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The ability to vary the characteristics of one’s voice is a critical feature of
human communication. Understanding whether and how animals change
their calls will provide insights into the evolution of language. We asked to
what extent the vocalizations of penguins, a phylogenetically distant species
from those capable of explicit vocal learning, are flexible and responsive
to their social environment. Using a principal components (PCs) analysis,
we reduced 14 vocal parameters of penguin’s contact calls to four PCs, each
comprising highly correlated parameters and which can be categorized as
fundamental frequency, formant frequency, frequency modulation, and ampli-
tude modulation rate and duration. We compared how these differed between
individuals with varying degrees of social interactions: same-colony versus
different-colony, same colony over 3 years and partners versus non-partners.
Our analyses indicate that the more penguins experience each other’s calls,
the more similar their calls become over time, that vocal convergence requires
a long time and relative stability in colony membership, and that partners’
unique social bond may affect vocal convergence differently than non-
partners. Our results suggest that this implicit form of vocal plasticity
is perhaps more widespread across the animal kingdom than previously
thought and may be a fundamental capacity of vertebrate vocalization.

1. Introduction

A fundamental prerequisite for the development of speech is the ability
to modify one’s vocalizations. Humans do this relatively spontaneously
from infancy through to adulthood when learning new sounds, words and
languages. To help reconstruct the evolution of language and the mechanisms
underlying all types of vocal learning, it is essential to understand whether
and to what extent the vocalizations of phylogenetically distant species are
amenable [1,2]. Here, following the broad definition used by Janik & Slater
[3], we consider vocal learning to be any vocal signals that are modified in
form as a result of experience with any external acoustic stimuli.

Songbirds (Passeriformes) are by far the most studied animals when it comes
to vocal learning [1]. Many of these birds require exposure to another bird (or
model) to learn their normal songs [1], can acquire new vocalizations via listening
to conspecifics [4,5], and/or can even learn to mimic non-species-related sounds

Electronic supplementary material is available [5]. The vast work with songbirds regarding these types of explicit vocal learning
online at https://doi.org/10.6084/m9.figshare. has revealed many of the behavioural, neural and genetic processes involved in
€.6070394. vocal learning. By contrast, outside of songbirds (and hummingbirds and parrots
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[1]), the vocalizations of most animals including our closest rela-
tives (non-human primates), are largely innate [6]. Evidence
suggests these animals lack the neural projections to control
the structure of their calls [7]. Although many vocal parameters
seem to be fixed by both neural circuitry limitations and the set
physical structure of an animal’s vocal organ, some vocal
aspects can still be modified. For example, the duration of a
vocal call and the pauses between calls rely on the very flexible
changes that can occur in the respiratory system, and therefore
are susceptible to modification by the environment [8,9].

There is a growing body of literature suggesting that
some animals, from which there is no evidence of explicit vocal
learning, e.g. producing a new song or call through modelling
or mimicking, can still modify their calls in response to the
environment. This phenomenon has been referred to as ‘vocal
accommodation” and can occur in response to noisy/changing
surroundings (environmental accommodation; [10]), e.g. increas-
ing the loudness of a call with increased background noise [11], or
in response to the structure of their social environment (social
accommodation; [10]), e.g. convergence of calls in response to
closer and more frequent social interactions [10]. However, out-
side of animals that are capable of explicit vocal learning (e.g.
songbirds, hummingbirds, parrots [1], bats [12], cetaceans [13]
and elephants [14]), the only animals that have shown evidence
of vocal accommodation are primates [10,15]. For example, the
acoustic structure of male baboons’ calls was found to be more
similar between males that spent more time together even
when genetic relatedness was taken into account [16]. These
results and similar findings [10,17] suggest that even when a pri-
mate is not capable of explicit vocal learning, their vocalizations
can be modified in response to social interactions. In particular,
the more pairs of individuals experience each other’s calls, the
more their calls change to sound similar. Whether this type of
social accommodation occurs outside of primates is unknown.

Here, we examined whether the calls of African penguins
(figure 1a; Spheniscus demersus) are amenable to their social
environment. These penguins are an ideal species to investi-
gate social accommodation for two major reasons. They are
phylogenetically distant from any species known to be expli-
cit vocal learners, having separated from the nearest of those,
i.e. parrots, more than 60 Ma [18]. Determining whether and
how social accommodation occurs in this species will shed
light on the distant origins of vocal flexibility, a pre-requisite
of vocal learning [1].

