
Cognition 137 (2015) 81–105
Contents lists available at ScienceDirect

Cognition

journal homepage: www.elsevier .com/locate /COGNIT
Generality and specificity in the effects of musical expertise
on perception and cognition
http://dx.doi.org/10.1016/j.cognition.2014.12.005
0010-0277/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Centre for Brain and Cognitive Develop-
ment, Birkbeck College, London WC1E 7HX, UK. Tel.: +44 207 079 0703

E-mail address: d.carey@bbk.ac.uk (D. Carey).
Daniel Carey a,b,⇑, Stuart Rosen c, Saloni Krishnan a,b, Marcus T. Pearce d, Alex Shepherd b,
Jennifer Aydelott a,b, Frederic Dick a,b

a Centre for Brain and Cognitive Development, Birkbeck College, University of London, UK
b Department of Psychological Sciences, Birkbeck College, University of London, UK
c Department of Speech, Hearing and Phonetic Sciences, UCL, London, UK
d School of Electronic Engineering and Computer Science, Queen Mary, University of London, UK
a r t i c l e i n f o

Article history:
Received 23 October 2013
Revised 3 November 2014
Accepted 18 December 2014

Keywords:
Expertise
Musicians
Perception
Cognition
Generalization
a b s t r a c t

Performing musicians invest thousands of hours becoming experts in a range of perceptual,
attentional, and cognitive skills. The duration and intensity of musicians’ training – far
greater than that of most educational or rehabilitation programs – provides a useful model
to test the extent to which skills acquired in one particular context (music) generalize to
different domains. Here, we asked whether the instrument-specific and more instru-
ment-general skills acquired during professional violinists’ and pianists’ training would
generalize to superior performance on a wide range of analogous (largely non-musical)
skills, when compared to closely matched non-musicians. Violinists and pianists outper-
formed non-musicians on fine-grained auditory psychophysical measures, but surprisingly
did not differ from each other, despite the different demands of their instruments. Musi-
cian groups did differ on a tuning system perception task: violinists showed clearest biases
towards the tuning system specific to their instrument, suggesting that long-term experi-
ence leads to selective perceptual benefits given a training-relevant context. However, we
found only weak evidence of group differences in non-musical skills, with musicians differ-
ing marginally in one measure of sustained auditory attention, but not significantly on
auditory scene analysis or multi-modal sequencing measures. Further, regression analyses
showed that this sustained auditory attention metric predicted more variance in one audi-
tory psychophysical measure than did musical expertise. Our findings suggest that specific
musical expertise may yield distinct perceptual outcomes within contexts close to the area
of training. Generalization of expertise to relevant cognitive domains may be less clear,
particularly where the task context is non-musical.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Perceptual and cognitive skills can be shaped and
enhanced through our experience with the world (e.g.,
Goldstone, 1999; Palmeri & Gauthier, 2004). Pursuit of
expertise in a given domain is a particularly striking exam-
ple: groups as diverse as chess masters, physicians, ath-
letes and musicians spend thousands of hours training
and practicing, honing perceptual, cognitive and motor
skills critical to success in their field (see Chi, 2006;
Ericsson, 2006; Palmeri, Wong, & Gauthier, 2004, for
review). Are expert-level perceptual and cognitive skills
specific to the trained context? Could these skills also
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1 The difference between fixed and non-fixed pitch instrumentalists’
perception of frequency may also have accounted for the genre effects
reported by Kishon-Rabin et al. (2001) in that all but one of their
‘contemporary’ musicians played only fixed-pitch or fretted instruments,
while all the ‘classical’ musicians played wind, brass, or string instruments
where adjusting intonation is a crucial aspect of playing (see Micheyl et al.,
2006, for discussion).
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transfer to general or abstracted contexts, and might they
also interact or influence each other?

Expert musicians are an ideal population for addressing
these questions. Professional instrumentalists typically
begin training very early in life and follow rigid practice
regimens, often totaling 10,000+ h of lifetime practice by
early adulthood (e.g., Ericsson, Krampe, & Tesch-Romer,
1993; Krampe & Ericsson, 1996). Critically, instrumental-
ists are faced with clear perceptual and cognitive demands.
They must finely perceive and control their instrument’s
acoustic signal, sustain attention to their output, reproduce
complex and variable sound sequences, and carefully ana-
lyze the output of other musicians. Importantly, the per-
ceptual and performance demands faced by particular
instrumentalists differ widely – for example, violinists
must attend to and adjust intonation during performance,
whereas pianists have no such control over intonation. If
training demands drive perceptual and broader cognitive
outcomes, then differences in these outcomes between
particular instrumentalist groups can provide a useful
means of accounting for specificity vs. transfer of skills
(see Strait & Kraus, 2014). Moreover, the different demands
faced by instrumentalist groups provide a testing ground
to explore how finely honed auditory perception and top-
down skills such as auditory attention might interact. Dis-
tinct instrumentalist groups with similar training extents
also offer a way to control for differences in self-selection,
motivation, or personality that can vary between musi-
cians and non-musicians (see Corrigall, Schellenberg, &
Misura, 2013; Herholz & Zatorre, 2012; Schellenberg,
2004).

Indeed, perceptual and cognitive outcomes associated
with musical expertise have been studied extensively
(see Kraus & Chandrasekaran, 2010; Strait & Kraus,
2011a, for review); yet many studies have examined per-
ceptual and cognitive skills separately, with relatively
small and/or heterogeneously trained samples. This is
partly due to the difficulties of researching expert musician
cohorts (e.g., recruitment, study time constraints, etc.) Few
studies have investigated interactions between cognitive
and perceptual outcomes relevant to musical training, or
assessed predictive relationships between fine perceptual
and higher cognitive skills such as attention (but see
Parbery-Clark, Skoe, Lam, & Kraus, 2009; Strait, Kraus,
Parbery-Clark, & Ashley, 2010). To our knowledge, no sin-
gle study has examined the effects of expertise with one
instrument vs. another on musically-relevant perceptual
and cognitive performance; this would facilitate tests of
experience-specific perceptual advantages alongside tests
of cognitive outcomes that may relate to musical expertise,
together with tests of perception–cognition interactions.
As we show in a selective review of the extensive literature
concerning perceptual and cognitive benefits related to
musical expertise, relatively little research has measured
both fine perceptual and broader cognitive outcomes in
the same expert individuals. Thus, no study yet has
explored whether musicians that train on different instru-
ments might show differences in perceptual and cognitive
skills that reflect some of the specific constraints of the
instrument they play, or indeed whether those perceptual
and cognitive skills might interact. The present study
therefore aimed to address this gap in understanding (see
Section 1.3).
1.1. Musicianship and auditory perception

A considerable body of research suggests that musicians
tend to out-perform non-musicians in perceiving fine dif-
ferences in a number of basic auditory properties, includ-
ing frequency and/or pitch (Amir, Amir, & Kishon-Rabin,
2003; Kishon-Rabin, Amir, Vexler, & Zaltz, 2001; Koelsch,
Schröger, & Tervaniemi, 1999; Micheyl, Delhommeau,
Perrot, & Oxenham, 2006; Nikjeh, Lister, & Frisch, 2009;
Parbery-Clark, Skoe, Lam, et al., 2009; Spiegel & Watson,
1984), tone interval size (Siegel & Siegel, 1977; Zarate,
Ritson, & Poeppel, 2012, 2013), temporal interval size
(Cicchini, Arrighi, Cecchetti, Giusti, & Burr, 2012; Ehrlé &
Samson, 2005; Rammsayer & Altenmüller, 2006), and tim-
bre (Pitt, 1994). Below, we review evidence for lower-level
and contextually-relevant perceptual advantages in differ-
ently trained musician cohorts.
1.1.1. Instrument- and musical-genre-specific effects on
auditory perception

Expert musicians’ fine-grained perceptual abilities may
be driven – at least in part – by the demands of the kind of
music they perform or the instrument they play. For
instance, classically-trained musicians can discriminate
finer differences in frequency compared to rock or jazz
musicians (Kishon-Rabin et al., 2001; but see Vuust,
Brattico, Seppänen, Näätänen, & Tervaniemi, 2012).1 Per-
cussionists reproduce temporal intervals less variably than
string musicians and non-musicians (Cicchini et al., 2012);
string musicians match frequency differences less variably
than percussionists (Hoffman, Mürbe, Kuhlisch, & Pabst,
1997); and trained vocalists tend to sing pitches less vari-
ably than instrumentalists (Nikjeh et al., 2009). Relatedly,
electro and magnetoencephalography (EEG & MEG) data
indicate enhanced cortical responses in musicians to the
timbre of the specific instrument they perform (vs. an
instrument they do not), both in adults (Pantev, Roberts,
Schulz, Engelien, & Ross, 2001; Shahin, Bosnyak, Trainor, &
Roberts, 2003) and children (Shahin, Roberts, Chau,
Trainor, & Miller, 2008; Shahin, Roberts, & Trainor, 2004;
Trainor, Shahin, & Roberts, 2003). Moreover, string and
woodwind players – who constantly monitor and adjust
the pitch they are producing – can discriminate frequency
differences more finely than musicians who play fixed pitch
instruments like piano (Micheyl et al., 2006; Spiegel &
Watson, 1984).

Bowed string instruments like violin also differ from
fixed-pitch instruments like piano in that string players
make extensive use of vibrato – a periodic but non-sinusoi-
dal oscillation in the frequency and amplitude of a given
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note (Papich & Rainbow, 1974; see Mellody & Wakefield,
2000, for discussion of violin vibrato signal properties).
Violinists manipulate vibrato (i.e., rate and depth of ampli-
tude modulation [AM] and frequency modulation [FM]) for
expressive and stylistic reasons. There is some evidence
that musicians might be sensitive to signal changes associ-
ated with vibrato (e.g., AM depth; Fritz et al., 2010).2 Yet no
single study has examined whether violinists’ experience in
controlling these signal modulations means they can per-
ceive such cues more finely than other musicians – such as
pianists. Unlike violinists, expert pianists cannot control
depth or rate of amplitude or frequency modulation. Instead,
one of the primary expressive tools used by pianists is
changing the velocity and acceleration of piano key strikes,
which alters the attack envelope (i.e., onset rise time) of
the resulting sound (see Goebl, 2001; Goebl, Bresin, &
Galembo, 2005, for discussion; see also Wessel, 1979). Yet
string instrument sounds also vary in attack envelope – for
instance, between plucked and bowed sounds (see Gordon,
1987; Rosen & Howell, 1981). Given that pianists manipu-
late onset rise time to very fine extents and control only this
cue (together with offset and damping), we might predict
that pianists would show enhanced sensitivity to onset rise
time compared to violinists (who manipulate many other
cues, as outlined above). Conversely, we might expect violin-
ists to show improved acuity for AM and FM depth com-
pared to pianists, since violinists manipulate these cues
extensively, whereas pianists cannot.

The different demands of fixed and non-fixed-pitch
instruments allow us to test whether musicians’ refined
perceptual abilities are specific to the acoustic properties
of their instrument. In the current experiments, we tested
whether the differences in violinists’ and pianists’ control
and use of AM depth, FM depth and onset rise time rates
translate to differences in their ability to perceive subtle
changes in these basic auditory parameters (when removed
from a musical context). We also used a visual psychophys-
ical (color hue perception) task to control for any possible
musician perceptual advantage unspecific to the auditory
modality (musicians and non-musicians should not differ
on a visual task unrelated to musical expertise).
1.1.2. Contextual effects on musicians’ perception of ‘low-
level’ acoustic parameters

Musical notes often occur in harmonic contexts, where
several notes are played at once (as in a C Major chord).
The fundamental frequencies of these notes are adjusted
according to a variety of tuning systems that govern the
exact spacing of the frequencies relative to each other.
Fixed pitch instruments like piano typically use the
‘equal-tempered’ tuning system, where each semitone on
the keyboard is equally spaced according to a fixed com-
plex integer ratio – one that pianists cannot alter without
2 Experiment 1 from Fritz et al. (2010), compared perception of vibrato
amplitude in a small sample of string players (n = 4) and non-string players
(referred to as ‘other musicians’; n = 11); the groups of musicians did not
differ in their perception of change in depth of vibrato signal amplitude.
Further, modification of the distribution of harmonics within the auditory
signal (through applying a filter to mimic violin resonance properties) did
not improve perception of vibrato.
recourse to a professional piano tuner. In contrast, non-
fixed pitch instruments like violin commonly use ‘just tem-
pered’ tuning, where notes within a musical scale are
tuned according to the resonance structure of naturally
vibrating systems (see Section 2.3.6.1), and where semi-
tones have different spacing based on their position within
the harmonic scale. Thus, unlike the case with the piano
where ‘a C# is just a C#’, a violinist playing a C# may tune
it differently depending on whether it occurs in an A major,
D major, or E major harmonic context.

A handful of studies have investigated how finely string
player and pianists are able to perceive differences in tun-
ing, and how closely they hew to the tuning system most
relevant to their instrument. Loosen (1994) found that
trained violinists and pianists adjusted the pitch of major
scale notes to most closely match the frequency spacing
of the tuning system specific to their instrument
(Pythagorean vs. equal tempered tuning, respectively3).
Non-musicians showed no specific biases towards any tun-
ing system, presumably due to their lack of training (see also
Loosen, 1995). Using a small sample, Roberts and Mathews
(1984) reported similar musician group effects for percep-
tion of chords adhering to just intonation and equal temper-
ament; surprisingly, they also reported that pianists and
string players sometimes showed large deviances toward
the tuning system not specific to their instrument.

Despite these results, few studies have rigorously
assessed how musicians trained with fixed vs. non-fixed
pitch instruments perceive very subtle (e.g., less than 10%
of a semitone) deviations from their relevant tuning sys-
tems in a harmonic context (that is, when notes occur
simultaneously, as in a chord). This question has implica-
tions for the extent to which distinct musical expertise
hones fine-grained perception in a training-specific con-
text. Thus, in the present study we included a chord tuning
perception paradigm. This provides a strong test of the
compliance between perceptual sensitivity – both lower-
level and contextual – and specific instrumental training
experience. We also related chord tuning perception to
fine-grained perceptual thresholds, allowing us to examine
whether specific expertise would reflect differential reli-
ance on acoustic cues in judging tuning.

