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Most animals use various vocalizations to communicate with others and coordinate activities. However,

animals are limited in the number of sounds they can produce. In humans, language allows for the
unrestricted communication of information by generating new meaning from the finite set of sounds.
For nonhuman animals, some level of combinatoriality has been observed such that segments of sound
can be combined at either one of two levels, within calls or between calls. It is rare to discover evidence
that animals combine calls on more than one level. This requires a comprehensive analysis of the
combinatorial features that characterize a species’ vocal system. Here we studied combinatoriality in
the acoustic signals produced by pukeko, Porphyrio melanotus melanotus. We identified 13 sound ele-
ments and verified their distinctiveness using uniform manifold approximation and projection. We next
assessed the combinatorial abilities of pukeko using a two-tiered combinatorial system. We first ana-
lysed how different sound elements are combined to form calls and found clear structural patterns,
where specific sound elements typically serve either as prefixes or suffixes, whereas others serve as
connecting (middle) elements. Second, we examined how calls themselves were combined to generate
longer call sequences. At the level of call sequences, we specifically focused on yelling-type call se-
quences, mostly produced in aggressive contexts and found dynamic structural patterns, with calls
increasing in duration with the progression of a call sequence. As these sequences unfold, calls undergo
systematic transformation through the addition of new terminal elements and modification of existing
ones. This hierarchical combinatorial capacity showed how a relatively limited set of acoustic elements
can generate an extensive repertoire of calls. Our findings provide empirical evidence for combinatorial
processes operating at multiple levels within a single species’ communication system and the first

evidence of such in a nonvocal learner.
© 2025 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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Acoustic communication is widespread across the animal
kingdom and serves many functions, such as mate attraction and
territorial defence as well as transmitting information about
predators, food, or environmental conditions (Bradbury &
Vehrencamp, 1998). Vocal repertoires usually consist of a finite
and limited number of sounds due to morphological constraints
(Bohn et al., 2006; Demery et al., 2021; Montealegre-Z, 2009;
Wallschlager, 1980). Rather than increasing the number of sound
types produced, many animals show an ability to combine acoustic
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segments into larger structures, thus increasing the amount of
information they can convey (Arnold & Zuberbiihler, 2006;
Engesser & Townsend, 2019; Suzuki et al., 2018). Human language
is known for its ‘duality of patterning’, whereby a limited number
of meaningless sounds (e.g. vowels and consonants) can be com-
bined to create different phonemes (e.g. words) and these pho-
nemes can be further combined into larger structures (e.g.
sentences). The meaning of these structures is derived from the
specific phonemes they contain and their arrangement (compo-
sitionality) (Chomsky, 1957; Hurford, 2012). This duality of
patterning has been suggested to be the key to the open-ended
combinatorial generativity seen in human languages, such that
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new words and sentences can be produced from the available el-
ements (Russell & Townsend, 2017; Zuberbiihler, 2019).

In nonhuman animals, the acoustic combinatoriality detected so
far is simpler. Examples include phonocoding, the combination of
meaningless sound elements into sequences or songs; multiele-
ment calls, the combination of meaningless sound elements into
functionally relevant vocalizations; segmental concatenation, the
combination of acoustic segments in a seemingly systematic way;
and idiomatic structures, an assemblage of discrete acoustic units
into larger sequences, generating information that is unrelated to
the meaning of the individual acoustic segments (Engesser &
Townsend, 2019). In some animals, combinatoriality is reminis-
cent of phonology, where meaningless elements are combined into
meaningful calls. For instance, the functionally distinct flight call
and prompt call of Chestnut-crowned babblers, Pomatostomus
ruficeps, are multielement calls, composed of the same perceptibly
distinct but meaningless elements (Engesser et al., 2019). A simple
form of compositionality has been described for pied babblers,
Turdoides bicolor (Engesser et al., 2016) and Japanese tits, Parus
minor (Suzuki et al., 2016). Both species combine alert and
recruitment calls into a composite mobbing signal, whereby the
meaning of the combination is derived from the meaning of the
comprising calls (Engesser et al., 2016; Suzuki et al, 2016).
Although this form of combinatoriality shows some similarity to
linguistic structures in human language (Engesser & Townsend,
2019), it seems to lack the open-ended generativity of human
language.

One of the challenges in understanding animal combinatoriality
is that, in the past, many studies have delineated the acoustic units
using silence intervals as delimiters, with the most basic unit being
uninterrupted sound, disregarding any spectral changes within
(Kershenbaum et al., 2016; Mann et al., 2021). This approach likely
overlooked subtle but potentially meaningful combinations of
sound elements and underestimated the combinatorial abilities of
some species. Current research is adopting a more nuanced
approach, annotating sound elements based on abrupt spectral
shifts within continuous sounds (Leroux et al., 2021; Walsh et al.,
2019, 2023). For example, Australian magpies, Gymnorhina tibicen
dorsalis, combine four distinct sound elements to create a larger
number of calls within their nonsong vocal repertoire (Walsh et al.,
2023). These calls are further combined into larger sequences,
displaying a potential for a multilevel combinatoriality (Walsh
et al,, 2023). This approach has been used especially for animal
song (Berwick et al., 2011) and is becoming more frequent in the
study of animal communication more broadly. In contrast to calls,
songs are thought of as being louder, longer, and more complex and
are assumed to be learnt to some extent (Rose et al., 2022), though
the line between songs and calls in some birds is not as distinct as
once thought (Rose et al., 2022). The current knowledge of multi-
level combinatoriality in birds extends mostly to vocal learners (e.g.
songbirds), with less being known about how nonlearners might
combine calls and whether the function of the call sequences is
derived from the order and the structure of the composing calls.
The above approach allows for a more comprehensive investigation
of the rules governing acoustic combinations, the potential for
syntax-like structures in animal communication and their
communicative significance across species.

