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C O G N I T I V E  N E U R O S C I E N C E

Versatile use of chimpanzee call combinations 
promotes meaning expansion
Cédric Girard-Buttoz1,2,3,4*, Christof Neumann5,6,7, Tatiana Bortolato2,3,4, Emiliano Zaccarella8, 
Angela D. Friederici8, Roman M. Wittig2,3,4, Catherine Crockford2,3,4*

Language is a combinatorial communication system able to generate an infinite number of meanings. Nonhuman 
animals use several combinatorial mechanisms to expand meanings, but maximum one mechanism is reported 
per species, suggesting an evolutionary leap to human language. We tested whether chimpanzees use several 
meaning-expanding mechanisms. We recorded 4323 utterances in 53 wild chimpanzees and compared the 
events in which chimpanzees emitted two-call vocal combinations (bigrams) with those eliciting the component 
calls. Examining 16 bigrams, we found four combinatorial mechanisms whereby bigram meanings were or were 
not derived from the meaning of their parts—compositional or noncompositional combinations, respectively. 
Chimpanzees used each mechanism in several bigrams across a wide range of daily events. This combinatorial 
system allows encoding many more meanings than there are call types. Such a system in nonhuman animals 
has never been documented and may be transitional between rudimentary systems and open-ended systems like 
human language.

INTRODUCTION
Language is a highly versatile communication system whereby a 
small repertoire of vocal elements, phonemes, is combined into 
meaningful words that are themselves combined into hierarchically 
structured sentences (1–4). Through this dual patterning, language is 
a powerful open-ended communication system, unique in the ani-
mal kingdom (4–6). This uniqueness poses a conundrum for identi-
fying the origins of language (7–9). One particular feature of language 
is our ability to use numerous combinatorial mechanisms, that is, 
mechanisms through which the meaning of single vocal units, such 
as words or animal calls, is altered when combined into a sequence. 
For language, combinatorial mechanisms fall into two main catego-
ries. Semantically noncompositional combinations refer to those 
combinations where the overall meaning is not derived from the 
meaning of the composing units, such as forming idioms, like “go 
ape.” In contrast, in semantically compositional combinations, the 
meaning is derived from the meaning of the composing units such as 
in “the ape goes.” In this study, we use the term “meaning” to refer to 
the “signal meaning” facet of the multifaceted concept that is “mean-
ing” (10), i.e., the information content of a signal.

Comparative studies aimed at retracing the evolutionary origins of 
language have focused on assessing the meaning and structure of non-
human animal call combinations to determine their compositional 

nature (11–15). We define call combinations as vocal sequences that 
combine meaning-bearing vocal units.

Both noncompositional and compositional structures have been 
reported in call combinations: Noncompositional combinations 
convey new meanings unrelated to the meaning of either compos-
ing unit, as in putty-nosed monkeys that combine two alarm calls 
into a vocal sequence that elicits travel (14). In contrast, composi-
tional combinations convey meanings related to the meanings of 
the composing units. Two different compositional structures have 
been identified and demonstrated using rigorous playback experi-
ments. First, affixation occurs when the meaning of the combina-
tion is similar to only one of the two units, with the other unit 
slightly modifying the meaning of the first unit. Campbell’s mon-
keys offer an example where the suffix “oo” is appended to alarm 
calls “krak” and “hok” to decrease the urgency of the message (15). 
Second, meaning maintenance occurs when the meaning of the 
combination retains the meaning of each of the units composing it 
and those meanings are added together as in Japanese tits and pied 
babblers that combine alarm and recruitment calls into an alarm + 
recruit sequence (12, 13).

A crucial feature of human language is syntax, which refers to the 
combination of words and the order in which they are arranged in a 
sentence, influencing meaning. In human language, syntax is char-
acterized by a hierarchical structure where shorter sentences are of-
ten embedded in longer ones. While some species like chimpanzees 
are capable of producing hierarchically structured actions like when 
using tools (16), hierarchical structures have not yet been identified 
in animal vocal sequence productions. However, establishing whether 
the meaning of a combination is affected by simple ordering effects 
such as the order in which two units are combined is an essential step 
in investigating the evolutionary origins of syntax. To our knowledge, 
ordering effects on the meaning of combinations have only been 
found in two bird species (12, 13).

Animal call combinations thus feature several combinatorial 
mechanisms analogous to some mechanisms found in language. 
However, at most, one such mechanism has been identified per 
species, often in one or two call combinations only, and mostly 
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constrained to events surrounding predator encounters. The ques-
tion therefore remains how the evolutionary transition unfolded 
from the rudimentary combinatorial system of nonhuman animals 
to human language, which uses numerous combinatorial mecha-
nisms to produce a virtually unlimited number of combinations to 
communicate about a wide variety of daily life events. Nowak et al. 
(17, 18) proposed a mathematical model for the evolution of com-
munication systems that use numerous and diverse compound 
signals. They define compound signals as “signals that contain parts 
that have their own meaning.” Such a generalized combinatorial 
communication system can emerge if individual units occur in 
many different compound signals and the number of messages is 
substantially larger than the number of single units (17). Therefore, 
a vocal communication system in which (i) several constituent sin-
gle vocal units are used across a broad range of vocal sequences and 
(ii) vocal sequences are used across a broad range of daily life events 
could offer a transitional vocal system bridging between the restrict-
ed use of vocal sequences found in animals and a complex and 
flexible combinatorial system, such as human language. We define 
“events” as the context or situation in which a vocalization was ut-
tered, such as feed, nest, approach, aggress, or predator encounter. 
With respect to Nowak’s model, we postulate that such a transitional 
combinatorial system should also expand the range of messages that 
can be conveyed with single units by using combinatorial mecha-
nisms that operate to modify the meanings of single units. There-
fore, we add that this system would ideally (iii) use not one but 
several combinatorial mechanisms possibly overlapping with those 
found in language.

One potential candidate for such a transitional vocal system is the 
chimpanzee vocal repertoire. Chimpanzees have a vocal repertoire 
of 12 main single call types (single vocal units), with some variants 
for certain call types (19). Purely on a structural level, chimpanzees 
fulfill criterion (i) because they combine these 12 calls into hundreds 
of vocal sequences, and most single calls are used across a broad 
range of different vocal sequences (20). This system also fulfills crite-
rion (ii) because the vocal sequences are used across a wide range of 
events and contain single calls, at least some of which are meaning 
bearing (21). Whether chimpanzees fulfill criterion (iii) remains to 
be broadly investigated because potential combinatorial mechanisms 
have only been assessed in a few vocal sequences. The extent of the 
capacity for meaning to be altered by single calls being incorporated 
into sequences thus remains to be assessed.

Several recent studies indicate considerable potential for chimpan-
zee vocal sequences to expand the range of meanings being conveyed. 
First, the diversity of sequences used is positively correlated with the 
diversity of events in which they are produced (21). Second, chimpan-
zees may utter compositional call combinations. Chimpanzees utter 
bigrams (two-call vocal sequences) that may combine information 
about self-identity and either food (pant-hoot + grunt sequence) (22) 
or subordination (panted-hoot + panted-grunt sequence) (23) or in-
formation about danger and recruitment (hoo + bark sequence) (11). 
Yet, while event specificity has been established for several of the call 
types when emitted singly (24–29), there is an overall lack of knowl-
edge about event specificity and potential meanings of chimpanzee 
vocal sequences, beyond the three examples above. Such knowledge is 
critical for assessing versatility in the combinatorial mechanisms used 
[criterion (iii) above].

Our study aimed to determine whether and via which combina-
torial mechanisms meaning can be expanded in chimpanzee vocal 

sequences. We used the events during which single units and big-
rams (vocal sequences composed of two different vocal units) were 
emitted as a proxy for the potential meaning of each utterance. It has 
been shown, in a broad range of taxa and across a large diversity of 
events, that single calls often convey event-specific information to 
conspecifics [e.g., predator presence (30–32), rest (24, 25, 27), ag-
gression (33, 34), and copulation (35)]. Prior playback studies re-
peatedly demonstrated a good match between the event in which the 
call is typically emitted and the event-related information conveyed 
to receivers. However, there is an extensive debate that we will not 
address here about whether the signaler encodes the same meaning 
into a given utterance type that receivers extract from hearing it 
(36, 37). Nonetheless, it is reasonable to assume that the meaning of 
utterances, at least in part, relates to the events that elicit them. This 
is in keeping with a recent review on animal linguistics that defines 
meaning as “the set of features of circumstances that appear at a rate 
greater than chance across the signal’s occurrence” (38).