1.2. Musicianship, attention, and cognition

Mastering a musical instrument and playing it with oth-
ers requires more than sensitivity to – and control of – fine
frequency, temporal and harmonic features. Musicians
must learn to sustain attention to sound streams for very
long periods of time, responding quickly and consistently
for some sounds but not others. Similarly, musicians must
rapidly and accurately recall and reproduce regular
sequences of sounds, both during practice and
3 Pythagorean tuning (a tuning system that derives from relating notes
according to a circle of perfect fifths; Loosen, 1994) is also used by string
instrumentalists such as violinists. As with just intonation, it cannot be
employed by fixed pitch instrumentalists (e.g., pianists). Loosen’s (1994)
findings suggested violinists showed greater deviance in adjusting to scales
that were tuned in just intonation, compared to scales tuned to the
Pythagorean system. Just intonation is explored in the current study,
further to the work of Roberts and Mathews (1984).



4 Energetic masking is defined by Moore (2012) as occurring when the
neural activity evoked by the signal plus the masker is the same as (or very
similar to) the neural activity evoked by the masker alone. Moore (2012)
defines informational masking as occurring where the signal and masker
are confused by the listener, or where there is perceptual difficulty in
segregating both signal and masker. Note that informational masking has
also been defined by Durlach et al. (2003) as reflecting a difficulty in
attending to a relevant signal where there is uncertainty concerning the
signal’s identity.
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performance. The complexity of ensemble performance
may also spur changes in associated cognitive skills such
as auditory scene analysis. For instance, during a sym-
phony, a violinist might have to wait without playing for
several minutes (all the time counting beats), starting to
play immediately after hearing a motif played by the bas-
soon. The violinist must therefore perform a very sophisti-
cated kind of auditory scene analysis: she must listen
attentively for a single note or sequence of notes played
by the bassoon, and will have to distinguish the bassoon
from dozens of other instruments playing at the same time.

Given the complex demands associated with musician-
ship, we tested whether instrumentalists’ expertise in sus-
tained attention (e.g., during practice and performance)
generalized from the musical realm to broader indices of
sustained attention to sound. We further asked whether
musicians that typically spend more time in ensemble per-
formance – violinists relative to pianists (see ST 1) – might
generalize this experience to non-musical indices of com-
plex auditory scene analysis. We also asked whether musi-
cians’ experience with reproducing sounds and sequential
motifs might generalize to novel yet regular sequences.
In the following sections, we review evidence of musician
and instrument specific advantages across these cognitive
domains.

1.2.1. Auditory attention, and influence on perception
Sustained attentional abilities in musicians are rela-

tively understudied. Evidence suggests that musicians out-
perform non-musicians on auditory but not visual
sustained attention measures (Strait et al., 2010); however,
one recent study also showed a musician advantage on
visual sustained attention metrics (Rodrigues, Loureiro, &
Caramelli, 2013). These results conform to research with
other highly skilled populations such as chess players, bir-
ders, and memory experts, showing that experts differ
from non-experts in both their attention to key stimulus
features, and their ability to sustain such attention over
extended periods (see Green & Bavelier, 2012; Palmeri
et al., 2004). Such potential differences in attentional abil-
ities are not only interesting in their own right, but are par-
ticularly important in understanding what might drive
musicians’ advantages in lower-level auditory perception
(see Strait & Kraus, 2011b, and Zhang, Barry, Moore, &
Amitay, 2012, for discussion). For instance, attention is
known to modulate auditory detection (e.g., via attentional
cuing to specific frequency bands; Greenberg & Larkin,
1968; Justus & List, 2005; Larkin & Greenberg, 1970;
Mondor & Bregman, 1994), and attention can interact with
the saliency of acoustic cues in auditory search tasks
(Kayser, Petkov, Lippert, & Logothetis, 2005). Nevertheless,
recent data show that musicians can process the pitch
direction of local and global auditory patterns more accu-
rately than non-musicians, regardless of the direction of
attentional focus (Ouimet, Foster, & Hyde, 2012).

While the role of attention with respect to musicians’
perception remains debated (e.g., Baumann, Meyer, &
Jäncke, 2008; Koelsch et al., 1999), research has shown that
musicians differ from non-musicians in the way that atten-
tion modulates electrophysiological indices of auditory
perception (e.g., Seppänen, Pesonen, & Tervaniemi, 2012;
Tervaniemi, Just, Koelsch, Widmann, & Schröger, 2005;
Tervaniemi et al., 2009; see also Marie, Magne, & Besson,
2011). Compared to non-musicians, musicians show
increased N2b component amplitudes for attended inten-
sity, frequency and duration deviances in speech and musi-
cal sounds (Tervaniemi et al., 2009), and significant
reductions in P3b amplitudes when attending to subtle
pitch deviances (Seppänen et al., 2012). Further, auditory
sustained attention performance correlates with percep-
tual metrics like backward masking and speech-in-noise
(Strait et al., 2010; see also Strait, Parbery-Clark, Hittner,
& Kraus, 2012). Thus, attentional differences between
musicians and non-musicians may account for group differ-
ences in the detection of potentially less salient acoustic
cues (Fujioka, Ross, Kakigi, Pantev, & Trainor, 2006; Strait
& Kraus, 2011b; Strait et al., 2010). Therefore, in the present
study we used a novel measure of auditory sustained atten-
tion. This allowed us to investigate how musicians and non-
musicians might differ in attentional abilities, and crucially,
whether individual differences in auditory attention (in
musicians and non-musicians) predict differences in the
perception of changes in basic acoustic features. Given that
both pianists and violinists typically spend considerable
time sustaining attention toward instrument output (e.g.,
during practice), we did not hypothesize any specific musi-
cian group difference in this ability.

1.2.2. Auditory scene analysis
In order to perform successfully with a musical ensem-

ble, musicians must analyze and then use multiple streams
of information from an exceedingly complex auditory
scene (see Nager, Kohlmetz, Altenmüller, Rodriguez-
Fornells, & Münte, 2003). As noted above, musicians’ expe-
rience in segregating such complex auditory streams (e.g.,
picking out a melody line amidst changing harmony;
Bregman, 1990) may benefit their auditory scene analysis
abilities in non-musical contexts.

There is some evidence to support this hypothesis.
Zendel and Alain (2009, 2013) have shown that musicians
segregate harmonic complexes better than non-musicians
and more often report hearing a harmonic as a separate
auditory object when mistuned by as little as 2%. Orches-
tral conductors – whose primary role is to analyze, inter-
pret, and manipulate a colossal auditory scene – show
enhanced selectivity in attending to spatially segregated
auditory signals (noise bursts), when compared to both
pianists and non-musicians (Nager et al., 2003). Musicians’
long experience in musically-based scene analysis may
also be a causal factor in their enhanced ability to compre-
hend speech when the speech signal is masked by noise
(classic ‘energetic’ masking) or multi-talker babble
(energetic plus so-called ‘informational masking’4;
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Parbery-Clark, Skoe, & Kraus, 2009; Parbery-Clark, Skoe,
Lam, et al., 2009; Parbery-Clark, Strait, & Kraus, 2011;
Strait & Kraus, 2011b; Strait, Parbery-Clark, et al., 2012;
but see also Patel, 2011). However, recent data suggest
that musicians and non-musicians do not differ in sus-
ceptibility to informational and energetic masking during
speech-in-noise perception (Ruggles, Freyman, &
Oxenham, 2014).

Nevertheless, Oxenham, Fligor, Mason, and Kidd
(2003) have shown that musicians are less suscepti-
ble to informational masking compared to non-
musicians, as demonstrated using tone detection
performance with masking sounds occurring at fixed
frequencies (no informational masking) or variable
frequencies (more informational masking). However,
it is unclear if musicians can generalize such
resilience to energetic or informational masking when
analyzing ‘everyday’ auditory scenes. Therefore, in the
present study we tested our musicians and non-musi-
cians using an established naturalistic auditory scene
analysis paradigm (Gygi & Shaffiro, 2011; Krishnan,
Leech, Aydelott, & Dick, 2013; Leech, Gygi, Aydelott,
& Dick, 2009). Our design also allowed us to explore
whether an instrumental group who play more regu-
larly in large ensemble (violinists) might be more
resistant to informational/energetic masking than a
group who often perform solo or in smaller ensem-
bles (pianists). Thus, we predicted an advantage for
violinists compared to pianists on our naturalistic lis-
tening task.
5 While the studies discussed with respect to mismatch negativity
(MMN) suggest enhanced musician responses to violations of sound
sequence structure, we should also highlight that a variety of studies
show enhancements at relatively earlier stages of auditory processing in
musicians. Schneider et al. (2002) found enhanced early MEG compo-
nent responses (N19m and P30m) in professional and amateur musi-
cians compared to non-musicians (presumably reflecting contributions
from auditory cortex generators). A variety of studies by Kraus and
colleagues (e.g., Parbery-Clark, Skoe, & Kraus, 2009; Parbery-Clark et al.,
2011; Skoe & Kraus, 2013; Strait, Chan, Ashley, & Kraus, 2012) also
suggest musician enhancement at relatively earlier auditory processing
stages, based on auditory brainstem response indices.
1.2.3. Sequence perception and reproduction
As mentioned above, one of the fundamental

challenges of musical performance is perceiving and
reproducing auditory sequences that repeat over time
(Koelsch, Schmidt, & Kansok, 2002; van Zuijen,
Sussman, Winkler, Näätänen, & Tervaniemi, 2004; see
also Dick, Lee, Nusbaum, & Price, 2011; Loui, Wessel,
& Kam, 2010; Patel, 2003; Rohrmeier, Rebuschat, &
Cross, 2011, for discussion). These sequences can vary
greatly in length, speed, and the basic unit of analysis
(e.g., a single motif vs. a phrase built from motifs). They
can also vary in how predictably they repeat: sequences
might consist of an exact repetition of a simple short
motif, or variations of a sequence interspersed with
non-sequential material (see Pearce, Ruiz, Kapasi,
Wiggins, & Bhattacharya, 2010). This experience with
processing hierarchical sequences may underlie
musicians’ enhanced detection of deviances from
regular auditory sequences. Compared to non-musicians,
musicians show larger mismatch negativity (MMN)
amplitudes to extra tones added to the end of
regular pitch sequences (when the pitch of each
sequence ascends or remains fixed; van Zuijen,
Sussman, Winkler, Näätänen, & Tervaniemi, 2005;
van Zuijen et al., 2004). Further, musicians show
larger increases in MMN responses over time than
non-musicians in response to low-probability
tone sequences that violate more highly probable
sequence structures (Herholz, Boh, & Pantev,
2011).5

There is also some evidence that musicians are better at
actively reproducing sequences, and at abstracting the sta-
tistical structure of probabilistic sequences. Using an active
sequence reproduction task modeled after the audiovisual
‘SIMON’ game, Taylor-Tierney et al. showed that musicians
reproduced audio-only sequences better than non-musi-
cians; however, groups did not differ on audiovisual
sequences (Taylor-Tierney, Bergeson, & Pisoni, 2008; see
also Karpicke & Pisoni, 2004; cf. Conde, Altenmüller,
Villringer, & Ragert, 2012). Further, Shook, Marian,
Bartolotti, and Schroder (2013) found that expert musi-
cians were better than less skilled musicians at passively
learning the statistical structure of sequences of tone pips
varying in duration. Similarly, relative to non-musicians,
musicians have larger P2 amplitudes to novel sung melo-
dies they have not previously heard vs. familiar sung mel-
odies heard during an exposure phase (Francois & Schön,
2011). In contrast, Rohrmeier et al. (2011) found no differ-
ence between musicians and non-musicians on a sequence
familiarity judgement task, after passive exposure to tone
sequences built from a finite state grammar (see also
Loui et al., 2010).

These results provide some evidence of an expert
advantage for encoding and reproduction of auditory
sequences. Yet an open question concerns whether musi-
cians might be better at detecting sequence regularities
and whether this influences their reproduction. We thus
developed a novel audiovisual sequencing paradigm (after
Taylor-Tierney et al., 2008), testing whether different
musician groups would show improved ability to repro-
duce novel sequences, compared to non-musicians. We
also tested whether a short period of listening to some of
the auditory regularities before the sequencing task might
influence or bias participants’ sequencing performance.
1.3. The present study

Here, we test the compliance between the demands
of expert training on a musical instrument, and associ-
ated cognitive and perceptual outcomes. If instrument
expertise yields improvements in perceptual and cogni-
tive performance, such outcomes may be tied to the
specific demands posed by a particular instrument. In
testing this account, we recruited matched cohorts of
violinists, pianists and non-musicians. We used an
extensive battery of auditory psychophysical measures



Table 1
Descriptive statistics for non-musician, violinist and pianist samples (each n = 24).

Group Mean age (SD) Age range
(years)

Mean years
training (SD)

Years training
range

Mean lessons
onset age (SD)

Total accumulated
lifetime practice hours (SD)

Non-musicians 22.9 (2.8) 19–29 2.1 (1.5)* 0.25–5* 9.5 (2.8)* N/A
Violinists 23.1 (3.1) 19–30 16.9 (3.8)** 11–27.5 5.3 (1.9)** 10927.6 (4520.4)**

Pianists 21.3 (2.5) 18–26 15.3 (3.8)** 8–21 5.7 (2.2)** 9900.6 (5050.7)**

* Non-musicians with training (n = 17).
** Violinists and pianists not significantly different.

6 The number of violinists and pianists who reported playing other
instruments did differ [v2(1, n = 48) = 6.15, p = 0.013, 22/24 violinists, 15/
24 pianists]. Violinists typically reported that their second instrument
(primarily piano; see Table 2) was a requirement of their performance
degree and was studied for less than half as long as violin. Similarly, almost
all pianists had much more practice with piano than their second
instrument (see Table 3).

