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ABSTRACT 8 

Deriving sequential information from complex sounds is a challenge for auditory systems, yet it remains 9 
unclear whether humans and nonhuman species integrate concurrent cues or prioritize a single dimension 10 
when processing multidimensional input. We investigated shared constraints and species-specific 11 
predispositions in processing strategies across humans and zebra finches using an identical operant 12 
conditioning paradigm with complex-tone sequences. By presenting probe stimuli that selectively preserved 13 
or disrupted either pitch or formant trajectory, we quantified these strategies. Zebra finches employ an 14 
additive integration strategy, treating pitch and formant trajectories as complementary components of a 15 
unified auditory pattern, whereas humans exhibit a dominant reliance on pitch. Critically, experience further 16 
modulated this bias, revealing cross-dimensional abstraction: trained listeners recruited secondary cues to 17 
preserve learned relational structure when pitch was unreliable. These findings imply cross-species 18 
divergence in auditory representation, suggesting that human auditory processing is shaped by the 19 
interplay of species-specific priorities and experience-dependent specialization. 20 
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MAIN 27 

Music and speech share core organizational principles: both comprise systematically ordered sequences of 28 

acoustic events whose structure is supported by perceptual dimensions such as rhythm, pitch, and timbre1. 29 

Recent neuroimaging work has sharpened the spectrotemporal distinctions between these domains and 30 

revealed hemispheric asymmetries in sensitivity to spectral versus temporal modulation2–4. Although 31 

subcortical circuits may provide a common substrate for encoding basic acoustic dimensions across 32 

domains, higher-level cognitive processing diverges with functional demands: for instance, in speech, two 33 

key dimensions—pitch and formant—carry communicative and linguistic information (e.g., prosody and 34 

vowel identity), whereas in music these same acoustic dimensions function as abstract fundamental 35 

frequency- and timbre-based structures that support melodic and timbral organization2,5,6.  36 
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Importantly, sensitivity to pitch- and formant-related structure is not uniquely human: both dimensions 37 

contribute to vocal communication across diverse animal taxa7–9. Moreover, growing evidence indicates 38 

that perceptual categories such as “pitch” and “timbre” do not map transparently across species, motivating 39 

renewed attention to the underlying spectral percepts that listeners actually exploit10. The central 40 

unresolved issue is whether flexible integration or segregation of concurrent acoustic dimensions—41 

depending on context and task demands—reflects a general property of auditory processing or, instead, a 42 

specialization shaped in humans by extensive experience and cultural exposure. Addressing this question 43 

demands comparative experiments that directly assess how humans and other vocal learners11, including 44 

songbirds, prioritize and combine pitch and formant contours, particularly when these cues vary in their 45 

congruence. 46 

Pitch is conventionally defined as the perceptual correlate of a sound’s fundamental frequency (f₀)12. 47 

However, human listeners can also track spectral regularities and melodic contour in ways that do not 48 

require an explicit estimate of f₀13,14. For harmonic sounds, component frequencies are typically integrated 49 

into a single perceptual object15, and “melodic” structure can be supported by contours in other dimensions, 50 

including loudness and brightness13. Even with these alternative pathways, pitch remains a cornerstone of 51 

human music cognition and a primary substrate for organizing complex acoustic structure16,17. Across 52 

species, sensitivity to pitch varies markedly. Birds, for instance, often exceed many mammals on absolute-53 

pitch discrimination18–20. Yet comparative work indicates that listeners in many taxa preferentially exploit 54 

other cues, such as spectral shape, rhythm, or overall sound patterning, rather than pitch per se (e.g., 55 

Hoeschele9, also see ten Cate & Honing5 for a more elaborate discussion). Consistent with this view, studies 56 

in rodents21 and songbirds22,23 suggest that pitch may not be perceptually dominant relative to various 57 

other spectrotemporal cues, or that its relevance can be stimulus-dependent24. Nevertheless, songbirds can 58 

perceive missing fundamentals25, or use pitch when it provides the most informative cue26. 59 

In humans, formants—peaks in the sound spectrum (spectral envelope)—are a principal perceptual 60 

dimension and provide primary cues for vowel identity27. Sensitivity to formant structure is not uniquely 61 

human: a wide range of mammals28–31 and birds32–36 detect and exploit formant-related information in 62 

acoustic signals, supporting the view that spectral cues are broadly available for communication and 63 

auditory patterning across taxa. 64 

However, interactions between perceptual dimensions may influence grouping and judgment, with 65 

congruent cue changes strengthening perceptual organization and incongruent changes weakening it37–41. 66 

In humans, the magnitude and direction of these interactions depend on task demands and listener 67 

experience42,43. In contrast, comparatively little is known about how such cue integration operates in 68 

nonhuman species, in part because most studies rely on acoustically sparse stimuli. Here, we test zebra 69 

finches and humans with sequences of harmonic complex tones in which pitch and formant contours vary 70 

either congruently (parallel contours) or incongruently (crossed contours).  71 

The primary objective of this study was to assess how zebra finches and humans weigh co-occurring 72 

(whether congruent or incongruent) patterns of acoustic dimensions when discriminating sequences of 73 

complex tones. Specifically, we asked whether listeners preferentially rely on pitch or on formant contours 74 

or, instead, integrate both cues during sequence processing. We further tested whether cue weighting 75 

depends on the relationship between the two contours, that is, whether pitch and formant trajectories shift 76 



 

in the same direction (parallel, yielding a coherent composite pattern) or in opposite directions (potentially 77 

forcing selective attention to a single dimension). For humans, we examined whether cue weighting was 78 

affected by musical experience. We found a cross-species divergence in how harmonic sequence structure 79 

is encoded: from additive multi-cue integration in zebra finches to pitch-dominant reliance in humans, 80 

highlighting how species-typical auditory priorities and experience shape sequential sound representations. 81 

 82 

RESULTS  83 

Fig. 1:  Apparatus and experimental procedure. 84 

 85 

 86 

a, Schematic front view of the operant conditioning apparatus (Skinner box) used for the zebra finch experiment. A speaker (top of 87 
Fig.) is suspended from the ceiling above the cage. Within the cage, there are several perches (P) for the bird to sit on. A food hatch 88 
(F) is located in the upper middle of the back panel, and a lamp (L) is placed at the top of the cage. Two tubes with ad libitum water 89 
(W) are placed symmetrically on two sides of the cage, and three sensors (S1, S2, S3) with red LEDs are lined horizontally in the lower 90 
middle of the back panel. b, Example of a discrimination training trial in the zebra finch experiment. During the discrimination training 91 
phase, only the S1 LED was illuminated at the start of each trial. The bird first had to peck the center sensor (S1) to trigger the playback 92 



