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Psychophysical characterization of auditory temporal
and frequency streaming capacities for listeners with
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Abstract: Temporal and frequency auditory streaming capacities were assessed for non-musician (NM), expert musician
(EM), and amateur musician (AM) listeners using a local-global task and an interleaved melody recognition task, respectively.
Data replicate differences previously observed between NM and EM, and reveal that while AM exhibits a local-over-global
processing change comparable to EM, their performance for segregating a melody embedded in a stream remains as poor as
NM. The observed group partitioning along the temporal-frequency auditory streaming capacity map suggests a sequential,
two-step development model of musical learning, whose contributing factors are discussed. VC 2023 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Musical learning provides listeners with enhanced capacities on many sensory, cognitive, and attentional components of
auditory processing (e.g., Herholz and Zatorre, 2012; Talamini et al., 2017), along with specific processing styles (Wenhart
et al., 2019). Interestingly, studies investigating these effects using complex melodic stimuli can be divided into two catego-
ries, depending on whether they were concerned with listeners’ capacity (i) for organizing a multi-scale auditory stream
along its temporal dimension, or (ii) for segregating multiple streams along the frequency dimension.

(i) A first set of studies showed that musicians exhibit a more detail-oriented cognitive style that prioritizes local compared
to global auditory information along the temporal dimension. Bouvet et al. (2011) showed that non-musician participants
are faster and more accurate in processing global than local temporal information. Ouimet et al. (2012) and Black et al.
(2017) investigated how musical expertise modulates this global advantage and found that compared to non-musicians,
musicians classified as having an intermediate or high level of expertise both exhibited a reduced global advantage, which
was mediated by an enhanced ability to process local information. Susini et al. (2020) used a novel experimental design,
the local-global task (LGT), to assess how non-musicians and expert musicians compare a target melody with a probe
melody modified either at a local level (musical intervals), a global level (melodic contour), or both. Results revealed an
even more prominent reorganization for expert musicians, where the initial global dominance observed for non-
musicians was reversed to the benefit of local information. Such effects are hypothesized to result from the long-term
“analytic” processing acquisition associated with musical learning (e.g., Bever and Chiarello, 1974), since accurate pitch
monitoring requires focused attention at the level of each single note.

(ii) A second set of studies have focused on the processes involved to split a sequence into two or several streams (van
Noorden, 1975), often addressing the question of auditory streaming along the frequency dimension—albeit necessarily
involving time. In particular, the interleaved melody recognition task (IMRT), an objective and indirect measure of audi-
tory streaming initially proposed by Dowling (1973) and further adapted by Bey and McAdams (2002), was developed to
assess auditory streaming formation along the frequency dimension (Moore and Gockel, 2012). The IMRT involves a
probe melody compared with a mixed sequence composed of a target melody (identical to the probe melody, or slightly
modified) interleaved with a distracting melody with a certain mean frequency separation, which changes the difficulty of
the task. Bey and McAdams (2002, 2003) already reported a difference between non-musicians and musicians having
only a moderate musical experience. Wenhart et al. (2019) tested listeners with strong musical experience and found that
they performed better when they had absolute pitch. Overall, these results show that musicians possess an enhanced abil-
ity to process distinct streams out of a sound mixture, consistent with their daily experience in extracting melodies out of
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an orchestral background—one of the most complex functions of the auditory system (Zendel and Alain, 2009; Johnson
et al., 2021)—and suggest that this benefit could even become stronger in musicians with higher levels of expertise.

These two sets of studies suggest that various levels of musical expertise could provide various benefits regarding
auditory streaming capacities along the temporal and frequency dimensions. Yet, it is still unclear what is the minimum
expertise level required to observe changes along the temporal and frequency dimensions, and we still do not know
whether learning yield simultaneous or sequential benefits along both dimensions. In order to further address these ques-
tions, the present study considered three groups of listeners characterized by different levels of musical experience: non-
musicians, amateur musicians, and expert musicians, which were all tested in LGT (Experiment 1) and IMRT (Experiment
2). This investigation also included a Backward Digit Task (BDT, Experiment 3) to assess working memory.

2. Methods

Experimental sessions lasted a total of �2.5 h, including a welcome introduction, instructions, questionnaire completion,
and a minimum of 10-min breaks between experiments.