7 Since the present experimental battery was 3+ h in duration, we were
not able to assess full-scale IQ for each participant. However, all of our
participants had completed formal education to high-school standard (i.e.,
UK A-level or equivalent). Moreover, all but two musicians (one violinist
and one pianist) were currently enrolled in or had completed a perfor-
mance degree; further, all non-musicians were enrolled in or had
completed at least one third-level degree. We therefore matched our
cohorts as closely as possible for extent of enrolment in formal education.
One anonymous reviewer suggested that non-musicians might have more
experience with formal education compared to musicians (two of our non-
musicians were PhD students, five were studying for an MSc or MA, one had
completed an MSc, and one had completed an MA). However, 11 of our
violinists and 8 of our pianists were completing a performance MA further
to their performance degree. Such qualifications demand academic study of
technical aspects of music theory (e.g., counterpoint, chorale harmony,
formal analysis) as well as study of subjects such as musicology (in addition
to rigorous technical training on their chosen instrument). An analysis of
level of education across groups (status as an undergraduate or post-
graduate student as a nominal dependent measure with two levels) showed
no evidence of any significant differences across the cohorts [v2(2,
n = 72) = 0.46, p = 0.8]. Moreover, when including education level (under-
graduate/postgraduate) as a predictor within regression models along with
group, we found that education level did not account for any significant
variance (all p > 0.64), whereas group reached significance in the same
models as described in results. As such, we think it unlikely that a
difference in extent of formal education could account for the lack of cohort
differences across cognitive tasks shown here.
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to probe differences in fine-grained auditory perceptual
thresholds associated with long-term training on spe-
cific instruments. We also tested whether cognitive
abilities potentially related to expertise (sustained
attention, auditory scene analysis, sequencing) would
extend to non-musical metrics, and whether perfor-
mance on these tasks would relate to lower-level per-
ceptual skills. Previous research has found largely
piecemeal evidence for differences between musicians
and non-musicians on several of these perceptual and
cognitive tasks. Our goal was to establish whether
specific instrumental expertise may yield perceptual
refinements in one instrumental group but not
another, along with broader improvements to cognitive
skills that might reflect generalization of expertise.
Moreover, we aimed to explore predictive relationships
between perceptual and cognitive performance, and to
relate any such relationships to the effects of long-
term training on a specific instrument, or to musical
expertise in general.

2. Method

2.1. Participants

Participants (N = 72) were 24 violinists, 24 pianists and
24 non-musicians (descriptive statistics displayed in
Table 1), matched for gender. All were right-handed as
determined by the Edinburgh Handedness Inventory
(mean [SD]: violinists – 82.2 [19.3]; pianists – 84.4
[13.6]; non-musicians – 85.4 [12.5]; Kruskal–Wallis:
v2(2, n = 72) = 0.01, p > 0.9). None reported any history of
auditory or uncorrected visual impairment, or of neurolog-
ical disease or insult.

2.1.1. Musicians
Violinists (6 males, 18 females) and pianists (7 males,

17 females) were recruited from conservatories in Lon-
don and through an employment website for freelance
musicians. All but one violinist and one pianist were
completing, or had completed, a performance degree.
The violinist and pianist who had not completed a per-
formance degree had practice histories similar to their
respective samples. Violinists and pianists did not differ
significantly in years of training, t(46) = 1.5, p = 0.14,
age of onset of lessons, z = 0.6, p > 0.5, or total accumu-
lated lifetime practice, t(44) = 0.7, p = 0.47 (see Table 1).
Violinists and pianists had experience of playing other
instruments (notably piano for violinists; see Tables 2
and 3); however, all reported these instruments as
secondary, and reported not practicing those instruments
at the time of the study.6 None of the pianists had violin
training. All musicians had trained extensively with classi-
cal repertoire.
2.1.2. Non-musicians
Non-musicians were recruited from a local participant

pool and from courses across the University of London. All
had completed or were enrolled in a university degree.7

Non-musicians described any previous experience with
musical instruments and any years of practice and/or les-
sons (see Table 4). Seven non-musicians (4 female, 3 male)
had never played any musical instrument or taken music
lessons. Seventeen participants (13 female, 4 male) had
taken elementary music lessons during childhood or ado-
lescence, but had not attended a formal music college or
practiced daily over an extended period. On average, those
non-musicians with musical experience had not practiced
for 11.8 years (SD = 3.6; range = 6–19 years) prior to the
study.



Table 2
Violinists’ (n = 24) descriptive data and musical training histories.

Participant Gender Age Violin
training (years)

Current daily practice
(hours per day)

Other instruments Other instruments
(years played)

Education
(highest level)

v1 F 23 19 3 Viola 3 Performance MA
v2 F 22 14 4 Piano 6 PD – 2nd year
v3 M 19 12 4 Piano 7 PD – 1st year
v4 F 20 17 4.5 Piano; viola; trumpet 7; 7; 7 PD – 2nd year
v5 F 23 19 4.5 Piano 2 Performance MA
v6 F 20 12 5 Piano; viola 12; 4 PD – 2nd year
v7 F 19 14 1 Piano Missing data PD – 2nd year
v8 F 25 20 5 None Performance MA
v9 M 21 17 1 Piano 9 BA & private lessons
v10 M 24 21 4 Piano; alto saxophone 12; 13 Performance MA
v11 F 28 21 4 Piano; clarinet; viola 2; 6; 3 Performance MA
v12 M 26 20 6 Piano 5 Performance MA
v13 F 25 11 5 Viola 1 Performance MA
v14 F 21 18 4.5 Viola 6 PD – 2nd year
v15 M 28 20 2.5 None Performance MA
v16 F 30 27.5 5 Piano 20 Performance MA
v17 F 25 18 3 Piano; viola Missing data Performance MA
v18 F 22 14 3 Piano; viola 1.5; 1 PD – 2nd year
v19 F 23 16 2.5 Bass guitar 6 PD – 2nd Year
v20 M 22 17 6 Piano; viola; voice 5; 2; 7 Performance MA
v21 F 19 12 3 Piano 8 PD – 2nd year
v22 F 20 13 3 Piano 2 PD – 2nd year
v23 F 26 17 1.5 Piano 5 PD – complete
v24 F 23 16 4 Piano; trumpet 2; 2 PD – 3rd year

PD – performance degree; note: all performance MAs were ongoing at the time of the study.

Table 3
Pianists’ (n = 24) descriptive data and musical training histories.

Participant Gender Age Piano training
(years)

Current daily practice
(hours per day)

Other instruments Other instruments
(years played)

Education
(highest level)

p1 F 23 19 5 None Performance MA
p2 F 19 12 4.5 Guitar 0.25 PD – 1st year
p3 M 19 12 3.5 Clarinet; voice 4; 3 PD – 2nd year
p4 F 19 16 2.5 Cello 7 PD – 1st year
p5 F 25 19 4 None Performance MA
p6 F 24 20 6.5 Clarinet 8 Performance MA
p7 F 20 16 4 Voice; gamelan 3; 1 PD – 1st year
p8 M 21 15 4 None PD – 1st year
p9 M 18 9 2 Organ; double bass 4; 4 PD – 1st year
p10 F 22 18 5 Voice 10 Performance MA
p11 F 22 17 4 Harpsichord; zither 2; 8 Performance MA
p12 M 26 21 5 None Performance MA
p13 F 20 15 5 None PD – 2nd year
p14 F 19 12 5 None PD – 1st year
p15 M 20 8 4 Drums 0.25 PD – 2nd year
p16 F 19 15 4 None PD – 1st year
p17 F 23 18 6 Cello 5 Performance MA
p18 F 19 10 5.5 Cello 1 PD – 2nd year
p19 M 18 10 6 Harpsichord 2 PD – 1st year
p20 F 22 14 3.5 Voice 3 PD – 3rd year
p21 F 22 18 5.5 None Performance MA
p22 M 20 14.5 2.5 French horn 1 PD – 1st year
p23 F 25 20 1 None PD – complete
p24 F 25 18 1 Drums; guitar 6; 2 MSc & private lessons

PD – performance degree; note: all performance MAs were ongoing at the time of the study.
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2.2. Materials

The study received ethical approval from the local eth-
ics committee at Birkbeck College. Participants completed
most of the experimental battery (auditory psychophysical
thresholding, audio-visual sequencing task [SIMON],
tuning system perception task, Environmental Auditory
Scene Analysis [EnvASA] task, Sustained Auditory Atten-
tion to Response Task [SAART]) inside a sound attenuated
booth. Two further assessments (visual psychophysical
thresholding and pure tone audiometry) were conducted
in a separate, quiet testing environment. All sounds were



Table 4
Non-musicians’ (n = 24) descriptive data and musical training histories.

Participant Gender Age Musical training (years) Instrument Years since practised Education (highest level)

nm1 F 24 4 Piano 14 MSc – complete
nm2 F 24 0 MSc – ongoing
nm3 F 22 0.5 Viola 12 MSc – ongoing
nm4 F 20 0.25 Saxophone 9 Degree – 2nd year
nm5 F 29 0 PhD – 1st year
nm6 F 28 3 Piano 18 MA – ongoing
nm7 F 21 1 Recorder 9 Degree – 2nd year
nm8 F 20 0 Degree – 2nd year
nm9 F 21 0.5 Guitar 6 Degree – 2nd year
nm10 M 27 5 Piano 16 PhD – 2nd year
nm11 F 19 1 Piano 10 Degree – 2nd year
nm12 M 26 0 Degree – complete
nm13 M 19 0 Degree – 1st year
nm14 M 21 3 Violin 9 Degree – 2nd year
nm15 M 22 3 Cornet 9 Degree – complete
nm16 F 22 3.5 Piano; violin 12 MSc – ongoing
nm17 F 24 3 Saxophone 10 Degree – complete
nm18 F 21 0.5 Piano 8 Degree – 2nd year
nm19 F 23 1 Keyboard 19 MA – complete
nm20 F 26 2 Piano 14 MA – ongoing
nm21 F 23 0 Degree – 3rd year
nm22 F 25 4 Violin 13 Degree – complete
nm23 M 22 1 Voice 10 Degree – 2nd year
nm24 M 21 0 Degree – 2nd year

8 The practice at 3–4 years regressor was reduced to binary form since
the considerable skew in the distribution of practice at that age (approx-
imately half of the participants in each group had not practiced at
3–4 years) meant it was not appropriate as a continuous regressor.
Similarly, the practice of 1+ h per day at 7–8 years variable was treated
as binary, since the relatively low (and skewed spread of) hours of practice
time at this age made it unusable as a continuous regressor.
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presented at a comfortable level fixed for all participants.
Testing equipment, software and hardware are detailed
in Supplemental methods (SM1).

2.3. Procedure

Participants read an information sheet and provided
voluntary informed consent before beginning the experi-
mental battery. Rest breaks were provided between tasks
as required. Tasks were always run in the order described
below to avoid differential effects of fatigue. Total battery
duration was approximately 3 h. Test–retest reliability
methods and analyses for previously unpublished mea-
sures (auditory psychophysics, tuning perception task,
SIMON, SAART) are presented in Supplemental methods
(SM2) and Supplemental results (SR2).

2.3.1. Practice history questionnaire
Musicians provided data for their current practice

hours, practice history across ages (daily practice hours
from 3 to 4 years, up to 19+ years), and hours weekly spent
in ensemble. Lifetime practice history data were deter-
mined by multiplying estimates of daily practice hours at
each age range (3–4 yrs, 5–6 yrs, etc., up to 19+ yrs) to pro-
duce yearly estimates. The years from 19+ to musicians’
current age minus 1 year were multiplied by the year esti-
mate for 19+ (e.g., for a 25-year-old musician, year esti-
mate for 19+ was multiplied by 5), and added to current
daily practice. These estimates were summed for each par-
ticipant to produce total accumulated lifetime practice
(based on Ericsson et al., 1993). One violinist failed to
return a practice history questionnaire. A further violinist’s
estimated accumulated practice exceeded 40,000 h; the
participant was identified as an outlier and excluded from
practice data analysis.
Musicians’ practice hours were used as predictors for
each experimental measure to determine the influence of
both practice at specific early ages and total accumulated
lifetime practice on musicians’ psychophysical and cogni-
tive task performance. We defined two binary variables
as separate regressors: musicians who did/did not report
practicing at 3–4 years of age, and musicians who did/did
not report practicing 1 h or more per day at 7–8 years.8

These regressors were defined to account for the influence
of practice at early stages in development on later percep-
tual and/or cognitive outcomes. We used total accumulated
lifetime practice hours as a further separate continuous
regressor. Musicians’ total accumulated lifetime practice
hours did not significantly predict performance on any task
(all p > 0.1) either when entering or removing group (violin-
ist/pianist) as an additional predictor; we therefore do not
discuss this measure further.
2.3.2. Goldsmith’s Musical Sophistication Index – musical
training sub-scale

All participants completed the 9-item musical training
sub-scale from the Goldsmiths Musical Sophistication
Index (Gold-MSI) (Müllensiefen, Gingras, Stewart, &
Musil, 2011), an extensively normed self-rating question-
naire. Three items assessed musician status and compe-
tence as a performer according to a 7-point Likert scale.
Six items assessed years engaged in training-related activ-
ities. The sub-scale yielded a single score (range: 9–63)
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indexing extent of musical training.9 Supplemental
Table [ST] 1 displays musical training sub-scale means for
each group; group comparisons are displayed in ST 2.

2.3.3. Absolute pitch assessment
In addition to self-report, musicians’ absolute pitch (AP)

ability was assessed by presenting them with three sinu-
soidal tones (495 Hz [B5]; 733.348 Hz [F#5]; 660 Hz
[E5]). After presentation of each sinusoid, musicians were
asked to name the musical note they had just heard. Seven
violinists reported AP, but only three named all three tones
correctly. Two violinists named two tones correctly each
and two violinists named a single tone correctly each. Nine
pianists reported AP and seven named all the tones cor-
rectly; the other two pianists named one and two tones
correctly respectively. Data were not analyzed statistically
due to the small and unbalanced sample sizes.