African penguins also form large colonies where they
frequently hear the calls of their colony mates and form differ-
ent types of social bonds with other penguins within their
community, providing an ideal scenario to test whether social
accommodation takes place in these animals. We hypothesized
that penguins which have spent more time closer together,
and therefore experienced a greater number of each other’s
vocalizations, should have more similar calls. Here, we tested
this hypothesis by measuring and comparing several acoustic
parameters within the contact calls, distinctive short calls
expressing isolation from groups or their colony mates,
[19,20] of African penguins with different social histories.

2. Methods

(a) Penguins
The vocal comparison across years, between partners and non-
partners, and the behavioural experiment were performed with

African penguins housed at the Zoomarine Roma marine park
(Torvaianica, Italy). The vocal comparison across colonies was
performed with penguins in the Zoomarine Roma marine park
(Torvaianica, Italy), the Zoom Torino (Cumiana, Italy) and the
Zoological Garden of Pistoia (Pistoia, Italy).

The Zoomarine Roma colony was established in 2014 with
penguins from the Burger Zoo (Netherlands) and the Bioparc
Les Sables D’Olonne (France) (electronic supplementary material,
table S1). The Zoom Torino colony was established in 2009 with
penguins from the South Lake Park Wild Animal Park (Dalton
in Furness, UK) and subsequently adding penguins from the
Wilhelma Zoo (Stuttgart, Germany), the Bird Park Avifauna
(Alphen an den Rijn, Netherlands) and the Artis Royal Zoo
(Amsterdam, Netherlands). The Zoological Garden Pistoia
colony was established in 2011 with penguins from the Warszaws-
kie Zoo (Poland) and later added penguins from the Nausicad
Centre (France).

(b) Behavioural data collection

The behavioural data were collected from the colony hosted
at Zoomarine Roma. An instantaneous sampling was made
every 10 min for the entire group and any penguins that were
within one body width of each other were recorded as associating
(proximity). In between the samplings, we carried out group
observations of affiliative and aggressive behaviours. We recorded
three affiliative behaviours [21]—allopreening, extreme/inter-
mediate bow and vibratory head shaking. Five aggressive
behaviours were recorded—point, displacement, fight, sideway
stare and gape (electronic supplementary material, table S2).
Depending on the daily husbandry regimes and weather con-
ditions, 1-3 h of data were recorded between 7.00 and 13.00 each
day (a total of 30 h of observations) from October 2020 to Novem-
ber 2020. The entire colony was always visible from where the
experimenter conducted the observations.

(c) Acoustic data collection

Vocalizations were collected from all three colonies using the
focal animal sampling method [22]. The acoustic data from
the Zoomarine Roma colony was collected between February
and May 2017 (7.00-13.00; 60 days; 300 h total) and between
February and October 2020 (7.00-13.00; 44 days; 220 h total).
The acoustic data from Zoom Torino were collected between
October 2014 and April 2015 (9.00-16.00; 50 days; 100 h total).
The acoustic data from the Zoological Garden of Pistoia colony
were collected between October 2016 and June 2017 (8.00—
18.00; 68 days; 230 h total). All recordings were collected at
3-10m from the vocalizing individuals with a RODE NTG-2
shotgun microphone (flat frequency response 20 Hz to 20 kHz,
max SPL 131dB) connected to a TASCAM DR-680 (2017
Zoomarine Roma), a ZOOM H5 (2020 Zoomarine Roma and
Zoom Torino) or a ZOOM H4n (Zoological Garden Pistoia)
handy recorder (48 kHz sampling rate). Audio files were saved
in WAV format (16-bit amplitude resolution) and stored on a
secure digital memory card.

