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Credible Signaling through Sound – the Role of Timbre in Music 

Recognition in Young BaYaka Foragers 

This study explored perceptual sensitivity to spectral and temporal acoustic 

features in music recognition among BaYaka hunter-gatherer children. Using an 

interactive, non-competitive game (Move to Match), we tested song recognition 

under various forms of audio degradation to identify which musical dimensions 

are crucial for recognizing familiar songs. BaYaka children demonstrated robust 

recognition of songs across unaltered, spectrally degraded, and temporally 

degraded versions, highlighting sensitivity to multiple acoustic dimensions. We 

suggest that songs may be recognized despite degradations because of spectral 

contour processing, rather than pitch and rhythm cues alone. Moreover, 

recognition performance decreased for duration-degraded songs (“plinks”), as the 

brevity constrains the cues available to listeners. However, song identification of 

(spectrally degraded) plinks far exceeded chance levels and outperformed 

Western adults performing similar tasks. This suggests that onset-transients and 

spectral shape, contributing to timbre perception, might serve as reliable markers 

for identifying musical sounds. We discuss the possibility that music cognition 

evolved for reasons beyond social bonding to support identification of personal 

contributions within musical exchanges through timbre, which may hold 

importance in cooperative contexts. As one of the first experimental studies of 

music perception in hunter-gatherers, this work demonstrates the potential of 

culturally adapted methods for future cross-cultural research. 

Keywords: evolutionary anthropology, music cognition, BaYaka, hunter-gatherer, non-

competitive game, perception 

Introduction 

The Homo sapiens has a unique, universal predisposition for music (Honing, 2021b). 

Even those of us who lack the ability to play any instrument or entrain to a beat, remain 

able to perceive and enjoy music (Levitin, 2012; Margulis, 2019; Rentfrow & Levitin, 

2019; Thompson, 2014; Trehub et al., 2019). This capacity, referred to as musicality, is 

defined as a natural and “spontaneous developing set of traits based on and constrained 



 

by our cognitive abilities and their underlying biology” (Honing, 2018a). Music, as a 

social and cultural construct, is built upon this foundation of musicality. While the 

distinction between music and musicality may seem trivial, it forms a critical basis for 

the research framework on the origins of musicality (Patel, 2023). 

 

Bonding and Signaling 

Presently, the leading theories on the evolutionary origin of musicality draw on the 

establishment of social cohesion as an evolutionary function of music (Chittar et al., 

2023; Mehr et al., 2021; Savage et al., 2021; Tianyan, 2015; Trainor, 2015). Yet, the 

extent to which this purpose of eliciting social cohesion is fulfilled is under debate (for a 

comprehensive overview of these debates, see Honing and Cornelissen (2023); see also 

Bowling, Hoeschele & Dunn, 2021; Honing, 2021c; Merker, 2021; Popescu, Oesch & 

Buck, 2021 for details).   

One of the leading theories on the evolutionary origin of music is the Social Bonding 

Hypothesis (SBH). The SBH states that musicality enabled social bonding more 

extensively than only grooming, play, or laughter did in our ancestral primate societies, 

making musicality a naturally selected trait (Savage et al., 2021). It is argued that 

stronger social bonds are formed through empathy evoking mechanisms that arise from 

joint music-making. More specifically, Mehr et al. (2021) proposed the Credible 

Signaling Hypothesis (CSH), arguing that musicality evolved as a way to signal 

coalition strength and parental attention to infants. Coalition Signaling is proposed as 

part of the CSH (Mehr et al. 2021) and is supported, in part, with empirical evidence by 

Chittar et al. (2023), suggesting that music originated to signal conflict-free alliances. 

 



 

Pitch and rhythm 

The SBH and CSH both identify synchronization (also referred to as entrainment; 

Clayton, 2012; Levitin, 2018) in music as a central mechanism for fostering social 

bonding. While emphasizing rhythm over pitch, both theories acknowledge the role of 

music in synchronizing group behavior (Mehr et al., 2021; Savage et al., 2021). The 

SBH highlights the use of predictable yet variable musical sequences to enable 

synchronous music-making, strengthening social bonds (Savage et al., 2021). 

Conversely, The CSH focuses on rhythm as a tool for coordinated group performance, 

with successful music-making and dancing signaling cooperative intent (Mehr et al., 

2021). Both the SBH and CSH posit that coordinated rhythmic displays evolved as a 

system for social bonding or signaling coalition strength, while the SBH also recognizes 

that pitch (spectral) synchronization enhances shared musical experiences (Savage et 

al., 2021). 

Although rhythmic and pitch (spectral) dimensions of music are emphasized differently, 

they operate on distinct acoustic dimensions. Rhythm perception aligns with temporal 

processing, while pitch perception involves frequency-based information (Gordon et al., 

2015; Plack & Oxenham, 2005). These dimensions are processed independently in the 

brain (Bonnel et al., 2001; Deutsch, 1972; Peretz & Kolinsky, 1993), with lateralization 

for temporal and spectral aspects (Albouy et al., 2020; Zatorre & Belin, 2001). Humans 

appear to be most sensitive to spectral information for the memory of songs 

(Schellenberg & Habashi, 2015) and recognizing melodies (Albouy et al., 2020; 2024). 

This challenges the SBH and CSH, which prioritize rhythm’s role in human evolution. 

Furthermore, these earlier findings are limited to WEIRD (Western, Educated, 

Industrialized, Rich, Democratic) populations and therefore cannot fully represent the 

breadth of the phenotype in the human species (Barrett, 2020). Hence, this raises the 



 

question of how universal these findings are, which broader research across diverse 

cultures might offer an answer to. 

 

Timbre 

Timbre—another perceptual dimension of music besides rhythm and pitch (Kraus et al., 

2009)—is largely absent from debates about music’s evolutionary origins (Honing, 

2023), despite its significance. This oversight may be due to the technical challenges of 

studying timbre or the historical focus on pitch and rhythm in Western music traditions. 

Timbre encompasses all characteristics distinguishing sounds of the same pitch, rhythm, 

and duration (McAdams, 2013; Moore, 1997) and aids auditory scene analysis, enabling 

listeners to identify unique characteristics of sounds (Bregman, 1990). Timbre arises 

from the interaction of frequency and temporal dimensions (Kraus et al., 2009), often 

described by 1) the spectral envelope (SE)—the distribution of energy across 

frequencies (McAdams & Giordano, 2009)—and 2) the spectral contour (SC), which 

are the sound’s attack and decay patterns or how the SE changes across time (ten Cate 

& Honing, 2025). Since SC describes the dynamic development of SE over time, it 

inherently depends on the spectral envelope as its foundation. Spectral contour (SC) can 

be used to distinguish, for example, the sound of a guitar from that of a flute, or 

different vowel sounds in speech (Ten Cate & Honing, 2025), and thus enables sound 

source identification (Grey, 1977). Songbirds have been suggested to mainly attend to 

SE rather than pitch (Bregman et al., 2016, Ning et al., 2024, Templeton, 2016). 

Moreover, both SC and SE have been argued to be of communicative significance 

among multiple mammal and bird species (ten Cate & Honing, 2025).  

Embedded in spectral contour is amplitude modulation, which is the temporal pattern of 

dynamic shifts in amplitude, forming perceived volume and stress (Goswami, 2019). 



 

While amplitude modulation is the term used in the acoustical domain, amplitude 

envelope processing (AEP) is the corresponding term used in perception research. AEP 

refers to the perceptual processing of amplitude modulation, reflecting how listeners 

encode and utilize amplitude envelope information–a fundamental perceptual cue for 

auditory recognition and processing of music (Chang et al., 2024; Goswami, 2019; 

Kraus et al., 2009). AEP progresses with age as younger children exhibit reduced 

amplitude modulation sensitivity compared to adults, with substantial maturation 

occurring between the ages of 11 and 14 (Peng & Easwar, 2024), reflecting the gradual 

refinement of amplitude envelope processing.  

In addition to rhythm and pitch, timbre may also play an important, though less well-

theorized, role in the evolution of music cognition. As an acoustic feature crucial for 

identifying individual sound sources, timbre supports social functions such as individual 

recognition and auditory scene analysis (Bregman, 1990; Ashley, 2021). Early 

developmental evidence suggests humans are particularly sensitive to timbral cues, 

which facilitate recognition of individual voices (Creel, 2015) and emotional 

communication between mothers and infants (Malloch, 2000; 2004).  

In the context of the Credible Signaling Hypothesis (CSH), the spectral properties of 

timbre may act as reliable signals of cooperative intent, as individual contributions 

might be recognized through timbre processing. In such a context, the ability to 

recognize the signaler is crucial for identifying cooperative allies (Mehr et al., 2021), 

especially in low-visibility environments, such as dense rainforest or nighttime settings, 

where visual monitoring is limited (Janmaat et al., 2013). If musicality indeed served as 

a supplement to grooming to foster social cohesion and bonding necessary for 

cooperation (Dunbar, 2023), this system can only function effectively if the contributors 

can be identified. While speculative, the idea that timbre perception aids in tracking 



 

individual contributions aligns with broader theories of music’s role in maintaining 

group cohesion and warrants further exploration. 

 

BaYaka 

WEIRD people, comprising only 12% of the global population (Azar, 2010), are 

currently still the primary population studied in music cognition research, but do not 

portray the variation of human cognitive phenotypes (Henrich et al., 2010; Barrett, 

2020). To develop a comprehensive understanding of musicality and its evolutionary 

origins, it is essential to conduct studies across a broader range of human populations. 

One non-WEIRD culture known for its affiliation with music is the BaYaka Mbendjele 

(hereafter: BaYaka), a hunter-gatherer community of forest foragers located in the 

Republic of Congo (Chittar et al. 2023; Lewis, 2013). By participating in complex, 

multi-layered musical activities from a young age, such as drumming, singing in 

harmony, water scooping, and spirit dances, music is woven into their daily life (Lewis, 

2002). While many societies place significant emphasis on language as a central aspect 

of cultural identity (Duranti, 1997), among the BaYaka, “music is more central to 

culture than language” (Lewis, 2002), which might strengthen their social bonds and 

reinforce cooperative group dynamics. This prioritization of musical expression over 

spoken language makes the BaYaka society a compelling research focus for exploring 

their perceptual abilities of music.  

Additionally, contemporary hunter-gatherer populations provide unique opportunities to 

study human cognition and behavior within an evolutionary framework (Marlowe, 

2005; Jang et al., 2019). Although these cultures do not live in an exact replicate of our 

environment of evolutionary adaptedness and have undergone levels of modernization 

and globalization, they do offer a ‘window into the past’ as hunter-gatherers face 



 

several similar challenges from their environment as our human ancestors (Buss, 2005; 

Hawkes, O’Connell & Rogers, 1997; Kelly, 2013). The research value of studying these 

populations is heightened by ongoing sociocultural change, as Levinson (2012) 

confronts us: “It is moreover a laboratory that is fast being eroded by globalization, so 

we may be the last generation that has the wealth of material so readily in hand”. 