2.3.4. Auditory psychophysical tasks
Three tasks assessed discrimination of onset envelope

rise time, the detection of amplitude modulation (AM)
and the detection of frequency modulation (FM). All tasks
presented standard and test stimuli, where test sounds
varied adaptively along logarithmically spaced continua.
Decrementing through the steps in each continuum
reduced the difference between the test and standard
stimuli.

2.3.4.1. Stimuli. All experiments used a complex sawtooth
pulse waveform (f0 = 220 Hz; first 50 harmonics), sequen-
tially run through a series of resonators of varying center
frequency (cf1 = 500 Hz; cf2 = 1500 Hz; cf3 = 2500 Hz; all
bandwidths = 100 Hz). For AM and FM experiments,
unmodulated standard sounds were 250 ms in duration
(20 ms linear rise and fall times). Rise time standard
sounds had a fixed linear onset time of 15 ms. Standard
and test rise time sounds had a fixed linear offset time of
350 ms (total duration = 750 ms).

For AM and FM tasks, the depth of modulation was var-
ied over 99 test stimuli. Comparison stimuli in the AM
detection task (all with a modulation rate of 8 Hz) ranged
from a modulation index difference of �1.9 dB (max) to
�26.0 dB (min) (i.e., 20log[m], where m is modulation
index [range: 0.8–0.05]). Comparison stimuli in the FM
detection task (all with modulation rate of 4 Hz) ranged
from 16 Hz maximum peak excursion, to a potential mini-
mum of 0.16 Hz (peak cents excursion from f0: 121.5–1.25
cents). AM depth and FM depth parameters were
9 The MSI training subscale data we collected were largely unsuited to
regression analyses, since the highly-trained musician cohorts had near
ceiling values on the musical training subscale (see ST1); our non-musician
data showed considerably lower scores (as expected, since by definition our
non-musicians had minimal training). This led to a distribution that was
approximately bimodal, and that captured similar variance as the binary
group (expert/non-expert) regressor that we did use in our analyses.
Nonetheless, we did analyze the non-musician cohort alone, using MSI
training scores as a regressor for performance on the perceptual and
cognitive tasks. Our analyses showed only one significant result: MSI scores
accounted for variance in non-musicians’ FM depth thresholds
[F(1,19) = 4.5, p = 0.047, adjusted R2 = 0.149]. However, with FDR correction
across the full set of models, this result did not reach significance; we
would therefore suggest it is best interpreted cautiously.
motivated by previous analyses of violin vibrato signals;
amplitude depth variations of 15 dB, frequency modulation
rates of 5–6 Hz, and frequency excursions of approxi-
mately 15 cents were found to be typical (Mellody &
Wakefield, 2000). The rise time experiment varied linear
onset rise of the amplitude envelope (119 test stimuli).
Comparison stimuli in the rise time task ranged from
100 ms (maximum), to 15.24 ms (potential minimum).

2.3.4.2. Auditory psychophysical procedure. All tasks
employed an adaptive three-alternative (3AFC) procedure
tracking 79.4% response accuracy (Levitt, 1971). A one-
down one-up procedure preceded the first reversal, fol-
lowed by a three-down one-up procedure (Baker &
Rosen, 2001; Hazan, Messaoud-Galusi, Rosen, Nouwens,
& Shakespeare, 2009). Each trial presented two standard
sounds and one test sound (inter stimulus interval
[ISI] = 500 ms). The position of the test sound varied ran-
domly between the three intervals across trials. Each task
used a visual display with three cartoon frogs located at
the left, center and right of the screen. Each frog produced
a sound in turn (left to right). Participants selected the frog
they perceived as being the ‘odd one out’ on each trial. Step
size varied adaptively up to the third reversal across all
three tasks. The initial three step sizes and total number
of test stimuli were increased for the rise time task relative
to the AM and FM tasks. These modifications (following
pilot testing with an expert listener) ensured sufficient
fine-grained rise time increments and prevented ceiling
effects in musicians.

Participants completed the rise time task first, followed
by the AM and FM tasks. Order remained fixed over all par-
ticipants to minimize inter-individual differences due to
differential practice or fatigue effects. Participants com-
pleted one full tracking run for each task as practice. The
first three trials of every run also served as practices (i.e.,
their outcome did not influence the adaptive procedure
or psychometric function). Within a given track, trials were
presented until seven reversals were obtained, or 50 trials
were completed (whichever occurred first). Threshold
from each track was determined as the mean of the final
four reversals, except in the following case: if a participant
reached 50 trials before achieving a fourth final reversal on
a track, the mean of the final three reversals was taken as
threshold (Banai, Sabin, & Wright, 2011), with the thresh-
old verified by examining the psychometric function.

Participants completed a minimum of two experimen-
tal tracks during a given task. Once two tracks were com-
pleted, the experimenter inspected both track thresholds
and psychometric functions. If participants’ thresholds for
the first two tracks were within four steps or less of each
other and four final reversals were reached on both, the
task was deemed complete. If the first two track thresholds
exceeded four continuum steps relative to each other and/
or only three final reversals were reached on either track,
participants completed a third track. Thresholds were
measured in this manner to maximize the efficiency of
the psychophysical procedure and reduce the number of
tracks run.

Psychophysical tracks and psychometric functions were
re-inspected blind to subject and group once data from all
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participants were collected. A discrepancy of 10 continuum
steps or more between a track threshold and the 79.4%
point on the psychometric function (curve fitted using
logistic regression) was deemed erroneous and the track
was excluded. If a participant had completed two initial
experimental tracks where thresholds were within four
steps of each other, final threshold was taken as the mean
of those two tracks. Where three experimental tracks were
completed successfully, the median of those three tracks
was taken as final threshold. If a participant tracked suc-
cessfully on the initial practice for an experiment, but com-
pleted an experimental track erroneously, the practice
track was taken as a valid data point; the median of thresh-
old values from the valid experimental tracks and the prac-
tice track was then taken as threshold. Participants with
two or more erroneous tracks for any task were not
included in that analysis. On the basis of these criteria, par-
ticipants were excluded from psychophysical analyses as
follows: rise time – 3 violinists, 3 pianists and 8 non-musi-
cians (final n’s: 21 violinists, 21 pianists, 16 non-musi-
cians); AM depth – 1 violinist, 1 pianist, 1 non-musician
(final n’s: 23 per group); FM depth – 3 non-musicians (final
n’s: violinists & pianists both 24, 21 non-musicians).

We also analyzed potential changes in thresholds over
four repeated runs. However, not all participants com-
pleted four runs for each experiment, so group sample
sizes for these analyses were unequal (Rise time: 13 violin-
ists, 16 pianists, 12 non-musicians; AM depth: 12 violin-
ists, 16 pianists, 12 non-musicians; FM depth: 15
violinists, 16 pianists, 11 non-musicians). To ensure that
MANOVA results were not driven by differences in group
n’s, MANOVA models were assured by Box’s M test of
equality of covariance matrices (Stevens, 1996). Results
were also verified by matching groups with larger Ns to
the smallest group N for that task. This was achieved by
drawing six random samples of participants from the lar-
ger group(s) for that task. We then entered each random
sample into a separate MANOVA analysis with the group
it was matched to, allowing for consistency of results to
be checked across random samples (see Section 3.1).

2.3.5. Sequence reproduction task (SIMON)
Participants performed an audio-visual sequence repro-

duction task, modeled after the SIMON interactive game.
The task assessed non-instrumentally specific reproduc-
tion of multi-modal sequences, allowing for comparison
across musician and non-musician groups. Additionally,
we investigated the influence of passive exposure to
ordered tone sequences on subsequent sequence
reproduction.

2.3.5.1. Stimuli. Participants were presented with an octag-
onal figure containing four wedge-shaped ‘buttons’ (red,
blue, green and yellow). Each button was paired with a
fixed 300 ms sinusoidal tone (red button, 262 Hz [C4]; blue
button, 327.5 Hz [E4]; green button, 393 Hz [G4]; yellow
button, 524 Hz [C5]). Tones formed the notes of a C major
chord. All tones had 50 ms onset and offset ramps, normal-
ized for equal RMS amplitude (presented at a comfortable
level fixed for all participants). Each button was
illuminated simultaneously with the associated tone.
Test sequences were sampled from two probabilistic
‘languages’, referred to here as language 1 and language
2. Sequences from each language were composed of triplet
units. Each SIMON sequence consisted of seven triplets
from one of the languages. Language 1 triplets were:
C4-E4-G4; E4-G4-C5; G4-C5-C4; C5-C4-E4. Language 2 was
the reverse of language 1 (triplets: G4-E4-C4; C5-G4-E4;
C4-C5-G4; E4-C4-C5). A triplet could occur more than once
in the same sequence, but never consecutively. ISI between
presented sequence items varied according to sequence
length during the task (length <4 items: 500 ms ISI; length
<6: 300 ms ISI; length >6: 200 ms ISI). The interval
between response completion and the next sequence
iteration (ITI) was 800 ms after the first trial, and 300 ms
thereafter.

2.3.5.2. Procedure. Prior to the SIMON task, participants lis-
tened to a concatenated stream of 690 SIMON tones that
followed the triplet structure of either language 1 or lan-
guage 2. Participants were informed they would listen to
a stream of sounds, but that they did not need to focus
on them. While listening, participants completed the Edin-
burgh Handedness Inventory and a questionnaire concern-
ing their language background. Participants were unaware
of any relationship between the passive familiarization and
the SIMON task.

The SIMON task was presented following this listening
period. Each SIMON trial began with a single on-screen
button lighting up, paired with its matching tone (e.g.,
red button; C4). Participants responded by pressing the
appropriate color-coded button on a Logitech Precision
Gamepad; with each button press, the corresponding on-
screen button illuminated and its matching tone played.
If participants responded correctly, the second trial was
presented. The second trial presented the same first item
(e.g., red; C4) followed by the next triplet item (e.g., blue;
E4). Participants had to reproduce the items in the order
they were presented by the computer. Sequences incre-
mented one item in length with each correct reproduction
of the items presented. A given sequence was terminated if
participants failed to reproduce items in the same order as
presented by the computer. After a reproduction error, a
screen was displayed showing the number of items the
participant had reproduced on that sequence.

At the beginning of the experiment, participants com-
pleted two practice sequences of six items. If a participant
reproduced fewer than five items on either practice, prac-
tices were re-run until a minimum of five items were
achieved for both. Ten experimental SIMON sequences
were then presented (five sequences each from language
1 and 2, pseudorandomly interleaved). Two fixed pseudo-
random sequence orders were counterbalanced across par-
ticipants. Rates of errors made on the very first sequence
item (i.e., where no items were correctly reproduced for
a sequence), were assessed blind to group, to ensure par-
ticipants completed similar numbers of sequences for each
language (i.e., both familiar and non-familiar). Criterion for
exclusion was set at more than one sequence where no
items were reproduced, across the 10 experimental
sequences; one non-musician failed to reproduce any
items for two sequences and was excluded. Mean sequence
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lengths were log transformed prior to analyses to correct
for positive skew.

2.3.6. Tuning system perception task
The task assessed perception of tuning of major chords.

Just and equal tempered tuning systems were compared to
each other, as well as to chords that deviated to some
degree from either tuning system. The purpose was to
assess ratings of ‘in-tuneness’ based on the relevance of
tempering to one instrumental class (standard for fixed
pitch instruments like piano), contrasting with relevance
of just temperament to other instruments (e.g., non-fretted
string instruments like violin).

2.3.6.1. Stimuli. All chords were A major triads, with a root,
major third, perfect fifth, and octave. Chord stimuli were
generated using complex sawtooth pulse waves (as in the
auditory psychophysical tasks, but with the number of har-
monics reduced to the first 10 and a duration of 1 s).

The just intonation tuning system is based on the natu-
ral harmonic resonances of vibrating systems, and relates
note frequencies according to simple, small-integer ratios
(e.g., 5:4; Duffin, 2007). In contrast, the system of equal
temperament relates adjacent semi-tones according to a
fixed constant (12p2), creating irrational numeric ratios
between note frequencies (e.g., 5.13:4; Hopkin, 1996;
Loosen, 1995). This results in greater beating between par-
tials, compared to just intonation (Duffin, 2007; Teki et al.,
2012).

The just intonation chord was formed as root = 220 Hz
(A3), major 3rd = 275 Hz (C#4), 5th = 330 Hz (E4) and octa-
ve = 440 Hz (A4). This justly tuned chord was compared
with chords where tempering of the major third varied:
+15 cents (approximating equal temperament), �15 cents,
+7.5 cents and �7.5 cents. (Although equal tempered
major thirds are tempered by +13.7 cents relative to just
intonation, studies have indicated +15 cents as a percep-
tual anchor when contrasting both tuning systems;
Kopiez, 2003; Platt & Racine, 1985; Roberts & Mathews,
1984). Additionally, each tempered chord was compared
to every other tempered chord. The outcome measure for
each chord pair was the proportion of trials on which a
given chord was chosen as most in-tune. For example, for
the just vs. equal pair, proportions greater than 0.5 indi-
cated just intonation was chosen; proportions less than
0.5 indicated equal temperament was chosen. Six of all
possible chord pairs presented were selected apriori for
analyses: just vs. equal (+15 cents); just vs. �15 cents; just
vs. +7.5 cents; just vs. �7.5 cents; equal vs. �15 cents;
equal vs. +7.5 cents. These pairs were of most theoretical
interest, in comparing both tuning systems, and comparing
each system to varying tempering of the major 3rd.