2.1 Participants

Eight expert musicians (one female; mean age: 38.256 15.8 years), eight amateur musicians (five females; mean age:
29.256 10.4 years) and ten non-musicians (three females; mean age: 28.76 10 years) were recruited, and all took part in
the three experiments. Our inclusion criteria were defined before the study. Non-musicians were participants having no
musical training or practice. Expert musicians were individuals considering themselves to be musicians, having everyday
practice, more than six years of theoretical and instrumental musical formal learning in French institutions (e.g.,
“Conservatoire National �a Rayonnement R�egional”), and playing with other musicians in bands or orchestral ensembles.
Amateur musicians are often rather weakly defined, encompassing many different profiles (Zhang et al., 2020). We here
defined amateur musicians as individuals with less than five years of musical training, having occasional solo instrumental
practice, who declared not considering themselves as musicians, and importantly, having no collective practice in a band/
orchestra experience, which we assumed might be of particular influence when assessing streaming capacities (see discus-
sion). All participants reported to be right-handed, with normal hearing, and without absolute pitch ability (see supple-
mentary material,1 Appendix A, for details on participants and apparatus).

2.2 Experiment 1: LGT

In the LGT, a target melody was followed by a comparison melody that was identical to the target (up to a random fre-
quency transposition) or differed by a modification applied at a local, global, or local and global level. Listeners had to
decide whether the two melodies were similar or different, in two distinct attention-directed tasks: a local and a global
task. Stimuli and procedures used to measure these effects were constructed according to Susini et al. (2020). Global
advantage and global-to-local interference effects respectively account for the ability to favor global information over local
information, and the ability to process local information independently of global information (see supplementary material,1

Appendix B, for details).
Results—Raw performance scores correspond to the percentage of correct responses obtained in each task and

condition. Because our previous study (Susini et al., 2020) showed it was more appropriate to characterize perceptual reor-
ganization by contrasting differences in performance between specific tasks and conditions rather than focusing on differ-
ences in average performance (thus being comparable with previous works on this topic, e.g., Bouvet et al., 2011; Ouimet
et al., 2012), the present study specifically focused on the two previously-introduced indexes reflecting global advantage
(G Advantage) and global-to-local interference (G-to-L Interference) effects (see Susini et al., 2020 or supplementary
material,1 Appendix B, for details). These indexes were computed following the exact same approach and are plotted in
Fig. 1(a) against each other. Mixed analyses of variance (ANOVA) conducted on each index (G Advantage and G-to-L
Interference) separately revealed a significant group effect [F(2, 23)¼ 8,91, p< 0.01, partial-g2¼ 0.43] only for G
Advantage. Non-musicians (NM) were mainly grouped in the upper right part of the plot and on average exhibited both
positive global advantage and global-to-local interference effects, but only the former was significant because of one outlier
participant (t-tests: G-Advantage: p¼ 0.028, G-to-L Interference: p> 0.05). In contrast, expert musicians (EM) exhibited a
significantly negative global advantage effect (p¼ 0.003), or in other words, a local advantage, and the global-to-local inter-
ference effect was not significant (p> 0.05). This difference between NM and EM regarding the global advantage index is
consistent with our previous findings obtained following the same experimental procedure (Susini et al., 2020). Regarding
the group of amateur musicians (AM), we found a trend similar to that of EM, where the global advantage is canceled out
(here, not significantly different from zero, p> 0.05) and a non-significant global-to-local interference (p> 0.05). Post hoc
t-tests (Bonferroni-Holm-corrected) conducted to compare the different groups regarding the G-Advantage index revealed
significant differences between NM and EM (p< 0.01), between NM and AM (p< 0.05), but no significant difference
between EM and AM (p> 0.05).
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2.3 Experiment 2: IMRT

The ability to parse auditory information into streams was investigated using an IMRT. The procedure used was con-
structed following Wenhart et al. (2019) and Bey and McAdams (2002, 2003). A probe melody was followed by a compar-
ison melody composed of a target melody interleaved with another distractor melodic sequence. The target melody was
identical to the probe (up to a random pitch transposition) or further differed by two notes. Listeners had to decide
whether the probe melody was present or not in the composite sequence for different mean frequency separation between
the target melody and the sequence of distractors (0, 6, 12, and 24 ST); see supplementary material,1 Appendix C, for
details.

Results—Individuals’ performance in the IMRT was assessed by computing their perceptual sensitivity (d0) for
each of the four frequency separations between the target melody and the distractor sequence (0, 6, 12, and 24 ST), allow-
ing us to discard confounds related to response strategies (response biases). Dprime and criterion indexes were computed
following the implementation described in Wenhart et al. (2019), allowing a direct comparison with their results.

