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Abstract

The development of the unique, hierarchical, and endless combinatorial capacity in
a human language requires neural maturation and learning through childhood. Com-
pared with most non-human primates, where combinatorial capacity seems limited,
chimpanzees present a complex vocal system comprising hundreds of vocal sequences.
We investigated how such a complex vocal system develops and the processes
involved. We recorded 10,929 vocal utterances of 98 wild chimpanzees aged 0-55
years, from Tai National Park, Ivory Coast. We developed customized Generalized
non-Linear Models to estimate the ontogenetic trajectory of four structural compo-
nents of vocal complexity: utterance length, diversity, probability of panting (requiring
phonation across inhalation and exhalation), and probability of producing two adjacent
panted units. We found chimpanzees need 10 years to reach adult levels of vocal com-
plexity. In three variables, the steepest increase coincided with the age of first non-kin
social interactions (2-5 years), and plateaued in sub-adults (8-10 years), as individuals
integrate into adult social life. Producing two adjacent panted units may require more
neuromuscular coordination of the articulators, as its emergence and steepest increase
appear later in development. These results suggest prolonged maturational processes
beyond those hitherto thought likely in species that do not learn their vocal repertoire.
Our results suggest that multifaceted ontogenetic processes drive increases in vocal
structural complexity in chimpanzees, particularly increases in social complexity and
neuro-muscular maturation. As humans live in a complex social world, empirical sup-
port for the “social complexity hypothesis” may have relevance for theories of language

evolution.
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1 | INTRODUCTION

The uniqueness of human language has captured the attention of
scientists since the time of Darwin (Darwin, 1871). Despite copious
research, its evolutionary origin remains poorly understood (Friederici,
2017; Zuberbihler, 2019). A promising research avenue compares
human and non-human animals (hereafter “animals”) communication
systems (Christiansen & Kirby, 2003; Russell & Townsend, 2017,
Zuberbtihler, 2019). A central aspect of human language is its virtu-
ally unlimited and hierarchical combinatorial capacity using a limited
set of sounds. Language emerges slowly across protracted develop-
ment, in parallel with neural maturation and learning processes (Locke
& Snow, 1997; Skeide & Friederici, 2016). Children utter their first
words around 10-12 months of age (Schneider et al., 2015). Initially,
their vocabulary expands slowly, but expansion accelerates in the sec-
ond year as the first word combinations appear. However, it is not until
the school years that children process complex syntax in an adult-like
form (Skeide et al., 2016).

Many animals also combine distinct vocal units into sequences
(hyraxes, Kershenbaum et al., 2012; whales, Payne, 2000; birds, Catch-
pole & Slater, 2003; bats, Bohn et al., 2013; non-human primates
(hereafter “primates”), Clarke et al., 2006; Girard-Buttoz, Zaccarella
et al,, 2022; Ham et al.,, 2016; Hedwig et al., 2014; Marler & Mitani,
1989; Ouattara et al., 2009; Schamberg et al., 2016; Suzuki & Zuber-
buhler, 2019). However, little is known about the emergence of vocal
sequences in social animals with protracted development, such as
whales, primates, or elephants (Connor et al., 1998).

Chimpanzees are a good model species to study vocal development,
as they are one of our closest living relatives and adult chimpanzees
emit hundreds of different vocal sequences containing up to 10 vocal
units and comprising most of the single vocal units present in the
vocal repertoire (Girard-Buttoz, Zaccarella et al.,, 2022). This con-
trasts with the patterns observed in many animals, including other
primates, where sequences often contain only two units and are con-

fined to limited parts of the vocal repertoire, such as song, or alarm
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* Chimpanzees need around 10 years to develop the vocal structural complexity

present in the adult repertoire, way beyond the age of emergence of every single

» Multifaceted ontogenetic processes may drive increases in vocal structural complex-

ity in chimpanzees, particularly increases in social complexity and neuro-muscular

* Non-linear increases in vocal complexity coincide with social developmental mile-

* Vocal sequences requiring rapid articulatory change emerge later than other vocal

sequences, suggesting neuro-muscular maturational processes continue through

calls (reviewed in Girard-Buttoz, Zaccarella et al., 2022). In terms of
meaning, previous research provides observational and experimen-
tal evidence that most vocal units in the chimpanzee repertoire are
highlycontext-specific across diverse contexts, including food, greet-
ing, alarm, and hunt (reviewed in Crockford, 2019). However, with
only 12 distinct vocal units, the diversity of meanings communicated
using these single units is rather limited. In contrast, combining sin-
gle units (potentialmeaning-bearing units) into vocal sequences, many
of which are highly structured and follow adjacency rules in call
ordering (Girard-Buttoz, Zaccarella et al., 2022), may expand meaning
generation potential well beyond the scope of single vocal units.

As such, examining the structural complexity of a vocal repertoire
is an important first step in understanding meaning generation poten-
tial. Thus, vocal structural complexity in chimpanzees, if accompanied
by functional complexity, suggests the presence of a mechanism that
can potentially defeat the constraints imposed by small vocal reper-
toires, moving toward a more open-ended repertoire, as has occurred
in humans. Given that extensive combinatorial capacity is one of the
key features of human language, examining the emergence, structure,
and usage of sequences, through ontogeny in animals, will shed light
on the processes involved in the acquisition of vocal complexity in ani-
mals, which may be of relevance for understanding the evolution of the
developmental processes present in human language.

The aim of this study is to analyze the development of vocal struc-
tural complexity in chimpanzees and investigate which processes are
involved. We propose four hypotheses whereby we contrast a (1) lim-
ited maturation process with three non-mutually exclusive maturational
processes, (2) sexual selection, (3) neuro-muscular maturation, and/or
(4) social-complexity (below we elaborate on these processes further).
These four different processes would lead to some differences in onto-
genetic trajectories. Specifically, the age at which chimpanzees show
the fastest development of vocal complexity (i.e., the inflection point in
Figure 1a) and the age at which they reach the adult levels of complex-
ity (i.e., the asymptote in Figure 1a) will differ depending on which of

the four mechanisms is in place (Figure 1b-e).
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Illustration of the predictions (emergence, inflection point and asymptote) according to each hypothesis regarding the

development of vocal complexity in chimpanzees. The developmental periods from birth to adulthood are differentiated by a color gradient and

indicate milestones in line with our four hypotheses.

The first possibility is that only limited maturational processes are
required to shape vocal complexity. This is considered to be the case
for some primate vocal repertoires that consist largely of single units,
such that most call types are emitted soon after birth (Ey et al., 2007;
Hammerschmidt et al., 2001). If maturational processes also play little
role in the emission of vocal sequences, we expect little difference in
the age of emergence of single vocal units and vocal sequences. Here,
maximal vocal structural complexity would be reached at a similar time
as the emergence of all single units (Figure 1b).