2.3.6.2. Procedure. Participants completed a two alternative
forced choice (2AFC) task, where two chords were pre-
sented per trial. Twelve instances of each possible chord
pairing were presented as trials. Participants fixated a cen-
tral cross presented against a white background. Four prac-
tice trials with feedback were presented (major 3rd of a C
major triad mistuned by ±30 cents, compared with major
3rd tempered by +4 cents). 120 test trials followed, with
rest screens every 20 trials. On each trial, participants indi-
cated which chord of the pair they perceived as being most
in tune. The ‘in tune’ chord was explained to non-
musicians as the chord sounding most consonant or musi-
cally acceptable (early pilot work indicated close similarity
in results when non-musicians judged which chord was
most in-tune, relative to making preference judgements
for each pair). Participants used a Logitech Precision Game-
pad to indicate which chord was most in tune. The exper-
iment allowed 3 s for response from the onset of the
second chord, followed by a 1.5 s ITI. Failure to respond
within 3 s was deemed a non-response; this was followed
by a further 1 s ITI before the beginning of the next trial.
Two fixed pseudorandom orders of trials were counterbal-
anced across participants. Position of each chord (i.e., first
or second) was counterbalanced across the 12 instances of
each pairing in each fixed order. Participants’ total non-
responses across trials were assessed blind to group.
Non-responses were examined to ensure sufficient num-
bers of observations were included for each chord pairing
(minimum of nine per pair, per participant), and to provide
a marker of deviation from task instructions. The inclusion
criterion was set at the non-response total within two SDs
of the group non-response mean. One non-musician and
one violinist fell outside this criterion and were excluded.
2.3.7. Environmental auditory scene analysis (EnvASA) task
The EnvASA paradigm measured environmental sound

detection within natural auditory scenes (see Leech et al.,
2009). Each trial presented one to three short environmen-
tal target sounds, followed by a stereophonic auditory
background scene. Participants identified each auditory
target within the auditory background scene as soon as
they detected it. Signal-to-noise ratio (SNR) of targets rel-
ative to backgrounds was manipulated at four levels:
+3 dB, 0 dB, �3 dB, �6 dB. Congruency of targets relative
to backgrounds was also manipulated (e.g., a cow ‘moo’
target was congruent with a farmyard auditory scene, but
incongruent with an office scene). The number of auditory
backgrounds also varied, with either a single stereophonic
background or two different backgrounds presented dich-
otically. The dependent variable was percentage of sound
targets correctly identified per condition. The inclusion cri-
terion was set at 80% of trials correct or better for the sin-
gle background, congruent, +3 dB trials (i.e., easiest
condition); all participants met this requirement.
2.3.8. Sustained auditory attention to response task (SAART)
The SAART was a speeded response switching task,

indexing sustained auditory attention (similar to the sus-
tained visual attention task of Manly, Robertson,
Galloway, & Hawkins, 1999).
2.3.8.1. Stimuli. Stimuli were nine short environmental
sounds taken from Leech et al. (2009). Non-targets were:
dog bark, bike bell, camera shutter, basketball bounce, ice
cube ‘clink’, door slam, glass shatter, and frog; targets were
a bird call. Durations of the individual sounds ranged from
545 to 678 ms.
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2.3.8.2. Procedure. Participants fixated a central cross
against a white background. Each sound began immedi-
ately after the response to the preceding stimulus. Two
fixed orders of 162 stimuli were counterbalanced across
participants. For both orders, the first 81 stimuli (nine
instances of each sound) varied pseudorandomly; target
sounds never occurred consecutively. The remaining 81
trials presented nine instances of all stimuli; however, tar-
gets were preceded by a regular pattern among sounds (at
positions target minus 3 and target minus 2). Effects of this
pattern on responses are not relevant to the present para-
digm and will be discussed elsewhere; results are confined
to the first 81 pseudorandom sounds. Participants com-
pleted a practice of 18 pseudorandomly arranged sounds
(two targets). The 162 experimental trials followed as a
single block. Participants responded as quickly as possible
with the left index finger for all non-targets, and with the
right index finger for targets. A response error on any trial
was followed by a 500 ms on-screen error message. Non-
response within 2.1 s of any sound also produced a 1 s
on-screen error message. RTs below 60 ms were deemed
early response errors and removed from analyses. RTs for
correct trials only were analyzed (log transformed, to cor-
rect for positive skew). Total error rates across targets and
non-targets were assessed blind to group. Error rates were
examined to ensure consistency in the numbers of obser-
vations included in calculating mean target and non-target
RTs. The inclusion criterion was set at the total error rate
within two SDs of the group mean total error rate; two vio-
linists and two non-musicians exceeded this criterion and
were excluded.

2.3.9. Pure tone audiometry
Pure tone audiometric thresholds in dB HL were mea-

sured using an automated air-conduction thresholding
procedure, based on the Hughson–Westlake ascending
thresholding method (‘up 5 dB, down 10 dB’). Participants’
ears were tested in turn (left first), for frequencies of 1, 2, 3,
4, 6 and 8 kHz, followed by 500 and 250 Hz. Pure tone
audiometry was not run for one violinist due to equipment
failure. Pure tone thresholds for all participants were
within the normal range, with no significant effects of
ear, group, or interactions between these factors (all
p > 0.25; see Supplemental Table [ST] 11).

2.3.10. Visual psychophysical thresholding
Ahead of visual psychophysical assessment, partici-

pants were screened for normal visual acuity with a scaled
Lighthouse near visual acuity chart viewed at 40 cm, and
for normal color vision using Ishihara plates. Participants
then completed the baseline task from Tibber and
Shepherd (2006). Participants discriminated increment
(purple) and decrement (yellow) color hues from neutral.
The task was selected owing to the low relevance of color
discrimination to the training musician groups typically
receive. Two adaptive psychophysical staircases were
interleaved (one for increment and one for decrement
stimuli), and each terminated once 13 reversals occurred.
Thresholds were determined as the mean of the final four
reversals for each staircase. Staircases were inspected blind
to group once all data were collected. Participants with
floor level thresholds or who failed to achieve any reversals
were not included in analyses. Twenty participants failed
to track or displayed floor performance on decrement (yel-
low) staircases (7 non-musicians, 8 violinists, 5 pianists).
Since the decrement staircase was not of theoretical rele-
vance to the present study, analysis was confined to the
increment (purple) staircase. Two pianists failed to track
on the increment staircase and were removed from analy-
sis. Increment thresholds were expressed as the difference
between the co-ordinates of the purple, derived from each
staircase, and the neutral when plotted in a log trans-
formed Macleod–Boynton color space; analyses were per-
formed on these difference values (see Tibber &
Shepherd, 2006).

2.4. Data analyses

Non-parametric statistics are reported where data were
not normally distributed and could not be corrected for
deviations from normality by transformation. Green-
house–Geisser corrected degrees of freedom and p values
are reported where any within-subject variables violated
the assumption of sphericity. Where post hoc multiple
comparisons were performed, p values were corrected
using the false discovery rate method (FDR-corrected
a = 0.05; Benjamini & Hochberg, 1995).

3. Results

3.1. Auditory psychophysical thresholds (Figs. 1a–c and 2a–c)

First, we asked whether there were group differences in
each auditory psychophysical measure and whether musi-
cian groups trained with different instruments differed in
their thresholds for specific acoustic features.

3.1.1. Rise time
Rise time thresholds differed significantly across

groups, v2(2, n = 58) = 15.06, p = 0.0005 (Kruskal–Wallis).
Planned comparisons showed that non-musicians had
higher thresholds than either violinists and pianists (V vs.
NM, z = 3.31, p = 0.0009, Cohen’s d = 1.0; P vs. NM,
z = 3.50, p = 0.0005, Cohen’s d = 1.2), but musician groups
did not differ from each other (p = 1.0).

3.1.2. AM depth
AM depth thresholds differed significantly across

groups, v2(2, n = 69) = 6.63, p = 0.036 (Kruskal–Wallis).
Planned comparisons showed non-musicians had signifi-
cantly higher thresholds than pianists (z = 2.35, p = 0.019,
Cohen’s d = 0.8), and marginally higher thresholds than
violinists (z = 1.95, p = 0.054, Cohen’s d = 0.6); musician
groups did not differ significantly (p = 0.49).

3.1.3. FM depth
FM depth thresholds were significantly different across

groups, v2(2, n = 69) = 11.03, p = 0.004 (Kruskal–Wallis).
Again, planned comparisons showed non-musicians had
higher thresholds than either musician group (V vs. NM,
z = 2.94, p = 0.003, Cohen’s d = 0.9; P vs. NM, z = 2.83,
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p = 0.005, Cohen’s d = 0.8) and musician groups did not dif-
fer significantly (p = 0.92).

In sum, musicians were more sensitive than matched
non-musicians to fine distinctions in onset envelope,
amplitude modulation depth and frequency modulation
depth. However, we saw no evidence of the predicted dif-
ferences between musician groups. We then asked
whether participants’ performance changed across runs,
and whether non-musicians’ final runs might show thresh-
olds similar to musicians’ first runs (Kishon-Rabin et al.,
2001; Micheyl et al., 2006). As noted in Methods (see Sec-
tion 2.3.4.2), because not all participants completed four
runs, group sizes were smaller and more unequal, so
Fig. 1. Auditory and visual psychophysical thresholds across groups. (a) Onset
thresholds (cents); (d) increment color hue thresholds (Macleod–Boynton color s
– violinists (diamonds); large diamonds display mean as middle horizontal line,
bounds of 95% CI as uppermost and lowermost diamond tips, respectively; scatte
for onset rise time thresholds (linear axes for others); group ns differ across tas

Fig. 2. Change in group mean auditory psychophysical thresholds across tracking
with crosses – pianists; solid lines with diamonds – violinists; error bars denote
comparisons, for non-musician and pianist groups (see respective dashed an
comparisons collapsed across groups; trace in (c) highlights significant post ho
rate-corrected), for all post hoc tests; note logarithmic axis for onset rise time
Section 2 for description.
models were checked using Box’s M test of equality of
covariance matrices (Stevens, 1996), and results further ver-
ified using randomly selected samples with matching Ns.

3.1.4. Rise time (log transformed to correct for positive skew)
As shown in Fig. 2a, pianists’ and non-musicians’ sensi-

tivity to rise time envelopes improved significantly over
the four runs; violinists showed only marginal improve-
ments. This was reflected in a group � run interaction
(see Table 5), verified by post hoc comparisons between
each run (ST 6 and indicated in the figure) and by analyses
of random samples (ST 3). In general, both pianists and
non-musicians showed improvements from the first pair
rise time thresholds (ms); (b) AM depth thresholds (dB); (c) FM depth
pace co-ordinates); NM – non-musicians (circles); P – pianists (crosses); V
overlap markers ((

p
2CI)/2) as outer horizontal lines, and upper and lower

red points display thresholds for individual subjects; note logarithmic axis
ks – see Section 2 for description.

runs for each task; dashed lines with circles – non-musicians; dotted lines
±1 std. error of mean; traces in (a) highlight significant post hoc pairwise
d dotted traces); traces in (b) highlight significant post hoc pairwise

c pairwise comparison collapsed across groups; ⁄p < 0.05 (false discovery
thresholds (linear axes for others); group ns differ across panels – see



Table 5
MANOVA analyses of auditory psychophysical thresholds across run and
group for each task, with effect of run split by group for rise time task.

Model Wilk’s
k

df F p gp
2

Rise time
Run 0.289 (3, 36) 29.49 <0.0001 0.711
Group (2, 38) 13.03 <0.0001 0.407
Run � group 0.491 (6, 72) 5.13 0.0002 0.299

AM depth
Run 0.473 (3, 35) 13.02 <0.0001 0.527
Group (2, 37) 7.07 0.003 0.276
Run � group 0.811 (6, 70) 1.3 0.28 0.099

FM depth
Run 0.772 (3, 37) 3.64 0.021 0.228
Group (2, 39) 2.76 0.076 0.124
Run � group 0.914 (6, 74) 0.57 0.76 0.044

Rise time
Run – violinists 0.509 (3, 10) 3.21 0.07 0.491
Run – pianists 0.33 (3, 13) 8.81 0.002 0.67
Run – non-musicians 0.086 (3, 9) 31.83 <0.0001 0.914
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to the second pair of runs, whereas violinists showed only
marginal improvements. Non-musicians’ final runs did not
differ significantly when compared with violinists and pia-
nists’ first runs, v2(2, n = 41) = 3.0, p = 0.22 (Kruskal–Wal-
lis). In other words, by their fourth run, non-musicians
had improved to within the range of the musicians’ first
attempt.

3.1.5. AM depth
All groups’ detection of AM depth improved across the

four runs (Fig. 2b), as shown by the main effects of run
(interaction with group non-significant), verified by analy-
ses of random samples (see Table 5 & ST 4). Thresholds
from 1st and 2nd runs were significantly higher than those
from 3rd or 4th runs; later runs did not differ significantly
(see ST 6). As in the rise time analysis, non-musicians’ final
run did not differ significantly from the first run completed
by musicians, v2(2, n = 40) = 1.85, p = 0.4 (Kruskal–Wallis).

3.1.6. FM depth
There was limited improvement in FM depth detection

across runs (Fig. 2c), with no interaction between run and
Table 6
Kruskal–Wallis and post hoc group comparisons across tuning perception task pair
chord pair).

Model Just vs. equal
(+15)

Just vs. �15 Just

Kruskal–Wallis v2(2, n = 70) 24.24*** 30.98*** 12.1

Post-hoc (WSRT)
NM vs. V z = 4.44*,

Cohen’s d = 1.9
z = 5.18*,
Cohen’s d = 2.5

z = 3
Coh

NM vs. P z = 2.07, n.s. z = 3.43*,
Cohen’s d = 1.3

z = 0

V vs. P z = 3.63*,
Cohen’s d = 1.3

z = 3.02*,
Cohen’s d = 0.8

z = 2
Coh

n.s. – non-significant.
* p < 0.05 (FDR-corrected).

** p < 0.005.
*** p < 0.0001.
group (see Table 5 and ST 6); the effect of run was also sig-
nificant in just one random sample (see ST 5). Post-hoc
comparisons showed only thresholds from run 1 and run
4 differed significantly (ST 6). As in the other two experi-
ments, non-musicians’ final run was not significantly dif-
ferent from musicians’ first run, v2(2, n = 42) = 1.59,
p = 0.45 (Kruskal–Wallis).