We considered four distinct combinatorial mechanisms that cor-
respond to four scenarios via which the meaning of single units can be 
expanded (Fig. 1). These four mechanisms are based on the classifica-
tion proposed for animal linguistics by Berthet et al. (38). We addi-
tionally provide a biological framework that focuses on the function 
of the combinatorial mechanisms. Accordingly, for each mechanism, 
we propose a terminology that explicitly states how the meaning of 
the single units is modified in the combination: (1) noncompositional 
idiomatic combinations (new meaning generation): The meaning of 
the call combination differs from the meaning of the composing units 
and of all other single vocal units in the repertoire; (2) compositional 
combinations with modification (meaning modification/clarification): 
The meaning of the call combination is similar to that of only one of 
the composing units with the second unit acting as a modifier/clari-
fier; (3) compositional combinations that maintain meaning (addition 
of meanings): The meaning of the vocal sequence reflects the meaning 
of each of the composing units; (4) ordering effect: The order in which 
the units are combined alters the meaning of the combination. Note 
that mechanism 4 can operate to alter the meaning of noncomposi-
tional and compositional combinations. Each of these mechanisms 
allows some form of expansion in the range of meanings that can be 
communicated from a limited repertoire of single calls. Mechanism 
1 directly expands the range of meanings that can be conveyed. Mecha-
nism 2 allows one to modify or nuance the meaning of the composing 
single units, such as to clarify socially complex situations [e.g., disam-
biguate signals and improve signal clarity (39, 40)]. Mechanism 3 
enables communication about concurrently occurring events with-
in a single utterance, such as communicating about self-identity and 
food (22), self-identity while greeting a conspecific (23), or warning 
conspecifics of a danger while concurrently recruiting them to the 
danger (11, 12). Mechanism 4, through changing unit order, allows 
further expansion of meanings that can be conveyed with the same 
vocal units.

We evaluated which combinatorial mechanisms could apply to 
chimpanzee vocal sequences by assessing the potential meaning of 
11 of the 12 single vocal units (one unit was never produced alone in 
this sample) and of 16 commonly used bigrams. Our set of 16 big-
rams included four pairs of bigrams in which each single unit oc-
curred in either order (e.g., hoo  +  grunt versus grunt + hoo), 
allowing us to investigate ordering effects in relation to the potential 
meaning of bigrams. We focused on bigrams in our study for two 
reasons. (i) Unlike longer sequences, they occur frequently enough 
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to quantitatively evaluate the events in which they are uttered, and 
(ii) most combinatorial mechanisms described in animals are ex-
amples of bigrams, which simplify drawing parallels between this 
and previous studies.

We assessed the similarity and differences of each bigram’s poten-
tial meaning with the potential meaning of each single unit in the 
repertoire by calculating the Euclidean distances between the pro-
portion of occasions in which a given bigram was uttered in each 
event and the proportion of occasions in which each single unit was 
uttered in each event. For each combinatorial mechanism, we predicted 

different patterns of Euclidean distances between single units and 
bigrams (detailed in Fig. 1). Euclidean distances are conventionally 
used in experimental linguistics to evaluate the phonological simi-
larity between word pairs (41, 42).

RESULTS
General protocol
We conducted our study on 53 wild chimpanzees above the age of 
10 years from three communities (East, North, and South) at the Taï 

Fig. 1. Predictions for vocal bigram usage detailing scenarios for the four combinatorial mechanisms considered and the expected Euclidean distance patterns. 
This figure depicts the event distribution of four theoretical bigrams and the respective composing units when emitted alone, illustrating the four combinatorial mecha-
nisms considered. E1 to E6 on the x axis refer to the six different events in which these theoretical vocal utterances could have been uttered. Each row depicts the events 
in which single units are uttered (columns 1 and 2) and the events in which the bigrams are uttered when constructed out of the two respective composing units (column 
3). Column 4 represents the Euclidean distance measuring the difference in the event distribution between bigrams and their composing vocal units when emitted alone. 
Short distances (low values) indicate similarity in the events in which the bigram and the single units are uttered. Detailed descriptions of the theoretical examples can be 
found in the text. Example 1 in blue illustrates mechanism 1, a noncompositional idiomatic bigram that conveys a new meaning. Example 2 in orange illustrates mecha-
nism 2, a compositional bigram with meaning modification that modifies/clarifies the meaning of one of the composing units. Example 3 in green illustrates mechanism 
3, a compositional bigram with meaning maintained that adds the meaning of the two single units. Example 4, in yellow, illustrates mechanism 4, ordering effects, that is 
a meaning shift created by the bigram when the order of the composing units is reversed. Note that what is depicted here is only one possible example, but order-
ing effects can operate shifts between any of the three other mechanisms and also within the same mechanism (e.g., A_B can create a new meaning and B_A can create 
another new meaning or A_B can disambiguate A while B_A disambiguates B).
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National Park, Cȏte d’Ivoire (5°45′N, 7°07′W) within the Taï Chim-
panzee project (43). Using continuous focal animal sampling, T.B. 
audio recorded vocalizations during 6-hour, half-day focals [see 
details in (20)], including those emitted by the focal subject or pro-
duced by individuals visible around the focal animal for whom the 
identity of the caller and the events associated with the call could be 
identified with certainty ad libitum (44). For each vocalization re-
corded, T.B. noted the events related to each vocalization following a 
preestablished ethogram [see details in Materials and Methods and 
in (21)]. T.B. assigned events to utterances by noting what was oc-
curring during vocal emission, specifically the signaler’s current (i) 
activity (feed, rest, and travel), (ii) social interaction (e.g., greet, play, 
groom, affiliate, aggress, and receive aggression), and (iii) changes 
in the environment (e.g., animal encounter, third-party aggression, 
and interparty communication).

In total, using these criteria, we identified 22 different events 
linked to vocalizations in this sample. Twenty of these events have 
been previously described as eliciting chimpanzee vocalizations 
[table S1, reviewed in (19)], and 12 events have been previously 
noted to elicit event-specific vocalizations (21) (see table S1 and Ma-
terials and Methods for a complete list of events and their defini-
tions). Note that, as utterances can be emitted during more than one 
event unfolding sequentially or simultaneously (21), each respective 
event is associated with the respective utterance, such as affiliation 
during fusion that would result in two events: affiliation + fusion.

Vocalizations studied
For this study, we focused on bigrams because they are the vocal 
sequences for which we have a large sample size, enabling us to 
match events to bigrams accurately. Furthermore, most combinato-
rial mechanisms in nonhuman animals have been described for big-
rams, allowing us to draw direct parallels to those found in other 
taxa. Given that we are interested in assessing meaning shifts gener-
ated by chimpanzee vocal sequences that were more likely generic 
than idiosyncratic, we considered all bigrams that were produced by 
not one but several individuals. To balance this criterion with the 
need to obtain suitable sample sizes for analysis, we took a reason-
able but arguably arbitrary threshold, including in our analysis all 
bigrams that were produced by at least 10 individuals. Note that the 
number of individuals effectively having each of the 16 bigrams in 
their repertoire is likely to be much larger than 10 (see Supplemen-
tary Methods and fig. S1). In a previous study, we applied random-
ization procedures and Bayesian binomial tests to assess the structure 
of chimpanzee bigrams in the same population (20). Several bigrams 
were produced above chance, single units showed positional bias 
within bigrams, and bigrams demonstrated some transitional bias 
between first and second units. This previous study shows that chim-
panzee bigrams are structured and not random juxtaposition of 
calls. Randomization tests function to weed out signal sequences 
that are unlikely to demonstrate structured changes in meaning. 
Such tests used in (20) become irrelevant when contextual shifts are 
directly assessed, as they are here. With our cutoff of 10 individuals, 
we also ensured that we analyze bigrams that were present in the vo-
cal communication of several individual chimpanzees, including bi-
grams recorded rarely that would not be detected as “above chance” 
not because they are random but because they are associated with 
rare events (e.g., animal encounter) or because they are associated 
with events during which recording vocalizations from individually 
identified chimpanzees is challenging (e.g., nesting). The 16 bigrams 

studied together with their sample size are presented in Fig. 2A and 
were GR_BK, GR_HO, GR_PG, GR_PN, HO_GR, HO_PG, HO_
PH, HO_PN, PG_GR, PG_PN, PH_HO, PH_PB, PH_PG, PH_PS, 
PH_SC, and PN_PG. Here and throughout the manuscript, the ab-
breviations are as follows: BK, bark; GR, grunt; HO, hoo; PN, pant; 
PB, panted bark; PG, panted grunt; PH, panted hoo; PS, panted 
scream; SC, scream. Therefore, we used the audio recordings in 
which chimpanzees emitted either 1 of these 16 bigrams or any of the 
12 single call types (referred to as single units) comprised in the 
chimpanzee repertoire [see (45) and Materials and Methods for de-
tails] to compare the events in which single units and bigrams were 
emitted. This resulted in a dataset of 4323 vocal utterances compris-
ing 3589 calls emitted singly (single units) and 734 bigrams. Because 
the single unit panted roar (PR) did not occur in an utterance alone, 
our final dataset comprised only 11 single units.