Building on the principles of this refined approach to studying
combinatoriality in animal calls, we investigated the potential for
multilevel combinatoriality in the vocalizations of the Australasian
swamphen, or pukeko, Porphyrio melanotus melanotus. Pukeko are
large rails (~ 1 kg) occurring in New Zealand, where they live in
social groups of 3—20 individuals (Dey et al., 2012; Jamieson,
1997). In piikeko groups, all adults may breed, and if multiple fe-
males do breed, they lay eggs within the same nest (joint-laying).

Although only breeding adults take turns incubating a clutch, all
group members take care of chicks (Craig, 1980). Pukeko use a
range of displays (Craig, 1977) and highly variable vocalizations
(Clapperton & Jenkins, 1984) to communicate during social in-
teractions. A previous study identified 25 call types in nine broad
categories, including contact calls, for example, the individually
distinct n’yip (Clapperton & Jenkins, 1987) and hiccup (Clapperton
& Jenkins, 1984), as well as territorial calls, such as crowing calls
and three distinct types of yelling calls (Clapperton & Jenkins,
1984). Crowing calls were shown to be sexually dimorphic and,
in the case of males, individually distinct (Clapperton, 1983;
Clapperton & Jenkins, 1987), whereas yelling calls are used during
aggressive displays between neighbours. Many of the calls of
pukeko are described as being composed of several distinct sound
elements (for example, n’yip, n’yick, hiccup, crowing, yelling, flight
call, crow-like calls, defence calls and food call), with some ele-
ments shared between call types (Clapperton & Jenkins, 1984).

This study aimed to evaluate whether and how pukeko
combine different sound elements into calls and whether and how
calls are organized into structured sequences. To do so, we used
recordings collected from individual pukeko nests, which are
located towards the centre of the small group territories (from 0.7
to 3 ha) (Craig, 1976). Thus, we were likely to record most group
members with minimal amounts of stress to the birds. From these
data, we evaluated the distinctiveness of the sound elements
comprising the adult pukeko repertoire. We then investigated how
the birds combine sound elements into sound combinations, or
‘calls’, and explored the sequential arrangement of these calls into
larger sequences. Throughout the text, we use the following defi-
nitions: ‘sound element’, similar spectral structure; ‘call’, a
sequence of sounds separated by silence (made up of one or more
sound elements); and ‘call sequence’ (or call bout), intracall in-
tervals are shorter than intercall intervals.

METHODS

Data for this study were collected at Tawharanui Regional Park
(—36.371520°, 174.829835°) on the North Island of New Zealand,
between October 5 and November 17, 2022. At the time of data
collection, some individuals in focal groups and many nonfocal
groups were unbanded. Thus, determining individual and poten-
tially group identity would have been difficult when collecting
focal audio recordings. In addition, such recordings would have
had to be collected from within a blind and at great distances from
the vocalizing birds. Because we were also especially interested in
the vocalizations of chicks at the nest for a separate project, we
decided to record the calls of adults and chicks (though chicks
were not analysed for this study) from within a pukeko group’s
nest. We found nests by watching for nesting behaviour and by
searching for suitable habitats, close to water and vegetative cover
(Craig, 1980; Craig & Jamieson, 1990). We placed a miniature audio
recorder (Soroka 18E, TS Market) wrapped in parafilm about 2 cm
underneath the eggs within the nest bowl. We programmed the
audio units for continuous 24 h recording at either 16 kHz, 32-bit
or 24 kHz, 32-bit uncompressed WAV files. Pukeko are accustomed
to frequent nest checks at this site and quickly resumed normal
behaviours after this disturbance. Sampled nests were visited on
consecutive days to retrieve the recorder and replace it with a new
and fully charged one. Overall, we recorded the soundscape at 19
different nests, with clutches of varying sizes, composition and
incubation stages. Each nest was recorded between 1 and 7 days
continuously (median = 2 days), with one nest being recorded
only for ~3 h and another only for 7 h, due to recorder malfunction
(see Table S1 for details). Nests with eggs about to hatch or with
new hatchlings were recorded for longer periods of time for a
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different project to obtain more detailed information on this
critical moment. We did not know individual identity and did not
account for nest identity. Similarly, we did not know the actual
context for any of the calls due to the recording method. However,
we used a previously published repertoire to distinguish between
adult, juvenile and chick vocalizations and were able to infer some
context due to the type of vocalization emitted (for example, ter-
ritorial calls; Clapperton & Jenkins, 1984). Here, we only focused
on the vocalizations of adult callers at or near the nest.

