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Robust rhythm reporting will advance ecological and
evolutionary research
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distributions, and conducting rhythm analyses. Data sharing levels are: sharing
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3. Using sounds recorded from a sperm whale as a case study, we demonstrate
how each reporting framework level can be implemented on real data. We also
highlight existing best practice examples from recent research spanning multiple
species. We clearly detail how engagement with our framework can be tailored
case-by-case based on how much time and effort researchers are willing to con-
tribute. Finally, we illustrate how reporting at any of the suggested levels will help
advance comparative rhythm research.

4. This framework will actively facilitate a comparative approach to acoustic rhythms
while also promoting cooperation and data sustainability. By quantifying and re-
porting rhythm metrics more consistently and broadly, new avenues of inquiry
and several long-standing, big picture research questions become more tractable.
These lines of research can inform not only about the behavioural ecology of
animals but also about the evolution of rhythm-relevant phenomena and the be-

havioural neuroscience of rhythm production and perception. Rhythm is clearly
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1 | INTRODUCTION

From the rhythm of the tides to that of a beating heart, temporal
structures that operate over different scales are frequently de-
scribed as ‘rhythmic’. What unites these and other examples (e.g.
rhythm of the seasons, rhythm in music, rhythm in speech) is a re-
current, predictable pattern over time. For acoustic rhythms, this
temporal pattern conveys information in and of itself, regardless
of the features of the sound elements—notes, clicks, calls, pulses,
songs and so forth—that are being repeated (Garcia et al., 2020;
Gerhard, 2003; Margoliash, 1983; Williams & Staples, 1992). An ex-
ample is human Morse code, where the precise combination of short
sounds, long sounds, and silences codes for letters, numbers, punc-
tuation, and words. In other taxa, the rhythmic patterning of signals
can communicate signaller species (e.g. woodpeckers, Picidae fam-
ily), signaller cultural group membership (e.g. sperm whales, Physeter
macrocephalus) or predator threat urgency (e.g. meerkats, Suricata
suricatta) (Garcia et al., 2020; Hersh et al., 2022; Manser, 2001).
Rhythm is a fundamental feature of life and plays a critical role in
acoustic communication for many species, but how the capacities
underlying this remarkable ability evolved in human and non-human
animals remains enigmatic.

To unveil this mystery, a growing number of researchers are in-
vestigating the acoustic rhythms of different taxa across behavioural
contexts and with various aims. Rhythm analyses are used to bet-
ter understand species discrimination, physiological correlates be-
tween communication and movement, mating preferences, and
arousal coding (Burchardt et al., 2019; David et al., 2003; Demartsev
et al., 2022; Manser, 2001; McRae, 2020; Norton & Scharff, 2016).
Other contexts in which temporal structures play a substantial
role include during multi-individual displays (e.g. conspecific duets
and choruses) and vocal ontogeny (Chronister et al., 2023; Pika
et al., 2018; Sasahara et al.,, 2015; Yoshida & Okanoya, 2005).
Acoustic analyses often include quantification of rhythm-relevant
temporal parameters, but inconsistent reporting of those parame-
ters and minimal crosstalk across studies, taxa, and lines of research
limit comparisons of results.

Many researchers have espoused the merits of studying differ-
ent facets of animal acoustic communication—including vocal pro-
duction learning, acoustic allometry, and song production—using
comparative approaches (Bowling et al., 2017; Fitch, 2006; Garland
& McGregor, 2020; Lattenkamp & Vernes, 2018; Martin et al., 2017;
Ravignani et al., 2019; Rendell et al., 2021). Indeed, the volume of
relevant papers published over the last decade indicates a growing

an emergent feature of life; adopting our framework, researchers from different

fields and with different study species can help understand why.

animal communication, bioacoustics, comparative approach, open science, reporting
framework, rhythm, timing

consensus that a productive way to advance the study of rhythm in
(human and non-human) animal communication is through a cross-
species, comparative approach.