Event distribution comparisons
The goal of our analysis was to systematize the relation between vo-
cal utterance and event. We quantified similarities in the event dis-
tributions between different utterance types. We use the term “event 
distribution” to describe the probability for each event to be associ-
ated with a given utterance, either a single vocal unit or a bigram 
(e.g., in Fig. 1, single units A and B have different even distributions, 
while single unit A and the bigram D_A have identical event dis-
tributions).

We modeled the observed event distribution for all single units 
and bigrams using a single multinomial model, which allows for a 
given observation (i.e., utterance) to be associated with one or more 
events (e.g., in mechanism 3 in Fig. 1, bigram A_D is always associ-
ated with the same two events, while the single unit D is always as-
sociated with only one event). In this example, A_D and D are two 
different utterance types. We fitted our model with utterance type 
and caller ID as varying intercepts. From this model, we extracted 
the estimated probability vectors, i.e., the estimated “event distribu-
tions,” for all utterance types. From these estimated probability vec-
tors, we calculated Euclidean distances as our measure of similarity 
of event distribution between all possible pairs of a target bigram 
with all single units. When we describe hereafter utterance types 
being far from or close to each other, we refer to these Euclidean 
distances (see specific examples below). In an extreme case, two 
utterances will have a distance of 0 if their estimated probability vec-
tors are identical, i.e., the two utterance types have identical event 
distribution (see, e.g., mechanism 4 in Fig. 1).

The Euclidean distances were derived from posterior distribu-
tions of model parameters and can thus be represented as a poste-
rior distribution. This allowed us to calculate the proportion of 
posterior samples in which the event distribution of a given single 
unit was the closest to that of a target bigram (from here on referred 
to as “P.support.single”). A single unit’s event distribution is the 
closest to that of a bigram if its probability vector is the most similar 
to the probability vector of the bigram. We also calculated the pro-
portion of posterior samples where both composing units are the 
two closest units to a target bigram in terms of Euclidean distances 
(from here on referred to as “P.support.pair”).

Shifts in event distributions from those of the composing units to 
those of the 16 bigrams allow us to infer what potential combinato-
rial mechanisms apply to each bigram. Figure 1 represents theoreti-
cal examples of the four combinatorial mechanisms we considered. 
It also shows the expected Euclidean distance pattern between bigrams 
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and their respective composing single units given each combinato-
rial mechanism.

The first mechanism is noncompositional idiomatic combina-
tions (new meaning generation). Here, unit A (only uttered in event 

E1) is combined with unit B (only uttered in event E2) to form a 
bigram A_B that is only uttered in event 6 (an event during which 
single units are rarely uttered). For this mechanism, P.support.single 
and P.support.pair should be low because the Euclidean distance be-
tween A_B and all single units is large and calls A and B are not 
closer to bigram A_B than any other single units.

The second mechanism is compositional combinations with 
meaning modification (meaning modification/clarification of one of 
the single units). Here, the meaning of the single unit C is ambigu-
ous because it is emitted sometimes in event E3 and sometimes in 
event E4. Unit A is combined with unit C to form the bigram A_C, 
which is typically uttered during event E4. Here, the meaning of C is 
disambiguated by the bigram A_C. For this mechanism, P.support.
single should be high because the Euclidean distance between A_C 
and one of the composing units (C) is smaller than the distance be-
tween A_C and any of the other single units.

The third mechanism is compositional combinations that main-
tain meaning (addition of the meaning of the composing units). 
Here, the bigram A_D is uttered in concomitant events E1 and E5, 
which are also the events in which the single units A and D are ut-
tered, respectively. For this mechanism, P.support.pair should be 
high because the Euclidean distances between A_D and each of the 
composing units (A and D) is smaller than the distance between 
A_D and any other single units.

The fourth mechanism is the ordering effect (the order in which the 
units are combined in the bigram impacts meaning). Accordingly, 
the Euclidean distance patterns and event distribution patterns should 
differ between a bigram, like A_D, and its reverse, D_A. This mech-
anism differs from the other three in that it operates across bigrams 
and is thus depicted differently in Fig. 1. For example, while bigram 
A_D is always uttered in concomitant events E1 and E5, the reversed 
bigram D_A is only uttered in event E5. Accordingly, D_A is much 
closer to D, while A_D is equidistant from A and D. Note that order-
ing effects can produce a variety of shifts in event distributions be-
tween a bigram and its reverse, such as a partial change in the event 
distribution as illustrated here or a complete change. Ordering ef-
fects can apply to both noncompositional and compositional big-
rams, and mechanism 4 can operate in combination with any of the 
other three mechanisms (mechanisms 1, 2, and 3).

Figure S2 shows a case of a “no-change” scenario, which is ex-
pected if no combinatorial mechanism operates. Here, the addition 
of unit A after unit D to form the bigram D_A does not modify the 
meaning of D. In this case, the distance between D and the bigram 
D_A is expected to be negligible and P.support.single to be very high.

Meaning of the bigrams studied
Across the 16 bigrams studied, we found clear support for all the four 
mechanisms considered. Mechanisms 1, 2, and 4 were found in at 
least one bigram each for which, in each case, the Euclidean distance 
and the event distribution matched the expected patterns (summa-
rized in Table 1). Mechanism 3, compositional combinations that 
maintain meaning (addition of meaning), was supported by Euclid-
ean distances but with a less clear event distribution pattern. Hybrid 
mechanisms were evident for seven bigrams where the Euclidean 
and/or the event distribution patterns fitted both mechanisms 2 and 
3, i.e., both types of compositional combinations, such that the 
meanings of the composing single units were both added and clari-
fied within the bigram (Table 1; details below and in the Supplemen-
tary Materials). The combinatorial mechanisms best supported by 

