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Abstract
There has been increasing interest in the spatial mapping of various perceptual and cognitive magnitudes, such as expanding the
spatial-numerical association of response codes (SNARC) effect into domains outside of numerical cognition. Recently, De
Tommaso and Prpic (Attention, Perception, & Psychophysics, 82, 2765–2773, 2020) reported in this journal that only fast tempos
over 104 beats per minute have spatial associations, with more right-sided associations and faster responses for faster tempos.
After discussing the role of perceived loudness and possible response strategies, we propose and recommend methodological
improvements for further research.
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Research into the cognitive association between space and
magnitudes has yieldedmany intriguing findings. The original
study (Dehaene, Bossini, & Giraux, 1993) reported faster left-
side responses for small digits (such as 1 or 2) and faster right-
side responses for larger digits (such as 8 or 9) in a speeded
parity classification task. This performance signature was
termed the spatial-numerical association of response codes
(SNARC) effect and has been replicated and extended to other
magnitude-related tasks and stimulus sets (for reviews, see
Shaki & Fischer, 2014; Toomarian & Hubbard, 2018).

Recently, De Tommaso and Prpic (2020) reported a SNARC-
like effect for auditorily presented musical tempos. Their partici-
pants classified target beat sequences as slower or faster than a
reference sequence played before, using left-side and right-side
response buttons. After conducting three experiments, the authors
found a spatial association for fast tempos ranging from 133 to
201 bpm in Experiment 3. However, they did not find this spatial
association in the first two experiments, with Experiment 1 eval-
uating a full range tempo from 40 to 200 bpm and Experiment 2

evaluating slow tempos ranging from 40 to 104 bpm. Based on
Experiment 3 and the results of Prpic, Fumarola, De Tommaso,
Baldassi, and Agostini (2013), the authors concluded that slow
and fast temposmight be differently represented in our minds and
that only fast tempos over 104 bpm might have spatial associa-
tions, with more right-sided associations for faster tempos.

This study deals with an interesting topic because most of the
auditory SNARC-like effects were documented for pitch height
(e.g., Fischer, Riello, Giordano,&Rusconi, 2013; Lachmair et al.,
2017; Prpic & Domijan, 2018; Rusconi, Kwan, Giordano,
Umiltà, & Butterworth, 2006) or temporal duration (Conson
et al., 2008; Ishihara, Keller, Rossetti, & Prinz, 2008; Vallesi,
Binns, & Shallice, 2008). However, we believe that the conclu-
sions of the current study may be premature because of both
methodological questions and conceptual concerns, which we
will now discuss in turn.

Considering first amethodological question, neither Prpic et al.
(2013) norDe Tommaso and Prpic (2020) specified the perceived
pitch height (related to the fundamental frequency of the sound),
the exact frequency (usually given in Hz), or perceived loudness
(related to the amplitude of stimuli and usually given in dB) of
stimuli. They rather stated that the beats had a “metronome-like
timbre” and that the amplitude was “set at a comfortable level for
each participant and held constant.” (De Tomasso & Prpic 2020,
p.2767). To be clear, there is no concern about a methodological
confound here because parameters were held constant across con-
ditions; however, the lack of information about either objective
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intensities or subjective sensations makes replications difficult.
This holds true because spatial associations are known to depend
on specific values of perceived pitch (i.e., spatial-music associa-
tion of response codes-effect [SMARC]; De Tommaso & Prpic,
2020), the frequency used, or the perceived loudness. We are
therefore grateful that the authors now provide their materials at
t h i s l i n k : h t t p s : / / o s f . i o / g t s 8 3 / ? v i ew _ o n l y =
a2ad625966e04afd861bef29018b35cc.