To ensure that the comparative approach is feasible for re-
search on rhythm in acoustic signals or other communication
modalities, clear methodologies and comprehensible terminology
are needed. The use of clear methodologies has been discussed
in published ‘primers’ that illustrate different ways to quantify
acoustic rhythms, ranging from simple measures of (deviation
from) isochrony,1 such as the coefficient of variation (CV) of tem-
poral intervals, to more complex measures of hierarchical tem-
poral structure, such as multifractal analysis of signal amplitude
envelopes (Burchardt & Knérnschild, 2020; Kello et al., 2017;
Kershenbaum et al., 2016; Ravignani & Norton, 2017; Roeske
et al., 2018; Saar & Mitra, 2008). Comprehensible terminology does
not necessarily mean universal definitions (c.f. Ravignani, 2017a):
while terminology variation across disciplines or taxa is not an
issue per se, it must be accounted for with clear definitions. As an
example of this variability, consider the following subset of terms
used in the literature to describe one of the most important units
forrhythm analyses, aninterval between two elements of interest:
inter-bout interval, inter-call interval, inter-click interval, inter-
onset interval (IOl), inter-pulse interval, inter-song interval, and
more (Burchardt et al., 2019; Hersh et al., 2022; Herzing, 2015;
Moran et al., 2020; Norton & Scharff, 2016; Schneider & Mercado
I1l, 2019). There can be subtle differences in how these terms are
defined, making comparisons across studies potentially flawed.
Throughout this manuscript, we use the term ‘interval’ to mean
the temporal duration between any points of interest in an acous-
tic sequence.

Different fields have access to the methods and terminology
needed to conduct widespread analyses of acoustic rhythms but
show little consistency in how and when techniques are applied and
results reported. A comparative approach is thus feasible in theory,
but not yet possible in practice, generating a ‘reporting gap’ in the
literature.

Multiple factors contribute to this reporting gap. Crosstalk
among bird, mammal, insect, fish and amphibian researchers is
generally limited and, when it does occur, occurs unevenly (e.g.
whale song is frequently compared to birdsong but rarely to cricket
or frog song). Species that make rhythmically similar sounds using
different production mechanisms are also rarely compared. For
example, certain cricket and fish species produce isochronous
sound sequences, but have not been compared because how they
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do so—wing stridulation in the former and pulsatile calling in the
latter—is very different (Burchardt, Picciulin, et al., 2021; Moran
et al., 2020). Under similar pressures, however, convergent evo-
lution can drive systems to similar endpoints via different mecha-
nisms. Even neurally ‘simple’ oscillatory behaviour, like that seen in
slime moulds Physarum polycephalum or nematodes Caenorhabditis
elegans, can help us understand, for example, whether isochrony is
an ancestral mode of animal rhythmic signalling (Fouad et al., 2018;
Kobayashi et al., 2006). Quantifying and sharing rhythmic metrics
for many different species is crucial to facilitating answers to such
‘big picture’ questions, but best practice reporting guidelines are
missing.

Here, we present a reporting framework for research on acoustic
rhythms. Many acoustic datasets are just a few scrapes away from
contributing to and advancing the field of comparative rhythm re-
search. Cognizant that researchers may have limited data, time, or
interest, this framework outlines various degrees of data reporting,
all of which will bolster future comparative work. Our goal for this
framework is not to convert every researcher into a rhythm spe-
cialist, but rather to encourage and provide guidelines for reporting

rhythm-relevant metrics in acoustics studies.

2 | REPORTING ON RHYTHM-RELEVANT
PARAMETERS

Our reporting framework consists of eight levels, which can be di-
vided into two categories: metric reporting (levels A-D, Box 1) and
data sharing (levels E-H, Box 2) (Figure 1a). Box 3illustrates how each
level of the reporting framework can be applied using a real-world
example. The ordering of levels within and across categories indi-
cates a logical progression of analytical steps rather than absolute
reporting priority. Generally speaking, the contributing researchers'
time expenditure, physical amount of data shared, and usefulness
for subsequent users increases from level A to H. For example, level
A likely corresponds to the least additional effort (in terms of time
and other constraints) for contributing researchers, and least benefit
for other colleagues interested in reusing the data. Level H likely re-
quires greater additional effort and commitment because it involves
sharing fully labelled and annotated recordings, but at the same time
provides readily reusable data.

