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SUMMARY

Primates rarely learn new vocalizations, but they can learn to use their vocaliza-
tions in different contexts. Such “vocal usage learning,” particularly in vocal
sequences, is a hallmark of human language, but remains understudied in non-hu-
man primates. We assess usage learning in four wild chimpanzee communities of
Tai and Budongo Forests by investigating population differences in call ordering
of a greeting vocal sequence. Whilst in all groups, these sequences consisted of
pant-hoots (long-distance contact call) and pant-grunts (short-distance submis-
sive call), the order of the two calls differed across populations. Tai chimpanzees
consistently commenced greetings with pant-hoots, whereas Budongo chimpan-
zees started with pant-grunts. We discuss different hypotheses to explain this
pattern and conclude that higher intra-group aggression in Budongo may have
led to a local pattern of individuals signaling submission first. This highlights
how within-species variation in social dynamics may lead to flexibility in call order
production, possibly acquired via usage learning.

INTRODUCTION

Despite prolific research efforts, the evolutionary origins of human language capacities remain a largely un-
solved riddle. Determining the origins of human vocal learning capacities is a crucial component in
resolving this problem (Jackendoff, 1999; Jarvis, 2019; Wilbrecht and Nottebohm, 2003), with research
on non-human animals (hereafter “animals”) playing a key role (reviewed in Egnor and Hauser, 2004; Now-
icki and Searcy, 2014; Wilbrecht and Nottebohm, 2003). Vocal learning consists of at least three different
mechanisms (production, usage, comprehension), and overall refers to the ability to modify the vocal
output in response to social or individual experience, typically from interacting with other group members
(Janik and Slater, 2000; Sewall et al., 2016).

In terms of vocal output, two processes have been distinguished (Janik and Slater, 2000; Sewall et al., 2016).
First, production learning refers to the ability to produce novel signals or signal variants in response to so-
cial experience and auditory feedback. Second, contextual or usage learning refers to the ability to use ex-
isting signals flexibly in different situations. Usage learning can operate via two distinct processes. First,
individuals can learn socially by observing conspecifics and imitating their pattern of vocal production in
certain contexts (Hollén and Radford, 2009). Alternatively, individuals can learn individually via trial and er-
ror by adjusting their vocal production over time to optimize the outcome (Lattenkamp et al., 2018).

Production learning is common in songbirds (reviewed in Sewall et al., 2016; Wilbrecht and Nottebohm,
2003) but also found in non-singing birds (Wright, 1996), bats (reviewed in Vernes and Wilkinson, 2020),
and cetaceans (reviewed in Sewall et al., 2016). For primates, there is a puzzling contrast between the
advanced vocal production learning capacities of humans, and the very limited capacities of non-human
primates (hereafter primates, Egnor and Hauser, 2004; Fedurek and Slocombe, 2011). In primates, vocal
repertoires consist of structurally mostly fixed and genetically predetermined call types (reviewed in Fe-
durek and Slocombe, 2011; Fischer and Hammerschmidt, 2020), with individuals possessing only limited
flexibility and control over the acoustic structure of the call types within the repertoires (e.g., macaques,
Sugiura, 1998; marmosets, Elowson and Snowdon, 1994; Gultekin et al., 2021; Snowdon and Elowson,
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and chimpanzees, Crockford et al., 2004; Marshall et al., 1999; Mitani et al., 1999, 1992; Watson et al., 2015;
reviewed in Egnor and Hauser, 2004; Fischer and Hammerschmidt, 2020).

Although humans (unlike other primates) are undoubtedly capable of imitating almost any arbitrary sound, the
key capacity of speech arguably concerns the ability to recombine components of a finite phonetic repertoire
into longer sequences. The human phonetic repertoire consists of around 100 sounds, although the phonemic
repertoire, i.e., how people use and interpret the sounds used in their own language is often considerably
smaller (15-80 phonemes, International Phonetic Association, 2022; Moran et al., 2012). In primates, the number
of calls per repertoire also varies largely, albeit across species, but the number of call types reported per reper-
toire overlaps with the number of sounds used in at least certain human languages (i.e., 2-38 call-types, McComb
and Semple, 2005). However, it is important to note that call types in primates are often graded which makes
reliable estimates imprecise or just plainly impossible. Highly relevant is that humans use their phoneme reper-
toire to generate large (and in principle infinite) numbers of sound sequences by recombining syllables, the
smallest sound units of speech, into morphemes, words, phrases, sentences, and dialogues.

In contrast, most non-human primates are thought to produce few, if any call sequences, although with
some notable exceptions (reviewed in Girard-Buttoz et al., 2022). For instance, studies in marmosets high-
lighted the use of several vocal sequences in this species (Bezerra and Souto, 2008) and suggested that
these sequences may be subject to usage learning (Gultekin et al., 2021). Also, chimpanzees have been
shown to produce a large range of call sequences (Crockford et al. 2005; Girard-Buttoz et al., 2022),
although little is yet known about their semantic content. Establishing whether chimpanzees and other
primates have an ability to learn the use of vocal sequences is thus of direct relevance to the study of
the origins of language. More specifically, it is important to establish if the use of vocal sequences within
a non-human primate species is innately fixed or can be flexibly adjusted, which would indicate that vocal
sequences can be learned either socially, or individually via trial and error. Chimpanzees are an interesting
species to examine as vocal sequences increase in structural complexity across ontogeny (Bortolato et al.,
in revision). Also, chimpanzees show some flexibility with regard to the production of vocal sequences and
demonstrate the ability to learn vocal sequence variants. In a group of captive chimpanzees, male added
voiceless raspberries to the end of his pant-hoot sequences (Marshall et al., 1999), which generated a new
variant subsequently adopted by other males (Marshall et al., 1999).

Learning to recombine existing calls into sequences has been described as a form of usage learning as no acous-
tic modification of the existing sound set is required (Janik and Slater, 2000; Vernes et al., 2021). There is, how-
ever, little knowledge about the specific mechanisms through which animals learn to use calls in sequences, and
how widespread this form of learning is in the animal kingdom (Vernes et al., 2021). Usage learning of vocal se-
quences has been reported in songbirds, which can learn to modify the temporal arrangement of signals
(Hultsch and Todkt, 1989; Podos et al., 1999). However, most studies on usage learning in non-singing animals,
including primates, focus on the ability of individuals to learn, either socially or individually, the use of a specific
call type in a certain context (e.g., Hollén et al., 2008; Koda et al., 2007; Seyfarth and Cheney, 1980; Shapiro et al.,
2004, 2004, reviewed in Hollén and Radford, 2009; Janik and Slater, 1997; Seyfarth and Cheney, 2010), with only
few studies have examined usage learning at the vocal sequence level (Janik and Slater, 2000; Sewall et al., 2016;
Vernes et al., 2021). Furthermore, the socioecological drivers leading to variation in the ordering of calls within a
sequence are understudied (Vernes et al., 2021).

