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Abstract: This study addresses how salience shapes the perceptual organization of an auditory scene. A psychophysical task
that was introduced previously by Susini, Jiaouan, Brunet, Houix, and Ponsot [(2020). Sci. Rep. 10(1), 16390] was adapted to
assess how the ability of non-musicians and expert musicians to detect local/global contour changes in simple hierarchically-
organized tone sequences is affected by the relative salience of local information in the timbre dimension. Overall, results
show that salience enhanced local processing capacities, at the cost of global processing, suggesting a bottom-up reallocation
of attention. Interestingly, for non-musicians, salience caused a reversal of the basic global-over-local processing prioritization
as it is typically observed in expert musicians. VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Our senses are constantly inundated by an overwhelming quantity of information distributed over many dimensions
including time and space, which our brain must process and organize in order to form a coherent scene of meaningful
objects (Bizley and Cohen, 2013). The resulting perceptual organization is often addressed indirectly by characterizing how
both bottom-up and top-down processes shape its composition. In the auditory modality, previous works have examined
the influence of several bottom-up processes on the perception of complex sound scenes, such as the stimulus characteris-
tics (temporal/frequency characteristics and relationships between auditory streams) shaping auditory scene analysis
highlighted by the seminal work of Bregman (1994). The contribution of top-down processes was also addressed, by inves-
tigating for instance the effects of attentional capacities, auditory expertise, or prior musical knowledge on perceptual
organization (Kaya and Elhilali, 2017; Kondo and Kashino, 2009; Moore and Gockel, 2012; Snyder et al., 2012). Yet, the
relative influence as well as the interactions that may exist between these different processes are still not fully understood
(Kondo et al., 2017).

A phenomenon typically involved in the perception of complex auditory or visual scenes concerns the hierarchy
of processing between local and global levels of stimulus information. Navon (1977) studied the processing of large charac-
ters made up of smaller characters. His work showed that global characters are processed faster than local characters and
are also less influenced by their characteristics; this primacy of holistic processing of visual information was termed the
global precedence effect. Mevorach et al. (2006) showed that stimulus salience can affect this initial hierarchical organiza-
tion of local/global processing; when the local level is made visually more salient, participants perform better in detecting
local changes. Thus, it seems that the hierarchical organization of visual information is flexible and that the global prece-
dence effect can be reversed, depending on the most salient level of information. This local/global paradigm was subse-
quently transposed to the auditory modality. Justus and List (2005) first adapted the stimuli to the auditory modality,
switching from spatial visual perception to temporal auditory perception. They proposed melodies of nine successive notes,
whose pitch could be modified at the level of a single note (local) or a group of notes (global). With these stimuli, Bouvet
et al. (2011) showed that participants were faster and more accurate at detecting global variations. Further studies (Ouimet
et al., 2012; Black et al., 2017) subsequently confirmed this “global precedence” effect in auditory information processing.

The latest adaptation of this paradigm was proposed by Susini et al. (2020). This study showed that the global
precedence effect is modulated by musical expertise. It is well known that musical practice is associated with different abil-
ities in the perception and processing of sound information (Herholz and Zatorre, 2012; Talamini et al., 2017). In particu-
lar, results from several studies revealed differences between musicians and non-musicians in the organization of auditory
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streams in the frequency dimension (van Noorden, 1975; Bey and McAdams, 2002, 2003; Wenhart et al., 2019) or the
temporal dimension. With regard to the temporal dimension, Ouimet et al. (2012) and Black et al. (2017) showed that the
global precedence effect was reduced in musicians, and suggested that this reduction was driven by their enhanced proc-
essing of local temporal information. This interpretation was further supported and extended by Susini et al. (2020) and
Susini et al. (2023), who showed that the global advantage1 of non-musicians was reversed not only in expert musicians
but also in amateur musicians. Even moderate musical practice thus seems to be associated with the development of
enhanced analytical listening skills at the local level (Bever and Chiarello, 1974), and thus favors the detection of musical
interval modifications, independently of changes in the melodic contour. This ability to direct attention to the desired level
is an example of a top-down process at work in auditory information processing: the musician participants could have
learnt how to better direct his auditory attention to the desired level of information.