 

of a stimulus, and then choose between the two side sensors (S2 or S3), depending on the playback sound. A correct response—93 
pecking the sensor associated with the presented stimulus (e.g., pecking S2 after stimulus A)—was rewarded with 12 seconds of food 94 
access. An incorrect response (e.g., pecking S3 after stimulus A) resulted in a 1-second light-off penalty. If the bird did not respond 95 
within 15 seconds, the trial ended automatically without a reward or penalty. c, Schematic of the online listening categorization task 96 
for human participants, analogous to the operant discrimination paradigm used in the zebra finch experiment. At the start of each 97 
trial, the computer screen displays a full-screen interface with a playback icon in the upper middle, which participants must click to 98 
initiate the playback of a sound sequence. Following the sound playback, two response buttons appear: one brown and one azure. 99 
The position of these buttons is fixed—placed next to each other below the playback button—though the specific assignment of 100 
brown and azure is randomized across participants. Participants must respond by clicking one of the buttons based on the sound they 101 
hear. d, An example of the discrimination training trials in human online task. Mirroring the procedure in the zebra finch experiment, 102 
during the discrimination training phase, human participants have to learn to associate the playback sound with one of the two buttons: 103 
A correct response was followed by a smiley face as positive feedback, an incorrect response triggered a sad face as negative feedback, 104 
and no response within 15 seconds resulted in a confused face, after which the trial ended automatically. e, Schematic of the 105 
experimental procedures for the zebra finch experiment and the human online task. Zebra finches completed acclimation/pre-training, 106 
discrimination training, a transition phase with reduced reinforcement, and a probe testing phase. Humans completed an introduction 107 
phase, discrimination training with feedback, and a probe testing phase. In both species, responses to probe stimuli were not scored 108 
for accuracy but reflected perceived similarity to the training stimuli. See Methods for details. 109 

 110 

We investigated how humans and zebra finches use pitch and formant information when trained to 111 

distinguish harmonic tone sequences in a Go-left/Go-right auditory discrimination task with corrective 112 

feedback (Fig. 1). Participants heard five-tone sequences in which pitch and formant contours either shifted 113 

in the same direction or in opposite directions (Fig. 2), a stimulus design that targeted sensitivity to the 114 

global contour of the sequence rather than to acoustic features of single tones. Hereafter probe stimuli 115 

examined whether the trained discrimination was based on having learned about the pattern of pitch, 116 

formant or both. This approach enabled us to quantify the relative weighting of pitch and formant cues 117 

under controlled manipulations of contour congruence. The results reveal striking differences between 118 

species as well as consistent variation within humans. Zebra finches relied on both pitch and formant cues 119 

in an integrated, additive fashion across all conditions, whereas humans exhibited a strong bias toward 120 

pitch. When pitch cues of probe stimuli were uninformative, musically experienced listeners showed 121 

enhanced flexibility in their use of spectral information. 122 

 123 

Fig. 2:  Illustration of stimuli used for songbird and human experiments. 124 

 125 



 

a, Examples of a pair of training stimuli for the Crossed-Contours group (upper panel) and for the Parallel-Contours group (lower 126 
panel). b, Modified stimuli used in the testing phase for the Crossed-Contours group (upper panel) and for the Parallel-Contours group 127 
(lower panel). Birds and human participants were tested with five modified versions of each training stimulus after completing the 128 
training: two pitch-modified versions (pitch-fixed and pitch-removed), two formant-modified versions (formant-removed and formant-129 
fixed), and a contour-substitution version, which combined the formant contour of one training stimulus with the pitch contour of the 130 
other training stimulus — see Methods for a description of these manipulations. In the spectrograms of each tone sequence, the 131 
direction (but not the exact value) of the pitch contour is indicated by a red line, and formant contour is indicated by a blue line. All 132 
stimuli are accessible on the Open Science Framework (OSF) (DOI: 10.17605/OSF.IO/ZXDBJ) 133 

 134 

Zebra Finches Integrate Pitch & Formant 135 

The responses to each probe stimulus were assigned a similarity score reflecting how closely the probe 136 

stimulus was perceived to resemble either of the two training stimuli (A or B). Values near 1 reflect a strong 137 

association with its corresponding training stimulus (e.g., probe A with training A). Scores near 0.5 indicate 138 

ambiguous similarity, whereas a value near 0 means that a probe stimulus was considered similar to the 139 

opposite training stimulus (B). We also computed response rates, which indicates the proportion of trials 140 

on which subjects committed to a classification rather than withholding a response, and thus provides a 141 

complementary measure of perceptual confidence and stimulus classifiability, allowing us to dissociate cue-142 

based biases (reduced similarity scores) from perceptual uncertainty (reduced responding). Additionally, we 143 

computed LogRatio to quantify response bias: values around zero represent the discrimination boundaries, 144 

where the probability of classifying a probe stimulus as similar to its corresponding training stimulus equals 145 

the probability of classifying it as similar to the opposite training stimulus, while positive or negative values 146 

indicate a significant bias for the probe stimulus associated with the corresponding or opposite training 147 

stimulus, respectively (see Methods for details). 148 

Similarity Scores 149 

Similarity scores did not differ significantly between the Parallel- and Crossed-Contours groups for most 150 

probe stimuli, except for the formant-removed version (Fig. 3), where the Crossed-Contours group showed 151 

higher similarity scores (difference = 0.347 ± 0.114, P = 0.002; Table S3).     152 
 153 
Fig. 3:  Similarity scores for training and modified stimuli across the two training groups in zebra finch 154 
experiment. 155 

 156 



 

Significant differences between the training groups for the responses to each test stimulus are indicated: ** refers to a significant 157 
difference of 0.001 < P ≤ 0.01, and for non-indicated comparisons P value is > 0.05. The violin plots are kernel density estimations. 158 
Median, 1st and 3rd quartile are indicated by the white horizontal lines. The Horizontal dashed line represents chance level, which was 159 
50% for both tasks. 160 

When either pitch or formant contour was fixed (pitch-fixed or formant-fixed versions; Fig. 2), zebra finches 161 

still perceived a significant similarity between a probe stimulus and its corresponding training stimulus, 162 

indicating that either feature independently supported recognition when the other was held constant (Fig. 163 

3). Rather than favoring one dimension, zebra finches appear to integrate both pitch contour and formant 164 

contour during sequence discrimination. The birds’ low similarity scores on the contour-substitution version, 165 

in which a modified stimulus could be treated as either training stimulus A or B depending on whether pitch 166 

or formant was attended to, shows that zebra finches respond randomly when the two features provide 167 

contradictory information, confirming that both cues are treated as comparably important during 168 

recognition. 169 

Post hoc Tukey's HSD tests revealed that both groups exhibited significantly higher similarity scores for the 170 

non-rewarded training stimuli compared to any of the five modified versions (all P < 0.0001). This further 171 

supports that both pitch and formant contributed to discrimination, as every modification led to a marked 172 

reduction in similarity scores regardless of training group (Table S3). 173 

Both training groups showed significantly higher similarity scores for the pitch-fixed stimuli than for the 174 

formant-removed (Crossed-Contours group: P < 0.05; Parallel-Contours group: P = 0.0001), pitch-removed 175 

(Crossed-Contours group: P < 0.0001; Parallel-Contours group: P < 0.05), and contour-substitution (both 176 

groups: P < 0.0001) stimuli. Likewise, similarity scores for the formant-fixed stimuli were higher than for the 177 

contour-substitution stimuli (Crossed-Contours group: P < 0.01; Parallel-Contours group: P < 0.0001). 178 

