comparison (left panel) showed a 35 ms SNARC effect but no
SMARC effect. Pitch comparison (right panel) showed a 63 ms SMARC but a 36 ms reverse SNARC effect
in SMARC-incompatible trials. Bars: 95% confidence intervals.
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2.2. Accuracy

The analysis on accuracy revealed statistically reliable main effects of SMARC, SNARC
and Task, F(1,15) = 14.813, p < .01, F(1,15) = 7.851, p <.05 and F(1,15) = 36.776,
p < .001, respectively, that are consistent with the RT results. Also in close agreement with
the RT results, the SMARC x Task and the SMARC x SNARC x Task interactions were
significant, F(1,15) = 11.876, p < .01, and F(1,15) = 7.861, p < .05, respectively. They
indicated the presence of a significant SNARC effect, #(15) = 2.74, p < .05; SNARC com-
patible trials: M = 1.48, SE = 0.02; SNARC incompatible trials: M = 1.41, SE = 0.02, with
concomitant absence of a SMARC effect in magnitude comparison (¢ < 1; SMARC compat-
ible trials: M = 1.45, SE = 0.02; SMARC incompatible trials: M = 1.44, SE = 0.02). This
result is consistent with the RT findings in showing that our participants mapped numbers
onto space when performing the number-related task and were at the same time able to
ignore the spatial mapping of pitch. The SMARC effect was instead significant in pitch
comparison, #(15) =4.73, p <.001; SMARC compatible trials: M = 1.35, SE = 0.03;
SMARC incompatible trials: M = 1.24, SE = 0.03, where a reverse SNARC effect was also
significant in SMARC compatible trials only, #(15) = 3.14, p < .01; SNARC compatible tri-
als: M = 1.40, SE = 0.03; SNARC incompatible trials: M = 1.30, SE = 0.04, thus again
confirming and complementing our RT results: Participants were able to map frequency
onto space when performing the pitch-related task and were at the same time able to largely
ignore the spatial mapping of numbers.

Of further interest for this study, the Condition factor (single-task, color dual-task,
location dual-task) was involved in a two-way interaction with SNARC, F(2,30) = 5.413,
p < .05, and a three-way interaction with SMARC and Task, F(2,30) = 4.000, p < .05.
Again following the dual-task logic outlined above, let’s now look at each of these two
results in more detail to understand how numbers, pitch, and space interact.

The SNARC x Condition interaction signaled a significant SNARC effect in the color
dual-task condition only, #(15) = 3.43, p <.01; SNARC compatible trials: M = 1.45,
SE = 0.02; SNARC incompatible trials: M = 1.31, SE = 0.03, and no SNARC in either
the single-task or the location dual-task (both ts < 1; see Fig. 3). This result suggests that
spatial associations of numbers were invoked only as long as spatial processing was not
overloaded, to improve dual-task performance. This interpretation is supported by the
observation that accuracy was higher for SNARC compatible trials in the color dual-task
condition compared to both the single-task and the location dual-task conditions,
1(15) = 2.37, p < .05 and #(15) = 3.13, p < .01, respectively. SNARC incompatible trials
were instead made less accurate by the color dual-task manipulation when compared with
the single-task, #(15) = 3.05, p < .01, but not when compared with the location dual-task,
t<1.

We now turn to a more detailed inspection of the three-way SMARC x Task x Con-
dition interaction. In magnitude comparison, the SMARC compatible condition was
significantly less accurate in the color dual-task than in the single-task condition,
t(15) = 2.25, p < .05, whereas in pitch comparison it became significantly more
accurate both in the color and the location dual-task condition compared to the single-task
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Fig. 3. Response accuracy results, showing the SNARC x Condition interaction in arcsine-transformed pro-
portion correct. Conventions as in Figure 2.

condition, #(15) = 2.65, p < .05 and #(15) = 2.35, p < .05, respectively, thus indicating a
general dual-task benefit for pitch processing. Overall, the SMARC effect was not signifi-
cant in any condition during magnitude comparison, whereas it was significant in both
dual-task conditions during pitch comparison, #(15) = 4.19, p <.001 and #15) = 2.92,
p < .05, respectively; see Fig. 4. This outcome clearly signals a strategic use of spatial
representations of sound frequencies.

