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SUMMARY

Rhythmic percussion is present across human cultures and has been proposed as one of the earliest evolved
forms of musical expression.! Key features of human rhythmic percussion include individual and regional
variation, as well as structural features widespread across musical cultures, such as the use of non-random
timing and isochrony (i.e., evenly spaced note onsets).?"> Comparative studies of drumming in our ape rela-
tives contribute to understanding the evolutionary origins of human rhythmic percussion. In this context,
large, diverse datasets allow testing for species-level universals and regional variation. Chimpanzees and bo-
nobos, like humans, drum on instrumental substrates.?®° Wild chimpanzees drum on resonant tree but-
tresses, showing individual variation during traveling and resting contexts, and often integrate drumming
into their long-distance pant-hoot vocalizations.®® But whether wild chimpanzee drumming shows structural
musical features and regional variation in rhythm or in its integration within pant-hoots remains unknown. We
show that wild chimpanzees drum with non-random timing and isochrony, providing evidence that rhythmic
drumming on instrumental substrates may have been present in our last common ancestor.? Furthermore, we
found subspecies-level regional rhythmic variation, showing that western chimpanzees drum isochronously,
while eastern chimpanzees drum by alternating shorter and longer inter-hit intervals. Western chimpanzees
also produce more drumming hits, drum at a faster tempo, and integrate drumming earlier in the pant-hoot
vocalization, typically during the rhythmic build-up phase. Chimpanzee buttress drumming shows both spe-
cies-level structural features of human musicality and stable subspecies regional differences across diverse
ecologies.
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RESULTS AND DISCUSSION

Chimpanzees drum on the buttress roots of trees, generating
low-frequency sounds and selecting buttresses for their reso-
nating properties.®>”°"'" Chimpanzees mainly drum during
traveling and resting contexts, where they often combine drum-
ming with pant-hoot vocalizations,®’ but they also drum during
agonistic displays®'? (Figure 1; Audio S1; Videos S1 and S2).
The acoustic structure of drumming shows individual variation
during traveling and resting but not during agonistic displays,
suggesting that chimpanzees can flexibly encode information
in drumming for different social functions.°® For example,
drumming during traveling and resting seems to be used to
transmit information on identity, activity, and location to distant
group members potentially to facilitate fission-fusion social
dynamics.®®

We investigated 371 drumming bouts produced during trav-
eling and resting” by 11 communities in six populations of two
chimpanzee subspecies (eastern, Pan troglodytes schweinfur-
thii, n = 162; and western, P.t. verus, n = 209; Figure 2A;
Tables S1 and S2) representing the largest cross-site dataset
of chimpanzee buttress drumming to date. Drumming bouts
were considered sequences of hits produced with hands and/
or feet on a buttressed tree.® We tested whether chimpanzees
drum rhythmically and whether they show regional variation in
drumming and in its integration within pant-hoots.

Chimpanzees drum rhythmically and with subspecies
rhythms

Non-random timing and isochrony are structural features of
musical rhythm found across human cultures.*>'* “Non-
random timing” means that musical rhythm consists of events
(e.g., hits) structured in time rather than produced randomly.**°
Isochrony indicates events separated by intervals of equal dura-
tion, like the ticking of a clock.*''® Recently, comparative studies
revealed these structural features in the vocalizations of different
species, including gibbons,'® lemurs,'” orangutans,'® captive
chimpanzees,'® and thrush nightingales.'* In non-vocal signals,
non-random timing and isochrony have been shown in palm
cockatoo tool-assisted drumming,®° in a sustained drumming
event by a single captive chimpanzee,”' and in the motoric
behavior of captive chimpanzee agonistic displays.'® Chimpan-
zees are our closest living relatives and their drumming has been
proposed as homologous to human drumming.? But whether
wild chimpanzees drum with musical structural features remains
unknown.

Totest for non-random timing and isochrony in wild chimpanzee
drumming bouts, we focused on inter-hit intervals (IHIs), which
represent the time elapsed between two adjacent drumming
hits. We calculated rhythm ratios (r) between consecutive inter-
hit intervals by dividing each inter-hit interval by the sum of itself
and the following interval (Table 1; Table S3). We then compared
the distribution of these rhythm ratios to a rhythm ratio distribution
derived from uniformly random inter-hit intervals (i.e., random dis-
tribution; STAR Methods). Across subspecies, all chimpanzees
drum with non-random timing (Kolmogorov-Smirnov test, D =
0.065, p < 0.001). Within subspecies, both western chimpanzees
(Kolmogorov-Smirnov test, D =0.089, p < 0.001) and eastern chim-
panzees (Kolmogorov-Smirnov test, D = 0.092, p < 0.001) drum
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with non-random timing. We then compared the two subspecies’
rhythm ratio distributions. Western and eastern chimpanzees
showed different distributions of rhythm ratios (Kolmogorov-
Smirnov test, D = 0.150, p < 0.001), and visual inspection of these
distributions suggested that, while western chimpanzees drum
isochronously, eastern chimpanzees drum by alternating shorter
and longer inter-hit intervals (Figure 2B).