Despite the comparable relevance of pitch and formant in both experimental groups, subtle group-specific 179 

differences in relative cue weighting indicated some context-dependent modulation around a generally 180 

balanced integration of both cues. In the Crossed-Contours group, pitch-fixed stimuli elicited higher 181 

similarity scores than formant-fixed stimuli (P < 0.05), and formant-removed stimuli elicited higher similarity 182 

scores than pitch-removed (P < 0.05) or contour-substitution stimuli (P < 0.01). In the Parallel-Contours 183 

group, similarity scores were significantly higher for formant-fixed than for formant-removed stimuli (P < 184 

0.001), and higher for pitch-removed than for contour-substitution stimuli (P < 0.01). In this group, there 185 

were also trends toward higher similarity scores for pitch-removed than formant-removed, as well as for 186 

formant-fixed than pitch-removed stimuli (both P = 0.08).  187 

Response Rates 188 

Response rates showed no significant differences between training groups for any stimuli (Fig. S1a) and the 189 

response rate patterns broadly mirrored similarity scores. Both groups exhibited significantly higher 190 

response rates for the non-rewarded training stimuli compared to any of the five modified versions (all P < 191 

0.0001; Table S3) and responded more frequently to formant-fixed and pitch-fixed than to the formant-192 

removed stimuli (Crossed-Contours group: both P < 0.01; Parallel-Contours group: both P < 0.001) and less 193 

often to pitch-removed than to any other modified stimuli (Crossed-Contours group: both P < 0.0001; 194 

Parallel-Contours group: both P < 0.01). Within-group contrasts further showed that birds in the Crossed-195 

Contours group responded more to pitch-fixed and formant-fixed than to contour-substitution (both P < 196 

0.05), whereas birds in the Parallel-Contours group responded more to contour-substitution than to 197 



 

formant-removed stimuli (P < 0.001). Notably, both groups showed relatively high response rates to the 198 

contour-substitution stimuli despite their low similarity scores.  199 

LogRatios 200 

LogRatio analyses (Fig. S2a, Table S6) also largely converged between the two training groups. In the 201 

Crossed-Contours group, responses to pitch-removed and contour-substitution did not significantly deviate 202 

from chance (logRatio ≈ 0), while all other stimuli were reliably discriminated above chance. In the Parallel-203 

Contours group, chance-level performance was observed for formant-removed and contour-substitution 204 

stimuli, with significant discrimination above chance for all other stimuli.  205 

 206 
Robust Pitch Bias in Humans 207 

As in the zebra finches, we evaluated performance in the human online task using similarity scores and 208 

response rates, complemented by logRatio values. Across both training groups, pitch consistently emerged 209 

as the dominant cue. However, we observed substantial variation in the response to probe stimuli lacking 210 

pitch information, which was driven by musical experience rather than by the specific alignment of pitch 211 

and formant contours during training. Given this variability and the uneven distribution of musical 212 

experience between training groups (see Methods), we therefore focus on analyses that explicitly account 213 

for musical experience. 214 

Similarity scores 215 

Irrespective of training group and musical experience, the highest similarity scores were shown towards the 216 

formant-fixed and formant-removed stimuli (Fig. 4a; Table S4). Similarity scores for these formant-based 217 

modifications did not differ significantly from those for the non-rewarded training stimuli (Table S4). These 218 

results indicate a strong dominance of pitch in the human classification of the test stimuli.      219 

 220 
Fig. 4:  Similarity scores in human online task. 221 
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a, Comparison of similarity scores between two training groups. b, Comparison of similarity scores among participants with different 226 
levels of Musical Experience when responding to pitch-fixed and pitch-removed stimuli (see Methods for sample sizes at each level of 227 
musical experience in each training group). Significant differences are indicated as follow: *** refers to a significant difference of P ≤ 228 
0.001, ** refers to a significant difference of 0.001 < P ≤ 0.01, and * refers to a significant difference of 0.01 < P ≤ 0.05, for non-229 
indicated comparisons P value is > 0.05. The violin plots in panel a represent kernel density estimations, with white horizontal lines 230 
indicating the median, first, and third quartiles. The box plots in panel b display the median and the first and third quartiles, with 231 
whiskers extending to 1.5 times the interquartile range. The horizontal dashed lines in both panels indicate the chance level, set at 232 
50% for both tasks.   233 

When results were collapsed across musical experience, similarity scores for the pitch-fixed and pitch-234 

removed stimuli (both P < 0.0001) differed between the Parallel- and Crossed-Contours groups (Fig. 4a), 235 

with considerable inter-individual variability. These group-level differences were accompanied by a large 236 

spread in responses, indicating substantial heterogeneity across participants, and appear to be strongly 237 

modulated by musical experience (Fig. 4b; Fig. S2c). In the Crossed-Contours group, participants with no 238 

musical experience (“None”) showed the highest similarity scores for these pitch-based modifications. With 239 

increasing musical experience, similarity scores decreased (even falling below 0.5) indicating that greater 240 

musical experience was associated with stronger biases toward classifying probe stimulus A as similar to 241 

training stimulus B (Fig. 4b; Table S5). These participants, but not the “None” experienced ones, were 242 

influenced by the formant pattern of the probe stimuli. They seem sensitive to the direction of changes in 243 

the formant pattern in the probe stimuli and treat this as if it provided information about pitch changes. In 244 

the Parallel-Contours group, the pattern for stimuli lacking pitch information was reversed. Participants with 245 

“None” musical experience showed lower similarity scores than all other experience levels (all P < 0.05), 246 

which were close to 0.5 (or slightly above), again confirming the dominant role of pitch cues. In contrast to 247 

the Crossed-Contours group, increasing musical experience in the Parallel-Contours group resulted in 248 

progressively higher similarity scores for the stimuli lacking reliable pitch information (all P < 0.05; Fig. 4b; 249 

Table S5). Thus, here too, musically experienced (but not “None” experienced) participants appeared to 250 

respond to the direction of formant changes in the probe stimuli when pitch cues were unavailable. 251 

Response rates 252 



 

Both training groups were similar in the number of responses to all probe stimuli, apart from their response 253 

to the pitch-removed stimuli. Across training groups, there were no significant differences among the four 254 

levels of musical experience in response rates to any of the probe stimuli (Table S5), indicating that response 255 

rates were not modulated by musical experience or training condition. When data were collapsed across 256 

musical experience, participants in the Crossed-Contours group responded significantly less often to the 257 

pitch-removed stimuli than those in the Parallel-Contours group (P < 0.001; Table S4). This pattern suggests 258 

that participants in the Crossed-Contours group were more likely to treat the pitch-removed stimuli as 259 

unclassifiable. Additionally, response rates to the contour-substitution stimuli did not differ from those for 260 

the training stimuli in either group (Table S4). This pattern suggests that listeners tended to treat the 261 

contour-substitution stimuli as equivalent to one of the training stimuli, regardless of training condition.  262 