Ethical Note

This research was approved and facilitated by the Ngati Man-
uhiri and the Department of Conservation, New Zealand (Wildlife
Act Authority No. 102034-FAU). This research was further
approved by the McMaster University Ethics Committee (AUP# 21-
12-38) and was in line with the ASAB Ethical Committee/ABS
Animal Care Committee Guidelines. Banders were qualified under
the New Zealand National Bird Banding Scheme. We recorded at 19
nests as we tried to cover three different stages of incubation:
early incubation/laying, mid-incubation and pipping/hatching. We
dropped microphones into a nest or retrieved them from nests
during regular nest checks, which were part of a different project.
For this, nests were visited once per day (during laying and
hatching) to check for new eggs or newly hatched chicks and every
3 days for nests that were in the middle of incubation. All prepa-
rations for the recordings (turning microphones on, wrapping in
parafilm, etc.) were conducted before approaching the nest to
minimize the disturbance time at the nest.

Sound Annotations

We viewed and manually annotated the recorded audio files in
Adobe Audition 2021 (Adobe Inc., San Jose, CA, U.S.A.), with
spectrograms generated using a 1024-point FFT size, Blackman-
Harris window. Following studies by Hedwig and Kohlberg
(2024); Kershenbaum et al. (2016); and Walsh et al. (2024), we
annotated ‘sound elements’, characterized as a section of pukeko
sound either separated by a ‘silent gap’ (maximum 0.08 s) from
another sound or by an abrupt spectral shift; for example, the
sound may become noisy. We identified and categorized sound
elements manually by visual—auditory inspection and annotated
them using the Adobe Audition ‘markers’ function. Sound anno-
tations were done by GECG and two trained assistants. The an-
notations of the two assistants were verified by GECG and then
assessed using uniform manifold approximation and projection
for dimension reduction (UMAP) (see below) to ensure sound
distinctiveness. We annotated the recordings from 17 of the 19
sampled nests using two different annotation schemes: (1) in six
nests (see Table S1), we annotated ~13 h of continuous recording
(N = 11 034 sound elements, Table S2), and (2) in 11 nests, we
selectively annotated rarer sounds to increase the sample size in
the data set for sound distinctiveness analysis. For the spectral
analysis, we visually examined all annotated sounds and selected
5465 sound element exemplars with a high signal-to-noise ratio
from 13 different sound types across 17 nests (Table S3). The last
two nests were not used for call supplementing, as they included
hatchling chicks, making it more difficult to find noise-free adult
calls.

Distinctiveness of Sound Elements
To verify the manual annotation and to confirm that the sound

element types are spectrally distinct, we used a spectrogram-
based UMAP dimensionality reduction approach following the

methods outlined in Thomas et al. (2022) with custom modifica-
tions to account for acoustic parameters specific to pukeko. (1) We
filtered all recordings using a Butterworth bandpass filter set at a
0.5 to 7 kHz range to encompass most of the spectral content
across all sound elements. (2) We generated spectrograms using
the absolute value taken from a one-sided short-time Fourier
transformation. To logarithmically scale the spectrogram, we used
a Mel filter set at the same frequency range as used in the But-
terworth bandpass filter. (3) We used the UMAP to project spec-
trograms into a three-dimensional latent space where each time-
frequency bin was treated as an independent dimension, using
the Python package umap-learn (Mclnnes et al., 2018) and the
code provided by Thomas et al. (2022). As an alternative validation,
we also verified these results by training a Random Forest Classi-
fier using Mel-frequency-cepstral-coefficients (see Supplementary
Materials Section C).

To evaluate to what degree similarly annotated sound elements
are grouped in latent space, we assessed the manual label of the 40
nearest neighbours of each datapoint in the latent space. We chose
40 nearest neighbours for our comparisons, as it was approxi-
mately a 50% sample of our rarest sound element (‘screach’,
N = 75; Table 2). We created an evaluation matrix, where each cell
represents the probability for data points of label A to have a

Table 1
Frequency distribution of the number of elements contained in the various calls

No. of elements in call Total no. of calls

1 3507

2 1128

3 961

4 323

5 119

6 20

7 5

8 8

9 4

10 2

11 5

12 4

13 2

16 2

19 2

21 1
Table 2

Number of annotated sound elements used for sound combination and sequence
analysis

