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Indifference to dissonance in native Amazonians 
reveals cultural variation in music perception
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Music is present in every culture, but the degree to which it is shaped 
by biology remains debated. One widely discussed phenomenon is 
that some combinations of notes are perceived by Westerners as 
pleasant, or consonant, whereas others are perceived as unpleasant, 
or dissonant1. The contrast between consonance and dissonance is 
central to Western music2,3, and its origins have fascinated scholars 
since the ancient Greeks4–10. Aesthetic responses to consonance are 
commonly assumed by scientists to have biological roots11–14, and 
thus to be universally present in humans15,16. Ethnomusicologists17 
and composers8, in contrast, have argued that consonance is a 
creation of Western musical culture6. The issue has remained 
unresolved, partly because little is known about the extent of cross-
cultural variation in consonance preferences18. Here we report 
experiments with the Tsimane’—a native Amazonian society 
with minimal exposure to Western culture—and comparison  
populations in Bolivia and the United States that varied in exposure 
to Western music. Participants rated the pleasantness of sounds. 
Despite exhibiting Western-like discrimination abilities and 
Western-like aesthetic responses to familiar sounds and acoustic 
roughness, the Tsimane’ rated consonant and dissonant chords and 
vocal harmonies as equally pleasant. By contrast, Bolivian city- and 
town-dwellers exhibited significant preferences for consonance, 
albeit to a lesser degree than US residents. The results indicate 
that consonance preferences can be absent in cultures sufficiently 
isolated from Western music, and are thus unlikely to reflect innate 
biases or exposure to harmonic natural sounds. The observed 
variation in preferences is presumably determined by exposure to 
musical harmony, suggesting that culture has a dominant role in 
shaping aesthetic responses to music.

We conducted two studies to measure consonance preferences in 
populations with varying exposure to Western music. In Study 1, we 
measured preferences for sounds in residents of the United States and 
compared them to three populations in Bolivia: (1) residents of the 
capital city (La Paz); (2) residents of a rural town (San Borja); and  
(3) members of a native society of horticulturalist-foragers  
(the Tsimane’) in a remote village (Santa Maria) in the Amazon rainforest.  
City- and town-dwellers were fluent in Spanish and generally had tele-
visions and radios. By contrast, the Tsimane’ were mostly monolingual 
in their own language, lacked televisions, and had limited access to 
music via radio19. The Tsimane’ village lacked electricity and tap water, 
was inaccessible by road, and could be reached only by canoe (Fig. 1a). 
Their contact with Western culture was mainly limited to occasional 
trips to nearby towns. To compare differences between cultures to 
intra-cultural variation within Westerners, we tested two groups from 
the United States—one with at least two years of experience playing 
a musical instrument, and one with at most one year of experience.

The Tsimane’ were of particular interest because harmony, polyph-
ony, and group performances are by all accounts absent from their 
music. This conclusion was suggested by previous recordings and 

documentation20 and was substantiated by interviews with Tsimane’ 
musicians (see Methods for a description of Tsimane’ music, and 
Supplementary Audio 1 and 2 for examples of Tsimane’ songs). The 
apparent absence of harmony raised the question of whether they 
would exhibit aesthetic responses to consonance and dissonance 
despite not having prior exposure to them.

Participants were presented with sounds over headphones (Fig. 1b) 
and rated the pleasantness of sounds on a four-point scale. We observed 
pronounced differences between groups in the ratings of consonant 
and dissonant chords (Fig. 2a, b). US residents showed strong conso-
nance preferences, as expected from previous studies21, with musicians 
showing stronger preferences than non-musicians (synthetic chords: 
F(46,1) =​ 7.44, P =​ 0.009; sung chords: F(46,1) =​ 12.97, P =​ 0.001). 
Moreover, Bolivian city- and town-dwellers displayed more modest 
but statistically significant preferences for consonance (P <​ 0.01 in all 
cases, t-tests). By contrast, the Tsimane’ rated consonant and dissonant 
chords as equally pleasant. This finding held for chords composed of 
synthetic tones as well as chords composed of recorded notes sung by a 
vocalist, producing an interaction in both cases between stimulus class 
and participant group (synthetic: F(124,4) =​ 48.43, P <​ 10−23; sung: 
F(126,4) =​ 26.79, P <​ 10−15). Tsimane’ ratings varied somewhat across 
chords (synthetic: F(9,270) =​ 1.96, P =​ 0.04; sung: F(9,288) =​ 1.93, 
P =​ 0.05), with some tendency for larger pitch intervals to be preferred 
over smaller ones (Extended Data Fig. 1), but without consistent dif-
ferences between consonant and dissonant chords.

Similar results were obtained when participants rated single tones 
whose frequencies were manipulated to be harmonic (multiples of a 
common fundamental frequency) or inharmonic, a distinction believed 
to differentiate consonant from dissonant chords4,12,13,21,22 (Fig. 2c). 
US residents showed a preference for harmonic over inharmonic 
tones, but the effect was stronger in musicians than in non-musicians 
(F(46,2) =​ 16.12, P =​ 0.0002), was attenuated in Bolivian city-dwellers,  
and was undetectable in town-dwellers and the Tsimane’, again 
producing an interaction between stimulus and participant group 
(F(157,4) =​ 22.49, P <​ 10−13).

To rule out the possibility that participant groups might have varied 
in their understanding of task instructions, or in their ability to assign 
pleasantness ratings to sounds, we asked them to rate recordings of 
emotional vocalizations22 (Fig. 2d). In this case all groups showed a 
preference for laughter over gasps (F(157,1) =​ 200.48, P <​ 1 ×​ 10−29), 
with no interaction with group (F(157,4) =​ 1.09, P =​ 0.36). Thus, for 
familiar sounds expected to have a positive or negative association, the 
Tsimane’ exhibited a preference in the expected direction, comparable 
to that of the other groups.