By labelling, we mean labels in the temporal domain that de-
note temporal points of interest in a recording, such as element
start times, element end times, or peak amplitude instances. Each
of these types of labels can be used to calculate intervals, which
are the foundation for most rhythm analyses. In contrast to ‘label-
ling’, ‘annotating’ refers to adding descriptive notes to recordings,
such as recording context or element type(s) (Figure 1b), ultimately
leading to a list of descriptors. While audio recording processing
is often still done manually, semi-automatic or automatic software
that can aid in such processing, like Chipper or PAMGuard, are
becoming increasingly popular (Gillespie et al., 2008; Searfoss
et al., 2020).

Levels E-H of the reporting framework (Figure 1a) involve up-
loading data to a publicly accessible repository, such as Open
Science Framework, Dryad Digital Repository, Mendeley Data,
GitHub, Figshare, or Zenodo. This recommendation touches on two
important topics in science: data sharing and data storage. Whether
or not researchers share their data can depend on many factors, in-
cluding funding body mandates, journal requirements, fear of being
‘scooped’, time constraints, and/or perceived helpfulness of doing
so (Gomes et al., 2022). Even when researchers are able and willing
to share data, dataset storage poses real challenges that scale up as
the size of the dataset increases (e.g. repository costs, storage space
limitations, energy consumption). Despite these challenges, open ac-
cess data is key to scientific progress. The extensive benefits of open
access data include: avoiding unnecessary redundancy, enabling
replication, ensuring transparency, addressing inequity, promoting
sustainability, and generally fostering goodwill and collaboration,
rather than animosity and competition, among researchers (Gomes
et al., 2022; Munafo et al., 2017; Popkin, 2019). For individual re-
searchers, open access data can directly translate into more research
citations and advance future work on one's study system.

It is worth noting that the different levels in our reporting frame-
work are separated by soft subdivisions rather than hard boundaries.
Level A—labelling elements and defining metrics—is a prerequisite
for most other levels. It can stand alone as a first step towards fa-
cilitating comparability, but if other levels are reported on, the el-
ements and metrics must be reported on as well. For example,
Level B—providing point estimates of temporal interval variability—
requires knowledge of the elements and metrics that were used to
quantify intervals. From a comparative perspective, the acoustic
sequence ‘metadata’ mentioned in Box 2 with regards to Level F—
sharing interval data—would ideally be shared at all other reporting
levels as well, as it can add key nuance to downstream analyses and
interpretations. This includes sharing as much information as pos-
sible regarding the individual, group, and/or species identity of the
recorded animal(s); the behavioural context in which the recording
was made (e.g. mating, dominance display, predator threat, etc.); and
the general time scale, given that acoustic communication of differ-
ent taxa can happen over vastly different time scales (days, hours,
minutes, seconds, etc.). As these examples illustrate, there are areas
of overlap among the different reporting levels, and reporting at any
of the suggested levels will help advance ecological and evolutionary
research. We have devised a decision tree to guide researchers in
deciding which rhythm relevant metrics to report and how best to

do so (Figure 1c).

3 | LOOKING AHEAD

By quantifying and reporting metrics more consistently as we suggest,
questions in animal rhythmicity become more tractable. Answering
these questions can inform not only about the behavioural ecology of
animals, but also about the cognitive neuroscience of rhythm produc-
tion and perception and the evolution of rhythm-relevant phenomena.
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BOX 1 Metric reporting

LEVEL A: Label elements and define metrics

During acoustic analyses, sound elements are often labelled or annotated in some way, even when no specific temporal parameters
are quantified. If those markings can be extracted as labelled timepoints this can be a straightforward (and requisite) first step for
further rhythm-relevant analysis. To enable comparisons across studies, it is crucial to clearly define the kind of interval that was
labelled. For example, the abbreviation ‘ICI’ is polysemous across studies, alternately being used to refer to inter-click intervals (typi-
cally the duration between the start of one click and the start of the next click) or inter-call intervals (often considered the duration

between the end of one call and the start of the next call).
LEVEL B: Provide point estimates