The second possibility is that vocal complexity is a sexually selected
trait (Andersson & lwasa, 1996), whereby the sex competing for the
most over access to mates should present the most complex vocal sys-
tem, and use such a system to attract mates and warn male rivals in
territorial defense. This is the case, for instance, in humpback whale
songs (Megaptera novaeangliae) (Janik, 2014), where only adult males
perform the full song. In passerine birds, adult males commonly present
more complex songs and larger vocal repertoires than females, in order
to attract mates (e.g., sedge warblers, Acrocephalus schoenobaenus;
red-winged blackbirds, Agelaius phoeniceus; Catchpole, 1987; Catch-
pole & Slater, 2003; but see; Baptista et al., 1993; Langmore, 2000).
Within primates, sexual selection has been suggested as explanatory
in the song of gibbons (Hylobates sp.; Cowlishaw, 1996; Geissmann &
Orgeldinger, 2000), indris (Indri indri; De Gregorio et al., 2019; Gamba

et al., 2016), and calls of gelada baboons (Theropithecus gelada; Gusti-
son & Bergman, 2016). The latter study shows that females exhibit a
stronger response to vocal sequences of males when the sequences
include derived complex calls. If sexual selection is the main driver
of vocal complexity in chimpanzees, we expect vocal complexity to
emerge, as in singing species, only with the onset of reproductive matu-
ration, and to be more pronounced in males, the more competitive sex.
We expect vocal complexity to increase during the beginning of the
sub-adult period when testosterone levels are increasing (Behringer
etal.,2014) and secondary sexual characteristics emerge such as testes
(9-10 years, Goodall, 1986; Pusey, 1990) and permanent canines (10-
13 years, Zihlman et al., 2007), reaching adult levels of complexity at
sexual maturity (12 years) (Figure 1e-f).

A third possibility is that neuro-muscular maturational processes may
only allow production of articulatory demanding vocal sequences
later in ontogeny. Studies in mammals suggest a strong link between
brain development and motor development (Garwicz et al., 2009). In
macaques, neurological changes improve muscular control over the
vocal tract, increasing the coordination of articulators and the respi-
ratory system (Fitch et al., 2016). Therefore, the production of certain
complex utterances in chimpanzees might only emerge after the mat-
uration of the required neurological and muscular processes related

to the vocal tract. For instance, in addition to combining single units
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into vocal sequences, chimpanzees emit panted units which involve
phonation and articulatory changes of lips and jaw (Grawunder et al.,
2022) across rapid and alternating inhalations and exhalations (Crock-
ford & Boesch, 2005), occurring at rates of 10-15 times faster than
their resting breathing rates (Hewitt et al., 2002). This requires coor-
dination of the respiratory system (sublaryngeal) and supralaryngeal
muscles and articulators, such as the lips and the jaw (Figure S4), while
maintaining vocal cord adduction. An additional neuro-muscular chal-
lenge may involve producing sequences of different adjacent panted
units, for example, the production of a sequence combining panted
hoos, which require lip protrusion, followed by panted screams which
require lip retraction (Grawunder et al., 2022), as occurs in the common
pant-hoot sequence (Arcadi, 1996). In sum, vocal emission may be lim-
ited by the maturation of the neuro-motor control of the muscles that
move the articulators involved in vocal production. Thereby, we expect
utterances requiring greater coordination of sublaryngeal, laryngeal,
and/or supralaryngeal systems will emerge later in development, as
such single units should emerge first (e.g., hoos or screams), followed
by panted units (e.g., panted hoos or panted screams), followed by
adjacent panted units (e.g., panted hoos + panted screams). Precisely,
we expect adult levels of vocal structural complexity by weaning age
(4 years, Lonsdorf et al., 2020) when chimpanzees reach 95%—99%
of their adult cranial capacity (Zihlman et al., 2007) and coordination
of articulations and muscles for other activities such as feeding or
travelling are in place (Figure 1c-f).

Finally, a fourth possible process is that vocal complexity is related
to changes in social complexity, whereby species or populations living in
more complex social groups should require a more complex signalling
system (e.g., a greater number of unique vocalization types) (Blumstein
& Armitage, 1997; Freeberg, 2006; Freeberg et al., 2012; Manser et al.,
2014; McComb & Semple, 2005). This mechanism, which is thought to
operate across species or populations (Blumstein & Armitage, 1997,
Freeberg, 2006; Manser et al., 2014; McComb & Semple, 2005), could
also operate at a developmental level. More specifically, for species
which are largely constrained and inflexible in the single calls they can
produce, like most primates, including chimpanzees (Hammerschmidt
& Fischer, 2008), combining existing vocal units into sequences could
increase the diversity of the repertoire, thereby expanding the mes-
saging potential, as the social world becomes more complex. In fact,
while the repertoire of single call types is relatively universal across
chimpanzee populations (Crockford, 2019), recent evidence suggest
flexibility in the order in which single calls are combined in vocal
sequences (Girard-Buttoz, Bortolato et al., 2022).

There are two key ages in chimpanzee development where social
context expands (Figure 1f). The first one is at weaning age where
chimpanzees are no longer being carried by the mothers (Van Lawick-
Goodall, 1973). This likely results in a dramatic social shift requiring
more independent engagement with adults of the community, such
as vocalizing during greeting, aggression, feeding and alarm contexts,
each with context-specific vocalisations (Crockford & Boesch, 2003b;
Dezecache et al., 2019; Fedurek et al., 2021; Laporte & Zuberbhler,
2011; Slocombe & Zuberbuihler, 2005a, 2005b). The second relevant
developmental phase is at sub-adulthood (9 years, Pusey, 1990), where
association time with the mother starts to drop (Pusey, 1983; Reddy &

BORTOLATO ET AL.

Sandel, 2020) as offspring become independent socially active mem-
bers (Pusey, 1990) of their community. For instance, social grunts of
juveniles but not of subadults differ from those of adults (Laporte &
Zuberbuihler, 2011). Accordingly, we predict that, if social complex-
ity drives vocal complexity through development, vocal repertoire
expansion will coincide with major social developmental milestones.
Particularly, we expect vocal complexity to be low at birth, increase
during infancy along with the first social interactions, show the steep-
est increase at around weaning age accompanying the expansion of
social opportunities, to reach the adult levels during the sub-adult
period when they are finally integrating into the adult community
(Figure 1d).