Animal communication functions to convey information to others to modify their current and future behavior so
that it benefits the signaler and often also the recipient (Laidre and Johnstone, 2013; Smit, 1977). One estab-
lished benefit is to prevent escalated aggressions between signalers and recipients (Laidre and Johnstone,
2013), such as by revealing their own or group identity to conspecifics (Crockford et al., 2004), or by signaling
dominance (Neumann et al.,, 2010; Santos et al., 2011) or subordination (Colmenares et al., 2000; East et al.,
1993, Fedurek et al., 2021). Individual identity is often encoded in the acoustic features of calls (e.g., bats, Bough-
man, 1997; chimpanzees, Fedurek et al., 2016; dolphins Janik et al., 2006; and meerkats, Townsend et al., 2010),
which provides important additional social information in species that live in individualized groups with social
bonds, kin or dominance relations (Fedurek et al., 2019; Setchell and Wickings, 2005). However, conveying iden-
tity is not equally important in all social situations (e.g. Coye et al., 2022).

As vocal learning has mainly been observed in relation to animal song, it has been interpreted as being
driven by sexual selection. However, it has been proposed that within-species variation in social dynamics
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may also favor vocal flexibility and promote the evolution of vocal learning, in particular of social calls (Sew-
alletal., 2016; Vernes and Wilkinson, 2020). We name this idea the “social pressure hypothesis” whereby as
social dynamics shift within a species, individuals may gain benefits from using calls in specific contexts or
from combining call types in a certain order, hence causing selective pressure for the evolution of vocal
learning. This hypothesis predicts that species or social groups, where social flexibility in the social system
requires flexible adjustment of the vocal output beyond the species-specific innate vocal system, will be
more prone to modifying their vocal production through learning in order to optimize their fitness
outcome. Such a flexible system allows to adapt vocalizations to accommodate social threats that may
change over time depending on temporal variation in social group dynamics. This hypothesis encom-
passes a large range of social pressures not limited to aggression but could equally apply to other social
challenges such as coordination dynamics. For our study, we tested this hypothesis by using naturally
occurring vocal behavior during situations of variable social pressure, specifically dyadic encounters in for-
est chimpanzees, which have considerable potential for escalated aggression. Depending on the risk of
receiving aggression during an encounter, individuals may signal submission first before pursuing other
communication needs, such as signaling identity.

Here, we addressed the “social pressure hypothesis” by studying which signaling function callers prioritize
during social encounters, socially directed signals of submission (i.e., pant grunts), or often socially undi-
rected but individually distinct long-distance contact calls (i.e. pant hoots). To this end, we compared
two populations of chimpanzees with documented differences in intra-group and inter-group aggression
(Tai in Ivory Coast and Budongo in Uganda, Townsend et al., 2007; Wilson et al., 2014, see below).

Pant-hoots can themselves be sequences of one to four distinct vocal units, which carry individual and
group identity markers (Crockford et al., 2004; Desai et al., 2021; Marshall et al., 1999; Mitani et al., 1996,
1999). Pant-hoot sequences are produced in a variety of contexts but mainly serve in inter-party vocal ex-
changes, to establish and maintain contact (Eckhardt et al., 2015) and recruit individuals in other parties
(Crockford, 2019; Kalan et al., 2015; Notman and Rendall, 2005). Chimpanzees also produce a greeting
vocalization, the pant-grunt (PG), during approaches to dominant individuals (Goodall, 1986; Laporte
and Zuberbthler, 2010; Wittig and Boesch, 2003). Emitting PG may reduce the chances of signallers
receiving aggression from dominants (Fedurek et al., 2021). Chimpanzees combine part of the pant-
hoot sequence, the build-up phase, consisting of panted hoos (PH, Notman and Rendall, 2005) and PG
vocalization into a sequence, which we call the greeting hoot sequence and which may occur predomi-
nantly in fusion contexts (Crockford and Boesch, 2005).

In the current study, we assessed whether the order in which PH and PG appeared in the greeting hoot
sequence (either PH + PG, Figure 1A, or PG + PH, Figure 1B) differed between individuals of three neigh-
boring social groups within the same population and across two populations (Tai in Ivory Coast and Bu-
dongo in Uganda). We chose these communities since, as in all chimpanzee populations studied so far (Wil-
son et al.,, 2014), they all have a high degree of inter-group competition such that chimpanzees sometimes
kill individuals of other communities. However, the degree of intra-group competition varies across pop-
ulations in this study. Intra-group killings are relatively frequent in the Sonso community of Budongo Forest
(13 intra-group killings observed in 24 years of observation) but were never reported in Tai over 15-40 years
of observation per community, across all four communities (Wilson et al., 2014). We hypothesized that the
production of PH or PG first in the greeting hoot sequence will be influenced by the degree of intra- and
inter-group competition. Specifically, for a species such as chimpanzees, which face high levels of intra- and
inter-group competition, and which live in low-visibility environments, vocal signals emitted at a safe phys-
ical distance from conspecifics may be crucial in limiting aggression when encountering community mem-
bers not seen for some hours or days. Within species, populations experiencing different levels of resource
competition may experience different exposure to aggression. In communities facing high levels of inter-
group competition, producing PH first might be crucial to be recognized as an in-group member by com-
munity members to prevent receiving injurious aggressions (Prediction P1). If the degree of intra-group
competition is very high, however, producing PG first to show submission might reduce injurious aggres-
sions from higher ranking individuals (Prediction P2).

As afirst step, we investigated the contexts of production of greeting hoot sequences, compared to the compo-
nent parts, PH and PG. We also tested whether the contexts of production were similar for greeting hoot se-
quences with PH first compared to those with PG first. We conducted the latter analysis to rule out that potential
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Figure 1. Greeting hoot sequence variants: A) pant hoot first, B) pant grunt first

Pant grunts (PG) are sequences of repeated grunts with a voiced inhalation between each grunt. Pant hoots (PH) are
sequences of repeated hoos with a voiced inhalation between each hoo and correspond to the build-up phase of the
pant-hoot sequence without the introduction or the climax. PH and PG can be combined to form the greeting hoot
sequence (GH). Different call types are defined as being combined into a sequence when there is <1s gap between calls.
Inthe vast majority of cases, this gap is considerably shorter, as shown here. Note that only panted grunts were included in
our analyses as they are only emitted in greeting contexts, in contrast to un-panted grunts that can be given in both
greeting and food contexts.

differences in call ordering arise from differences in the context of call production between the two study pop-
ulations. Secondly, we tested if, as predicted, chimpanzees in Budongo, likely exposed to higher degree of intra-
group competition, utter PG first in the greeting hoot, whereas chimpanzees from Tai utter PH first. Finally, we
assessed if potential differences in the ordering of PH and PG in the greeting hoot sequence were driven by
long-term population-wide levels of intra- and inter-group threat or by the threat of receiving aggression expe-
rienced by each community member (i.e., the rates of contact aggression received).

