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Auditory Cue-weighting in Forest-Foragers and Western Listeners

Abstract

Music recognition depends on both spectral and temporal information, but how listeners
weight these cues across cultures remains poorly understood. Here, we tested cue-weighting
between Mbendjele BaYaka forest-foragers and Western listeners. Across three experiments using
TuneTwins, a tablet-based auditory matching-pairs paradigm, spectral degradation impaired
Western listeners’ performance for both familiar and unfamiliar music, whereas recognition of
familiar music was largely preserved in BaYaka listeners. Temporal degradation, by contrast,
impaired all groups except Western listeners tested on familiar music. Our findings suggest that
music recognition can be supported by multiple acoustic cues, that familiarity shapes listeners’
resilience to acoustic degradation, and that the weighting of spectral and temporal information
varies across populations. Together, these results challenge the assumption that pitch is the
dominant cue for music recognition. In addition, the study illustrates how field-compatible, game-
based paradigms can facilitate rigorous cognitive research in populations that remain largely absent

from experimental music cognition.

Keywords: music cognition, BaYaka forest-foragers, familiarity, music recognition, pitch, rhythm,

cross-cultural study, time—frequency scattering, musicality, gamification
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Introduction

Listeners can recognise familiar music across striking changes in how it sounds: a tune may
be transposed to a new key, played at a different tempo, performed on different instruments, or
heard in noise, and still be heard as “the same” tune. This everyday robustness in music recognition
is easy to observe but difficult to explain. What acoustic information do listeners actually rely on

when they recognise familiar music?

Music recognition is thought to rely on relatively abstract mental representations that
preserve the relationships among tones while remaining tolerant of surface changes in the acoustic
signal, such as changes in key, tempo, or instrumentation (Peretz & Zatorre, 2005). These
representations encode information along multiple acoustic dimensions. Two central dimensions are
frequency-based and time-based structure (Albouy et al., 2020), often described in music research
as pitch and rhythm. Both are widely considered important for music perception, memory, and the
recognition of familiar music (Honing, 2018; Krumhansl, 2000; Monahan & Carterette, 1985; Prince,

2014; Thompson, 2015).

Spectral and temporal structure provide two major sources of information for music
perception. Spectral structure supports pitch-related perception, including sensitivity to
fundamental frequency and harmonic structure, whereas temporal structure supports rhythm-
related perception, including sensitivity to event onsets, durations and intervals. Neuropsychological
and cognitive evidence suggests that these dimensions are partly dissociable. Yet they do not appear
to contribute equally to music recognition. In predominantly Western samples, spectral information
has often been found to carry greater diagnostic weight than temporal information, particularly for
familiar music (Albouy et al., 2020, 2024; Jacoby et al., 2024; Krumhansl, 2000; Peretz & Zatorre,

2005; Vuust et al., 2022).

This conclusion, however, rests on a narrow evidence base, is part of a broader sampling

problem across the behavioural sciences. Although music is present across human societies and
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varies widely in form, function and meaning, most evidence in music cognition still comes from
WEIRD populations (Henrich et al., 2010). Recent cross-cultural work has begun to show that
perceptual and cognitive processes long treated as general features of human musicality can differ
substantially across populations. For example, a landmark study by McDermott and colleagues
(2016) conducted with the Tsimane’, an indigenous Amazonian society with minimal exposure to
Western culture, demonstrated that a preference for consonance over dissonance was essentially
absent in this population, fundamentally reshaping the debate on the origins of consonance
perception. Similarly, Lahdelma et al. (2021) reported that remote Pakistani tribes showed no
preference for consonant major triads, although they did exhibit aversion to highly dissonant
chromatic clusters. Variability across culture also appears in the temporal domain: Jacoby et al.
(2024) found that while discrete rhythm categories at small-integer ratios (e.g., 1:1 or 2:1) appeared
across 39 participant groups in 15 countries, specific dominant rhythmic patterns varied
substantially and often reflected local musical practices—with participants from traditional societies

diverging markedly from university students in the same countries.

Together, these findings demonstrate that perceptual phenomena long assumed to be

|Il

“universal” can be substantially modulated—or even entirely absent—in populations with different
auditory environments and cultures. If perceptual phenomena such as consonance preference and
rhythm categorisation can vary in different populations, the cue weighting between acoustic
dimensions, itself most likely acquired through statistical learning of one's musical environment
(Prince & Pfordresher, 2012), can be expected to follow a similar pattern. Flexible cue-weighting
within a single domain, such as melody (e.g., IDyOM; Pearce, 2018) or rhythm (Large & Jones, 1999)
is well-established (Vuust et al., 2022). We therefore extend this framework to the cross-domain
level, hypothesising that the cue weighting pattern is itself reconfigured by enculturation. On this
account, the spectral dominance observed in Western listeners—the greater weight they give to

spectral over temporal information—is not a universal, hard-wired property of music recognition,

but one configuration of a shared cue-weighting mechanism that is tuned by musical experience.
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The present study tests this framework by examining how spectral and temporal
degradation affects music recognition in two populations with markedly different musical and
auditory environments, comparing Mbendjele BaYaka forest foragers and Western listeners. The
main experiment (Exp. 1) was conducted with BaYaka participants in a rainforest camp in the
Republic of Congo (also referred to as “hunter-gatherers”, hereafter “BaYaka” Kitanishi, 1995; Lewis,
2013; Jang et al., 2019). Two complementary experiments tested Western listeners at a science
museum in the Netherlands (Exp. 2A & 2B), a setting that allowed age-matched recruitment in an

informal, curiosity-driven context closer to the field setting than to a conventional laboratory.

Figure 1

Location and Setup of Experiments.
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region’s location within the Republic of Congo. Colour of area denotes elevation. B. A
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participant playing the TuneTwins game on a tablet while listening over closed-back headphones in
the field camp close to the first author (in front); responses were recorded via touchscreen
selections on the game interface. Informed consent for publication of identifiable images was
provided by the caretaker of the participant shown here.

BaYaka forest foragers provide an important test case for evaluating the generality of
findings derived largely from WEIRD populations. Their social organisation, daily practices and
cultural environment differ markedly from those of the populations that dominate research in music
cognition, making them particularly informative for distinguishing potentially universal features of
music perception from those shaped by experience. BaYaka musical practices are characterised by
extensive participation, complex polyrhythmic organisation and lifelong immersion in collective
music-making (Chittar et al., 2023; Lewis, 2013, 2014). This distinctive musical environment can yield
contrasting predictions. If the greater importance of spectral information observed in Western
listeners reflects a general feature of human auditory processing, a similar pattern should be
observed in BaYaka listeners. If, however, cue weighting is shaped by cultural experience, listeners

immersed in a musical culture that places strong demands on temporal coordination may show a

different sensitivity profile to spectral and temporal degradation.

To test this possibility, we applied a game-like behavioural paradigm, TuneTwins (Li et al.,
2023, in press), with controlled acoustic degradation applicable across populations. TuneTwins is an
auditory matching-pairs task inspired by the classic card game Memory (Zwick & Paterson, 1993). In
each game, participants were presented with a set of visually identical cards, each associated with a
musical excerpt (the auditory stimulus). On each turn, participants could select any two cards in
sequence (see Fig. 2A). Early turns necessarily served to explore the board and encode card—music
associations; as the game progressed, participants could draw on spatial and auditory memory to
identify matching pairs of cards, and progress depended on recognising which excerpts shared the
same musical identity — in the degraded conditions, across an original and its degraded counterpart

(see Fig. 2B).

Figure 2
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TuneTwins Experiment Paradigm and Manipulation Mechanism
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Note. A. Schematic of the experiment. Participants are presented with a 4 x 4 board, on each turn,
participants select two cards in succession to listen to the associated musical excerpts and attempt
to match them. Each 4 x 4 board holds 8 pairs of distinct excerpts in randomised locations; if the two
selected cards share the same musical identity they are removed, otherwise they are turned back,
and the game continues until the board is cleared. B. Pairs in the original condition contained two
original, acoustically identical excerpts, whereas pairs in the degraded conditions contained one
original excerpt and a degraded version of it, sharing the same underlying identity. C. Example log-
frequency (constant-Q) spectrograms of one excerpt under the two degradation types at their
severe level. For each example, a box marks the region (2.20-3.70 s x 459-1141 Hz) that is enlarged
in the right-hand inset to reveal the manipulation: temporal degradation “smears” temporal
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structure along the time axis (visible horizontally), whereas spectral degradation “smears” spectral
structure along the frequency axis (visible vertically). Greyscale encodes relative spectral power (0 to
-60 dB). Each original excerpt was processed with Joint Time—Frequency Scattering (JTFS) along two
independent acoustic dimensions, yielding the four degraded conditions: temporal degradation
(moderate, TD1; severe, TD2) and spectral degradation (moderate, SD1; severe, SD2). Only the
severe degradations are shown as the moderate degradations (TD1, SD1) apply the same
manipulation at a lower magnitude. D. All three experiments used the same five conditions: Exp. 1
tested BaYaka participants with familiar BaYaka music; Exp. 2A tested Western listeners with the
same BaYaka music; Exp. 2B tested Western listeners with familiar Western music.