Whilst each process generates somewhat different predictions, it is
possible that vocal complexity requires a combination of different pro-
cesses, as occurs in humans (Kuhl, 2010; Skeide & Friederici, 2016), or
even that two or more of these processes influence each other. Thus,
vocal complexity might not be commensurate with any one of the just
described patterns but may show a mix of several.

To assess the developmental trajectories of the vocal structural
complexity, we used customized Generalized non-Linear Models,
allowing us to identify the age of the inflection point and the age when
adult capacities are reached. We focus on two key structural character-
istics of the vocal combinatorial complexity of chimpanzees which both
contribute to the potential to generate new meanings: (a) the length of
the utterances (i.e., the number of different vocal units within an utter-
ance, such as hoos + grunts + panted barks = 3), and (b) the diversity of
the utterances (or “repertoire size”, i.e., number of unique utterances)
produced per individual. In addition, we examine two variables that
capture articulatory complexity and hence assess neuro-muscular pro-
cesses: (c) the probability of an utterance to comprise a panted unit (i.e.,
utterances with at least one panted unit, such as panted hoos), and (d)
the probability of an utterance to comprise two different and adjacent
panted units (such as panted hoos followed by panted grunts).

2 | METHODS
2.1 | Study group and data collection

For this study, TB collected 1553.2 h (1044.3 focal hours + 508.9 ad
libitum hours; Altmann, 1974) of vocal data from 98 fully habituated
wild chimpanzees (Mean + SD = 14.82 + 7.99 focal hours per individ-
ual, Figure S9) from three communities (East, North, and South) living
in the Tai National Park, Cote d’lvoire (5°45’N, 7°07'W) within the
study area of the Tai Chimpanzee Project (Wittig, 2018). TB collected
vocal data during two study periods: January to May 2019 and Decem-
ber 2019 to March 2020. We determined the age of each individual
at the time of sampling based on the long-term database (see Supple-
mentary material). TB sampled each individual over a 2-month period
each season. The individuals sampled for this study ranged in age from
newbornto 55 yearsold (see Supplementary material). TB followed the
chimpanzees from dawn to dusk. Each observation day, TB conducted
a focal follow (Altmann, 1974) of two different individuals for ca. 6 h

each. During each focal follow, TB audio-recorded all occurrences of
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vocalizations emitted by the focal and ad-libitum vocalizations emit-
ted by identified individuals around the focal (Altmann, 1974) using a
Sennheiser ME67 directional microphone connected to a Tascam DR-
40X digital recorder (digitized at a 48 kHz sampling rate and 24-bit
sampling depth). TB also collected social behavioral data on submissive
greetings to determine the dominance rank of each individual using a
smartphone and Cybertracker software (Steventon, 2002).

2.2 | Processing and analysis of recordings

TB recorded 11,164 vocal utterances across all ages. We examined
each recording using PRAAT software (Boersma & Weenink, 2009),
which shows spectrograms with the frequency distribution of the
vocalization over time. Chimpanzee vocalizations exhibit distinctive
acoustic and visual features, which allow differentiating them based
on the spectrogram (Table S1 and Appendix show a repertoire clas-
sification used to train blind coders, including a detailed description,
spectrograms, and sound files of each vocal unit). We divided the
repertoire into 13 vocal units: six simple forms—barks “BK,” grunts
“GR,” hoos “HO,” non-vocal sounds “NV,” screams “SC,” and whimpers
“WH"—(Figure S1) and seven panted forms—pants “PN,” panted barks
“PB,” panted grunts “PG,” panted hoos “PH,” panted roars “PR,” panted
screams “PS,” and panted whimpers “PW” (Figure S2). Panted whim-
pers were present only in the repertoire of immature individuals, thus,
the vocal repertoire of adults consists of 12 vocal units. Vocal utter-
ances can be classified as single units when comprising only one type of
these 13 vocal units. Particularly, we defined a single unit to be either
a vocal unit (or call type) produced individually or a repetition of the
same vocal unit, emitted with less than 2 s pause in between. Differ-
ent vocal units can also be combined in sequences of different length
(Girard-Buttoz, Zaccarella et al., 2022). We defined a sequence as the
combination of at least two different vocal units emitted within less
than 1-s of each other (Figure S3). The chimpanzee repertoire is highly
graded. For instance, a vocalization can start with grunts and gradu-
ally turn into barks. In those cases, the intermediate units in between
the clearly defined grunts and barks were not coded as a different
unit. We acknowledge that this might under-represent the variation
present in the repertoire. A description of the total number of utter-
ances recorded and the proportion of single units versus sequences
and panted versus non-panted utterances per age category is shown
in Table S2. From a randomly chosen sample of 314 sequences (10% of
all sequences recorded), we measured the interval between adjacent
units. We found that the average interval duration was 0.23 + 0.04 s
(mean + SE), being considerably below the 1-s rule we used. This
suggests chimpanzees are capable of producing different combined
sounds in rapid succession, as humans do. We determined inter-rater
reliability for 301 random utterances between TB, CC, and a third blind
coder; and found an agreement of 94.6% across all the utterances. We
did not differentiate between variants of the same vocal unit (e.g., “rest”
or “alert” hoos in Crockford et al., 2018). We included in the analysis
only recordings of good quality, with all the vocal units identified which

were recorded from the beginning to the end of the utterance and
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with caller ID clearly defined. We did not include in our analysis utter-
ances with unclear units (213 utterances). This deletion did not affect
our analysis since the unidentified sequences were equally distributed
across all ages. Our final dataset comprised 10,929 utterances (73.9
average utterances per individual and season, with a range of 5-265
utterances).

2.3 | Statistical analyses

Most studies analyzing developmental traits use linear models despite
the inherent non-linear nature of ontogenetic trajectories. In this study,
we rather used non-linear models to study developmental traits such
as vocal structural complexity. To this aim, we developed customized
Generalized non-Linear Models for each of the four variables of inter-
est in this study. Each model comprised a sigmoidal effect of age and all
models had a similar structure. We used the average age per individ-
ual and season. In each of the analyses we modelled how sex influenced
the developmental trajectory of chimpanzees in order to estimate the
potential contribution of sexual selection. In all the models we also
included dominance rank as a predictor since dominance was shown
to influence vocal production in chimpanzees (Crockford et al., 2015;
Fedurek & Slocombe, 2013; Gruber & Zuberbihler, 2013). We deter-
mined the dominance rank for each individual using a modified version
of the Elo rating method (Neumann et al., 2011) (see Supplementary
material for details). Prior to fitting the models, we z-transformed rank

to a mean of zero and a standard deviation of one.