Reporting temporal interval variability parameters can be quick but highly informative. The mean, standard deviation (SD), median,
and range of intervals are informative metrics that are useful and often essential in subsequent analyses and comparisons. The CV,
typically reported as a percentage, can be calculated by dividing the SD by the mean when these two quantities are well-defined. It
is independent of sample size and the mean, making it a powerful measure for comparing rhythmic variability across studies. Finding
drivers behind documented variability or consistency can help researchers better understand the importance of rhythmic structures
within and across species' communication systems. Here, it is crucial to describe over which time scales and/or for which intervals
point estimates were calculated or reported. For example: were parameters calculated or summarised per sound sequence, per indi-

vidual, per age class, per population, per day, and so forth?
LEVEL C: Report interval distribution estimates

Distributional information is partly lost when only reporting basic statistics (Ravignani, 2017b). A next step is to report the distribu-
tion of labelled intervals or other temporal parameters. This can be conveyed visually (via histograms) or descriptively—does the
data follow a Gaussian distribution, bimodal distribution or uniform distribution? These descriptions provide clues about underlying
rhythms: a uniform distribution suggests there are no distinct rhythmic categories in the dataset, a bimodal distribution potentially
suggests several different rhythm categories, and a steep unimodal distribution indicates an isochronous rhythm.

LEVEL D: Do a rhythm analysis

The final metric reporting level addresses specific rhythm questions using an appropriate method (or methods). Many types of
rhythm analyses are possible, and have been discussed at length in the literature (Burchardt, Briefer, et al., 2021; De Gregorio
etal., 2021; Ravignani & Norton, 2017; Roeske et al., 2018; Saar & Mitra, 2008; Sasahara et al., 2015; Schneider & Mercado lll, 2019).
For example, the underlying rhythmic beat of an acoustic sequence can be automatically calculated (https://github.com/LSBurchard
t/R_app_rhythm/tree/master/RhythmAnalysis) using methods from Burchardt and Knérnschild (2020). Given that different rhythm
analyses target different aspects of rhythm, researchers will use and report results from multiple complementary approaches in the

best-case scenario.

| Rhythm and ecology

open-habitat species show greater rhythmic complexity in their

Rhythm research can help us better understand the behavioural
ecology of different species. Different environments present dif-
ferent challenges for animals that communicate acoustically, and
can lead to different degrees of information encoding in tem-
poral versus spectral features of acoustic signals (Kershenbaum
et al.,, 2016). For example, songbirds that live in open habitats,
like grasslands, exhibit greater temporal resolution in rapidly
modulated calls than songbirds that live in reverberant habitats,
like forests (Henry & Lucas, 2010). Similar trends are seen when
comparing temporal features of echolocation when bats are forag-
ing in open versus cluttered environments (Petrites et al., 2009;
Stidsholt et al., 2021; Wund, 2006). A testable hypothesis emerg-
ing from these studies—and which would benefit from cross-
species researchers adopting our reporting framework—is that

signals than reverberant- or cluttered-habitat species. This hy-
pothesis can be extended beyond songbirds and bats; for example,
by comparing the vocalisations of coastal versus open-ocean fish
or cetacean species.

The temporal structure of acoustic signals can also provide in-
formation about another ecological factor, namely temperature. In
two-spotted crickets Gryllus bimaculates, repetition rates of chirps
show a linear increase for temperatures between 15 and 24°C,
and females tend to only react to male songs with rates that match
their own temperature conditions (Doherty, 1985). This suggests
a connection between the physiological mechanisms underlying
pattern generation and pattern recognition in crickets. In some
ectothermic fish species, where communicative sounds are pro-
duced by sonic muscle contractions (which in turn are highly influ-
enced by temperature), repetition rates of within-sound elements
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BOX 2 Datasharing