To test whether the Tsimane’ would generally fail to exhibit prefer-
ences for unfamiliar sounds, we obtained ratings for synthetic tones 
that varied in roughness, another quality known to affect aesthetic 
responses in Westerners5,7,21–25 (Fig. 2e). Roughness was manipulated 
by presenting pairs of frequencies to the same or different ears. In 
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contrast to the results for chords, and for harmonic and inharmonic 
tones, all groups exhibited a significant preference for smooth over 
rough tones (F(157,1) =​ 85.51, P <​ 10−15), with no interaction with 
group (F(157,4) =​ 2.04, P =​ 0.09), even though for US participants 
this preference was the smallest of those measured.

We replicated and extended these results in Study 2, testing a differ-
ent group of Tsimane’ listeners and a comparison group of musically 
experienced listeners in the United States. We first tested whether the 
absence of a consonance preference would extend to harmony in real-
istic musical material. We recorded Tsimane’ vocalists singing Tsimane’ 
song phrases several times, and then pitch-shifted and superimposed 
the phrases to create harmonies in conventionally consonant or disso-
nant intervals (see Supplementary Audio 3–10). We obtained pleasant-
ness ratings for these harmonies from US and Tsimane’ listeners as in 
Study 1. For replication purposes, we also conducted analogous experi-
ments with sung and synthetic two-note intervals, and with sung triads.

The results with chords replicated those of Study 1 (Fig. 3a–c): in 
every case, US listeners preferred consonance to dissonance, while 

Tsimane’ listeners did not, producing interactions between stimulus 
and participant group (synthetic intervals: F(72,1) =​ 42.4, P <​ 10−8; 
sung intervals: F(95,1) =​ 39.4, P <​ 10−7; sung triads: F(95,1) =​ 17.9, 
P <​ 10−4). Ratings of individual chords by Tsimane’ listeners again 
varied across both synthetic and sung intervals (Extended Data Fig. 2),  
but were primarily explained by interval size, with higher ratings for 
larger intervals, unlike US listeners (significant correlations between 
rating and interval size for Tsimane; synthetic: r =​ 0.94, P <​ 10−5; sung: 
r =​ 0.81, P =​ 0.001; but not for US listeners; synthetic: r =​ 0.07, P =​ 0.82; 
sung: r =​ 0.23, P =​ 0.48).

Notably, similar results were obtained with harmonies generated 
from Tsimane’ songs (Fig. 3d). Even though the music was foreign to US 
participants, they reliably judged consonant renditions as more pleasant 
than dissonant (t(46) =​ 6.2, P <​ 10−6), whereas the Tsimane’ did not 
(t(49) =​ 1.2, P =​ 0.22; stimulus ×​ group interaction: F(95,1) =​ 30.2, 
P <​ 10−6). Moreover, Tsimane’ listeners reliably preferred some of the 
song excerpts used to generate harmonies over others (χ2(25) =​ 49.01, 
P =​ 0.003; Extended Data Fig. 3). The materials thus elicited consistent 
aesthetic responses in the Tsimane’, but these were not driven by con-
sonance and dissonance. As in Study 1, when presented with recorded 
vocalizations (Fig. 3e), both Tsimane’ and US listeners showed prefer-
ences for laughter over gasps (F(95,1) =​ 129.4, P <​ 10−18; no interac-
tion with participant group: F(95,1) =​ 1.8, P =​ 0.18), indicating that 
Tsimane’ listeners could readily perform the task. These results again 
suggest that the preference for consonance is absent in the Tsimane’.

To explore the effects of harmonicity and roughness found in Study 1,  
we measured pleasantness ratings for pairs of pure tones (single 
frequencies) separated by intervals from the chromatic scale (0–8  
semitones)21 (Fig. 3f). This range includes some consonant intervals, 
for which the tone frequencies approximate harmonics of a common 
fundamental (and are thus related by simple integer ratios), and some 
dissonant intervals, for which the tone frequencies are inharmonic. 
Headphones were used to present the two tones to both ears (diotic 
presentation) or to separate ears (dichotic presentation), as in the 
smooth/rough tone experiment from Study 1. Diotic presentation 
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Figure 1 | Location and setup of experiments. a, Map of the region 
from which Bolivian participants were drawn. Participants resided in 
the Bolivian capital city La Paz, the rural town of San Borja, the Tsimane’ 
village of Santa Maria (Study 1), or Tsimane’ villages around San Borja 
(Study 2; not labelled with names to minimize clutter). Town symbols are 
approximately proportional in size to town population. Colour of territory 
denotes elevation. b, Sounds were presented over closed headphones via 
laptop (charged with a gasoline generator when needed). For all but the 
discrimination experiment (Fig. 4), participants provided a pleasantness 
rating (with a four-point scale) following each sound.
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Figure 2 | Results of Study 1. a–e, Average pleasantness ratings of sounds 
from five experiments across five populations: 23 US musicians (US-M), 
25 US non-musicians (US-NM), 24 Bolivian city-dwellers (Capital),  
26 Bolivian town-dwellers, and 64 Tsimane’. Each experiment featured 
sounds from two classes expected to differ in pleasantness for US listeners. 
Chord notes were either synthetic (resembling a piano), or recorded from 
a trained singer. Chords were conventionally consonant (major third, 
perfect fourth, perfect fifth, and major triad) or conventionally dissonant 
(minor second, major second, tritone, major seventh, and augmented 
triad). Vocalizations were recordings of human laughs and gasps. Synthetic 
tones varied in harmonicity or roughness. Asterisks denote statistical 
significance: *​P <​ 0.05; *​*​P <​ 0.01; *​*​*​P <​ 0.001; *​*​*​*​P <​ 0.0001; n.s., 
not significant (two-tailed t-tests, uncorrected for multiple comparisons 
because they were conducted post-hoc, following analysis of variances 
(ANOVAs) to test for main effects and interactions). Data are mean and s.e.m.
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produces roughness (via beating) when the tones are close in frequency, 
whereas dichotic presentation minimizes beating while preserving the 
musical interval (ratio) between frequencies. The stimuli thus dissoci-
ated roughness and harmonicity.