Sound Total no. of N emitted as N emitted as
element sound elements unigram unigram odds ratio
a.squeek 829 5 -3.97

brr 939 853 1.05

brumm 700 43 -1.64

bup 2081 1136 0.54

buzz 984 665 0.75

di 1154 477 0.26

drr 317 28 -1.28
screach 47 18 -4.23
scream 431 2 —4.23

snort 403 27 -1.56

squak 1392 205 -0.77
squeek 1001 41 -2.05

tut 756 7 —3.54

Positive odds ratios indicate sound elements that are more likely to be emitted as
unigrams, zero indicates that sounds are emitted with the same frequency as
unigrams, as expected by chance and negative odds ratio values indicate that
sounds occur less frequently as unigrams than expected by chance.
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neighbour with label B in latent space, given the observed fre-
quencies of different labels among the 40 nearest neighbours
(Thomas et al., 2022). To account for unbalanced sample sizes
among the different sound elements, we normalized the proba-
bility of encountering same-class data points among the 40 near-
est neighbours to the overall probability of encountering same-
class data points. This score can be interpreted as the amount of
increase in the likelihood of same-class neighbours over the
random chance expectation. We then applied a log2 trans-
formation, such that the score is symmetric around zero and can
be interpreted as the amount of increase or decrease (positive or
negative values, respectively) in likelihood over the random
chance expectation: for example, 2 is twice as much as the random
chance expectation, and —2 is half as much as the random chance
expectation.

To visualize the degree to which different sound elements are
found in close vicinity of each other within latent space, we con-
structed a UMAP-based neighbourhood graph in which signal
types are presented as nodes connected with edges. The length of
an edge represents the relative probability of the connected signal
types being among their 40 nearest neighbours in the UMAP
embedding. Such an approach can help identify sound types that
constitute a gradient and sound types that are clearly distinct from
each other. To compare our labels with UMAP-projected sounds,
we constructed silhouette plots considering all manual labels on
the resulting UMAP (Fig. S1a). Furthermore, we used hierarchical
density-based spatial clustering of applications with noise
(HDBSCAN) for all sound elements (Fig. S1b) to analyse how
sounds were distributed within UMAP space.

From Sound Elements to Calls

We examined how sound elements of each type were used to
build sound combinations (calls). The following analyses were
conducted in R (version 4.3.2) using the annotated continuous
data.

First, to test whether sound elements were more likely to be
emitted as unigrams (that is, by themselves, not as parts of sound
combinations), we calculated the probability for each sound type
to occur as a unigram. We then computed the expected number of
instances for sounds of each sound type to occur as unigrams by
multiplying the probability of a sound being emitted by the total
number of unigram sounds. Finally, for each sound, we reported
the log-odds ratio by dividing the real frequency of unigram
occurrence by the expected frequency of unigram occurrence. In
these and other log-odds ratios described below, positive values
indicate sounds occurring as unigrams more than expected by
chance, zero indicates that sounds are emitted with the same
frequency by themselves as expected by chance, and negative
values indicate that sounds occur less frequently by themselves
than expected by chance.

Different sound elements were considered to be within a sound
combination (referred to as a ‘call’ in the further text) if two or
more sound elements followed each other within 0.04 s. We chose
this arbitrary time, as it was high enough to aggregate identified
calls while accounting for differences in annotation precision and
small enough not to clump together multiple different calls into
one. To probe sound sequentially within calls, for each sound
element type, we computed the probabilities that a sound of each
other sound element type followed it. To compute these transition
probabilities, we divided the sound combination into a sequence
of overlapping bigrams (for example, for sound combination
ABBCA, transitions would be A-B, B—B, B—C and C-A). To account
for the different frequencies of each sound element in our data set,
we calculated the probability of transitioning from sound element

type i to sound element type j under the Markov assumption (that
is, assuming that the decision of which sound element type to emit
is contingent only on the sound type of the previous sound) as:

Prisz =il s1 =)= 82 =)

With Pr(s; =i & sy =j) = %’f) and Pr(s; =1i) = % Here, n(ij) is the
number of transitions from sound i to sound j; N, the total number
of transitions between sounds; n(i), the total number of occur-
rences of sound i; and N, the total number of sounds in the data
set. Calculating these transitions for each possible pair of sound
types i and j, completed a matrix of transition probabilities,
interpreted here as a directed network where each sound type is
represented as a node, and the transition probabilities between
two sound types are represented as the edges connecting them. As
interpretable characteristics of these networks, we calculated
betweenness centrality for each node, which measures the num-
ber of shortest paths connecting different nodes passing through a
specific node. This corresponds to measuring the extent to which,
for a given sound element, sound combinations or calls contain a
sound of that element. We further calculated the ratio between
nodes' in- and out-degrees, which indicates whether a specific
node or sound element is more likely to be at the start (prefix) or
end (suffix) of a combination of sound elements.

To establish more directly whether sounds from each sound
type are more likely to serve as prefixes (i.e. beginnings) or suffixes
(i.e. endings) of sound combinations, we calculated the odds ratio
for sound elements of each sound type to be at the start, in the
middle, or at the end of sound combinations. We first calculated
the number of times sounds of each sound type occur either at the
start, the middle, or the end of a sound combination. We included
in our analyses sound combinations composed of up to nine ele-
ments. We calculated the expected number of sounds occurring in
each position within the sound combination under the assumption
that sounds are emitted at random, that is, a sound element would
have an equal probability to occur at any location within the sound
combination. Finally, we used the real and expected number of
occurrences at each position to obtain the log-odds ratio. In
addition, to assess whether these sequential preferences are stable
independent of the length of a sound combination, we separately
calculated these log-odds ratios for sequences of length two to five
(for longer sequences, we did not have enough examples to
calculate reasonable odds ratios).