Degradation was implemented using Joint Time—Frequency Scattering (JTFS; Andén et al.,
2019; Lostanlen & Han, 2026), which enabled independent manipulation of spectral and temporal
acoustic structure while preserving the other dimension (see Fig. 2C for examples). Spectral and
temporal information were each degraded at two levels, yielding four degraded conditions. In this
way, the paradigm embeds the target cognitive process—music recognition—within structured
gameplay, and infers cue reliance from observable matching behaviour rather than from verbal
report or explicit judgment, whose validity is difficult to establish across groups that do not share the

same musical vocabulary or task conventions (see Jacoby et al., 2020).

To examine how cue weighting varies across populations and musical experience, we
combined three experiments (see Fig. 2D). In Exp. 1, BaYaka participants were tested on familiar
BaYaka music from their own community; in Exp. 2A, Western listeners were tested with the same
music, which was unfamiliar to them; in Exp. 2B, Western listeners were tested with familiar
Western music (see the Methods section for stimulus selection). Drawing musical excerpts from
each population's own repertoire allowed us to examine how degradation affects cue-weighting on
familiar music in different populations. This design also enabled two complementary comparisons:
one holding the musical material constant while varying the listener population, and another holding
the listener population constant while varying stimulus familiarity. We asked whether the effects of
spectral and temporal degradation differ between BaYaka and Western listeners, and whether
familiarity modulates these effects within Western listeners. Together, these comparisons provide a
test of whether the relative importance of spectral and temporal information reflects broadly shared

perceptual constraints or experience-dependent listening strategies.
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Results

Three experiments examined how spectral and temporal degradation and musical familiarity
affect music recognition in BaYaka and Western listeners. The final sample comprised 34 young
BaYaka tested with familiar BaYaka music (Exp. 1), 82 Western participants tested with the same
(unfamiliar) BaYaka music (Exp. 2A), and 91 Western participants tested with familiar Western music

(Exp. 2B; N.B. full participant, exclusion, and game-level statistics are reported in the Methods).

Recognition performance was indexed by match propensity, a model-based measure of the
tendency to identify a degraded excerpt as the same piece of music as its original version (see
Methods). Match propensity was estimated using a Bayesian Rasch-family model that accounted for
participant-, stimulus-, and location-level variation. To minimise the influence of group differences
unrelated to music recognition, such as prior experience with touch-screen devices, degradation
effects were expressed as within-group contrasts relative to each group's baseline (performance on
original condition). Consequently, all cross-population comparisons concern sensitivity to

degradation rather than overall task performance.

Participants completed TuneTwins under five conditions: original condition, two levels of
spectral degradation (SD1, SD2), and two levels of temporal degradation (TD1, TD2). Completing all
five conditions constituted one full round of the experiment. The paradigm elicited sustained
engagement across settings. Most BaYaka participants completed two full rounds of testing,
whereas museum-based testing constraints limited Western participants to a subset of conditions

(see Methods).

Because BaYaka participants were encountering the tablet-based paradigm for the first time,
we analysed the two rounds separately. Performance in Round 1 showed little evidence of the
expected degradation effects and was, in some cases, comparable to or higher than baseline
performance (Fig. S1). This pattern is consistent with an initial task-acquisition phase, during which

unfamiliarity with the game may have constrained performance and obscured degradation effects.
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By Round 2, performance showed the expected ordering across conditions, declining systematically
with increasing degradation. We therefore report both rounds separately, while drawing inferences

about cue weighting primarily from Round 2, after participants had become familiar with the task.

Figure 3
Spectral versus temporal degradation differentially affect match propensity across populations

BaYaka listener Western listener Western listener
Familiar BaYaka music Unfamiliar BaYaka music Familiar Western music
(Exp. 1, Round 2) (Exp. 2A) (Exp. 2B)

025 A B c

000 - ~@rrmmmmm e m e oo Lo e B el b Y e ———

Spectral degradation
Change in match propensity
(log-odds, B)

025 D E F

0400--017. ----------------------- .-..-‘ ----------------------- "74-‘-'-‘ ------------------

-0.25

(log-odds, B)

-0.75

Temporal degradation
Change in match propensity

-1.00

o TD1 TD2 o TD1 TD2 o TD1 TD2
Degradation level Degradation level Degradation level

Note. Conditions are shown on the horizontal axis, i.e., Original (O), moderate spectral degradation
(SD1), severe spectral degradation (SD2), moderate temporal degradation (TD1), and severe
temporal degradation (TD2). Points show posterior medians and error bars show 90% credible
intervals for variant-level effects on match propensity, estimated from the Rasch model. The plotted
quantity is the log-odds contrast = i, 4eg — Uy,0, Where p,, is the variant parameter for match
propensity. Values below zero indicate reduced match propensity under degradation relative to the
original. Upper panels (A—C) show spectral degradation; lower panels (D—F) show temporal
degradation.

Spectral degradation impaired Western but not BaYaka listeners

The shared spectral degradation parameters yielded divergent cue-weighting profiles across
populations (Fig. 3A-C). For BaYaka listeners being exposed to music from their own repertoire,
spectral degradation had little effect on match propensity: the point estimates for both levels were

small in magnitude, and both 90% credible intervals included zero (SD1: B = -0.10, 90% Cl [-0.39,
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0.17]; SD2: B =-0.20, 90% Cl [-0.48, 0.07]), the data therefore provide no evidence that spectral
degradation reduced match propensity for this group. In contrast, the same BaYaka excerpts
produced a substantial recognition cost in Western listeners when degraded, particularly under
severe degradation, where the posterior was concentrated below zero with a credible interval
excluding zero (Exp. 2A, SD2: f =-0.80, 90% CI [-1.05, -0.56]). When Western listeners heard
familiar music, the spectral degradation effect was attenuated, likely reflecting a facilitative effect of
familiarity, though it remained pronounced at the severe degradation (Exp. 2B, SD1: B = -0.01, 90%
Cl [-0.26, 0.23]; SD2: B =-0.58, 90% CI [-0.83, -0.34]). The response curves in both Western
experiments were similarly concave—near-baseline performance under moderate spectral
degradation followed by a sharp drop under severe degradation—despite the corpora differing in
familiarity and in the characteristics of the music excerpts. In short, the cue-weighting profile of
Western listeners tilts heavily towards spectral information, regardless of their familiarity with the

music, whereas spectral information was largely dispensable for BaYaka listeners.

Temporal degradation impaired all groups but not under Western-familiar music

Temporal degradation reduced match propensity in all conditions except Western listeners
tested on familiar music (Fig. 3D—F), for whom the estimates remained close to baseline. BaYaka
listeners showed a graded reduction with increasing severity (TD1: p = -0.22, 90% ClI [-0.51, 0.07];
TD2: B =-0.47,90% ClI [-0.74, -0.17]), as did Western listeners tested on the same BaYaka music
(Exp. 2A; TD1: B =-0.27, 90% CI [-0.52, -0.03]; TD2: = -0.51, 90% CI [-0.76, -0.26]). Western
listeners tested on familiar music (Fig. 3F) departed from this pattern: both medians lay close to
zero, both intervals included zero, and the estimates were not ordered by severity (Exp. 2B; TD1: B =
-0.13, 90% ClI [-0.36, 0.10]; TD2: B = -0.09, 90% Cl [-0.34, 0.15]), indicating a robust recognition
under temporal degradation on familiar music. Comparing BaYaka listeners tested on their own
familiar music (Fig. 3D) with Western listeners tested on familiar music (Fig. 3F) reveals that BaYaka

listeners appear more sensitive to temporal degradation. Combined with the spectral findings, our
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result suggests a cue-weighting shift between BaYaka and Western listeners: BaYaka listeners rely

less on spectral and more on temporal information than Western listeners.