Several studies illustrate the possibility of extraneous percep-
tual or motor biases: In regard to pitch height (and its related
frequencies), higher pitch is perceived as faster and lower pitch
is perceived as slower (Boltz, 2011; Broze & Huron, 2013;
Collier & Hubbard, 2001). Additionally, Varlet, Williams, and
Keller (2020) recently found that lower-pitched rhythms had an
influence on motor processes, as revealed by participants’move-
ment entrainment while listening to differently pitched metro-
nomes. When listening to a low-pitched metronome (100 Hz)
comparedwith a high-pitchedmetronome (1600Hz), participants
moved more consistently in time with the lower-pitched than the
higher-pitched metronome. This influence of pitch was also seen
by Hove, Marie, Bruce, and Trainor (2014), who reported a low-
pitch superiority for timing information during their finger-
tapping experiment.

Secondly, perceived loudness can affect participants’ re-
sponses because it becomes associated with response side
(Chang&Cho, 2015). Possiblemechanisms for such associations
include a spatially ordered representation of all quantities (e.g.,
mental number line; Fischer & Shaki, 2014) or a polarity corre-
spondence. According to the polarity correspondence principle
(Proctor & Cho, 2006), the association occurs when the stimulus
alternatives and the response alternatives are both coded such that
one of each receives a “+” and the other a “−” polarity. The result
is a congruency effect between loudness and response sides, such
that “loud” and “right” become associated (both are “+” poles),
while “soft” and “left” become associated as “−” poles (Chang &
Cho, 2015; see also Guilbert, 2020). The missing loudness infor-
mation is a more general issue in the literature on music
perception.

Additionally, when a sound intensity of stimuli is the same
while their frequencies differ, this will result in different perceived
loudness. To minimize this effect, stimuli can be normalized or
equalized for perceived loudness, using, for example, Cool Edit
Pro software (Hove et al., 2014) or the Cambridge loudness mod-
el (Varlet et al., 2020).

Furthermore, De Tommaso and Prpic’s (2020) finding of the
spatial association for the narrow stimulus range (fast tempos;
Experiment 3), but not for the full range (both fast and slow
tempos; Experiment 1) is counterintuitive because the two poles
of a continuum should be even more salient on the wider com-
pared with the narrower stimulus continuum. Evidence for this
was reported in previous studies that found SNARC effects in
both full and partial stimulus ranges (e.g., Antoine & Gevers,
2016; Dehaene et al., 1993; Fias, Brysbaert, Geypens, &

d'Ydewalle, 1996). Although it is possible that acoustic rate judg-
ments may behave differently from other modalities and para-
digms, this is unlikely given the wide evidence of range indepen-
dence of polarity correspondence effects across materials and
domains. Examples include polarity correspondence between
loudness and lateralized response sets (Chang & Cho, 2015),
the semantic congruity effect (e.g., Howard, 1983, with humans;
Jones et al., 2010, with animals), the symbolic distance effect
(e.g., Moyer & Bayer, 1976), and comparative judgments (e.g.,
Petrusic, 2001). It is worth acknowledging that the authors them-
selves noticed this challenge and wrote, “In the present study, it is
not possible to define the exact moment at which our stimuli were
presented, since music tempo is perceived through time and can-
not be captured in one precise moment—this is different in com-
parison to what occurs for numbers and many other kinds of
stimuli” (De Tommaso & Prpic, 2020, p. 8).

This brings us to our conceptual concerns. As indicated by the
much slower reaction times for Experiment 2 (see Fig. 3 of De
Tommaso & Prpic, 2020), slow tempos were slower to discrim-
inate than fast tempos (Experiment 3), which is an apparent vio-
lation of the well-established psychophysical Weber–Fechner
law. Note that although absolute temporal distances between tem-
po sequences and reference stimulus were fixed between experi-
ments, their ratio was less than half in Experiment 3 compared
with those of Experiment 2. How is it possible that participants
spent approximately 50% more time to respond to large versus
small tempo ratios?