Notably, this study is part of a series of studies (cf. Li et al., in prep.; Honing, 2023) that 

explore music cognition within a hunter-gatherer population, marking an essential step 

toward understanding the role of music in human evolution. 

The BaYaka’s rich musical traditions and reliance on communal music-making offer a 

rare opportunity to study music cognition in a context that closely parallels ancestral 

environments. By investigating their sensitivity to pitch, rhythm, and timbre, this study 

seeks to address the cultural biases inherent in WEIRD samples and contribute to a 

more inclusive understanding of musical evolution and perception. This study emerged 

as an alternative trajectory besides the main research design reported in Li et al. (in 

prep.). Several experienced anthropological researchers had expressed concern that the 

original design of Li et al. (in prep.) might not match the BaYaka’s non-competitive 

lifestyle and exceed the cognitive demands appropriate for participants unfamiliar with 

touchscreen tablets used in the study. This caution motivated the creation of this 

alternative study including a game played with multiple children simultaneously in a 

collaborative and outside forest setting without needing to use tablets.  

 

Research design 

This study employed a culturally adapted field-based experiment to investigate the 

musical recognition abilities of BaYaka living in the rainforest of Congo-Brazzaville. 



 

For practical reasons related to children’s eagerness to participate in experimental 

games and their larger proportion of ’free time’, we studied children and a few 

adolescents (hereafter: “children”). To study the musical perception of the children, we 

designed a motivating non-competitive game named ‘Move to Match’ in which children 

work together in a group. We assessed their ability to recognize songs degraded along 

either the spectral or temporal dimension to investigate their sensitivity for these 

musical dimensions.  

We tested children’s sensitivity to the spectral (pitch and timbral) and temporal 

(rhythmic and durational) information of music by presenting songs in various degraded 

forms: rhythm-altered, pitch-altered and duration-altered. We predicted that these 

degradations would affect the children’s ability to recognize songs, consistent with the 

view that these information dimensions contribute independently to musical perception. 

However, our predictions on the strength with which the degradation of each 

information type would affect the children’s sensitivity were exploratory as this type of 

research is novel in the study population.  

By exploring sensitivity to these components of music, we aim to provide insights into 

how important they are in music cognition and their evolution. Besides, this study aims 

to explore how timbre might be used as a credible signal during shared musical 

experiences, which could strengthen social connections, as suggested by the Credible 

Signaling Hypothesis (CSH).  

 
 



 

Methods 

Participants 

The study site was located in the rainforest of Congo-Brazzaville (2° 28 N, 17° 26 E) 

near the village of Djoubé at the Motabo River in the Likoula department, an 

established study site by the director of the Mbendjele Foraging Project, Karline 

Janmaat (Jang et al., 2019). Here, multiple BaYaka communities live in a semi-nomadic 

lifestyle. The BaYaka are also referred to as “Aka”, “Baaka”, “Baka” and “Mbendjele” 

people (Bombjoková, 2018; Chittar et al. 2023; Kitanishi, 1955; Jang et al., 2019). The 

study took place over a span of 4 weeks in June 2024. Data were collected in an old-

growth open rainforest area dominated by Gibertiondendron dewevri trees, at thirty-

minute walking distance outside the BaYaka forest camp. 

 Since the BaYaka community does not keep birth records nor keep track of their 

age using a calendar, we estimated the ages using BaYaka or Mondonge, another ethnic 

group living in the area, of whom the ages were exactly known, as anchor points and 

knowledge on inter-birth intervals (in situ Veen et al. (2023)). Most birth intervals were 

already estimated in earlier studies from 2014 to 2019 (Jang et al., 2019) and checked 

with family members during the current study. In total, 20 children or adolescents 

(estimated mean age = 13.3 years, range = 8–20, 11 females, 9 males) (hereafter: 

children) took part in the ‘Move to Match’ game. All children and their caregivers 

provided audio recorded oral and written consent. Refer to the appendix for full 

description of ethics. 

 

Ethics 

All children participated in the study voluntarily and were informed that they had the 



 

right to withdraw at any moment. Data were first stored on a laptop with a password and 

then moved to a secured cloud, ‘Research Drive’, requiring two-factor authentication. 

Information about the study was provided verbally to the participants and the 

community in their local language (Mbendjele Yaka), which was translated by M.G. 

Dzabatou and his son M. Dzabatou. By verbally saying “I like to join” as an alternative 

to “I refuse to join,” children provided consent, which was audio recorded. Parents or 

relevant caretakers were also asked for consent for the children to partake in the study 

orally, which was audio recorded. In addition, written consent was given after reading 

out the information letter and consent form.  

The time that children lost by participating in the experiment which they could have 

used for foraging, was compensated with a meal in between the two sessions of the 

experiment. Moreover, at night, families of the children who participated were 

provisioned with a meal to compensate for the further lost foraging time.  

Besides, any song that potentially included the voice of a deceased tribe member was 

excluded from the stimulus set. During the data collection period, the researchers 

maintained a healthy relationship with the tribe and adhered to the ethical guidelines for 

‘good practice’ in hunter-gatherer research as described by Bruno et al. (2022).  

The study had been approved by the Ethics Committee of the Faculty of Humanities 

department at the University of Amsterdam under the code FGW-1694_2023. 

Moreover, the study was reviewed and approved by the Institut National de Recherche 

en Sciences Exactes et Naturelles (IRSEN) and the Ministère de l’Enseignement 

Superieur de la Recherche Scientifique et de l’Innovation Technologique in the 

Republic of Congo, which granted us a research permit (under code 0108 

MESRSIT/IRSEN/DG) to study the BaYaka Mbendjele in their living environment.  



 

Experimental design 

Move to Match was developed based on the framework of TuneTwins—a musical 

matching pairs game developed to study music cognition in cross-cultural settings (Li et 

al., 2025). The game was designed as a non-competitive game where the children could 

share part of the rewards and tested in a pilot study with Dutch children. Competitive 

games are rare in BaYaka society and occur less frequently compared to nearby modern 

communities (Boyette, 2016), therefore the design of Move to Match was aligned with 

the cultural core values of egalitarian societies (Lewis, 2002; Woodburn, 1982). The 

non-competitiveness aspect of the game induced the elders of the BaYaka tribe to value 

our study, which they communicated to the researchers verbally during the research 

period. 

Behavioral data collected through the form of games (Honing, 2021c; Long et al., 2023) 

grants multiple methodological advantages compared to traditional data collection 

modes. Firstly, data generated by gamified experiments evoke participant’s intrinsic 

motivation to play and participate (Long et al., 2023; Ryan & Deci, 2000; Treiblmaier 

& Putz, 2020). Furthermore, games that are played in groups, especially in a 

collaborative rather than competitive setting lead to better engagement and higher 

intrinsic motivation to play the game (Carr & Walton, 2014; Marker & Staiano, 2015). 

When a game incites participant’s intrinsic motivation it produces higher quality data 

compared to experiments that rely on external motivation, improving the reliability of 

data (Ryan & Deci, 2000).  

Recent research supports the appeal and effectiveness of cooperative and non-

competitive games, particularly among children in WEIRD societies. Studies have 

shown that cooperative board games lead to more prosocial behavior and enjoyment in 



 

preschoolers compared to competitive ones, regardless of outcomes (Eriksson et al., 

2021) and that cooperative physical games increase perceived enjoyment, competence, 

and social connectedness in educational settings (Engels & Freund, 2020). Broader 

analyses suggest a shift in both research and design focus toward collaboration and 

shared goals in games rather than competition (Sedano et al., 2013). Also, Survey 

findings further reflect this trend, showing that playing videogames with friends is more 

enjoyable when playing a cooperative game rather than a competitive game, irrespective 

of age or gender (Embaugh, 2016). Moreover, implementing a music game provides 

intrinsic motivation by allowing listeners to listen to music (Honing, 2021a, Honing, 

2021c). Furthermore, in comparison with traditional learning tasks, a gamified 

experiment generally requires less cognitive ‘load’ to understand the task (Domínguez 

et al., 2013) because there is clear and immediate feedback through action-based 

learning and intuitive game rules, reducing the need for extensive verbal instruction. 

This minimization of cognitive and physical demands in gamified experiments lowers 

the barriers for participation (Gibson, 2014), making this paradigm ideal for a multitude 

of cultures, including the BaYaka, as it requires less language and formal education.  

Because we had eight music excerpts, Move to Match was played with eight children 

simultaneously (and once with seven children), providing each child with a unique 

song. For each test day, we recruited eight children, each of whom was randomly 

assigned their own personal song by getting a sound tile (Figure 2). As there were eight 

songs, the children had a 12.5% chance level to identify their personal song by random 

chance. Personal songs were randomly rotated among the participants in subsequent 

game sessions (see experimental workflow in Figure 1). The children had around one 

minute to listen to their song as many times as they desired to memorize the song. 

Initially, each child could relisten to their song after each trial. However, to avoid a 



 

suspected ceiling effect in their recognition performance during the experiment and 

investigate the influence of memory on recognition performance, this workflow was 

changed halfway through our experiment. We stopped giving them an opportunity to 

listen as often as they liked after each trial and introduced the condition that children 

could only listen to their song multiple times before the game session of around 30 trials 

started. This was implemented after six of the total of 15 testing days (see Table 2) 

Before a trial started, the researcher demonstrated how children should provide their 

answers. The researcher said: “If it is the same, you all do ….” (Mbendjele: “We de 

denge moti, buni ke …”), and raised their arms (Figure 1B). Then, the researcher said: 

“If it is different, you all do …” (Mbendjele: “We de ǩakpi, buni ke …”) and did a 

playful dance or a pose, to keep the game engaging. Raising arms for the ‘no’ pose was 

avoided to prevent the ‘no’ pose from being mixed up with the ‘yes’ pose. In fact, 

BaYaka people are known to like to mimic new movements of others, inducing laughter 

(Bombjaková, 2018), and motor mimicry was even described as having adaptive value 

(Prochazkova & Kret, 2017). Therefore, performing a playful dance engaged the 

children effectively and was attuned to the local culture.  

Afterwards, a second researcher who was about to play the test song, captured the 

children’s attention by saying: “Listen!” (Mbendjele: Oka!). The researcher then played 

the test song. Directly after, the researchers counted down in Mbendjele language: “3, 2, 

1, go!” (Mbendjele: “moti, baba, bosato, badwe!”), and the children did a pose or dance 

to show their answer. By counting down and timing the response, the children 

performed their pose in unison. If one of the children correctly identified the test song 

as their personal song, they received verbal encouragement and one M&M, a brightly 

colored, chocolate covered peanut, to reward merit that could be immediately 

consumed. In addition, we gave either a temporary tattoo or necklace bead which the 



 

children were asked to put it in a communal bowl to share it among themselves at the 

end of the session, contributing to the non-competitive nature of the game. Since Move 

to Match induced collaboration and not competition, children were motivated to play 

without creating a fight, jealousy or inequality, which is crucial for an egalitarian 

society (Lewis, 2002; Woodburn, 1982). Non-competitive games are reflective of the 

BaYaka’s ethos as this aspect is observed naturally in games of BaYaka tribes where 

the emphasis is on working together to win rather than there being a competition 

(Boyette, 2016; Lewis, 2002; Woodburn, 1982).  