2.3.1 | Maximum utterance length (model 1)

In our first analysis, we modelled the developmental trajectory of the
maximum length of the utterances produced per individual and study
period. We estimated the utterance length as the number of different
successive vocal units (or “call types”) produced within a vocal utter-
ance, which were each different from the preceding unit (in keeping
with Girard-Buttoz, Zaccarella et al., 2022). Utterance length ranged
from 1 to 10 vocal units in our study. Our definition diverges from
some other studies which used “length” to include the number of rep-
etitions of the same elements or vocal units (i.e., the number of “dee”
elements in a row, Templeton et al., 2005). However, in chimpanzees
studies show that the acoustic parameters of the single vocal units
rather than their repetition make them context-specific (Crockford &
Boesch, 2003a; Dezecache et al., 2019; Fedurek et al., 2021; Laporte
& Zuberbiihler, 2011; Leroux et al., 2021; Slocombe & Zuberbuhler,
2005a, 2005b).

The principal expectation we had was that the maximum utter-
ance length would be initially low, then, increase with age, and finally
level off at an asymptote. Such a sigmoidal function of age can be

parameterized, as:

Max. length = ¢q +¢c; . -t (1)

age—c3
l+e <
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C,: Steepness

Inflection
point

Maximum utterance length

Age (years)

FIGURE 2 lllustration of our hypotheses describing the
ontogenetic trajectory of maximum utterance length as a function of
age and interpretation of the parameters of a sigmoidal function.

For the interpretation of the respective parameters to be fitted (cq,
Co,€3,and c4) see Figure 2.

We expected the location of the inflection point (c3; i.e., the age
of the steepest increase) and the steepness of the change (c4) to
both depend on the sex and rank of the individuals. Furthermore, we
expected the final asymptote (c,) to potentially differ between sexes.
Besides, we expected c3 and c4 to depend on the dominance rank.
Assuming sex to be represented by a dummy variable (DM), coding
females as 0 and males as 1, this can be achieved by letting the model

formula being:

1

Max. length = ¢4 + (co + cop - DM) -
age—cg+cgp - DM+c3p - rank >

1+ €< c4—C4qM - DM+cypR - rank
(2)

In this equation, ¢, represents how much the estimated final asymp-
tote for females (with a rank being zero, corresponding to the average
rank as rank was z-transformed) differs from the initial asymptote (c4),
and ¢,y estimates how much the final asymptote in males (with rank
being zero) differs from that of females. The parameters c3, cay and
c3g estimate the location of the inflection point and how much it varies
with sex and rank. Correspondingly, c4, ¢4y, and c4g estimate the steep-
ness of the increase and how it varies between sexes and depends on
rank (note in several equations we inserted non-essential brackets to
improve clarity).

A further consideration with this model is that all its parameters and
the response are constrained. The response variable is constrained to
be >0, and the parameters in Equation (1) need to be constrained to
be >0 for ¢4, ¢y, and c3, and <O for c4. In case the parameters are con-
strained as just described, the response is automatically constrained
appropriately. One way of achieving this is to let the estimation take
place in an unconstrained parameter space but transform the parame-
ters such that the actual parameters determining the fitted model are
constrained (Bolker, 2008). This can be achieved by exponentiation,

BORTOLATO ET AL.

thus Equation (2) turns into:

1
age—e(c3 +cgp - DM+cgp - mnk)
1 +e _E(C4+C4M - DM+cyp - mnk)

Max. length = ec1 + elc2cam - DM)

(3)
where eis Euler’s number.

In the following, we shall refer to the right-hand side of Equation (3)
as “sigmoidal.”

An issue with the model as laid out in Equations (1) to (3) is that
applies only in case the number of recorded utterances is large and
identical for all individuals in both seasons. However, the total num-
ber of recorded utterances differed between individuals and seasons,
and it is obvious that the maximum utterance length will be the lower,
the lower the number of recorded utterances (and obviously zero for
zero recordings). On the other hand, for large numbers of recorded
utterances, varying numbers of recorded utterances will have less of
an effect on the maximum utterance length. Hence, assuming anything
else to be identical, the maximum utterance length will reach an asymp-
tote as the total number of recorded utterances approaches infinity

(Figure S5a). Such an exponential curve can be parameterized as:
y =c—a - b* (4)

Where x and y are the number of recorded utterances and the
value of the function, respectively, ¢ is the asymptote of y for x = o,
b is a steepness parameter and a determines the value of y for x =0
(since yix=q) = c+a*b® = c+a*1 = c+a). For a large number of recorded
utterances, the estimated ontogeny will be dominated by the sigmoidal
function (Equation 3) but the smaller the number of recorded utter-
ances the more it will be simple function of the number of recorded
utterances (Equation 4). This can be achieved by first setting the
asymptote of Equation (4) to 1 and its value at x = 0 to O, in which case

Equation (4) simplifies to
y=1-1.p" (5)

This leaves b the only parameter to be estimated (Figure S5b; the
right-hand side in Equation 5 we thereafter refer to as “saturation”). Ina

second step, we can then model maximum utterance length as follows:

Max.length = sigmoidal - saturation (6)

An asymptote of 1 for the saturation part in Equation (6) has
the consequence that the parameters in sigmoidal (Equation 3) reveal
the estimated maximum utterance length for an infinite number of
utterances (Figure S5c).

Such an asymptote for the saturation part in Equation (5) can be
achieved by bounding b between 0 and 1. However, it might be desir-
able to model b in an unconstrained parameter space. This can be
achieved by means of the inverse logit transformation; that is,

ebunconstmined

bconstrained = PR — (7)
1 + ePunconstrained
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Hence, the right-hand side of Equation (7) replaced b in Equation (5).

As starting values of the fitting process of the sigmoidal model we
chose the logarithm of the minimum utterance length for ¢4, the loga-
rithm of half the difference between the maximum and the minimum of
the maximum utterance length for c,, the logarithm of seven for c3, and
zero for all others.

2.3.2 | Diversity of utterances (model 2)

With the second model, we investigated the diversity of utterances,
namely the proportion of unique utterances in a set of recorded utter-
ances, produced by each individual. At a first glance, one might think
that a standard logistic model could be used. However, as this is lin-
ear in link space it necessarily asymptotes at values of O and 1. While
an asymptote of zero for very young ages makes intuitive sense, and
assuming an asymptote of 1 for old individuals is inappropriate. We

hence fitted a function which was defined as:

elco+ca-age+cp -rank+cg-sex) e(Casym +Casymm-DM)

[ - .
unique 1 + elcotca-agercperanktes-sex) 4 + elCasym+Casymm-DM)

o D
(™)

The first part of this function (the first fraction) is identical to a

standard logistic regression model and has asymptotes of O and 1,
respectively. Also, the parameters to be estimated in this part (co, ca,
CRr, Cm) have the same interpretation as in a standard logistic model and
allow to estimate the age dependent development of the probability of
an utterance to be panted (cp) and also how this probability varied with
sex and rank (cy;, Cg; as above, rank is z-transformed and M is a dummy
variable). These parameters can be modelled in an unbound space.