RESULTS

For this study, we used vocal and behavioral data recorded from four wild chimpanzee communities. Three
communities of western chimpanzees in Tai (East, North, and South communities) in the Tai National Park,
Ivory Coast, within the Tai Chimpanzee Project (Wittig and Boesch, 2019) and one community of eastern
chimpanzees in the Budongo forest (Reynolds, 2005), Uganda (the Sonso community). We sampled 78
chimpanzees in total (15 females and 11 males in Budongo and 33 females and 19 males in Tai, see details
in the STAR Methods).

Comparing the context of production of single calls (pant-grunt, pant hoots) and call
sequence (greeting hoot)

We used 232 PG, 178 PH, and 83 GH recorded across the four study communities for which we had all avail-
able information to test for differences in contexts of production. We used two generalized linear mixed
models (GLMM) to test for differences in contexts of production between PG and GH (Model 1a) and be-
tween PH and GH (Model 1b). In both models, four contexts were considered as test predictors to deter-
mine if each call was produced during an approach, during a fusion, during inter-party calling, or addressed
to a higher ranking individual. The response variable was whether the call was PG or GH (Model 1a) and PH
or GH (Model 1b). In addition, we included in each model individual ID and community ID as random factors
to account for repeated sampling on the same individuals and within the same communities.

In Model 1a, the full model was significantly different from the null model (N = 261 calls from 65 individuals,
LRT, df = 5, %% = 14.95, p = 0.011), indicating that the greetings consisting of PG only and greetings con-
sisting of GH sequences (PG + PH or PH + PG) differed in their contexts of production. Specifically, GH se-
quences were significantly more likely to be produced during inter-party communication (p = 0.029,
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Table 1. Results of models comparing contexts of production of chimpanzee pant grunts, pant hoots, and the
combination of both, the greeting hoots (Models 1a and 1 b)

Model  Response Predictor Estimate SE Clow  Clhigh %2 P
1a Binomial: (Intercept) —-1.14 0.84 —1.68 -0.74
PG O vs.GH (1) Inter-party calling (Yes) ~ 1.44 0.68 0.07 2.88 4789  0.029
Fusion (Yes) 1.03 0.44 0.24 1.92 6.087 0.014
Approach (Yes) -0.12 0.49 -0.61 0.16 0.000 1.000
Caller subordinate to —0.84 090 -1.76 0.00 1.322 0.516
receiver (Yes)
Caller subordinate to -0.12 0.87 -040 0.22
receiver (No receiver)
1b Binomial: (Intercept) —2.77 0.74 -5.61 —-1.73
PHO)vs. GH(1)  |nter-party calling (Yes)  —0.64 059 -203 052 1.096  0.295
Fusion (Yes) 0.72 052 -0.35 1.80 1.812 0.178
Approach (Yes) 2.69 052 174 4.30 29.594  <0.001
Caller subordinate to -0.20 078 -1.63 272 18.688  <0.001
receiver (Yes)
Caller subordinate to 2.07 0.73 0.87 4.66

receiver (No receiver)

PG, PH, and GH indicate pant grunts, pant hoots, and greeting hoots, respectively. SE indicates the SE of the estimate for
each predictor. The coded level for each categorical predictor is indicated in parentheses. Significant p value (p < 0.05) is
indicated in bold. Clie, and Clygh indicate the lower and upper limits of the 95% confidence interval for the estimates of
each predictor.

Table 1, Figure 2) and party fusion (p = 0.014, Table 1, Figure 2). However, there were no significant differ-
ences in the likelihood of GH and PG being produced during approaches or to higher ranking recipients (all
p > 0.5, Table 1, Figure 2). The marginal R? and the conditional R? for Model 1a were 0.061 and 0.388,
respectively.

In Model 1b, the full model was significantly different from the null model (N = 315 calls and 70 individuals,
LRT, df = 5, ¥2 = 154.11, p < 0.001), indicating that PH and GH differed in their context of production. GH
were significantly more likely to be produced during approaches (p < 0.001, Table 1, Figure 2) and to be
directed toward higher ranking individuals (p < 0.001, Table 1, Figure 2) than PH. There was no significant
difference in the likelihood of GH and PH to be produced during inter-party communication (p = 0.295) or
during fusion (p = 0.178, Table 1). The marginal R? and the conditional R? for Model 1b were 0.469 and
0.490, respectively.

Avisual inspection of context plotted by population (Figure S1) revealed that the differences in context be-
tween GH, PH, and PG (Figure S1) were mostly consistent with the differences described above (the differ-
ences over the entire dataset). In both Budongo and Tai chimpanzees, GH was produced more frequently
during approaches and was more often produced toward higher ranking individuals than PH. Furthermore,
GH was more often produced during party fusion than PG alone in both populations, even if the differences
in Budongo were less clear than in Tai. Finally, while GH was more often produced during inter-party
communication in Tai as compared to PG, this difference between GH and PG in the frequency of produc-
tion during inter-party communication was not present in Budongo.

In a third model (Model 1¢), we established if GH sequences starting with a PH were produced in similar
contexts to GH sequences starting with a PG to rule out that contexts of production were the factor driving
potential population differences in call ordering. We used the same predictor and random factors as for
models 1a and 1b and used as binomial response whether the GH sequence started with a PH or a PG.
In this model, the full model was not significantly different from the full model (N = 75 calls and 32 individ-
uals, LRT, df = 4, x? = 3.54, p = 0.473, Figure S3), indicating that greeting hoot sequences starting with a PH
were produced in similar contexts than greeting hoot sequences starting with PG. The marginal R? and the
conditional R? for Model 1c were 0.058 and 0.445, respectively.
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Figure 2. The contexts of production of the greeting hoot sequence compared with its component parts
produced singularly, pant grunt and pant hoot, across four chimpanzee communities

The four contexts of interest are depicted across the four panels from top left to bottom right: A) fusion, B) Inter-party
communication, C) Approach, D) Caller directed the call to a higher ranking recipient. Pant-grunts (PG) are depicted in
blue, greeting hoots (GH) in yellow, and panted-hoots (PH) in purple. Each dot represents one individual chimpanzee and
the size of the dot is proportional to the number of calls recorded for this individual. The thick line depicts the mean

ki

proportion of each context for each call and the upper and lower bars of the SE. The indicate the differences which

were significant (*p < 0.1, **p < 0.05).