Each game contained 30 trials. Usually, two games of roughly twenty minutes each 

were played on the same day between 10:00 AM and 04:00 PM over a time span of 

approximately three weeks. Each session was played in one of five possible degradation 

conditions: match original either to original (O), temporal degraded (T), spectrally 

degraded (F), original plink (O-Plink) or spectrally degraded plink (F-Plink) samples. 

Spectral degradations are denoted by ‘F’, referring to variable ‘frequency’, which is the 

affected variable when the spectral domain is degraded. Pitch is the main percept 

originating from the spectral domain and rhythm is the main percept originating from 

the temporal domain. 

To prevent children from always answering with ‘yes’ due to the lack of a penalty, at 

the beginning of testing we introduced a foil mechanism (Rich, 2011). ‘Foils’ refer to 

songs that do not belong to the children’s personal song set, serving as a control to 

discourage indiscriminate affirmative responses. If none of the children said the foil was 

their match, everyone would get one M&M reward. As the children showed strong 

incitement to not make any mistakes, the foils were removed after four of the total of 15 

days (see Table 1). To discourage children from defaulting to ‘yes’, the ‘no’ response 

was deliberately made more engaging by incorporating playful poses or dances, while 



 

the ‘yes’ response consisted solely of raising the arms. 

Table 1: Overview of conditions over days of testing. Over the 15 days of testing, during the 

first 6 days children could relisten to their personal song between each trial. During the 

remainder of days children could only listen to their song once before the session. This factor is 

called the ‘memory condition’. Besides, the first 4 days included ‘foil’ songs, which were songs 

presented by the researcher that did not match any of the children’s songs. These were removed 

from the possible experimental songs after 4 days.  
Day Memory condition Foils 
1 No Yes 
2 No Yes 
3 No Yes 
4 No Yes 
5 No No 
6 No No 
7 Yes No 
8 Yes No 
9 Yes No 
10 Yes No 
11 Yes No 
12 Yes No 
13 Yes No 
14 Yes No 
15 Yes No 

 

 



 

 

Figure 1: Schematic overview (A) and picture (B) illustrating the Move to Match 

paradigm. (A) Schematic overview of the flow of Move to Match. First, children listened to 

their own personal song in step 1, and the ways to provide an answer were presented by the 

researcher. In the one-time listening condition, this was the only time the children heard their 

personal song. However, in the regular condition, the children relistened before each trial in step 

2 when a song was presented by the researcher. In step 3, the children simultaneously provided 

their answers, and a correct recognition of their personal song was rewarded. (B) Pictures of the 

researcher presenting how the children played Move to Match. In picture 2B.1, the researcher 

presented how children can say ‘Yes, that is my match’ corresponding to 2A.1. In picture 2.2, 

the circled child copied the pose (hands up) of the researcher to say they identified their match; 

the others were doing a playful dance to say they did not hear their personal song. This picture 

corresponds to 2A.3. 

 

Choice of stimuli, equipment and degradations 

The musical stimuli were gathered from earlier recordings by Karline Janmaat during 

the Mbendjele Foraging Project between 2015 and 2019 with consent of the BaYaka. 



 

Eight pieces of music were selected as culturally familiar music and cut into eight-

seconds samples. Selection of the songs was based on audio quality and 

distinguishability, which resulted in eight viable stimuli. If the songs were known to 

have a spiritual function or contained vocals with semantical meaning, they were 

avoided. The process of stimulus selection was described in Jouyan (2024).  

As a controlled research context can cause participants to artificially reflect on their 

listening (Frieler et al., 2013), we conducted the fieldwork in the living environment of 

the BaYaka to make findings more generalizable (Clark, 1973). Moreover, familiar 

music was expected to facilitate intrinsic motivation in participation. 

Music stimuli were loaded onto sound ‘tiles’ as wav-files (Figure 2). The loudspeakers 

were produced in China and distributed by Xin-Xin Electronics. By pressing on the 

button of the tile, it played the musical excerpt from its internal memory through a 

piezoelectric speaker built into the tile. The adjustable volume gear of the speaker was 

always set at 100%. All experimental sessions were recorded using a Sony FRD-AX43 

video recorder.  

 

 

 

 

Figure 2: Photo of music-producing tiles used for Move to Match. When pressing the 

button, a song from the stimulus set would play from the speaker. Measurements of the tiles are 

presented in red. Purchasing location is currently removed, but identical-looking tiles can be 

found here: https://www.alibaba.com/product-detail/Programmable-abs-plastic-small-usb-

sound_60519779144.html.  

https://www.alibaba.com/product-detail/Programmable-abs-plastic-small-usb-sound_60519779144.html
https://www.alibaba.com/product-detail/Programmable-abs-plastic-small-usb-sound_60519779144.html


 

 

 

The eight BaYaka music stimuli underwent a degradation process using Joint Time–

Frequency Scattering (JTFS), a wavelet-based signal processing method that extracts 

spectrotemporal modulation profiles (scale and rate) from the spectrogram. Such scale-

rate coefficients allow preserving precise time-frequency localization despite the low 

pass filtering that imposes time-shift and frequency-shift invariance. Such manipulation 

disrupts the musical signal either in the temporal domain, yielding alterations in 

rhythmic structure in the temporal domain and reductions in pitch- and timbre-related 

information in the spectral domain. All stimuli are made available on the Open Science 

Framework (OSF) (HTTPS://DOI.ORG/10.17605/OSF.IO/ 865AV).  

In the control condition, children were asked to match the original (on their own tile) to 

replica samples (O) (played by the researcher). In the temporal degradation condition 

(T), children matched original samples to samples that were degraded on the temporal 

domain. In the spectral degradation condition (F), samples were degraded on the 

(frequency) spectral domain. Because we saw a ceiling effect occurring in the first days 

of testing, where the children made correct responses almost all the time in the O, T and 

F conditions, we introduced two plink conditions to make the test more challenging. 

These conditions were: original plink (O-Plink) and spectrally degraded plink (F-Plink), 

which were created by shortening the original or spectrally degraded samples to the first 

400ms of the song, originally described by Schellenberg et al. (1999). No combination 

was made between the temporal-manipulation and plink shortening as there will be no 

recognizable rhythmic pattern existing in the 400ms samples.  

 

https://osf.io/kxyze/overview?view_only=4ce3ab01211b426ba070c534f4b956f2


 

Behavioral scoring 

Move to Match involved mimicking a behavior from the researcher to signify one’s 

answer. The children made their responses individually and autonomously, 

demonstrated by the finding that in 111 instances (out of 6161 trials = 1.80%) more than 

one child responded with “yes, that is my match”. As only one child would be correct in 

any trial, multiple children showing that they found their match indicated that they 

devised their answer irrespective of other’s answers. Moreover, children were 

encouraged not to help others. On the occasions that it still occurred that older children 

would help younger children in identifying their own song either by verbal 

communication or hand gestures, we excluded the answers of the three youngest 

children from the dataset.  

Although a countdown was utilized to ensure that all participants responded 

simultaneously and could therefore not use other’s people responses to make up one’s 

own mind, children sometimes took more time than their peers to answer. When a child 

whose personal song was tested in the trial, took visibly longer than their peers after 

“go” to initiate a move, their answer would be marked as a ‘not my match” since they 

provided a delayed response and did not appear to recognize their song with enough 

confidence. Out of 6161 trials, 17 instances of such slow responses were observed.  

 

Statistical analysis 

All statistical analyses were conducted using R version 4.4.1 (R Core Team, 2024). The 

significance level of 𝛼=.05	was	used	for	testing.	To test whether a song was correctly 

identified as either being their personal song or someone else’s personal song, a set of 



 

generalized linear mixed models (GLMM; Baayen, 2008) was used with a binomial 

error structure using the R-package lme4 (version 1.1-35.5; Bates et al., 2015). Three 

different models were fitted to investigate the research question and test the predictions, 

and one post-hoc model was created (Table 2). 

Model 1 included only data for the responses from individuals whose personal song was 

played and investigated the prediction that the condition of degradation affected the 

recognition of musical matches. Simplified, this model investigated how much the 

children were able to recognize their personal song in the different conditions. As 

humans experience a difference in confidence between correctly accepting a match and 

correctly rejecting something as different	(Kantner & Dobbins, 2019), this model only 

contained data for when musical matches needed to be accepted. The main predictor 

variable was the factor condition indicating whether the songs the children had to match 

with their own were degraded and if yes, with which specific degradation type. To 

control for the possibility that prior learning sessions helped the children become more 

familiar with the songs and the gameplay, predicted to improve performance, the 

number of days someone had taken part in the study before the current one was included 

as a covariate. To control for the possibility that memory deterioration of remembering 

their personal song negatively affected whether they could recognize it, we included the 

one-time-listening memory condition. This covariate described whether the children had 

either only listened once to their personal song at the beginning of a session, or before 

every trial throughout the session. To control for the number of trials, predicted to 

negatively influence how well the children’s personal song was remembered, the 

number of trials since the last correct identification was also added as a covariate. This 

described how many trials had passed since the children had correctly recognized their 

own personal song the last time. To avoid pseudoreplication, random effects were added 



 

(Zuur et al., 2009), including person ID, session ID, and song ID (which ‘personal song’ 

the child was required to remember). Moreover, to avoid an overconfident model and 

keep type I error rates at the nominal level of 0.05 we included random slopes of all 

predictor variables within person ID, session ID, and song ID (Schielzeth & Forstmeier, 

2009). Originally, we also included parameters for the correlations among random 

intercepts and slopes, but we removed them again in session ID because the majority 

was estimated to be close to one or minus one, which is indicative of them not being 

identifiable (Matuschek et al. 2017). This led to an only minor loss in model fit (log-

likelihoods; model with correlation parameters within session ID: -258.52, df=116; 

model without correlation parameters within session ID: -259.32, df=88). As an overall 

test of the factor condition, we compared the full model with a corresponding null-

model that lacked the factor condition in the fixed effects part, utilizing a likelihood 

ratio test (Dobson, 2002; R function drop1 with argument ‘test’ set to “Chisq”). The 

sample analyzed with this model comprised a total of 759 trials (in 608 of which the 

song was correctly identified), conducted in 27 sessions, with 20 children and 8 

personal songs. 