The second fraction, is included to allow for an asymptote smaller
than 1. The asymptote needs to be bound between 0 and 1, and we
again, achieved this by modelling ¢4y, and cgymym in an unconstrained
parameter space and transforming their sum (after multiplying casymm
with M) by means of the inverse logit transformation. The term cgymm
estimates how much the asymptote in males (with rank being zero)
differs from that of females.

The third fraction of the function, is included to control for the
number of recorded utterances. Since one can reasonably assume
that utterances are composed out of a limited set of building blocks
and that utterances are limited in their maximum length; the propor-
tion of unique utterances among a set of recorded utterances, will be
smaller the larger the number of recorded utterances. This can again
be achieved by means of an exponential function (Figure S6). By modi-
fying Equation (4) such that ¢ is fixed at a value of 0, a at a value of 1, and
exponentiating b with the number utterances —1, it can be ensured that
the function has a value of 1 when the number of recorded utterances
is one and asymptotically approaches a value of O when the number
of recorded utterances increases toward infinity. Hence, b is the only
parameter that needs to be estimated. As above, b needs to be con-

strained, this time such that O < b < 1, and we again achieved this by
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estimating it in an unconstrained parameter space and then transform-
ing it by means of the inverse logit transformation. In the Equation
(8), N is the number of recorded utterances. The starting values for
Casym and Cqeymm Was set to O (corresponding to an asymptote of 0.5),
and b got a starting value of 5 which was chosen such that the expo-
nential function roughly parallelized the decrease of the proportion of
unique utterances among all utterances when plotting it against the
number of recorded utterances. For the other parameters, we used
the estimated coefficients of a standard logistic model fitted to the
data as starting values. The response variable for this model was a
two columns matrix with the number of unique and repeated utter-
ances, respectively (see Baayen, 2008). Hence, we essentially modelled
the proportion of panted utterances as a function of age, sex and,

rank.

2.3.3 | Probability of panted utterances (model 3)
With the third model, we investigated how the probability of an utter-
ance to have a panted unit developed with age and, as previously,
whether the age related trajectory varied between sexes. In this model,
we also controlled for dominance rank. We defined an utterance as
panted if it comprised at least one panted unit (i.e., PN, PB, PG, PH, PR,
PS, or PW). We essentially modelled the proportion of panted utter-
ances as a function of age, sex, and rank. The response can again be a
matrix with two columns being the number of panted and non-panted
utterances, respectively. Here, again, an asymptote of zero for very
young ages makes intuitive sense, and assuming an asymptote of 1 for
old individuals is inappropriate. In fact, chimpanzee use six non-panted
vocal units in their repertoire and these units are often produced singly
or in sequences comprising other non-panted units (Girard-Buttoz,
Zaccarellaetal.,2022). Therefore, the probability of panted utterances
must clearly be below 1. Hence, the function fitted for model 3 was
identical to that fitted for model 2 (see Equation 8), with the exception
that the last parameter controlling for the total number of utterances
recorded was not needed:

elco+ca - age+cg - rank-+cs - sex) elCasym+Casymm - DM)

P = . 9
panted = 97 (co+ca - agec - rank+cs - sex) 1 + elCasym*Casyms - DM) (9)

Starting parameters for the fitting process were set as described for

model 2.

2.3.4 | Probability of two adjacent pants (model 4)
With the last model, we investigated how the probability of an utter-
ance to have two adjacent panted units (e.g., PH-PS) developed with
age, and whether the age-related trajectory varied between sexes, con-
trolling for dominance rank. We model this in the exact same way as
model 3, with the response variable being whether an utterance com-
prised at least two adjacent panted units instead of the probability of
an utterance to comprise one panted unit.
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2.4 | Implementation

We fitted all models in R (version 4.0.3; R Core Team, 2020) using the
function optim (with the optimizer “BFGS”). As the value evaluated
to determine model fit (given a set of parameter values) we used the
log-likelihood, that is the sum of the logarithms of the probabilities
to observe the individual instances of the response, given the fitted
model. Hence, the models were fitted using maximum likelihood. After
an initial call of the function optim, we called it repeatedly, each time
using as starting values the estimated parameters of the previous call
of optim until the difference between the log-likelihoods of the current
and the previous solution was <0.0001. The function optim indicated
all models to have converged (convergence value = 0). The functions we
used for determining the probabilities of the individual observations
of the response were dztpois of the R package actuar (version 3.1-1;
Dutang et al., 2008) in the case of model 1 for which we used a zero-
truncated Poisson error distribution and dbinom in case of models 2, 3,
and 4 for which we used a binomial error distribution.

One issue was that we had two observations for a fraction of the
individuals in the data set (46 out of 96). To avoid the consequences of
pseudo-replication, we drew inferences by means of a non-parametric
bootstrap (N = 1000 bootstraps). To this end, we randomly sampled
the individuals (with replacement). We used these bootstraps to obtain
95% confidence limits of the estimated coefficients, fitted values, and
parameters of the fitted models such as the locations of the inflec-
tion points or the final asymptotes. For model 1 we determined these
confidence intervals of the fitted model assuming an infinite num-
ber of utterances and for model 2 we determined them for a number
of utterances equalling its average across the entire data set (the
fitted probabilities of model 3 and 4 are unconditional on the num-
ber of recordings). A confidence interval not comprising the value O,
means that the estimate is different from 0% with 95% confidence.
We assessed model fit by visually judging how close the fitted model
matched the observations of the response and how wide the confi-
dence intervals of the fitted models are. We did not assess model fit
more formally due to having two data points for a fraction of the indi-
viduals in our data. Hence, formal tests would be pseudo-replicated and
thus biased (mixed models were computationally not feasible).

We estimated model stability by dropping individuals from the data,
one at a time, fitting the models to the respective subsets, and finally
determining the range of the derived estimates. This revealed all mod-
els to be of good stability (Table 1). In model 1, the response was quite
underdispersed (dispersion parameter: 0.39). In model 2, the response
was only slightly overdispersed (dispersion parameter: 1.13). In model
3 the response was clearly overdispersed (dispersion parameter: 1.81),
and in model 4 it was heavily overdispersed (dispersion parameter:
2.36). Hence, the confidence intervals of these models are likely too
narrow. The samples analyzed comprised 144 data points obtained
from 98 individuals.