From Calls to Call Sequences

Pukeko emit some calls within larger sequences, where each
call is emitted within a certain time lag from the previous call. We
considered calls to be part of a call sequence if they were emitted
within 5 s of each other. We decided on a 5 s interval, as follows: a
visual inspection of our recordings. This time interval led to the
reliable identification of individual call bouts without mixing
separate bouts. Call sequences differ by the types of calls, as
distinguished by their sound-element composition, emitted
within them. We used these differences to categorize call se-
quences into six types, generally following the categories laid out
by Clapperton and Jenkins (1984). However, we focused predom-
inantly on the sound elements included within these sequences
and ended up with two types of yelling sequences (including
mostly ‘tut’, ‘a.squeek’, ‘brumm’ or ‘scream’), hiccup sequences
(including snorts), two types of food call sequences (including only
‘bup’ or mostly ‘bup and di’ elements) and ‘n’yip’ sequences
(including mostly squeeks and squaks). In the main text, we
explored yelling sequences that included tut-a.squeek-brumm
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calls, as these were some of the least variable and for which we
had the highest sample size (N= 181; see also Table S5). In addi-
tion, these are the sequences for which the context is the clearest
for interpretation, given our recording setup. Details for the other
sequences can be found in the supplementary material (Section D,
Figs. S5-8).

For the identified call sequences we investigated (1) the cor-
relation between the number of sound elements in a call and the
relative call position within the sequence (earlier-later); (2) the
correlation between the number of sound elements within a call
and call duration; and (3) the intercall interval (measured from the
start of each call to the start of the consecutive call) across the
sequence. For each of these analyses, we used Kendall’s rank cor-
relation, as the residuals of the data were not normally distributed,
and we could not fit generalized linear models. In the next step, we
determined the probability of where specific sound elements
appear within the call sequence, that is, in the first call, the middle
calls or the last call of a sequence.

RESULTS

We identified 13 different sound elements for adult pukeko in
our recordings (Fig. 1). The identified sound elements did not
separate into distinct clusters in the UMAP space but formed
overlapping clusters (Fig. 2a, Fig. S1), suggesting a partial gradient
of the sound element acoustic structures. Such a partial gradient is
also supported by silhouette scores (Fig. S1a), which show that
certain sound element types had significant overlap with their
nearest sound element types. In addition, HDBSCAN (Fig. S1b)
could not assign a large number of sounds to detected clusters.
Nevertheless, a comparison of the 40 nearest neighbours of each
sound element within latent space indicates that each sound
element type is more likely to be surrounded by other sound el-
ements of the same type than by other sound elements (Fig. S1b).
Our separate supervised learning approach (a random forest
model), also based on spectrograms, similarly struggled to
distinguish between these edge cases (Fig. S2). This suggests that
information needed to cleanly distinguish these sound-element
types is not always present in the spectrograms.

hms 0,5 | 0]

[ (R (|
squak &meek

=

From Sound Elements to Calls

In the analysed continuous recordings from six nests, 31.8% of
sounds were emitted as a unigram; the rest were found within a
combination of sound elements of up to 21 elements (Table 1).
Specifically, we found brr, bup, buzz, di and screach to be over-
represented as unigrams, whereas a.squeek, brumm, drr, scream,
snort, squak, squeek and tut were more likely to be emitted
together with other elements than expected by chance (Table 2).

Considering paired sounds (bigrams), while some sound ele-
ments were very likely to be repeated (that is, ‘bup’, ‘di’, ‘brr’ and
‘buzz’), most sound elements co-occurred with specific other
sound elements and in a certain order. For example, tut-a.squeek
appeared as a stable pair and never in the reversed order. The
tut-a.squeek construct was most likely followed by ‘squeek’ or
‘squak’ and unlikely to be directly followed by any other sound
element (Fig. 3a). The structure of the sound sequences is further
highlighted by the betweenness centrality (Table 3), with six of the
13 sound elements (screach, drr, scream, tut, brumm and buzz)
having a betweenness centrality of 0, indicating that no shortest
path to other elements passes through these sound elements and
that they are mostly at the beginning and end of the sequence or as
repeated elements of the same element type. The other seven
sound elements have values ranging from 51 (squak) to 11 (snort),
indicating their importance in appearing in the middle part of a
sequence, connecting other sound elements. When calculating the
ratio between a node’s in- and out-degree (Table 3), we found clear
indications for some sound elements to typically appear as an
prefix (tut, screach), whereas others seem to appear as a suffix
(squeek, brumm, bup and drr).