The second model investigated whether the degradation condition affected whether an 

individual child could correctly identify a song as 1) their personal song and 2) as not 

their personal song combined. While the first model focused specifically on the 

recognition of personal songs, the second model also included the rejection of 

nonpersonal songs. In sum, the second model served to test how sensitive the children 

were to the temporal, spectral, and durational dimensions of music (all 8 songs) that 

represented the main predictor variable of condition. Besides the predictor variables of 

learning sessions and one-time-listening memory condition, a personal-song factor was 

added, indicating whether the song heard in a given trial was the child’s personal song 



 

or not. This was done to account for the potential difference in confidence between 

correctly accepting a match or correctly rejecting a song as being different (Kantner & 

Dobbins, 2019). We predicted that children are better at rejecting non-matches than 

accepting matches. Again, pseudoreplication was avoided by adding random effects 

(Zuur et al., 2009), including person ID, session ID, and song combination (which 

‘personal song’ the child was required to remember and which song the child heard in a 

given trial). Again, to avoid an overconfident model and keep type I error rates at the 

nominal level of 0.05 we included random slopes of all predictor variables within 

person ID, session ID, and song combination (Schielzeth & Forstmeier, 2009). 

Originally, we also included parameters for the correlations among random intercepts 

and slopes, but we removed them again in session ID because the majority was 

estimated to be close to one or minus one. This led to an only minor loss in model fit 

(log-likelihoods; model with correlation parameters within session ID: -858.00, df=100; 

model without correlation parameters within session ID: -858.18, df=88). As an overall 

test of the factor condition, we compared the full model with a corresponding null-

model that lacked the factor condition in the fixed effects, utilizing a likelihood ratio 

test. The sample analyzed with this model comprised a total of 6161 trials (in 5860 of 

which the song was correctly identified), conducted in 27 sessions, with 20 children and 

72 song combinations.  

The third model examined whether the proportion of correct responses per session was 

affected by degradation condition. This third model was included to study the sensitivity 

of children to the conditions on a group-level because the different sessions are 

independent of each other while on a session-level the data are more prone to being 

dependent. While we argue that the children made independent decisions at the 

individual-level and can be considered statistically independent, feedback from previous 



 

correct or incorrect responses may nevertheless influence subsequent judgments within 

a session. Aggregating responses at the session level allowed us to assess condition 

effects while reducing the influence of individual-level response dependencies. An 

aggregate dataset was used with the proportion of correct trials per session (indicated as 

a two columns matrix; Baayen 2008). To control for the predicted effect of, for instance, 

learning or fatigue over the course of sessions, we included session number as a fixed 

effect. We further included the single-listening condition as an additional fixed effect to 

control for differences between sessions with single versus repeated exposure to the 

participant’s personal song. We included a random intercepts effect of session ID to 

account for the possible variability in baseline accuracy between sessions due to 

uncontrolled contextual or participant-related factors, for example how well-rested the 

children were. The third model was compared to a null-model excluding the main 

predictor of condition. The data set used to fit this model comprised a total of 27 

sessions in which 6161 choices were made, of which 5860 were correct. 

Since an effect of prior learning sessions was found in model 1 and 2, we conducted a 

post-hoc study by fitting a fourth model. Here, we investigated whether the effect of 

spectral and temporal degradation on the children’s ability to recognize their personal 

song changed by learning across sessions due to more participation. In other words, this 

model served to further investigate whether learning was slower or faster depending on 

the degradation conditions. For this we included an interaction between individual 

session number and the degradation condition, including only the O, T, and F 

conditions. Individual session number was, per individual, the number of sessions they 

had completed prior to the onset of a given session. In addition to the fixed effects of 

condition, individual session number, and their interaction, we included the personal 

song factor (see model 2) as this showed a significant effect on performance in the 



 

second model. We again included random intercepts effects of person ID, session ID, 

and song combination and random slopes of all fixed effects within all random effects 

factors. Correlation parameters among random intercepts and slopes were initially 

included but were removed for session ID due to non-identifiability, as most 

correlations were estimated to be close to plus or minus 1. This led to an only minor 

loss in model fit (log-likelihoods; model with correlation parameters within session ID: 

-317.60, df=91; model without correlation parameters within session ID: -320.32, 

df=70). As an overall test of the interaction between condition and individual session 

number, we compared the full model with a corresponding null-model without 

interactions in the fixed effects part, utilizing a likelihood ratio test. The sample 

analyzed with this model comprised a total of 6161 trials (in 5860 of which the song 

was correctly identified), conducted in 27 sessions, with 20 children and 72 song 

combinations. 

We fitted all models using the function glmer of the package lme4 version 1.1-38. Prior 

to fitting the models, we z-transformed all covariates (i.e., numerical predictors) to a 

mean of zero and a standard deviation of one to ease model convergence. Moreover, 

before entering factors as random slopes, we manually dummy coded and then centered 

them. In model 3 the response was mildly overdispersed given the model (dispersion 

parameter: 1.25). Also, collinearity, determined using Generalized Variance Inflation 

Factors (GVIF) (Fox & Monette 1992; Field, 2005) was no severe issue (maximum 

GVIF, taken to the power of one divided by twice their degrees of freedom: 8.80 in 

model 3, 3.54 in the other three models; function vif of the package car, version 3.1-2; 

Fox & Weisberg 2019). We estimated model stability by excluding the unique levels of 

the random effects factors one at a time, fitting the respective full model to each of the 

subsets, and finally comparing the range of estimates obtained with those obtained for 



 

the full data set. This revealed all models to be of good stability (see Tables in the 

results section). We determined 95% confidence limits of model estimates and fitted 

values by means of parametric bootstraps (N=1000 bootstraps; function bootMer of the 

package lme4). 

Table 2: Model 1, 2, 3 and 4 overview. All predictors are included as random slopes within the 

random effects. The random effect of personal song is which song the child needs to remember 

and match. The random effect of song-combination is the combination of which song the child 

needs to remember, and which song is played by the researcher in one trial to judge whether 

they are a match. *=Random slopes are seen as independent within random effect. 

 
Model 
number 

Type What the model 
investigated 

Response Predictors Random 
effects 

1 GLMM 
(binomial) 

Effect of degradation on 
correctly matching songs 

Correctly 
matching 
songs 

Degradation condition                     
Learning sessions                              
Number of trials since correct identification                                       
One-time listening memory condition 

Person ID 
Session ID* 
Personal song 

2 GLMM 
(binomial) 

Effect of degradation on 
correctly matching songs 
and rejecting non-
matches 

Correctly 
matching and 
rejecting 
songs 

Degradation condition                     
Learning sessions                              
Personal song factor                               
One-time listening memory condition 

Person ID       
Session ID*      
Song-
combination 

3 GLMM 
(binomial 

Effect of degradation on 
group-level correctness 
in matching songs and 
rejecting non-matches 

Correctly 
matching and 
rejecting 
songs per 
session 

Degradation condition                           
One-time listening memory condition         
Session number 

Session ID 

4 GLMM 
(binomial) 

Interaction effect of 
degradation and learning 
on matching songs and 
rejecting non-matches 

Correctly 
matching and 
rejecting 
songs 

Degradation condition * Learning sessions   
Personal song factor    

Person ID       
Session ID*      
Song-
combination 

 

 

Results 

The results of 20 children hunter-gatherers and their performance during the Move to 

Match game were analyzed in the study (estimated mean age = 13.3 years, range = 8–

20, 9 males). In total 6161 trials were analyzed distributed over 29 sessions.  



 

Firstly, there was an effect of degradation condition on the probability of correctly 

matching the song played in the game with one’s personal song (Model1: likelihood 

ratio test: χ2=13.57, df=4, p=0.009; Table 3 and 4). Plotting the data and the fitted 

model suggested that the probability of correctly identifying one’s own song was about 

equally high with the original, the F (spectrally) degraded, and T (temporal) degraded 

song, clearly lower in the O (original) plink condition, and particularly low in the F 

plink condition (Figure 3). The number of trials that passed since hearing one’s personal 

song did not significantly affect the probability of correctly identifying one’s personal 

song. Furthermore, the more prior learning sessions, the higher the probability of 

correctly identifying one’s personal song (Table 3). In short, this result portrays that the 

children were more likely to correctly identify their personal song after more learning 

sessions. Furthermore, the children were less likely to correctly identify their personal 

song when it was a spectrally degraded plink compared to the other conditions. 

  



 

Figure 3: Proportion correct trials per participant and condition. Dots show the proportion 

of correct trials per participant in a given condition, whereby the area of the dots is 

proportionate to the total number of trials per participant and condition (range: 2 to 18). Darker 

shades result from multiple dots stacked on top of each other; the darker, the more dots. 

Horizontal line segments with error bars depict the fitted model (model 1) and its 95% 

confidence limits for all other predictors in the model being at their average. The dotted 

horizontal line depicts the chance level. 

Table 3: Results of model 1 of correctness probabilities. Indicated are estimates, together 

with their standard errors, 95% confidence limits, significance tests (likelihood ratio tests), and 

the range of estimates obtained when dropping the unique individuals, songs, and sessions, one 

at a time. Condition was dummy coded with F degradation being the reference level. The test 

indicated for Condition (F-Plink degradation) is an overall test of the effect of the condition. 

Single listening memory was dummy coded with listening once before the session being the 

reference level. Learning session and trials since correct identification were z-transformed to a 

mean of zero and a standard deviation (sd) of one; mean and sd of the original variables were 

4.62 and 2.79 (learning session) and 5.56 and 6.10 (Trials since correct identification).  

 
Model 1 terms Estimate SE 95% 

C.I. 
(lower) 

95% 
C.I. 

(upper) 

χ2 df p Min Max 

Intercept 3.502 0.829 2.287 7.098    2.879 4.142 
Condition (F-Plink 
degradation) 

-4.141 1.587 -9.840 -1.371 13.570 4 0.009 -4.711 -3.272 

Condition (O 
condition) 

1.209 0.981 -1.160 6.463    0.529 2.925 

Condition (O-Plink 
degradation) 

-1.563 1.130 -5.713 1.006    -2.100 -0.781 

Condition (T 
degradation) 

0.775 1.160 -1.878 6.007    0.053 1.948 

Learning session 1.039 0.437 0.270 2.341 5.395 1 0.020 0.733 1.487 
Single listening 
memory 

-0.310 0.974 -2.657 2.613 0.969 1 0.325 -1.100 0.539 

Trials since correct 
identification 

0.239 0.250 -0.211 0.986 1.943 1 0.163 0.110 0.379 

 

See table 4 in appendix 

Secondly, in model 2, we found an effect of degradation condition on the probability of 

correctly matching a personal song and correctly rejecting non-personal songs (Model2: 



 

χ2=20.822, df=4, N=6161 p<0.001; Table 5 and 6). Plotting the data and the fitted 

model suggested that the probability of a correct response was about equally high with 

the O, F and T degradations, but lower in the O-plink condition, and particularly lower 

in the F-plink condition (Figure 4).  Furthermore, we found that more prior learning 

sessions had a positive effect on the probability of a correct response. In short, this 

indicates that the children were more likely to correctly recognize songs after more 

learning sessions. Also, when a personal song was played, the children were less likely 

to correctly recognize it (i.e., when the played song and their personal song were the 

same) as compared to when they had to reject a non-personal song that was played (i.e., 

when the played song was different from their personal song). As result, the children 

were less likely to correctly match a personal song than reject non-personal songs.  

Moreover, the children were less likely to correctly recognize a song when it was 

presented as a plink, particularly when it was also spectrally degraded.  