3. Discussion

In this study, we adopted the established dual-task methodology to investigate the
extent to which the processing of numerical magnitudes and auditory pitch relies on auto-
matized spatial mappings. To manipulate intentionality and load dependence of spatial
processing (e.g., Jonides, 1981), we asked participants to discriminate sung numbers
either by magnitude or by pitch while ignoring the irrelevant dimension, that is, pitch or
magnitude, respectively. We measured the extent to which the two stimulus dimensions
interacted on spatial performance.
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Fig. 4. Response accuracy results. Relative to single-task, SMARC suffered from dual-tasks in magnitude
comparison (left panel), whereas it improved in dual-tasks during pitch comparison (right panel). Conventions
as in Fig. 2.

Our novel method yielded several clear-cut results. First, we note that our single-tasks
were overall easier to perform than the dual task combinations, as is required by the
dual-task logic. Secondly, magnitude comparison was easier than pitch comparison, which
probably reflects the over-learned use of number symbols combined with the fact that our
participants were musically untrained. This aspect of our results relates to the recent theo-
retical proposal that knowledge might be hierarchically represented as grounded, embod-
ied, and situated concepts (Fischer & Brugger, 2011). According to this view, grounding
captures universal aspects of knowledge, such as the vertical orientation of magnitude
and pitch associations, whereas horizontal associations, such as the typical SNARC, are
culture-specific and thus situation dependent and easily modifiable through experience.
Future studies must explore the learning gradients of various such mappings (cf. Fischer,
2012).

More interestingly for the present purpose of assessing the automaticity of spatial rep-
resentation of pitch and magnitude, we found that both the speed and the accuracy results
indicate that attending to magnitude induced a SNARC effect without inducing a SMARC
effect; while attending to pitch induced a SMARC effect without inducing a regular
SNARC effect (in the incompatible condition it was actually detrimental to the SNARC
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effect). This clear top-down modulation of both effects by task instruction argues against
a fully automatic spatial mapping of either stimulus dimension and instead supports
Fischer’s (2006) proposal of a cognitive strategy that uses space to deal with discrimination
along another, non-spatial dimension (the STARC hypothesis).

This important conclusion can be further elaborated on the basis of our present results.
We found that only pitch discrimination, but not number discrimination, showed an over-
all spatial mapping. This result suggests that the SMARC effect is more robust or consis-
tent than the SNARC effect, a claim that agrees with the considerable flexibility and
cultural variability of SNARC effects and the supposed universality of SMARC. For
example, Shaki, Fischer, and Petrusic (2009) showed that SNARC had different directions
in three adult populations with different reading habits: Canadian participants, who read
both text and numbers from left to right, exhibited the typical magnitude-to-space associ-
ation we described above and also found in this study; Palestinian participants, who read
both text and numbers from right to left, had a reverse SNARC effect, thus associating
smaller numbers with right space and larger numbers with left space; and finally, Israeli
participants, who read Hebrew text from right to left but numbers from left to right,
showed no spatial mapping strategy, presumably because they regularly experienced a
directional conflict when processing alphanumerical information. Incidentally, this latter
observation should not be taken to imply that Hebrew readers do not use space at all:
Shaki and Fischer (2012) recently showed a SNARC effect in Israeli participants once
the directional conflict was removed by placing response keys in the vertical dimension.
Similarly, Fischer, Shaki, and Cruise (2009) reported a rapid change in the strength of
SNARC within individuals as a result of reading a single word.