One possible answer to this conundrum, already alluded to by
the original authors, is revealed by close inspection of the reaction
times participants produced to respond to the individual tempo
sequences: As the authors themselves calculated, participants
responded to slower beat sequences before even hearing the sec-
ond tempo-defining beat for 40 bpm andwell before the third beat
for 56 bpm.Without this second or third beat, participants cannot
have made comparative tempo judgments and rather based their
decisions on the duration of the interbeat interval. Moreover, be-
cause tempo refers to the rate at which musical notes are played,
determining the tempo should rely on the sequence of beats rather
than the duration between beats. In otherwords,while participants
were required to discriminate between slow and fast tempos, they
may in fact have turned the beat around and decided whether
interval durations were shorter or longer than the reference.
Related to task difficulty, yet another possible answer is to con-
sider the principle of inverse effectiveness (Holmes, 2009; Stein
& Meredith, 1993, p. 143): The more difficult a stimulus is to
process, the more information from another modality is used,
even when task irrelevant. This means that spatial associations
become more important when discrimination is difficult, as for
fast compared with slow tempos.1

1 We thank Dr. Valter Prpic and an anonymous reviewer for mentioning these
points.
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Duration and tempo are negatively correlated: Slower tem-
po beats create longer interbeat intervals and longer durations.
Thus, our interpretation of De Tommaso and Prpic’s (2020)
data in terms of a strategic turn can explain the observed
absence of overt spatial associations for slow beats as
reflecting the presence of a covert conflict: slow beats proba-
bly induced both a right-side association for long durations
(cf. Conson et al., 2008; Vallesi et al., 2008) and a left-side
association for slow tempos (consistent with the authors’ re-
maining data) that cancelled each other. Consistent with this,
Ishihara et al. (2008) found that left responses were faster for
early onset timing, while right responses were faster for later
onset timing. Cancellation of conflicting spatial associations
was previously discussed for numerical magnitudes, both in
Hebrew readers (Shaki & Fischer, 2012, 2014) and for crossed
versus uncrossed hands (Fischer, 2006). De Tommaso and
Prpic (2020) already hinted at this possibility when they wrote
that there are “two speculations about the focus of partici-
pants’ judgements, namely, whether their decision is based
on tempo or on time duration” (p. 8). Our reaction-time anal-
ysis provides evidence for the presence of these two different
strategies, while the error analysis suggests a possible trade-
off that should be studied in future.

Future studies of spatial associations for tempo should, for
example, turn the beat around and play the target tempo before
the reference tempo to ensure complete encoding of the target.
Of course, in both versions there is the problem of anticipatory
responding, so memory-based judgment might be a useful
additional test. Similarly, changing the instructions to either
focus on the temporal gap or on the second beat might inform
about the role of strategy use. Moreover, implicit tempo eval-
uation tasks might be useful, such as timbre judgments (cf. Li,
2020; Lidji, Kolinsky, Lochy, & Morais, 2007; Pantev,
Roberts, Schulz, Engelien, & Ross, 2001). Reporting per-
ceived loudness would be a welcome addition for reasons
elaborated above and can be a component included in future
music perception methodology. Secondly, since the error pat-
tern in a task could also reflect a speed–accuracy trade-off
(note the somewhat higher accuracy in Experiment 2 com-
pared with the other experiments), both speed and accuracy
should be reported.

Alternatively, researchers could use other procedures, may-
be without a reference, to evaluate whether the spatial associ-
ation occurs regardless of whether tempo is relevant or not
(e.g., in parity classification, to assess the mental number line).
To illustrate, consider two procedures that either remove space
from the assessment or instead introduce space to the assess-
ment of spatial associations for the stimulus of interest. By
presenting stimuli centrally and also recording responses cen-
trally, we (Fischer & Shaki, 2016; Shaki & Fischer, 2018)
established a purely conceptual association between numbers
and space that was not contaminated by lateralized spatial task
ingredients. Instead, by presenting the stimulus and also

collecting its perceptual evaluation in spatially distributed lo-
cations, we (Shaki & Fischer, 2020) recently documented the
inevitability of space-based distortions in perceptual judg-
ments. The latter work used a production method that also
avoids the additional complication of measuring the percep-
tion of temporally extended stimuli with temporally extended
response measures (i.e., reaction times) by collecting instead
perceptual judgments. Clearly, there is a wide range of oppor-
tunities to replicate and extend the work reported by Prpic
et al. (2013) and De Tommaso and Prpic (2020).
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