Group differences in ordering of pant-grunt and pant hoots within greeting hoot

We ran a GLMM (Model 2) to test for the influence of community ID on the likelihood for the GH sequence
to start with a PH. We included party size at the time of call production and the rate of aggression received
by the caller during the study period as control predictors. We also included individual ID as a random fac-
tor to account for repeated sampling of the same individuals. We used N = 118 GH sequences from 38 in-
dividuals (31 GH sequences from six individuals in Sonso and 23, 39, and 25 GH sequences from 8, 11, and
13 individuals in Tai East, North, and South, respectively) for which we had all the information on the test
and control variables. In Model 2, the full model was significantly different from the null model (LRT, df = 5,
%2 = 153.38, p < 0.001), indicating a difference between the communities in the likelihood to produce PH
firstin the GH sequence. We found a significant effect of community on the likelihood to produce PH first in
the GH sequence (LRT, df = 3, p = 0.001, Table 2) with individuals of all of the three Tai communities being
more likely to produce PH first in the GH as compared to Sonso (Figure 3). PH was 12-14 times (78-87% of
cases, 18/23,34/39, and 21/25 in Tai East, North, and South, respectively) more likely to come first in the GH
sequence in all the three Tai communities as compared to in Sonso (6% of cases, 2/31). The probability for
PH to come first in the GH sequence was: 0.78, 0.87, and 0.84 in Tai East, Tai North and Tai South, respec-
tively, versus 0.06 in Sonso. The three communities in Tai did not differ significantly from each other and
were all similarly likely to utter more often PH first than PG first within the GH sequence. The difference be-
tween the two study populations was consistent across the years. The percentage of PH first in the GH
sequence varied in the three Tai communities and across years between 67 and 100% and between
0 and 10% across years in Sonso (Table S2). In Model 2, complete data could be entered into the model
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Table 2. Results of models assessing community differences in ordering of call types in the chimpanzee bigram
vocalization, the greeting hoot (Model 2)

Model Response Predictor Estimate SE Cliow Clhigh %2 P
2 Binomial: (Intercept) -3.16 132 -2236 —-1.04
PH before PG inthe  Average rate of -0.77 057 -3.87 074 1779  0.182
GH sequence (Y/N) aggression received
Party size 0.60 0.38 -0.16 2.62 2.469 0.116
Group (Tai East) 5.10 1.64 2.20 32.99 16.158  0.001
Group (Tai North) 6.68 1.75 3.85 36.42
Group (Tai South) 5.02 1.58 2.04 31.63

PG, PH, and GH indicate pant grunts, pant hoots, and greeting hoot sequences, respectively. SE indicates the SE of the es-
timate for each predictor. The coded level for each categorical predictor is indicated in parentheses. Significant p value
(p < 0.05) are indicated in bold. Clis,, and Clygp indicate the lower and upper limits of the 95% confidence interval for the
estimates of each predictor.

from six individuals from Sonso. To determine if the PG-first pattern found in Sonso was limited to these six
individuals or was also representative of a more community-wide Sonso greeting hoo pattern, we
computed the call ordering in the GH sequences of five additional individuals from Sonso which could
not be entered into the model either because we did not have information on the rate of aggressions
they received (N = 2), or because they produced GH sequences starting with another call (e.g. grunt +
PG_PH). We analyzed the 12 GH sequences available from these individuals. Individuals uttered PG first
in 11 of these 12 sequences (i.e., 92%) highlighting that the pattern found in Budongo is not limited to
the six individuals which entered the statistical model.

We found no significant effect of party size or of the rate of aggression received by the caller on the likeli-
hood to produce PH first in GH (both p > 0.11, Table 2). The median rate of aggression received was
higher in Sonso than in all the three Tai communities but individuals receiving the highest rates of
aggression were found in Tai North (Figure S4). The marginal R? and the conditional R? for Model 2
were 0.547 and 0.755, respectively. To explore further if the call ordering difference between PH and
PG in the greeting hoot sequence was triggered by proximate social factors, we used the detailed
behavioral data accompanying each recording to assess whether greeting hoots were uttered following
aggression by the recipient of the call in each population. Out of 118 GH sequences in Model 2, we had
this detailed information for 112 GH sequences (28 in Sonso and 84 in Tai). The rates of aggression
received by callers before uttering the GH sequence were very similar in the two populations (7.1% -
2/28 - in Sonso and 9.5% - 8/84 — in Tai).

Population differences in aggressiveness

To examine some of the potential drivers of differences in PH and PG ordering within the GH sequence, we
calculated the rate of aggression given by the most aggressive male in each community (see STAR
Methods). The most aggressive individual was a male in each of the four study communities. However,
the aggressiveness of the most aggressive individual was two to seven times higher in Sonso (average of
1.43 aggressions given per hours) as compared to the three Tai communities (0.41, 0.67, and 0.19 aggres-
sions given per hour in Tai East, North, and South, respectively). The most aggressive individual was pre-
sent in the party when GH was emitted most of the time in Sonso (56%) and in Tai South (58%). In contrast,
the most aggressive individual was present only during 26 and 36% of GH emissions in Tai East and in Tai
North, respectively.

Population differences in intra- and inter-group killing

Similar to aggressiveness above, we also compiled differences in intra- and inter-group killing rates be-
tween Budongo and Tai populations. First, we compiled the report of killings which took place during
the four years preceding each of the data collection periods as well as during the years of data collection
in each study community (i.e., 2003-2012 in Budongo (10 years), 2015-2020 in Tai east (6 years), 1995-2000
and 2015-2020 in Tai North (13 years) and 2015-2020 in Tai South (6 years). During these periods, eight intra-
group killings were reported in Sonso (i.e., 0.8 killing per year on average), whereas no intra-group killings
were reported in any of the three Tai communities. During the same periods, 4 inter-group killings
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Figure 3. Variation in the order of production of single calls (pant hoots (PH) and pant grunt (PG)) within greeting
hoot sequence across four chimpanzee communities

The y axis depicts the likelihood for the PH to be emitted first in the sequence (i.e. the likelihood for the greeting hoot
sequence to be PH + PG as opposed to the alternative PG + PH sequence). Eastern Budongo chimpanzees are depicted
in blue and Western Tai chimpanzees are depicted in orange. Each dot represents one individual chimpanzee and the size
of the dot is proportional to the number of GH recorded for this individual. The boxplot depicts the median (thick line) and
the 25% and 75% quartiles. The red line depicts the model line extracted predicted by Model 2.

were reported in Sonso (i.e., 0.4 inter-group killings on average), one inter-group killing was reported in Tat
East (i.e., 0.17 inter-group killing per year on average), and none in Tai South and Tai North. These patterns
are in line with what has been reported over longer periods in both field sites (reviewed in Wilson et al.,
2014). No intra-group killing has ever been reported in any Tai community over 119 observation group_
years (Wilson et al., 2014 and unpublished long-term data from the Tai Chimpanzee project: Wittig and
Boesch, 2019), whereas 12 intra-group killings were reported over 23 years in the Sonso community in Bu-
dongo (Wilson et al., 2014). Inter-group killings appear considerably rarer in Tai than in Budongo but have
been reported on occasion (3 reports in total across several communities since 1979, Wilson et al., 2014,
own unpublished data).