To further confirm whether different sound elements are more
likely to appear as a prefix or suffix, we calculated the odds ratio
for specific sound elements to be at the start (first element), in the
middle, or at the end (last element) of a call. Our results here agree
with our bigram analysis, showing that overall, there are stable
prefixes (tut, squak, brr, buzz and di) and suffixes (bup, screach and
brumm). Other elements appear more flexible within calls and can
appear both in the middle and at the end (snort, squeek and drr),
or only in the middle (scream and a.squeek) (Fig. 4). Teasing this
apart by the number of elements included in each call reveals

screach  Hz

8,0
—] L0
scream
|  E—

Figure 1. Examples of pukeko calls with different sound elements. Sound elements are defined by smaller silent periods or sudden spectral shifts. In the bottom row is an example
of a yelling sequence (with reduced intercall interval to improve visualization in this plot; the real mean intercall interval within yelling sequences is 2.94 s).
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Figure 2. (a) Latent space representation of the different sound elements. (b) Log2-normalized nearest neighbour frequency of sound elements within latent space. Positive
numbers (highlighted in red) indicate that two sounds are more likely to be each other’s nearest neighbour than expected by chance, and negative values (blue) indicate that they
are very unlikely to be found close to each other.

() Sound transition probabilities
tut
a.squeek
squeek
squak
bup Value
— di 0.75
el
§ brr 0.5
A buzz 0.25
brumm
0

snort
scream
screach
drr

& @ I 9y b @ b
% %, Y Y 0 e

Sound 2

Figure 3. (a) Transition matrix between sound elements within sound combinations. Blue values indicate very unlikely transitions, whereas pink indicates very high transition
probabilities. Grey values indicate that the probability of the transition occurring is 0. (b) A network calculated from the sound transition data, where each sound element is
represented as a node and the transition probabilities between sounds as directed weighted edges.
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Table 3
Network metrics for the bigram transitions for sound combinations

Sound element Betweenness centrality In-degree/out-degree

bup 47 1.19
buzz 0 0.36
squak 51 0.84
squeek 12 2.84
di 13 0.96
brr 30 0.41
snort 11 1.25
a.squeek 42 1.01
brumm 0 1.40
tut 0 0.03
scream 0 0.77
drr 0 1.11
screach 0 0.11

Shown are betweenness centrality scores and the ratio between a node’s in- and
out-degree. Betweenness centrality measures the number of shortest paths con-
necting different nodes and passing through a specific node. The ratio between a
node’s in- and out-degree indicates whether a specific node or sound element is
more likely to be an prefix or a suffix, for example, at the start or end of a com-
bination of sound elements; that is, low ratios indicate that a sound is an prefix,
whereas high ratios indicate that a sound is a suffix.

more detailed structural rules. Some sounds are very stable,
whereas others shift position within a sound sequence or appear/
disappear, depending on the total number of elements (Fig. S3). For
instance, all sounds can appear in two-element calls, but some
elements (screach) never appear in calls of length 3 or 4. The po-
sition (start, middle and end) of elements becomes much more
fixed within longer calls; for example, tut and squak are very stable
prefixes across different sequence lengths, a.squeek appears
within the middle of a call independent of sequence length,
whereas brumm, scream and drr shift from the end to end towards
the middle when occurring within longer calls. Some sounds (e.g.
bup, di and buzz) are distributed somewhat randomly within the
sound sequences that they appear within (see Fig. S3).

From Calls to Call Sequences

We explored the structure of yelling call sequences that include
tut-a.squeek-brumm calls. We found a positive correlation be-
tween the number of sound elements within a call and the
normalized position of a call within a call sequence, such that calls
at the beginning of a sequence had fewer elements than calls at the
end of a yelling sequence (Kendall’'s rank correlation: z = 13.296,
tau = 0.45626, P < 0.001; Fig. 5a); this led to calls in longer se-
quences being on average longer than calls in shorter sequences
(Fig. S4). Additionally, we found that calls with more elements
were longer in duration (Kendall’s rank correlation: z = 20.792,
tau = 0.671, P < 0.001, Fig. 5b). Calls within a yelling sequence were
emitted on average every 2.94 s. However, the intercall interval
was not constant; instead, the interval decreased such that calls
towards the end of a yelling sequence were emitted at shorter
intervals than the calls at the beginning of a sequence (Kendall’s
rank correlation: z = —3.250, tau = —-0.102, P = 0.001; Fig. 5c).
Within yelling sequences, we only found 9 of the 13 identified
sound elements (Fig. 5d). Several sound elements tended to appear
at a certain phase of the call sequence while being completely
absent from others (Fig. 5d). Overall, we found that with the
progression of the yelling sequences, the calls are produced at a
faster rate, becoming longer and changing in terms of their
structure (more sound elements and more variable sound element
composition).

DISCUSSION

Defining a basic communicative unit is conceptually chal-
lenging, and the annotation of animal vocalizations is easier and
faster when they are delimited by silence. However, using silence
to define units can lead to bias and overlook fine syntactic struc-
tures within uninterrupted sound (calls) that potentially
indicate combinatorial complexity (Kershenbaum et al.,, 2016;

tut -
squak -
brr -

T

buzz

difF

T

scream

a.squeek [

Sound

snort

T

bup -

T

squeek
drr -

screach

T

brumm

T

Start

Middle End

Location within sound combination

Figure 4. Location of sound elements within sound combinations for all sound combinations combined. Presented are the log-odds ratios of each sound being at the start, middle,
and end of a call, respectively. Negative values (in blue) indicate sounds being underrepresented at a specific location, 0 (white) indicates that sound elements appear at a location
similar to the chance expectation, whereas positive values (in red) indicate that sound elements are more likely to be found at that location than expected by chance. Grey cells

indicate that the sound element never appeared at that location.
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Figure 5. (a) Correlation between number of elements in a call and the position of the call within a sequence; (b) correlation between the duration of calls and the number of
elements they are made up of; (c) correlation between intercall interval and position of calls within a sequence; (d) appearance of specific sound elements within the calls within
yelling call sequences. Negative values (in blue) indicate sounds being underrepresented within a specific location, 0 (white) indicates that sound elements appear at a location
near the chance expectation, whereas positive values (in red) indicate that sound elements are more likely to be found at that location than expected by chance. Grey cells indicate

that the sound element never appeared within that location.