LEVEL E: Share audio recordings

Sharing unprocessed audio recordings, such as .wav files,
grants considerable flexibility to other researchers who want
to repurpose a dataset for different analyses (for example, by
allowing other researchers to focus on other sound elements).
Apart from storage space constraints, this reporting level typ-
ically does not require high time investment from contribut-
ing researchers. Large audio datasets can be downsampled to
decrease file size without compromising future rhythm analy-
ses, as temporal features are generally robust to moderate
downsampling (Kottege et al., 2012). Alternatively, intensity
curves of the data rather than the actual audio recordings
could be shared. A fast and accessible option to extract inten-
sity curves is implemented in Parselmouth, a Python library
for the Praat software (https:/github.com/YannickJadoul/
Parselmouth) (Jadoul et al., 2017). However, certain types
of information are lost when utilising this approach, and we
therefore do not advise it for some situations (e.g. for record-

ings with multiple individuals or element types).
LEVEL F: Share interval data

Interval data can also be shared in a publicly accessible data-
base. From this type of data, other researchers can calculate
interval means and SDs (Level B), generate interval distribu-
tions (Level C), or run specific rhythm analyses (Level D). It is
critical to describe the intervals being shared in detail. This
includes providing sequence definitions, the labelled points
of interest in each sequence (e.g. element start times, ele-
ment end times, element peak amplitudes), and metadata for

each sequence (e.g. recorded individual, context).
LEVEL G: Share element start and end times

Labelling and annotating acoustic recordings is typically
the most time-consuming stage in any analytical pipeline.
Therefore, sharing data on labelled sequential sound points
of interest (i.e. element start and end times) as well as cor-
responding annotations (if available) affords immense flex-
ibility in re-analysis. Doing so allows other researchers to
calculate the intervals of interest, the durations of sound el-
ements, and the durations of silences. This can help us better
understand acoustic communication in species that produce
sound elements that vary in duration, such as skylarks and
humpback whales (Allen et al., 2017; Briefer et al., 2008).

LEVEL H: Share recordings and element labels

The most comprehensive level of data sharing combines levels
E and G, where recordings and the associated time labels and
annotations are shared. This enables researchers to run any kind
of temporal analysis they like, while providing the necessary ex-

pertise (i.e. in annotating) to ensure high quality research.

(i.e. pulses) are also positively correlated with temperature
(Ladich, 2018). Have some species evolved ways to escape this
temperature-dependency in their signalling behaviour? How do
different temperatures influence the temporal structure of vocal-
isations, and which animals are able to infer environmental infor-
mation from that structure? Answering these questions becomes
increasingly possible under our reporting framework and can help
establish connections between rhythms and the socio-ecological

contexts in which they are produced.

3.2 | Rhythm and behaviour

The power of rhythm to modulate animal behaviour is perhaps best
illustrated by cases where seemingly small rhythmic alterations have
large effects on subsequent behaviour and fitness. For example,
male northern elephant seals Mirounga angustirostris can distin-
guish other males based on subtle differences in tempo and timbre
of threat calls (Mathevon et al., 2017). This individual recognition,
presumably facilitated by rhythm perception, has direct behavioural
consequences; in a playback experiment, males were significantly
more likely to approach the speaker if the broadcasted threat call
came from a subordinate male, but not if the call came from a domi-
nant male. Recent work on rock hyraxes Procavia capensis has shown
that males who sing more isochronous songs have higher reproduc-
tive success (Demartsev et al., 2022). As these examples illustrate,
structuring of the silences in acoustic displays can be just as (or more)
important than specific features of vocalisations themselves when
it comes to information encoding and conspecific decision-making.
Understanding the temporal structure of communication signals
from single individuals is a requisite stepping stone to understanding
more complex conspecific interactions and behaviours, such as vocal

overlapping and turn-taking (Ravignani et al., 2014).