DISCUSSION

The limited capacity of primates to modify the acoustic structure of their species-specific calls (Egnor and
Hauser, 2004; Fedurek and Slocombe, 2011; Fischer et al., 2015; Fischer and Hammerschmidt, 2020) is in
stark contrast with the ability of vocal production learners, such as humans, birds, and cetaceans, to pro-
duce completely new songs or calls (Sewall et al., 2016; Vernes and Wilkinson, 2020; Wilbrecht and Notte-
bohm, 2003). In this study, we highlight the flexibility in vocal sequence production across two populations
of the same species. We showed that chimpanzees from different populations produced greeting hoot
(GH) sequences with reversed order of PH and PG in the sequence. A vast majority of GH sequences ut-
tered by chimpanzees in Budongo started with a PG, whereas the opposite was found in chimpanzees
from all three communities in Tai. We found no effect of the rate of aggression received by the caller on
the likelihood of uttering PH or PG firstin the greeting hoot. However, when comparing the general aggres-
siveness of the most aggressive individual in each community, we found that this individual was much more
aggressive in Budongo than in any of the three Tai study populations. The call ordering in the GH se-
quences is, however, unlikely to be driven by a proximate reaction, such as fear. First, PG-first sequences
are not necessarily emitted by the chimpanzees that receive the most aggression, nor by those greeting the
most aggressive male (for the latter, 55% of GH sequences in Budongo were not uttered toward the most
aggressive individual but toward nine other individuals, including both males and females, and toward
eight, seven, and seven different receivers, also including males and females, in Tai North, Tai South,
and Tai East, respectively). Furthermore, recipients of the calls were not more aggressive toward the caller
in Budongo than in Tai. Our results rather support the hypothesis that uttering PH or PG first in the GH
sequence is influenced by consistent long-term population differences in the general levels of intra-group
aggression and lethal risk rather than short-term variation in the level of threat experienced by each caller.
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In fact, several intra-group killings were documented during the 4 years leading up to and including the
study period in Budongo but not in Tai.

When examining contexts of production, the single calls PG and PH demonstrate differences in the context
of production, such that PG is more likely to be emitted during approaches to dominants, indicating a func-
tion of submissive greeting (Fedurek et al., 2021), whereas PH is more likely to be emitted during inter-party
calling (also described in Arcadi, 1996; Goodall, 1986). We also found that when PG and PH are combined
into the GH sequence, the greeting component of the PG (emission during approaches to dominants), is
retained, as is the inter-party calling component of the PH. The GH sequence is a form of greeting more
frequently used during fusion (36% of GH sequences are emitted during fusions) than PG alone (emitted
only 16% of the cases during fusions).

Fusions can be tense, highly vocal events characterized by aggressions or affiliations, as dominance and
bonding relationships are re-established after a period of absence. Rapid juxtaposition of vocalizing
own identity and submission may reduce received aggression, such that the greeting hoot sequence
may have emerged as a beneficial vocal trait. This suggests that as recently shown for another chimpanzee
vocal sequence, the combination pant-hoot + food call (Leroux et al., 2021), greeting hoot sequences may
also follow the “principle of compositionality” in which the “meaning” of a sequence retains the integrity of
the meaning of its parts (Hurford, 2012; Leroux and Townsend, 2020; Suzuki et al., 2018). Also, the single
calls, pant hoot, and food grunt were each found to be acoustically similar to their respective calls when
combined into a sequence (pant hoot + food grunt; Leroux et al., 2021). Likewise, being easily recognizable
by the trained human ear, it is highly likely that the acoustic structure of the PH and PG elements is retained
when these elements are combined into the GH sequence, although this would need to be confirmed with
acoustic analyses. Our study, combined with the findings from Leroux et al., 2021, show that PH is often
combined with other more context-specific calls. Such a combination of an identity marker contact call
(such as panted hoos) with another more context-specific (submissive greeting) call is not unique to
chimpanzees but has been found in other primate and non-primate mammalian species (Coye et al.,
2016; Jansen et al., 2012). Documenting such simple forms of compositionality in non-human animals is
important in retracing the evolutionary steps toward simple syntactic constructs in human speech (Leroux
and Townsend, 2020; Townsend et al., 2018). Playback experiments (e.g. as in Japanese tits, Suzuki et al.,
2016) will be important for confirming the function and meaning of greeting hoots and whether receivers
are sensitive to call order within greeting hoot sequences.

Greeting hoots may show compositionality but what mechanisms explain the difference in PH and PG call
order between the two study populations? Geographical distance between populations is well known to
influence the acoustic properties of acoustic signals, often single call types, across mammals, even in
non-singing species (reviewed in Lameira et al., 2010). However, in non-singing species, geographical vari-
ation in the construction of vocal sequences is rarely examined and there are few theoretical frameworks to
propose selection pressures that promote such variation. Thus, we will discuss the most common mecha-
nisms proposed to explain geographical variation in the acoustic properties of vocal signals in general (Ey
and Fischer, 2009; Fischer and Hammerschmidt, 2020; Lameira et al., 2010), and those which have been pro-
posed to explain the differences between chimpanzee populations in the acoustic structure of pant-hoots
(Mitani et al., 1992, 1999), can explain why Budongo chimpanzees utter PG first and Tai chimpanzees utter
PH first within the greeting hoot sequence. We considered the five following mechanisms: 1) genetic dif-
ferences between populations, 2) differences in habitat structure (visibility and acoustic properties), 3) dif-
ferences in the context of production, 4) temporal variation, and 5) vocal usage learning.

Genetic differences between populations

In chimpanzees (Menzel, 1964), as in other primates (Egnor and Hauser, 2004, Fedurek and Slocombe, 2011;
Fischer et al., 2015; Fischer and Hammerschmidt, 2020; Menzel, 1964), the acoustic structure of single call
types is mostly genetically programmed. The same call types are found across populations (reviewed in
Crockford, 2019). However, could the population-specific ordering of such call types into sequences be
transmitted genetically? Each study population is a different subspecies, eastern chimpanzees in Budongo
(Pan troglodytes schweinfurthii) and western chimpanzees in Tai (P. troglodytes verus) which separated c.a.
0.84 million years ago (Becquet et al., 2007). Could they have inherited genetically different greeting hoot
sequences? To our knowledge, there is no report of genetic transmission of call order in vocal sequences.
Furthermore, while a large majority of greeting hoot sequences start with PG in Budongo and with PH in
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Tai, some individuals in each population (1 in Budongo and seven in Tai) uttered both variants of greeting
hoot sequences with either PH or PG first. This rules out the possibility of a fixed genetically programmed
sequence ordering in each population.

Differences in habitat structure and visibility

Animals may adjust their acoustic signal to optimize sound propagation in diverse environments, such as by
lowering fundamental frequency in more closed habitats (reviewed in Ey and Fischer, 2009; Lameira et al.,
2010). However, itis hard to conceive how this mechanism would select individuals producing PH or PG first
within GH sequences, given that both populations of chimpanzees are forest dwelling, living in closed hab-
itats. Furthermore, PH is loud calls that can travel up to 500 m (Kalan et al., 2016) and it is unlikely that PH
lose their far reaching properties if they are preceded or succeeded by a PG. Call order may rather be
impacted by a combination of the social environment and visibility and in particular, by group cohesion.
For example, if visibility impacts call order, we might expect that in forest areas where individuals can
only see each other over short distances, pressure to reveal their identity should favor the emission of
PH first. Budongo chimpanzees live in a secondary forest (Reynolds, 2005) with generally lower visibility
(<20 m) than the more open primary rain forest in Tai (Wittig and Boesch, 2019), with visibility >40 m. How-
ever, visibility varies considerably within all communities. Budongo chimpanzees often use the dense trail
system to travel in the forest were the visibility is higher (>40 m) and Tai Forest also comprises denser areas
owing to tree falls or rocky outcrops with visibility <20 m. If visibility played a role, given that GH is emitted
in variable habitat, much less consistency in GH call order within a given population would be expected
than we observe, given the variability in visibility across their home ranges. Finally, we did not find a signif-
icant effect of party size on the likelihood to produce PH or PG first in the GH sequence which indicates that
group cohesion does not affect call ordering.