Severe degradation in general resulted in larger reductions than moderate degradation, as
expected, the sole departure being Western-familiar temporal degradation, where the two severity
levels were not ordered and were statistically indistinguishable (Fig. 3F). This pattern was evident in
model-based estimates of match propensity. Despite a sharp performance drop, participants were
able to complete the task under severe degradation along either dimension, suggesting listeners can
recruit and rely on multiple acoustic dimensions for music recognition. The relatively small samples,
particularly for BaYaka listeners tested under field conditions, yield wide credible intervals on
individual condition estimates, and so exact effect magnitudes should be interpreted with caution.
The conclusions drawn here therefore rest on the direction and consistency of effects rather than a
definitive estimate: across panels Fig. 3 A—C and D—F, point estimates deviated from baseline in the

same direction, with posterior mass predominantly below zero.

Figure 4

Estimated Participant, Stimulus, and Location Effects in the Two-Dimensional Performance Space of
Mistake Avoidance and Match Propensity.
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Note. Each panel displays posterior estimates derived from the Rasch model. Random effects—
including participant, stimulus, and location effects—are shown from left to right across columns.
Rows correspond to the three experimental setups: Top: Experiment 1, Round 2, BaYaka participants
listening to familiar BaYaka music. Middle: Experiment 2A, Western participants listening to
unfamiliar BaYaka music. Bottom: Experiment 2B, Western participants listening to familiar Western
music. Points indicate posterior point estimates, while translucent contours represent uncertainty
associated with each estimate. In Panels A, D, and G, each point represents a single participant in the
corresponding experiment; in Panels B, E, and H, each points represent one of the eight stimuli; and
in Panels C, F, and |, each point represents one of the 16 card locations displayed in the game
interface. Dashed vertical and horizontal lines indicate the reference value of 1, corresponding to
neutral effects along the respective dimensions. Match propensity captures the tendency to commit
to a remembered match, whereas mistake avoidance captures tendency to avoid previously known
incorrect cards.
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Individual ability and stimuli, rather than location effect, explained game behaviour

As mentioned previously, the Rasch model comprised not only main effects of the degraded
condition but also independent random effects per participant, stimulus, and card location in the
game layout. We examined the posterior estimates of the random effects in a two-dimensional
space defined by match propensity and mistake avoidance. Match propensity, again, is the log odds
ratio of a player choosing a correct heard match over any given unheard card, and represents a
combination of players’ inherent desire to clear the board vs. exploring new cards (a desire which we
assume to remain constant regardless of audio degradation) and players’ ability to remember the
location of correct matches (or analogously, the inherent memorability of particular stimuli or board
locations). Mistake avoidance is its complement: the log odds of a player choosing any given
unheard card over choosing a card that has been heard before but does not match. It represents a
combination of players’ inherent desire to avoid mistakes (which we likewise assume to remain
constant regardless of audio degradation) and players’ ability to remember the location of mis-
matching cards (or analogously, the inherent distinctiveness of particular stimuli relative to the rest
of the corpus or board locations relative to the average). While mistake avoidance is less obviously
connected to audio degradation and exhibited no scientifically relevant main effects, it is important
at the random-effect level to provide a comprehensive account of the remaining variance in

participants’ performance.

Participant-level random effects were broadly distributed in all three experiments (Fig. 4A,
D, G), with the BaYaka sample showing the largest spread along both axes (Fig. 4A). For instance, a
point in the upper-left region corresponds to a participant with relatively
higher match propensity and lower mistake avoidance, reflecting a tendency to capitalise
on matching opportunities when available while preferentially exploring new cards rather than
selecting previously heard non-matching cards. This wide dispersion mirrors the variability in playing
strategies in the field-testing context (see Discussion), in which participants ranged widely in age and

prior task exposure. Western participants tested in the museum (Exp. 2A, 2B) showed more tightly
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clustered estimates centred near the neutral reference, suggesting more homogeneous strategy use.
Stimulus-level effects were tightly clustered around the neutral reference in both experiments using
the BaYaka corpus (Fig. 4B, E), indicating that the eight music excerpts were similar in
recognisability—an important precondition for the cross-population comparison between BaYaka
and Western participants listening to the same BaYaka corpus. Stimulus effects of Western music
corpus were slightly more dispersed in Exp. 2B (Fig. 4H), the variance on match propensity was
similar to BaYaka corpus, there was more variability in Mistake avoidance than in BaYaka corpus.
Card-location effects—whether certain card locations are more memorable than others—were
negligible in all three experiments (Fig. 4C, F, 1), indicating that spatial location on the board had
minimal effect on task performance—a validation that is particularly important for Exp. 1, where
participants had no prior experience with tablet interfaces. Together, these patterns indicate that
variation in matching pair performance beyond the main effect of the audio degradations was driven
primarily by individual differences in participants’ strategies and abilities, rather than by musical
characteristics of specific stimuli or cultural preferences to pick cards from particular board

locations.

TuneTwins: A field-compatible paradigm for studying auditory phenomena

TuneTwins was designed to minimise reliance on verbal instruction by adapting the familiar
logic of matching-pairs games to the auditory domain. This feature is particularly valuable in cross-
cultural research, where extensive verbal explanation may be impractical or introduce unintended
differences in task interpretation. In the BaYaka field setting, gameplay was taught primarily through

demonstration and a small set of task-relevant phrases.

Participant engagement is a critical but often overlooked determinant of data quality. Game-
based paradigms can leverage intrinsic motivation to sustain attention and participation (Deci &
Ryan, 1985; Ryan & Deci, 2000), particularly in contexts where conventional laboratory incentives

are unavailable or inappropriate. TuneTwins elicited high levels of voluntary engagement in both the
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rainforest and museum settings. Many participants chose to continue playing beyond the minimum
required for the experiment, and completion rates were high across populations (see Methods,

Table 2).

The successful deployment of TuneTwins in both a Congolese rainforest camp and a
European science museum demonstrates that game-based paradigms can support rigorous cognitive
research across markedly different cultural contexts. More broadly, the paradigm illustrates how
field-compatible experimental designs can help extend the reach of music cognition research beyond

conventional Western laboratory and online samples (Li et al., 2023, in press).

Divergent gameplay strategies between groups

Qualitative observation of gameplay strategies revealed a notable difference in inter-
individual behavioural diversity between groups. Western participants displayed relatively uniform
task behaviour, predominantly adopting error-minimising strategies even in the absence of any
penalty for incorrect decisions (see Fig. 4D, G). This suggests a strong default orientation toward
accuracy and systematic search. In contrast, BaYaka participants exhibited a broader range of

strategies (see Fig. 4A).

Three distinct patterns were observed that differed markedly from systematic search and an
error-minimising orientation: (1) an anchoring strategy, whereby some participants repeatedly used
the same card as a fixed reference point across turns, systematically comparing it against other cards
until a match was found; (2) looping behaviour, whereby some participants sequentially clicked
adjacent card pairs around the board in a circular pattern without identifying matches, continuing
until the experimenter intervened; and (3) spatial preference, whereby two participants only
repeatedly selected the few cards located nearest to their own body. Participants using one or more
of these three strategies tended to be on the senior end of the age range and were excluded from

the final analysis (and are not shown in Fig. 3 or 4) on the grounds that their behaviour did not
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reflect the target cognitive processes. We nonetheless note these patterns as qualitative

observations for future work.

Discussion

The present study examined how spectral and temporal degradation affects music
recognition in BaYaka and Western listeners. Across three experiments, acoustic degradation
generally reduced recognition performance, but its impact depended on both the type of
degradation and the listener population. BaYaka listeners showed relatively preserved recognition
under spectral degradation, whereas temporal degradation produced larger performance costs.
Western listeners, by contrast, were comparatively robust to temporal degradation when listening
to familiar music and showed larger costs under spectral degradation. When listening to unfamiliar
BaYaka music, Western listeners were affected by both forms of degradation, although spectral
degradation remained more disruptive. Together, these findings suggest that music recognition can
be supported by multiple acoustic cues and that the relative importance of spectral and temporal
information may vary across populations and listening experiences. More broadly, the results
challenge the assumption that pitch-related information is universally dominant in music

recognition.

Cultural exposure is known to progressively narrow perceptual sensitivity toward
dimensions that are most relevant in one's musical environment—a process termed perceptual
narrowing (Hannon & Trehub, 2005). Such relevance can be shaped by the informational structure of
their musical environment. Following Prince and Pfordresher's (2012) account, the dimension
carrying greater categorical diversity should attract more perceptual weight; in Western music
tradition that dimension is pitch, plausibly reinforced by perceptual narrowing. The reverse
asymmetry plausibly holds for BaYaka listeners. The dense polyrhythmic textures characteristic of
BaYaka music and of African musical traditions more broadly (Arom, 1991) carry comparatively

richer temporal information, making the temporal dimension particularly discriminative for musical
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identity. Listeners raised within such musical cultures may therefore prioritise temporal cues and
remain robust to spectral manipulation, having internalised the rhythm as a more diagnostically

relevant dimension.