3.2. Visual psychophysical thresholds

It is possible that the musician advantages in the audi-
tory psychophysical measures might be due to overall bet-
ter performance on challenging psychophysical tasks,
rather than reflecting a true difference in auditory percep-
tual abilities. To test this, participants also completed a
color hue psychophysical task. In contrast to the auditory
psychophysical results, a one-way ANOVA showed no
effect of group on visual color hue (increment) thresholds,
F(2,67) = 1.76, p = 0.18, gp

2 = 0.049 (see Fig. 1d).

3.3. Tuning system perception

We next asked whether extensive training with non-
fixed pitch (violin) or fixed pitch (piano) instruments
would differentially affect musicians’ perception of chord
tuning, and whether non-musicians would show a qualita-
tively different profile of tuning perception. Tests of differ-
ences of group means from chance for each chord pair are
shown in ST 7 (one-sample Wilcoxon Signed Rank Test
(WRST)). Proportion of in-tune choices for each chord pair-
ing were analyzed across groups (Kruskal–Wallis and post
hoc WSRT; Table 6 & Fig. 3).

Violinists selected chords in just intonation – that most
relevant to their instrument – when paired with all other
chord tunings (with one exception), and did so signifi-
cantly above chance levels (see Fig. 3, panels 1–4; ST 7).
The sole exception was just intonation paired with the
moderately sharpened +7.5 cents chord (see Supplemental
results 1). Violinists selected equal temperament as most
in tune only when it was paired with the chord deviating
the most from both tuning systems (�15 cents). Interest-
ingly, when choosing between an equal tempered (+15
cents) chord vs. the moderately sharpened one (+7.5
s (all post hoc comparisons false discovery rate-corrected [a = 0.05] for each

vs. +7.5 Just vs. �7.5 Equal (+15)
vs. �15

Equal vs. +7.5

2** 24.87*** 36.98*** 27.89***

.04*,
en’s d = 1.0

z = 4.65*,
Cohen’s d = 2.1

z = 5.45*,
Cohen’s d = 3.1

z = 4.85*,
Cohen’s d = 1.7

.94, n.s. z = 1.86, n.s. z = 4.57*,
Cohen’s d = 1.8

z = 3.27*,
Cohen’s d = 1.0

.85*,
en’s d = 0.9

z = 3.54*,
Cohen’s d = 1.2

z = 2.22, n.s. z = 2.87*,
Cohen’s d = 0.7



Fig. 3. In-tune choices for just and equal tempered tuning systems when paired with tuning deviances, across groups; leftmost panels display proportion of
trials where chords adhering to just intonation were chosen when paired with chords deviating from just intonation (values greater than 0.5 indicate just
intonation chosen; less than 0.5 indicate deviating chord chosen); rightmost panels display proportion of trials where chords adhering to equal
temperament were chosen when paired with chords deviating from equal temperament (values greater than 0.5 indicate equal temperament chosen; less
than 0.5 indicate deviating chord chosen); NM – non-musicians (circles); P – pianists (crosses); V – violinists (diamonds); large diamonds display mean as
middle horizontal line, and upper and lower bounds of 95% CI as uppermost and lowermost diamond tips, respectively; ⁄markers display difference of group
means from chance (one-sample Wilcoxon signed rank tests), ⁄p < 0.05 (false discovery rate-corrected); n.s. – non-significant.
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cents), violinists chose the latter – that closer to just into-
nation (Fig. 3, panels 5 & 6).

Pianists selected equal tempered chords – adhering to
their instrument-relevant tuning system – significantly
above chance when paired with the �15 cents chord. How-
ever, this was not the case when equal tempered chords
were compared with justly tuned chords. Indeed, pianists
selected a smaller extent of tempering (+7.5 cents) signifi-
cantly above chance when paired with either equal tem-
perament or just intonation (Fig. 3, panels 3 & 6; ST 7).
Pianists only selected just intonation (i.e., their less rele-
vant tuning system) significantly more often when
matched with the �15 cents chord (Fig. 3, panel 2; ST 7).
Thus, pianists showed bias toward lesser extents of tem-
pering than typical of their relevant tuning system (equal
temperament), choosing their less familiar system only
when matched with a tuning deviance.

Finally, non-musicians showed a strong and significant
bias against choosing justly tuned chords, with exception
of the just vs. �15 cents pair (see Fig. 3, panels 1–4; ST
7). Neither did non-musicians select equal temperament
significantly above chance when paired with the �15 cents
or +7.5 cents chords (Fig. 3, panels 5 & 6; ST 7).

Violinists’ and non-musicians’ choices differed signifi-
cantly for every chord pair (see Table 6 & Fig. 3). Violinists’
choices also differed significantly from pianists’ choices for
every pair, except equal temperament vs. �15 cents (see
Table 6; Fig. 3).

Unlike violinists, pianists did not differ significantly
from non-musicians when judging justly tuned chords vs.
all others. The only exception was for the justly tuned
chord paired with the �15 cents chord; for that pair, pia-
nists selected just intonation significantly more than
non-musicians did (see Table 6). Pianists but not non-
musicians also showed strong selection of the equal-
tempered chord when compared with the �15 cents chord.
Finally, pianists – like violinists – chose the +7.5 cents
tempered chord on a significantly greater proportion of tri-
als when paired with an equal tempered chord, and did so
significantly more than non-musicians did (Table 6).

3.4. SAART

Here, we asked whether musician groups and non-
musicians would differ in their ability to sustain auditory
attention. We first tested potential differences in reaction
time and accuracy to both rare auditory targets and more
frequent non-target sounds. We found no significant group
differences in overall RTs, F(2,65) = 0.32, p = 0.73, gp

2 = 0.01,
target response accuracy, F(2,65) = 0.47, p = 0.63, gp

2 = 0.01
(one-way ANOVA) or non-targets response accuracy, v2(2,
n = 68) = 3.94, p = 0.14 (Kruskal–Wallis) (see Fig. 4). RTs to
targets and non-targets did differ (F(1,65) = 9.95, p = 0.002,
gp

2 = 0.133) with mean target RTs slower than for non-
targets (Fig. 4). However, there was no significant interac-
tion of target/non-target and group, F(2,65) = 0.59,
p = 0.56, gp

2 = 0.02.
We then asked whether groups differed in a further

metric of sustained attention, namely the variability of
their reaction times to non-targets (i.e., standard deviation
of non-target RTs). Here, groups differed marginally,
F(2,65) = 3.08, p = 0.053, g2 = 0.086 (one-way ANOVA). Pia-
nists were marginally less variable than non-musicians
(i.e., SDs reduced; z = 2.23, p = 0.08, Cohen’s d = 0.7), but
did not differ from violinists (z = 0.82, p = 0.42). Violinists
and non-musicians also did not differ significantly
(z = 1.28, p = 0.31, all tests FDR-corrected; Fig. 4, panel 5).

3.5. SIMON

We asked whether musicians would outperform non-
musicians in multi-modal sequence reproduction, and
whether their sequence reproduction would improve
when they were passively familiarized with the sequential



Fig. 4. Group and individual performance on sustained auditory attention task (SAART); NM – non-musicians (circles); P – pianists (crosses); V – violinists
(diamonds); leftmost panel displays standard deviations of reaction times to non-target sounds (seconds); middle panels display reaction times to target
and non-target sounds (seconds); rightmost panels display response accuracies to target and non-target sounds (raw counts); large diamonds display
means as middle horizontal line, and upper and lower bounds of 95% CI as uppermost and lowermost diamond tips, respectively; target RTs and non-target
RTs differed significantly (p = 0.002); targets: 449.8 ms ± 0.08 (SD); non-targets: 428.8 ms ± 0.09 (SD); interaction with group n.s.

Fig. 5. Group and individual mean sequence length performance on
SIMON sequencing task; NM – non-musicians (circles); P – pianists
(crosses); V – violinists (diamonds); large diamonds display means as
middle horizontal line, and upper and lower bounds of 95% CI as
uppermost and lowermost diamond tips, respectively.

Table 7
Significant ANOVA effects for percentage accuracy across EnvASA
conditions.

Effect df F p gp
2

Background (1, 69) 36.92 <0.0001 0.349
Congruency (1, 69) 22.99 <0.0001 0.25
SNR (2.304,

158.98)
60.93 <0.0001 0.469

Congruency � background (1, 69) 13.21 0.001 0.161
Background � SNR (1, 69) 22.99 <0.0001 0.25
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regularities. A 2 (familiar/non-familiar) � 3 (group)
ANOVA on log-transformed mean sequence lengths
showed no significant effect of group, F(2,68) = 2.42,
p = 0.096, gp

2 = 0.07 (Fig. 5). There was no main effect of
familiarity, F(1,68) = 0.08, p = 0.77, gp

2 < 0.01, and no famil-
iarity � group interaction, F(2,68) = 0.82, p = 0.45,
gp

2 = 0.02. In sum, we found no significant evidence of
enhanced general sequencing abilities in musicians, and
none for participants being able to reproduce longer
sequences when familiarized with the statistical
regularities underlying those sequences.
3.6. EnvASA

Next, we investigated whether musical expertise would
modulate identification accuracy of environmental sound
targets within naturalistic, attentionally demanding audi-
tory scenes, and whether musicians would be more resil-
ient to informational or energetic masking. A 2
(congruent/incongruent) � 2 (single/dual background) � 4
(�6, �3, 0, +3 dB SNR levels) � 3 (group) ANOVA on accu-
racy rate showed significant main effects of background,
congruency and SNR, as well as significant congru-
ency � background and background � SNR interactions
(Table 7 and Supplemental Fig. [SF] 1). The pattern of
effects was as expected given previous studies using this
task (see Krishnan et al., 2013; Leech et al., 2009). Contrary
to our predictions that musicians would show an advan-
tage in scene analysis and in detection performance under
masking conditions, there was no significant main effect of
group, nor were there any significant interactions with
group (all F < 1.25, p > 0.25, gp

2 < 0.04).
3.7. Cross task analyses

A major focus of this study was to understand whether
expertise-related changes in fine-grained auditory percep-
tion might be associated with individual differences in
more cognitively mediated skills, such as sustained audi-
tory attention, audiovisual sequencing, and auditory scene
analysis.



Table 8
Non-parametric correlations between psychophysical tasks and SAART
non-target RTs and SDs (false discovery rate-corrected; ⁄p < 0.05).

Pair Spearman’s
q

FDR-
corrected
p

SAART non-target RTs & AM depth 0.2 0.16
SAART non-target RTs & FM depth 0.392 0.02⁄

SAART non-target RTs & onset rise time 0.381 0.02⁄

SAART non-target RTs & visual
(increments)

�0.23 0.14

SAART non-target SDs & AM 0.312 0.04⁄

SAART non-target SDs & FM 0.44 0.01⁄

SAART non-target SDs & onset rise time 0.355 0.03⁄

SAART non-target SDs & visual
(increments)

�0.03 0.86
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In particular, we asked how individual differences in
sustained attention abilities might predict performance
on auditory psychophysics tasks, and whether differences
between musicians and non-musicians on these perceptual
tasks might be partly driven by attentional effects (e.g.,
Strait et al., 2010). We thus used musician vs. non-musician
status and sustained auditory attentional metrics as predic-
tors of auditory psychophysical threshold performance.

We also asked whether low-level perceptual abilities –
particularly perceiving frequency and amplitude modula-
tion depth – might relate to individual differences in
perception of musical chord tempering (i.e., a perceptual
task of contextual relevance). This was motivated by the
importance of frequency discrimination and detection of
beating to tuning perception (Spiegel & Watson, 1984;
Teki et al., 2012; Vos, 1984). Thus, we examined correlations
between FM depth and AM depth psychophysical thresh-
olds and chord selection within the tuning perception task.

3.7.1. Psychophysical tasks, SAART, SIMON and EnvASA
Auditory psychophysical task thresholds were all signif-

icantly positively correlated, but did not correlate signifi-
cantly with visual psychophysical thresholds (see ST 8).
Table 9
Stepwise regression models with musician/non-musician status and SAART perfor

Model Adj. R2 b

Rise time 0.304
Musician vs. non-musician 8.43
SAART RT SDs 56.99

Rise time 0.328
Musician vs. non-musician 8.97
SAART RTs 36.73

FM depth 0.178
Musician vs. non-musician 2.52
SAART RT SDs 27.85

FM depth 0.196
Musician vs. non-musician 2.75
SAART RTs 17.51

AM depth 0.225
Musician vs. non-musician 0.7
SAART RT SDs 27.3

AM depth 0.15
Musician vs. non-musician 1.0
SAART RTs 11.09
Auditory psychophysical thresholds were also posi-
tively correlated with sustained attention performance
(see Table 8). Standard deviations of RTs to SAART non-
targets were positively correlated with all auditory
psychophysical thresholds – i.e., the lower the standard
deviation, the lower the psychophysical threshold – but
did not correlate significantly with visual psychophysical
thresholds (Table 8). RTs to SAART non-targets also
correlated positively with rise time and FM depth thresh-
olds – the lower the RT, the lower the psychophysical
threshold – but did not correlate significantly with AM
depth or visual psychophysical thresholds (Table 8).

Auditory psychophysical thresholds were not signifi-
cantly correlated with SIMON mean sequence length or
EnvASA accuracy (average, or at each level of SNR and
background, all p > 0.10 with FDR correction).

Supporting these analyses, a principal components
analysis across all measures showed that auditory psycho-
physical tasks and sustained attention metrics (SDs and
RTs) loaded to similar extents on a single component,
accounting for 28.5% of variance (p < 0.0001; no other com-
ponents were significant with a turn in the scree plot after
this component; see ST 9). Envasa, SIMON, tuning percep-
tion and visual psychophysical measures showed weaker
loadings on the component. Because we found significant
relationships between auditory psychophysical and sus-
tained auditory attention measures, we assessed whether
musician vs. non-musician status would still predict audi-
tory psychophysical thresholds when variance due to sus-
tained attention performance was accounted for. Therefore
we ran stepwise regressions with musician status (binary
predictor; musician groups collapsed) and sustained atten-
tion (SAART non-target RTs and non-target SDs) as predic-
tors of auditory psychophysical thresholds.