Among US residents, pleasantness ratings dipped at dissonant inter-
vals (the minor second, major second, and tritone) for both diotic and 
dichotic presentation. The variation in pleasantness for dichotic inter-
vals (χ2(7) =​ 62.7, P <​ 10−10) implicates factors other than roughness 
in listeners’ aesthetic judgments, potentially that of harmonic frequency 
relations. However, for small intervals (<​3 semitones), diotic ratings 
were nonetheless lower than dichotic ratings, evident in the difference 
curve, which varied significantly with interval (χ2(7) =​ 20.6, P =​ 0.004; 
significant differences from zero only for 1 and 2 semitones, P <​ 0.05). 
This effect is the signature of an aversion to roughness, which is audible 
only for small intervals (for which frequencies interact via cochlear 
filtering)5,7,21.

Tsimane’ ratings also suggested an aversion to roughness: diotic 
intervals were again rated lower than dichotic only for small inter-
vals, producing significant variation in the diotic-dichotic difference 
(χ2(7) =​ 29.25, P =​ 0.0001; significant differences again only for 1 
and 2 semitones, P <​ 0.05). By contrast, the influence of harmonic-
ity was absent. Ratings of dichotic intervals did not vary with interval 
(χ2(7) =​ 9.52, P =​ 0.22), and the dip at the tritone was not present for 
either presentation mode. These results provide further evidence that 
an aesthetic aversion to roughness is present in the Tsimane’, but that 
the aesthetic response to consonance (and simple integer frequency 
ratios) is not. This dissociation substantiates the conclusion that the 
Western notion of dissonance is distinct from acoustic roughness, but 
closely related to inharmonicity21,22.

The Tsimane’ indifference to consonance and harmonicity raises the 
question of whether they can hear the underlying stimulus distinction. 

To test their ability to discern harmonic from inharmonic frequency 
relations, we conducted a discrimination experiment in which listen-
ers judged whether a stimulus contained one or two sounds (Fig. 4a). 
Listeners heard the first six harmonics of a synthetic tone. On half of 
the trials, the even harmonics were mistuned or presented earlier in 
time. Both manipulations used an established sound segregation cue to 
cause the even and odd harmonics to be heard as distinct sounds26,27. 
In particular, the mistuning disrupted harmonicity, causing the 
even harmonics to have a different fundamental frequency than the 
odd harmonics, producing the perception of a dissonant interval in 
Western listeners.

US residents reliably identified the intended number of tones in 
both conditions, as expected (Fig. 4b, left: t(46) =​ 22.9, P <​ 10−26; 
t(46) =​ 54.4, P <​ 10−42). Tsimane’ listeners were worse overall at the 
task, but were well above chance in both cases (Fig. 4b, right: t(48) =​ 7.3, 
P <​ 10−8; t(48) =​ 11.8, P <​ 10−15), indicating sensitivity to harmonicity. 
Analysis of subsets of Tsimane’ participants revealed that even those 
who performed best on this task (mean sensitivity index (d’) of 2.0 for 
the mistuned condition) remained indifferent to dissonance, disso-
ciating perceptual sensitivity and preference (Extended Data Fig. 4).

Taken together, the results suggest that the Tsimane’ are able to make 
pleasantness judgments about sounds. Moreover, for familiar sounds 
associated with a valence (laughs and gasps), and for synthetic sounds 
varying in roughness, their judgments resemble those of Westerners. 
In addition, they are able to hear the acoustic distinctions associated 
with consonance and dissonance, discriminating harmonic from inhar-
monic frequencies. The absence of a measurable Tsimane’ preference 
for consonance over dissonance thus appears to specifically reflect  
differences in their aesthetic response to this contrast.

The cross-cultural variation we observed suggests that consonance 
preferences are unlikely to be innate, and that they are not driven by 
exposure to harmonic natural sounds such as vocalizations14. Instead, 
consonance preferences seem to depend on exposure to particular types 
of music, presumably those that feature consonant harmony. Incidental 
exposure to Western music could explain the modest preferences  
evident in Bolivian city- and town-dwellers, along with those previously 
reported in human infants28–30. The lack of harmony in Tsimane’ music 
leaves open the question of what preferences might be observed in indi-
viduals exposed to conventionally dissonant intervals, as are prevalent 
in some non-Western music17. But Western music is presumably not 
unique in fostering preferences for some tone combinations over others.

The belief that consonance is biologically determined has been fuelled 
by observations that consonance and dissonance differ in acoustic  
properties such as harmonicity and roughness4,5,7,9,12,21,22, and as 
such are not arbitrary categories. However, we found preferences for 
harmonic tones, for simple integer frequency ratios, and for conso-
nant chords/harmonies to all co-vary with presumptive exposure to  
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Western culture. Thus, rather than being an inevitable consequence 
of auditory system biology, it seems that the preferences exhibited by 
Western listeners for harmonic frequencies arise from exposure to 
Western music because the musical structures prevalent therein tend to 
produce harmonic frequencies21,22. And although an aversion to rough-
ness is apparently present cross-culturally, it seems to be unrelated to 
consonance and dissonance, perhaps because musical sounds are in 
practice not very rough21,22. The role of biology in consonance could 
therefore be limited to constraining what is discriminable, potentially 
rendering some aesthetic contrasts more readily acquired than others.