Figure 1(b) shows that sensitivity increased with frequency separation for each of the three groups. Sensitivity
for EM was above chance (d0 � 1.5) when the target melody was presented in the same frequency region as the distractor
sequence (0 ST), and rapidly reached high values (d0 > 3), with most individuals showing celling effects for the 24-ST con-
dition. Results for EM were comparable to those observed in Wenhart et al. (2019) for the group of musicians with

Fig. 1. Results obtained in this study for the three groups of participants (NM, AM, and EM). (a) Exp.1. Individual indexes for global advan-
tage and global–local interference effects obtained in the LGT; (b) Exp. 2. Perceptual sensitivity (dprime) obtained in the IMRT for different
frequency separation conditions (0, 6, 12, and 24 ST), as well as after aggregating all these conditions. (c) Exp. 3. Individual memory scores
obtained in the BDT. Error-bars show standard deviation (SD) for each group and condition. (d) Relationship between G-advantage indexes
(Experiment 1) and IMRT scores (Experiment 2), with estimated kernel density functions (MATLAB function scatterhist) projected on each
dimension. Arrows show differences across group means.
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relative pitch. Sensitivity for NM and AM was at chance (d0 � 0) for 0 ST, and then increased by a similar trend for larger
frequency separations, but it always remained largely below the performance of EM, with a maximum value of d0 � 1.5
for the maximum frequency separation tested of two octaves (24 ST). Detailed results from the statistical analyses con-
ducted on “response bias” are presented in the (see supplementary material,1 Appendix C, Fig. C1).

A two-way repeated-measures ANOVA conducted on dprimes with separation (0, 6, 12, and 24 ST) as within-
subject factor and group (EM, AM, NM) as between-subject factor revealed a significant effect of group [F (2, 23)¼ 57.85,
p< 0.0001, partial-g2¼ 0.83] and separation [F (3, 69)¼ 42.31, p< 0.0001, partial-g2¼ 0.65] and no significant interaction
between these factors. Post hoc t-tests for each ST-conditions revealed that EM performance was significantly higher than
that of AM and NM (p< 0.001) for each frequency separation, and we found no significant difference between AM and
NM (all Ps> 0.05). For EM, post hoc t-tests (Bonferroni-Holm-corrected) revealed a significant difference between the
0ST-condition and all other separation conditions (6 ST: p< 0.001, 12 ST: p< 0.0001, 24 ST: p< 0.0001). For AM, post
hoc t-tests revealed a significant difference between the 0-ST and both the 12-ST (p< 0.01) and 24-ST (p< 0.01) condi-
tions. For NM, post hoc t-tests revealed a significant difference between the 0-ST condition and the 12-ST (p< 0.05) and
24-ST (p< 0.01) conditions, as well as between the 6-ST and the 24-ST conditions (p< 0.05).

2.4 Experiment 3: BDT

A BDT was used to assess the working memory span (Talamini et al., 2017); see supplementary material,1 Appendix D,
for details.

Results—Individual memory scores are presented in Fig. 1(c), for each group of participants. The performance of
EM and AM were globally higher than that of NM. Average scores were 4.8 for NM (SD¼ 0.57), 7.5 for AM (SD¼ 0.63),
and 7.24 for EM (SD¼ 0.63). A one-way ANOVA revealed a main effect of group [F (2, 23)¼ 6.39, p¼ 0.006, partial-
g2¼ 0.35]. Post hoc t-tests revealed significant differences between NM and EM (p< 0.05), between NM and AM
(p< 0.05), and no significant difference between EM and AM.

2.5 Questionnaire

After performing the three experiments, all participants completed a self-report questionnaire addressing musical experi-
ence and abilities, as well as their educational history regarding musical practice. The full questionnaire and average
answers obtained by the participants of each group to each of the four parts are presented in the supplementary material,1

Appendix E.
Results—The most important differences across groups were observed in Parts 1 (professional relationship with

music/sound) and 3 (reported hearing abilities); Part 2 (listening habits/pleasure with music) of the questionnaire did not
account for the difference between our three groups. Average scores for Part 4 (musical practice), were significantly differ-
ent between AM (2.8) and EM (7.2) (p< 0.001). Interestingly, amateurs did not consider themselves musicians. In addi-
tion, unlike musicians, they all answered having a self-taught training without having followed academic training in a
musical institution.