In contrast to this variability and flexibility of SNARC (reviewed in Fischer, 2012),
there might be a culture- or language-free predisposition underlying the association
between pitch and space (e.g., Pratt, 1930; Roffler & Butler, 1968; Rusconi et al., 2005;
Rusconi, Giordano et al., 2006; Rusconi, Kwan et al., 2006; Stumpf, 1883). It is undeni-
able that in Westernized countries musical pitches are referred to as either high or low,
and descriptions of musical sequences often denote a vertical component of an actual
movement in space (e.g., ascending and descending, rising and falling). This linguistic
link between pitch and vertical displacements in space does not appear to reflect a lawful
relationship between the pitch of musical tones and the spatial nature of the actions of a
performer, due to their extreme variability (Ashley, 2004). It could not reflect (only) the
way we read and write music in Western countries, because pitch to space associations
have been reported in non-musicians (e.g., Pratt, 1930), young children, and congenitally
blind adults (Roffler & Butler, 1968). Several hypotheses have thus been put forward
such as embodiment (e.g., when singing, low-pitched sounds are perceived to come from
the chest, and high-pitched sounds are perceived to come from the head), regularities in
the physical world (e.g., larger objects are usually located at ground position and tend to
produce lower pitches when struck, while smaller objects are less frequently located at
ground position and tend to produce higher pitches when struck), or a compensation
mechanism in the human central nervous system (e.g., as sound source localization is
particularly challenging along the vertical dimension, pitch height would be used as a
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heuristic), all suggesting a universal character of the pitch-space association along the
vertical (Rusconi, Giordano et al., 2006).

Consider now the effect of different secondary tasks on the use of spatial mappings.
We found that the SNARC effect was absent when the concomitant task imposed a spa-
tial working memory load. This result is consistent with the previous study of Herrera
et al. (2008) and Van Dijk et al. (2009) reviewed above, and it is not due to increased
task difficulty (which was comparable in the color task). The finding suggests that both
spatial mapping of numbers and memorizing locations use a common process. One such
candidate process could be the rapid successive deployment of spatial attention to all four
probe locations to assign and maintain their coordinates during a trial. Such attentional
rehearsal in working memory can take place covertly (i.e., without observable body
movements) or overtly (e.g., with eye movements). Covert attention deployment as a sup-
port mechanism for spatial memory was documented by Awh and Jonides (2001) who
found better detection performance at memorized locations. Overt attention deployment
as a support mechanism for spatial memory was recently demonstrated by Apel et al.
(2011), who recorded eye movements in a complex assembly task and found that partici-
pants refixated to-be-used objects and locations, apparently rehearsing their forthcoming
actions.

The STARC hypothesis (Fischer, 2006) predicts that strategic deployment of spatial
attention is used to reduce the cognitive resources available for associating numbers to
spatial locations, but that such strategic deployment of spatial attention would not be
required to maintain verbal labels (color names) in working memory (cf. Baddeley, 2012).
This proposal might also account for the reversed SNARC while participants intentionally
focused on pitch under incongruent SMARC mappings. For example, pressing a low but-
ton to categorize a high pitch generated an incongruent spatial code but also yielded faster
responses for high magnitudes. Given the relevance of pitch, this result probably reflects
the flexibility of mapping the irrelevant magnitude dimension of our compound stimuli:
The assigned response coordinates linked high magnitude via high pitch. A similar transfer
of response mappings across tasks has been reported by Notebaert, Gevers, Verguts, and
Fias (2006).

Finally, the stronger SMARC effect under both dual-task conditions might reflect the
cost of incompatible SMARC mappings, rather than the benefit of compatible SMARC
mappings. Thus, even under conditions of cognitive load it remained relatively easy for
our participants to associate high pitches with high keys, but it became harder to impose
a reversal of this natural mapping. A replication with trained musicians might be a useful
extension of this study, especially when repeated measurements can be taken throughout
the process of skill acquisition.

Overall, this dual-task study with sung numbers documented a task-dependent spatial
mapping of both number magnitude and auditory pitch, and also found some evidence for
the use of common cognitive resources during both tasks. It also suggests that the spatial
mapping of pitch is more powerful than that of magnitude, which is consistent with its
putative ontogenetically earlier acquisition and universal cultural occurrence.
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