In contrast, the influence of bottom-up processes on the hierarchical organization of local/global processing in
the auditory modality has not been investigated yet. Can auditory saliency modulate this organization as it was observed
in Mevorach et al. (2006) for vision? A salient sound is defined as a sound having the ability to capture listener’s attention
(Itti and Koch, 2001; Tsiami et al., 2016; Zhao et al., 2019; Kaya et al., 2020); this effect is considered a bottom-up process.
Loudness is the most obvious auditory feature that helps make a sound salient (Liao et al., 2016; Huang and Elhilali, 2017;
Tordini et al., 2016). However, other auditory features also appear to be able to modulate attention (Bouvier et al., 2023;
B€urgel et al., 2024; B€urgel and Siedenburg, 2023; Kaya et al., 2020; Tordini et al., 2016): sounds of varying brightness and
roughness, edge frequencies or frequency micro-modulations, trigger and modulate attentional capture.

The first question addressed in this work concerns the effect of auditory salience on the organization of auditory
information processing. In particular, we asked whether and to which extent salience can affect the temporal analysis of a
sound scene in the framework of the local-global auditory paradigm introduced in previous studies (Susini et al., 2020;
Susini et al., 2023). More precisely in this context, can local salience be associated with a perceptual reorganization favor-
ing local over global information? Does salience affect the overall perception of the sound scene? In the present study, the
salience of the local level of auditory sequences was modulated by manipulating a timbre attribute called brightness
(related to the sound0s spectral centroid). The second question addressed concerns how this potential effect might interact
with musical expertise. In other words, is the effect of salience strong enough to counteract for example the specific
“detail-oriented cognitive style of processing” (Wenhart and Altenmuller, 2019) exposed in expert musicians with the
local/global paradigm? To address this aspect, the present work involved participants with either no musical training or
high musical expertise.

2. Methods

2.1 Participants

Twenty participants were initially recruited. Final inclusion for the study was confirmed once the criteria introduced in
our previous studies (see the following) were all met, based on participants’ responses to a questionnaire addressing musi-
cal experience and abilities. This left 17 participants: 11 non-musicians (four women, mean age: 31.46 11.0 years) and six
expert musicians (one woman, mean age: 41.46 15.9 years). The details of the inclusion procedure are reported in
Appendix A within the supplementary material.

Non-musicians were participants without any musical training or practice. A more specific questionnaire was
addressed to the expert musicians, regarding musical educational history and practice, using an adapted version of the
Goldsmiths Musical Sophistication Index (Gold-MSI) questionnaire (M€ullensiefen et al., 2014). The criteria used for the
group of expert musicians were as follows: participants having solid musical training in French institutions such as the
Conservatoire National �a Rayonnement R�egional (CRR), considering themselves musicians, with daily practice, more than
six years of theoretical and instrumental musical learning, and playing with other musicians in bands or orchestral ensem-
bles. Answers to the questionnaire are reported in Appendix A in the supplementary material.

The sample size of the present study was based on sensitivity measures reported in Appendix A in the supple-
mentary material. We also verified that the power of the present study was higher than 0.8.

None of the participants reported hearing problems. They gave written consent prior to the experiment and
were remunerated for their participation.

2.2 Stimuli

The structure of the stimuli was very similar to Susini et al. (2020) and Susini et al. (2023), which is detailed in Appendix
C (see supplementary material), except for a few modifications that are reported in the following. Each stimulus consists
of nine notes, segmented into three triplets of three notes. The local level is defined as the pitch structure within the trip-
lets, and the global level is the pitch structure formed by the average pitch of the three triplets (see Fig. 1).