The roles of culture and biology in consonance and dissonance have 
remained unresolved in part because cross-cultural experimental data 
are rare. Studies of culturally isolated populations are increasingly dif-
ficult to conduct due to the diffusion of Western culture around the 
world, but our results underscore their importance for revealing the 
diversity of human musical behaviour.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Methods
Participants (Study 1). US musicians. The first group of US residents (n =​ 23,  
19 female; mean age =​ 20.2 years, s.d. =​ 2.4 years) was selected to have experience 
playing a musical instrument (mean number of years spent playing an instru-
ment =​ 7.7 years, s.d. =​ 4.9 years, range =​ 2–18 years). None were professional 
musicians, but all reported having taken music lessons or classes for much of the 
time that they were musically active (mean number of years during which lessons 
were taken =​ 6.8 years, s.d. =​ 4.3 years). All were residents of New York City. Two 
participants had immigrated to the United States as young children (at the ages of 
2 and 4 years old); the rest were born and raised in the United States.
US non-musicians. The second group of US residents (n =​ 25, 12 female; mean 
age =​ 37.9 years, s.d. =​ 15.1 years) was selected to have minimal experience play-
ing or studying music (mean number of years spent playing an instrument or 
singing =​ 0.2 years, s.d. =​ 0.3 years, range =​ 0–1 years). 17 out of 25 (68%) had 
never played an instrument or sung in an organized setting, and most had never 
taken music lessons or classes (mean number of years during which lessons were 
taken =​ 0.1 years, s.d. =​ 0.3 years). All were residents of the Boston metropolitan 
area and had been born and raised in the United States. No attempt was made to 
achieve demographic diversity among US participants because numerous simi-
lar experiments had previously been conducted in a variety of populations from 
Western societies21,22,31–33, and the effects are known to generalize across age, gen-
der, and geographical region of North America. However, the non-musician US 
sample was similar in demographic composition and musical experience to each 
of the Bolivian populations tested.
La Paz (capital). Participants (n =​ 24, 14 female; mean age =​ 29.9 years, s.d. =​ 9.3 
years) had been born and raised in La Paz, the capital of Bolivia. Only three 
reported any experience playing music (across the group: mean number of years 
spent playing an instrument =​ 0.3 years, s.d. =​ 0.8 years), and only five reported 
experience singing (across the group: mean number of years spent singing =​ 0.5 
years, s.d. =​ 1.1 years).
San Borja (town). Participants (n =​ 26, 15 female; mean age =​ 31.6 years, s.d. =​ 12.9 
years) had resided for most of their life in San Borja, a small town in the depart-
ment of Beni in the Amazon basin. San Borja could be reached by car during dry 
months of the year from other towns in Bolivia, but was accessible only by plane 
during much of the rainy season owing to land slides and flooding. Most of the 
townspeople tested (17 out of 26) reported having experience singing, but only  
8 out of 26 had experience playing a musical instrument.
Tsimane’. Participants (n =​ 64, 31 female; mean age =​ 31.5 years, s.d. =​ 10.2 years) 
lived in a small rainforest village (Santa Maria) without electricity or tap water. 
Santa Maria could only be reached by canoeing up the Maniqui River (an indi-
rect tributary of the Amazon). Age data are approximate, as many Tsimane’ do 
not know their precise age in years34. Results of Fig. 2 were similar (all statistical 
comparisons produced the same result) if we limited the analysis to participants 
between the ages of 16 and 35, who were more likely to know their exact age 
(n =​ 41, mean age of 25.0 years, s.d. =​ 5.8 years). Music performance among the 
Tsimane’ was largely limited to a small number of expert practitioners who would 
perform traditional songs at social gatherings; most Tsimane’ participants did not 
perform music themselves.

Sample sizes for the United States were chosen based on previous knowledge of 
effect sizes and variability21. Sample sizes for Bolivia were chosen to approximately 
match the US groups (capital and town) or to be as large as possible given practical 
constraints (Tsimane’). See Extended Data Table 1 for a summary of the participant 
group demographics for Study 1.
Chord stimuli and analysis (Study 1). Chord stimuli were taken from a previous 
study21. Pleasantness ratings were obtained for 10 chord types: the minor second, 
major second, tritone, major seventh, and augmented triad (conventionally dis-
sonant in Western music), and the major third, perfect fourth, perfect fifth, and 
major triad (conventionally consonant in Western music), along with the unison 
(conventionally neutral in Western music). The consonant and dissonant chords 
had been found previously to yield high and low pleasantness ratings, respectively, 
in Western listeners21. All chords were composed of intervals from the equal- 
tempered scale.

Synthetic chords were composed of synthetic notes: complex tones containing 
the first 10 harmonics (in sine phase). Harmonic amplitudes were attenuated at 
14 dB per octave to mimic naturally occurring musical note spectra. Synthetic 
chords were given temporal envelopes that were the product of a half-Hanning 
window (10 ms) and a decaying exponential (decay constant of 2.5 s−1) that was 
truncated at 2 s.

Sung chords were composed of notes (using the vowel /u/; ‘ooh’) produced and 
recorded by a professional singer (A. Lehr). They were high-pass filtered with a 
cutoff frequency of 150 Hz (fourth order Butterworth filter) to eliminate handling 
noise from the microphone. The temporal envelope of the onset of the sung notes 
was not altered apart from applying a half-Hanning window (10 ms). A linear ramp 

was applied over the last half of each note to fade them smoothly down to zero, such 
that the duration was the same as the synthetic notes. Example stimuli (taken from 
ref. 21) are available online: http://mcdermottlab.mit.edu/consonance_examples/
index.html.

Each chord was presented four times, each time with a different root note, 
drawn from C#4, D#4, F4, and G4 for the synthetic chords and G#3, A#4, B#4, 
and D4 for the sung chords, where C4 denotes middle C (the range was lower 
for the sung chords to accommodate the range of the singer). There were thus a 
total of 40 chords presented for each of the synthetic or sung chord experiments. 
Sung and synthetic chords were presented in separate blocks. Tsimane’ participants 
completed either the sung (n =​ 33) or the synthetic (n =​ 31) chord block due to 
time constraints. All other participants completed both blocks.