Fig. 2. Sixteen chimpanzee vocal bigrams studied and four combinatorial 
mechanisms that shape meaning changes. (A) Sixteen bigrams studied with 
sample size indicated by the size of arrows. Blue numbers indicate the number of 
individuals producing each bigram. For both (A) and (B), the circles depict the differ-
ent single vocal units of the chimpanzee vocal repertoire included in our sample. 
The arrows link the first and second vocal units of each bigram. (B) Combinatorial 
mechanisms that were best supported by the Euclidean distance patterns: mechanism 
1 (blue), noncompositional combinations (new meaning); mechanism 2 (orange), 
compositional combinations with meaning modification (meaning modification/ 
clarification); mechanism 3 (green), compositional combinations with meaning 
maintained (addition of meanings); mechanism 4 (dashed arrows), pairs of bigrams 
demonstrating ordering effect and no change scenario (gray). Thin black lines de-
pict bigrams for which none of the mechanisms had a strong fit. Thin colored lines 
represent bigrams for which the mechanism was not strongly supported by Euclid-
ean distance patterns. Two letter codes next to the circles in black indicate the 
events frequently associated with each single unit (i.e., with 75% quartile propor-
tion >0.2). Bold indicates events that are strongly associated with the single unit 
(i.e., with a median proportion >0.2). Likewise, two-letter codes in brown along the 
arrows indicate the events frequently associated with the bigrams. Event codes: af-
filiation (AF), approach (AP), bystander aggression (BA), distress (DI), encounter (EN), 
feed (FE), fusion (FU), grooming (GR), intergroup encounter (IG), interparty commu-
nication (IP), nest (NS), play (PL), receive aggression (RA), rest (RE), and travel (TR).
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Euclidean distance patterns for each bigram and the main events in 
which each single unit and bigram were produced are summarized 
in Fig. 2B. In Table 2, we formalize the combinatorial rules govern-
ing changes in events between single calls and bigrams correspond-
ing to the four combinatorial mechanisms that we found. To facilitate 
visibility, Figs. 3 and 4 depict only the empirical event (i.e., observed) 
proportion for each utterance type and do not depict the results from 
our statistical model. Estimated proportions from the statistical 
model are shown in the Supplementary Materials (figs. S7 to S9). We 
describe only one detailed example of one bigram per combinatorial 
mechanism in the main text and provide detailed descriptions for 
the other bigrams in the Supplementary Materials. For Figs. 3 and 4, 
we depict the median and 25 and 75% quartiles of the empirical pro-
portion at which each utterance type was uttered. To simplify the 
narrative, in the rest of Results and Discussion, we considered an 
utterance to be frequently emitted during a given event if the 75% 
quartile was above 0.2. All the events frequently associated with each 
utterance type are indicated in Fig. 2B, and events in bold are those 
strongly associated with a given utterance (i.e., the median propor-
tion is above 0.2). The median proportion of each event associated 
with each utterance in our dataset is 0.02, and we set the threshold of 

0.2 at 10 times the median proportion. It is important to note how-
ever that, despite this arbitrary threshold, the proportion of each 
event for each utterance type and each individual chimpanzee was 
modeled and entered into our calculation of Euclidean distances and 
associated uncertainty.

Bigrams fitting mechanism 1: Noncompositional idiomatic 
combinations (new meaning)
The bigram HO_PN fulfilled all criteria for noncompositional idi-
omatic combinations that convey new meaning both in terms of 
event distribution and Euclidean distance patterns. The single unit 
HO was frequently uttered during feed and travel and occasionally 
during rest (Fig. 3 and fig. S7C), and the single unit PN was mostly 
uttered during approach, affiliation, and play (Fig. 3 and fig. S7H). 
In stark contrast, HO_PN was overwhelmingly emitted during a 
single event, nest (Fig. 3 and fig. S8A). Single units of any type, in-
cluding the composing single units, were rarely uttered during nest 
events. Accordingly, the Euclidean distance between HO_PN and all 
other single units was large (>0.5; Table 1 and Fig. 3) and neither of 
the two composing single units was the closest unit to the bigram. 
Three other bigrams, HO_PG, GR_BK, and GR_PN, also partially 

Table 1. Summary of the best-supported combinatorial mechanisms for each chimpanzee vocal bigram in terms of Euclidean distance patterns and 
event distribution patterns. Distance 1st and distance 2nd indicate the Euclidean distance between the event distributions of each bigram and the event 
distribution of the closest call and second closest call, respectively. Prop. support indicates the proportion of posterior distribution supporting the closest 
(column 3) and second closest (column 6) calls as the two closest calls to each bigram. Prop. support both composing calls are closest (column 8) indicates the 
proportion of posterior support for both composing calls to be the two closest calls. Euclidean distance pattern support (column 9) for the five combinatorial 
mechanisms is indicated with numbers corresponding to each mechanism in brackets, with bold indicating strong support and italics indicating weak support. 
Likewise, numbers in brackets (columns 3, 4, 6, 7, and 8) indicate strong (in bold) and weak (in italics) support for the following mechanisms: (1) mechanism 1, 
noncompositional idiomatic (new meaning); (2) mechanism 2, compositional with affixation (meaning modification/clarification); (3) mechanism 3, 
compositional, meaning maintained (addition of meanings); mechanism 4, ordering effect (this mechanism operates across bigrams, and paired bigrams with 
ordering effects on their potential meanings are shown with symbols & and §); (5) no change scenario. Cells with no numbers in brackets show no clear support 
for any mechanism. The matches to each mechanism are made on the basis of Euclidean distance patterns, as derived from the theoretical examples presented 
in Fig. 1. In the last two columns, we summarize separately the best-fitting mechanisms in terms of Euclidean distances and the best fitting mechanisms in terms 
of event distribution patterns based on inspection of the distribution of the proportion of the events associated with each single unit and each bigram.

Bigram Closest call Distance 1st Prop. sup-
port

Second 
closest

Distance 
2nd

Prop. sup-
port

Prop. sup-
port both 

composing 
calls closest

Supported mechanisms

By 
Euclidean 
distances

By event 
distribution

HO_PN PG 0.529 (1) 0.847 (1) HO 0.635 (1) 0.034 (1) 0 (1) 1 1

 GR_BK HO 0.38 (1) 0.261 (1) SC 0.387 (1) 0.31 (1) 0.002 (1) 1 1

 GR_PN PG 0.251 0.56 (1) PN 0.264 0.439 (1) 0 (1) 1 2

HO_PG PG 0.567 (1) 0.985 (2) HO 0.687 (1) 0.004 0.682 1 and 2 1 and 2

 PH_SC PH 0.345 (2) 0.867 (2) HO 0.411 (2) 0.099 (2) 0.02 (2) 2 2

 PH_PB PH 0.238 (2) 0.84 (2) PB 0.322 (2) 0.142 (2) 0.575 (2) 2 2

 PH_HO& HO 0.252 (2) 0.821 (2) PH 0.328 (2) 0.125 (2) 0.659 (2) 2 2 and 3

HO_PH& PH 0.221 (2) 0.954 (2) HO 0.292 (2) 0.046 (2) 0.994 (3) 2 and 3 2 and 3

 PN_PG PG 0.228 (2) 0.974 (2) PN 0.377 (2) 0.024 (2) 0.928 (3) 2 and 3 2 and 3

HO_GR§ HO 0.24 (3) 0.672 (3) GR 0.274 (3) 0.322 (3) 0.947 (3) 3 2 and 3

 PG_PN PN 0.332 (3) 0.482 (3) PG 0.334 (3) 0.503 (3) 0.947 (3) 3 3

 GR_PG PG 0.174 (5) 0.999 (5) PN 0.357 (5) 0 (5) 0.157 (5) 5 5

 PH_PS PH 0.169 (5) 1 (5) HO 0.348 (5) 0 (5) 0.006 (5) 5 5

 GR_HO§ HO 0.271 0.726 PH 0.315 0.244 0.174 ﻿ 2 and 3

 PG_GR PG 0.329 0.67 GR 0.37 0.296 0.629 ﻿ 2 and 3

 PH_PG PG 0.287 0.775 GR 0.396 0.147 0.017 ﻿ 2 and 3
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Table 2. Combinatorial rules corresponding to each combinatorial mechanism in chimpanzee vocal bigrams, inferred from shifts in event usage. A, B, 
and C denote the events in which bigram A + B is emitted. AA, subset of events in which A is emitted.

Combinatorial mechanisms Rule for bigram A + B event 
usage

Refuting alternative 1: 
“only 1 expression”

Refuting alternative 2: 
“separate utterances”

Example bigrams

 (1) Noncompositional/
idiomatic (new meaning)

A + B = C A and B emitted as inde-
pendent meaning-bearing 

units

C ≠ A, B, A + B HO_PN, GR_BK

 (2) Compositional: meaning 
clarification of A only

A + B = AA As above Meaning of B not found in 
A + B

PH_SC

 (2 + 3) Compositional: 
meaning clarification of A & B

A + B = AABB As above meaning A + B ≠ meaning 
B + A

PH-HO

 (3) Compositional: maintained 
meaning of A & B

A + B = A + B As above meaning A + B ≠ meaning 
B + A

HO_GR

No change scenario A + B = A or B ﻿ ﻿ GR_HO

Fig. 3. Chimpanzee vocal bigrams fitting mechanism 1, new meaning (HO_PN), and mechanism 2, disambiguation (PH_SC and PH_PB). Each row depicts the re-
sults for a given bigram. Columns 1 to 3 depict the event distributions of the first and second composing vocal units (columns 1 and 2) and of the bigram (column 3). 
Column 4 depicts the Euclidean distances measuring the difference in the event distribution between the bigrams and their composing vocal units when emitted alone. 
For the event distributions (columns 1 to 3), the colored dots depict the observed median individual proportion of occurrence of each call in each event and the vertical 
colored lines the 25 and 75% quartiles. A 25% quartile at a proportion P indicates that 75% of the individuals uttered that utterance in that event in a proportion 
≥P. Likewise, a median at a proportion P indicates that half the individuals uttered that utterance in that event in a proportion ≥P and a 75% quartile at a proportion P 
indicates that 25% of the individuals uttered that utterance in that event in a proportion ≥P. For the Euclidean distances (column 4), the mean and 50 and 89% credible 
intervals for the distance of each bigram to each single call are depicted. The single units composing each bigram are indicated in orange. The values next to the single 
unit’s name indicate the proportion of the sample from the posterior distribution of the model where each unit is the closest to the considered bigram (P.support.single). 
Only values above 0.01 (i.e., >1% support) are indicated. Indicated at the top of each Euclidean distance graph is the proportion of the sample from the posterior where 
the composing single units are the two closest single units to the respective bigram (P.support.pair).
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fitted the criteria for noncompositional idiomatic combinations 
(Table 1; details in the Supplementary Materials and figs. S3 and S8).