To assess isochrony, we tested whether the amount of
isochronous drumming produced within and across subspecies
(i.e., when pooling the subspecies) was higher than the amount
of isochronous drumming expected by chance (i.e., in the
random distribution; STAR Methods). Within subspecies, west-
ern chimpanzees drum more isochronously than chance level
(median probability difference to chance = 0.053; Wilcoxon
signed-rank test, V =281, p = 0.008), while eastern chimpanzees
drum Jess isochronously than chance level (median probability
difference to chance = —0.093; Wilcoxon signed-rank test, V =
58, p = 0.047; Figures 2B and 2C). Across subspecies, chimpan-
zees do not drum more or less isochronously than chance level
(median probability difference to chance = 0.018; Wilcoxon
signed-rank test, V = 606, p = 0.660), likely due to western chim-
panzees drumming more while eastern chimpanzees less
isochronously than chance level. We then compared the use of
isochrony and of alternated shorter-longer inter-hit intervals be-
tween subspecies. Western chimpanzees drum more isochro-
nously than eastern chimpanzees (median for eastern = 0.111,
median for western = 0.257; Wilcoxon signed-rank test for
eastern vs. western, V = 403, p = 0.005; Figure 2C). Conversely,
eastern chimpanzees alternate shorter and longer inter-hit inter-
vals more often than western chimpanzees (Welch’s t test for
lag-one autocorrelations of consecutive inter-hit intervals
between subspecies, t(837.27) = —5.732, p < 0.001; STAR
Methods). Supplementary analyses showed that eastern chim-
panzees only alternate shorter and longer inter-hit intervals in
drumming bouts with three or four hits (Table S4).

Our findings provide the first systematic evidence of non-
random timing and isochrony in wild chimpanzee buttress drum-
ming. However, we found no evidence that chimpanzees pro-
duce other simple integer ratios widespread in human musical
rhythm,* %2 for example 1:2 (an interval followed by one twice
its duration) or 1:3 (an interval followed by one three times its
duration). In addition to universal features,>'* human musical
rhythm shows regional variation.'**%?®> While human western
rhythms are characterized by simple integer ratios, some African
and Balkan musical traditions sometimes use non-simple integer
ratios.'#?>?%2° We also found regional variation at a subspecies
level in chimpanzee drumming rhythms: western chimpanzees
show isochronous drumming, while eastern chimpanzees drum
by alternating shorter and longer inter-hit intervals in drumming
bouts with three or four hits (Figure 2B).

A previous study’® found that, when drumming during
agonistic displays, chimpanzees from the Gombe community
(Tanzania) produced drumming patterns that aligned with the
running gait used to approach the drumming tree, with foot falls
landing together as “couplets.” The authors suggested that
drumming rhythm may thus be constrained by prior gait. Here,
when drumming during traveling or resting, eastern chimpan-
zees sometimes—but not always—drummed with couplets of
closely following hits (Figure 2B) and typically drummed after
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(A) Example of western chimpanzee drumming. A spectrogram (top) and an event plot (bottom) of a drumming bout produced by a western adult male chim-
panzee in the Tai East community in Cote d’lvoire. The drumming bout consists of 14 hits (highlighted by brown arrows) separated by evenly spaced inter-hit
intervals and starts in the build-up phase of the pant-hoot. See corresponding Video S1.

(B) Example of eastern chimpanzee drumming. A spectrogram (top) and an event plot (bottom) of a drumming bout produced by an eastern adult male chim-
panzee in the Budongo Sonso community in Uganda. The drumming bout consists of eight hits (highlighted by blue arrows) arranged in an alternation of shorter
and longer inter-hit intervals and starts in the build-up phase of the pant-hoot. See corresponding Audio S1 and see Video S2 for another example of eastern
drumming. The dotted lines connect the first and last hits of the drumming bout in the spectrograms and event plots.

walking up to or standing next to the tree (V.E. and C.H., personal
observation). Our previous study’ showed variation in display
and travel-resting drumming form, and here we show different
drumming rhythms in different subspecies. Together, these find-
ings suggest flexibility in drumming structure and that prior gait
rhythm is unlikely to fully explain drumming rhythm. Future
studies could use detailed pose analysis to assess how locomo-
tory and drumming production mechanics interact together or
with buttress characteristics’" to influence drumming rhythm.

Chimpanzee drumming shows subspecies (regional)
variation

Arcadi and colleagues®” compared the number of hits, the total
duration, and the mean inter-hit interval of drumming bouts pro-
duced by a Tai chimpanzee community (Cote d’lvoire) and the
Kanyawara community (Uganda) finding no evidence of regional
variation. However, in this small dataset the behavioral context of
production, which impacts drumming,” was not recorded, so the
absence of variation may have been due to sampling biases in
context. Whether chimpanzee drumming shows regional varia-
tion and whether any variation might be due to ecological differ-
ences across sites remains unknown.

To test for regional variation in chimpanzee drumming, we
used a permuted discriminant function analysis (pDFA'®) to
compare drumming bouts of the 11 communities using the
following measures per bout: number of hits, bout duration, vari-
ability of all inter-hit intervals (CV), variability between adjacent

pairs of inter-hit intervals (normalized pairwise variability index
[nPVI])), and entropy of inter-hit intervals (entropy; Table 1;
Table S3). Chimpanzee communities varied in their drumming
(oDFA observed classification accuracy of 22% where 13%
was expected, p = 0.010). Specifically, eastern communities
drum differently to western communities, suggesting regional
variation at a subspecies level. An additional confirmatory
pDFA comparing drumming bouts between subspecies sup-
ported subspecies-level regional variation (observed classifica-
tion accuracy 72% where 54% was expected, p = 0.003).
Generalized linear mixed models (GLMMs®®) and repeated
DFAs (repDFAs®°) with balanced subsets were used to identify
the key variables discriminating groups in the significant pDFAs.
nPVI and number of hits were the most contributing variables in
both the community and subspecies pDFAs. Specifically, in the
community pDFA, nPVI and number of hits loaded highest on
discriminant 1 in 798 and 202 out of 1,000 DFAs, respectively
(GLMM full-reduced model comparison, nPVI: ¥%o = 29.258,
p = 0.001; number of hits: ¥%1o = 30.912, p = 0.001; Figure 2D).
Bout duration and entropy loaded highest on discriminant 2 in
533 and 345 out of 1,000 DFAs, respectively; however, because
the GLMMs were non-significant, they were not considered as
key discriminating variables (GLMM full-reduced model compar-
ison, bout duration: ¥%1o = 17.735, p = 0.060; entropy: y%10 =
12.274, p = 0.267). CV loaded highly only on 17 out of 1,000
pDFAs on discriminant 2, showing that the variability of all in-
ter-hit intervals in a drumming bout does not vary across
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Figure 2. Subspecies (regional) variation in chimpanzee drumming rhythm and integration into pant-hoots

(A) Chimpanzee populations. The locations of the six chimpanzee populations included in the study. The photograph of the eastern chimpanzee is courtesy of
coauthor A. Soldati and the photograph of the western chimpanzee is courtesy of K.K.