  



 

Figure 4: Proportion correct trials per participant, condition, and personal song factor. 

Dots show the proportion of correct trials per participant in a given condition and personal song 

factor, whereby the area of the dots is proportionate to the total number of trials in that 

condition and personal song factor (range: 2 to 108). Darker shades result from multiple dots 

stacked on top of each other; the darker, the more dots. Horizontal line segments with error bars 

depict the fitted model (model 2) and its 95% confidence limits for all other predictors in the 

model being at their average. The dotted horizontal line depicts the chance level. 

Table 5: Results of model 2 of correctness probabilities. Indicated are estimates, together with 

their standard errors, 95% confidence limits, significance tests (likelihood ratio tests), and the 

range of estimates obtained when dropping the unique individuals, songs, and sessions, one at a 

time. Condition was dummy coded with F degradation being the reference level. The test 

indicated for Condition (F-Plink degradation) is an overall test of the effect of condition. 

Personal song factor was dummy coded with non-personal song being the reference level. 

Single listening memory was dummy coded with listening once before the session being the 

reference level. Learning session was z-transformed to a mean of zero and a standard deviation 

(sd) of one; mean and sd of the original variable was 4.53 and 2.79 (learning sessions)  

 
Model 2 terms Estimate SE 95% 

C.I. 
(lower) 

95% 
C.I. 

(upper) 

χ2 df p Min Max 

Intercept 5.901 0.595 5.116 7.937    5.684 6.286 
Condition (F-Plink 
degradation) 

-2.749 0.734 -4.965 -1.692 20.822 4 <0.001 -3.259 -2.334 

Condition (O condition) 0.642 0.640 -0.933 2.857    0.143 2.285 
Condition (O-Plink 
degradation) 

-1.474 0.750 -3.680 -0.207    -2.108 -0.974 

Condition (T degradation) 0.098 0.634 -1.541 1.879    -0.290 0.434 
Learning sessions 0.594 0.164 0.254 0.901 8.363 1 0.004 0.493 0.822 
Single listening memory -0.220 0.532 -1.260 0.999 0.149 1 0.700 -0.567 0.063 
Personal song factor -2.939 0.484 -4.102 -2.021 14.586 1 <0.001 -3.254 -2.607 

 See table 6 in appendix 

Thirdly, there was also an effect of degradation condition on the proportion of correct 

trials on a group-level within sessions (Model3: Full-null model comparison: χ2=79.50, 

df=4, N=27 p<0.001; Table 7). The main effect of the degradation condition influenced 

the probability of correctly recognizing a personal song and correctly rejecting other 

songs on a group-level. Specifically, the O-Plink degradation and F-Plink degradation 



 

negatively affected the probability of a correct response. In summary, on a group-level, 

the children were about equally able to identify original, spectral-degraded and 

temporal-degraded songs and less likely to correctly recognize songs in the plink 

condition and spectral-degradation condition (Figure 5).  

 

Figure 5: Proportion correct trials per session and condition. Dots show the proportion of 

correct trials within a session in a given condition, whereby the area of the dots is proportionate 

to the total number per sessions and condition (range: 145 to 405 responses within a session). 

Darker shades result from multiple dots stacked on top of each other; the darker, the more dots. 

Horizontal line segments with error bars depict the fitted model (model 1) and its 95% 

confidence limits for all other predictors in the model being at their average. The dotted 

horizontal line depicts the chance level. 



 

Table 7: Results of model 3 of correctness probabilities. Indicated are estimates, together with 

their standard errors, 95% confidence limits, significance tests (likelihood ratio tests), and the 

range of estimates obtained when dropping the unique individuals, songs, and sessions, one at a 

time. Condition was dummy coded with O being the reference level. The test indicated for 

Condition (F condition) is an overall test of the effect of condition. The covariate of sessions 

was z-transformed to a mean of zero and a standard deviation (sd) of one; mean and sd of the 

original variables were 15.33 and 8.74 (learning sessions). The standard deviation for the 

random effect of session ID was estimated to be 0.111.  

 
 

Model 3 terms Estimate SE 95% 
C.I. 

(lower) 

95% 
C.I. 

(upper) 

value df p Min Max 

Intercept 4.581 0.372 3.972 5.354    3.903 4.801 
Condition (F condition) -0.850 0.296 -1.492 -0.301 33.126 4 <0.001 -1.078 -0.446 
Condition (F-Plink 
degradation) 

-2.644 0.389 -3.472 -1.917    -2.947 -2.118 

Condition (O-Plink 
degradation) 

-1.715 0.362 -2.472 -1.004    -1.880 -1.258 

Condition (T degradation) -0.664 0.308 -1.291 -0.095    -0.904 -0.276 
Sessions 0.341 0.210 -0.059 0.757 3.010 1 0.083 0.148 0.510 
Single listening memory -0.221 0.340 -0.924 0.448 0.439 1 0.508 -0.425 0.137 

 

Lastly, the post-hoc investigation found no interactive effect between degradation 

condition and prior learning sessions on correct answers (Model4: Full-null model 

comparison; χ2=3.289, df=2, N=3667, p=0.193; Table 8 and 9). This suggests that the 

children were similarly fast in learning how to recognize songs in each tested condition, 

which were the original condition and the spectral and temporal degradation conditions. 

Table 8: Results of model 4 of correctness probabilities. Indicated are estimates, together with 

their standard errors, 95% confidence limits, significance tests (likelihood ratio tests), and the 

range of estimates obtained when dropping the unique individuals, songs, and sessions, one at a 

time. Condition was dummy coded with F degradation being the reference level. The test 

indicated for O condition x Learning sessions is an overall test of the effect of the interaction. 

Personal song factor was dummy coded with non-personal song being the reference level. 



 

Learning session was z-transformed to a mean of zero and a standard deviation (sd) of one; 

mean and sd of the original variable was 3.32 and 2.21 (learning sessions). 

 
Model 2 terms Estimate SE 95% 

C.I. 
(lower) 

95% 
C.I. 

(upper) 

χ2 df p Min Max 

Intercept 6.075 0.779 5.164 9.538    5.736 6.894 
Condition (O 
condition) 

3.234 2.176 -0.410 11.490    1.568 4.996 

Condition (T 
degradation) 

-0.628 0.964 -3.384 2.189    -1.898 0.347 

Learning sessions 0.989 0.617 -0.203 2.958    0.372 1.811 
Personal song 
factor 

-2.798 0.559 -4.508 -2.014 12.731 1 <0.001 -3.271 -2.451 

O condition x 
Learning sessions 

1.653 1.577 -1.482 6.527 3.289 2 0.193 0.357 2.577 

T condition x 
Learning sessions 

-1.356 1.081 -5.218 0.619    -2.266 -0.264 

 

See table 9 in appendix 

 

Discussion 

The current study investigated how young BaYaka hunter-gatherers’ music recognition 

ability is affected by various types of acoustic degradations, specifically involving 

spectral, temporal and duration degradations. We found that the levels of spectral and 

temporal degradation did not negatively impact the BaYaka’s ability to recognize 

familiar songs, as degraded versions were recognized just as well as the unaltered 

versions. Therefore, our results demonstrated that the BaYaka have a robust sensitivity 

to rhythm as well as pitch and timbre. Although the BaYaka children were affected by 

400ms duration-degraded plinks, recognition accuracy was well above chance level. 

The recognition rate for plinks in the present study was considerably higher compared 

to the rate of WEIRD adults (particularly Western undergraduate students) in previous 

studies, reaching 75% compared to 25% reported in those WEIRD populations 



 

(Faubion-Trejo & Mantell, 2020; Krumhansl, 2010). Finally, we observed recognition 

rates exceeding 50% for spectrally degraded plinks, which is well above chance level 

(12.5%).  

We observed that neither spectral nor temporal degradation systematically impaired 

recognition of familiar songs. Also, their equal sensitivity to the tested level of spectral 

and temporal degradation was supported by the lack of differential learning over the 

course of the games between these two conditions. Children learned at a similar speed 

how to recognize original, spectral, and temporal degraded songs. This indicates that the 

BaYaka may not be reliant on solely one acoustic dimension. These results build on and 

complement findings among BaYaka children and adults, who also maintained robust 

music recognition under both spectral and temporal degradations (Li et al., in prep.). 

The Bayaka might have used spectral contours to recognize familiar melodies, which 

remain under the degradations and are suggested to be as useful as pitch (McDermott et 

al., 2008). Moreover, because the plink conditions reduced the available amount of 

information across all musical components, recognition performance decreased as 

expected. We argue that pitch, rhythm and timbre—each of which relies on duration to 

convey sufficient information for song recognition—played an important role in the 

children’s ability to recognize songs. 

Amplitude envelope processing (AEP) 

As expected, the participants were affected by durational degradation but maintained 

high recognition under temporal or spectral degradation. This might suggest a potential 

sensitivity in amplitude envelope processing (AEP)—the ability to track the dynamic 

changes in amplitude over time. Amplitude envelope provides a mental representation 

that gives listeners a sense of the overall shape or pattern of sounds and songs without 



 

requiring exact pitches or exact timing (Goswami, 2019). Since amplitude was not fully 

removed from the stimuli, AEP may have played a key role in supporting the BaYaka 

children’s recognition of familiar songs, even under conditions of pitch or rhythmic 

degradation. 

Both developmental and neuroscientific research underscores the critical role of AEP in 

cognitive and auditory development. Goswami’s (2019) work highlights the 

developmental trajectory of AEP in both typical and atypical populations, emphasizing 

its foundational role in early language acquisition. Concurrently, neuroscientific 

investigations revealed a strong relationship between the brainstem's ability for AEP 

and its key auditory and cognitive functions, such as speech-in-noise perception and 

literacy (Kraus & Nicol, 2014; Strait et al., 2009; Strait et al., 2012). Furthermore, 

findings demonstrated that musical training enhances AEP, leading to improved speech 

and music perception (Kraus et al., 2009; Parbery-Clark et al., 2012). 

For the BaYaka, who engage in community music-making regularly throughout daily 

life from a young age (Lewis, 2013), this sensitivity in AEP may be particularly 

adaptive. This sensitivity allows them to recognize sound patterns without needing 

precise melodic or rhythmic structures. Frequent exposure to rich musical environments 

has been shown to enhance the neural representation of temporal cues, as seen in music-

trained WEIRD adults, who demonstrate stronger encoding of AEP in the brain than 

nonmusicians (Parbery-Clark et al., 2012). This suggests that long-term engagement 

with music may refine AEP, reinforcing its importance in auditory processing. 