(d) Behavioural analysis

The strength of dyadic proximity, and affiliative and aggressive
relationships between penguins housed at Zoomarine Roma
were measured using a modified version of the dyadic composite
sociality index (DSI; [23,24]). The DSI index, which ranges from
0 to oo, was calculated for each pair of penguins and for each
behaviour considered using the following formula: DSI = (X;;/
Xmeanx); Where Xj; represents the behavioural occurrences for a
certain dyad 7 and j, and Xieanx represents the mean occurrences
for the same behaviour across all dyads.
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Figure 1. Vocal accommodation in African penguins. (a) Adult African penguin (photo credit: Giulia Olivero). (b) Spectrogram of an example contact call noting the
various measured vocal parameters (electronic supplementary material, table S3). For each call, we extracted the fundamental frequency (f,) contour, which included the
frequency value at the start (f; start) and end (f, end) of a call, and the mean (£, mean), minimum ( f, min) and maximum (f, max) frequency values. We also calculated
the time between the start of a call to the time of minimum frequency (pt2 min) and maximum frequency (pt2 max), both as percentages of the entire call duration. The
number of complete cydles of f, modulation per second (FM rate) and the number of complete amplitude modulation cycles per second (AM rate) were calculated (not
indicated in the spectrogram). Finally, we calculated the average frequencies for each of the first four formants (F—F,). (c) Correlation matrix obtained performing a
principal components analysis (PCA) on the 14 acoustic parameters (electronic supplementary material, table S4). We extracted four principal components (PCs; PC1
(pink): fundamental frequency; PC2 (yellow): formant frequency; PG3 (blue): frequency modulation; PC4 (purple): amplitude modulation rate and duration). Dot
colour: black = positive correlation; white = negative correlation. Dot size: larger = stronger correlation. (d) Vocal distance calculated for the four PCs between penguins
belonging to the same () colony or different colonies (D). (e). Vocal distance calculated for the four PCs across 2017 and 2020 within the Zoomarine Roma colony. (f)
Vocal distances between partners and non-partners within the Zoomarine Roma colony. Superscript ' is non-significant based on strict p-value interpretation after applying
a Bonferroni correction. Box plots: horizontal lines = median; black squares = mean; boxes extend from lower to upper quartile and whiskers indicate interquartile range
above the upper quartile (max) or below the lower quartile (min). Each open circle in (d) and (e) represents the vocal distance between pairs of penguins, and in (f)
represents the average vocal distance between penguins (Methods). (Online version in colour.)
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(e) Acoustic analysis

Audio segments containing contact calls were visually selected
by inspection of their spectrograms (view range=0-8000 Hz,
window length 0.02 s, dynamic range =50 dB) in Praar v. 6.1.16
[25]. Overall, we selected 2985 contact calls showing a good
signal-to-noise ratio. In total, 1907 and 349 contact calls were selected
from 2017 and 2020, respectively, from 13 adult penguins at the
Zoomarine Roma colony. We recorded 330 contact calls from 11
adult penguins at the Zoom Torino and 399 contact calls from
10 adult penguins at the Zoological Garden of Pistoia (electronic
supplementary material, table S1). For each vocalization, we
measured 14 source and filter related acoustic parameters using a
custom-built script [26] in PraAT [25]. See the electronic supplemen-
tary material for acoustic analyses details and table S3 for the
description of the parameters extracted.

(f) Statistical analysis
A principal component analysis (PCA) using an orthogonal vari-
max rotation was carried out on all 14 acoustic parameters
extracted (z-score normalization) from the 2985 selected contact
calls. The PCA reduced the original set of acoustic measurements
to a new set of uncorrelated principal components (PCs). We
retained only the PCs with eigenvalues greater than 1 (Kaiser’s cri-
terion, electronic supplementary material). For each PC separately,
we calculated the Euclidean distance between each pair of penguins’
PC values, obtaining a vocal similarity matrix for different years
(Zoomarine Roma), and across all three colonies for the cross-
colony comparison. We also rescaled the initial matrices using the
following formula: matrices,/max(matrices,). The values of the
rescaled matrices range from 0 (indicating maximum similarity)
to 1 (maximum dissimilarity) improving the visualization and
interpretation of the vocal distances between each pair of penguins.
For an across-year comparison within the same colony (Zoo-
marine Roma), we ran four independent generalized linear
mixed models (GLMMs), each of which included a single PC
as the response variable and a two-level time variable referring
to either 2017 or 2020, as a fixed factor. Penguin identity was
included as a random factor. For a within-colony versus across-
colony comparison, we performed four independent GLMMs,
each of which included the vocal distance of a single PC between
pairs of penguins (logarithmic transformation to give the data a
normal distribution) as the response variable, with colony set as
a fixed factor. Penguin identity was included as a random factor.
All GLMMs were built with the Ime4 package [27] in R 3.6.1. The
significance of the full model was established by comparing this
model with the model that included only the random factor (null
model) using the likelihood ratio test. The model fit and over-
dispersion were checked using the R-package DHARMa 0.3.3.0
[28]. For a comparison between partners and non-partners, we
used a Wilcoxon rank sum test to compare the calls of penguins
in the Zoomarine Roma colony. For each PC separately, we calcu-
late the vocal distance between each pair of partners. In addition,
for each penguin, we calculated the average vocal distance
between that penguin and all other colony members, excluding
that penguin’s partner. For analysis of our behavioural exper-
iment, we applied a Mantel matrix correlation test (R package
‘ape’ 5.5) for each PC and the DSI matrices of each behaviour
(proximity, affiliative and agonistic). A Bonferroni correction
was used to reduce the probability of committing a Type I
error: because four PCs were separately tested, all p-values
were compared to a significance level of 0.012 (o.=0.05/4).