(B) Subspecies rhythmic patterns. r indicates rhythm ratios of consecutive inter-hit intervals (IHIs) within drumming bouts produced by the two chimpanzee
subspecies (n ratios = 1,815; n eastern ratios = 547; n western ratios = 1,268) from n = 371 drumming bouts (n eastern drumming bouts = 162; n western drumming
bouts = 209). The yellow line is a simulated distribution of rhythm ratios from a uniform random distribution of inter-hit intervals. Rhythm ratios produced by
eastern chimpanzees are indicated in blue; rhythm ratios produced by western chimpanzees are indicated in brown. Both distributions differ significantly from the
random distribution and from each other. On-integer ratio ranges are highlighted using dashed lines. The central peak of the western distribution on 1:1 indicates
use of isochronous inter-hit intervals (i.e., isochronous drumming), while the peaks at the sides of the eastern distribution indicate the use of alternated shorter and
longer inter-hit intervals within drumming bouts.

(C) Subspecies on-isochrony rhythm ratios. Percentage of on-isochrony rhythm ratios of the two subspecies as compared with what would be expected by
chance (indicated by the dashed line). In the box plot, the horizontal line shows the median and whiskers indicate the range of values within 1.5 times the in-
terquartile range. The plot shows that western chimpanzees drum more isochronously than chance level, while eastern chimpanzees drum less isochronously
than chance level.

(D) Community variability between adjacent pairs of inter-hit intervals. The rain cloud plots contain boxplots, scatterplots, and density distributions of the
variability between adjacent pairs of inter-hit intervals (i.e., nPVI) values within drumming bouts (n = 371; n eastern drumming bouts = 162; n western drumming
bouts = 209) produced by the 11 chimpanzee communities (four eastern communities and seven western communities). Plots shading from brown to yellow
indicate western chimpanzee populations and communities (i.e., Fongoli Fongoli, Nimba Tongbongbon, Nimba Gahtoy, Tai East, Tai Middle, Tai North, and Tai
South) while plots shading from light green to blue indicate eastern populations and communities (Gombe Kasekela, Kibale Kanyawara, Budongo Sonso, and
Budongo Waibira). In the box plot, the horizontal line shows the median and whiskers indicate the range of values within 1.5 times the interquartile range. nPVI
represents the most contributing variable in the community-level pDFA,'® showing that eastern chimpanzees drum with more variable adjacent pairs of inter-hit
intervals than western communities.

(E) Community drumming onset during pant-hoot. The stacked bar plots show the percentage of n = 323 drumming bouts (n eastern drumming bouts = 144; n
western drumming bouts = 179) produced by the 11 chimpanzee communities (four eastern communities; seven western communities) accompanied by pant-
hoot vocalizations that have their onset before (white) or after (black) the onset of the pant-hoot’s climax phase. The plot shows that western chimpanzee
communities start drumming later in the pant-hoot than eastern communities, typically during the climax phase.

communities. In the confirmatory subspecies pDFA, only nPVlI  same building blocks to produce different drumming rhythms.
and number of hits loaded on discriminant 1 in 975 and 25 out  This structuring may represent a parallel with human music:
of 1,000 DFAs, respectively (GLMM full-reduced model compar-  across cultures, fewer than five durational values are typically
ison, nPVI: y2; = 25.617, p < 0.001; number of hits: ¥y = 19.198,  used to produce rhythmic patterns and different arrangements
p < 0.001; eastern: median = 4; mode = 3; western: median =7;  of similar intervals produce different rhythms (e.g., baroque vs.
mode = 5; Figure 3). Specifically, western chimpanzees drum  reggae).* Additionally, western chimpanzees produce drumming
with more hits and with less variable adjacent inter-hit intervals  bouts with more hits than eastern chimpanzees, but of the same
than eastern chimpanzees (Figures 2D and 3A). duration, suggesting that western chimpanzees drum with a faster

As our data spanned 24 years, we further tested the stability of  tempo (Figure 3). A supplementary GLMM comparing drumming
the five drumming measures across time within subspecies tempo in the two subspecies confirmed this finding (GLMM full-
(STAR methods; Table 1). Subspecies drumming remained sta-  reduced model comparison, tempo: x%; = 11.463, p = 0.001).
ble across time (GLMM full-reduced model comparisons, nPVI:  Compared with human rhythmic drumming, chimpanzees across
x?1 = 0.580, p = 0.446; CV: ¥%, = 1.050, p = 0.305; entropy, subspecies drum with fewer hits and show a faster average inter-
¥?1 = 0.446, p = 0.504; number of hits, % = 1.489, p = 0.222).  hit interval of 229 ms (human tapping average IHI: 600 ms)>*°

To summarize, while the total variability of inter-hit intervals (CV)  (Table S3). Human drumming contains more hits than chimpanzee
within drumming bouts did not vary between subspecies, the vari-  drumming; however, human music consists of looped rhythms
ability between adjacent pairs of inter-hit intervals varied (nPVI, and events (e.qg., hits) grouped into twos and threes.”> By showing
Figure 2D). In other words, chimpanzee subspecies use the rhythmic elements in chimpanzee drumming, we contribute to
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Table 1. Drumming measures