Differences in the context of production

We found no significant differences in the context of production between greeting hoot sequences starting
with PH and the ones starting with PG. Furthermore, greeting hoot sequences were produced in very
similar contexts in Tai and Budongo (Figure S3) and the slight differences in the context of production
(e.g. GH is more often produced during inter-party calling than PG in Tai, but not in Budongo) may be
related to the limited sample size in Budongo. We can thus rule out that the difference found is driven
by different contexts of production.

Temporal variation

If the within-population tendency to produce PH or PG first in the greeting hoot sequence varied across
time in response to proximate situational changes (e.g., a period with a particularly high frequency of in-
ter-group encounters which could promote the production of PH first, to aid rapid identification as an
in-group member by other group members), our result could be attributed to different sampling periods
rather than to consistent long-lasting population differences. However, sampling the Tai chimpanzees
across a discontinuous 22 years period (1998-2020) and the Budongo chimpanzees across a 6 year period
(2007-2012) revealed within-population consistency. In fact, across each of the study years, chimpanzees in
Tai consistently uttered a vast majority of GH sequences starting with PH, whereas chimpanzees in Bu-
dongo started a vast majority of their sequences with a PG (Table S2). Thus, it seems unlikely that the
population difference in call ordering is owing to temporal sampling bias.

Vocal usage learning

After discarding alternative hypotheses, we argue that consistent population differences in call ordering in
the greeting hoot sequence are most likely explained by usage learning (Janik and Slater, 2000; Sewall
et al., 2016) of vocal sequences. We cannot prove with our results that chimpanzees learn vocal sequences
but this hypothesis appears to be the most parsimonious explanation. In fact, if the order of PG and PH in
the GH sequence was determined by a proximate reaction to the aggressive or threatening behavior of the
call receiver, we would find clear population differences in receiver's behavior, which we did not find.
Another possible explanation for stable patterns within populations could be related to our small sample
size, which could underrepresent variation. However, given that the greeting hoots were emitted from a
number of emitters to a number of receivers over several years of data collection in each population makes
this explanation unlikely. Replication of these results in future studies remains nevertheless important to
confirm our conclusion.
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The capacity for usage learning of vocal sequences is not beyond the reach of primates. Vocal usage
learning can operate via social learning as demonstrated by a recent study showing that social exposure
during ontogeny is crucial to the acquisition of vocal sequences in marmoset monkeys (Gultekin et al.,
2021). Studies on the acoustic structure of the pant-hoot sequence suggest that chimpanzees may also
learn the use of vocal sequences socially. The pant-hoot sequences comprise hoos, panted-hoos (the
PH in our study), screams or panted-scream, and a let-down phase. In one study, most of the pant-hoot
sequences which deviated from the stereotypical structure were uttered by subadult males, and younger
males often joined older males in producing this vocalization but rarely initiated it (Arcadi, 1996). If call or-
der in the greeting hoot sequence is socially transmitted, this sequence could thus be a cultural trait trans-
mitted through vocal usage learning as proposed for other population-specific vocal traits in orangutans
(Lameira et al., 2010; van Noordwijk et al., 2006; van Schaik et al., 2003). In terms of non-vocal behaviors,
great apes in general, and chimpanzees and orangutans in particular, are able to learn from others and
innovate at a higher rate than other primate taxa (Reader and Laland, 2002), and possess a wider range
of cultural behavioral traits (Schaik et al., 2003; Whiten et al., 1999), although this has rarely been reported
in the vocal domain. Social transmission of vocal sequences in chimpanzees would explain population con-
sistency in call ordering in our study. Alternatively, vocal usage learning could operate via individual
learning whereby individuals would learn the most beneficial call order in the GH sequence via trial and er-
ror (e.g., by receiving aggressions more frequently when producing the sequence in the reverse order). Our
results do not allow to disentangle whether individuals learn socially or individually the order in the
greeting hoot sequence.

Regardless of the mechanisms, the consistency of the call ordering in each population shows that the GH
sequence is a stable within-population vocal phenotype maintained through time and across individuals.

As we did not find an effect of the overall rate of aggression received by a caller during the years of data
collection on their likelihood to put PH first in the GH sequence it is unlikely that social experience as an
adult drives call ordering in the GH sequence. This was not owing to a lack of variation in the rate of aggres-
sion received in each study community as this rate varied greatly and more or less equally within each com-
munity (Figure S4). Whilst it is difficult to rule out all possible ecological causes that could promote such
consistent population-specific call order effects, we have assessed all those that we considered could
be applicable from the literature. We cannot completely exclude that call recipients consistently express
subtle behaviors during approaches of the caller which could trigger different reactions in each population.
However, our detailed observations of the caller’s and recipient’s behavior before and after the GH se-
quences were uttered indicate that this is unlikely to be the case. Furthermore, nuanced behaviors are
more likely to promote flexible call ordering rather than lead to the population-specific patterns found
here.

Sexual selection is also unlikely to have led to the observed patterns as individuals of each sex were
sampled in each population and both males and females produced greeting hoot sequences with PH
and with PG first.

Overall, our results indicate that call ordering in GH sequences is likely to be learned during ontogeny and
before reaching adulthood (only adult individuals were considered in our study). Comparative ontogenetic
studies establishing whether young chimpanzee shift from random call ordering in the GH sequence to
population-specific ordering throughout development would provide important information to show
that this call sequence is, indeed, learned, as suggested, but not demonstrated, by our study. Such studies
should monitor in particular whether young chimpanzees are more likely to receive aggressions when utter-
ing the GH sequence in the reverse order to the population-specific order and whether aggressions
received impact the call order within the next GH sequence produced to fully investigate the possibility
that GH sequences are individually learnt by trial and error. Alternatively, studies in captivity could expose
young chimpanzees to GH sequences in a certain order to assess if these sequences can also be learnt “so-
cially” without trial and error and behavioral feedback such as aggressions.

Differences in population-level risk of lethal aggression may have driven the divergence in call order across
the two populations, and possibly its transmission over time either via social or individual usage learning. In
fact, throughout the study period, we documented consistently higher aggressiveness of the most aggres-
sive male in Budongo compared to Tai across all study periods, which may promote individual learning
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during ontogeny, and evidence of intra-group lethal aggression in Budongo but never in Tai, which may, in
turn, promote the selection of a socially transmitted trait in a population. PH_PG may have been the ances-
tral form of the GH sequence to respond to the inter-group threat which is high across all chimpanzee pop-
ulations (Wilson et al., 2014). Tai chimpanzees may have retained this pattern as they are exposed to high
inter-group threat (Lemoine et al., 2020), despite the low rate of inter-group killing, whereas in Budongo
the high intra-group threat and killing risk may have led to a reversal of the sequence toward PG_PH.
Our study thus supports the social pressure hypothesis, that social pressure may promote flexibility in
call order and be a driver of vocal usage learning in social calls, particularly here in the ordering of non-hu-
man animal vocal sequences (Sewall et al., 2016; Vernes and Wilkinson, 2020).