3.3 | Rhythm and neuroscience

Rhythmicity in neuroscience is already an extremely rich field on its
own (e.g. Buzsaki, 2006). Metrics to measure rhythmicity in neural
activity partly differ from, and have developed in parallel with, be-
havioural measures of rhythmicity (Ermentrout et al., 2008; Katuzny
& Tarnecki, 1993; Okobi Jr et al., 2019; Reinhart & Nguyen, 2019).
At an even more fundamental level, neural rhythmicity is meas-
ured on continuous, oscillatory signals (i.e. waves) while the acous-
tic rhythmicity we focus on here deals with point events in time.
Nevertheless, our framework is interesting for the field of neuro-
science, too. For example, an application for cognitive neuroscience
would be in quantitative meta-analyses: if several studies report
rhythmic metrics for acoustic behavioural stimuli together with
neural measurements, one could correlate the two across studies.
Moreover, there is some evidence that the neural mechanisms for
the perception of rhythm are conserved across species, including
humans (Darwin, 1872; Hulse et al., 1995; Klump & Maier, 1989;
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Level Description Best practice example

Australian field crickets
Teleogryllus spp.
(Moran et al., 2020)

A Label elements and
define metrics

Pickersgill's reed frog
Provide point estimates H Hyperolius pickersgilli
: (Kruger & Du Preez, 2016)

Humpback whales
Megaptera novaeangliae

C Report interval
(Schneider & Mercado, 2018)

distribution estimates

Zebra finches
Do a rhythm analysis Taeniopygia guttata
(Norton & Scharff, 2016)

;; -~ - Egyptian fruit bats
E Share audio recordings ~ 0 Rousettus aegyptiacus
o~ (Pratetal., 2017)

- Lar gibbons
Share interval data Hylobates lar
(Raimondi et al., 2022)

Sperm whales
Physeter macrocephalus
(Tonnesen et al., 2020)

G Share element start
and end times

Eastern North American birds
(various species)
(Chronister et al., 2021)

Share recordings

and element labels

Is th labeled?
(c) s the data labeled

yes I I I II lI "
AL L LS ]
0 it

Are you planning
to label the data?

aas B
s 222225
==
ZEE=IEI D
0 0 t

Are you willing/able to share Are you willing/able
the raw data or recordings? to share the recordings?
T WEEE 333828 _no
r /::::Er-‘,?—l I‘::: == —l
0 0 t
Levels F-H Levels A-D Level E -

FIGURE 1 Reporting framework visual guide and key concepts. (a) Overview of reporting framework levels (for more details, see
Section 2 and Boxes 1 and 2). For each level, a ‘best practice’ example is provided (Chronister et al., 2021; Kruger & Du Preez, 2016; Moran
et al., 2020; Norton & Scharff, 2016; Prat et al., 2017; Raimondi et al., 2023; Schneider & Mercado lll, 2019; Tennesen et al., 2020). (b) A toy
example, showing how a sound spectrogram (top) can be temporally labelled (by marking the start and end points of elements; middle left,
dark green boxes), annotated (by marking element information, such as element type; middle right, coloured letters), or both (bottom). (c)
This decision tree can help users determine which level of reporting is most suitable for their specific situation.

Knudsen & Gentner, 2010; Patel & Iversen, 2014). Therefore, a com- production and perception. Those involve a complex interplay be-
parative approach to rhythm analysis in animal communication can tween neural oscillators and cognitive processes such as atten-
be a powerful tool for studying the neural underpinnings of rhythm tion and memory (Golumbic et al., 2013; Lakatos et al., 2008). The
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BOX 3 Applying the framework to a recording of
sperm whale echolocation

To illustrate how our reporting framework can be applied
to real acoustic data, we use an audio file of echolocation
clicks recorded from a single sperm whale off the Galdpagos
Islands on 11 March 2013. The elements of interest are
clicks and the metric of interest is the click IOl (i.e. the time
between the start of one click and the start of the subse-
quent click; Level A). The start time of each click is manually
labelled. Sperm whale echolocation clicks are multipulsed,
and click decay makes determining click end times chal-
lenging (Zimmer et al., 2005). For that reason, we have not
quantified click end times. All parameters are calculated for
and representative of the single audio file. The average 10l
duration is 0.926s (median=0.904s; range=0.836-1.105s)
with a standard deviation of 0.067s, yielding a CV of 7.2%
(Level B). The low CV suggests that the echolocation clicks
in the recording are generally isochronously spaced. A his-
togram showing the distribution of 10ls (Figure 2) is right-
skewed, with a density peak closer to the median IOl value
than to the mean IOl value (Level C). Using the open source
RANTO software (https://github.com/LSBurchardt/R_
app_rhythm/tree/master/RhythmAnalysis), we determine
the isochronous rhythm that best matches the clicks in the
recording using the IOl approach (where the median inter-
val length is transformed into a frequency) and the Fourier
approach (where the interval sequence is decomposed into
its sinusoidal components) (Level D). Both approaches re-
turn a best fitting isochronous beat of 1.11 Hz. Following
established methods for quantifying the relationship
among adjacent 10ls (De Gregorio et al., 2021; Raimondi
et al., 2023; Roeske et al., 2020), we find an average ratio
of adjacent 10Is of 0.500, which corresponds to an isochro-
nous sequence (Level D). The audio recording (.wav format;
Level E), interval data (.csv format; Level F), click start times
(.csv format, Level G), and recording specifications can be
freely accessed via the Open Science Framework (https://
osf.io/jnpgh/) (collectively, Level H).