Measure Description

Number of hits Number of hits in a drumming bout

Bout duration Duration of a drumming bout measured from the center of the first hit in the bout to

the center of the last hit in the bout. Measured in seconds

Coefficient of variation of inter-hit intervals (CV) Rhythmic measure of variability of all inter-hit intervals® in a drumming bout relative to
the mean inter-hit interval in the bout. Lower values indicate lower variability. Measure

calculated at the level of the drumming bout

Variability between adjacent pairs of inter-hit
intervals (nPVI)

Rhythmic measure of variability (i.e., durational contrast) between adjacent pairs of
inter-hit intervals in a drumming bout. Lower values indicate lower adjacent inter-hit
interval variability. The maximum value the nPVI can have is 200. Measure calculated
at the level of the drumming bout

Rhythmic measure of structuredness of a drumming bout. Entropy was used to
measure how predictable durations of inter-hit intervals within drumming bouts are.
First, we used a k-means clustering algorithm to identify categories of inter-hit intervals
(k) based on their duration; k was determined separately for each individual chimpanzee
by comparing the performance of the clustering using silhouette scores, which quantify
the performance of the clustering algorithm. The clustering fit was best when the
number of categories (k) was either two (defined as “short” and “long”) or three (short,
“medium,” and long) depending on the individual. Using more than three categories did
not improve silhouette scores for any individual. Next, we calculated Shannon’s entropy
using the counts of inter-hit intervals in each durational category for each drumming
bout. A bout’s entropy is lowest when one can predict with high certainty what a
hypothetical new inter-hit interval would be as in, for example, the case of a drumming
bout containing only short inter-hit intervals. In this case one can be relatively confident
that a hypothetical new inter-hit interval will also be a short inter-hit interval. Entropy is
highest when it is difficult to predict what a hypothetical new inter-hit interval would be,
as in the case of a bout containing an equal number of short, medium, and long inter-hit
intervals. In this case one cannot be confident about the duration of a new, hypothetical,

Shannon’s entropy (entropy)

inter-hit interval in that bout. Measure calculated at the level of the drumming bout

Rhythm ratios (r)

Rhythmic measure to explore the presence of rhythmic patterns of inter-hit intervals

within drumming bouts. Calculated by dividing each inter-hit interval (IHI,) by itself plus

the following interval (IHIy , 1): rk

inter-hit interval

IHI

= m Measure calculated at the level of the

Measures computed to examine the structure of drumming bouts produced by chimpanzees. See Table S3 for descriptive statistics of the drumming

measures.

2Inter-hit interval (IHI)—latency between two consecutive hits measured from the center of the first hit to the center of the second hit.

understanding the building blocks that may have preceded sus-
tained rhythmic drumming in humans.

Within and across subspecies, the populations sampled live in
diverse habitats ranging from primary and secondary forest to
savanna mosaic. To test whether ecology impacts chimpanzee
drumming, we compared drumming bouts across the six popula-
tions using the five drumming measures (Table 1). Chimpanzee
drumming did not vary among all sampled populations (all popula-
tions pDFA observed classification accuracy of 25% where 19%
was expected, p = 0.102). This lack of variation across populations
suggests that large-scale ecological differences between popula-
tions’ habitats does not affect chimpanzee drumming. As the pop-
ulations belong to different subspecies, we further assessed
whether ecology affects drumming while controlling for subspe-
cies variation by comparing populations within each subspecies.
Chimpanzee drumming did not vary between populations of the
same subspecies living in different habitats (western populations
pDFA, observed classification accuracy of 59% where 58% was
expected, p = 0.401; eastern populations pDFA, observed classi-
fication accuracy of 35% where 37% was expected, p = 0.542).

Taken together, our results suggest that subspecies differ-
ences, rather than ecological factors, likely drive regional varia-
tion in chimpanzee drumming. However, future studies should
directly investigate whether specific ecological variables (e.g.,
territory size, tree species, or geometric properties'’) influence
chimpanzee drumming.

Chimpanzee pant-hoot and drumming combinations
show subspecies (regional) variation

Arcadi and colleagues®’ found population variation in the combi-
nation of drumming and pant-hoot vocalizations: Tai chimpanzees
incorporated drumming earlier in the pant-hoot, typically during
the build-up phase, while Kanyawara chimpanzees usually started
drumming during the climax. To test for systematic regional varia-
tion in chimpanzee drumming behavior, we compared when
chimpanzees started drumming during the pant-hoot across com-
munities and across populations. At both community and popula-
tion level, chimpanzees started drumming at different points during
the pant-hoot (GLMM full-reduced model comparing commu-
nities, y% = 18.663, p = 0.028; GLMM full-reduced model
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Figure 3. Subspecies (regional) variation in chimpanzee drumming hits and tempo
(A) Subspecies drumming number of hits. The plot shows histograms of the number of hits within drumming bouts. Number of hits represented a highly
contributing variable in the pDFA, revealing that western chimpanzee (in brown) drum with more hits (median = 7; mode = 5) within drumming bouts than eastern

chimpanzees (in blue; median = 4; mode = 3).

(B) Subspecies drumming bout duration. The plot shows histograms of the drumming bout duration, which was not a highly contributing variable in the sub-

species pDFA, suggesting subspecies do not vary in drumming bout duration.

(C) Subspecies drumming tempo. The plot shows boxplots of drumming tempo revealing that western chimpanzees drum with a faster tempo than
eastern chimpanzees. In all plots the drumming bouts were produced by the two chimpanzee subspecies (n drumming bouts = 371; n eastern drumming

bouts = 162; n western drumming bouts = 209).

comparing populations, ¥°s = 14.640, p = 0.012). Specifically,
across both communities and populations, western chimpanzees
are more likely to start drumming before, rather than after, the
onset of the pant-hoot climax, typically during the build-up
(Figure 2E).?” A confirmatory GLMM comparing subspecies sup-
ported subspecies-level regional variation (GLMM full-reduced
model comparing subspecies, y*; = 14.380, p < 0.001).