Moreover, AEP has been found to enhance spatial distance perception (Zahorik & 

Anderson, 2014), which may have provided an evolutionary advantage for hunter-

gatherers navigating their environment. In the dense rainforests which the BaYaka 



 

inhabit, sounds are often masked by ambient noise, and pitch and rhythm can be 

distorted by environmental factors. When foraging in such low-visibility conditions, 

AEP may serve as an adaptation that enables the BaYaka to recognize the distance 

through their songs or vocalizations. BaYaka women, for instance, have been observed 

describing travel distances between forest trails and food locations in terms of auditory 

perception, such as “the distance at which you can still hear someone talking when you 

are on the trail” (Janmaat, unpublished data). Lastly, AEP may have evolved as a crucial 

ability, enhancing sensitivity to dynamic changes in sound intensity for detecting 

potential threats, which is critical for increasing survival rate.  The children’s robust 

performance suggests they may partially rely on AEP as a type of spectral contour.  

 

Spectral contours 

Whereas the amplitude envelope captures how acoustic energy unfolds over time (e.g., 

attack and decay), the spectral envelope (SE) describes the instantaneous distribution of 

energy across frequency bands—often referred to as spectral shape—and is a key cue 

for identifying sound sources and speech categories (e.g., vowels via formant structure) 

(Grey, 1977; Ogg et al., 2017; Ten Cate & Honing, 2025). Importantly, SE can be 

distinguished from spectral contour, which refers to changes in spectral energy over 

time (i.e., time-varying spectral modulations) (Ten Cate & Honing, 2025). Together 

with amplitude-contour information, these spectral descriptors constitute core 

perceptual ingredients of timbre. 

Timbre information can support recognition of individual auditory “signatures” 

(Ashley, 2021). In social settings, such signatures may help listeners parse who is 

contributing what, thereby supporting coordination and affiliation. This functional role 



 

aligns with broader credible-signaling accounts in which music-making and vocal 

behavior can advertise social intent or commitment and help stabilize cooperation by 

making contributions perceptually attributable (Mehr et al., 2021; Chittar et al., 2023). 

Under this view, timbre may provide an additional channel for identifying individuating 

contributions and, consequently, for detecting atypical or unreliable participation. 

However, this idea of the function of timbre perception in credible signaling should 

remain cautious without direct behavioral evidence for this mechanism in the present 

paradigm. 

Comparative work further motivates treating timbre as more than a secondary attribute 

in auditory perception. Both humans and non-human animals flexibly prioritize 

different acoustic features depending on task demands and stimulus structure, 

highlighting the general principle that perceptual systems adaptively weight available 

cues rather than relying on a single dimension (Ten Cate & Honing, 2025). In humans, 

this flexibility is reflected in partially distinct listening modes: speech comprehension 

relies strongly on temporal cues and spectral structure (including spectral envelope), 

whereas music perception often privileges pitch-pattern information, suggesting 

complementary processing routes for different communicative and musical demands 

(Albouy et al., 2020; Shannon et al., 1995; Ten Cate & Honing, 2025). 

In our results, recognition rates for very brief “plinks” were lower overall, yet BaYaka 

children still performed above chance and, importantly, outperformed previously tested 

WEIRD samples using similar paradigms (Faubion-Trejo & Mantell, 2020; Krumhansl, 

2010). Although BaYaka have lost access to higher-order patterns in pitch, rhythm and 

spectral contour, they might have shifted to the reliance toward more instantaneous cues 

such as SE and onset-transients. Onset-transients are the very brief, rapid changes at the 

beginning of a sound. They are critical for auditory identification, as listeners rely 



 

disproportionately on spectral energy at sound onset to infer sound source and 

instrument identity (Thompson, 2014). In this sense, the plink condition serves as a 

control as it minimizes the influence of duration-dependent musical features such as 

pitch and rhythm, allowing us to test whether recognition can rely on relatively 

instantaneous spectral structure. 

The above-chance performance of the BaYaka sample in recognizing songs from very 

brief plinks, even when the pitch was masked by spectral degradation, suggests that 

listeners were able to rely on SE cues for recognition. This pattern contrasts with 

previously tested WEIRD samples, in which recognition under comparable degradations 

was markedly reduced. The ability to recognize songs from SE despite multiple 

degradations resembles aspects of how human speech perception is resilient to pitch-

degrading manipulations (Bregman et al., 2016; Ten Cate & Honing, 2025). More 

broadly, findings from comparative animal studies (e.g. Ning et al., 2024) offer a 

complementary perspective on this issue, suggesting that listeners may flexibly weight 

different acoustic cues depending on the contents of the stimuli and task context. In this 

light, the present results are consistent with the idea that humans, maybe due to different 

cultural or experiential backgrounds, may foster distinct listening strategies, with the 

BaYaka showing greater reliance on timbre-related structure when pitch cues are 

degraded or less informative. Accordingly, evolutionary accounts of music that focus 

mainly on pitch and rhythm (Mehr et al., 2021; Savage et al., 2021) may profit from 

explicitly incorporating timbre-relevant structure—including amplitude envelope, 

spectral envelope, and their time-varying contours—as candidate adaptive components 

and as targets for cross-cultural and cross-species comparison (Ten Cate & Honing, 

2025). 

 



 

Robust field performance, learning, and stable recognition memory 

Young BaYaka participants showed an asymmetric response pattern, performing better 

at correctly rejecting non-matching (non-personal) songs than at accepting matching 

(personal) songs. This mirrors evidence from laboratory samples that “different” 

judgments can be made with greater confidence than “same” judgments, supporting the 

internal validity of the task design, providing us with confidence in the value of our 

experimental design (Kantner & Dobbins, 2019). 

Performance on the plink conditions (400-ms excerpts) exhibited marked individual 

variability, spanning near-floor to near-ceiling accuracy. Such heterogeneity is expected 

in music cognition, given substantial inter-individual variation in music-related abilities 

and their genetic and environmental contributors (e.g., Beccacece et al., 2021; Gingras 

et al., 2015; Honing, 2018b; Wesseldijk et al., 2023). Crucially, however, this 

variability occurred against a backdrop of overall above-chance performance: despite 

the brevity of the stimuli—and even under spectral degradation—BaYaka children 

recognized their matches reliably and, in aggregate, outperformed previously reported 

adult WEIRD samples tested in related paradigms (Faubion-Trejo & Mantell, 2020; 

Krumhansl, 2010). 

This result is especially notable because testing took place in a noisy rainforest 

soundscape, where continuous ambient biophony (insects, birds, other fauna) likely 

masked portions of the stimuli. From an auditory-perception perspective, such 

conditions create precisely the sort of spectrotemporal competition that can reduce 

performance, particularly for short, low-intensity signals presented via a simple 

loudspeaker. Yet the children’s success suggests either (i) unusually robust perceptual 

encoding under noise, or (ii) the deployment of cues that are relatively resilient in such 



 

settings. In line with broader comparative arguments that listeners can flexibly prioritize 

different acoustic dimensions depending on context, the plink task may have 

encouraged reliance on spectral-structure cues (e.g., spectral envelope/timbre) rather 

than on extended pitch- or rhythm-based patterns that require longer integration 

windows (Ten Cate & Honing, 2025). This interpretation is also consistent with 

evidence that musical experience can mitigate the adverse effects of background noise 

on auditory processing (Parbery-Clark et al., 2009; Strait et al., 2012), making daily 

community music exposure a plausible contributor to perceptual robustness. 

We also observed a learning effect: accuracy increased over the number of participated 

sessions. This effect likely contributes to the between-child variability because 

participation frequency differed across individuals. Notably, a memory manipulation—

restricting personal song exposure to a single presentation at session onset—did not 

measurably reduce performance. In contrast, the amount of prior experience with the 

game did predict improved recognition, indicating that repeated engagement (with the 

excerpts and/or the task demands) enhanced performance. This pattern is compatible 

with the idea that richer exposure can shift how listeners allocate attention across 

available cues, consistent with Ten Cate and Honing’s discussion of species- and 

context-dependent “feature priorities” in auditory cognition (Ten Cate & Honing, 2025). 

Future work could disentangle stimulus familiarity from task learning by rotating a 

larger set of familiar songs across sessions, thereby reducing the likelihood of 

developing song-specific mnemonics while still allowing assessment of general 

improvements in matching performance. 

Finally, we found no evidence for trial-lag interference: the number of intervening trials 

since a correct match did not influence subsequent matching accuracy, and performance 

remained stable in the single-listening memory condition. This absence of memory 



 

decay contrasts with reports that musical interference can disrupt short-term recall under 

some circumstances (Thomson & Rakesh, 2024). One possibility is that the task 

engaged relatively durable representations—potentially including timbre/spectral-

structure cues that can be encoded rapidly—rather than fragile, sequential working-

memory traces. More conservatively, the present pattern suggests that, in this 

naturalistic setting, short-term memory limitations did not strongly affect song 

recognition. 

 

Move to Match’s significance and comparative cross-cultural and phylogenetic 

approach 

The Move to Match’ game was designed to be uniquely suited to the non-competitive 

culture like that of the BaYaka, in which cooperation and social bonding are central to 

group dynamics (Boyette, 2016; Lewis, 2002; Woodburn, 1982). As modern hunter-

gatherers were estimated to be 5 million people (Hitchcock et al., 2000), Move to Match 

has the potential to be applied in this large and understudied population of the world. 

Moreover, accessible, gamified tasks can support cross-cultural research by reducing 

dependence on shared conceptual frameworks or explicit instructions, which may vary 

substantially across cultures (Jacoby et al., 2020), including the BaYaka. Besides, there 

is a general growing interest in collaborative games (Sedano et al., 2013) and they are 

found to be preferred in terms of enjoyment over competitive games, also in children 

(Embaugh, 2016; Engels & Freund, 2020; Eriksson et al., 2021), and elicit more 

intrinsic motivation (Marker & Staiano, 2015). Therefore, this game has the potential to 

be adapted and applied across diverse cultural contexts and ages, facilitating cross-

cultural comparisons and developmental insights across a broad range of perception 



 

tasks. This flexibility enables investigation of age-related changes in perceptual 

strategies and cue weighting within a developmental context, which can be studied in a 

future study. 

As in 2% of the trials multiple children responded to have identified their match, we 

suggest that the children were unafraid to make mistakes and showed an individual 

autonomy in decision-making instead of an imitation of others’ answers. Overall, the 

sessions that were conducted during the study, the children exhibited enjoyment of the 

game, which the researcher observed by the children’s consistent and energetic 

participation in the game. The novel methodological approach used in this study, which 

involved matching songs through a playful dance or pose, highlights the Move to Match 

game’s potential for application to children across cultures, opening avenues for 

addressing ontogenetic questions in the future.  

To understand the evolutionary origins of musicality, including music perception, 

through a phylogenetic comparative approach (Nunn, 2011), it is crucial to identify its 

phenotype in humans (Honing et al., 2015). The comparative approach will allow us to 

compare human musical abilities between human populations and with other species, 

shedding light on how musicality might have evolved (Honing et al., 2015; Honing, 

2026). Ignoring such diversity risks overlooking key cognitive and biological 

adaptations critical to understanding musicality’s evolution (Jacoby et al., 2020; Patel, 

2023). Therefore, it is necessary to include a broader range of human populations 

beyond just WEIRD societies. By conducting experiments with the BaYaka, this study 

takes a step further toward advancing this essential comparative approach.  