LogRatio 263 

LogRatio analyses closely mirrored the similarity-score results, providing converging evidence for a robust 264 

pitch bias in humans and an experience-dependent use of secondary cues. Across training groups and 265 

musical experience levels, participants reliably discriminated formant-based modifications (formant-fixed 266 

and formant-removed stimuli) at above-chance levels (logRatio > 0), whereas the contour-substitution 267 

stimuli elicited a significant bias toward “mismatching response”  (logRatio < 0) (Fig. S2b; Table S7), despite 268 

comparable response rates. This pattern again confirms the dominant role of pitch and indicates that the 269 

contour-substitution stimuli were treated as perceptually equivalent to the opposite training stimuli. 270 

Cue-use patterns diverged most clearly for the pitch-based modifications. For the pitch-fixed stimuli, 271 

participants in the Parallel-Contours group showed above-chance discrimination across all levels of musical 272 

experience. In contrast, in the Crossed-Contours group, participants with “None” musical experience 273 

performed at chance (logRatio ≈ 0), whereas those with higher levels of experiences showed a systematic 274 

bias toward “mismatching response”. A similar stratification emerged for the pitch-removed stimuli. The 275 

Parallel-Contours group again discriminated reliably regardless of experience, while in the Crossed-276 

Contours group, participants with “None” or “Moderate” experience performed above chance, those with 277 

“Extensive” experience showed chance-level performance, and those with highest experience (“Professional”) 278 

exhibited a strong bias toward “mismatching response” (Fig. S2c; Table S7). 279 

Notably, formant contours were perceivable by both highly and minimally experienced listeners: even 280 

participants with the least musical experience showed above-chance discrimination when pitch information 281 

was absent (pitch-removed), despite failing to discriminate stimuli with ambiguous pitch cues (pitch-fixed). 282 

The asymmetry between the Parallel-Contours and the Crossed-Contours group indicates that it may be 283 

easier to recruit formant information as a secondary cue in evaluating the probe stimuli if pitch and formant 284 

changed in the same direction across the training stimuli, with its significance again being affected by 285 

musical experience (Fig. S2c). Overall, the logRatio analysis reinforces the conclusion that human listeners 286 

prioritize pitch, while musical experience promotes more flexible cue weighting when pitch cues are 287 

unreliable.  288 

 289 

DISCUSSION  290 

Our results identify both shared and species-specific strategies for extracting sequential structure from 291 

complex tones. Across zebra finches and humans, the training regime (Parallel versus Crossed contours) 292 



 

exerted little influence on overall discrimination, indicating that the directional alignment of pitch and 293 

formant trajectories during learning did not, by itself, reorganize how listeners deployed cues. Instead, 294 

performance in both species was best explained by how each auditory system weights and recruits co-295 

occurring dimensions when they are available, degraded, or placed in conflict. 296 

Zebra finches showed robust multi-cue integration. Their performance was consistent with an additive 297 

integration strategy in which either pitch or formant information could support discrimination when the 298 

other dimension was held constant. This pattern suggests that finches treated both trajectories as 299 

informative components of a single sequential pattern, rather than as mutually exclusive alternatives. In 300 

other words, they did not appear to privilege one contour as the dominant “reference” for sequence identity. 301 

Our study is the first to systematically test the trade-off between pitch and formants for discriminating 302 

harmonic complex tone sequences. The finding that zebra finches attend to both pitch and formant patterns 303 

accords with earlier studies demonstrating that altering the pitch or the formant structure in speech-like or 304 

artificial stimuli and songs disrupted the recognition of familiar stimuli26,34,36,44,45. Nevertheless, the failure of 305 

the zebra finches to classify stimuli in which the spectral envelope of the formants is still present, but pitch 306 

information is disrupted, is not due to a general insensitivity to spectral envelope cues. Rather, zebra finches 307 

are able to exploit envelope information when pitch-related structure is degraded, as demonstrated by 308 

responses to vocoded vowel-like stimuli26 and the preserved behavioral efficacy to male calls despite 309 

missing f₀ and most harmonics7. Together, these findings suggest context-dependent cue weighting in 310 

zebra finches, with envelope cues possibly more relevant for short, call-like signals, whereas discrimination 311 

of sequential sounds or songs relies more on attending to other spectro-temporal details (e.g., see Dooling 312 

& Prior23; also see Geberzahn & Derégnaucourt46). In this respect, our data differ from those obtained with 313 

starlings, in which Bregman et al.22 observed recognition of noise-vocoded tone sequences. Whether this 314 

indicates a genuine difference in species-specific perceptual strategies, with zebra finches more sensitive to 315 

pitch disruption of artificial tone sequences than starlings, or might be due to differences in methodology 316 

or stimulus details, remains to be explored. 317 

In contrast to zebra finches, humans exhibited a strong and pervasive pitch dominance. Their performance 318 

was largely governed by pitch whenever it was available—an effect that was apparent regardless of musical 319 

background. Musical experience mattered most when pitch information became unreliable. Importantly, 320 

musically trained listeners did not simply fall back on a memorized rule about the direction of the trained 321 

formant contour; if they had, one would expect stronger formant-consistent responding in the Crossed-322 

contours condition. Instead, the observed pattern points in the opposite direction and points to a different 323 

mechanism: experienced listeners demonstrated a functional substitution of perceptual dimensions to 324 

preserve the “relational” structure of the learned pitch contour by extracting frequency-change relations 325 

from an alternative spectral dimension (the formant contour) and mapping those relations onto pitch-based 326 

templates acquired during training. This account also explains the asymmetry across training conditions. In 327 

the Parallel-contours group, formant changes in the pitch-fixed and pitch-removed probes were aligned with 328 

the trained pitch direction, providing a useful surrogate cue and yielding higher similarity scores among 329 

experienced listeners; in the Crossed-contours group, the same surrogate conflicts with the trained pitch 330 

direction, resulting in opposite similarity scores in musically trained listeners. Minimally trained listeners, 331 

although strongly pitch-oriented, still performed modestly above chance when pitch was removed, 332 

consistent with a baseline sensitivity to spectral contour change that was typically subordinated when pitch 333 

cues were present. 334 

 335 



 

These findings refine what musical expertise contributes to human multidimensional sequence perception. 336 