The build-up phase of the pant-hoot consists of repeated inha-
lations and exhalations, which show isochronous-like rhy'thm.19
Western chimpanzees may start drumming during build-ups as
it may be easier to integrate their isochronous drumming during
an isochronous vocal phase than during climax screams.

Potential social drivers of drumming subspecies
variation

Our findings show that subspecies differences, rather than
ecological differences, likely shape regional variation in chim-
panzee drumming. Chimpanzee party sizes seem constrained
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by food availability®'** and remain relatively stable across

communities of different sizes.**** Because western females
are more gregarious and range more often across the entire
home range than eastern females,>*™’ western chimpanzees
are more likely to regularly encounter more community mem-
bers, fostering greater overall social cohesion than in eastern
communities. Western communities are less aggressive to-
ward outgroups than their eastern counterparts, as evidenced
by the rarity of lethal inter-community encounters in western
chimpanzees compared with its regular occurrence in eastern
chimpanzees.®®*° These subspecies differences in sociality
may potentially explain regional variation in drumming
behavior. Patterns of variable interval lengths have the poten-
tial for greater expressivity than isochronous patterns, where
the same interval length is repeated.’® If eastern chimpanzees
are socially dispersed more often, exhibiting more diverse
adjacent inter-hit intervals within drumming (Figure 2D)
could provide greater flexibility to transmit social information
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relevant to locating distant group members. Pant-hoot
climaxes carry identity information across large distances.*’
Being more often dispersed, eastern chimpanzees might inte-
grate drumming—which can be heard further away than pant-
hoots*' —during climaxes more often than western chimpan-
zees to facilitate individual recognition over large distances.
Future research should investigate whether (1) as in humans,
higher isochrony in western chimpanzees is associated with
more synchronized behavior (i.e., joint pant-hooting or drum-
ming) that may promote cohesion and coordination'®; (2)
eastern chimpanzees show more diverse adjacent inter-hit in-
tervals within drumming to convey variable information related
to fission or fusion events; (3) eastern chimpanzees possess
stronger individual or community signatures than western
chimpanzees to aid in regulating fission-fusion and inter-com-
munity social dynamics; (4) the regional variation represents a
neutral evolved cultural difference.

Conclusions

We show stable subspecies-level regional differences in the
structure of chimpanzee drumming and in its integration within
pant-hoots, despite substantial ecological variation across
chimpanzee sites. We provide evidence of some musical struc-
tural features in the drumming behavior of our closest living rel-
atives, suggesting that rhythmic percussion on instrumental
substrates might have been present before humans and chim-
panzees diverged approximately 7-9 mya.? Our findings high-
light percussive behavior in non-human apes as a promising sys-
tem for exploring the evolution of musicality.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data This paper https://zenodo.org/records/15175482
Example videos This paper Videos S1 and S2

Example audios This paper Audio S1

Experimental models: Organisms/strains

Chimpanzees Budongo Central Forest Reserve, Uganda; Kibale National Park, N/A

(Pan troglodytes spec.) Uganda; Gombe National Park, Tanzania; Tai National Park,

Ivory Coast; Seringbara study site, Nimba Mountains, Guinea;
Fongoli study site, Senegal

Software and algorithms

Praat Paul Boersma and David Weenink https://www.fon.hum.uva.nl/praat/
Python Python Software Foundation https://www.python.org

R R foundation https://www.r-project.org/
Thebeat Jelle van der Werff, Andrea Ravignani, https://thebeat.readthedocs.io

Yannick Jadoul

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects and study sites

We collected data on buttress drumming in 11 chimpanzee communities across six populations of two subspecies (eastern, Pan
troglodytes schweinfurthii and western, Pan troglodytes verus) of chimpanzees between 1999 and 2023.

East Africa

The Sonso and Waibira communities of the Budongo population inhabit the Budongo Central Forest Reserve in western Uganda, a
793 km? reserve containing 482 km? of medium-altitude and semi-deciduous tropical secondary forest.*” The Kanyawara community
of the Kibale population inhabits the Kibale National Park in western Uganda, a 766km? mid-altitude forest containing a mosaic of pri-
mary forest, logged forest, grassland, and swamp.*® The Kasekela community of the Gombe population inhabits the Gombe National
Park in western Tanzania, a small 35km? forest located along the shore of Lake Tanganyika on a mountainous landscape consisting of
an evergreen and semi-deciduous forest on the lower slopes and a mosaic of thicket, woodland, and grassland on the upper slopes.**
West Africa

The North, East, Middle, and South communities of the Tai population inhabit the Tai National Park in Cote d’lvoire, a 4540 km? ever-
green and low-altitude primary forest.*> The Gahtoy and Tongbongbon communities of the Nimba population inhabit the Nimba
Mountains in the Republic of Guinea, which cover approximately 175 km? of wet, montane primary forest including rocky peaks,
rough cliffs, steep river valleys, and high-altitude savannah.'®*® The Fongoli community of the Fongoli population lives in a wood-
land-savannah habitat in south-eastern Senegal. The vegetation in Fongoli is a mosaic of woodland, grassland, bamboo, and gallery
forest, with closed habitats covering less than 5% of the range.*’

Ethical note

Data collection across sites followed the ASAB guidelines for the treatment of animals in behavioural studies (2018). Ethical approval
for the study was given by the School of Psychology and Neuroscience of the University of St Andrews Animal Welfare Ethics Com-
mittee on the 5" of May 2019. We followed the ASAB guidelines for the treatment of animals in behavioural research and teaching
(ANIMAL BEHAVIOUR, 135, I-X). Data collection conformed to the Code of Best Practices for Field Primatology established by the
International Primatological Society (2014).