Bigrams fitting mechanism 2: Compositional combinations 
with modification (meaning modification/clarification)
The bigram PH_SC offers a potential case of clarification of a single 
unit, PH. PH_SC was predominantly emitted during fusion and 
travel, two events frequently associated with PH alone, but was 
rarely emitted during interparty communication or feed (Fig. 3 and 
fig. S7E), two other prominent events associated with PH alone 
(Fig. 3 and fig. S7G). SC, in contrast, was frequently emitted alone 
in receive aggression (Fig. 3 and fig. S7J), an event in which PH_SC 
never occurred in our sample (Fig. 3 and fig. S7E). These patterns 
indicate that adding SC to PH shifted and limited the event usage of 
PH, such that the bigram PH_SC predominantly emitted in travel 
events may convey to receivers that the signaler is traveling. In sup-
port of mechanism 2, the composing unit PH was the closest unit to 
the bigram PH_SC with moderate support from the posterior 
(P.support.single = 0.867; Table 1 and Fig. 3), but the distance be-
tween PH and PH_SC remained large (0.345; Table 1).

Two bigrams fitted a pattern indicating clarification of not only 
one but both single units in a hybrid compositional structure where 

the meaning of both units is maintained but also clarified. For in-
stance, PH_PB presented Euclidean distance patterns that match the 
expected pattern for mechanism 2, clarification, because PH was the 
closest single unit to the bigram PH_PB, with moderate posterior 
support (P.support.single = 0.840; Table 1 and Fig. 3), and PB was 
the second closest unit to PH_PB (but with weak posterior support 
for both units being the closest, P.support.pair = 0.575). However, 
PH_PB may clarify not one but both single units. This bigram was 
predominantly uttered during interparty communication, rest, and 
travel (Fig. 3 and fig. S8G). Two of these events are frequently asso-
ciated with both composing single units PH and PB (travel and in-
terparty communication; Fig. 3 and fig. S7). PH alone and PB alone 
were also often emitted in events virtually never associated with the 
bigram PH_PB such as feed and fusion for PH and bystander ag-
gression and intergroup encounter for PB (Fig. 3 and fig. S7G). The 
set of events in which PH_PB was uttered was thus reduced in 
comparison to the respective set of either PH alone or PB alone. 
Thus, while the bigram PH_PB is associated with certain events also 
associated with each composing unit, it also likely clarified the 
meanings of both.

We found another bigram that matched (at least partly) ex-
pected patterns for the disambiguation of both single units’ scenario: 

Fig. 4. Chimpanzee vocal bigrams fitting mechanism 3, combined meaning (HO_GR), 4, ordering effect (HO_GR versus GR_HO), and 5, no change (GR_PG). Each 
row depicts the results for a given bigram. Columns 1 to 3 depict the event distributions of the first and second composing vocal units (columns 1 and 2) and of the bigram 
(column 3). Column 4 depicts the Euclidean distances measuring the difference in the event distribution between the bigrams and their composing vocal units when 
emitted alone. For the event distributions (columns 1 to 3), the colored dots depict the observed median individual proportion of occurrence of each call in each event 
and the vertical colored lines the 25 and 75% quartiles. A 25% quartile at a proportion P indicates that 75% of the individuals uttered that utterance in that event in a 
proportion ≥P. Likewise, a median at a proportion P indicates that half the individuals uttered that utterance in that event in a proportion ≥P and a 75% quartile at a 
proportion P indicates that 25% of the individuals uttered that utterance in that event in a proportion ≥P. For the Euclidean distances (column 4), the mean and 50 and 
89% credible intervals for the distance of each bigram to each single call are depicted. The single units composing each bigram are indicated in orange. The values next 
to the single unit’s name indicate the proportion of the sample from the posterior distribution of the model where each unit is the closest to the considered bigram (P.
support.single). Only values above 0.01 (i.e., >1% support) are indicated. Indicated at the top of each Euclidean distance graph is the proportion of the sample from the 
posterior where the composing single units are the two closest single units to the respective bigram (P.support.pair).
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PH_HO (Table 1; see details in the Supplementary Materials and 
fig. S4).

Previous studies have highlighted how event-related information 
can be encoded in the acoustic structure of each unit composing a 
vocal sequence, such as sequences containing an identity marker 
vocalization (46, 47). Here, we expand previous findings by showing 
that adding different single units to the chimpanzee identity marker, 
PH, to form bigrams also altered event specificity and, therefore, the 
potential meaning of the bigram. As already suggested for the big-
ram PH_GR (22), other bigrams containing PH noted in this study 
could represent cases of predication where self-identity, communi-
cated by the PH, is combined with other meaning-bearing units. 
Predication has likewise been suggested for bigrams that may func-
tion similarly in the banded mongoose and Diana monkeys (4, 22).

Bigrams partially fitting mechanism 3: Compositional 
combinations that maintain meaning (addition of meaning)
Two bigrams fulfilled the criteria for compositional combinations 
that maintain meaning (addition of meaning) in terms of Euclidean 
distance patterns: HO_GR and PG_PN. For HO_GR, the two com-
posing single units (HO and GR) were clearly the two closest units to 
the respective bigram (P.support.pair = 0.947; Fig. 4 and Table 1). 
However, HO_GR was emitted during some but not all of the events 
frequently associated with its two composing units. While HO was 
frequently produced during feed, rest, and travel and GR during ap-
proach and feed (Fig. 4 and fig. S7), HO_GR was mostly produced 
during one event associated with both composing units (feed) and, 
to a lesser extent, also with one event associated only with one com-
posing unit (rest) (Fig. 4 and fig. S8C). HO_GR may thus add and 
clarify the meaning of both composing units. Hoos emitted alone 
during rest prelude longer resting periods for both signalers and re-
ceivers (27), and chimpanzee grunts are associated with feed (48, 49). 
Further research should determine whether the bigram HO_GR 
may similarly function to prelude longer stays in food patches than 
when grunts are emitted alone. We describe a second candidate big-
ram for mechanism 3, PG_PN, in the Supplementary Materials and 
figs. S3 and S9 (see also Table 1).

Bigrams fitting both mechanisms 2 and 3: Both forms of 
compositional combinations (meanings added and clarified)
Two combinatorial mechanisms may operate within a single bigram, 
such as in the case of HO_PH and PN_PG. These bigrams had Eu-
clidean distance patterns that matched mechanism 2; as in each case, 
one of the composing units was clearly the closest unit to the re-
spective bigram (PH for HO_PH and PG for PN_PG, both P.support.
pair > 0.95; Table 1). Each bigram also matched mechanism 3, given 
that both composing units were the closest to each respective bigram 
(P.support.pair > 0.92 for both; Table 1). This co-occurrence of com-
binatorial mechanisms is also reflected in the event distribution 
(Table 1; detailed in the Supplementary Materials and figs. S4 and S9).