Ratings were averaged across consonant chords and dissonant chords to yield 
a single average rating for each aesthetic class for each participant. Apart from the 
analysis in Extended Data Fig. 1, all statistics were performed on these averaged 
ratings. The ratings of the unison were omitted from the main analysis to simplify 
data presentation (to two stimulus conditions per experiment).
Harmonic/inharmonic synthetic tone stimuli (Study 1). The harmonic and 
inharmonic tone stimuli were taken from a previous study21. The harmonic tones 
contained a subset of the frequencies of a normal harmonic tone. There were three 
types of harmonic tone: one containing harmonics 1, 2, 4 and 8, one containing 
harmonics 1, 2, 3, 5 and 9, and one containing just the first harmonic. There were 
also three types of inharmonic tone. Two of them were modifications of the second 
harmonic stimulus. In the first type of inharmonic tone (jittered), the harmonic 
frequencies were perturbed up (even components) or down (odd components) by 
0.5 semitones. In the second type of inharmonic tone (shifted), all the harmonic 
frequencies were increased by 30 Hz. To avoid differences in beating between the 
harmonic and inharmonic tones, alternate frequency components were presented 
to opposite ears (the wide spacing between components additionally minimized 
beating). The third type of inharmonic tone consisted of two pure tones sepa-
rated by 1.5 semitones, presented dichotically to minimize beating. The resulting  
stimulus was inharmonic, while being roughly matched in frequency to the  
single-frequency harmonic stimulus, but without introducing salient differences 
in beating.

Inharmonicity detection thresholds for a single mistuned frequency compo-
nent in a harmonic complex have been previously estimated to be about 1% of 
the harmonic’s frequency26. Our inharmonic perturbations were well above this: 
~​3% for the jittered condition, between ~​1.5–10%, depending on the harmonic, 
for the shifted condition, and 9% for the dichotic pure tone stimulus. Each of 
the perturbations therefore produced audible inharmonicity, which to a typical 
Western listener is perceived as unpleasant21.

All harmonic and inharmonic stimuli had components whose amplitudes 
decreased by 14 dB per octave to resemble naturally occurring sounds. All tones 
were given temporal envelopes that were the product of a half-Hanning window 
(10 ms) and a decaying exponential (decay constant of 2.5 s−1) truncated at 2 s.

Each type of tone was presented four times, each time with a different base 
frequency, drawn without replacement from the 4-semitone range above middle C.
Smooth/rough synthetic tone stimuli and analysis (Study 1). The smooth and 
rough tone stimuli were taken from a previous study21. Tones that were perceptu-
ally rough or smooth were generated by presenting pairs of single frequencies to 
either the same or different ears (diotic and dichotic presentation, respectively). 
Diotic presentation of two similar but non-identical frequencies is known to pro-
duce the ‘rough’ sensation of beats, typically considered unpleasant by Western 
listeners5,7,21,25. In contrast, dichotic presentation of two such frequencies greatly 
attenuates perceived beats35, but leaves the spectrum (and its pitch) unchanged 
relative to the diotic version36. The frequencies composing each stimulus were 
separated by either 0.75 or 1.5 semitones (1.5 for the low- and mid-frequency 
ranges, and 0.75 for the high-frequency range, to produce beat frequencies with 
prominent roughness), such that considerable beating was heard when presented 
diotically5,7,21. These stimuli, like the harmonic/inharmonic synthetic tones, were 
given envelopes that were the product of a half-Hanning window (10 ms) and a 
decaying exponential (decay constant of 2.5 s−1) truncated at 2 s.

We generated smooth/rough tones in three frequency ranges. Each type of tone 
was presented four times, each time with a different base frequency, drawn without 
replacement from the 4-semitone range above either middle C (low-frequency), 
one octave above middle C (medium-frequency), or two octaves above middle C 
(high-frequency). The low-frequency dichotic tone also served as an inharmonic 
stimulus that could be compared to the single frequency harmonic stimulus.

The harmonic/inharmonic and smooth/rough tones were presented in random 
order in a single block. There were four exemplars of each of the eleven stimulus 
types, for a total of 44 trials. To analyse the harmonic/inharmonic tone data, the 
ratings of the three harmonic stimuli were averaged together, as were the ratings 
of the three inharmonic stimuli (one of which was the low-frequency dichotic  
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frequency pair stimulus). All statistics were performed on these two average rat-
ings. To analyse the smooth/rough tone data, the ratings of the three dichotic 
(smooth) stimulus types were averaged together, as were the three diotic (rough) 
stimulus types. All statistics were performed on these two average ratings.
Vocalization stimuli (Study 1). Vocalizations were a subset of the Montreal 
Affective Vocalization Set37, which consists of vocalizations produced by actors in 
a laboratory setting. Five vocalizations were selected from each of the categories of 
laughter, gasps, and crying, which had previously been found to be rated as pleasant 
(laughter) and unpleasant (gasps and cries) by North American listeners22. The 
stimuli were presented in random order in a single block of 15 trials. The crying 
sounds gave similar results to the gasps (low ratings by all groups) and their ratings 
were omitted from the analysis to simplify the data presentation (to two stimulus 
conditions per experiment).
Stimulus presentation (Study 1). All stimuli were normalized to have the same 
rms level. Stimuli were played out by a laptop computer over closed headphones 
(Sennheiser HD 280Pro). The volume was set to a level that was determined in 
pilot experiments to be comfortable (approximately 70 dB SPL), and that was fixed 
across participants.
Experimental protocol (Study 1). Sound stimuli for a given experiment were 
presented sequentially in random order. After each stimulus was presented, par-
ticipants gave their rating verbally (participants could respond “like it a lot”, “like 
it a little”, “dislike it a little”, or “dislike it a lot”), and the experimenter recorded the 
response on a data entry sheet. To avoid biasing participants’ responses or data 
entry, experimenters were always blind to the stimulus being presented, and stimuli 
were audible only to the participant.