3. Results

To determine if shared social environment causes any
changes to the vocal structure of individual penguins, we

compared 14 acoustic parameters of contact calls between [ 4 |

penguins across time and within and across different colonies
(figure 1b). Using a PCA, we reduced the dimensionality of
our dataset to four orthogonal PCs (PC1: most correlated
with fundamental frequency; PC2: formant frequency; PC3:
frequency modulation; PC4: amplitude modulation rate and
duration; figure 1c; electronic supplementary material, table
S4). We then determined how similar the calls were between
pairs of penguins, i.e. their vocal distance. To do this, for each
pair of penguins, we calculated the difference between each
of their respective PCs (electronic supplementary material).
If their calls are susceptible to social accommodation, as pen-
guins spend more time together, and as a natural result
experience more of each other’s vocalizations, penguins’
calls should become more similar.

We first investigated whether the vocal distance between
calls of penguins within and across distinct colonies differed.
As a natural consequence of physical distance, penguins in
the same colony will experience their colony mates’ calls
frequently, whereas they never hear the calls of a distant
colony. The effect of these differences will have accumulated
over many years, providing that colony membership is rela-
tively stable. Therefore, if social accommodation occurs, the
calls of penguins within the same colony should be more
similar to each other than the calls of penguins that belong
to different colonies. To test this, we compared the calls
of penguins from three different colonies (Methods). The
PC1 and PC2 differences in the same colony were no different
than between penguins from different colonies (PC1 same
colony (S)=0.23+0.01, different colony (D)=0.25+0.01;
full versus null GLMM x2 = 3.61, p=0.057; PC2 S=0.27 +
0.01, D=0.29+0.01; full versus null GLMM x? = 0.97, p=
0.32; figure 1d). However, penguins from the same colony
had smaller PC3 and PC4 differences than penguins from
different colonies (PC3: figure 1d; S =0.25+0.01, D=0.31+
0.01; full versus null GLMM x} =28.21, p=1.084x107",
mean % difference 21.4%; PC4: figure 1d; S=0.17+0.01,
D =0.19 +0.009; full versus null GLMM X% = 6.48, p=0.010,
mean % difference 11,1%). These results suggest that while
certain parameters of penguins’ contact calls are relatively
constrained and vary less, other parameters can be and are
modified subtly in response to their social environment
over long periods of time.

If penguins’ calls are amenable to their social environ-
ment, then we should also see evidence of this when
comparing calls of penguins within the same colony over
long enough period of time. To test this, we compared contact
calls that were recorded 3 years apart (Methods). Similar to
the results of our cross-colony comparison, both PC1 and
PC2 differences between pairs of penguins remained similar
over 3 years (PC1: 2017 =0.32+0.02, 2020 =0.31 + 0.02; full
versus null GLMM X% =0.15, p=0.69, figure le; PC2:
2017 =0.32 +0.02, 2020 =0.33 + 0.02; full versus null GLMM
X =0.02, p=0.87; figure le). However, the penguins’ PC3
differences increased (2017 =0.19+0.01, 2020=0.31+0.02;
full versus null GLMM X% =16.86, p=4.013 x 107>, mean %
difference 48%; figure 1le), while their PC4 differences
decreased over 3 years (2017 =0.34 +0.02, 2020 =0.21 + 0.01;
full versus null GLMM X% =15.25, p=9.381 x 107>, mean %
difference 47.2%; figure 1le). These results suggest that
certain parameters of penguins’ vocalizations are modified
by the cumulative number of social interactions that occur,
but also that the way they are modified will be partially
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determined by the stability of colony membership over time.
We discuss this in more depth below.