Experience supported the use of secondary dimensions to preserve learned relational structure when the 337 

primary cue was degraded—without eliminating cross-dimensional interference or reversing the basic 338 

asymmetry in cue learning when pitch co-occurs with other dimensions. This framing aligns with evidence 339 

that musicians are not uniformly less susceptible than nonmusicians to interference from task-irrelevant 340 

dimensions such as spectral centroid or pitch,39 and with reports that even trained listeners can remain 341 

vulnerable to certain timbral interference during pitch judgments43,47, despite occasional demonstrations of 342 

enhanced resilience (e.g., see Pitt48). More broadly, musical training often strengthens pitch processing yet 343 

does not reliably improve sensitivity to other spectral dimensions that are not explicitly cultivated during 344 

training39, and it has not shown consistent links to cross-dimensional sequence-processing efficiency (e.g., 345 

see Cousineau et al.49). 346 

Finally, musical experience appears to promote auditory abstraction and the strategic recruitment of 347 

secondary cues, yet it does not eliminate the basic learning asymmetry that arises when those cues co-occur 348 

with pitch. This bias in dimensional mapping may be uniquely human (or at least strongly species-specific): 349 

although human listeners can transfer pitch-contour relations to other acoustic dimensions,13 zebra finches 350 

showed no evidence of comparable cross-dimensional remapping.  351 

These cross-species differences sharpen mechanistic accounts of sequential sound perception by 352 

demonstrating that even species capable of perceiving pitch and formant can differ in how these 353 

dimensions are processed, reflecting distinct cue-weighting architectures—one that flexibly integrates 354 

multiple spectral dimensions, and another that defaults to pitch and recruits alternative cues primarily under 355 

constraint. More broadly, these species differences place boundary conditions on accounts of sequential 356 

sound perception by showing that extracting contour-based structure can be achieved through distinct 357 

computational architectures shaped by biology and experience. 358 

 359 

METHODS 360 

 361 
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS 362 

Zebra Finches 363 

Twenty-three zebra finches (12 males and 11 females) completed the experiment. They were trained and 364 

tested at the age of 334 ± 47 days post-hatching (dph), (age males: M= 366, SD= 37, age females: M= 299, 365 

SD= 26). All birds originated from the in-house breeding colony at Leiden University. Birds lived in single-366 

sex aviaries and transferred to standard laboratory cages (two same-sex birds per cage) for one-week 367 

acclimation prior to the experiment; full housing conditions are identical to those reported in our previous 368 

studies44,45. The birds were divided randomly in two experimental groups: twelve of the birds were assigned 369 

to the Parallel-Contours group, and eleven birds to the Crossed-Contours group (6 males and 6 females in 370 

Parallel-Contours group, 6 males and 5 females in Crossed-Contours group; age Parallel-Contours group: 371 

M=316, SD=33, age Crossed-Contours group: M=353, SD=51). None had prior task or stimulus experience.  372 

The experiment and procedures adhered to the European and Dutch legislation on animal experimentation 373 

and were approved by the Animal Experiment Committee (DEC; AVD number 1060020197507) and 374 



 

performed according to the guidelines of the Leiden University Committee for Animal Experimentation (see 375 

also Ning et al.45 for details of the ethical note). 376 

 377 

Human participants 378 

A total of 272 adult human participants (120 males, 141 females, 5 identifying as other gender, and 6 379 

preferring not to disclose their gender) participated in an online listening categorization task analogous to 380 

the operant discrimination paradigm used in the zebra finch experiment. Participants were randomly 381 

assigned to the Parallel-Contours group (N = 135) or the Crossed-Contours group (N = 137) (see also Table 382 

S1 for the sex distribution in each group). Participants were recruited from students at the University of 383 

Amsterdam, Leiden University, and social media platforms. Participation was on an entirely voluntary basis, 384 

and no compensation was provided. All participants (ages 19–80 years; median age = 34 years) reported 385 

normal hearing. All procedures for the online listening categorization task involving human participants 386 

were approved by the Ethics Committee at the University of Amsterdam.  387 

 388 

METHOD DETAILS 389 

Zebra Finch Experiment 390 

Operant conditioning cage 391 

Zebra finches were trained and tested individually in an operant conditioning cage (Fig. 1a), described 392 

previously44,45.  393 

Procedure 394 

A Go-Left/Go-Right paradigm was used for both training and testing in zebra finch experiment. The 395 

procedure comprised five phases: acclimation, pre-training, discrimination training, transition, and probe 396 

testing. A brief overview of the procedure is provided here (see also Fig. 1e), as full procedural details of the 397 

songbird Go-Left/Go-Right experiment have been reported previously44,45. During the acclimation phase, 398 

birds were introduced to the experimental cage and allowed to freely explore the pecking sensors and food 399 

hatch. The pre-training phase familiarized birds with sensor-sound associations and the reinforcement 400 

system, with correct sensor pecks triggering sound playback and food access. In the discrimination training 401 

phase, birds learned to peck the central sensor (S1) to initiate sound playback, and then to choose the 402 

appropriate left or right sensor (S2 or S3) depending on the sound. Correct choices were reinforced with a 403 

15-seconds food hatch opening; incorrect responses led to a 1-second light-off signal. Once birds reached 404 

criterion performance (discrimination score > 0.75 for three consecutive days), they entered the transition 405 

phase, where 20% of training trials were no longer reinforced. Birds that maintained discrimination during 406 

this phase proceeded to the probe testing phase, in which 20% of trials involved unreinforced presentations 407 

of probe stimuli (modified versions of the trained sounds) randomly interspersed among the reinforced 408 

training trials. Each probe stimulus was presented 40 times per subject before testing concluded. 409 

Stimuli 410 



 

Training stimuli 411 

The training stimuli in the songbird experiment (as well as in human online task) were 4 stimulus pairs (2 412 

sequence series/pairs for each training group, as shown in Table S1), each pair consisted of two harmonic 413 

sequences (each made up of five complex tones) that differ in both pitch and formant direction. In both 414 

experiments, two training groups were defined based on the stimuli used during training. For the Crossed-415 

Contours group, the training stimuli consisted of pairs of complex tones in which the pitch and formant 416 

contours of a single stimulus varied in opposite directions, for example, the pitch contour of training 417 

stimulus A decreased across the tone sequence, while its formant contour increased (Fig. 2a). For the 418 

Parallel-Contours group, the training stimuli consisted of pairs of complex tones in which both the pitch 419 

and formant contours of a single stimulus varied in the same direction—either both increasing or both 420 

decreasing (Fig. 2a). 421 

In each stimulus pair, one stimulus (e.g., training stimulus A) featured a formant-ascending pattern, for 422 

example, “2.6kHz- 3.1kHz- 3.6kHz- 4.1kHz- 4.6kHz”. This formant-ascending pattern increased the 423 

amplitude (+30 dB) within specific frequency bands of each complex tone. These enhanced bands fell within 424 

the hearing threshold of zebra finches (see Okanoya & Dooling50) and humans, typically peaking around 425 

3.5–4.0 kHz. In contrast, the complex tones of the other stimulus (e.g., training stimulus B) followed a 426 

formant-descending pattern, for instance, “4.6kHz- 4.1kHz- 3.6kHz- 3.1kHz- 2.6kHz”. Similarly, one 427 

sequence featured a pitch-ascending pattern, such as “150Hz- 220Hz- 290Hz- 360Hz- 430Hz”, while the 428 

other exhibited a pitch-descending pattern, for instance, “430Hz- 360Hz- 290Hz- 220Hz- 150 Hz”. Across 429 

sequence series within each training group, stimuli were arranged to share the same contour structure but 430 

differed in f₀ and formant values to prevent the selected value set from accidentally coinciding with 431 

frequencies that might hold specific biological relevance for the birds. When played, sequences within each 432 

stimulus pair were RMS-normalized (calculated over the total duration of a stimulus) to equate overall 433 

intensity and prevent response bias driven by amplitude differences.  434 

The training stimuli were synthesized, normalized and filtered using Praat (version 6.1.12) and Audacity 435 