analysis of acoustic rhythms can shed light on these processes by
revealing the temporal structure of sensory inputs and the neural

responses to these inputs.

3.4 | Rhythm and evolution

In order to estimate the most likely rhythmic ancestral state of sound
production or to construct cross-species phylogenies of rhythmic
abilities, we must first understand the temporal structure of sound
production for phylogenetically-distinct species (Garcia et al., 2020;

0.9 1.0 1.1
Inter-onset interval

FIGURE 2 Histogram (dark green) and density plot (gold) of click
IOls (in seconds) from a recording of an echolocating sperm whale.
The mean 10l is denoted by the solid purple line and the median IOl
by the dashed orange line.

Ravignani & Madison, 2017; Terhune, 2019). Our framework encour-
ages this type of fundamental research which, if reported, will allow
researchers to tackle questions such as whether similar rhythmic
abilities in different species are analogous or homologous.
Additionally, rhythmic capabilities and their evolution are
likely coupled to other phenomena. For example, vocal production
learning—the ability to acquire new vocalisations or modify exist-
ing vocalisations based on experience—has been linked to flexible
rhythm pattern perception in songbirds and seals (Rouse et al., 2021;
Verga et al., 2022). Other phenomena, such as entrainment and syn-
chrony, are also closely linked to rhythm production and perception
in various taxa, including insects, frogs, birds, and humans (Bowling
etal., 2013; Filer et al., 2021; Hartbauer & Roemer, 2016; Ten Cate &

BOX 4 Outstanding questions

e |s isochrony an ancestral mode of rhythm production
within the animal phylogeny, or did isochronous signals
evolve independently in different taxa?

e How does rhythm production vary across individuals,
groups, or species, and what does this variation tell us
about rhythm function?

e Which selective pressures promote rhythmic vs. ar-
rhythmic sound production?

e How do different production mechanisms shape
rhythms?

e Which factors (e.g. neurobiology, gross anatomy) influ-
ence the flexibility of rhythm production?

e How is the complexity of rhythm production connected
to the cognitive and perceptual abilities of a species?
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Spierings, 2019). That rhythm is implicated in such a diversity of pro-
cesses suggests that rhythm and other abilities may have coevolved.
Rigorous testing of coevolutionary hypotheses versus alternative
explanations will be greatly facilitated by more consistent reporting
of rhythm-relevant metrics in bioacoustics studies.

4 | CONCLUDING REMARKS

Throughout the animal communication literature, many published
datasets are just a few small steps away from easy integration into
comparative rhythm analyses. The rhythm reporting framework for
research on acoustic communication presented here aims to stand-
ardise rhythm metric reporting and foster multi-disciplinary and
cross-species comparisons. It comprises eight levels that require
varying degrees of time investment, data resolution, and researcher
interest. Our framework touches on timely issues in science, includ-
ing data transparency, accessibility and sustainability, and echoes a
growing body of work calling for more open and equitable scien-
tific practices. By embracing this framework, researchers can help
answer several long-standing, ‘big picture’ questions in rhythm and
animal communication research (Box 4). Rhythm is clearly an emer-
gent feature of life; using our framework, researchers from different
fields and with different study species can help understand why.
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