In conclusion, our study provides some rare evidence for consistent population variation in call ordering
within a vocal sequence combining social calls in a non-singing animal species. The contextual usage of
single calls compared to that of the combined call showed some features of compositionality. However,
the order of the single units in the combined call did not change contextual use. Such consistency may
constitute a vocal tradition in each population transmitted temporally from one generation to the next
via social learning like other cultural traits found in great ape species and in particular chimpanzees such
as tool use (Whiten et al., 1999). Alternatively, chimpanzee may learn individually from trial and error the
most efficient call order leading to reduced risk of receiving aggression and thereby adopt the popula-
tion-specific call order. Regardless of the mechanism, our study supports the general hypothesis that
within-species variation in social pressure may select for flexibility in call ordering and hence promote
the evolution of learning of vocal sequence order. In this case, social pressure (rates of lethal aggression)
differs at the population level (likely driven by different ecological pressures) and this social pressure may
contribute to differential benefits in producing one call before another, resulting in a proclivity for emitting
different sequence variants in different populations (Sewall et al., 2016; Vernes and Wilkinson, 2020). Like
other primates, chimpanzees produce a limited range of single-call types. However, they may need
communicative strategies that allow them to communicate a wider range of meanings than there are
call types to navigate their complex social environment. Here, flexibility in call ordering within vocal se-
quences may be one such “strategy” that contributes to a flexible communicative system that can convey
more meanings than there are call types (Girard-Buttoz et al., 2022).

Limitations of the study

In the current study, we provide evidence for population differences in call ordering and use a process of
discarding alternative hypothesis to conclude that the most likely mechanism explaining these results is
through vocal usage learning of vocal sequences in each population. One drawback of this approach is
that it provides evidence by exclusion and direct evidence would need to be assessed in the future. One
option is to examine the ontogenetic development of the greeting utterance. If social learning shapes
call order, greater initial flexibility in call order might be expected at young ages compared to adults.
Future studies investigating the ontogeny of greeting hoot sequence acquisition using a combination of
naturalistic vocal recordings and playback experiments on both immature and adult individuals (see
work in Japanese tits Suzuki et al., 2016) would help shed light on such mechanisms. Further tests of the
"social pressure hypothesis” are needed, across species, to assess whether other species demonstrate
similar call order flexibility, particularly when within-species variation in social pressures would make call
order flexibility beneficial, either within or between populations. Another limitation of the behavioral but
not the vocal part of our study is that we did not conduct inter-observer reliability tests across all the ob-
servers on the behavioral recordings at the two sites. Behaviors included, however, such as fusions, and ag-
gressions involving contact or locomotion are very conspicuous and thus robust to observer variation (Wit-
tig and Boesch, 2019). Future comparative studies could implement inter-observer tests at the beginning of
the study or ensure that data are collected across sites by the same observers. This might, however, reduce
the opportunity to collect data across long time periods. Finally, we bear in mind that our sample size is
relatively small. We see this study as one to generate interest in the potential of the social pressure hypoth-
esis to explain selection for flexibility in vocal usage. This can be further tested in future studies by collect-
ing a larger number of sequences within each study population, and across a wider range of populations
with variable socio-ecology.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R version 3.6.2 R Core Team (2018) https://cran.r-project.org/bin/windows/base/
old/3.6.2/

Lme4 package in R Bates et al. (2015) https://cran.r-project.org/web/packages/

Ime4/index.html

RESOURCE AVAILABILITY
Lead contact

The data used for this study are available from the lead contact upon request, Dr. Cédric Girard-Buttoz
(cedric.buttoz@gmail.com).

Materials availability
This study did not generate new unique reagents or genetic sequences.

Data and code availability

This paper does not report original code.

Any additional information required to reanalyse the data reported in this paper is available from the lead
contact upon request, Dr. Cédric Girard-Buttoz (cedric.buttoz@gmail.com).

Study site and subjects: The study was conducted on four chimpanzee communities belonging to two pop-
ulations. One community of eastern chimpanzees, the Sonso community in the Budongo Forest (Reynolds,
2005) and three western chimpanzee communities in the Tai National Park within the Tai Chimpanzee Proj-
ect (Wittig and Boesch, 2019), the East, North and South communities.

CC, ML, RMW and TB recorded vocalisations from known adult male and female chimpanzees (>12 years of
age, 15 females and 11 males in Budongo and 33 females and 19 males in Tai) in these four communities
from two populations. In the Sonso community, ML collected recordings in 2007-2008 and 2012 and CC
and RMW collected recordings in 2008-2009. In Tai, CC collected recordings in the North community in
1999 and 2000 and TB in the East, North and South communities in 2019 and 2020.

METHOD DETAILS

Vocalisation recordings

All observers recorded chimpanzee vocalisations from 5 to 20 m using either a short ME65, ME66 or MKH
416, orlong gun ME67 or MKH 418 Sennheisser directional microphones attached to Sony WMD6C profes-
sional Walkman (1998-2000), a Marantz PMD-660 solid-state recorder (2008-2010), a Marantz PMD-661
solid-state recorder in 2012 or a Tascam DR-40X recorder (2019-2020). In all cases, the observers recorded
vocalisations both during focal animal sampling and ad libitum sampling. For each vocalisation, we re-
corded the context of production, and in particular whether or not the call was uttered towards a
higher-ranking individual, during an approach between two individuals, during a fusion between two
parties and/or as part of communication between different parties (see below for definitions). We also re-
corded whether the recipient of the call (whenever identifiable) aggressed the caller before the call was
uttered. Here we considered only aggression comprising locomotion or contact aggression (see details
about the aggression included below in ‘Behavioural Observations’).