A complementary mechanism may account for the performance difference between
Western listeners in Exp. 2A and Exp. 2B. The preferential reliance on spectral structure such as pitch
could further be sharpened under conditions of musical unfamiliarity. When listeners lack stable
long-term representations for an unfamiliar musical excerpt, they may default to perceptual
dimensions most commonly used and shaped by enculturation (cf. Hannon et al., 2012), thereby
accentuating, rather than dissolving, culturally specific cue weighting (see sharper drop of
performance in Fig. 3B comparing to Fig. 3C). On this speculative view, enculturated preferences
would reflect not only differences in selective attention, but also differences in how strongly pitch
and rhythm are encoded in memory. This interpretation remains tentative, and future studies
employing encoding stage manipulations (e.g., rapid serial presentation or ERP paradigms) across

culturally distinct listener groups would be necessary for obtaining direct evidence.

Additional evidence for population differences in music perception comes from a companion
field study within the same research project (van der Vlist & Li et al., 2026). In an interactive group
game (“Move-to-Match”), BaYaka participants successfully identified musical excerpts from
extremely brief clips (400 ms “plinks”; Krumhansl, 2010) including versions subjected to severe
spectral degradation, at levels exceeding chance and surpassing performance typically reported for
Western listeners under comparable conditions. This suggests that amplitude-envelope dynamics
(temporal patterns of intensity fluctuation) and residual spectral-envelope information (the overall
distribution of energy across frequency at a moment in time) alone can be sufficient for music
recognition among BaYaka listeners—further indicating that their perceptual engagement with
musical signals, and the way they extract and utilise acoustic information, may differ from that of

Western listeners.
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More generally, these lines of evidence converge to suggest that the cue-weighting and
reliance in music recognition—in short, which acoustic dimensions listeners come to prioritise—can
vary across populations and cultures. Although certain features of music perception are likely
universal, the heavy reliance on spectral cues documented in Western listeners does not appear to

be among them.

The greater behavioural variability observed among BaYaka participants constitutes an
informative finding in its own right. Whereas Western participants converged on a relatively narrow
range of task behaviours (see Fig. 4D, G), BaYaka participants displayed a broader distribution of
strategies (see Fig. 4A). Importantly, all participants included in the final analyses successfully
completed the practice phase, indicating that they understood the basic mechanics of the task. The

observed variability therefore cannot be explained solely by failure to comprehend the instructions.

One possible interpretation is that participants differed not in their understanding of the
task, but in how they construed its implicit goals. Experimental tasks often carry unspoken
assumptions about optimisation, error avoidance and performance maximisation. Such assumptions
may be more familiar in some cultural contexts than others. As a result, participants who understand
the same procedural rules may nevertheless adopt different strategies, producing variation that

reflects task interpretation rather than the cognitive process under investigation.

These observations underscore a broader challenge for cross-cultural cognitive research.
Experimental paradigms are not culturally neutral instruments; they embed expectations about how
a task should be approached. When these expectations are not shared, behavioural differences may
partly reflect variation in task construal. In the present study, we sought to minimise the influence of
such differences by focusing on within-group contrasts between degraded and original conditions.
Because inference is based on the effect of degradation relative to each group's own baseline, the

analysis is less sensitive to cross-group differences in overall task strategy or performance level.
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Several limitations should be noted. First, logistical constraints associated with fieldwork,
including limited testing time and the need to minimise disruption to participants’ daily activities,
restricted the number of degradation levels and repetitions that could be tested. Future studies with
larger samples and finer degradation gradients could provide a more detailed characterisation of
how recognition performance changes as spectral and temporal information are progressively

degraded.

Second, we were unable to test BaYaka listeners on Western music, precluding a fully
symmetrical cross-cultural design. Although Western listeners were tested on both familiar Western
music and unfamiliar BaYaka music, familiarity and cultural background remain partially confounded.
More broadly, establishing stimulus sets that are equivalently familiar—or unfamiliar—across
culturally distant populations is an inherent challenge for cross-cultural research. Future work could
address this limitation by incorporating a wider range of musical traditions and participant

populations.

Third, the BaYaka sample spanned a broad age range, reflecting the demographic realities of
a small-scale community. Although the Western comparison groups were age-matched,
developmental factors may nevertheless have contributed to some of the observed variation. Larger
samples would make it possible to examine more directly how cue weighting varies with age,

musical experience and cumulative exposure to different musical environments.

Despite these limitations, the present findings provide evidence that the relative impact of
spectral and temporal degradation on music recognition differs across populations, highlighting the
importance of extending cognitive research beyond the populations that have traditionally

dominated the field.

The present study extends experimental music-cognition research beyond the populations
that have traditionally dominated the field by comparing music recognition in BaYaka rainforest

foragers and Western listeners. Across three experiments, spectral degradation had markedly
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different effects across populations. BaYaka listeners showed relatively preserved recognition under
spectral degradation, whereas Western listeners exhibited substantial performance costs under the
same manipulation, including when listening to familiar music. Temporal degradation showed a
different pattern, producing larger costs in BaYaka listeners than in Western listeners. Together,
these findings challenge the assumption that pitch-related information is universally dominant in
music recognition and suggest that the relative importance of spectral and temporal cues may vary
across populations and listening experiences. More broadly, the results support the view that
successful music recognition can be achieved through multiple perceptual strategies rather than a

single, fixed cue hierarchy.

The study also demonstrates the feasibility of using a game-based paradigm to conduct
controlled music-cognition experiments across markedly different cultural contexts. High levels of
voluntary participation in both the rainforest and museum settings suggest that intrinsically
engaging tasks can support rigorous behavioural research beyond conventional laboratory and
online samples. As efforts to diversify the evidence base of cognitive science continue, such
approaches may help make experimental research accessible to a wider range of populations and

cultural environments.

Methods

Ethics

All three experiments received ethical approval from the Ethics Committee of the Faculty of
Humanities at the University of Amsterdam (approval code: FGW-1694_2023). In the Republic of
Congo, the research project (Exp. 1) was reviewed by the Institut National de Recherche en Sciences
Exactes et Naturelles (IRSEN), who granted the research permit (permit code:
0108/MESRSIT/IRSEN/DG) for work with the BaYaka Mbendjele in their natural living

environment.
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Throughout the data collection period, the research team maintained a respectful and
collaborative relationship with the community (Bruno et al., 2022). All research activities were
conducted in accordance with local cultural norms and ethical practices. Throughout our stay in the
community, we adhered to social expectations such as sharing food and daily necessities, and we
actively participated in local games and ritual gatherings as a form of mutual engagement and
respect. Upon concluding the fieldwork, all participants received compensation for their
involvement. These actions were part of our broader commitment to ethical reciprocity and
culturally sensitive research practices. We obtained verbal consent to publish images of

participants.

Informed consent

In Exp. 1, the informed consent information of the study was translated and conveyed with
the assistance of M.G. D. and his son, M. D., into Mbendjele Yaka. Experiments were introduced to
all the camp members, after which they gave their consent to participate by verbally stating “I like to
join” (Mbendjele: “me mo ndinga”, hereafter Mbendjele translations only) as an alternative to “I
refuse to join” (“me mo kila”) These responses were audio recorded. Additionally, after the
information letter and consent form were read aloud, signed consent was secured by participants
and, when they were children, also by their parents or caretakers. In Exp. 2, all Western participants
read the information letter and provided signed informed consent. When they were children, the

consent form was signed by one of their parents or legal guardians.

Apparatus

Identical headphones and tablet devices were used across both study sites: two Panasonic

TOUGHBOOK CF33, two sets of Sennheiser HD 280 Pro headphones.

Overview of paradigm

The experiment measured the ability to match musical cards under original, spectral-

degraded, and temporal-degraded conditions in a gamified paradigm, TuneTwins (Li et al., 2023, in
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press). TuneTwins has been adapted from the classic card game Memory (Zwick & Paterson, 1993)
into a solitary game. In each experiment, players are presented with a 4 x 4 board of audio cards on
a tablet (See Fig. 1B for the experiment interface), corresponding to eight music pairs. The positions
of the music card on the board were randomised at the start of each game, ensuring that card
location was not systematically associated with any specific stimulus or condition. Gameplay
proceeds in discrete turns—the participant sequentially selects two cards, one after another, to
listen and form a matching pair. If the two excerpts belong to the same identity, the cards are
removed from the board indicating a successful match. If they do not match, both cards are flipped

back. The game ends when all pairs have been successfully matched, and the board is cleared.