 



 

Conclusion 

To summarize, in the current study, we developed an interactive non-competitive ‘Move 

to Match’ game as our experimental paradigm, and examined the perceptual sensitivity 

of the BaYaka population to degradations in spectral and temporal (manipulating both 

fine-temporal and durational structure) information on music recognition, framed within 

the evolutionary theory of musicality as a mechanism for social bonding and credible 

signaling. The results indicated that individuals could recognize songs even when 

rhythm, pitch, or timbre information was degraded, showing that humans can have high 

acuity to many musical components, including rhythm, pitch, and timbre. Specifically, 

timbre perception has been overlooked as adaptive in light of social bonding (Mehr et 

al., 2021; Savage et al., 2021), as timbre enables the recognition of individual 

contribution, in line with the credible signaling hypothesis. Although the performance 

of the BaYaka was affected by both duration- and spectral-degraded plinks, the plinks 

were well-recognized through the remaining spectral envelope, outperforming Western 

populations in similar tests. Additionally, the BaYaka’s success in song recognition, 

despite duration- and spectral-degradation, might suggest the importance of amplitude 

envelope processing cues in auditory processing, highlighting a possible adaptive 

sensitivity to dynamic amplitude. In particular, the BaYaka’s robust performance under 

spectral degradation highlights the importance of spectral envelope cues, which may 

represent an additional adaptive dimension of musical perception that supports social 

bonding and credible signaling beyond pitch and rhythm alone. We interpret that the 

multidimensional sensitivity highlights that music perception and cognition are not 

strictly dependent solely on rhythm, pitch, or timbre. Instead, our study shows that the 

BaYaka are sensitive to both spectral and temporal components in music. Furthermore, 

our findings are suggestive of a potential role for multiple acoustic dimensions in music 



 

perception beyond pitch or rhythm alone. Overall, we regard this study as a testimonial 

to the ubiquitous musicality in the human species. Singing and dancing with our friends 

in a nightclub, or singing and dancing with fellow tribe members around a forest spirit 

in the rainforest, we share music together. We share a predisposition for music, and it is 

music that we enjoy and share. 
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Appendix 

Table 4: Estimated standard deviations for the contribution of the random effects 

and residual standard deviation from model 1. Indicated are the estimated standard 

deviations and correlation parameters. When the entry in the column headed term 2 is 

empty, the column headed sd or corr indicates a correlation parameter and otherwise a 

random intercepts or a random slopes effect. Condition was dummy coded with F 

degradation being the reference level and then centered. Single listening memory was 

dummy coded with listening throughout the session being the reference level and then 

centered. Remaining covariates were z-transformed to a mean of zero and a standard 

deviation (sd) of one; mean and sd of the original variables were 4.62 and 2.79 (learning 

sessions) and 5.56 and 6.10 (Trials since correct identification). ‘Intercept’ denotes a 

random intercept, other entries are a random slopes effect. 
 
Grouping	factor	 Term	1	 Term	2	 sd	
	 	 	 	 	Session	ID	 Memory	Condition	(1)	 	 0.000	
Session	ID	 Learning	sessions	 	 0.000	
Session	ID	 Trials	(incorrect	

identification)	
	 0.186	

Session	ID	 Condition	(T)	 	 0.000	
Session	ID	 Condition	(O-Plink)	 	 0.000	

Session	ID	 Condition	(O)	 	 0.983	

Session	ID	 Condition	(F-Plink)	 	 0.000	

Session	ID	 (Intercept)	 	 0.000	

ID	 (Intercept)	 	 0.204	

ID	 Condition	(F-Plink)	 	 3.362	

ID	 Condition	(O)	 	 0.856	

ID	 Condition	(O-Plink)	 	 2.415	

ID	 Condition	(T)	 	 2.078	

ID	 Trials	(incorrect	
identification)	

	 0.571	

ID	 Learning	sessions	 	 0.359	

ID	 Memory	Condition	(1)	 	 0.751	

ID	 (Intercept)	 Condition	(F-Plink)	 0.466	

ID	 (Intercept)	 Condition	(O)	 0.755	

ID	 (Intercept)	 Condition	(O-Plink)	 0.614	

ID	 (Intercept)	 Condition	(T)	 0.560	

ID	 (Intercept)	 Trials	(incorrect	
identification)	

-0.336	



 

ID	 (Intercept)	 Learning	sessions	 0.084	

ID	 (Intercept)	 Memory	Condition	(1)	 -0.434	

ID	 Condition	(F-Plink)	 Condition	(O)	 0.784	

ID	 Condition	(F-Plink)	 Condition	(O-Plink)	 0.949	

ID	 Condition	(F-Plink)	 Condition	(T)	 0.237	

ID	 Condition	(F-Plink)	 Trials	(incorrect	
identification)	

-0.901	

ID	 Condition	(F-Plink)	 Learning	sessions	 -0.654	

ID	 Condition	(F-Plink)	 Memory	Condition	(1)	 -0.259	

ID	 Condition	(O)	 Condition	(O-Plink)	 0.840	

ID	 Condition	(O)	 Condition	(T)	 0.050	

ID	 Condition	(O)	 Trials	(incorrect	
identification)	

-0.733	

ID	 Condition	(O)	 Learning	sessions	 -0.138	

ID	 Condition	(O)	 Memory	Condition	(1)	 -0.573	

ID	 Condition	(O-Plink)	 Condition	(T)	 0.326	

ID	 Condition	(O-Plink)	 Trials	(incorrect	
identification)	

-0.744	

ID	 Condition	(O-Plink)	 Learning	sessions	 -0.414	

ID	 Condition	(O-Plink)	 Memory	Condition	(1)	 -0.512	

ID	 Condition	(T)	 Trials	(incorrect	
identification)	

-0.005	

ID	 Condition	(T)	 Learning	sessions	 -0.234	

ID	 Condition	(T)	 Memory	Condition	(1)	 0.098	

ID	 Trials	(incorrect	
identification)	

Learning	sessions	 0.747	

ID	 Trials	(incorrect	
identification)	

Memory	Condition	(1)	 -0.021	

ID	 Learning	sessions	 Memory	Condition	(1)	 -0.532	

Personal	song	 (Intercept)	 	 0.766	

Personal	song	 Condition	(F-Plink)	 	 2.674	

Personal	song	 Condition	(O)	 	 0.760	

Personal	song	 Condition	(O-Plink)	 	 0.614	

Personal	song	 Condition	(T)	 	 1.084	

Personal	song	 Trials	(incorrect	
identification)	

	 0.297	

Personal	song	 Learning	sessions	 	 0.662	

Personal	song	 Memory	Condition	(1)	 	 0.501	

Personal	song	 (Intercept)	 Condition	(F-Plink)	 0.323	

Personal	song	 (Intercept)	 Condition	(O)	 0.975	

Personal	song	 (Intercept)	 Condition	(O-Plink)	 0.573	

Personal	song	 (Intercept)	 Condition	(T)	 0.418	



 

Personal	song	 (Intercept)	 Trials	(incorrect	
identification)	

0.977	

Personal	song	 (Intercept)	 Learning	sessions	 0.140	

Personal	song	 (Intercept)	 Memory	Condition	(1)	 -0.463	
Personal	song	 Condition	(F-Plink)	 Condition	(O)	 0.526	

Personal	song	 Condition	(F-Plink)	 Condition	(O-Plink)	 0.961	

Personal	song	 Condition	(F-Plink)	 Condition	(T)	 0.995	

Personal	song	 Condition	(F-Plink)	 Trials	(incorrect	
identification)	

0.115	

Personal	song	 Condition	(F-Plink)	 Learning	sessions	 -0.892	

Personal	song	 Condition	(F-Plink)	 Memory	Condition	(1)	 0.690	

Personal	song	 Condition	(O)	 Condition	(O-Plink)	 0.741	

Personal	song	 Condition	(O)	 Condition	(T)	 0.610	

Personal	song	 Condition	(O)	 Trials	(incorrect	
identification)	

0.906	

Personal	song	 Condition	(O)	 Learning	sessions	 -0.084	

Personal	song	 Condition	(O)	 Memory	Condition	(1)	 -0.254	

Personal	song	 Condition	(O-Plink)	 Condition	(T)	 0.984	

Personal	song	 Condition	(O-Plink)	 Trials	(incorrect	
identification)	

0.386	

Personal	song	 Condition	(O-Plink)	 Learning	sessions	 -0.731	

Personal	song	 Condition	(O-Plink)	 Memory	Condition	(1)	 0.461	

Personal	song	 Condition	(T)	 Trials	(incorrect	
identification)	

0.216	

Personal	song	 Condition	(T)	 Learning	sessions	 -0.841	

Personal	song	 Condition	(T)	 Memory	Condition	(1)	 0.612	

Personal	song	 Trials	(incorrect	
identification)	

Learning	sessions	 0.347	

Personal	song	 Trials	(incorrect	
identification)	

Memory	Condition	(1)	 -0.640	

Personal	song	 Learning	sessions	 Memory	Condition	(1)	 -0.943	
 
 

 

 

 

 

 



 

Table 6: Estimated standard deviations for the contribution of the random effects 

and residual standard deviation from model 2. Indicated are the estimated standard 

deviations and correlation parameters. When the entry in the column headed term 2 is 

empty, the column headed sd or corr indicates a correlation parameter and otherwise a 

random intercepts or a random slopes effect. Condition was dummy coded with F 

degradation being the reference level and then centered. Single listening memory was 

dummy coded with listening throughout the session being the reference level and then 

centered. Remaining covariates were z-transformed to a mean of zero and a standard 

deviation (sd) of one; mean and sd of the original variables were 4.53 and 2.79 (learning 

sessions). ‘Intercept’ denotes a random intercept, other entries are a random slopes 

effect. Song combination is the personal song combined with the song played. 