Both rise time and FM depth thresholds were best pre-
dicted by musician status with either SAART non-target
RTs or SAART non-target SDs in the regression model.
SAART RTs were only marginally predictive of rise time
thresholds, and just reached significance as a predictor of
mance as predictors of auditory psychophysical thresholds.

df F p

(1, 52) 17.67 0.0001
(1, 52) 1.94 0.17

(1, 52) 22.66 <0.0001
(1, 52) 3.88 0.054

(1, 62) 8.80 0.004
(1, 62) 2.81 0.1

(1, 62) 11.61 0.001
(1, 62) 4.27 0.043

(1, 62) 3.61 0.06
(1, 62) 12.8 0.001

(1, 62) 7.07 0.01
(1, 62) 6.18 0.016
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FM depth thresholds. SAART SDs were a non-significant
predictor for both psychophysical tasks (Table 9, rows
1–12). In contrast, AM depth thresholds were best pre-
dicted by SAART non-target SDs; musician status accounted
for only marginal unique variance (p = 0.06). However, a
model with musician vs. non-musician status and non-tar-
get RTs showed that both were significant predictors of AM
depth thresholds, but accounted for less variance than the
model with musician vs. non-musician status and SAART
non-target SDs (see Table 9, rows 13–18). Thus, lower rise
time and FM depth thresholds for musicians did not appear
to be driven by individual differences in sustained attention
(at least as indexed by the SAART measures); in contrast,
individual differences in one metric of sustained attention
(response variability) captured more variance in AM depth
thresholds than did musician status.
3.7.2. Tuning system perception, FM depth and AM depth
Given their potential importance to tuning perception,

we asked whether individual differences in sensitivity to
envelope (AM depth) and frequency (FM depth) cues might
predict how participants perceive chord tuning. Neither
violinists’ nor non-musicians’ performance on FM or AM
depth tasks correlated with chord tuning choices for any
chord pairs (ST 10). However, pianists’ FM depth thresh-
olds were significantly predictive of their choice of just
intonation vs. �15 cents tuning (see ST 10, row 8). Pianists
with lower FM depth thresholds tended to choose just
intonation (their less familiar system) as more in tune than
the �15 cents chord (a large tuning deviation). Follow-up
regression analyses showed pianists’ FM depth thresholds
significantly predicted their chord choice for just intona-
tion vs. �15 cents [F(1,22) = 5.96, p = 0.02, adjusted
R2 = 0.177; b = 0.018]; this relationship was not significant
for the violinist group [F(1,21) = 2.64, p = 0.12, adjusted
R2 = 0.07; b = 0.007; post hoc test comparing violinists’
and pianists’ regression coefficients significant, z = 2.93,
p = 0.003 (two-tailed) (Paternoster, Brame, Mazerolle, &
Piquero, 1998)]. Pianists’ FM depth thresholds also corre-
lated marginally (after FDR correction) with their choices
between other chord pairs (with exception of Equal vs.
+7.5 cents; ST 10). Like the other groups, pianists’ AM
depth thresholds did not correlate with their tuning
choices for any chord pair (see ST 10).
4. General discussion

4.1. Overview of results

Expert musicians perceive basic acoustic features more
finely than non-musicians – although with some practice,
non-musicians can get within striking distance of musi-
cians’ baseline perceptual performance. Violinists and pia-
nists manipulate these acoustic features in fundamentally
different ways, but did not differ in their perceptual sensi-
tivity to these features. Instrument-specific perceptual dif-
ferences only emerged when subtle frequency differences
were presented in a musically relevant context – i.e., when
these frequency differences mapped on to the tuning sys-
tem most relevant to the performer’s instrument. Thus,
musical expertise – regardless of instrument – may enhance
general aspects of lower-level auditory perception to a sim-
ilar extent. Instrument-specific perceptual sharpening is
most evident in musically-relevant harmonic contexts,
and in some cases can be predicted by individual differences
in frequency modulation sensitivity (in pianists).

Despite their years of experience in reproducing long
sequences of notes from memory, segregating multiple
complex sound streams, and attending and responding
quickly to complex sounds, musicians differed little (if at
all) from non-musicians on our measures of sequence
reproduction, auditory scene analysis, or sustained
auditory attention. However, in both musicians and non-
musicians, auditory attention predicted fine perception of
certain acoustic cues (AM depth), suggesting that top-
down attentional mechanisms may indeed modulate
fine-grained perception of some acoustic signal properties
(further to Strait et al., 2010).

4.2. Basic psychoacoustic measures

As expected given past results (Kishon-Rabin et al.,
2001; Micheyl et al., 2006; Parbery-Clark, Skoe, Lam,
et al., 2009; Strait et al., 2010; Teki et al., 2012) we found
musicians to be more sensitive than non-musicians to
changes in three fundamental acoustical parameters:
attack envelope (onset rise time), frequency excursion
(FM depth), and carrier amplitude (AM depth). Musicians’
finer perceptual skills did not extend to a visual measure
or reflect a general advantage on psychophysical tasks in
that they did not differ from controls in discriminating gra-
dations in color hue – a perceptual skill not associated with
musical expertise.

Contrary to our expectations, the thousands of hours
our violinists spent attending to and manipulating the
depth of pitch and amplitude modulations (through fine
tuning of intonation and vibrato) did not translate into
greater sensitivity to perceiving AM or FM depth differ-
ences when compared directly to pianists, who cannot
control frequency or pitch modulation. Conversely, pianists
– whose primary expressive tools are attack and decay
envelope – were not more sensitive than violinists to fine
differences in rise times. (It is worth noting that violin piz-
zicato and struck piano touch have similar attack enve-
lopes; see Barbancho, de la Bandera, Barbancho, &
Tardon, 2009; Goebl et al., 2005). These findings extend
previous evidence of finer neural response timing to sound
(speech phone) onset in musicians vs. non-musicians
(Parbery-Clark, Anderson, Hittner, & Kraus, 2012). How-
ever, our results contrast with data showing selectively
improved acuity for acoustic cues specific to the instru-
ment played (Micheyl et al., 2006; Spiegel & Watson,
1984).

One explanation for this unexpected finding is that pia-
nists might have compensated for not being able to control
AM and FM depths and rates through attentive listening to
string instrumentalists and vocalists during ensemble
playing or accompanying. However, violinists in the pres-
ent study spent significantly greater time in ensemble
performance than did pianists did (see ST 2), making this
account a less than compelling one.



D. Carey et al. / Cognition 137 (2015) 81–105 99
It is also possible that violinists listening to and adjust-
ing vibrato quality may not attend to AM and FM as sepa-
rate parameters, but instead may attend to the strength of
the covariation between FM and AM, as in the case of deep,
rapid vibrato (see Mellody & Wakefield, 2000, for discus-
sion of covarying FM and AM parameters in vibrato sig-
nals). Further studies are required to determine if expert
pianists and violinists differ in perceptual acuity when
both rates and depths of AM and FM are varied concur-
rently (see Moore & Sek, 1994a, for discussion of concur-
rent AM and FM perception).

Another surprising finding was how quickly non-musi-
cians as a group reached similar perceptual thresholds to
those achieved by musicians in their first runs. While pre-
vious studies report that training non-musicians on psy-
choacoustic tasks can greatly improve frequency
discrimination thresholds (Micheyl et al., 2006; see also
Bosnyak, Eaton, & Roberts, 2004; Kishon-Rabin et al.,
2001), as well temporal interval discrimination (Wright,
Buonomano, Mahncke, & Merzenich, 1997; Wright,
Wilson, & Sabin, 2010), it was striking that non-musicians
on average would approximate violinists’ and pianists’ ini-
tial perceptual thresholds for such musically-relevant
acoustical properties. Nevertheless, it is important to high-
light that in most cases, musicians’ thresholds also
improved significantly over the tracking runs (notably
onset rise time thresholds in pianists and AM depth
thresholds in both expert groups; see Fig. 2). In all tasks,
musicians’ final thresholds were still lower than non-
musicians’. This suggests that while short-term perceptual
learning can influence fine acuity, it appears not to outstrip
effects of musical expertise – at least over the relatively
brief testing periods used here (for discussion, see
Ahissar, Nahum, Nelken, & Hochstein, 2009). Indeed, previ-
ous studies have shown that 4–8 h of training are needed
before non-musicians achieve f0 difference limens on par
with musicians (Micheyl et al., 2006). It is also interesting
to note that in the present study, we observed relatively
reduced extents of learning across runs for FM depth
thresholds (although non-musicians did still tend to reach
musicians’ baseline levels; further to Kishon-Rabin et al.,
2001). This may indicate that perceptual acuity for tempo-
ral rather than complex spectral cues is relatively more
malleable over very brief periods.

Finally, despite non-musicians’ vastly different experi-
ence with producing and perceiving sound, many non-
musicians’ average thresholds were similar to musicians’
(see Fig. 1). Our musicians might have perceived differ-
ences in frequency, amplitude, and attack more finely than
non-musicians had the carrier signal been a musical timbre
(rather than the non-musical timbre of the sawtooth car-
rier used here). Musicians show finer perception of pitch
and interval cues compared to non-musicians when musi-
cal timbre covaries (Pitt, 1994; Platt & Racine, 1985; but
see Zarate et al., 2013), and enhanced neural responses to
the timbre of the instrument played (Margulis, Mlsna,
Uppunda, Parrish, & Wong, 2009; Pantev et al., 2001;
Strait, Chan, et al., 2012). We are currently investigating
the last possibility, as the results from the tuning
sensitivity experiment (discussed below) show the
importance of context on perception.
4.3. Contextual effects on experts’ auditory perception

In contrast to the lack of low-level psychoacoustic differ-
ences across musician groups, and some evidence of overlap
between musicians’ and non-musicians’ thresholds, there
were qualitative differences in the way that violinists, pia-
nists, and non-musicians perceived frequency ratios, in
agreement with the demands and conventions of their
instrumental expertise (or lack thereof). Indeed, previous
studies have indicated that preferences for harmonic over
inharmonic spectra correlate with years of musical training
(McDermott, Lehr, & Oxenham, 2010). Our results extend
these findings, showing that the instrument musicians train
with has a strong influence on their ratings of harmonic tun-
ing – particularly when considering very fine differences in
interval size (see Loosen, 1994, 1995).

Violinists showed strong biases towards their instru-
ment-relevant tuning system (i.e., just intonation); the
only exception was when their relevant system was paired
with a slightly sharpened major third (+7.5 cents; see
Fig. 3). This slight sharpening can be acceptable to string
players and other non-fixed pitch instrumentalists (Hall
& Hess, 1984; Kopiez, 2003; Platt & Racine, 1985; Roberts
& Mathews, 1984). However, we found some (albeit weak)
evidence that violinists who started to practice early in life
(at 3–4 years) were more likely to choose the just tem-
pered chord as opposed to the slightly sharp chord (see
SR.1). While the power to detect this effect was suboptimal
(due to the split of the violinist cohort), we tentatively sug-
gest that early training might drive very fine sensitivity to
components of harmonic complexes (further to Hall &
Hess, 1984; Roberts & Mathews, 1984; Vos, 1986). Such a
finding might be explored in future studies comparing
the tuning sensitivities of musicians (e.g., violinists) specif-
ically differing in the age of onset of their training (see
Steele, Bailey, Zatorre, & Penhune, 2013, for discussion).

Perhaps due to expert pianists’ experience accompany-
ing string players as well as the fixed nature of piano tuning,
pianists as a group did not reliably distinguish between
their relevant tuning system and their less familiar system
(i.e., equal vs. just temperament – see also Micheyl et al.,
2006; Spiegel & Watson, 1984). But unlike non-musicians,
pianists did reliably choose more ‘in-tune’ chords (just or
equal tempered) when paired with out-of-tune triads (with
the middle note adjusted �15 cents relative to just tuning).
Moreover, the degree to which pianists’ chose the in-tune
chord was predicted by their FM (but not AM) depth thresh-
olds – a relationship that was completely absent in the data
from violinists or non-musicians. This suggests that individ-
ual differences in low-level auditory acuity can have an
impact on highly context-dependent perceptual judgments.
But, this appears to occur only when the perceptual skill is
relevant to the task and when the level of expertise in mak-
ing those judgments is neither non-existent (as in non-
musicians) nor over-practiced (as in violinists) (see Nikjeh
et al., 2009). The lack of relationship between AM depth
thresholds and tuning perception shown here suggests it
may be a less robust perceptual correlate of mistuning;
indeed, Teki et al. (2012) found that trained listeners (piano
tuners) identify mistuning through fine perception of AM
rate within specific frequency windows.
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4.4. Sustained attention and perceptual performance

The acquisition of expertise may rely in part on devel-
oping sustained attentional abilities, particularly directed
toward training-relevant stimuli or task goals (e.g.,
Tervaniemi et al., 2005; see Palmeri et al., 2004, for
discussion). We found limited evidence that our musicians
differed from non-musicians in this regard, with pianists –
but not violinists – marginally less variable in their
response times compared to non-musicians.

However, sustained auditory attention did predict sig-
nificant variance in AM depth thresholds – and beyond
what could be accounted for by musical expertise alone.
This suggests that sustained auditory attention skills can
contribute to fine acoustic perception (further to Ahissar
et al., 2009) – but that these attentional skills are modal-
ity-delimited, as shown by the lack of relationship between
the SAART measures and visual psychophysics perfor-
mance (see Braga, Wilson, Sharp, Wise, & Leech, 2013, for
a recent demonstration of the modality-specific nature of
attentional systems). Our PCA analyses also found that
auditory psychophysical performance loaded with sus-
tained auditory attention performance on a single compo-
nent, thereby further supporting a relationship between
auditory attention and some fine perceptual abilities in
both musicians and non-musicians (Strait & Kraus,
2011b; Strait, Parbery-Clark, et al., 2012; Strait et al.,
2010; Tervaniemi et al., 2005; see also Zhang et al., 2012).