In the current experiment, two conceptually distinct types of pairs were implemented.
Identical pairs consisted of two acoustically identical, original music excerpts and constituted the
original condition. By contrast, similar pairs required matching an original excerpt with a
manipulated, degraded version of itself (or vice versa). In these cases, the two items were not
acoustically identical but shared an underlying identity, such that successful matching depends on
recognising the excerpt despite acoustic degradation. Similarity was operationalised through
controlled acoustic degradations applied along two dimensions: spectral and temporal. Spectral
degradation selectively reduced pitch-related cues while keeping temporal structure intact, whereas
temporal degradation altered rhythmic structure while preserving spectral content. For each
dimension, two levels of degradation were implemented, yielding four degraded conditions:
moderate spectral degradation (SD1), severe spectral degradation (SD2), moderate temporal
degradation (TD1), and severe temporal degradation (TD2). Together with the original condition, the
experimental design thus comprised five experimental conditions in total. Each game (i.e., each

board) corresponded to only one condition.

Consistent with ethnographic accounts describing BaYaka social organisation as strongly
egalitarian and characterised by minimal use of punitive sanctions (e.g., Bombjakova, 2018; Boyette,

2016; Lewis, 2016), as well as the avoidance of inducing negative self-evaluation of BaYaka
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participants, our experimental design excluded the penalty mechanisms (i.e., point reduction) for
incorrect matches (the same was true in Exp. 2A & B with Western participants; see Methods,
Overview of Paradigm). Consequently, participants had no external incentive to avoid errors. To
capture decision-making strategies under such a condition, we separated the model parameters into

two sub-predictors that apply across factors, match propensity and mistake avoidance (see Analysis).

Procedure for the experimental session

The number of trials that could be run in an experimental session varied depending on the
population. After completion of the pre-steps and teaching sessions (see below), the main
experiment began with an original condition (pairs formed by identical reconstructions of the
original stimuli). For BaYaka participants, this is followed by both moderate conditions TD1 and SD1
in random order and concluded with both severe conditions TD2 and SD2 in random order. All the
further games were randomized in such three steps as well. Completing all five conditions
constituted one full round of the experiment, most BaYaka participants completed two full rounds of
the experiment. For Western participants, testing time was limited to 15 minutes per participant,
allowing for at most three conditions to be completed; over 80% of participants voluntarily reached
this limit (see Table 2). Accordingly, the condition presentation order began with the original
condition, followed by one randomly selected moderate degraded condition (either TD1 or SD1), and

ended with one randomly selected severe degraded condition (either TD2 or SD2).

Data collection with BaYaka participants

From May 31 to June 28, 2024, the experiment was conducted with a BaYaka community in
a rainforest camp in Congo-Brazzaville (2° 28’ N, 17° 26’ E). The camp can be reached by boat along
the Motaba river, followed by a 4 km walk through the forest. The research camp included up to 81
nonliterate residents. Living outside the influence of globalisation or modern technology, the
community maintains a self-sufficient lifestyle without dependence on centralised utilities like piped

water or grid-based electricity.
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Environmental stress has been shown to impair cognitive performance, depending on the
severity and duration of exposure (Martin et al., 2019). We believe that the familiarity with, and
presence of, the senior author, who had conducted research with most of the participants since
2015 made them feel comfortable with our presence in their camp. To, furthermore, minimise
potential stress-related confounds and to create a familiar and socially comfortable testing
environment, we established familiarity and trust within the community through shared daily
activities (e.g., learning their names, food preparation, communal sharing, and musical activities).
Subsequently, we invited every resident above the age of six to participate in playing the game in a
bungalow tent at the edge of the forest camp, a location away from community activities that was

relatively free of visual distractions and noise.

Participants were notified the evening before testing to ensure that the intended individuals
were available. First-time participants completed a series of pre-steps: learning the concept of
matching with physical animal cards, followed by virtual animal cards on tablets in 4 x 4 grids where
they learned the tap-to-select gesture and the interface of the game. They then learned the concept
of audio cards with the experimenter demonstrating the concept of auditory instead of visual
matching pairs. Finally, participants were invited to complete a practice trial of the TuneTwins game
using headphones to reduce interference from surrounding noise (from forest animals or community
members in camp). For young participants, the experimenter often initiated an extra brief, informal
children’s game (clapping hands or pressing thumbs) session to build trust and ease anxiety before
the pre-steps began. Gameplay was primarily demonstrated rather than verbally explained: using a
small set of key phrases: “same” (“denge moti”), “not the same” (“dengi moti te”), “listen” (“oka”),
“good” (“monjongo”), “smart” (“mayele”), “again” ("kabodi"), “finish” (“suka”), “thank you"

(“essengo yike”, lit. “I feel very good”).

During early field deployment, we observed that some invited adult participants required
more time than children to grasp the matching rule and tablet-based interaction. To reduce the

likelihood that subsequent performance differences reflected misunderstanding of the game
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mechanics rather than recognition ability, we implemented two communal instructional activities for
individuals who had not yet begun formal testing. First, we held a communal session outdoor in the
middle of the forest camp on June 11, scheduled in the evening when most camp members were
present. The event began with the experimenters playing TuneTwins against one another, followed
by rounds in which BaYaka participants played against an experimenter and then against one
another. Second, we conducted peer-teaching sessions on June 13 and June 18 in which tablets were
made available for supervised practice in a group setting (without headphones). Participants who
had already learned the game played in public while other members observed. No data from the
communal game or peer-teaching sessions were included in the primary analyses; all analysed data

were collected during individual sessions.

All communication was conducted in Mbendjele Yaka — the participants’ native language.
Every participant was welcome to play the game as many times as they wished and was informed of
their right to withdraw at any time. An individual session was limited to an hour per day per
participant to minimize disruption to participants’ daily subsistence activities (e.g., foraging, hunting,
childcare). After each session, participants received local subsistence goods as compensation for
time spent away from daily activities. Additional collective contributions (e.g., honey, food, or
musical instruments such as a flute) were provided every seventh day, and further items (e.g.,
clothing, tools, and food) were shared with residents at the conclusion of the project as a token of
appreciation. Compensation was not linked to performance and was designed to support ethical

reciprocity while avoiding undue inducement.

Data collection with Western participants

The experiment was conducted at the NEMO Science Museum in Amsterdam during May
31-June 1, 2025, and June 7-8, 2025. The experimental setup closely mirrored that used in the
Congolese study and took place in a quiet room. Demographic information, including age and

gender, was recorded for each participant and linked to a unique, fully anonymised participant
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identification code, following the same procedure as in the Congolese sample. Participants were

assigned to two different corpora, the Congolese BaYaka corpus and Western music corpus.

Due to a 15-min time constraint advised by the museum and participants’ familiarity with
matching games in Western contexts, task instructions were delivered via a short instructional video.
After viewing the video, the experimenter demonstrated how to select cards and identify three
matching musical pairs on the tablet. Participants were then asked to complete the remaining five

pairs to clear the trial experiment before entering the main study.
Stimuli

The BaYaka corpus used in experiment 1 and 2A consisted of recordings from the same
BaYaka community ensuring the familiarity to BaYaka listeners. The musical fragments were selected
from video recordings made by K.J. during the Mbendjele Foraging Project between 2016 and 2019
with informed consent. The music excerpts were selected based on representativeness—covering
dance, ritual, entertainment, and game scenes in their everyday music experience, followed by a
second-round selection based on audio quality, avoidance of linguistic cues, avoidance of
deceased individuals’ participation, and acoustical comparability (see Jouyan, 2024 for
description of the stimulus-selection process). The final corpus consisted of eight excerpts from the

BaYaka music. All the chosen excerpts have similar audio quality.

A second corpus consists of melodies familiar to Western children including popular
television themes, holiday songs and internationally widespread media themes. It was constructed
following the same principles as the BaYaka corpus, with additional constraints to maximize cross-
corpus comparability. An initial pool of 55 instrumental or instrumentalised songs likely to be
familiar to Western children was assembled and segmented into eight-second excerpts. Acoustic
similarity between Western and BaYaka excerpts was quantified using spectral flux and spectral
entropy, combined into spectral footprints and compared using L1 distance (i.e., Manhattan

distance, a feature vector derived from spectral flux and spectral entropy as the sum of absolute
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differences between the two songs’ spectral-footprint feature vectors, with smaller values of L1
score indicating greater acoustic similarity; Gingras et al., 2014). L1 scores ranged approximately
from 0.4 to 1.4; a threshold of 0.9 yielded 31 candidate excerpts. To avoid redundancy, only the
fragment with the lowest L1-distance was retained when multiple excerpts originated from the same
song, resulting in 25 unique candidates. Familiarity was then assessed via an online survey with 25
Western children. In the questionnaire, parents were instructed to listen to each of the 25 songs
together with their child and to indicate whether or not the child recognised it. These responses
were used to calculate a familiarity score for each song, defined as the percentage of the 25 children
who recognised it. A final set of eight Western excerpts were determined on the basis of both the L1

distance and the familiarity score, with priority given to the latter. Neither corpus contains lyrics.