The experiments were completed in a single sitting along with several other 
experiments that are not reported here. Experiment order was counterbalanced 
across the participants in each group. Experiments were conducted in June–July 
2011 (Tsimane’), January–February 2012 (San Borja and US musicians), July 2012 
(La Paz), and March–April 2014 (US non-musicians).

Both studies were approved by the Tsimane’ Council (the governing body 
of the Tsimane’ in the Maniqui basin, where the studies took place), as well as 
the Committee on the Use of Humans as Experimental Subjects at MIT and the 
Committee for Protection of Human Subjects at Brandeis. Experiments were con-
ducted with the informed consent of the participants.
Participants (Study 2). US musicians. A group of musically experienced US res-
idents was tested to provide baseline preference measures. They were selected to 
have experience playing a musical instrument (n =​ 47, 32 female; mean age =​ 25.9 
years, s.d. =​ 7.5 years; mean number of years spent playing an instrument =​ 8.4 
years, s.d. =​ 6.5 years, range =​ 1–25 years). None of the participants were profes-
sional musicians; we label them here as ‘musicians’ primarily to distinguish them 
from the non-musicians of Study 1 who were selected to have almost no experi-
ence playing music or singing. All were residents of the Boston metropolitan area 
and had been born and raised in the United States. All participants completed all 
experiments in the study.
Tsimane’. Participants (n =​ 50, 27 female; mean age =​ 27.4 years, s.d. =​ 9.8 years; 
as in Study 1, ages are approximate) lived in five small villages surrounding San 
Borja (Arenales, Manguito, Pachual, Limoncito, and Tacuaral). Unlike the village 
of Santa Maria from Study 1, the villages of Study 2 could be reached by automobile 
during the dry season and had begun to be equipped with electricity at the time of 
testing (some families were connected to the electrical grid). The choice of villages 
was dictated by accessibility given the local weather conditions during the study 
(roads were often muddy and impassable). We tested a larger group of participants 
and only analysed data from the subset who did not own a radio, to minimize the 
chance that they had significant exposure to Western music. Only 27 of these 50 
participants completed the synthetic interval experiment (it was substituted for 
another experiment half-way through our fieldwork). One of the 50 participants 
did not complete the discrimination experiment. The size of the Tsimane’ group 
was as large as possible given the practical constraints of the study (the US group 
was chosen to approximately match it in size). See Extended Data Table 2 for a 
summary of the participant group demographics for Study 2.
Chord stimuli (Study 2). Chord stimuli were generated as in Study 1. The synthetic 
and sung two-note chord experiments presented intervals from 0 to 11 semitones 
at each of 4 different root-pitches, yielding 48 trials in total. The sung triad exper-
iment presented the major, minor, diminished, and augmented triads each at 4 
different root-note pitches, yielding 16 trials in total (in the main analysis only the 
major and augmented triads were analysed, as they produced the largest contrast 
in US listeners). The root notes for the synthetic chords were the first four notes 
above middle C. For both sung chord experiments, the root notes were the first 
four notes above G#3 to accommodate the vocal range of the singer. The notes in 
the sung chord experiments were sung vowels (“aah” for two of the exemplars and 
“ooh” for the other two, randomly assigned to the root notes). Within experiments, 
trials were randomly ordered.

Vocal harmony stimuli (Study 2). Because the Tsimane’ generally do not sing 
in groups and were unable to sing or play in coordination upon request, it was 
necessary to generate harmonies from solo recordings. We recorded two Tsimane’ 
vocalists singing the same melodic phrase several times in a row. The phrases 
were chosen by the vocalists to be Tsimane’ songs they knew well and tended to 
sing in social settings. We selected sets of phrases by each singer with very simi-
lar timing (by visually comparing the waveforms), yielding 26 phrases with two 
repetitions each. We then pitch-shifted one of the phrases in a set and added it to 
the other (unshifted) version of the phrase. Pitch shifting was performed using 
STRAIGHT38. The experiment presented harmonies with intervals ranging from 
1 to 11 semitones, as well as single phrases and the unison (two different repetitions 
of the same phrase at the same pitch). There were 4 exemplars of each interval, each 
generated from a different melodic phrase, yielding 52 trials in total. Each of the  
26 sung phrases was used twice in the experiment. We generated 15 random assign-
ments of phrases to conditions with the constraint that the two occurrences of a 
phrase not be assigned to the same condition. One of these assignments was chosen 
at random for each participant. Although the song excerpts were not selected to 
be widely recognizable (they were simply those that the singers were comfortable 
singing), 19 out of the 50 participants were able to name at least one song that they 
recognized during the experiment.
Pure tone interval stimuli (Study 2). Pure tone intervals were generated by the 
same procedure used for the smooth/rough synthetic tone stimuli from Study 1, 
the only difference being that the tones in a pair were separated by integer numbers 
of semitones. The experiment presented intervals from 0 to 8 semitones (in diotic 
and dichotic versions), each at 2 different root-note frequencies (523 and 740 Hz). 
The diotic and dichotic 0-semitone conditions were identical.
Discrimination experiment stimuli/task (Study 2). Listeners heard harmonics 
1–6 of a fundamental frequency (F0). On one-quarter of trials the even-numbered 
harmonics were mistuned by +12%, rendering the tone inharmonic and causing 
the even and odd harmonics to segregate and be heard (by typical Western listen-
ers) as two separate tones. On another quarter of trials the even harmonics onset 
150 ms earlier than the odd harmonics, again causing the even and odd harmonics 
to perceptually segregate. On the remaining 50% of trials the even harmonics were 
unperturbed and the complex tone tended to be heard as a single sound. The 
task was to judge whether a trial contained one or two sounds. After each trial 
the experimenter told the participant if they had answered correctly (the correct 
answer was considered to be “one” when the harmonics were unperturbed, and 
“two” when mistuned or offset). The tone F0 took 9 different values (0, 4 and 8 
semitones above 200, 300 and 400 Hz), yielding 36 trials in total. Harmonics were 
750 ms in duration and were given flat amplitude envelopes that began and ended 
with half-Hanning windows (10 ms). Stimuli were presented at 75 dB SPL.