Within a colony, most African penguins form long-lasting
monogamous-pair relationships. These partners perform
various types of calls only with each other. For example,
mutual display songs are produced only between two part-
nered birds in synchrony, usually when one partner returns
to the nest [19]. Penguins experience some of their partner’s
vocalizations at a much higher intensity, because they are
simply very close to each other, and in different emotional
states than they probably would while hearing non-
partner’s calls. Therefore, we hypothesized that the special
relationship between partners might manifest in greater simi-
larity between their calls than between non-partners. To test
this, we compared the calls between partners and between
non-partners in the same colony. We found that the PC1 dis-
tance between a penguin and their partner was consistently
smaller than the average distance from their non-partners
(PC1, 2020, partner=0.15+0.05, non-partner=0.30+ 0.02;
Wilcoxon rank sum test W=43, p=0.03, mean difference
66.6%; figure 1f). No differences were found between
comparisons of the other PCs (electronic supplementary
material, table S5). We discuss the significance of these
findings and their comparison with our other results below.

So far, our findings suggest that the more social inter-
actions penguins have with each other, the more similar
certain aspects of their vocalizations become. Another way
to test this is to look at how often pairs of penguins are
near each other. Given the results of our partner versus
non-partner comparison, we might expect that the more
often penguins are in close proximity, the more they experi-
ence each other’s calls, and therefore are more susceptible
to vocal accommodation. To test this, we recorded a snapshot
of which penguins were within one body width of one
another over a period of 19 days. To assess the quality of pen-
guins’ social relationship with one another, each day we also
recorded the instances of affiliative and agonistic behaviours
(Methods). We then examined whether any of these measure-
ments correlated with the vocal distance between penguins’
calls for each of the four PCs (Methods). We expected that
the more often two penguins were seen in close proximity
and/or engaging in affiliative and agonistic behaviours, the
shorter the vocal distance should be between those penguins.
However, we found no correlation between proximity, affilia-
tive or agonistic behaviours and any of the PC differences
(electronic supplementary material, table S6). We discuss
why we might actually expect these results below.

4. Discussion

We investigated the role of shared social environment on
potential modifications of African penguin’s contact calls.
We found that frequency modulation (PC3) and amplitude
modulation rate and duration (PC4) of calls were more simi-
lar between penguins of the same colony than between
penguins of different colonies. We also found that amplitude
modulation rate and duration (PC4) of calls of individuals
within the same colony became more similar to each other
over a 3-year period. Taken together, these results suggest
that vocal accommodation does occur in this taxon. The fact
that amplitude modulation rate and duration were found to
be affected by social environment in both analyses is not

surprising given that these vocal aspects are likely to be the
most amenable [1,3].

The increased distance found between frequency modu-
lations (PC3) of penguins within the same colony over 3
years may at first seem contradictory to our overall results.
However, we should expect that because of physiological
constraints, any changes in vocalization will be very subtle.
Our cross-colony analysis compares penguins that have inter-
acted with each other over many years compared to penguins
that have not interacted at all. The fact that PC3 distance
changed in just 3 years shows that it is amenable. It is rare
that biological changes occur in one direction monotonically
over time. Divergences may very well happen intermittently
owing to changes in colony membership over a short period
of time (e.g. new penguins being added to or hatched into the
colony). Indeed, in the Zoomarine Roma colony, between the
recording collected in 2017 and 2020, one penguin had
passed away, and three chicks were hatched. Our cross-
colony comparison results suggest that given longer time
frames and relative stability in colony membership these
parameters will eventually become closer.

The proximate mechanism underlying vocal accommo-
dation can be the automatic relationship between vocal
perception and production which has been assumed to
enhance communication between individuals [29]. This
seems to be a fundamental response of vocal organs and neu-
rocircuitry—acoustic information is received and processed
by the brains of communicators and their voices change over
time to become more similar to each other. Recent studies
suggest that integration in the sensorimotor area is responsible
for vocal accommodation of vocal output in response to acous-
tic input [29-31]. These studies support the idea that vocal
convergence represents a form of implicit motor learning
common to both non-human animals and humans [10].