Stimulus degradation

All the stimuli from both corpora underwent the same JTFS-based degradation. The
degradation process was applied using Joint Time—Frequency Scattering (JTFS; Andén et al., 2019), a
wavelet-based signal processing method that extracts spectro-temporal modulation profiles—
characterised by rate and scale—from the audio spectrogram by applying wavelet convolutions. This
was followed by modulus operations and local averaging via low-pass filtering. The audio waveform
was initialised at random and then iteratively updated via gradient descent so that its averaged JTFS
coefficients approximated those of the target in terms of Euclidean distance. The size of the local
averaging window is controlled by hyperparameters (see Table 1). By adjusting these parameters,
temporal and spectral information can be selectively degraded to different levels (see Lostanlen &
Han, 2026). Specifically, increasing spectral averaging degrades perceivable pitch information while
preserving temporal structure, whereas increasing temporal averaging retains spectral content but
disrupts rhythmic patterns. JTFS degradation parameters were calibrated in pilot testing with expert
musicologists (n = 2) to produce perceptually comparable disruption across the spectral and

temporal dimensions. Two severity levels per dimension were implemented as two levels are the
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minimum required to compare sensitivity profiles between populations—a flat response in one
group versus a steep response in another reveals differential cue reliance that would be invisible
under a single severity. Finer sampling of severity levels was precluded by per-participant time limits,

particularly under field conditions.

The original stimuli were generated through the same pipeline at the finest resolution:
temporal averaging of 128 samples (=3 ms at 44.1 kHz) and spectral averaging of 1/8 semitone, a
setting near the limits of auditory temporal and frequency resolution. All conditions therefore differ
only in the degree of averaging applied, not in whether they were resynthesized. For spectral
degradation, the moderate condition applied an effective bandwidth of one semitone, while the
severe condition increased this to two semitones. For temporal degradation, the moderate condition
used an averaging window of 4096 samples (=90 ms at 44.1 kHz), while the severe condition
increased this to =190 ms at the same sampling rate. This procedure yielded four degraded versions

of each stimulus (see 10.17605/0SF.I0/RNE6G4).

Table 1

Hyperparameters for JTFS Manipulation on Stimuli.

Degree Dimension Hyperparameter

T 128 samples
0] (3ms)

S 1/8 semitone

T 4096 (90 ms)
D1 .

S 1 semitone

T 8192 (190 ms)
D2

S 2 semitones

Note. This table summarises the three levels of degradation (O, D1, D2) applied to musical excerpts
along the temporal (T) and spectral (S) dimensions. Each condition corresponds to specific
hyperparameter settings: temporal resolution is expressed in number of samples (and approximate
duration in milliseconds), and frequency resolution is expressed in semitone steps. Higher degrees
represent increasingly coarse resolution in both dimensions.

Procedures for replicability across sites

A fieldwork manual, including a written procedure describing software installation,

hardware preparation, task instructions, and participant training, was developed for use in all three
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experiments (see https://osf.io/rne64 for details). Task instructions were translated into the local

languages—Mbendjele, English, and Dutch. J.L. was able to demonstrate the task using a small set of
instruction words and, when needed, were accompanied by a translator who was a native speaker
during the Exp.1 with the BaYaka in the rainforest. To ensure that the same procedures were used
across sites, all experimenters in Exp. 2A and 2B were walked through the procedures by J.L. At both
study sites, the data-collection team included experts familiar with the local culture, social groups,

and musical practices.

Demographic Information

BaYaka participants (N = 34, 19 females, Meanage = 17.1 years, SDqq. = 6.6 years, range= 8-36
years) resided in a traditional BaYaka forest camp (Jang et al., 2019; Veen et al., 2023). Because the
BaYaka community does not keep birth records data were estimated based on inter-birth interval
knowledge from 2014-2024, anchored to known-age individuals from the BaYaka and neighbouring

Mondonge communities (Veen et al., 2023).

Western participants were recruited at the NEMO Science Museum in Amsterdam. Exp. 2A
included 82 participants (48 females, Meangge = 11.5 years, SDqge = 5.7 years, range= 6-38 years). Exp.
2B included 91 participants (56 females, Meanage = 11.0 years, SDqqe = 6.4 years, range= 5-48 years).
Participants were recruited through a combination of direct invitation by the experimenters and self-
selection after encountering study information displayed at the entrance to the experimental room.

Recruitment aimed to approximate the age range sampled in the Rainforest—BaYaka study.

Pre-Registration status

This study was not preregistered because it was conceived and conducted as an exploratory
investigation. To enhance transparency and reproducibility in the absence of preregistration, we will

make the anonymised data and analysis code publicly available.
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Data availability

The anonymized data for all groups, the instructions for running the paradigm and the data
plotted in each figure are provided in the OSF repository associated with the paper:

https://osf.io/rne64.

Code availability

The code for running the experiment and for performing all analyses, including those to
generate all results graphs, is provided in the OSF repository associated with the paper:

https://osf.io/rne64

Data preparation

Of approximately 81 BaYaka residing in the camp at the time of testing, 48 members aged 6—
45 years were invited to participate; those outside this range were unlikely to complete the task
(e.g., unreliable touch responses, or too young to grasp the game mechanics). Of the 48 invited, 34
were retained after excluding 14 participants (5 children <8 years and 9 adults >36 years) who could
not complete the practice phase or whose task behaviour reflected idiosyncratic strategies that did
not engage the cognitive mechanisms under investigation (see Results). Of the 34 retained
participants, 32 completed both rounds. Because Round 1 reflects task acquisition, our primary
analyses (Figs. 3 and 4) are based on these 32 participants (158 games, 4,937 trials); two participants

contributed Round 1 data only (Fig. S1).

Table 2

Frequency of Game Completion Across the Two Participant Groups

Study Total 1 22 23 210
Exp. 1 BaYaka-Familiar 48 34 (71%) 33 (69%) 32 (67%) 30 (63%)
Exp. 2A Western-Unfamiliar 82 82 (100%) 71 (87%) 66 (80%) NA

Exp. 2B Western-Familiar 91 91 (100%) 85 (93%) 78 (86%) NA
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Note. Values are n (%) of participants who completed at least the indicated number of TuneTwins
games. Percentages are calculated relative to the total sample size in each participant group. A
“game completion” refers to clearing one TuneTwins board (a 4 x 4 grid comprising eight pairs)
under a single condition. “NA” indicates that the 210 threshold was not applicable in the museum
groups because sessions were time-limited and designed to yield a smaller number of completed
boards.

The final datasets contain Exp. 1, n = 34, 412 completed games yielding 13,406 trials, i.e.,
individual turns; mean game duration 168 s; all primary analyses (Figs. 3 and 4) are based on Round
2, which was completed by 32 of the 34 participants and comprised 158 games (4,937 trials). See Fig.
S1 for full degradation effect including Round 1 and 2; Exp. 2A, n = 82, 6,202 trials from 223 games;

mean duration 151 s and Exp. 2B, n =91, 5,772 trials from 260 games; mean duration 112 s.