Vocal coding
For this study, we combined several population datasets for Tai 1998-2000 and 2018-2020 and Sonso 2007-
2010 and 2012 (see above). The vocal data in these datasets were coded in the same way using
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examinations of the spectrogram of each recording using PRAAT software. We differentiated call types on
the spectrogram using their distinctive temporal and spectral features (see Girard-Buttoz et al., 2022 for
details). For the analysis, we considered only calls of high quality, with the lowest frequency band visible,
recorded from the beginning to the end of the vocal sequence, and with the signaller ID defined. We
considered all calls which were either pant-hoot emitted alone (i.e., not in a pant-hoot sequence with
build-up phase and climax but only panted hoos, i.e. only the build-up phase of the pant-hoot sequence
without the introduction or the climax, Figure STA), pant-grunt emitted alone (Figure S1B) or the combina-
tion of the two calls into a greeting hoot sequence (Figures 1 and S2). While we refer to PH and PG as single
call type in our study, itis important to note that they both could be considered as sequences in themselves
since they both comprise a repetition of a single call type (the hoo for PH and the grunt for PG) with inhaled
pants produced in between. We defined a greeting hoot vocalisation as a vocal sequence containing PG
and PH elements (Figures 1 and S2A-S2C) adjacent and at the start of the sequence. PG and PH can occurin
sequences with a range of other call types. Given that it is not yet clear how sequences containing these
elements might influence contextual information conveyed, nor in which contexts they are associated,
we only accepted these elements within vocal sequences if they occurred after the two elements of interest
in this study, PH_PG + X or PG_PH + X (see examples Figures S2D and S2E and Table S1 for an exhaustive
list of the sequences included in the analyses), i.e., we excluded sequences when some other call types
where produced at the beginning of the sequence or between the PG and PH elements (i.e. X + PH_PG
or X + PG_PH). Following these selection criteria, our final dataset comprised 40 individuals who uttered
greeting hoots (4 males and 5 females in Tai East, 2 males and 11 females in Tai North, 3 males and 8 fe-
males in Tai South and 1 male and 7 females in Sonso) and for whom we had all the information on the
context of production, the party size at the time of calling and 38 individual for whom we also had informa-
tion on the rate of aggressions received (see below).

Behavioral observations

In order to assess the social environment in each study population and in particular the risk of aggression, we
used focal behavioural data collected by the local field assistants and CC, ML and TB during the same field
seasons during which the vocal data were recorded. We complemented our aggression data using focal ob-
servations from MG collected in 2019 and 2020 in Tai. We compiled all the aggressions from or towards an adult
individual. We considered only aggressions likely to lead to an injury as being likely to lead to changes in vocal
behaviour i.e., those that comprised locomotion and or were contact aggression (chase, charge, directed
display, hit, bite, jump on, and push following the definition by Goodall, 1989; Nishida et al., 1999). Although
observations were recorded from different sites and time periods, aggression comprising locomotion or con-
tact aggression was an integral part of each researchers’ data collection protocol. Furthermore, even though
direct inter-observer reliability could not be conducted between the different observers in our study, these be-
haviors are prone to high levels of inter-observer reliability (over 0.8 across tens of different observers in Tai,
Wittig and Boesch, 2019). Also, one researcher, CC, collected data in both sites using the same protocol. Based
on the total focal observation time for each individual, we compiled a rate of aggression given and received per
hour. In addition, during these focal observation each observer recorded every pant-grant vocalisation uttered
by any individual in the party as well as the identity of the caller and recipient of the vocalisation.

Dominance hierarchy

For all the datasets, we compiled dominance hierarchies based on unidirectional submissive pant-grunt
vocalization (given by the lower ranking of the two individual towards the higher ranking, Bygott, 1979).
For Budongo and the Tai period from 1999 to 2000, we used the hierarchies published in the relevant
studies (see Laporte and Zuberbuhler, 2010; Wittig et al., 2014; Wittig and Boesch, 2003 for details). In
all these studies, the hierarchy was calculated using 1&SI method (de Vries, 1998). For the Tai period
2019-2020, we took advantage of the long term data of the project allowing us to have a long buffer period
of several years before the study period to compile dominance rank using a modified version of the Elo-
rating method Neumann et al. (2011) developed by Foester et al. (2016). Please see Mielke et al., 2018
for details).

QUANTIFICATION AND STATISTICAL ANALYSIS
Context of production for PG, PH and GH

We used two Generalised Linear Mixed Models (GLMMs) to test for differences in context of production
between pant-grunts alone (PG) and greeting hoot (GH, Model 1a) and between pant-hoot alone (PH)
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and GH (Model 1b, see Figure S1 for spectrograms of PH and PG produced alone). For each model, we
used the call type as the response and a binomial error distribution. As the response, GH = 1 and PG =
0 (Model 1a) or PH = 0 (Model 1b). Each call sequence constituted a data point. In both models, we
used four categorical test predictors corresponding to the four contexts of interest: 1) fusion (Y/N) whether
the call was emitted during a fusion (when two parties that were apart for at least 1 h reunited), 2) inter-party
communication (Y/N) whether the call was produced within 1 min of a call given by another party (i.e. by
another individual out of sight of the focal individual), 3) approach (Y/N) whether the call was given while
the caller approached within 5 m of another conspecific and 4) caller subordinate to the receiver (three
levels, 'yes’, 'no’, and 'no receiver’).

In a third model (Model 1¢), we tested whether greeting hoot sequences (GH) starting with a PH differed in
context from GH starting with a PG. For this model, we used the same predictor as for Model 1a and 1b and
the response was 1 for greeting hoots with PH first and O for greeting hoots with PG first. In models 1a, 1b
and 1c we included individual identity and community ID as a random factor to avoid pseudoreplication.

Group differences in ordering of PG and PH within GH

We used another GLMM to test for differences in the ordering of PG and PH when combined together into
a greeting hoot sequence (GH, Model 2). Specifically, using a binomial response (yes/no) we tested
whether PH was emitted before (yes) or after (no) the PG within the GH sequence. As test predictors, we
included community identity with four levels (Sonso, Tai East, Tai North and Tai South), the average rate
of aggression received by the caller during the study period and the party size at the time the call was ut-
tered. We used ‘community identity’ rather than ‘population’ (i.e., rather than Budongo vs. Ta) to also test
for community differences within the same population (within Tai) and establish if the difference in ordering
are population or community specific. In this model we also included individual identity as a random factor
to avoid pseudoreplication.

All analyses were conducted in R 3.6.2 (R Core Team, 2018) using the function glmer from the package
“Imed"” (Bates et al., 2015). In Models 1a, 1b, and 1c we could not include random slopes between our pre-
dictors and the random factor individual identity since less than half of the individuals had data in all the
level of each predictor (e.g. less than half of the individuals had both calls recorded during fusion and
non-fusion context or during approach and non-approach contexts etc.) In Model 2, we included the
random slope of party size within individual identity (Baayen et al., 2008; Barr et al., 2013) but not the cor-
relation between the random intercept and the slope. We tested each full model against its corresponding
null model using a Likelihood Ratio Test (LRT, Dobson, 2002). Since we did not have control predictors, for
each model, the null model comprised only the intercept and the random effect of individual identity.

We then assessed the significance of each predictor variable using a LRT between the full model and a
reduced model comprising all the variables except the one being evaluated. This process was repeated
across all variables, one by one, using the drop1 function of the “Ime4"” package.

Before fitting each model, we tested for collinearity issues between our predictor variables by computing
the variance inflation factor (VIF) using the function vif from the package “car” (Fox and Weisberg, 2011).
Collinearity was not an issue in any of the final models (VIF of all predictor variables <1.2). We also assessed
model stability by removing one level of each random effect at a time and recalculating the estimates of the
different predictors which revealed that the results were stable. For each model, we calculated the marginal
R?(i.e., the variance explained by the fixed effects) and the conditional R?(i.e., the variance explained by the
entire model including both fixed and random effects) using the function r.squaredGLMM of the package
“"MuMin” (Barton, 2020).
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