METHOD DETAILS

Data collection

We considered buttress drumming (hereafter drumming) as any percussive behaviour produced with hands and/or feet on the flange-
like buttress roots that support tree trunks.®** Following Arcadi,® a drumming bout was defined as a sequence of hits produced by a
chimpanzee striking the buttress roots of one tree with hands and/or feet.
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Eastern chimpanzees

Drumming bouts were collected in the Budongo Forest in Uganda from the Budongo Waibira community by VE between June 2019
and March 2020, by WW between June and July 2023, and extracted from archival video data from 2017 and 2019%; and from the
Budongo Sonso community by ASoldati between October 2018 and March 2020 and extracted from archival video data from 2011
and 2021.“® Drumming bouts were collected in the Kibale National Park in Uganda from the Kibale Kanyawara community by PF be-
tween October 2010 and July 2011. Drumming bouts were collected in the Gombe National Park in Tanzania from the Gombe Ka-
seleka community by Nasibu Zuberi Madumbi and Hashim Issa Salala supervised by ND and MW between May and October 2017.

Western chimpanzees

Drumming bouts were collected in the Tai National Park in Cote d’lvoire from the Tai Middle and Tai North communities by CC be-
tween February 1999 and May 2000 and from the Tai East and Tai South communities by LS between October 2013 and January
2015 and by CH between January and February 2020. Drumming bouts were collected at the Seringbara study site in the Nimba
Mountains in Guinea from the Nimba Tongbongbon community by KK, MF, and a team of research assistants and staff between
February 2012 and May 2022; and from the Nimba Gahtoy community by KK, MF, and a team of research assistants and staff be-
tween January 2020 and April 2022. Drumming bouts were collected in the Fongoli study site in Senegal from the Fongoli community
by KEG between May and June 2023.

In all communities drumming bouts were collected or extracted from long-term data with an ad libitum sampling approach. For
each drumming bout we noted information on the signaller identity and the behavioural context of production of the drumming behav-
iour as: feeding, displaying, travelling, or resting. Feeding: the signaller drummed when feeding on the ground or when arriving at a
feeding tree. Displaying: the signaller drummed when displaying with piloerection, and throwing objects, charging, gesturing, or call-
ing, when other chimpanzees were nearby. Travelling: the signaller drummed when locomoting through the forest to find distant re-
sources or group members (note that locomotion solely to reach the drumming tree was not considered as travelling; and for cases
where the signaller was resting immediately before or after travelling, we considered the context as travelling). Resting: the signaller
was on the ground and was not engaging in any of the activities above.

In Budongo Waibira drumming behaviour was filmed and recorded with a Sennheiser MKE 400 directional microphone (audio sam-
ple rate: 44.1 kHz, resolution: 16 bits per sample) mounted on a Panasonic HC-V700 video-camera. In Budongo Sonso drumming
behaviour was recorded with a directional microphone Sennheiser MKH 416 with Marantz PMD661 MKkl solid-state recorder (audio
sample rate: 44.1 kHz, resolution: 32 bits per sample). In Kibale Kanyawara drumming behaviour was recorded with a Marantz Pro-
fessional PMD661 solid state recorder and a Sennheiser ME67 directional microphone (audio sample rate: 44.1 kHz, resolution: 32
bits per sample). In Gombe Kasekela drumming behaviour was recorded with a Sennheiser ME66 shotgun microphone with K6 po-
wer module and a Marantz PMD661 MKII audio recorder (audio sample rate: 96 kHz, resolution: 16 bits per sample). In Tai Middle, Tai
North, and Tai South drumming behaviour was recorded with a Sennheiser ME65/K6 directional microphone (frequency response:
50-15,000 Hz + 2.5 dB re 20 IPa) and a Sony WMDG6C Professional Walkman or Marantz PMD 222 cassette recorder, or with different
Panasonic video-camera models (e.g., HC-V720, HC-V785, HC-VX1). In Tai East drumming behaviour was recorded with different
Panasonic video-camera models (e.g., HC-V720, HC-V785, HC-VX1). In Nimba Tongbongbon and Nimba Gahtoy drumming behav-
iour was recorded with Browning Recon Force Elite HP4 and Bushnell Trophy Cam (various models) motion-triggered cameras. In
Fongoli drumming behaviour was recorded with a Panasonic HC-VX1 video-camera. Video recordings were converted with Wonder-
share UniConverter Software 10.5.0 to WAV audio files to conduct acoustic analyses.

QUANTIFICATION AND STATISTICAL ANALYSIS

Acoustic analyses

We conducted acoustic analyses in Praat version 6.1.54 only on drumming bouts produced by adult male chimpanzees, as data
available from female chimpanzees were generally scarce and not present in some communities. For acoustic analyses we annotated
only drumming bouts in which all drumming hits could be clearly visually discriminated in spectrograms. We annotated the start and
end of the drumming bout and the timing of each hit within the bout at its centre (i.e., halfway in time; following Eleuteri et al.”). Pant-
hoots are the species-typical loud vocalizations used by chimpanzees to maintain contact with conspecifics and can be composed of
up to four subsequent phases: the “introduction” (low “hoo” elements), the “build-up” (low intensity voiced inhaled and exhaled el-
ements), the “climax” (high-intensity and high-frequency loud voiced elements resembling screams), and the “let-down” (a low-in-
tensity final element).®*°=>" For drumming bouts produced during pant-hoots, we also annotated the start and end of the pant-hoot
and of each of the pant-hoot phases: introduction, build-up, climax, let-down.*>>" Acoustic analyses were conducted by VE
and WW.