(version 2.3.0). To synthesize a sound unit, the first step was to construct a complex tone with a defined f₀ 436 

value (e.g., 150Hz as the f₀) by choosing the function “Create Sound as tone complex” (to create a sound 437 

combining the f₀ and its constituent harmonics occurring at integer multiples of the f₀) in Praat. Secondly, 438 

the complex tone was manipulated by the Effect “Fade in/Fade out” and its peak amplitude was Normalized 439 

to “-50 dB” by Audacity. Additionally, to create a formant for the unit, the amplitude located in a particular 440 

frequency range (e.g., the Formant peak located in 2.6kHz) was amplified (Width 1kHz, Gain 15dB x2) by 441 

applying the “Parametric EQ” function (an effect plugin) in Audacity. Afterwards these complex tones were 442 

combined into a single sequence using Praat, with each tone (duration: 0.21s) separated by a silence of 443 

0.05s, resulting in a sequence with a duration of 1.25s. All stimuli were low-pass filtered (below 8kHz). 444 

Probe stimuli    445 

To assess the relative contributions of pitch and formant contours, birds (as well as human participants) 446 

were tested with probe versions of each training sequence (Fig. 2b). Across both the Crossed-Contours and 447 

the Parallel-Contours training groups, probe stimuli were generated using identical manipulations that 448 

selectively altered pitch or formant information. Praat and Audacity were used to edit each original training 449 

stimulus to produce these probe versions:  450 



 

(i) pitch-fixed – In this manipulation, all pitches were made equal to the f₀ of the middle unit, while preserving 451 

the formant contour of the original training stimulus. For example, a sequence with five harmonic units 452 

featuring “f0 = 290Hz” and arranged in a formant-ascending pattern of “2.6kHz- 3.1kHz- 3.6kHz- 4.1kHz- 453 

4.6kHz”. This adjustment was achieved by modifying the “Frequency (Hz)” parameter within the “Parametric 454 

EQ” function in Audacity. 455 

(ii) pitch-removed – This modification maintains the spectral envelope (both its shape and position) of the 456 

training stimulus, but averages the energy within specific frequency bands, thus removing any harmonic 457 

structure. For this we used the Matt Winn’s Praat vocoded script 458 

(http://www.mattwinn.com/praat/vocode_all_selected_v45.txt) to synthesize a pitch-removed version of 459 

training stimuli. The script was set to divide cut-off frequency bandwidths equally for 30 bands contiguous 460 

with smooth transitions (From lowCornerFreq 100Hz to highCornerFreq 8000Hz). 461 

(iii) formant-fixed – In this stimulus a single, fixed formant was added to the training stimulus, using the 462 

formant value of the middle unit of the sequences. As such it preserved the pitch contour, while all elements 463 

have the same spectral envelope. This manipulation was accomplished by assigning a same “Frequency 464 

(Hz)” value (the “Parametric EQ” function in Audacity) to harmonic units of different f0.  465 

(iv) formant-removed – The purpose of this manipulation was to create stimuli where all frequency bands 466 

have the same energy, while keeping the f0 values identical to training stimuli. The construction of the 467 

formant-removed version followed the same procedure as that of the training stimuli, except for omitting 468 

the Formant synthesis step. This ensured that the formant-removed version maintained the same 469 

characteristics (tone sequences with increasing/decreasing pitch contour) as the training stimuli, yet without 470 

any formant. 471 

(v) contour-substitution – In this modification, the formant contour of the training stimulus was altered by 472 

adjusting the formant frequencies of each harmonic unit and arranging them in a reversed order compared 473 

to the original training stimulus. This modification aimed to combine the formant contour of one training 474 

stimulus with the pitch contour of the other training stimulus from the same training pair. For example, a 475 

modified version of training stimulus A would share the formant contour of training stimulus A while sharing 476 

the pitch contour of training stimulus B. In the analysis, the responses to this “ambiguous” contour-477 

substitution stimulus are compared to the training stimulus that shares the same formant contour. 478 

Both training and probe stimuli have not been heard before by the subjects.  479 

 480 

Online Listening Categorization Task 481 

Procedure 482 

The experimental procedure for human subjects was designed to mirror the operant discrimination 483 

paradigm used in the zebra finch experiment (Fig. 1), and was carried out through the following link:  484 

https://www.mcg.uva.nl/humansvszebrafinches/. Participants were asked to situate themselves in a quiet 485 

environment to avoid distractions and began with adjusting the volume of a calibration sound to a 486 

comfortable level, ensure stimuli were audible and confirm that they had normal hearing (see Consent). In 487 

many cases, apart from those requiring precise control over absolute sound levels, online experiments have 488 

https://www.mcg.uva.nl/humansvszebrafinches/


 

been shown to produce results indistinguishable from those obtained under more controlled laboratory 489 

conditions, provided that precautions are taken to ensure sound presentation quality and participant 490 

compliance51. 491 

The human online listening categorization task consisted of three phases: participants first completed an 492 
introduction phase, providing consent and background information. They then entered the training phase, 493 
where they learned to discriminate between two sounds by clicking one of two colored buttons after hearing 494 
a playback, receiving smiley, sad, or confused face feedback according to their responses. After reaching a 495 
performance criterion, participants entered the probe testing phase, where they categorized modified 496 
stimuli mixed among the training stimuli.  497 

Introduction phase (Pre-experiment) 498 

Before the experiment is really starting, the computer screen will be showing an instruction “This is a 499 
listening experiment in which you have to respond to short sound sequences”, followed by a page with a 500 
request for consent. After that, the participant can click on “Agree and continue” to accept the agreement. 501 
This will be followed by the Instructions “We need to know a bit about you”. Here they have to type in their 502 
age, and select one of the options form the Gender Categories: ‘Male (M)’, ‘Female (F)’, ‘Other (X)’, ‘Prefer 503 
not to disclose (U)’. This phase is closed with the request “And finally, please select your level of musical 504 
expertise.” and they will be asked to choose one of the following options: ‘None’, ‘Moderate’, ‘Extensive’ or 505 
‘Professional’.  506 

Training phase 507 

At the start of the experiment, the computer screen displayed a full-screen with a playback (speaker) icon 508 
in the center, accompanied by the instruction: “The experiment will now begin. Click to start a sound 509 
sequence”. When participants clicked the playback icon, a sound sequence was presented. After each sound 510 
sequence finished playing, two response buttons become clickable, one blue and one brown, positioned 511 
side by side below the playback icon.   512 

Participants responded to sound sequence in each trial by clicking one of two colored buttons (blue or 513 
brown). No explicit instructions were given; instead, participants learned through feedback that selecting 514 
the correct button (e.g., blue for stimulus A, brown for stimulus B) elicited a smiley face, whereas choosing 515 
the opposite mapping (e.g., brownbrown for stimulus A, blue for stimulus B) elicited a sad face. During the 516 
training phase, the two stimuli A and B were presented in random order with equal probability. The 517 
assignment of button color to stimulus A or B was randomized across participants but fixed within an 518 
individual to control for potential effects of color–position associations. 519 