The experiment was preceded by a practice experiment that was identical in 
all respects except that only 5 F0 s were used (200, 282.8, 300, 400 and 424.3 Hz), 
yielding 20 trials in total.
Stimulus presentation (Study 2). Same as in Study 1.
Experimental protocol (Study 2). Pleasantness ratings were obtained as in Study 1,  
except that the experimenter entered responses directly into the computer.

The experiments were completed in a single sitting. Experiment order was 
generated randomly for each participant, with the exception that the discrimi-
nation experiments were conducted first or last with equal probability (because 
the instructions were different than for the pleasantness rating experiments). 
Experiments were conducted in July 2015 (Tsimane’) and July–October 2015 (US 
musicians).
Analysis. For preference experiments, the ratings for each participant were aver-
aged across the exemplars for a condition (for example, laughs or gasps for the 
vocalization experiment, or major triad for one of the chord experiments), yielding 
one mean rating per condition per participant per experiment. In the chord, tone, 
and vocal harmony experiments, most analyses were done after averaging these 
mean ratings across groups of conditions, for example, the consonant chords/ 
harmonies, or the harmonic tones, again yielding one mean rating for each partici-
pant for each group of conditions in each experiment. The results graphs plot these 
mean ratings averaged across participants, and the error bars plot the standard 
error of these mean ratings across participants.

For the discrimination experiment, we obtained one measure of sensitivity (d’) 
for each condition for each participant from their hit and false alarm rates. The 
results graphs plot the mean and standard error of this sensitivity measure across 
subjects.
Statistics. Repeated-measures ANOVAs were used to test for main effects of 
stimulus condition and for interactions between the effect of stimulus condition 
and participant group. Mauchly’s test was used to test for violations of the sphe-
ricity assumption. When Mauchly’s test was significant, the Greenhouse–Geisser 
correction was used. Pair-wise comparisons were made with two-tailed t-tests, 
and were not corrected for multiple comparisons because they were preceded by 
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ANOVAs that revealed significant main effects or interactions. Pearson correlations 
were used to determine the relationship between chord ratings and interval size 
(Extended Data Fig. 2) and to test the reliability of ratings of song excerpts and 
vocal harmonies (Extended Data Fig. 3). Data distributions were assumed to be 
normal, and were evaluated as such by eye. The exceptions to the above were in 
the analysis of individual melodic phrase ratings in the vocal harmony experiment 
(Extended Data Fig. 3) and of the pure tone interval experiment from Study 2 
(Fig. 3f), in which only two ratings per condition were collected per subject due 
to the large number of conditions (producing non-normal data distributions), 
necessitating non-parametric tests. In these cases, Friedman’s non-parametric test 
of differences among repeated measures was used to test for main effects, and the 
Wilcoxon signed rank test was used for pairwise comparisons.
Tsimane’ music. Tsimane’ music consists of songs that have apparently been passed 
down for generations. At present these songs are sung primarily at social gather-
ings by particular individuals who know the songs, typically when adults gather 
to consume “chicha”, a traditional homemade alcoholic beverage. The primary 
documentation of Tsimane’ music comes from the work of J. Riester and G. Rocckel 
(an anthropologist and ethnomusicologist, respectively), who compiled 140 tradi-
tional songs and analysed their subject matter and musical content20. We have also 
compiled Tsimane’ songs as part of a broader longitudinal study39. Known Tsimane’ 
songs tend to reflect their everyday lives, concerning production activities (such as 
hunting), division of labour, love, social organization, and religion. Musically, many 
songs are based on anhemitonic pentatonic scales. Others are constructed from 
three notes spanning a perfect fourth (typically divided into intervals of a whole 
tone and minor third). Examples of recorded songs are provided in Supplementary 
Information (Supplementary Audio 1 and 2). Instrumental renditions of songs 
are also common, typically on wind or string instruments. Drums exist but do not 
seem to be used to accompany other instruments or singing, at least not any more. 
There is one report of Tsimane’ performing traditional dances in the mid-twentieth  
century40, but to the best of our knowledge, traditional dancing is no longer  
practiced.

For our purposes, the most interesting feature of Tsimane’ music is that group 
performances appear to be absent. We substantiated this over several days of 
interviews with 10 Tsimane’ musicians. They consistently reported that musical 
performances often occur in social settings, but that only one person performs at 
a time. Multiple musicians might perform in succession, but not concurrently; 
instrumental accompaniment to singing is rare. We were initially sceptical of this 
claim, and so brought pairs of musicians together and asked them to perform 
together. They were usually reluctant to do so (despite being eager to perform solo 
songs for each other), and on the few occasions when we could elicit concurrent 
performances, they were unable to coordinate. Our experience suggests that group 
musical performance in Tsimane’ culture is rare at best.