Bigrams fitting mechanism 4: Ordering effect
Of the four pairs of bigrams in this sample that were emitted in both 
directions (A_B and B_A), two pairs demonstrated clear ordering 
effects such that the order in which the single vocal units were ut-
tered within the bigram changed the events in which the bigram was 
emitted: the pair HO_GR and GR_HO and the pair HO_PH and 
PH_HO. Compared to HO_GR (described above), GR_HO was 
more often emitted during travel and fusion and less often during 

rest (Fig. 4 and fig. S9D). Hence, GR_HO was closer in distance to 
only one of the two composing units, HO, and not equidistant to GR 
and HO like HO_GR. The distance to the other composing unit, 
GR, came in third position across all single units (Table 1 and Fig. 
4). Furthermore, GR was the closest unit to GR_HO in a very small 
proportion of the posterior (P.support.single  =  0.028; Table 1), 
which contrasts with the pattern of HO_GR where HO and GR were 
similar to each other with respect to being the closest unit to the 
respective bigram (Table 1). For a detailed description of the order-
ing effect in the pair HO_PH and PH_HO (Table 1), see the Supple-
mentary Materials and figs. S5 and S9.

Bigrams showing no change in meaning
The bigram GR_PG (Fig. 4) had a very similar event distribution to 
that of one of its composing units, PG. Both GR_PG and PG were 
mostly produced during approach and to a lesser extent in affiliation 
and nest (Fig. 4 and fig. S9F). In addition, GR_PG was also produced 
during fusion. Approach is an event frequently associated with the 
other single composing unit GR (Fig. 4 and fig. S7B). Yet, GR is also 
very frequently associated with feed, an event that is much less 
prominent in GR_PG (Fig. 4 and fig. S9F). Consequently, GR_PG 
was substantially closer to PG than to all other units (P.support.
single = 0.999; Table 1 and fig. S4) and the distance between GR_PG 
and PG was small (0.173). Another bigram potentially conveys the 
same information as one of the single units: PH_PS (Table 1; see 
details in the Supplementary Materials and figs. S5 and S9).

DISCUSSION
Human language is a highly powerful communication system, not 
least through using compositional and noncompositional mecha-
nisms to form combinations that expand the meaning capacity of 
the composing elements. Such mechanisms, together with hierar-
chically organized syntax, allow communication of a virtually infi-
nite number of meanings based on a limited set of phonemes and 
words (9). Some nonhuman species have demonstrated the use of 
either one compositional or one noncompositional mechanism to 
produce meaningful call combinations but not more than one. Most 
examples relate to a single event, namely predator presence (11–
13,  50). Hence, it remains puzzling how versatile combinatorial 
communication systems that are used across daily life events, like 
language, evolved. Our study changes this and highlights the poten-
tial for noncompositional and compositional combinations to be 
present within the communication system of a single nonhuman 
species, the chimpanzee, and to be used across a wide range of daily 
events. This theoretically offers a system with two meaning con-
struction channels, such that when single calls are combined into 
bigrams, they can either generate a new meaning by creating non-
compositional combinations or retain or modify their meaning, cre-
ating compositional combinations.

When mapping the events in which each call type (single unit) 
was uttered, we found a strong match with the call event specificity 
demonstrated in other studies. Examples include studies using play-
back experiments showing that some hoos are processed as rest calls 
(25) and observational studies showing that, like in our study, hoos 
are frequently emitted during rest and travel (24, 27, 51), panted 
grunts (PG) are uttered while approaching a conspecific (23, 28, 29), 
and grunts (GR) are predominantly uttered during feed (48, 49) or 
approaches (52) (see fig. S7 for further details). Our method thus 
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allows us to draw conclusions across the vocal repertoire about the 
potential meaning of single units and bigrams based on the events in 
which they are emitted.

When comparing the events in which bigrams and their compos-
ing units were uttered, we found bigrams that fitted the criteria for 
all four combinatorial mechanisms we considered in terms of Eu-
clidean distance patterns (Fig. 2B), namely (1) noncompositional 
idiomatic (new meaning), (2) compositional sequences with modi-
fication (meaning modification/clarification), (3) compositional se-
quences that combine meaning (meaning combination), and (4) 
ordering effects. We also found several cases demonstrating a hybrid 
of compositional mechanisms 2 and 3 whereby the meanings of the 
composing units were both combined and clarified. Examples of 
each mechanism were evident in more than one bigram and in-
volved at least three different single units (call types; Fig. 2B). Like-
wise, some single units were used in several mechanisms (Fig. 2B). 
These patterns suggest a versatile interactional system of mecha-
nisms and call types across the chimpanzee repertoire. Last, we 
found two examples that fitted the null scenario, no meaning change. 
Together, our results indicate that most but not all bigrams poten-
tially alter and/or combine the meanings of single units.

Noncompositional bigrams
We found evidence of noncompositional bigrams fitting a pattern 
consistent with mechanism 1, conveying new meanings. For exam-
ple, the bigram HO_PN was almost exclusively produced during 
nest, an event that was rarely associated with either composing unit. 
This finding mirrors patterns reported for forest monkeys that com-
bine two alarm calls to produce a call combination that initiates 
travel (14). While alarm and travel are very dissimilar meanings, one 
could argue that nesting consists of a long resting period and thus is 
close in meaning to the event rest that is frequently associated with 
the single unit HO. However, single HOs were almost never emitted 
in nest events, suggesting a contextual difference between rest and 
nest. Unlike rest, nesting is characterized by the building of a nest to 
spend the night, out of reach of night predators, like leopards (53). 
Furthermore, natural observations suggest that the production of 
the bigram HO_PN elicits very distinct behavioral responses in re-
ceivers compared with the single unit HO (climbing a tree and 
building a nest rather than staying put on the ground). Accordingly, 
HO_PN may have a very specific meaning that differs from that of 
single HOs.

Compositional bigrams
For compositional bigrams, we found evidence for mechanism 2 
that modification or clarification of the meaning of single units may 
occur in two ways. First, clarification can operate on only one of the 
composing units, such that the respective bigram was emitted in an 
overlapping but narrower set of events than the one of the compos-
ing units. This may be useful for units that are emitted in several 
contexts such as PH or GR.

Second, clarification can also operate not only on one but on 
both units within a bigram. In this case, the respective bigram was 
more likely emitted in a narrowed set of events shared by both com-
posing units than in events pertaining to only one of the composing 
units (PH_HO and PH_PB).

The two clarification mechanisms of either one or both units in 
chimpanzee bigrams may be analogous to examples of affixation in 
other animals [e.g., (50)]. Yet, chimpanzee compositional structures 

with modification appear to differ in three key aspects. First, the 
unit that acts to clarify the meaning of the other unit in the bigram 
is also a meaning-bearing unit when produced alone, whereas in 
other species like the Campbell’s monkey “krak + oo” example (50), 
the affix “oo” is never produced alone. We suggest that, in chimpan-
zees, the same call type may have a dual function either as a meaning-
bearing unit or as an affix. This idea would need to be tested. Second, 
whereas in the “krak-oo” example, the affix “oo” modifies the ur-
gency of an already relatively specific alarm call (krak), in chimpan-
zees, the addition of an extra unit to form a bigram reduces the 
range of possible meanings of a given single unit, thereby clarifying 
its meaning. Such a system might be particularly adaptive in popula-
tions like Taï chimpanzees living in dense, low-visibility habitats. 
Chimpanzees use different variants of the same call type in different 
events (24), but the subtle difference in acoustic properties of the 
variants might be lost over distance. Thus, constructing a bigram 
that contains a clarifying component might provide useful con-
textual precision. Third, as far as we know, we report a new phenom-
ena where the meaning of both units can be clarified concurrently. 
We suggest that, in this case, each unit acts as a modifier for the 
other (Table 2).

In support of mechanism 3, we found two compositional bigrams 
that maintain the meanings of the composing units when emitted 
alone. In support of mechanism 4, ordering effects on event distribu-
tions were evident for two pairs of bigrams. In particular, HO_GR 
demonstrated both features of combined meaning and ordering ef-
fects, making it a potential candidate for what has been labeled in 
other studies as “compositional syntax,” whereby the meaning of a 
combination is determined by both the meaning of the composing 
units and the order in which they are combined. Yet, this needs to be 
formally demonstrated by future studies either using playback ex-
periments or taking advantage of modern eye tracking (54) or touch 
screen (55) techniques, such as by designing violation of expectation 
paradigms that assess the information content of HO_GR versus 
GR_HO conveyed to receivers.