Inter-rater reliability was calculated on 36 randomly selected samples coded by VE and recoded by a trained coder (WW) on the
drumming variables: number of hits, bout duration; and the pant-hoot variables: start phase and end phase. We found substantial to
almost perfect reliability on all variables (weighted Cohen’s kappa for number of hits, k = 0.707, z = 7.42, p < 0.001; intra-class cor-
relation coefficient for bout duration, r = 0.83, F(35, 31.7) = 11.5, p < 0.001; weighted Cohen’s kappa for start phase, k = 0.806,
z =5.39, p < 0.001; weighted Cohen’s kappa for end phase, k = 0.863, z = 7.66, p < 0.001). The original data coded by VE were
included in the statistical analyses.
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Drumming measures

Previous studies have suggested that drumming serves different functions in different behavioural contexts. During agonistic dis-
plays drumming may be used by chimpanzees to target immediate or nearby audiences with impressive visual and audible behav-
iour."®** During resting and travelling drumming may be used to communicate the signaller’s identity and location to distant group
members, possibly to coordinate fission-fusion events, similarly to pant-hoot vocalizations.”**°" Because we recorded and anno-
tated too few drumming bouts in the context of feeding to conduct any statistical analyses, we only included drumming bouts pro-
duced during travelling and resting contexts (following Eleuteri et al.”). To ensure that the drumming styles of individuals were repre-
sentative of community styles, we only included communities with at least two individuals who each contributed at least three
drumming bouts comprising at least three hits. Drumming bouts with fewer than three hits (corresponding to two inter-hit intervals)
were excluded because rhythm ratios are calculated for subsequent intervals (see below).

To represent the structure of buttress drumming for each drumming bout included we computed five measures: number of hits,
bout duration, coefficient of variation of all inter-hit intervals (CV), variability between adjacent pairs of inter-hit intervals (nPVI: nor-
malised pairwise variability index), and Shannon’s entropy of inter-hit intervals (entropy®?; Table 1; Table S3). In addition, to test for
the presence of non-random timing and isochrony of inter-hit intervals within the drumming bouts, we computed so-called rhythm
ratios (r) of consecutive inter-hit intervals by dividing each inter-hit interval (IHI) by its duration plus the duration of the following inter-
hit interval (following Roeske et al.’* and De Gregorio et al.'’; see below for statistical analyses). Measures were only computed for
individual chimpanzees who contributed, across all drumming bouts, at least 10 hits (i.e., 9 inter-hit intervals) to ensure sufficient vari-
ation in the inter-hit intervals for entropy and rhythm ratios calculations. CV, nPVI, and entropy measures were extracted using the
thebeat® package in Python (Table 1).

Statistical analyses

Do chimpanzees drum rhythmically?

To test for musical rhythmic properties in chimpanzee drumming, we built on the methodology used by previous studies.'*'"'® For
each individual chimpanzee, we first split the rhythm ratios into histogram bins (i.e., ranges of ratios). Following Roeske et al.,'* bins
were centred on on-integer ratios and off-integer ratios. On-integer bins (highlighted in Figure 2B with dashed lines) were centred
around the integer ratios typical of human musical rhythm."*"”:'® The following on-integer rhythm ratios were used: 1:3 (bin centre:
0.25) representing a ratio between an interval and its consecutive interval three times its duration; 1:2 (bin centre: 0.33) representing a
ratio between an interval and its consecutive interval twice its duration; 1:1 (bin centre: 0.50) representing a ratio between two
consecutive intervals of equal duration (i.e., isochronous bin); 2:1 (bin centre: 0.66) representing a ratio between an interval and
its consecutive interval half its duration; and 3:1 (bin centre: 0.75) representing a ratio between an interval and its consecutive interval
one-third its duration. The bins in-between these integer ratios represent the off-integer bins. After defining the bins, we calculated
the bin counts for each individual chimpanzee. For more information on bin selection, see.'®17

To test whether, across and within subspecies, chimpanzees drum with non-random timing, we simulated a random uniform dis-
tribution of inter-hit intervals (IHIs) with the durations of the minimum and maximum observed inter-hit intervals in our dataset as left
and right bounds.'*"” We then applied the equation used to compute the rhythm ratios presented in Table 1 to calculate rhythm ratios
for the random uniform distribution of IHIs. Subsequently, we compared the distributions of the rhythm ratios of all chimpanzees
together and of the two subspecies separately to the distribution of rhythm ratios of the random uniform distribution of IHIs (i.e.,
random distribution) using Kolmogorov-Smirnov tests. We also tested for the presence of different rhythmic patterns in eastern
and western chimpanzees by comparing the distributions of their rhythm ratios using another Kolmogorov-Smirnov test, and by visu-
ally inspecting the presence of any specific rhythmic patterns within plots of the distributions.

Recently, the issue has been raised by Jadoul et al.*> that normalization procedures used in previous studies implicitly—and
in our case, wrongly —assume a null hypothesis of uniformly distributed rhythm ratios. The actual null hypothesis is usually that the
rhythm ratios are distributed according to the random distribution presented in Figure 2B, which results from sampling intervals (and
not rhythm ratios) from a uniform random distribution. The previously used normalization procedure involved dividing the number of
observations in each histogram bin by the width of that bin on the x axis. This procedure can lead to an overestimation of observed
isochronous rhythm ratios as compared to chance level when intervals are randomly sampled from a uniform distribution. Based on
the recommendations by Jadoul et al.,>* we devised a method to test for the presence of isochrony that avoids this overestimation,
and used it to compare the amount of isochrony between subspecies, and to compare the amount of isochrony to chance level. First,
we counted how many of an individual chimpanzee’s rhythm ratios fell into the isochronous bin (i.e., 1:1), and compared that to the
total number of observed rhythm ratios for that individual (i.e. 2umber of isochronous ratios) This value represented the empirical probability
of a rhythm ratio falling into the isochronous bin for each individual. Then, we computed the corresponding value for what would be
expected by chance, i.e. the mathematical probability of a rhythm ratio falling into the isochronous bin when intervals are sampled
from a random uniform distribution. This mathematical probability was calculated using the formula provided in Jadoul et al.,>* which
yielded a probability for the isochronous bin of 0.204. To compare the empirical probabilities of isochronous drumming to the ex-
pected (mathematical) probability we used one-sample Wilcoxon signed-rank tests: one for all chimpanzees together and two for
each subspecies (eastern and western) separately. A final Wilcoxon signed-rank test was used to compare the amount of isochro-
nous drumming in the two subspecies.