4.5. Auditory scene analysis

Musicians spend many hours in hugely complex audi-
tory environments (e.g., ensembles and symphony orches-
tras). For instance, violinists and pianists playing with
orchestras must listen for particular motifs generated by
single sound sources that will be masked by dozens of
other sound generators, and that may exceed the target
sound in amplitude and salience. An open question is
whether these advanced musical scene analysis abilities
would extend to detecting and identifying familiar sounds
in everyday auditory scenes, particularly under informa-
tional and energetic masking conditions. To our surprise,
we found no evidence that musicians and non-musicians
performed differently, under even the most demanding lis-
tening conditions. Moreover, we did not find that our vio-
linist cohort – who spent significantly greater time in
ensembles (see ST 2) – performed any better than our pia-
nist cohort. These results contrast with previous reports of
enhanced musician performance under the demands of
competing speech (Parbery-Clark, Skoe, & Kraus, 2009;
Parbery-Clark, Skoe, Lam, et al., 2009; Parbery-Clark
et al., 2011; Strait, Parbery-Clark, et al., 2012), sources of
informational masking (Oxenham et al., 2003),10 backward
masking (Strait et al., 2010), and detection of auditory
objects (Zendel & Alain, 2009, 2013). Our findings also con-
trast with previous evidence that specific expertise with
10 It is worth noting that musicians’ resilience to informational masking in
the Oxenham et al. (2003) multi-tone masker paradigm may have been
facilitated by their being able to attend to the unchanging frequency of the
target – a possibility we are currently exploring.
ensemble settings benefits selective attention to spatially
segregated sounds (Nager et al., 2003). Recent findings sug-
gest musician advantages for speech perception may emerge
most clearly when listening demands are presented binau-
rally or with spatial segregation (Parbery-Clark, Strait,
Hittner, & Kraus, 2013; Strait, Parbery-Clark, et al., 2012).
However, the complex, binaural nature of the scenes pre-
sented in our task (particularly the dual backgrounds) failed
to reveal any musician advantage. Moreover, a recent inves-
tigation of musician vs. non-musician performance on mea-
sures of voiced and unvoiced speech perception in noise
(Ruggles et al., 2014) failed to show any musician advantage
– a finding partly in agreement with our non-linguistic
results.

What might account for the difference between current
and past results? First, it is possible that lower target/back-
ground SNRs (e.g., Gygi & Shaffiro, 2011) would have
increased task difficulty and therefore have allowed group
differences to emerge, particularly in dual background con-
ditions (Leech et al., 2009). We should note that average
performance in the high SNR and single background condi-
tions was relatively high, and therefore may have caused
ceiling effects. However, even at the lowest SNR (�6 dB;
mean accuracies reduced to 70–80% in the dual back-
ground condition; see SF1) we did not find any hint of a
musician advantage. A further possibility is that musicians’
expertise in detecting, identifying, and attending to audi-
tory targets is limited to targets that share characteristic
acoustic and spatial cues of musical instruments in an
ensemble – characteristics that can differ dramatically
from other sound sources (for discussion, see Dick et al.,
2011; Nager et al., 2003). Thus, it may be that musicians’
expertise in scene analysis is context-specific, with limited
benefit to non-musical auditory environments. Indeed,
lack of skill transfer has also been observed in some cases
of visual scene expertise (see Green & Bavelier, 2012, for
discussion).

4.6. Sequence perception and reproduction

Playing a musical instrument fundamentally involves
encoding and reproducing sequentially organized units of
sound, as well as recognizing and using regularities in
those sequences (e.g., Koelsch et al., 2002; see Bharucha,
Curtis, & Paroo, 2006, for review). Predicting generalization
of such skills, we expected that musicians would repro-
duce longer multi-modal sequences than non-musicians.
We also predicted that familiarity with the auditory struc-
ture of half of the sequences might allow participants –
particularly musicians – to learn and use that structure
to aid reproduction.

We found little evidence in favor of our hypotheses. The
lack of a robust musician advantage for such a seemingly
‘musical’ task is somewhat puzzling. It may be that our
participants did not rely on the tones to reproduce the
sequence, and relied on the visuospatial component of
the task. This would tally with the results of Taylor-
Tierney et al. (2008), who found musician advantages only
for audio and not audiovisual sequences (but cf. Conde
et al., 2012). However, very recent unpublished data from
a sequencing experiment in our laboratory – one with a
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smaller, less expert, and more heterogeneous musician
sample – showed a musician advantage for both audiovi-
sual and audio-only sequence reproduction. It may be that
cohort effects are in part behind these inconsistent results,
especially in terms of the non-musician group, which in
the present study was well-matched to the musician
groups in educational level and motivation. In particular,
uncontrolled variation in sustained attentional abilities in
non-musicians may underlie such conflicting results.
Indeed, in the present study, sustained auditory attention
(measured through SAART non-target RTs) was signifi-
cantly related to SIMON mean sequence length
(q = �0.404, p = 0.01), whereas musician status was not.

We found no evidence that musicians or non-musicians
were able to reproduce longer sequences when they had
been familiarized with the auditory structure of the
sequences beforehand. Contrary to expectation, this sug-
gests that phases of brief, passive auditory experience do
not transfer to a later active, multi-modal task. The lack
of group differences is in keeping with previous results
showing that musicians and non-musicians do not differ
in learning the underlying structure of sequences following
periods of passive experience (Rohrmeier et al., 2011; cf.
Shook et al., 2013; see also Reber, 1993, for discussion).
As suggested by Loui et al. (2010), novel sequential regu-
larities may present challenges for trained listeners, partic-
ularly in the face of existing knowledge of Western
harmony (see also McMullen Jonaitis & Saffran, 2009).
Our experts’ detailed (and likely explicit – see Hannon &
Trainor, 2007) knowledge of Western tonal relations may
therefore have interfered with learning or using the famil-
iarized statistical regularities within our tone sequences
(Loui et al., 2010; McMullen Jonaitis & Saffran, 2009). This
suggests that learning of novel, regular auditory structures
may be limited by prior expert knowledge or expectations.

4.7. Expertise and generalization

As discussed in the above sections (Sections 4.1–4.6),
we found large effects on auditory perception that were
related to musical expertise (Cohen’s d between 0.6 and
1.2 for psychophysical thresholds, and between 0.7 and
3.1 for chord tuning perception). In contrast, we found lit-
tle evidence of benefit of musical expertise to auditory cog-
nitive skills, despite the broad relevance of many such
skills to both musical performance and practice. While task
factors and variables such as personality likely play a role
(Corrigall et al., 2013), our results nevertheless offer a
point of contrast with many previous studies indicating
transfer of cognitive skills arising from musical experience.
Why might we have failed to find differences between
groups across cognitive measures? One possible explana-
tion is the close matching of our cohorts for levels of edu-
cation. As outlined in methods, all of our controls had
attained or were studying for a third level degree (several
were MSc or PhD students; see Table 4). Our reasoning
for this was that factors such as motivation, diligence and
personality (e.g., Corrigall et al., 2013; Ericsson et al.,
1993) might serve to confound comparisons of musicians
and non-musicians across cognitive tasks. Due to the cur-
rent battery’s duration (3+ h), we were unable to measure
full-scale IQ; this is a limitation of the present design and
will be remedied in future studies. Nevertheless, when
we analyzed enrolment in higher education, we found no
significant differences in the number of undergraduate
vs. post-graduate students across our cohorts; further,
including this education variable as an additional regressor
in our analyses revealed that it did not account for any sig-
nificant variance (see footnote 7). Moreover, several stud-
ies in children and adults have shown that versions of
the SIMON task are moderately to strongly correlated with
measures of working memory and ‘fluid intelligence’
(Baniqued et al., 2013; Cleary, Pisoni, & Geers, 2001;
Krishnan et al., submitted for publication). Based on these
data, we could anticipate that a difference in broader intel-
lectual level between our cohorts might manifest on the
SIMON task; however, we did not find any significant
group differences on this task. In the absence of standard-
ized measures of cognitive performance (prevented due to
time limitations), we suggest that the close matching for
enrolment in third level education (particularly at high lev-
els of post-graduate study) and very similar performance
on the SIMON task may afford some control of broader
intellectual level across our cohorts.

Although we found limited evidence that musical
expertise generalized to broader cognitive metrics, such
negative results are important in and of themselves. The
question of benefits related to musical expertise and train-
ing has been explored for several decades, often yielding
reports of positive generalization (for review, see Moreno
& Bidelman, 2014; White, Hutka, Williams, & Moreno,
2013). Necessary corollaries of conducting such tests
include homogeneity within-samples and careful matching
across samples, to detect an effect of musical skill if it
exists and to minimize the possibility that such an effect
is driven by uncontrolled nuisance factors. The present
study is notable for the close matching within and across
groups on a variety of nuisance variables, and the number
of carefully normed experimental measures (11; see Sup-
plemental results 2). This is especially important when
interpreting ‘negative’ findings. It is impossible to verify
the null hypothesis (i.e., that musicians and non-musicians
do not differ on cognitive measures). To further explore
these null results, we ran equivalence tests across our cog-
nitive measures; this allows us to test whether the
observed group differences were significantly different
from values deemed to be trivial (see Hoenig & Heisey,
2001). For each task, we first tested the groups using values
of ±1 SD of the full distribution (i.e., including all groups).
We found that in almost all cases the observed data were
significantly different from test values of ±1 SD – i.e., the
group difference was significantly smaller than the one
standard deviation range (see ST 15). However, we found
that virtually all of the observed differences were not sig-
nificantly different from test values of ±0.5 SD (see ST
16). This suggests that the extent of group differences – if
there were true differences – were lower than ±1 SD but
fell within the range of ±0.5 SD. These additional equiva-
lence tests, together with the robust differences we found
on perceptual metrics suggest that if there was any poten-
tial effect of musicianship on the cognitive tasks, that it
was relatively small.
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However, it is important to distinguish between exper-
imental manipulations involving musical training assign-
ment and correlational designs (as employed here).
Indeed, assignment to musical training has been found to
yield structural changes in auditory and motor cortices
that correlate with performance on melody discrimination
and finger tapping tasks, respectively (Hyde et al., 2009).
While such results indicate near transfer, further studies
demonstrate far transfer: school-aged children assigned
to one year of keyboard or vocal training showed signifi-
cant gains in full-scale IQ (vs. peers assigned to drama les-
sons; Schellenberg, 2004). Further, Moreno and colleagues
demonstrated far transfer in two studies: assignment of
children to musical training vs. a control activity (visual
art classes) led to significant increases in negativity of
ERP amplitudes in response to speech pitch violations
(Moreno et al., 2008), and improvements in verbal IQ and
executive functioning (response inhibition; Moreno et al.,
2011). Nevertheless, in line with the present study, Hyde
et al. (2009) found no evidence of far transfer of musical
training to abilities such as verbal or non-verbal IQ.

Although the above results suggest some transfer
attributable to musical training (see also Besson, Chobert,
& Marie, 2011; Lappe, Herholz, Trainor, & Pantev, 2008),
one remaining question is whether the occurrence of
transfer is selective to specific points in development.
Can musical training-related cognitive differences persist
beyond childhood? Or does early musical training afford
children an initial advantage on some cognitive tasks, with
non-musically trained children attaining similar perfor-
mance at subsequent points in development (for instance,
as they progress through formal education and reach ado-
lescence/adulthood)? Our study does not allow direct
investigation of these issues. Nevertheless, we could sug-
gest that given the limited broader expertise benefits dem-
onstrated here in adults, the latter hypothesis may be
plausible. Future longitudinal studies of children assigned
to music lessons and control activities may help to address
these questions (see Costa-Giomi, 1999). If musicianship is
to be studied as a model for plasticity – or as an interven-
tion for hearing, attentional or language difficulties – then
potential limitations of generalization must be understood.
4.8. Conclusions

Experience-dependent accounts of auditory perceptual
learning and cognitive performance can be explored using
expert musician groups with qualitatively different train-
ing profiles. Such differences in experience allow investiga-
tion of whether training demands lead to specific or more
general perceptual and cognitive advantages, and thus
offer insight into the generalization of human learning. In
comparing non-musicians to two expert musician groups
trained under very different acoustic and performance con-
straints, we found a profile of enhancements relatively spe-
cific to the area of training. Expert musician groups
differed in their perception within a training-relevant con-
text, yet showed no differences in lower-level auditory
perceptual skills. These findings indicate that auditory per-
ception may be honed most specifically within contexts
close to the area of training, suggesting a role for context
in delineating how expert musician groups diverge.

In exploring expertise generalization, we conclude that
musical expertise may not benefit skills such as auditory
scene analysis or auditory learning and sequencing when
contextually removed from musical stimuli or perfor-
mance situations. Our results nevertheless provide some
evidence of interactions between cognitive skills and per-
ceptual acuity: top-down attentional abilities may partly
account for fine acuity for certain auditory signal features
in both experts and non-experts. These findings hold
implications for the extent to which musical training
may be an effective intervention for learning or lan-
guage-related difficulties (for discussion, see Kraus &
Chandrasekaran, 2010; Parbery-Clark et al., 2013; Strait,
Parbery-Clark, et al., 2012). Musical training could yield
benefits to difficulties related to fine-grained listening,
but perhaps may provide greatest benefit when integrated
with attentional skill training.

Our study provides among the first examinations of
perceptual and cognitive skills in musician cohorts trained
on very different instruments, whilst also allowing insight
into perception–cognition interactions within the same
individuals – both expert and non-expert. Our findings
contribute to a growing understanding of learning as influ-
enced by specific profiles of long-term experience, and pro-
vide further evidence of interaction between fine-grained
perception and top-down attention. These results invite
future efforts to explore the mechanisms through which
long-term experience may guide learning outcomes and
spur transfer of learning to broader perceptual and cogni-
tive abilities.
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