Analysis

We modelled participants’ turn-by-turn card-location choices applying the multinomial
logistic paradigm of Burgoyne (2024). Each turn (flipping a pair of cards to check for a match) is
considered independent given the remaining cards on the board and which cards the participant
already heard. Given the first card flipped each turn, the model defines a propensity score for each
remaining card on the board, reflecting the probability that the player will choose that card as the
second. Cards that the player has never encountered before are the baseline case and receive a
propensity score of 0 by definition. Other propensity scores are determined as random-intercept
models with audio degradation as the sole main effect and independent random effects for player,
stimulus, and card location on the board; these random effects address the pseudo-replication risk
that would otherwise arise from the fact that all players require multiple turns to complete a game,
the confounding risk from possible acoustic idiosyncrasies of individual stimuli, and the adjustments
necessary to remove purely spatial aspects of memory from the main effects of spectro-temporal
degradation. If card i has been heard before and is the correct match, its propensity score 6; is

modelled as:

+) . . .
0; "’ ~ Condition + (1 |Player) + (1| Stimulus) + (1 | Location)
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If card i has been heard before but is not the correct match, its propensity score is modelled

similarly, but with the signs reversed:
) . . .
—0; ° ~ Condition + (1 |Player) + (1| Stimulus) + (1| Location)

Note that although the form of these models is identical, they represent two distinct sets of
coefficients (represent match propensity and mistake avoidance, respectively). Given the full set of
propensity scores over all cards available to choose on a turn, the modelled probability of choosing

each card is:

We implemented the model in the Stan (Stan Development Team, 2017) with
Normal(1.5,0.75) priors on the main effects, Exponential(5) priors on the standard deviation of
the random effects, and LK]J(2) priors on the correlation between matching-propensity and mistake-
avoidance effects. For each experiment, we sampled from the posterior by running four
independent Markov chains with Stan’s default No-U-Turn Sampler (NUTS), each comprising 1,000
warm-up and 1,000 sampling iterations. Three models (Exp. 1 Round 1, Round 2, Exp. 2A) showed
strong evidence of convergence: no divergent transitions, maximum R 1.007, and minimum bulk
and tail effective sample sizes (ESS) 826 and 642, respectively. For Exp. 2B, the posterior proved to
be more difficult to sample, and we needed to extend the sampling to 2,000 warm-up iterations.
With this longer run, there were still 5 divergent transitions total across the four chains (0.012% of
post-warm-up draws), but otherwise, convergence statistics were good. Maximum R was
1.009, minimum bulk and tail ESS were 436 and 266. Across all experiments and rounds,

approximate leave-one-out cross validation showed good model fit, with all Pareto k values < 0.7.



Auditory Cue-weighting in Forest-Foragers and Western Listeners 35

Acknowledgements

We sincerely thank P. Jouyan for carefully selecting high-quality music segments from
extensive fieldwork recordings from previous fieldwork. We thank M. Weevers, M. Kaya, and S.
Wesselingh for their dedicated assistance in conducting the experiments at the NEMO Science
Museum. We are grateful to R. Boudewijn, R. Heijeler for their logistical support. We also extend our
appreciation to B. Janssen, E. Rot, D. Roor, and A. Janulevicius from the Music Cognition Group

(MCG)’s MUSCLE team, for supporting related software development.

We are grateful for S. Pope-Caldwell and Dr. J. Lewis for providing insights into BaYaka
culture, and Dr. Simha Arom for providing his expertise in BaYaka polyrhythmic and polyphonic

music.

We extend our gratitude to Prof. Dr. V. Mamonekene from the Institut National de
Recherche en Sciences Exactes et Naturelles, for granting permission to conduct our studies. We
thank V. Ittoua from the University of Marien Ngouabi and the Eaux et Foréts for logistical assistance
throughout the trip. We appreciate the support of J. Liu, and C. Halle from logging company STC in
the town of Thanry for generous logistical and material support. We thank M.G. Dzabatou and M.
Dzabatou in Macao for Mbendjele translations and local logistical support, as well as facilitating the

communication between us and the BaYaka.

Finally, we express our deepest gratitude to the BaYaka Mbendjele people, for welcoming us
and allowing us to accompany them on their daily subsistence expeditions, for their generosity in

sharing their musical traditions and for participation in this research.



Auditory Cue-weighting in Forest-Foragers and Western Listeners 36

Funding

H. Honing and J. Li were supported by the Dutch Research Council (NWO) as part of the
project Unravelling Our Capacity for Music (Grant No. 406.20.CW.002). K. Janmaat received funding
from the Templeton World Charity Foundation (Grant No. TWCF-2022-30064). M. van der Vlist and

F. van Schaik were supported by the University of Amsterdam’s Amsterdam University Fund (AUF).

Author Contributions

Conceptualization: J.L., D.J.B., J.LA.B., M..S,, K.J. and He.H. Data curation: J.L., J.A.B. and N.H.
Formal analysis: J.L., J.A.B. and N.H. Funding acquisition: K.J. and He.H. Investigation: J.L., C.v.B.,
M.S., M.M.C.v.d.V,, F.T.M.v.S. and K.J. Methodology: J.L., D.J.B., J.LA.B., V.L., M.S., M.M.C.v.d.V., K.J.
and He.H. Project administration: J.L., D.J.B., M.S., K.J. and He.H. Resources: J.L., C.v.B., J.A.B., Ha.H,,
V.L.,, M.S., K.J. and He.H. Software: J.L., D.J.B., J.A.B., Ha.H. and V.L. Supervision: J.A.B., K.J. and He.H.
Validation: J.L. and J.A.B. Visualization: J.L., J.A.B., N.H. and He.H. Writing — original draft: J.L. Writing

—review and editing: J.L., J.A.B., V.L.,, M.S., M.M.C.v.d.V., K.J. and He.H.



Auditory Cue-weighting in Forest-Foragers and Western Listeners 37

References

Albouy, P., Benjamin, L., Morillon, B., & Zatorre, R. J. (2020). Distinct sensitivity to spectrotemporal
modulation supports brain asymmetry for speech and melody. Science. (world).
https://doi.org/10.1126/science.aaz3468

Albouy, P., Mehr, S. A,, Hoyer, R. S., Ginzburg, J., Du, Y., & Zatorre, R. J. (2024). Spectro-temporal
acoustical markers differentiate speech from song across cultures. Nature Communications,
15(1), 4835. https://doi.org/10.1038/s41467-024-49040-3

Andén, J., Lostanlen, V., & Mallat, S. (2019). Joint Time—Frequency Scattering. IEEE Transactions on
Signal Processing, 67(14), 3704-3718. https://doi.org/10.1109/TSP.2019.2918992

Arom, S. (1991). African Polyphony and Polyrhythm: Musical Structure and Methodology (M. Thom,
B. Tuckett, & R. Boyd, Trans.). Cambridge University Press.
https://doi.org/10.1017/CB09780511518317

Bombjakova, D. (2018). The Role of Public Speaking, Ridicule, and Play in Cultural Transmission
among Mbendjele BaYaka Forest Hunter-gatherers (dissertation/doctoral thesis. University
College London. https://discovery.ucl.ac.uk/id/eprint/10043002/

Boyette, A. H. (2016). Children’s Play and Culture Learning in an Egalitarian Foraging Society. Child
Development, 87(3), 759-769. https://doi.org/10.1111/cdev.12496

Bruno, D., Pope-Caldwell, S. M., Haberl, K., Hanus, D., Haun, D., & Leisterer-Peoples, S. (2022).
Ethical guidelines for good practice in cross-cultural research. Department of Comparative
Cultural Psychology, Max Planck Institute for evolutionary anthropology.
https://doi.org/10.17617/2.3391449

Burgoyne, J. A. (2024). A Rasch Model for Matching Pairs [Unpublished manuscript].

Chittar, C. R,, Jang, H., Samuni, L., Lewis, J., Honing, H., Loon, E. E., & Janmaat, K. R. L. (2023). Music
production and its role in coalition signaling during foraging contexts in a hunter-gatherer

society. Frontiers in Psychology. https://doi.org/10.3389/fpsyg.2023.1218394



Auditory Cue-weighting in Forest-Foragers and Western Listeners 38

Deci, E. L., & Ryan, R. M. (1985). Conceptualizations of Intrinsic Motivation and Self-Determination.
In E. L. Deci & R. M. Ryan (Eds), Intrinsic Motivation and Self-Determination in Human
Behavior (pp. 11-40). Springer US. https://doi.org/10.1007/978-1-4899-2271-7 2

Gingras, B., Marin, M. M., & Fitch, W. T. (2014). Beyond intensity: Spectral features effectively
predict music-induced subjective arousal. Quarterly Journal of Experimental Psychology,
67(7), 1428-1446. https://doi.org/10.1080/17470218.2013.863954

Hannon, E. E., Soley, G., & Ullal, S. (2012). Familiarity overrides complexity in rhythm perception: A
cross-cultural comparison of American and Turkish listeners. Journal of Experimental
Psychology. Human Perception and Performance, 38(3), 543-548.
https://doi.org/10.1037/a0027225

Hannon, E. E., & Trehub, S. E. (2005). Metrical Categories in Infancy and Adulthood. Psychological
Science, 16(1), 48-55. https://doi.org/10.1111/j.0956-7976.2005.00779.x

Henrich, J., Heine, S. J., & Norenzayan, A. (2010). The weirdest people in the world? Behavioral And
Brain Sciences, 33(2-3), 61-83. https://doi.org/10.1017/s0140525x0999152x

Honing, H. (2018). On the biological basis of musicality. Annals of the New York Academy of Sciences,
1423(1), 51-56. https://doi.org/10.1111/nyas.13638