The response window was limited to 3s after playback; if no response was given within this period, a 520 
confused face appeared on screen, and the trial was recorded as a no response. After each trial, the playback 521 
button is refreshed, and clicking it initiated the next trial. Training phase consisted of 20 short sound 522 
sequences (stimulus A and stimulus B each played for 10 times in randomized order). Participants advanced 523 
to the testing phase once they reached criterion performance (≥ 8 correct responses out of 10 trials). 524 
Otherwise, an additional block of 10 trials was presented until the criterion was achieved. Upon reaching 525 
the criterion, participants were shown an instruction message: “You are entering the main phase of the 526 
experiment. From now on you will only occasionally get feedback on your responses. Simply try to keep 527 
responding to the sound sequences as you did before”. 528 

Probe testing phase 529 



 

The testing phase comprised five novel versions of the training stimuli intermixed with the original training 530 
stimuli. The response window was shortened to 2.5 s. Each of the training stimuli (A and B) was presented 531 
15 times, with 10 trials providing feedback (smiley/sad face) and 5 trials providing no feedback. Each 532 
stimulus from the five novel versions (each consisting of a pair, stimulus A and B; 10 stimuli in total) was 533 
presented five times without feedback. This resulted in a total of 80 trials in this phase. Stimuli were 534 
presented in randomized order, with trials of training stimuli interspersed among trials of novel stimuli to 535 
help maintain participants’ memory of the training contingencies. The task lasted approximately 20 min, but 536 
varied depending on the number of training blocks completed to reach the training criterion. 537 

Stimuli 538 

Human participants completed a listening categorization task analogous to the zebra finch experiment. 539 

Stimuli were identical to the bird experiment (training and probe stimuli). All stimulus materials are publicly 540 

available on the Open Science Framework (OSF) (DOI: 10.17605/OSF.IO/ZXDBJ). 541 

 542 

QUANTIFICATION AND STATISTICAL ANALYSIS 543 

Zebra Finch Experiment 544 

In the zebra finch experiment (as well as in the human online listening task), reactions to the various probe 545 

stimuli were categorized into three types: a “matching response” (i.e., identifying the modified version of 546 

training stimulus A as A, and the modified version of training stimulus B as B), an “mismatching response” 547 

(i.e., choosing B when the stimulus was a modification of sound A, and vice versa), and a “no response” (i.e., 548 

failing to respond by selecting an answer). Two primary measures were derived:  the Similarity Score, 549 

calculated as the proportion of “matching response” out of all “matching response + mismatching 550 

response” (Similarity Score = Trial_Matching / (Trial_Matching + Trial_Mismatching)); and the Response 551 

rate, calculated as the proportion of trials in which participants responded (i.e., made either a correct or 552 

incorrect response) out of all 40 presentations of each probe stimulus (Response_Rate = (Trial_Matching + 553 

Trial_Mismatching) / (Trial_Matching + Trial_Mismatching + Trial_NoResponse)). 554 

We used Generalized Linear Mixed-effects Models (GLMMs) to examine the discrimination of various test 555 

sounds by the subjects. All model analyses were conducted in Rstudio (R package lme4)52. We calculated 556 

the Similarity Score and the Response Rate based on the counts of “matching response”, “mismatching 557 

response”, and “no response”, combining the response counts to (variants of) Training stimuli A and B, 558 

(using the function cbind, R package mice)53, and used these two indicators as response variables in GLMMs 559 

in R (using the function glmer, R package lme4)52. 560 

In the zebra finch experiment, we used “Training_Group” (Parallel-Contours or Crossed-Contours training 561 

pairs), “Test_Stimuli”, “Sequence_Series” and the interaction between “Training_Group” and “Test_Stimuli” 562 

as covariates in the full model with “Bird_ID” as the random factor and a binomial error structure of the 563 

“Similarity score” and the “Response rate”. The best model was selected based on the corrected Akaike 564 

Information Criterion (AICc), using the dredge function from the R package MuMIn54. By default, the model 565 

with the lowest AICc value was considered the best; however, if “Training_Group”, “Test_Stimuli”, or their 566 

interaction were not included in the best model, we retained them in the final model regardless, as they 567 

were variables of primary interest (Table S2). To assess the effects and significance of covariates, we ran the 568 



 

final models and, where applicable, conducted post hoc pairwise comparisons using Tukey’s HSD tests 569 

(emmeans function, lsmeans package)55, applying false discovery rate (FDR) correction for multiple 570 

comparisons56. For the above models, the counts of the reactions to modifications of both sound A and 571 

sound B were combined.  572 

To determine whether individual probe stimuli were discriminated above chance (50%), we additionally 573 

assessed the ratio of “matching response”  to “mismatching response” (Trial_Matching / Trial_Mismatching). 574 

Specifically, we analyzed the log-transformed ratio, log(Trial_Matching / Trial_Mismatching), hereafter 575 

referred to as the Log Ratio, using a binomial generalized linear model (GLM) to test whether this value 576 

differed significantly from 0. A ratio of 1 (i.e., log(1) = 0) corresponds to equal probabilities of “matching 577 

response” and “mismatching response” (i.e., 50% chance performance). Thus, comparing the outcomes of 578 

the Binomial GLM to 0 is comparing the results to the 50% chance for a response that identifies a probe 579 

stimulus A as training stimulus A (and probe stimulus B as training stimulus B as well).  580 

 581 

Online Listening Categorization Task 582 

Data collection  583 

In this experiment, participants categorize novel stimuli according to the acoustic feature they used in the 584 

training. To control for any bias arising from color preference, for part of the participants, responses on the 585 

blue button were scored as correct for stimulus A and responses on the brown button as correct for stimulus 586 

B; for the remaining participants, this mapping was reversed. 587 

All data were documented as an Excel / .csv file, including: (i) Stimulus code – label of the presented stimulus; 588 

(ii) Response – button selected; (iii) Reaction time – interval between stimulus onset and button click; (iv) 589 

Musical experience – None (Crossed-Contours: N = 27; Parallel-Contours: N = 19), Moderate (Crossed-590 

Contours: N = 51; Parallel-Contours: N = 56), Extensive (Crossed-Contours: N = 45; Parallel-Contours: N = 591 

43), or Professional (Crossed-Contours: N = 14; Parallel-Contours: N = 17); (v) Age and gender – age entered 592 

numerically and further categorized into four age stages (Age_Stages): Early Adulthood (18–29 years), Early 593 

Middle Age (30–44 years), Late Middle Age (45–59 years), and Seniorhood (60 years and older); and (vi) 594 

Gender, coded as Male (M), Female (F), Other (X), or Undisclosed (U). 595 

Statistical analysis 596 

As in the zebra finch experiment, reactions to the various probe stimuli in the human online task were 597 

categorized into three types: (i) matching response (identifying a modified version of training stimulus A as 598 