As compared to Susini et al. (2020) and Susini et al. (2023) where the notes were made of pure tones, here the
notes follow the harmonic structure of Bouvier et al. (2023) and Bouvier (2024): each note having a fundamental fre-
quency f0 has n harmonics (n in [1, 20]), the nth harmonic fn having a frequency n�f0 and weight 1/na. Thus, a variation
in a modifies the sound’s spectral centro€ıd (SC), and hence its perceived brightness; for a dull note, a¼ 5, and a bright
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note, a¼ 1.5. Note levels are normalized in loudness across all frequencies using the ISO226 equal-loudness curve at 70 dB
sound pressure level (SPL) (on MATLAB).

Note duration is 100ms, intervals between notes within each triplet are 10ms, and intervals between triplets are
120ms, giving sequences of 1200ms. The center of gravity (mean on a log-frequency scale) of the pitch of the second trip-
let is chosen according to a random uniform distribution ([400–1000] Hz); note that compared to Susini et al. (2020) the
upper limit of this range is restricted to avoid potentially strident sounds made of very high harmonic frequencies.

The sequences are then structured to respect specific musical intervals: there is always a difference of four semi-
tones between two consecutive tones within a triplet, and there is always a difference of one octave between the pitch cen-
ters of gravity between two consecutive triplets. This construction of the stimuli on a musical scale was made to best high-
light the performance of expert musicians, accustomed to this type of interval (Susini et al., 2020) fitting a diatonic
musical scale, largely used in Western music.

2.2.1 Target stimuli

The present study considered the two main temporal profiles employed in previous studies (Justus and List, 2005; Bouvet
et al., 2011; Ouimet et al., 2012; Susini et al., 2020), namely, ascending or descending monotonic pitch profiles (hereafter
[A] and [D]). Each triplet is indicated by Cj, corresponding to the center of gravity of the fundamental frequencies of the
three sounds within a triplet, with j indicating its position in the sequence, from one to three. For each target stimulus,
the value of C2 is first randomly selected from a uniform distribution between 400 and 1000Hz. Next, the values of C1

and C3 are set within61 octave of C2.

2.2.2 Comparison stimuli

For the comparison stimuli, C2 is also chosen from a uniform random distribution between 400 and 1000Hz. There is
therefore always at least one overall pitch transposition (i.e., a transposition of the entire stimulus) between the target and
comparison stimuli. Listeners had to compare target and comparison stimuli in terms of pitch profile and had to ignore
this overall pitch transposition. This pitch roving procedure ensures that listeners focus on local/global pitch contours
rather than the pitch of the sequences per se to make their judgment (Susini et al., 2020). Four types of modifications can
additionally be applied:

• no modification (No);
• a local modification (L): the alteration of the pitch profile within a triplet (transposition of a single note within the modified
triplet);

• a global modification (G): the alteration of the global pitch profile (transposition of an entire triplet);
• both local and global modification (L þ G), applied simultaneously on the same triplet;

Each modification can occur on the first or third triplet, with equal probability.

2.2.3 Salience conditions

On each trial, the pair of stimuli presented may or may not be affected by a salience manipulation: 2/3 of trials contain a
salience manipulation.

Different conditions are thus distinguished:

• the null salience condition: in 1/3 of the trials, there is no salience manipulation;
• the congruent salience condition: in 1/3 of the trials, the modified triplet is made salient;
• the incongruent salience condition: in 1/3 of the trials, one of the two non-modified triplets (with equal probability for
each) is made salient;

An example is shown in Fig. 1, for an ascending melody with a local modification on the third triplet.

Fig. 1. Examples of stimuli in the three experimental conditions, here illustrated for an ascending profile with a modification on the third trip-
let, for the three conditions: null, congruent, and incongruent salience. A global upward pitch transposition is observed between the target
and the comparison melodies.
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2.3 Apparatus

Sounds were presented to listeners via Beyerdynamic DT-770 PRO headphones (Beyerdynamic, Heilbronn, Germany) and
a Focusrite Scarlett 2i2 sound card (Focusrite, High Wycombe, UK). The experimental setup was calibrated at a level of
70 dB SPL using a Br€uel & Kjaer 2238 Mediator sound-level meter (Br€uel & Kjaer, Virum, Denmark), coupled with the
mounting plate provided for circumaural headphones. The experiment took place in an Industrial Acoustics Company
(IAC) double-walled soundproof booth. The test interface was coded with Max (v8) on a Mac Mini.