 
Grouping	factor	 Term	1	 Term	2	 sd	
Song	combination	 (Intercept)	 	 0.653	
Song	combination	 Condition	(F2-

Plink)	
	 1.413	

Song	combination	 Condition	(O)	 	 0.722	
Song	combination	 Condition	(O-Plink)	 	 1.009	
Song	combination	 Condition	(T2)	 	 1.513	
Song	combination	 Learning	sessions	 	 0.551	
Song	combination	 Personal	song	

(factor	=	1)	
	 1.068	

Song	combination	 Memory	Condition	
(1)	

	 0.836	

Song	combination	 (Intercept)	 Condition	(F2-Plink)	 -0.177	
Song	combination	 (Intercept)	 Condition	(O)	 0.985	
Song	combination	 (Intercept)	 Condition	(O-Plink)	 -0.361	
Song	combination	 (Intercept)	 Condition	(T2)	 0.128	
Song	combination	 (Intercept)	 Learning	sessions	 0.907	
Song	combination	 (Intercept)	 Personal	song	(factor	=	

1)	
0.407	

Song	combination	 (Intercept)	 Memory	Condition	(1)	 -0.279	
Song	combination	 Condition	(F2-

Plink)	
Condition	(O)	 -0.004	

Song	combination	 Condition	(F2-
Plink)	

Condition	(O-Plink)	 0.276	

Song	combination	 Condition	(F2-
Plink)	

Condition	(T2)	 0.625	

Song	combination	 Condition	(F2-
Plink)	

Learning	sessions	 -0.074	



 

Song	combination	 Condition	(F2-
Plink)	

Personal	song	(factor	=	
1)	

0.776	

Song	combination	 Condition	(F2-
Plink)	

Memory	Condition	(1)	 0.141	

Song	combination	 Condition	(O)	 Condition	(O-Plink)	 -0.318	
Song	combination	 Condition	(O)	 Condition	(T2)	 0.239	
Song	combination	 Condition	(O)	 Learning	sessions	 0.909	
Song	combination	 Condition	(O)	 Personal	song	(factor	=	

1)	
0.550	

Song	combination	 Condition	(O)	 Memory	Condition	(1)	 -0.259	
Song	combination	 Condition	(O-Plink)	 Condition	(T2)	 0.413	
Song	combination	 Condition	(O-Plink)	 Learning	sessions	 -0.636	
Song	combination	 Condition	(O-Plink)	 Personal	song	(factor	=	

1)	
-0.085	

Song	combination	 Condition	(O-Plink)	 Memory	Condition	(1)	 0.678	
Song	combination	 Condition	(T2)	 Learning	sessions	 0.175	
Song	combination	 Condition	(T2)	 Personal	song	(factor	=	

1)	
0.750	

Song	combination	 Condition	(T2)	 Memory	Condition	(1)	 0.719	
Song	combination	 Learning	sessions	 Personal	song	(factor	=	

1)	
0.547	

Song	combination	 Learning	sessions	 Memory	Condition	(1)	 -0.324	
Song	combination	 Personal	song	

(factor	=	1)	
Memory	Condition	(1)	 0.082	

Session	ID	 Memory	Condition	
(1)	

	 0.000	

Session	ID	 Personal	song	
(factor	=	1)	

	 0.226	

Session	ID	 Learning	sessions	 	 0.000	
Session	ID	 Condition	(T2)	 	 0.000	
Session	ID	 Condition	(O-Plink)	 	 0.000	
Session	ID	 Condition	(O)	 	 0.844	
Session	ID	 Condition	(F2-

Plink)	
	 0.000	

Session	ID	 (Intercept)	 	 0.000	
ID	 (Intercept)	 	 0.718	
ID	 Condition	(F2-

Plink)	
	 1.638	

ID	 Condition	(O)	 	 0.693	
ID	 Condition	(O-Plink)	 	 1.603	
ID	 Condition	(T2)	 	 0.814	
ID	 Learning	sessions	 	 0.213	



 

ID	 Personal	song	
(factor	=	1)	

	 0.535	

ID	 Memory	Condition	
(1)	

	 0.591	

ID	 (Intercept)	 Condition	(F2-Plink)	 -0.932	
ID	 (Intercept)	 Condition	(O)	 -0.545	
ID	 (Intercept)	 Condition	(O-Plink)	 -0.551	
ID	 (Intercept)	 Condition	(T2)	 -0.190	
ID	 (Intercept)	 Learning	sessions	 0.398	
ID	 (Intercept)	 Personal	song	(factor	=	

1)	
-0.863	

ID	 (Intercept)	 Memory	Condition	(1)	 0.575	
ID	 Condition	(F2-

Plink)	
Condition	(O)	 0.687	

ID	 Condition	(F2-
Plink)	

Condition	(O-Plink)	 0.777	

ID	 Condition	(F2-
Plink)	

Condition	(T2)	 0.403	

ID	 Condition	(F2-
Plink)	

Learning	sessions	 -0.074	

ID	 Condition	(F2-
Plink)	

Personal	song	(factor	=	
1)	

0.871	

ID	 Condition	(F2-
Plink)	

Memory	Condition	(1)	 -0.769	

ID	 Condition	(O)	 Condition	(O-Plink)	 0.937	
ID	 Condition	(O)	 Condition	(T2)	 -0.079	
ID	 Condition	(O)	 Learning	sessions	 0.441	
ID	 Condition	(O)	 Personal	song	(factor	=	

1)	
0.880	

ID	 Condition	(O)	 Memory	Condition	(1)	 -0.969	
ID	 Condition	(O-Plink)	 Condition	(T2)	 0.260	
ID	 Condition	(O-Plink)	 Learning	sessions	 0.529	
ID	 Condition	(O-Plink)	 Personal	song	(factor	=	

1)	
0.802	

ID	 Condition	(O-Plink)	 Memory	Condition	(1)	 -0.989	
ID	 Condition	(T2)	 Learning	sessions	 0.114	
ID	 Condition	(T2)	 Personal	song	(factor	=	

1)	
-0.066	

ID	 Condition	(T2)	 Memory	Condition	(1)	 -0.129	
ID	 Learning	sessions	 Personal	song	(factor	=	

1)	
-0.010	

ID	 Learning	sessions	 Memory	Condition	(1)	 -0.499	



 

ID	 Personal	song	
(factor	=	1)	

Memory	Condition	(1)	 -0.852	

 

Table 9: Estimated standard deviations for the contribution of the random effects 

and residual standard deviation from model 4. Indicated are the estimated standard 

deviations and correlation parameters. When the entry in the column headed term 2 is 

empty, the column headed sd or corr indicates a correlation parameter and otherwise a 

random intercepts or a random slopes effect. Condition was dummy coded with F 

degradation being the reference level. The test indicated for O condition x Learning 

sessions is an overall test of the effect of the interaction. Personal song factor was 

dummy coded with non-personal song being the reference level. Learning session was 

z-transformed to a mean of zero and a standard deviation (sd) of one; mean and sd of 

the original variable was 3.32 and 2.21 (learning sessions). ‘Intercept’ denotes a random 

intercept, other entries are a random slopes effect. Song combination is the personal 

song combined with the song played.  
 
Grouping	factor	 Term	1	 Term	2	 sdcor	

Song	

combination	

(Intercept)	
	

0.966	

Song	

combination	

Condition	(O)	
	

4.043	

Song	

combination	

Condition	(T)	
	

1.206	

Song	

combination	

Learning	sessions	
	

0.478	

Song	

combination	

Personal	song	(factor=1)	
	

0.913	

Song	

combination	

Condition	(O):Learning	

sessions	

	
3.385	



 

Song	

combination	

Condition	(T):Learning	

sessions	

	
1.205	

Song	

combination	

(Intercept)	 Condition	(O)	 0.972	

Song	

combination	

(Intercept)	 Condition	(T)	 0.436	

Song	

combination	

(Intercept)	 Learning	sessions	 0.546	

Song	

combination	

(Intercept)	 Personal	song	(factor	=	1)	 -

0.759	

Song	

combination	

(Intercept)	 Condition	(O):Learning	

sessions	

0.963	

Song	

combination	

(Intercept)	 Condition	(T):Learning	

sessions	

0.938	

Song	

combination	

Condition	(O)	 Condition	(T)	 0.243	

Song	

combination	

Condition	(O)	 Learning	sessions	 0.390	

Song	

combination	

Condition	(O)	 Personal	song	(factor	=	1)	 -

0.629	

Song	

combination	

Condition	(O)	 Condition	(O):Learning	

sessions	

0.999	

Song	

combination	

Condition	(O)	 Condition	(T):Learning	

sessions	

0.842	

Song	

combination	

Condition	(T)	 Learning	sessions	 0.972	



 

Song	

combination	

Condition	(T)	 Personal	song	(factor	=	1)	 -

0.479	

Song	

combination	

Condition	(T)	 Condition	(O):Learning	

sessions	

0.196	

Song	

combination	

Condition	(T)	 Condition	(T):Learning	

sessions	

0.560	

Song	

combination	

Learning	sessions	 Personal	song	(factor	=	1)	 -

0.429	

Song	

combination	

Learning	sessions	 Condition	(O):Learning	

sessions	

0.344	

Song	

combination	

Learning	sessions	 Condition	(T):Learning	

sessions	

0.592	

Song	

combination	

Personal	song	(factor	=	1)	 Condition	(O):Learning	

sessions	

-

0.622	

Song	

combination	

Personal	song	(factor	=	1)	 Condition	(T):Learning	

sessions	

-

0.931	

Song	

combination	

Condition	(O):Learning	

sessions	

Condition	(T):Learning	

sessions	

0.828	

Session	ID	 Condition	(T):Learning	

sessions	

	
0.000	

Session	ID	 Condition	(O):Learning	

sessions	

	
0.000	

Session	ID	 Personal	song	(factor	=	1)	
	

0.000	

Session	ID	 Learning	sessions	
	

0.000	

Session	ID	 Condition	(T)	
	

0.000	

Session	ID	 Condition	(O)	
	

0.000	



 

Session	ID	 (Intercept)	
	

0.160	

ID	 (Intercept)	
	

1.259	

ID	 Condition	(O)	
	

1.507	

ID	 Condition	(T)	
	

1.493	

ID	 Learning	sessions	
	

0.309	

ID	 Personal	song	(factor	=	1)	
	

0.467	

ID	 Condition	(O):Learning	

sessions	

	
0.577	

ID	 Condition	(T):Learning	

sessions	

	
1.243	

ID	 (Intercept)	 Condition	(O)	 -

0.505	

ID	 (Intercept)	 Condition	(T)	 -

0.444	

ID	 (Intercept)	 Learning	sessions	 0.853	

ID	 (Intercept)	 Personal	song	(factor	=	1)	 -

0.792	

ID	 (Intercept)	 Condition	(O):Learning	

sessions	

-

0.642	

ID	 (Intercept)	 Condition	(T):Learning	

sessions	

-

0.736	

ID	 Condition	(O)	 Condition	(T)	 -

0.550	

ID	 Condition	(O)	 Learning	sessions	 0.019	

ID	 Condition	(O)	 Personal	song	(factor	=	1)	 0.927	



 

ID	 Condition	(O)	 Condition	(O):Learning	

sessions	

0.986	

ID	 Condition	(O)	 Condition	(T):Learning	

sessions	

-

0.213	

ID	 Condition	(T)	 Learning	sessions	 -

0.846	

ID	 Condition	(T)	 Personal	song	(factor	=	1)	 -

0.197	

ID	 Condition	(T)	 Condition	(O):Learning	

sessions	

-

0.403	

ID	 Condition	(T)	 Condition	(T):Learning	

sessions	

0.933	

ID	 Learning	sessions	 Personal	song	(factor	=	1)	 -

0.357	

ID	 Learning	sessions	 Condition	(O):Learning	

sessions	

-

0.148	

ID	 Learning	sessions	 Condition	(T):Learning	

sessions	

-

0.981	

ID	 Personal	song	(factor	=	1)	 Condition	(O):Learning	

sessions	

0.977	

ID	 Personal	song	(factor	=	1)	 Condition	(T):Learning	

sessions	

0.169	

ID	 Condition	(O):Learning	

sessions	

Condition	(T):Learning	

sessions	

-

0.046	

 

 