Jacoby, N., Margulis, E. H., Clayton, M., Hannon, E., Honing, H., Iversen, J., Klein, T. R., Mehr, S. A,,
Pearson, L., Peretz, I., Perlman, M., Polak, R., Ravignani, A., Savage, P. E., Steingo, G.,
Stevens, C. J., Trainor, L., Trehub, S., Veal, M., & Wald-Fuhrmann, M. (2020). Cross-Cultural
Work in Music Cognition. Music Perception, 37(3), 185-195.
https://doi.org/10.1525/mp.2020.37.3.185

Jacoby, N., Polak, R., Grahn, J. A., Cameron, D. J., Lee, K. M., Godoy, R., Undurraga, E. A., Huanca, T.,
Thalwitzer, T., Doumbia, N., Goldberg, D., Margulis, E. H., Wong, P. C. M., Jure, L., Rocamora,
M., Fuijii, S., Savage, P. E., Ajimi, J., Konno, R., ... McDermott, J. H. (2024). Commonality and

variation in mental representations of music revealed by a cross-cultural comparison of



Auditory Cue-weighting in Forest-Foragers and Western Listeners 39

rhythm priors in 15 countries. Nature Human Behaviour, 8(5), 846—877.
https://doi.org/10.1038/s41562-023-01800-9

Jang, H., Boesch, C., Mundry, R., Kandza, V., & Janmaat, K. R. L. (2019). Sun, age and test location
affect spatial orientation in human foragers in rainforests. Proceedings of the Royal Society
B: Biological Sciences, 286(1907), 20190934. https://doi.org/10.1098/rspb.2019.0934

Jouyan, P. (2024). Fragments of songs familiar to the BaYaka [Internship report]. University of
Amsterdam.

Kitanishi, K. (1995). Seasonal changes in the subsistence activities and food intake of the aka hunter-
gatherers in Northeastern Congo. Afr. Study Monogr, 16, 73—-118.

Krumhansl, C. L. (2000). Rhythm and pitch in music cognition. Psychological Bulletin, 126(1), 159—
179. https://doi.org/10.1037/0033-2909.126.1.159

Krumhansl, C. L. (2010). Plink: “Thin Slices” of Music. Music Perception An Interdisciplinary Journal,
27(5), 337-354. https://doi.org/10.1525/mp.2010.27.5.337

Lahdelma, I., Athanasopoulos, G., & Eerola, T. (2021). Sweetness is in the ear of the beholder: Chord
preference across United Kingdom and Pakistani listeners. Annals of the New York Academy
of Sciences, 1502(1), 72—84. https://doi.org/10.1111/nyas.14655

Large, E. W., & Jones, M. R. (1999). The dynamics of attending: How people track time-varying
events. Psychological Review, 106(1), 119-159. https://doi.org/10.1037/0033-
295X.106.1.119

Lewis, J. (2013). A cross-cultural perspective on the significance of music and dance to culture and
society: Insight from BaYaka Pygmies (M. Language & Brain, Eds; pp. 45-65).

Lewis, J. (2014). Pygmy hunter-gatherer egalitarian social organization: The case of the Mbendjele
BaYaka. (pp. 219-244.).

Lewis, J. (2016). Play, Music, and Taboo in the Reproduction of an Egalitarian Society. In H.

Terashima & B. S. Hewlett (Eds), Social Learning and Innovation in Contemporary Hunter-



Auditory Cue-weighting in Forest-Foragers and Western Listeners 40

Gatherers: Evolutionary and Ethnographic Perspectives (pp. 147—-158). Springer Japan.
https://doi.org/10.1007/978-4-431-55997-9 12

Li, J., Baker, D. J., Burgoyne, J. A., & Honing, H. (2023). Is pitch information indispensable for music
recognition? A pilot study based on a musical matching pairs game. E-Proceedings of
ICMPC17-ASCOM7, 65-71. https://hdl.handle.net/11245.1/a765dc1c-8543-4909-8ebd-
e0a28995blle

Li, J., Baker, D. J., Burgoyne, J. A., & Honing, H. (in press). TuneTwins: An Intrinsically Motivating
Game Paradigm for Scalable Music Cognition Research. Music Perception.

Lostanlen, V., & Han, H. (2026). Musical Metamerism with Time—Frequency Scattering
(arXiv:2602.11896). arXiv. https://doi.org/10.48550/arXiv.2602.11896

Martin, K., McLeod, E., Périard, J., Rattray, B., Keegan, R., & Pyne, D. B. (2019). The Impact of
Environmental Stress on Cognitive Performance: A Systematic Review. Human Factors, 61(8),
1205-1246. https://doi.org/10.1177/0018720819839817

McDermott, J. H., Schultz, A. F., Undurraga, E. A., & Godoy, R. A. (2016). Indifference to dissonance
in native Amazonians reveals cultural variation in music perception. Nature, 535(7613), 547—-
550. https://doi.org/10.1038/nature18635

Monahan, C. B., & Carterette, E. C. (1985). Pitch and Duration as Determinants of Musical Space.
Music Perception, 3(1), 1-32. https://doi.org/10.2307/40285320

Pearce, M. T. (2018). Statistical learning and probabilistic prediction in music cognition: Mechanisms
of stylistic enculturation. Annals of the New York Academy of Sciences, 1423(1), 378—395.
https://doi.org/10.1111/nyas.13654

Peretz, |., & Zatorre, R. J. (2005). Brain Organization for Music Processing. Annual Review of
Psychology, 56(1), 89—114. https://doi.org/10.1146/annurev.psych.56.091103.070225

Prince, J. B. (2014). Contributions of pitch contour, tonality, rhythm, and meter to melodic similarity.
Journal of Experimental Psychology: Human Perception and Performance, 40(6), 2319-2337.

https://doi.org/10.1037/a0038010



Auditory Cue-weighting in Forest-Foragers and Western Listeners 41

Prince, J. B., & Pfordresher, P. Q. (2012). The role of pitch and temporal diversity in the perception
and production of musical sequences. Acta Psychologica, 141(2), 184-198.
https://doi.org/10.1016/j.actpsy.2012.07.013

Ryan, R. M., & Deci, E. L. (2000). Intrinsic and Extrinsic Motivations: Classic Definitions and New
Directions. Contemporary Educational Psychology, 25(1), 54—-67.
https://doi.org/10.1006/ceps.1999.1020

Stan Development Team. (2017). Stan: A Probabilistic Programming Language. Journal of Statistical
Software, 76, 1-32. https://doi.org/10.18637/jss.v076.i01

Thompson, W. F. (2015). Music, Thought, and Feeling: Understanding the Psychology of Music.
Oxford University Press.

van der Vlist, M. M. C,, Li, J., Van Schaik, F. T. M., Mundry, R., Honing, H., & Janmaat, K. R. L. (2026).
Credible Signaling through Sound — the Role of Timbre in Music Recognition in Young BaYaka
Foragers. PsyArXiv. https://doi.org/10.31234/osf.io/2p7ex_v2

Veen, J., Jang, H., Raubenheimer, D., Pinxteren, B. O. C. M., Kandza, V., Meirmans, P. G., Dam, N. M.,
Dunker, S., Hoffmann, P., Worrich, A., & Janmaat, K. R. L. (2023). Development of embodied
capital: Diet composition, foraging skills, and botanical knowledge of forager children in the
Congo Basin. Frontiers in Ecology And Evolution, 11.
https://doi.org/10.3389/fevo.2023.935987

Vuust, P., Heggli, O. A,, Friston, K. J., & Kringelbach, M. L. (2022). Music in the brain. Nature Reviews
Neuroscience, 23(5), 287-305. https://doi.org/10.1038/s41583-022-00578-5

Zwick, U., & Paterson, M. S. (1993). The memory game. Theoretical Computer Science, 110(1), 169—

196. https://doi.org/10.1016/0304-3975(93)90355-W



Auditory Cue-weighting in Forest-Foragers and Western Listeners 42

Supplementary

Figure S1

Effects of Spectral and Temporal Degradation on Match Propensity Across Corpora

BaYaka listener BaYaka listener Western listener Western listener
Familiar BaYaka music Familiar BaYaka music Unfamiliar BaYaka music Familiar Western music
(Exp. 1, Round 1) (Exp. 1, Round 2) (Exp. 2A) (Exp. 2B)
T

0.25 A B (o] D
o,on—-.*'—'—'—'—'.—.—— —-—.'-'-7. —————————— L R el R Rl I~_—_—_—_————+ ——————————————— F R

Spectral degradation
Change in match propensity
(log-odds, )

Temporal degradation
Change in match propensity
(log-odds, B)

o TD1 TD2 o TD1 TD2 o TD1 TD2 o D1 TD2
Degradation level Degradation level Degradation level Degradation level