2.4 Procedure

Participants took part in two distinct tasks in separate sessions: a local session and a global session. In each trial, stimuli
were presented diotically to participants in two successive intervals, with one target stimulus followed by one comparison
stimulus, separated by 500ms. Participants were asked to perform a “similar-different” discrimination task, focusing either
on the local level or the global level depending on the session. In the local session, they had to determine whether the
pitch profiles of the three triplets were similar or different in the target and comparison stimuli, independently of the
global profile. In the global session, they had to determine whether the global profile (i.e., the C1 C2 C3 organization) was
identical or not, independently of the local profiles of each triplet.

At the end of each trial, participants gave their answers by pressing the “similar” or “different” buttons. They
had as much time as they wished to respond. Participants were given visual feedback (correct/incorrect) on each trial. The
following trial began after a fixed 500ms delay after each response. The type of session (local/global) was counterbalanced
across participants.

Given the four variables—two profiles ([A], [D]), four modification conditions (No, L, G, LþG), two pitch mod-
ification positions (first or third triplet), three salience conditions (null salience, congruent salience, incongruent
salience)—there were 48 different stimulus configurations.

In order to derive individual scores with reasonable precision, the 48 configurations were repeated ten times
each per participant for each session, leading to a total of 480 trials per session and participant. Trials were never identical,
as the target height was always drawn from a random uniform distribution. Each session was divided into five blocks of
96 trials and lasted approximately 1 h 30 min. A break was provided after each block, allowing participants to leave the
room and relax at their leisure. Before each session, participants were familiarized with the stimuli and the task. First, they
were presented with auditory examples and visual analogies created for the specific purpose of the experiment (see Susini
et al., 2020), followed by a block of training trials. The training was validated by the experimenter if participants per-
formed clearly above chance. Participants did not report fatigue effects, and no further learning effects or drops in perfor-
mance were observed during the main task (see Appendix E of the supplementary material for details).

3. Analyses and results

3.1 Analyses

Two types of analyses were conducted on the results collected in the experiment.

(i) Results were analyzed as a whole following a Signal Detection Theory (SDT) approach to characterize the overall effect of
saliency on the perceptual sensitivity in the local and global tasks. We calculated confusion matrices to derive sensitivity
(d0) and decision criterion (c) values for each participant in each task, as a function of the modalities of the different fac-
tors. For each task, the participants’ responses were ranked according to the condition:

• Local task: hits¼ percentage of “similar” responses in conditions No and G; false alarms¼ percentage of “similar”
responses in conditions L and L þ G.

• Global task: hits¼ percentage of “similar” responses in No and L conditions; false alarms¼ percentage of “similar”
responses in G and L þ G conditions.

When proportions of Hits or False Alarms were equal to 0 or 100% in a condition, the values were replaced by
1/N or (N-1)/N respectively (N being the number of trials) to derive the sensitivity and decision criterion (in line with the
analyses of Susini et al., 2020). The maximum sensitivity that can be reached is therefore 6.2.

Sensitivity results were analyzed based on a 2 � [2 � 3] factorial design: one inter-participant factor “Group”
(MusiciansjNon-Musicians) and two intra-participant factors “Task” (LocaljGlobal) � “Salience” (NulljCongruentjIncongruent).

(ii) Results were also analyzed by contrasting the scores in specific conditions in order to specifically assess the global advan-
tage and the effects of interference between local and global levels. Two indices were computed following Susini et al.
(2020) and Susini et al. (2023): the GA (“Global Advantage”) and the GL (“Global-to-Local interference”). If we denote
Stc the average score (percentage of correct answers) of a participant in task t and condition c, with l and g referring to
local and global tasks/conditions, then:

• the global advantage index was calculated as the difference between global and local global and local scores:
GA¼ 0.5�(Sgl þ Sgg) � 0.5�(Sll þ Slg);
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• the global-local interference index was calculated as the difference between global-local and local-global interference
effects: GL¼ (Sll � Slg) � (Sgg � Sgl).