3. Discussion

Auditory streaming along the temporal dimension: the local-global task—In line with Black et al. (2017), Ouimet et al.
(2012), and Bouvet et al. (2011), the data of the LGT (Experiment 1) provide further evidence [Fig. 1(a)] that NM exhibits
a significant “global advantage” along the temporal dimension of melodic sequences. However, while results from Black
et al. and Ouimet et al. only suggested a decrease in the global advantage effect with musical experience, here we found
that EM shifted the global prioritization and exhibited a significant “local advantage.” The present results show that EM
and NM are clearly clustered in two separate groups with little overlap, particularly along the global advantage index [Fig.
1(a)], which replicates our previous findings employing the exact same design (Susini et al., 2020). In addition, the present
data interestingly reveal that the global advantage and global-to-local interference effects are suppressed in AM: their
behavior is comparable to that of EM. In Black et al. (2017), accuracy results obtained for three groups with different
musical experience (low, medium, high) and for three stimuli configurations (compatible, the global and local levels were
always moving in the same direction; incompatible, the global and local levels were always moving in opposite directions,
and neutral) revealed: a difference between local and global conditions in participants with low musical experience for the
three stimuli configurations; no difference in participants with medium musical experience for the compatible condition;
no difference in participants with high musical experience for the compatible and the incompatible conditions. Their
results suggested that the difference between global and local processing varies progressively with the musical experience.
Although both the paradigms and the metrics between our studies differ, these results overall support the hypothesis that
musical training is associated with a perceptual reorganization on the temporal dimension that reshapes the initial global
dominance to the benefit of local information and that this re-organization takes place quite early in the musical learning
stage, i.e., in the transition from NM to AM.

Auditory streaming along the frequency dimension: the interleaved melody recognition task—In line with Bey and
McAdams (2002, 2003) and Wenhart et al. (2019), performance in the IMRT (Experiment 2) increased with the mean
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frequency difference between the target and distracting embedded melodies for all three groups, but the increase rate of
these curves appeared to depend on musical expertise. For NM and AM, performance was at chance for 0 ST, followed by
a quasi-linear increase with ST, and the overall trend of both groups was extremely similar. Performance for EM was sig-
nificantly higher for the four mean frequency separations [Fig. 1(b)] and followed a different trend: it was already well
above chance for 0 ST, and reached a plateau for 12- and 24-ST conditions due to ceiling effects. These data thus interest-
ingly show that AM do not perform better than NM for segregating auditory streams along the frequency dimension. As
in Wenhart et al. (2019), the well-above-chance performance of experts for the 0-ST condition suggests that, in contrast to
the other two groups, they can exploit bottom-up processes involving primitive analysis of acoustic cues to create percep-
tual units such as auditory streams in order to make their comparisons. Bey and McAdams (2003) did not observe a sig-
nificant difference between musicians and non-musicians, who were at chance in the 0-ST condition, but their criterion
for considering participants as musicians (playing a musical instrument for at least 3 years) was actually more comparable
to our inclusion criterion for the AM group. Taken together with the present results, it suggests that a high level of musi-
cal expertise is required to observe changes in capacities for segregating embedded melodic streams along their frequency
dimension.

Potential factors contributing to the observed temporal-frequency streaming partitioning and limitations of our
study—Overall, we observed a marked discrepancy between the results concerning the group of AM, whose behavior was
either similar to EM (Experiment 1) or to NM (Experiment 2). This uncoupling between the results of the two tasks, as
represented by the specific performance indexes derived highlighting group differences, is even further evidenced plotting
G-Advantage against average IMRT scores [Fig. 1(d)]. This trend was not observed when considering the G-to-L
Interference of the LGT (see supplementary material,1 Fig. C2, panel d), suggesting that this partitioning is specific to the
G-advantage index. This puzzling result, showing auditory streaming capacities changes on the temporal but not the fre-
quency dimension in AM, suggests that musical training would yield to sequential, not simultaneous acquisition of audi-
tory capacities. Yet, the present study has several limitations that do not allow us to firmly attest that the observed group
effects, although clear-cut, are indeed causally linked to musical training itself.