Since age and sex did not have a consistent effect in our main model,
we fitted, a-posteriori, a simplified version of each of the four models,
including only age as a predictor. We conducted this additional analysis

to confirm that the developmental trajectory found hold in the simpler

BORTOLATO ET AL.

models removing variables with weak effects. We found similar results
with respect to the effect of age compared to the original models in
which we also included sex and rank as additional predictors (Figure S8,
Tables S8 and S9).

3 | RESULTS
3.1 | Maximum utterance length (model 1)

The maximum utterance length (model 1) clearly increased with age,
and the age-related trajectory did not strongly depend on sex or domi-
nance rank (Figure 3a; Figure S7a; Table 1). Translating the fitted model
parameters into the parameters of the sigmoidal function revealed that
the steepest increase of maximum utterance length happened at an
age of 3.8 and 4.2 years in females and males, respectively. The age
of the steepest increase varied with dominance rank, but these dif-
ferences were also associated with large uncertainty (wide confidence
intervals in Table S4). The maximum utterance length was estimated to
reach values of 6.18 and 5.89 different vocal units within a sequence in
adult females and males, respectively (confidence interval (Cl), females:
5.75-7.36; males: 5.17-7.44; Table S4). A visual inspection of the fitted
model (Figure 3a) revealed that the adult levels of utterance length (i.e.,
the asymptote) were reached at around 8 years of age.

Although individuals under 1 year produced utterances with
sequences of 2 and 3 vocal units, those cases were rare, with most of
their utterances composed of single vocal units only (Figure 4). When
we determined the proportion of utterances emitted as sequences per
age-year, an increase in the production of sequences through the first
15 years of life was obvious, with a more consistent use of utterances
with six or more vocal units from around 8-9 years of life (Figure 4).

3.2 | Diversity of utterances (model 2)

The proportion of unique utterances in a set of utterances (model 2)
clearly increased with age and the age-related increase did not strongly
depend on sex or dominance rank (Figure 3b; Figure S7b; Table 1). The
model indicated that the steepest increase took place at ages of 2.8 and
2.2 in females and males, respectively (Table S5). The uncertainty with
regard to the dependency of the age of steepest increase on sex and
rank was considerable, and the model has to be considered inconclu-
sive regarding this aspect. Finally, the proportion of unique utterances
was estimated to reach values of 0.42 and 0.37 in adult females and
males, respectively (Cl, females: 0.34-0.45; males: 0.27-0.43; Table
S5), whereby the average number of utterances per individual was 74
(the average number of utterances per chimpanzee in the data set). In
other words, for an adult female chimpanzee from which we recorded
74 utterances, we expect to find on average about 31.08 unique dif-
ferent utterances and 42.92 utterances that will be repetitions of
those unique ones (Figure S7b). A visual inspection of the fitted model
(Figure 3b) revealed that the adult levels of the proportion of unique

utterances (i.e., the asymptote) were reached at around 10 years of age.
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FIGURE 3 Changes of chimpanzee vocal complexity through development in terms of maximum utterance length (a; model 1), proportion of
unique utterances in a set of recorded utterances (b; model 2), probability of panted utterance (c; model 3), and probability of two adjacent pants (d;
model 4), as a function of age (on a log scale). Red depicts females and blue males. The lines and polygons depict the fitted model and its confidence
limits for rank being centred. The area of the dots is proportionate to the total number of utterances per chimpanzee and study period (range:
5-265). The fitted models in (a) and (b) show the estimated response for a number of utterances equalling their average across the entire data set.
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FIGURE 4 Proportion of utterances of different lengths through chimpanzee ontogeny up to 15 years of age. N utterances represents the
total number of utterances (single units and sequences) produced by all individuals of a given age range. The length of the utterance refers to the
number of different successive vocal units produced within a vocal utterance.
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TABLE 1 Results of the generalized non-linear models for each of our four variables of vocal structural complexity?

Term Estimate SE
Model 1 Cq 0.821 0.179
cy 1.363 0.140
Com -0.075 0.179
c3 1.327 0.186
Cam 0.099 0.322
C3r 0.095 0.227
4 -0.516 1.020
Cam 0.282 1.288
Car 1.168 0.583
b 2.535 0.287
Model 2 Co -1.097 0.175
ca 0.391 0.036
Cs 0.227 0.187
CR 0.209 0.123
C— 0.347 0.092
Ca— -0.283 0.078
by 5.415 0.063
Model 3 Co -3.075 0.209
[ 0.620 0.041
Cs 0.287 0.165
Cr 0.618 0.117
Casym -0.180 0.032
CasymM -0.028 0.049
Model 4 Co -5.232 0.496
ca 0.823 0.083
Cs -0.949 0.316
CR 0.304 0.217
R -1.687 0.044
syt 0.159 0.068

BORTOLATO ET AL.
Lower CI Upper CI Min Max

-8.716 1.014 0.748 0.880
1.228 1.926 1.324 1.401
-0.402 0.207 -0.128 0.005
0.491 2.025 1.268 1.436
-0.910 0.601 -0.024 0.300
-0.712 0.472 -0.055 0.164
-3.266 2.255 -1.054 0.177
-5.735 3.486 -0.547 0.829
-0.568 3.870 1.065 1.708
2.265 2.854 2.499 2.607
-8.255 -0.663 -1.158 -1.024
0.326 17.130 0.379 0.401
-2.593 2.915 0.159 0.335
-4.876 1.752 0.142 0.256
-0.373 0.652 0.293 0.454
-0.596 0.054 -0.371 -0.241
5.168 6.128 5.291 5.448
-3.941 -2.426 -3.319 -2.973
0.479 0.813 0.595 0.668
-0.466 1.076 0.152 0.509
-0.002 1.171 0.469 0.744
-0.346 -0.005 -0.224 -0.145
-0.311 0.260 -0.078 0.020
-6.928 -4.431 -5.502 -5.112
0.689 1.147 0.797 0.886
-2.231 0.140 -1.205 -0.688
-0.392 1.163 0.089 0.551
-1.866 -1.515 -1.747 -1.660
-0.188 0.485 0.094 0.219

2Model 1: maximum utterance length, dispersion parameter 0.39. Model 2: diversity of utterances, dispersion parameter 1.13. Model 3: probability of panted
utterance, dispersion parameter 1.81. Model 4: probability of two adjacent pants, dispersion parameter 2.36. In all models the rank was z-transformed, the
mean and SD of the original rank are 0.447 and 0.249, respectively. Shown are estimated coefficients (in unconstrained parameter space) of the fitted mod-
els, their confidence limits, and the minimum and maximum of estimates obtained when excluding individuals one at a time. Terms in bold depict estimates

different from 0% with 95% of confidence.