Clear cases of compositional syntax have only been reported so 
far for two bird species (12, 13), and only in alarm events, by com-
bining an alarm call and a recruitment call into an “alarm-recruit” 
sequence. Likewise, the chimpanzee hoo_bark (HO_BK) combina-
tion is a suggested case of compositional syntax, but ordering effects 
here have not been tested (11). In our study, we do not strictly dem-
onstrate that bigrams are compositional or noncompositional struc-
tures but rather show that chimpanzee call combinations likely 
encode meaning by using these mechanisms. Compositionality has 
been suggested but not tested for another chimpanzee bigram, the 
panted hoo (PH) + grunt (GR) (22) emitted to recruit conspecifics at 
food patches. Our study opens the possibility that chimpanzees lib-
erally use both compositional and noncompositional call combina-
tions in numerous daily life situations, not only in alarm events.

Alternative explanations, implications, and limitations
Recently, Schlenker et al. (56) suggested that, besides the classic ex-
ample of the Japanese tits (12), compositionality has not been shown 
in nonhuman animals (56). Schlenker et al. (56) propose two alter-
native “simpler” mechanisms, which could explain vocal combina-
tions that appear compositional. First, the “only one expression” 
hypothesis suggests that the vocal sequence AB is a single stand-
alone expression with its own meaning if A and B are never emitted 
independently. Second, the “separate utterance” hypothesis posits 
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that A and B are separate utterances that are neither syntactically 
nor semantically combined but simply randomly occur together. 
Our results demonstrate that the “only one expression” hypothesis 
cannot account for chimpanzee combinatorial mechanisms. Most 
single calls (single units) are meaning bearing when emitted alone 
and can be flexibly combined with several different call types into 
several bigrams. These bigrams in turn engage different combinato-
rial mechanisms leading to a change in meaning (see Table 2 for 
details). Likewise, the “separate utterance” hypothesis may fall short 
when looking at pairs of bigrams (PH_HO versus HO_PH and HO_
GR versus GR_HO) where the order in which the calls are com-
bined alters the event distribution, and therefore, the potential 
meanings, of the bigrams (Table 2). If composing units were ran-
domly associated entities treated as separate utterances, the order in 
which they are combined would not affect the meaning of the bigram.

Together, our study showcases the potential for high versatility in 
combinatorial mechanisms used in chimpanzee bigrams and, in 
particular, four ways meaning can be modified. The chimpanzee vo-
cal system is likely more complex than exemplified here because we 
only studied 16 bigrams, and chimpanzees produce hundreds of dif-
ferent vocal sequences, combining up to eight different vocal units 
within the same sequence (20). Longer sequences than bigrams are 
frequently produced when more than two events are concomitant 
(21). Thus, even though sequences with three or more units are rar-
er than bigrams, they are likely to further expand the communica-
tion potential of chimpanzees, especially because the number of 
single and concomitant daily life scenarios that elicit vocalizations 
[131 reported so far (21)] is considerably more than the 12 single 
call types. Given the diversity of structured vocal sequences found 
in chimpanzees and their potential to markedly increase the range 
of meanings, as shown in our study, we argue that chimpanzees ful-
fill all the criteria defined by Nowak et al. (17) for a general combi-
natorial system to evolve.

We did not use playback experiments to infer the potential mean-
ings of the bigrams and are therefore agnostic as to how the informa-
tion is perceived by the receiver. However, previous studies have 
shown a very good match between the event during which a call is 
emitted and the meaning perceived by the receiver in playbacks 
(24, 27, 30–34), even though not all calls emitted pertain to current 
events. For instance, in bonobos, the addition of a whistle before a 
high hoot is associated with a high likelihood for the caller to join 
another party in the future (57). Such call or call combination func-
tions will not be captured by our methods because of strict assignment 
of utterances to current events, likely leading to an underrepresenta-
tion of influential events. The advantage of our probabilistic approach 
using Euclidean distances is that we can draw conclusions about po-
tential combinatorial mechanisms across a large sample of call combi-
nations, given the practical impossibility of testing all possible bigrams 
with playbacks.

Conclusions
Our study suggests a highly versatile combinatorial communica-
tion system, with signal combinations consistent with the criteria 
of both compositional and noncompositional mechanisms, such 
that meanings may be generated, modified, or added together. 
Critically, the latter opens the possibility that some utterances may 
contain several meanings. Such a system offers considerable poten-
tial for meaning generation via the use of call combinations in a 
nonhuman animal, the chimpanzee. So far, at most, one meaning 

modification mechanism has been reported per nonhuman species 
and, often in a single context, alarm. In contrast, chimpanzees not 
only appear to use diverse combinatorial mechanisms in their call 
combinations, but they use such mechanisms in a wide range of 
daily life events, not only alarm events. In a previous study, 46 of 58 
chimpanzee bigrams were also recombined into trigrams (20) and 
likely longer utterances. The next step will be to determine which 
mechanisms are used when bigrams are recombined into longer 
utterances. To our knowledge, such a versatile use of combinatorial 
mechanisms as the one found in chimpanzees has not yet been de-
scribed in a nonhuman animal species. Similar studies on other 
species will determine whether this reflects the extreme rarity of 
such signaling systems across the animal kingdom or rather re-
flects limited research effort in this area. We encourage future stud-
ies to assess in other species the usage of several combinatorial 
mechanisms in vocal and gestural signaling (58, 59), a prerequisite 
for which will be species that use a range of signal combinations 
across a range of daily life events. Combined with previous find-
ings, the results of the current study show that chimpanzees fulfill 
the two criteria put forward in the evolutionary model of general-
ized combinatoriality by Nowak et al. (17). First, call combinations 
are used across a broad range of events and, second, single units are 
used across a large diversity of combinations. Nowak et  al. (17) 
highlight that, upon fulfilling these criteria, call combinations 
should expand the range of messages that can be communicated. 
Here, we show that such an expansion can be aided particularly 
when several different combinatorial mechanisms operate within 
the same communication system, a criterion to add to those for-
mulated by Nowak et al. (17). Such a communication system as we 
find here could be viewed as transitional between the more re-
stricted combinatorial systems described so far in nonhuman ani-
mals and the extremely versatile and open-ended system that is 
human language.

MATERIALS AND METHODS
Ethics statement
Our study was purely observational and noninvasive. Observers fol-
lowed the strict hygiene protocol of Taï Chimpanzee Project, which 
was adopted by International Union for Conservation of Nature as 
the best practice guideline for wild ape studies (60). Observers quar-
antined for 5 days before following the chimpanzees. During fol-
lows, observers disinfected their hands and boots and changed 
clothes before leaving and entering camps. In the forest, observers 
wore face masks and kept a minimum distance of 7 m between 
themselves and the chimpanzees to avoid disease transmission from 
humans to chimpanzees and to avoid disturbing the natural behav-
ior of the observed individuals. The research presented here was ap-
proved by the “Ethikrat” of the Max Planck Society on 8 April 2018.

Study subjects
T.B. collected data on 53 chimpanzees from three fully habituated 
communities (East, North, and South), Taï National Park, Ivory Coast, 
between two study periods: January to May 2019 and December 2019 
to March 2020. We restricted our study to individuals 10 years and 
older because 10 is the age at which chimpanzees use the full adult 
repertoire of vocal sequences (45). T.B. collected data on 10 males 
and 12 females in the East group, 4 males and 8 females in the North 
group, and 5 males and 14 females in the South group.
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Data collection
T.B. followed chimpanzees from dawn to dusk during ~12 hours per 
day. T.B. recorded vocalizations during 6-hour-long half-day focal 
animal samples (44) [see details in (20)]. Using a 2-s prerecord op-
tion, T.B. audio recorded each vocalization from the focal chimpan-
zee as well as any vocalization produced by individuals visible around 
the focal for whom the identity of the caller could be identified with 
certainty ad libitum (44). T.B. recorded the vocalizations using a 
Sennheiser ME67 directional microphone (digitized at a 48-kHz 
sampling rate and 24-bit sampling depth) connected to a Tascam 
DR-40X digital recorder. For each vocalization recorded, T.B. noted 
the events related to the vocalization directly in the field following 
each event according to a preestablished ethogram, either on a 
smartphone using Cybertracker software (61) or via a vocal com-
ment at the end of each recording. T.B. recorded what the caller was 
doing immediately before and at the time that each vocalization was 
emitted, what the caller was looking at while vocalizing, and the 
acoustic stimuli the caller were exposed to immediately before vocal-
izing. This led to the categorization of three kinds of events: the activ-
ity of the focal individual, social interaction directly involving the 
focal individual, and external events such as fusions or animal en-
counters occurring while vocalizing. In total, we defined 22 different 
events known to elicit vocalizations in chimpanzees and belonging to 
three categories (see table S1 for a complete list of events and their 
definitions): activities (feed, rest, and travel), social interactions (af-
filiate, approach, play, receive aggression, groom, beg, give aggres-
sion, food share, copulate, and solicit copulation), and changes in the 
environment (animal encounter, bystander to aggression, distress, 
hunt, intergroup encounter, fusion, interparty communication, nest 
time, and outside party noise).