First of all, it is important to remind that the present study remains observational and that only randomized,
longitudinal studies accounting for individual differences across experimental group can firmly attest any causal relation-
ship between the characteristics of musical training and the enhancement of auditory capacities by controlling for predis-
position factors (e.g., Schellenberg, 2020). Aware of this limitation, and because LGT and IMRT both rely on a temporal
pairwise comparison procedure, we also assessed working memory capacities of our three groups using a BDT. The results
obtained in that task revealed that EM outperformed NM, which is in line with the results from George and Coch (2011).
We observed that AM performed as high as EM in the BDT. This result parallels the group partitioning observed on the
G-advantage index in the LGT, but not the one observed in the IMRT. If the processing engaged in the LGT actually
recruits stronger working memory capacities compared to the IMRT, this would explain the observed uncoupling between
LGT and IMRT. However, we believe this is unlikely because the G-advantage index considered in the LGT is a normal-
ized index computed from participants’ scores differences for detecting global and local modifications, which should simi-
larly engage working memory. Again, since the present study was not designed as a long-term study, it cannot be excluded
that our groups may have differed in working memory before any musical learning. Moreover, it must be acknowledged
that EM listeners were on average older than the other two groups, and as such age could be a confounding variable in
the observed effects in Experiments 2 and 3, age strongly affecting working memory scores (Grassi et al., 2017). The age
difference between our groups was not significant, but it could be due to the small sample size of our cohorts.

The profiles of AM specifically considered in the present study might also be of critical importance to under-
stand the observed results. Long-term and intensive musical practice is shown to be beneficial to several auditory skills
(Strait et al., 2010; Yoo and Bidelman, 2019), so the observed asymmetrical effects could simply reflect that musical prac-
tice and training were not important enough to yield observable effects on AM in the IMRT. We intentionally recruited
AM defined as musicians with limited training (<3 years) but more importantly having no collective practice (e.g., playing
in a band or an orchestra), which we assumed could be important for the present streaming tasks. Indeed, collective musi-
cal practice relies on mechanisms that are analogous to the segregation of auditory information along the frequency
dimension: constant sharing of attention and parsing of the different melodic streams produced by other musicians, divid-
ing attention between one’s actions and those of others while monitoring the overall (Keller, 2008). An interesting inter-
pretation, which at this stage remains speculative, is that the lack of differences observed between AM and NM in the
IMRT might be specifically related to the absence of collective playing experience of our targeted sample of participants,
i.e., that individual practice of a musical instrument would not sufficient to learn how to separate different auditory
streams varying within the same frequency range. The outcomes of the neurophysiological study of Tervaniemi et al.
(2006) corroborates this idea, suggesting that neural facilitation observed in AM compared to NM might not be advanced
enough to yield observable differences in encoding of temporally and spectrally complex sound information.

4. Conclusion and perspectives

The present study revealed a differentiated partitioning of listeners with various levels of musical expertise (NM, AM, EM)
along the temporal-frequency auditory streaming capacity map, which could not be observed in previous studies that
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assessed the capacity of their cohorts on one dimension of streaming only. This result suggests that musical training would
yield to sequential, not simultaneous effects on the processing capacities of complex auditory information, meaning that
perceptual changes would continue well beyond the first years of training/practice, i.e., when transitioning from amateur
to expert. It thus naturally illustrates the multi-dimensional nature of musical expertise, which is relevant to go beyond an
often made too simplistic musician vs non-musician dichotomy.

As discussed previously, the present work does not allow stating that the observed differences truly reflect an
effect related to the level of musical expertise of our listeners, since other group differences existing before musical
training could have contributed. Further work, including cross-sectional studies with larger sample sizes as well as lon-
gitudinal studies (where participants are randomly assigned to the experimental groups), is needed to address the con-
tribution and interaction of (i) musical training and (ii) inheritance/predisposition capacities (memory, perfect pitch or
inherited tendencies to focus more on details as in autism; see Wenhart and Altenm€uller, 2019) on the benefits of audi-
tory perceptual abilities. In particular, further empirical studies are required to address whether the development of
auditory processing capacities along the frequency dimension might indeed, as we speculate, reflect a peculiar effect of
collective musical practice (in a band or orchestral ensemble). Although the degree of playing with others naturally
increases from amateur to expert musicians, many amateur musicians do make music in groups (church choirs, amateur
orchestras or pop-rock bands, or just by playing with friends/family), so this hypothesis could be easily addressed.
Finally, future studies could benefit from a different perspective for charactering the individual musical profile of both
non-musicians and musicians based on their perceptual skills (e.g., through the PROMS; Law and Zentner, 2012), as
well as the influence of the type of instrument played by the musicians recruited, classical vs improvisational, instru-
mental vs vocal.
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