3.3 | Probability of panted utterances (model 3)

The probability of an utterance to have a panted unit (model 3) clearly
increased with age, whereby the age-related trajectory did not strongly
depend on sex or dominance rank (Figure 3c; Figure S7c; Table 1).
Translating the model estimates into the fitted curve revealed that
the steepest increase happened at ages of 4.9 and 4.5 in females and
males, respectively. However, given that each of these ages fell well
within the wide confidence interval of the respective other (Table S6),
these cannot be considered as a consistent difference. The probability
of panted utterances was estimated to reach values of 0.46 and 0.45

in adult female and males, respectively (Cl, females: 0.41-0.49; males:

0.39-0.51; Table Sé). A visual inspection of the fitted model (Figure 3c)
revealed that the adult levels of the probability of an utterance to be
panted (i.e., the asymptote) were reached at around 10 years of age.

3.4 | Probability of two adjacent pants (model 4)

The probability of an utterance to comprise two adjacent panted units
(model 4) increased with age, whereby the age-related trajectory did
not strongly depend on sex or dominance rank (Figure 3d; Figure S7d;
Table 1). Translating the model estimates into the fitted curve revealed

that the steepest increase happened at ages of 6.3 and 7.5 in females
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FIGURE 5 Proportion of each vocal unit produced in (a) single units and (b) sequences throughout chimpanzee ontogeny up to 15 years of age.
Gradient of colors: blue corresponds to non-panted units, orange to panted units. N utterances represents the total number of utterances (single
units or sequences) produced by all individuals in a given age category. (b) In sequences with three or more units, the same vocal unit can be
repeated (in non-adjacent positions) within the utterance, leading to a y-axis with proportions larger than 100%.

and males, respectively. However, given the wide confidence inter-
val (Table S7), these cannot be considered as a consistent difference.
The probability of two adjacent pants was estimated to reach values
of 0.16 and 0.18 in adult female and males, respectively (Cl, females:
0.13-0.18; males: 0.14-0.22; Table S7). A visual inspection of the fitted
model (Figure 3d) revealed that the probability to produce two adja-
cent pants began to clearly increase around 4 years and adult levels
(i.e., the asymptote) were reached at around 10 years of age. The emer-
gence and steepest increase of the probability to produce two adjacent
panted units (Figure 3d) seemed to occur later in ontogeny that that of
producing one panted unit (Figure 3c).

To further understand the structural changes seen in our vari-
ables of vocal complexity, we visually examined the proportion of
each vocal unit produced within single units and sequences (Figure 5).
Chimpanzees seemed to increase their repertoire diversity through
ontogeny mostly by the production of panted utterances (orange gra-
dient in Figure 5) in both single units and sequences. Besides this, it
revealed that the increase in the probability to produce panted utter-
ances seen in model 2 was not driven by one or two panted units, but by
all of the panted units of the repertoire. Furthermore, immature chim-
panzees by the age of 4 years were able to produce all the vocal units
present in the adultt's repertoire, except for PR, which we recorded

only once in this dataset (Table S3).

4 | DISCUSSION

Most studies on the ontogeny of vocal communication in primates
focus on song, acoustic variation or vocal usage (i.e., the context in
which the call is being used; Janik & Slater, 2000) of specific vocali-

sations in a species’ repertoire (Dezecache et al., 2020; Gouzoules &
Gouzoules, 1989; Hammerschmidt et al., 2000; Hauser, 1989; Koda
et al, 2013; Laporte & Zuberbuhler, 2011; Levréro & Mathevon,
2013; Lieblich et al., 1980; Omedes, 1985; Seyfarth & Cheney, 1986,
2010). In contrast, we here investigated the development of structural
complexity across the whole vocal repertoire and in particular the pro-
duction of vocal sequences. Assessing the latter, especially, is critical
to gain understanding of how and why flexible combinatorial capacities
evolved in human language.

Our analysis revealed that the four structural components of vocal
complexity that we analyzed followed similar developmental trajecto-
ries, namely utterance length, diversity, probability of an utterance to
comprise a panted unit, and probability of an utterance to comprise two
adjacent panted units. Chimpanzees produced a low diversity of short
and non-panted utterances in the first year of life. There was a clear
increase in the four variables of vocal complexity throughout ontogeny:
utterance diversity presented the steepest increase just before wean-
ing age (~2.5 years), utterance length and probability to produce
panted utterances at around the weaning age (4 years) and probabil-
ity to produce two adjacent pants at around 7 years. Vocal structural
complexity reached asymptote at the beginning of the sub-adult life
(8-10 years), indicating the four variables studied had reached adult
levels. This is much later in development than the age at which chim-
panzees were able to produce all the single vocal units present in the
adult repertoire (4 years).

These results suggest that somewhat complex and slow paced
developmental maturational process are likely to be involved in the
development of vocal structural complexity, which extends well beyond
the age when the full range of sounds can be produced. This find-

ing differs from the pattern of vocal development presumed in other
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primates, where the vocal repertoire is thought to be inflexible and
present soon after birth (but see Gultekin et al., 2021). However,
most of these primate studies are based only on the production of
the single units of the primatet's repertoires. Inferring which pre-
cise maturational processes might affect the development of vocal
complexity is not trivial, as more than one mechanism can operate
concurrently. This is the case not only in humans but also in other pri-
mates such as marmosets, where changes in vocal behavior correlate
with both motor and social milestones through development (Gultekin
et al,, 2021). Nonetheless, we can discount our first hypothesis, that of
the involvement of limited maturational processes in vocal complex-
ity development. We discuss the results with respect to each of the

remaining three hypotheses we examined.

4.1 | Sexual selection hypothesis

Our results do not support the hypothesis that vocal structural com-
plexity is primarily a sexually selected trait. First, the age of the
steepest increase for all four variables appeared before the onset of
sexual maturation, for both sexes. Second, the ontogenic trajectories of
the four structural characteristics of vocal complexity did not obviously
vary between sexes. This is interesting given that specific vocalizations
of the chimpanzee repertoire show sexual dimorphism in rates of pro-
duction. For instance, adult males produce higher rates of the loud
pant-hoot sequence than females (Kalan, 2019; Pusey, 1990), and only
females emit copulation screams (Townsend et al., 2008). Sexual selec-
tion may thus operate on call rates of certain vocal units rather than on
the overall complexity of the vocal repertoire.