The origins of the Tsimane’ music tradition are unknown, but they clearly have 
had some contact with the music traditions of other cultures for at least the past 
century, including exposure to Western musical instruments, primarily through 

friars and missionaries as well as through Bolivian highlanders. It is also clear that 
the Tsimane’ musical tradition is slowly fading from their culture, in part due to 
the influence of missionaries. For instance, shamans were once a staple guardian 
of Tsimane’ songs, but were banned by Protestant missionaries who became influ-
ential in parts of the Tsimane’ territory41. The past two decades have also seen the 
diffusion of highland Andean music and Christian hymns into the Tsimane’ terri-
tory through the radio station of Protestant missionaries, nearby commercial radio 
stations, and highland migrants moving into the lowlands. As part of a longitudinal 
study with the Tsimane we found that of the 2,549 adults interviewed annually 
during 2002–2010 in 13 villages along the Maniqui River (varying in proximity 
to market towns and roads), 30% reported owning at least one battery-operated 
radio. These figures may overstate the impact of radios because some of the radios 
lacked batteries, or were broken. It is also unclear to what extent the Tsimane’ use 
their radios to listen to music, as they are also a primary source of local news. More 
recently, the Bolivian government has started to expand the electricity grid to the 
countryside surrounding the town of San Borja, and as a result, some villages 
have begun to acquire electricity. Our impression is that the effect of these outside 
influences has been to reduce the prevalence of traditional Tsimane’ music in their 
culture. Most Tsimane’ that we interviewed had knowledge of the traditional songs, 
but this might well diminish in the future.
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Extended Data Figure 1 | Average ratings of individual chords from the 
synthetic and sung chord experiments from Study 1. Ten chords were 
presented: the unison, minor second, major second, major third, perfect 
fourth, tritone, perfect fifth, major seventh, major triad, and augmented 
triad. The composite ratings plotted in Fig. 2 were averages of those for the 

consonant (blue) and dissonant (brown) chords. Ratings are from  
23 US musicians (US-M), 25 US non-musicians (US-NM), 24 Bolivian 
city-dwellers (capital), 26 Bolivian town-dwellers, and 64 Tsimane’. 
Asterisks denote statistical significance of a repeated-measures ANOVA 
across all chord ratings. Data are mean and s.e.m.
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Extended Data Figure 2 | Average ratings of individual chords and vocal 
harmonies from Study 2. Rating variation for US listeners (n =​ 47) was 
largely determined by consonance and dissonance, whereas for Tsimane’ 
listeners (n =​ 50) it was largely driven by interval size (in the two-note 

chord experiments in which they exhibited significant variation).  
‘S’ denotes a single vocal phrase in the vocal harmonies experiment, 
whereas ‘0’ denotes the unison condition (two concurrently presented 
exemplars of the same phrase at the same pitch). Data are mean and s.e.m.
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Extended Data Figure 3 | See next page for caption.
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Extended Data Figure 3 | Pleasantness ratings of vocal harmonies 
from Study 2, averaged across pitch intervals or across song excerpts, 
for US musicians and Tsimane’. a, Ratings of song excerpts used to 
create harmonies (averaged across intervals). Each participant heard 
each excerpt twice, in each of two different randomly assigned interval 
conditions. The ratings of the two excerpt occurrences were averaged 
for each participant (47 US musicians and 50 Tsimane’). Top panels plot 
these mean ratings averaged across all participants. Asterisks denote 
statistical significance of Friedman’s non-parametric test of differences 
among repeated measures across song excerpts. Ratings of US listeners 
varied across song excerpts (χ2(25) =​ 40.92, P =​ 0.02), as did those of 
Tsimane’ listeners (χ2(25) =​ 49.01, P =​ 0.003), but the preferences of 
the two participant groups were not significantly correlated (r =​ −​0.19, 
P =​ 0.35). Bottom panels plot the mean ratings of each excerpt averaged 

across the first and last halves of the participants tested. The mean song 
excerpt ratings of the two half-groups were significantly correlated for 
Tsimane’ but not for US participants, indicating that the preferences in US 
listeners were not reliable. b, Ratings of pitch intervals of the harmonies 
(averaged across song excerpts). Each participant heard each pitch interval 
four times, each time generated with a different song excerpt. The ratings 
of the four interval occurrences were averaged for each participant. Top 
panels (replicated from Extended Data Fig. 2) plot these mean ratings 
averaged across all participants. Asterisks denote statistical significance 
of a repeated-measures ANOVA across all chord ratings. Bottom panels 
plot the mean rating of each pitch interval averaged across the first and 
last halves of the participants tested. The mean interval ratings of the 
two groups were significantly correlated for US but not for Tsimane’ 
participants. Data are mean and s.e.m.
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Extended Data Figure 4 | Discrimination and preference data for  
worst US and best Tsimane’ participant subsets from Study 2.  
a, Discrimination performance for the worst US-M participants (bottom 
third, n =​ 16) and best Tsimane’ participants (top third, n =​ 16), selected 
based on performance in the onset asynchrony condition. This selection 
criterion produced a group of Tsimane’ listeners who achieved an average 
d’ of 2.0 on the mistuned condition—good performance in absolute 
terms, and only slightly worse than the poorly performing Western 
listeners. b, Pleasantness ratings for the subsets of participants from a for 
conventionally consonant and dissonant sung chords and vocal harmonies. 

This subset of Tsimane’ listeners remained indifferent to dissonance, 
rating consonant and dissonant sung intervals, triads, and harmonies 
similarly (t(15) <​ 1.2, P >​ 0.28 in all cases). By contrast, the Western subset 
yielded significant consonant preferences (t(15) >​ 2.65, P <​ 0.05 in all 
cases). These results suggest that the absence of a consonance preference 
cannot be explained by a lack of sensitivity to the underlying stimulus 
distinction—the Tsimane’ were able to distinguish harmonic from 
inharmonic tones despite not having a preference for one over the other. 
Data are mean and s.e.m.
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Extended Data Table 1 | Summary of participant group demographics for Study 1
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Extended Data Table 2 | Summary of participant group demographics for Study 2
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