3.2 Results

Figure 2 shows the distribution of results from every individual of the two tested groups plotted in the (GA, GL) plane.
Only the results of the “null salience” condition are shown in this plot because this is the condition directly comparable to the
paradigm used in our previous study (Susini et al., 2020). Despite a non-negligible inter-individual variability within each group,
individuals from the non-musicians group mainly cluster in the top-left corner of that plane, while expert musicians are located
in the center of the plot. Thus, descriptively, Fig. 2 shows that the results of the “null salience” condition were very similar to
those obtained by Susini et al. (2020), replicating previous differences between non-musicians and expert musicians.

A mixed analysis of variance (ANOVA) was performed to assess the effects of the between-subjects factor “group” and
the within-subjects factors “task” and “salience” on sensitivity (d0). See Table 1 in Appendix A of the supplementary material.

Results showing sensitivity in each task as a function of the salience conditions, for non-musicians and expert
musicians, are presented in Fig. 3. T-tests were performed to compare each of these conditions with the null salience con-
dition. The p-values resulting from the multiple tests then underwent a Benjamini-Hochberg correction (known as “false
discovery rate”) and are denoted pcorr in the following.

For non-musicians, the presence of locally salient sounds led to a significant degradation of performance in the
global task, whether congruent [T(10)¼ 4.99, p< 0.001, pcorr< 0.001, cohen-d¼ 1.51, power¼ 1.0] or incongruent
[T(10)¼ 4.65, p< 0.001, pcorr < 0.001, cohen-d¼ 1.4, power¼ 0.99].

In the congruent salience condition, there was a significant improvement in performance in the local task
[T(10)¼ 2.39, p¼ 0.019, pcorr¼ 0.025, cohen-d¼ 0.72, power¼ 0.72]. In fact, in this condition, their sensitivity was greater
(d0 ¼ 1.77) in the local task than in the global task (d0 ¼ 1.26). In the incongruent condition, performance in the local task
was not significantly affected.

For expert musicians, the presence of locally salient sounds also degraded performance in the global task, signifi-
cantly in the congruent salience condition [T(5)¼ 2.54, p¼ 0.026, pcorr¼0.026, cohen-d¼ 1.04, power¼ 0.70]. The effect
on the local task was not significant, even in the incongruent salience condition. This result should be treated with caution,
as it would appear that the performance of some experts may have reached ceiling performance on this particular task.

The variations in decision criterion (c) induced by salience, albeit significant, remained small compared to the
sensitivity values (d0), which indicates that the present results can be primarily accounted for by a change in sensitivity.
The analysis of the changes in decision criterion is reported in Appendix D (see the supplementary material).

The effect of salience can be visualized in the (GA, GL) plane introduced previously. Figure 4 plots the distribu-
tion of participants according to their group in the null salience condition (dots) and the congruent salience condition
(crosses). Almost all individuals from the non-musician group exhibit a clear shift to the left (global advantage dimension);
this illustrates the inversion of the global-to-local advantage modification in the congruent salience condition, i.e., a more
local bias. Expert musicians also exhibit a shift in the same direction the horizontal dimension, albeit to a lesser extent.
More precisely, for non-musicians, the shift to the left of the GA dimension was consistently observed in all the 11 partici-
pants tested, and the size of this shift was as larger than 30% in the majority of these individuals. For expert musicians, a
similar shift to the left of the GA dimension was consistently observed in all the six participants tested, but here the size

Fig. 2. Individual results obtained in this study, here presented in the (GA, GL) plane introduced in Susini et al. (2020). Error bars, 95% confi-
dence intervals. Top left, results replotted from Susini et al. (2020).
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of this shift was much more modest and never exceeded 25%. The fact that all individuals from the two groups exhibit a
behavior shift in the same direction with saliency strongly suggests that the observed effect is robust, despite the relatively
low sample size of the present study (Ince et al., 2022).