4.2 | Neuro-muscular maturation hypothesis

Some, but not all, of our specific predictions regarding the neuro-
muscular hypothesis were fulfilled, suggesting some influence of
neuro-muscular processes in the development of vocal structural
complexity. Indeed, producing utterances with two adjacent panted
units, which might require a higher level of sublaryngeal, laryngeal,
and supralaryngeal coordination, seems to emerge and increase later
in ontogeny (Figure 3d) than the other three variables we investi-
gated (Figure 3a-c), and later than we predicted. This suggests that
either the neuro-muscular development of fine movements such as
supralaryngeal articulators is not completed by weaning age, or the
neuro-muscular maturation is not the main factor limiting the develop-
ment of vocal complexity at the juvenile stage, as not only utterances
with adjacent panted units increased with ontogeny but all types or

sequences.

4.3 | Social complexity hypothesis

Our findings regarding three of the four structural characteristics stud-

ied (utterance length, diversity and probability of panted utterance)
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support the model that vocal complexity might be influenced by social
complexity, with the steepest increase of vocal complexity occurring
from 2to 5years, and a plateau reached at around the beginning of sub-
adult life. First social interactions outside the family unit (i.e., genital
inspection or aggression; ~ 2 years; Briind| et al., 2021) and indepen-
dent travel (no longer being carried by the mother which coincides
with weaning; 4 years) should enhance the social exposure of young
chimpanzees. Itis therefore likely that the steep increase in vocal struc-
tural complexity, between 2 and 5 years, is driven, at least in part, by
an expansion of the social world. This is also supported by our finding
that chimpanzees reach adult levels of production of the four vari-
ables at 8-10 years of age. This is the age at which young chimpanzees
begin to associate with other group members (Pusey, 1990), indepen-
dently from their mother, and become integrated in the community,
such that interaction partners begin to include all community members
in a wider range of contexts. In a comparative study across primates
species, McComb and Semple (2005) suggested that a greater number
of unique vocalizations (repertoire size or diversity) might be needed
for animals to navigate more complex networks of social relations.
Our results expand the suggestions of McComb and Semple (2005),
demonstrating its applicability within species in a developmental con-
text, and opening up the concept not only to single vocal units within a
vocal repertoire but also in terms of vocal sequences. Moreover, our
findings complement a recent study showing that chimpanzees also
increase the acoustic gradation within vocal units through ontogeny
(Taylor et al., 2021). Overall, both acoustic gradation of vocal units
and the ability to combine vocal units into longer and more diverse
sequences could enable an expansion of the range of information con-
veyed throughout ontogeny, as the social and ecological environment
becomes more complex.

Although social complexity and vocal complexity milestones co-
occur across development, because of the confound of age, we cannot
rule out that these simply co-occur because of general maturational
processes rather than because one causes the other. However, the
concurrent expansion of both is of interest as maturational processes
of different cognitive processes are not necessarily temporally linked
(Brundl et al., 2021). For example, with growing independence from the
mother, diversity of activities is not necessarily temporally linked to
increases in social complexity: “non-social” activities such as indepen-
dent foraging may occur substantially earlier in ontogeny than related
social activities, such as food sharing or cooperative hunting. In some
cases, vocal complexity requires complex cognition (such as human lan-
guage). However, the need for cognition with respect to the variables in
this study is unclear, thus, we do not impute cognition here.

Regarding the statistical models we have used, we acknowledge that
the use of non-linear models requires several decisions, for instance,
about the particular shape of the ontogenetic trajectories assumed (i.e.,
their parameterization). With regular linear models, one gets standard
solutions to standard problems, but, for non-linear models, such simple
standards are not a given. Therefore, the particular parameterizations
we chose in this study may leave room for debate, as other researchers
may hypothesize different ontogenetic trajectories and hence param-

eterizations. For instance, all our models imply an ontogeny that is
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symmetric, that is, the trajectory before the inflection point is rota-
tionally symmetric to the one after it. However, such an assumption
cannot be taken for granted. Furthermore, the existence of senescence
(i.e., a decrease of the feature in very old individuals) seems a plausible
hypothesis for the four variables we studied. When visually inspect-
ing the figures, particularly the maximum utterance length (Figure 3a)
seems to suggest that such senescence might indeed exist. We did not
pursue this idea further as our focus was on early development. Addi-
tionally, we have limited data for individuals older than 35 years of age,
which made it unlikely that such attempts could be successfully imple-
mented, specifically given that they would have led to a considerable
increase in the complexity of our models. For the same reasons, we did
not include the community (East, North and South) as another factor in
our models. Despite these limitations, we consider that our models fit-
ted the data quite well and revealed something meaningful about the
ontogeny of the structural characteristics of vocal complexity that we
investigated. Nevertheless, with a larger amount of data, particularly
for relatively old individuals it might be worth attempting to include

potential senescence.

5 | CONCLUSION

Our study provides some valuable insight into the development of
vocal structural complexity in a long-lived mammalian species with a
protracted development, the chimpanzee. Chimpanzees need about 10
years to develop the vocal structural complexity present in the adult
repertoire, way beyond the age of emergence of all the single vocal
units. This contradicts current thinking that the full vocal repertoire in
primates emerges rapidly after birth (Ey et al., 2007; Hammerschmidt
et al., 2001). However, comparison with other primates is difficult as
there is a lack of comparable studies of ontogenetic development of
vocal sequences across the whole vocal repertoire. Our results sug-
gest that multifaceted processes drive increases in vocal structural
complexity, namely social complexity and neuro-muscular maturation.
From a behavioral perspective, a reasonable developmental hypothe-
sis is that as exposure to greater social complexity increases through
ontogeny, chimpanzees may develop the ability to combine vocal units
into complex sequences to overcome the constraints of their limited
number of vocal units, thereby enhancing the range of information
that can be encoded. Our results support the idea that social com-
plexity might promote the evolution of complex vocal repertoires, as
an ultimate explanation for human language evolution. However, we
need further studies to investigate the extent to which the increase in
vocal structural complexity observed through development enhances
meaning generation, to pinpoint the processes involved and how these
are driven by the expansion of social complexity in chimpanzees. To
confirm this hypothesis, future studies should assess whether vocal
complexity of different chimpanzee populations varies with varying
social and ecological exposure. In addition, further studies are needed
with a similar developmental approach in other social mammals that

vary in the complexity of their social systems. Also relevant is to assess
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whether changes in communication-related neural pathways occur
during chimpanzee development. To date, neural pathways relevant for
language and articulation, such as the arcuate fasciculus, have been
studied only in adult primate brains (Rilling et al., 2008, 2012), thus how
these pathways develop through ontogeny remains an open question.
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