A, or training stimulus B as B); (ii) mismatching response (choosing B when the probe stimulus was a 599 

modification of training stimulus A, and vice versa); and (iii) no response (failing to respond within the 600 

allotted time). 601 

For the statistical analyses, we derived two main measures. The Similarity Score was defined as the 602 

proportion of matching response out of all reactions (Similarity_Score = Trial_Matching / (Trial_Matching + 603 

Trial_Mismatching)). The Response Rate was defined as the proportion of trials in which participants 604 

responded (i.e., made a choice either matching response or mismatching response) out of all presentations 605 



 

of each probe stimulus (Response_Rate = (Trial_Matching + Trial_Mismatching) / (Trial_Matching + 606 

Trial_Mismatching + Trial_NoResponse)). 607 

Because some participants gave no responses or always responded to certain stimulus versions, leading to 608 

zeros in the denominator of the Similarity Score or the Log Ratio, we applied a regularization adjustment 609 

to avoid this bias in the binomial models. Specifically, given that training stimuli was played three times 610 

more than novel probe stimuli (30 times comparing to 10 times), we added 3 to both the matching response 611 

and mismatching response counts (or to both response and NoResponse) for training stimuli, and 1 to both 612 

count categories for all other probe stimuli. This modified Agresti–Coull adjustment, implemented in R using 613 

the mutate() function from the dplyr package57, ensured stable estimates across all three model types 614 

(Similarity Score, Response Rate, and LogRatio). 615 

In the GLMM analyses, following the same approach as in the zebra finch experiment, Training_Group, 616 

Test_Stimuli, and the Training_Group × Test_Stimuli interaction were included as fixed effects. In the full 617 

model, we included Musical_Experience, Age_Stages, Gender, and the three-way interaction Training_Group 618 

× Test_Stimuli × Musical_Experience as additional covariates. Participant_ID was included as a random 619 

factor. Age_Stages and Gender were excluded from the final models, as model selection based on AICc 620 

(MuMIn package)54 indicated that these factors did not improve model fit (Table S2). Model significance 621 

was assessed by running the final models, and post hoc pairwise comparisons were conducted with Tukey’s 622 

HSD tests (emmeans function, lsmeans package)55, applying false discovery rate (FDR) correction for 623 

multiple comparisons56. To assess whether individual probe stimuli were discriminated above chance (50%), 624 

we also calculated the Log Ratio, and tested whether this value differed significantly from 0 using binomial 625 

generalized linear models. 626 

 627 

Consent  628 

Dear participant,  629 

You will be taking part in a listening experiment by of Institute of Biology (IBL), Leiden University in 630 

collaboration with the Music Cognition Group (MCG) at the University of Amsterdam’s Institute for Logic, 631 

Language, and Computation (ILLC).  632 

Before the research project can begin, it is important that you read about the procedures we will be 633 

applying. Make sure to read this information carefully. The purpose of this research project is to understand 634 

better what listeners are listening to when they are listening to tone sequences as compared to songbirds. 635 

As such the current listening experiment is made to resemble the experiment that is currently also 636 

performed with zebra finches (a songbird). 637 

Who can take part in this research?  638 

Anybody with sufficient good hearing, natural or corrected. Your device (computer, tablet or smartphone) 639 

must be able to play audio, and you must have a sufficiently strong internet connection to be able to stream 640 

short audio files. Headphones are recommended for the best results, but you may also use either internal 641 

or external loudspeakers. You should adjust the volume of your device so that it is comfortable for you.  642 



 

Instructions and procedure  643 

You will be presented with short tone sequences and will be asked whether you hear them as being one or 644 

another string. The listening task consists of two phases. In the first phase, you will hear two sequences that 645 

you have to answer as blue or brown. Once you have answer 8 out 10 stimuli correctly, you will go to the 646 

second part. In that part you will only occasionally get feedback on your responses. The whole task will take 647 

you approximately 20 minutes, and it should be completed in one go. Can you do better than zebra finches? 648 

Have fun! 649 

Discomfort, Risks & Insurance  650 

The risks of participating in this research are no greater than in everyday situations at home. Previous 651 

experience in similar research has shown that no or hardly any discomfort is to be expected for participants. 652 

For all research at the University of Amsterdam (where the current online experiment is served), a standard 653 

liability insurance applies.  654 

Confidential treatment of your details  655 

The information gathered over the course of this research will be used for further analysis and publication 656 

in scientific journals only. Fully anonymized data collected during the experiment (the age/gender, choices 657 

made, reaction time, etc.) may be made available online in tandem with these scientific publications. No 658 

personal details will be used in these publications, and we guarantee that you will remain anonymous under 659 

all circumstances.  660 

Further Information  661 

For further information on the research project, please contact Zhi-Yuan Ning (e-mail 662 

zhiyuanning@hotmail.com; Institute of Biology, Leiden University, P.O. Box 9505, 2300 RA Leiden, The 663 

Netherlands) or Jiaxin Li (e-mail: j.li5@uva.nl; Science Park 107, 1098 GE Amsterdam, The Netherlands). If 664 

you have any complaints regarding this research project, you can contact the secretary of the Ethics 665 

Committee of the Faculty of Humanities of the University of Amsterdam (phone number: +31 20 525 3054; 666 

e-mail: commissie-ethiek-fgw@uva.nl; Kloveniersburgwal 48, 1012 CX Amsterdam).  667 

Informed consent  668 

I hereby declare that I have been clearly informed about the research project, conducted by Zhi-Yuan Ning 669 

as described above. I consent to participate in this research on an entirely voluntary basis. I retain the right 670 

to revoke this consent without having to provide any reasons for my decision. I am aware that I am entitled 671 

to discontinue the research at any time and can withdraw my participation. If I decide to stop or withdraw 672 

my consent, all the information gathered up until then will be permanently deleted. If my research results 673 

are used in scientific publications or made public in any other way, they will be fully anonymized. My 674 

personal information may not be viewed by third parties without our express permission.  675 

 676 

RESOURCE AVAILABILITY 677 

mailto:j.li5@uva.nl


 

Lead contact 678 

Requests for further information and resources should be directed to and will be fulfilled by the lead contact, 679 

Zhi-Yuan Ning (zhiyuanning@hotmail.com). 680 

Materials availability 681 

All stimulus materials generated in this study are publicly available on the Open Science Framework (OSF) 682 

(DOI: 10.17605/OSF.IO/ZXDBJ) 683 

Data and code availability 684 

All data reported in this paper will be shared by the lead contact upon request. This paper does not report 685 
original code. Any additional information required to reanalyze the data reported in this paper is available 686 
from the lead contact upon request. 687 
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Extended Data. Fig. S1 and S2 and Tables S1–S7 704 
 705 
Data S1. Raw data, related to Fig. 3 706 
Raw behavioral scores for the 23 zebra finches. See also Fig. S1a and S2a. 707 
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Data S2. Raw data, related to Fig. 4 709 
Raw behavioral scores for the 272 human participants. See also Fig. S1b&c and S2b&c. 710 
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