4. Discussion

4.1 Effect of salience on the organization of local/global processing

We observed that the performance of non-musicians in the global task is decreased when the modified triplet is salient,
but also when one of the other two triplets is salient. These data suggest that local salience draws attention to the local

Fig. 3. (A) Percentage of similar responses (further classified as “Hits” and “False Alarms” depending on the condition; see the text) for non-
musicians and expert musicians in the two tasks. (B) and (C), sensitivity (d0) and decision criterion (c) in the local task (gray) and the global
task (light gray) for non-musicians (left) and expert musicians (right) as a function of the salience condition. Error bars: standard error of the
distribution of participants’ scores between each condition and the condition with null salience. Significance of differences between each con-
dition and the condition without salience is indicated by stars (�pcorr< 0.05, ���pcorr< 0.001).

Fig. 4. Distribution of participants in the (GA, GL) plane, in the null salience condition and congruent salience condition.
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level, but this “local emphasis” comes at the cost of a reduction in global performance. In return, when salience is congru-
ent with the local modification to be detected, listeners are better at processing local changes. Thus, by appropriate timbre
manipulations at the local level, the global advantage initially observed in naive listeners can be reversed. There is thus a
reorganization of the auditory local/global temporal processing due to the presence of local salience. This result is consis-
tent with the observed reorganization of spatial information processing in the visual modality by Mevorach et al. (2006).

4.2 Interaction with processes underlying musical expertise

Results for expert musicians in the null salience condition are mostly located in the middle of the (GA, GL) plane (Fig. 2),
which suggests that expert musicians are, even when no particular information is made salient, already able to filter out infor-
mation that occurs at the other level from which their attention is directed to (e.g., local modification in the global task, and
vice versa). This result is consistent with those already observed previously (Susini et al., 2020). Interestingly, our data show a
significant influence of local salience in the global task - but only in the congruent condition. Attentional capture at the local
level thus appears to disrupt processing at the global level for musicians and non-musicians in a similar fashion. Yet, as com-
pared to non-musicians, the effect of salience on performance in the local task was not significant for expert musicians, but this
was likely due to the fact that most individuals already had performance close to selling in the null salience condition. That task
difficulty was kept identical for expert musicians and the small sample size of this group constitute two aspects that limit the
potential generalization of these results. Further studies where the difficulty of the task could be adjusted for each individual, for
instance by using more complex/faster tone sequences, would be helpful in addressing this issue. In addition, the decision to
provide participants with feedback on their responses (correct/incorrect) was initially made with the idea to help keep them
motivated and focused on the task. One may think that this choice could have an influence on the results, for instance, this
might have affected the spontaneous response strategy of non-musician participants more than that of musicians who are more
confident and robust in their responses. Yet, a specific study comparing the results with and without feedback is needed.

Overall, the present results should be interpreted as a reorganization of priority rules or underlying local/global
temporal processing driven by stimuli characteristics.

5. Conclusion and perspectives

This study shows that attentional capture affects the typical global/local hierarchy of temporal sound information processing,
by enhancing the processing of the saliency-increased local information. The primacy of holistic processing appears to be
reversed when elements are salient at the local level, which parallels previous results in the visual modality (Mevorach et al.,
2006). This effect of salience is also observed in expert musicians, albeit to a lesser extent, and was limited by ceiling perfor-
mance with our protocol. It is nonetheless interesting to observe that this bottom-up effect would even exacerbate the already
more “detail-oriented cognitive style of processing” (Wenhart et al., 2019) acquired by expert musicians when no particular
information is made salient (Susini et al., 2020; 2023). To conclude, our results demonstrate that bottom-up salience strongly
shapes the organization principles of auditory scene analysis. The local/global paradigm provides an interesting tool for future
research on this topic.

Supplementary material

See the supplementary material for information about participants, task, and further analyses.
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