Lastly, we confirmed the different use of alternated shorter-longer inter-hit intervals in the two subspecies (Figure 2B) by comparing
lag-one autocorrelations of consecutive inter-hit intervals produced by eastern and western chimpanzees. A negative lag-one

14,17,18
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autocorrelation indicates alternation of shorter and longer inter-hit intervals within drumming bouts (cf. Vorberg and Wing®®). We
included in the analyses n = 1815 ratios (n eastern ratios = 547; n western ratios = 1268) from n = 371 drumming bouts (n eastern
drumming bouts = 162; n western drumming bouts = 209) with at least three hits recorded in the contexts of travelling and resting
by 47 individuals (21 eastern and 26 western) from 11 communities (four eastern and seven western) across six populations (three
eastern and three western) of two subspecies (eastern, Pan troglodytes schweinfurthii and western, Pan troglodytes verus;
Tables S1 and S2).

Human musical rhythms are typically longer than the three-hit or four-hit drumming bouts we included in our dataset.”> We there-
fore conducted supplementary analyses including drumming bouts with at least five hits (Table S4). We included here n = 1363 ratios
(n eastern ratios = 352; n western ratios = 1011) from n = 204 drumming bouts (n eastern drumming bouts = 64; n western drumming
bouts = 140). Our results here differed to those in our main analysis in that eastern chimpanzees do not drum differently to random and
that they do not drum /ess isochronously than expected by chance and by alternating shorter and longer inter-hit intervals. However,
here our sample size for Eastern chimpanzees (n = 352) is almost half the sample size of the full dataset (n = 547) and may have thus
led to loss of statistical power. We also conducted supplementary analyses fully replicating previous studies (e.g. ref. Roeske et al., "
De Gregorio et al.,'” and Lameira et al.’?; Table S5).

Do chimpanzees from different regions drum differently?

To test for the presence of regional variation in chimpanzee drumming and for the effect of ecology on drumming, we compared
drumming bouts of different communities and of different populations using, respectively, two nested permuted discriminant function
analyses (pDFA'® with 1000 permutations: randomised data sets including the original dataset). We used pDFAs because our data
violated the assumption of independence for discriminant function analysis, as some of the drumming bouts were produced by the
same individual chimpanzees. pDFA allowed us to address the violation of independence using a permutation approach, and to test
whether the observed classification accuracy of a discriminant function analysis (DFA°®) is significantly higher than expected by
chance, while accounting for the accuracy inflating effect of a confounding factor (in our case: individual). In the two pDFAs we
included individual as the control factor, and community and population as test factors, respectively. In both pDFAs we entered
as variables the drumming measures: number of hits, bout duration, nPVI, CV, and entropy (Tables 1 and S3). Variables that achieved
a more symmetrical distribution after log transformation were log transformed (in our data: number of hits, bout duration). In the anal-
ysis we included a total of n = 371 drumming bouts (n eastern drumming bouts = 162; n western drumming bouts = 209) with at least
three hits recorded in the contexts of travelling and resting by 47 individuals (21 eastern individuals; 26 western individuals) from 11
communities (four eastern individuals; seven western individuals) across six populations (three eastern populations; three western
populations) of two subspecies (eastern and western; Tables S1 and S2). Following Desai et al.,”” we used repeated DFAs with
balanced subsets (repDFA) and generalized linear mixed models (GLMMs?®) to identify the key variables discriminating the test factor
in significant pDFAs. First, we used the repDFA function to create 1000 balanced datasets in a crossed design and to run 1000 DFAs
reporting the variables with the highest coefficient on the linear discriminant functions in each DFA. We then used GLMMs to test the
significance of the variables with the highest coefficients in most DFAs. We controlled for individual by including it as a random effect.
The pDFAs were conducted using the R function and instructions provided by Roger Mundry'® and the repDFA was performed using
a function by Christof Neuman,?® subsequently modified by Desai et al.>”

Our drumming data spanned a total period of 24 years. To test whether drumming remains stable throughout time within subspe-
cies, we used five GLMMs. We included as predictor the interaction between subspecies and the number of days passed from the
first date of data collection until the 15! of January 2024. The response variables in the five GLMMs were the five drumming measures:
number of hits, bout duration, CV, nPVI, and entropy (Table 1). We again controlled for individual by including it as a random effect.
Do chimpanzees from different regions start drumming at different points during pant-hoot vocalizations?

Lastly, to further address regional variation in chimpanzee drumming behaviour, we tested whether communities and populations
start drumming at different points during the pant-hoot using two GLMMs with a binomial error structure.® The response variable
for both GLMMs indicated whether the drumming bout started before or after the onset of the climax phase of the pant-hoot (“before
climax start” = 1; “after climax start” = 0). The predictors were, respectively, community and population, and we controlled for in-
dividual by entering it as a random effect. Out of n = 371 drumming bouts, a total of n = 356 (96%, of which n = 159 (98%) by eastern
chimpanzees and n = 197 (94%) by western chimpanzees) were produced with a pant-hoot; n = 9 (0.02%) were produced without a
pant-hoot, and for n = 8 (0.02%) it was unknown if a pant-hoot was produced. Drumming bouts starting in the pause between the
pant-hoot phases, that were produced after the pant-hoot, or where the pant-hoot phase was unclear were removed from analyses.
Tai South was removed from the GLMM as the community had no drumming bouts starting after the onset of the climax. The
final dataset included in the analyses consisted of n = 302 drumming bouts (n eastern drumming bouts = 144; n western drumming
bouts = 158) produced in the contexts of travelling and resting by 42 individuals (21 eastern individuals; 21 western individuals) from
10 communities (four eastern communities; six western communities) of six populations (three eastern populations; three western
populations) of two subspecies (eastern and western; Tables S1 and S2). All analyses and plots were conducted in R version 4.3.1.
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