We only considered the activity in which the focal animal was 
engaged in at the time of vocalizing as an event potentially trig-
gering vocalization when it did not co-occur with any social in-
teraction. T.B. focused on 53 chimpanzees 10 years and older for 
646 hours and collected ad libitum data for an additional 387.8 hours. 
Overall, T.B. recorded 5399 vocal utterances with a mean ± SE of 
101.9 ± 7.41 vocal utterances per chimpanzee. We did not include 
vocal sequences consisting of more than two different call types 
in this analysis.

Vocal repertoire
For this study, we divided the chimpanzee vocal repertoire into 12 
single call types following (20). A chimpanzee call type is defined as 
either single or repeated strings of a particular exhaled vocal ele-
ment (e.g., “hoo” and “bark”) or “panted” forms of the same unit 
whereby a voiced inhalation is inserted between each exhaled ele-
ment. Accordingly, our repertoire comprised seven single vocal 
units—bark (BK), grunt (GR), hoo (HO), pant (PN), scream (SC), 
whimper (WH), and nonvocal calls (NV)—and five panted forms of 
calls—panted bark (PB), panted grunt (PG), panted hoo (PH), pant-
ed roar (PR), and panted scream (PS) [see details in (20) for the call 
definition and classification]. In our sample, all single call types have 
been uttered singly with the exception of PR that only appeared in 
sequences. Accordingly, we could not compare event distribution 
between the study bigram and single unit PR and we excluded PR 
from the analysis, resulting in analysis of the event distribution of 
only 11 single units. As in (20), we defined a single utterance as a 
unit emitted alone or repeated within 2-s intervals. We defined a 
sequence as different types of vocal units emitted within less than 

a 1-s interval. Different variants of the same call type [e.g., “rest” or 
“alert” hoos in (25)] are not differentiated here but are considered as 
the same unit type.

Assigning units to recorded vocal sequences
We examined each recording using PRAAT spectrograms, which 
show the frequency distribution across the call (62), and determined 
each single call type using a concurrent visual inspection of the 
spectrogram and listening of the audio file [see details in (20)]. Call 
types can be differentiated because of their distinctive acoustic fea-
tures (20). For the analysis, we considered only calls of high quality, 
with the lowest frequency band visible, recorded from the beginning 
to the end, and with the signaler ID defined. We did not include in 
the analysis utterances containing hard-to-identify calls. T.B. coded 
all the data. A total of 6% of the data (301 calls across all call types) 
was subjected to interrater reliability testing with a blind coder. At 
the end of the training, T.B. and the blind coder reached a 94.6% 
agreement on the call classification [see details in (21)].

Bigrams studied
For this study, we restricted our analyses to bigrams (i.e., vocal se-
quences with two vocal units) commonly used by chimpanzees and 
utterances consisting of single vocal units. Specifically, we used all 
bigrams emitted by at least 10 different chimpanzees, resulting in 
the following 16 bigrams: GR_BK, GR_HO, GR_PG, GR_PN, HO_
GR, HO_PG, HO_PH, HO_PN, PG_GR, PG_PN, PH_HO, PH_PB, 
PH_PG, PH_PS, PH_SC, and PN_PG (Fig. 2A). Of the 16 bigrams, 
8 are composed of four pairs of calls in which the order of emission 
of the composing calls showed reversal (i.e., GR_HO and HO_GR, 
GR_PG and PG_GR, HO_PH and PH_HO, and PG_PN and PN_
PG). These pairs allow us to assess the effect of call order on the 
events related to each bigram and, therefore, on the information 
conveyed by vocal sequences.

Event analysis
Our analysis aimed to compare the distribution of the events that 
were associated with each single vocal unit with the events associ-
ated with each of the 16 bigrams. Thus, we used 4323 vocal utter-
ances comprising 3589 single units and 734 bigrams. Each bigram 
was recorded in the dataset with a mean ± SE of 45.9 ± 9.6 (range: 
11 to 136) occurrences.

Chimpanzee studies demonstrate that single calls can be event 
specific, such as nonvocal sounds being emitted almost exclusively 
during grooming (63), grunts emitted during feeding (48), and 
panted grunts emitted during greetings (28). Also, several acousti-
cally different variants have been identified per call type, which each 
demonstrate event specificity, such as hoo variants during hidden 
threats, resting, and traveling (24, 26, 64). Here, we do not distin-
guish call variants, as this requires acoustic analysis. Hence, we ex-
pect that most call types will be associated with several events, for 
example, “hoos” will be associated with alarm, rest, and travel.

Statistical analyses
We coded our multinomial model in Stan and fitted it using the “cmd-
stanr” interface in R (65, 66). We constructed a matrix with 22 col-
umns representing events and 4323 rows representing observations. 
Each line was filled such that a value was 1 if the event was present 
when the utterance was produced and 0 if it was absent. In this model, 
we fitted the utterance type (i.e., the name of the single vocal unit or 
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the bigram emitted for a given utterance with 27 possibilities, 11 sin-
gle vocal unit types, and 16 bigram types) and the identity of the caller 
as varying intercepts. We generated 4000 posterior draws (500 itera-
tions in eight chains, with 3000 warmup samples in each chain).

To calculate the Euclidean distances, we extracted from the mul-
tinomial model the posterior distribution of the probability vector of 
each event to occur for each utterance type for an average individual 
(i.e., ignoring the individual-level intercept). For a given utterance, 
these estimated probabilities across the 22 events sum to 1. Crucially, 
however, 22% (933 of 4322) of utterances were observed to occur 
during concomitant events (e.g., approach + fusion + feed). To ob-
tain event distributions that reflect this feature, we multiplied each 
probability vector with the expected number of events per recording 
of a given utterance type. For instance, if we obtained three record-
ings of utterance A, one during a feed event, one during concomitant 
feed + fusion events, and one during an approach event, we obtain a 
raw probability vector (which sums to 1) of [2 + 1 + 1]/4 = [0.5, 0.25, 
0.25] (feed, fusion, approach). The expected number of events per 
recording would be (2 + 1 + 1)/3 = 1.33. We then multiplied the 
probability vector [0.5, 0.25, 0.25] by 1.33 to arrive at the desired 
probabilities for utterance A for each event: [0.66, 0.33, 0.33]. This 
reflects the fact that the feed event was recorded two times out of 
three recordings (prop. = 0.66) and fusion and approach one time 
out of three each (prop. = 0.33). It is these adjusted probability vec-
tors for a given utterance that formed the basis for the calculation of 
the Euclidean distances.

Because the number of events might vary according to the utter-
ance type, we also modeled the “event length” (the number of events 
in a recording). We used a zero-truncated Poisson likelihood, reflect-
ing the fact that each recording comprised at least one event. As 
above, we fitted varying intercepts for utterance type and caller 
ID. Using the estimated intercept from this model for a given utter-
ance type, we simulated 1000 recordings (where the event length was 
a random number drawn from a truncated Poisson distribution with 
the estimated mean for the current utterance type) and extracted 
which event(s) occurred. In each simulated recording, we calculated 
the adjusted probability vector for a given utterance type, as de-
scribed above. The final result of these 1000 simulated recordings 
was then returned as a vector of means per event type. We did this for 
each utterance type, which then resulted in a set of 27 adjusted prob-
ability vectors. This set of adjusted vectors then served as a basis for 
calculating Euclidean distances between pairs of utterance types.

Supplementary Materials
This PDF file includes:
Supplementary Methods
Supplementary Results
Figs. S1 to S9
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