Mann et al,, 2021). Our study reinforces this view by demon-
strating that the calls of a nonvocal learning species, the pukeko,
are composed from 13 basic sound elements that form the building
blocks of its acoustic repertoire. We took a systematic and hier-
archical approach like the one used in human language and
defined sound elements, calls and call sequences while attempting
to also resolve the organizational rules at each of the levels. This
approach showed that stereotypic organizational patterns appear
at all levels.

Certain sounds were mostly produced as unigrams, suggesting
that they bear independent communicative functions. Other
sounds were mostly produced as a part of multicomponent calls,
acting as prefixes, suffixes or connecting elements. Physical con-
straints of the vocal apparatus (Demery et al., 2021) may affect
whether a specific sound element serves as a prefix, suffix or
connecting element, such that some sounds might be easier to
produce at the start or end of a call. None the less, sound elements

that rarely/never appear as unigrams are likely not to have inde-
pendent functions but rather to serve as modifiers to the infor-
mation encoded in the core sound elements. What the specific
function and modifications are for pukeko sound elements is
currently unknown and will have to be tested with specifically
designed experiments. Here, the distinction of sound elements and
their position within common vocalizations can aid in deciphering
the meaning of signals. Specifically, the information may serve as a
baseline for signal manipulation experiments, in which specific
elements could be switched or removed before playing them back
to birds in order to determine their function (Engesser et al., 2019).

Higher-level structural combinatoriality (call sequences)
showed stereotypic progression of signalling events. For instance,
inyelling bouts, later calls in the bout were longer, produced faster,
contained more sound elements and were more variable in sound
element composition than earlier calls within yelling bouts. Such
patterns are typically shown and studied in the context of songs
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(for example, birds, gibbons, whales, hyraxes and humans)
(Berwick et al., 2011; Cannon, 2023; Clarke et al., 2006; Demartsev
et al., 2017). For instance, singing is driven by motor constraints
(Rajan & Doupe, 2013), whereby birds may ‘warm up’ to improve
performance over time. Similarly, pukeko may warm up during
calling sequences, starting with simpler calls and increasing
complexity with progressive calling. Additionally, in both human
and animal songs, such dynamic progression songs have been
suggested to prevent habituation and to maintain the attentive-
ness of receivers (Demartsev et al., 2023; Hughes, 2011; Osborn,
2013; Rothenberg et al., 2014). Although call sequences are not
equivalent to songs, similar processes might apply, especially in
long-range territorial or advertisement call sequences, such as the
yelling call sequences analysed here.

The shift in syntactic structure along the call sequences (in-
clusion/omission of sounds depending on the position of the call)
can imply dynamic informational content of a call sequence, such
that information encoded in later calls relies on the context set by
the earlier ones. Changes in call structure could also indicate
changes in caller arousal states, such that longer and more variable
calls indicate increased arousal. In primates, high-arousal calls are
longer (Liao et al., 2018; Ordénez-Gomez et al., 2023; Rendall,
2003; Slocombe & Zuberbii, 2007) and have a higher funda-
mental frequency (Hz) than low-arousal calls (Fichtel et al., 2001;
Schrader & Todt, 1993; Schwartz et al., 2022; & Zuberbiihler,
2007), though see (Ordonez-Gomez et al., 2023). We found pukeko
yelling calls to increase in duration and to include more high-
pitched sound elements (e.g. scream instead of brumm) in later
calls within calling bouts. Thus, we speculate that pukeko might
become more aroused as the bout proceeds. As pukeko yelling calls
are part of territorial displays, callers might increase their call rate
and the complexity of their calls when the threat of ‘invading’
neighbours is higher. Certain sounds were most likely to appear at
the start of calls (prefix) and generally at the beginning of call
sequences. Such a position of the sound elements could indicate an
alerting function recruiting receivers' attentional energy before
the main messaging components of the signalling sequence. The
alerting function is often achieved through the evocative or
degradation-resistant acoustic structure of the vocal units
(Demartsev et al., 2025; Ord & Stamps, 2008).