This implicit motor learning mechanism of vocal conver-
gence may explain our results between partners. Although
overall significance did not survive the applied Bonferroni
correction, the fundamental frequency (PC1) of a penguin
was consistently more similar to their partner than to their
average distance from all non-partners, and the mean differ-
ence was substantial (66%; figure 1f). It may be that no true
difference in PC1 exists between these groups. However, a
true difference may be hidden within the small size of our
colony. Analysis of a much larger colony may help reveal
any true difference. If the PC1 difference is true, it may not
be the consequence of simply a greater number of interactions
between partners, but instead have more to do with the
strong bond between partners. Partners may often be in a
heightened state of arousal when and where they hear their
partner’s calls. Emotions have been found to affect learning
of all types in a myriad of ways [32]. We suggest that a part-
ner-induced emotional state may similarly affect how the
vocal input they receive from their partner can implicitly
modify their vocal output. If this PC1 difference is not true,
the non-significant differences between partners and non-
partners for all PCs are not surprising. In fact, we would
only expect greater similarities in even the PCs most suscep-
tible to change (PC3 and PC4) for partners compared to non-
partners if partners heard their own calls significantly more
than all other colony members. However, within the confines
of a colony, especially those that are smaller and in captivity,
the calls of all colony mates will be heard by each penguin
simply because they are often not that far away. In addition,
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during the breeding season when penguins forage in
the water they form small foraging groups [29] of non-
partner colony mates while their partners stay at the nest.
These natural occurrences would predict that penguins
experience the calls of many penguins relatively equally
and varied over time.

We had initially expected that the greater the number of
behavioural interactions (proximity, affiliative and agonistic)
between penguins, the greater their vocal similarity would
be. However, we found no correlation between any of the be-
havioural interactions measured and any single PC. In the
light of the results of our other analyses, we actually should
have expected such a result. At any single point in time,
penguins will be more likely to have greater vocal similarity
to any one of their many non-partner colony mates than
to their single partner, simply based on chance. Moreover,
there is no reason to suspect that two penguins become
partners based on their vocal similarity.

Vocal production can potentially be influenced by genetic
inheritance and (as just highlighted) acoustic similarity can
result from simply having vocal apparatuses of similar mor-
phology [7]. Because we were unable to obtain genetic
information of penguins, we cannot entirely rule out some
effect from genetic similarity that may account for the
observed cross-colony results (figure 1d). However, the gen-
etic diversity across colonies should not be any greater than
within colonies because of the efforts to reduce inbreeding
within colonies, because all African penguins in zoos come
from wild penguins put in captivity less than a century
ago, and because the three colonies used in this study are
equally unrelated [33]. In addition, those parameters that
are more susceptible to vocal accommodation in response to
social interactions were those that we observed to change
and become more similar over long periods of time (ampli-
tude modulation rate and duration (PC4), frequency
modulation (PC3), and fundamental frequency (PC1)). By
contrast, parameters that are known to be much more geneti-
cally constrained to the anatomy of the supra-syringeal vocal
tract (formants (PC2); [20,26]) were not found to change in
any of the analyses. Importantly, genetic similarities cannot
explain the vocal changes observed in the comparison of pen-
guins in the same colony across different years (figure 1le).
Indeed, their genetic makeup did not change significantly
because only three chicks hatched into the colony from
2017 to 2020 and all came from different parents.

Vocal accommodation as a consequence of social inter-
actions has been proposed to enhance members’ recognition,
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group cohesion and social bonds between individuals [34]. Evi-
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suggests similar arguments. Ecological pressures of colony
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the majority of their vocal repertoire is genetically con-
strained [16,36,37]. Our findings suggest that vocal
accommodation as a result of social interaction may be
phylogenetically old and widespread. We speculate that it
may be driven by the ecological pressures found in large
vocal groups and is a result of implicit sensory-motor inte-
gration present in many animals. Our results highlight the
importance of and provide a template for evaluating all
aspects of an animal’s vocalizations when investigating
vocal flexibility.
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