The increase in duration of calls along calling sequences stands
in contrast to Menzerath’s Law, which suggests that longer call
sequences are composed of shorter elements (Menzerath, 1954).
Menzareth law has been observed in multiple avian and
mammalian systems with songs ranging from shorter to longer
than an average pukeko yelling sequence; for example, gibbons
(Huang et al., 2020), penguins (Favaro et al., 2020), zebra finches
(James et al, 2021) and, most recently, 11 whale species
(Youngblood, 2025). Such communicative efficiency is hypothe-
sized to be driven by minimizing articulation effort and vocal
production costs (Gustison et al., 2016). Thus, the contrasting re-
sults found in the pukeko sequences are somewhat unexpected.
However, animal communication does not always adhere to the
compression (Zipf, 2016) and the physical efficiency drivers orig-
inally defined for human languages (Gibson et al., 2019). The
effort-determining factor in vocal production can differ across
species (Demartsev et al., 2019), and selection can drive signals
away from theoretical efficiency due to unique ecological or
functional constraints (Clink et al., 2020). The aggressive context of
the yelling sequences would suggest that conveying honest in-
formation about the individual traits and reducing signal ambi-
guity might take functional precedence over communicative
compression and economy. Aggressive and territorial displays are
often exaggerated to facilitate detection (Smith & Evans, 2011) or
as a handicap (Zahavi, 1977), with both processes potentially

acting in opposition to Menzareth' law and minimizing the sig-
nalling costs.

We identified 13 sound elements and how they are organized
on two hierarchical levels, suggesting a sophisticated and struc-
tured communication system in adult pukeko, reminiscent of the
one described previously for Australian magpies (Walsh et al,,
2023). However, we currently lack detailed knowledge of the
meaning and function of sound elements and calls and are unable
to specify the type of combinatoriality pukeko actually show
(Engesser & Townsend, 2019). For instance, we do not know
whether all sound elements are meaningless or whether sound
elements appearing predominantly as unigrams contain separate
meaning, though our results suggest that this is likely the case.
Accordingly, we do not know whether piikeko show phonocoding,
multielement calls or neither (Engesser & Townsend, 2019).
Similarly, we do not know whether variation in call composition
and structure along yelling call sequences or other call sequences
has any functional significance. It remains to be shown if pukeko
call sequences could resemble the call combinations of chimpan-
zees who combine pant hoots and food calls in a structured way
within highly specific behavioural contexts (LeRoux et al., 2021) or
pied babblers and Japanese tits who combine alert and recruit-
ment calls into mobbing sequences (Engesser et al., 2016; Suzuki
et al.,, 2016). Much of the focus of studies on combinatoriality
within vocal systems in birds has focused on species that are
considered vocal learners, for example, songbirds. Our study
highlights the fact that a bird species that is not known to learn
(parts of) its repertoire may also show hierarchically structured
communication systems similar to primates.

Although our recordings were restricted to the breeding season
and limited to the immediate vicinity of the nest, our recording
methodology generated a more extensive and uniform sample of
vocalizations than would have been feasible using manual audio
recordings. Although we likely missed less frequent calls and
sound elements that occur in other contexts or seasons (e.g.
mating calls), our findings establish a fundamental framework for
understanding the hierarchical and structural complexity of
pukeko vocalizations. This presents opportunities for future
research to expand upon our foundational acoustic framework. We
note that the sound elements emitted by pukeko are on a gradient
(Fig. 2a). Both UMAP and random forest analysis independently
demonstrate broad agreement with our manual classification;
however, some sound element types are consistently mis-
identified. Human annotators take into account the visual spec-
trographic representations of the sounds but also the audible
sound itself. Additionally, humans may perceive changes in sound
due to the distance to the recording device, as well as co-
articulation effects resulting from transitions between different
sound types. Consequently, humans may distinguish finer details
between certain sound element types or, conversely, group vari-
able sounds into the same type. In such instances, one way to
confirm whether such confounding pairs of sound element types
are indeed separate classes is through playback experiments
(Engesser et al., 2019).

As we exclusively focus on adult vocalizations, an exciting
avenue for a follow-up study would be examining how chick vo-
calizations, which comprise their own diverse acoustic repertoire,
eventually transform into adult forms, potentially involving
similar or entirely different sound elements and combinatorial
rules. The ontogenetic trajectory of these vocalizations could
provide critical insights into both learning and innate components
of avian vocalizations (Loo & Cain, 2021). Although we were un-
able to identify individual vocalizers, future work could focus on
individual differences in acoustic production, accounting for fac-
tors such as sex, status and age. For instance, certain vocalizations
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may be produced primarily by males during territory defense or by
dominant females to defend breeding status, or the complexity of
combinations may increase with age as juveniles gradually master
the full adult repertoire.

The hierarchical combinatorial structure documented in our
study represents a fundamental contribution to understanding
how complexity emerges in animal communication systems. The
observation that most sound elements rarely appear in isolation
but instead participate in various combinations across different
calls suggests that selection may have favored flexibility in infor-
mation encoding rather than an expanded inventory of acousti-
cally distinct signals. The structural parallels between this system
and those found in other species, from primates to songbirds,
provide an opportunity to examine convergent evolutionary pro-
cesses in communication. Looking forward, this acoustic frame-
work we have established opens numerous research directions,
including playback experiments to test the function and percep-
tion of specific sound elements and their combinations, compar-
ative studies across populations and related species to trace
evolutionary trajectories and detailed investigations into how so-
cial complexity may drive or constrain communicative complexity.
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