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Abstract

Rhythm. What is it? We all have an intuitive understanding of rhythm: The term is used widely
to describe temporal structures of any kind. These range from the rhythm of the tides, or
seasons, the random - yet rhythmic - drumming of rain on our windowsill, to the movements
of animals, heartbeats or breathing, or the captivating rhythm of a skilled drummer. As of yet,
the term "rhythm" lacks established technical usage in behavioral biology and other research
fields and has therefore been applied to a wide range of behavioral phenomena in the temporal
domain. This wide scope and lack of terminological specificity easily confound the study and
discussion of the distribution of rhythmic behaviors across species including humans.

In this chapter, we tackle this issue across animal species including humans mostly in the
context of cognitive and behavioral biology and neurobiology. First, we identified three general
perspectives to study rhythm, starting with the physical domain, describing a purely physical
phenomenon purposefully detached from any biological example. A second perspective,
moving into biology, includes the perception of these physical signals. A third perspective is
based on higher-order concepts and structures such as music and group interactions. Starting
from the most general sense in which the term rhythm is used for phenomena in time, we add
successive constraints to increase specificity or specialization. Thus, we proceed by stages
from a sense of rhythm in which it is present in all life forms, to one which, to our current
knowledge, might only apply to humans. Lastly, we provide an extensive overview of issues
and perspectives necessary to grasp the full concept of "rhythm" in modern rhythm research

across all domains.



1.1. Introduction

Rhythm. What is it? We all have an intuitive understanding of rhythm: The term is used widely
to describe temporal structures of any kind. These range from the rhythm of the tides, or
seasons, the random — yet rhythmic — drumming of rain on our window sill, to the movements
of animals, heartbeats or breathing, or the captivating rhythm of a skilled drummer. As of yet,
the term ‘rhythm’ lacks established technical usage in behavioral biology and other research
fields and has therefore been applied to a wide range of behavioral phenomena in the temporal
domain. This wide scope and lack of terminological specificity easily confound the study and

discussion of the distribution of rhythmic behaviors across species including humans.

Given that the term ‘rhythm’ is used in research on music and dance, speech and animal
communication, circadian organismic changes, neural and mechanical oscillators, and
movement, as well as in research on acoustic, visual, chemical or electrical signaling in
general, it is unlikely that the term will find a single definition optimal for all its diverse uses.
Behaviors may show rhythms from the millisecond to the year range. Rhythm is used in the
description of individuals, dyads or groups. Taking the term ‘rhythm’ in its widest temporal
sense of ‘periodicity’, rhythmic behavior is exhibited by every living species on earth, including
plants (Bunning, 1957). From the rhythmic beating of a bacterial flagellum powered by a
sophisticated molecular rotary motor (Morimoto & Minamino, 2014), to critical oscillations of
outer hair cells in the cochlea, to cortical oscillations in the mammalian brain, and the rhythmic
timing of muscle activation by low-level neural pattern generators for heartbeat, breathing,

suckling, chewing and locomotion (Bucher et al., 2015), periodicity is ubiquitous in nature.

From this set of examples, it already becomes clear what a vast field a single definition of
rhythm would need to encompass. A lot of terminology is loaned from the well-established
field of musicology, using terms and concepts that were thought of in a highly specific context
of a cultural/societal phenomenon so far only known from the human species. The
terminological, disciplinary, and subject-matter diversity often leads to misunderstandings
between researchers, wrongful generalization from humans to animals and ambiguity of
definitions that should be unequivocal. As an informal exercise for orientation purposes, one
may instead proceed by adopting different, increasingly specific, senses of the term, to explore
the consequences of doing so for the distribution of rhythmicity. In this chapter, we do so
across animal species including humans mostly in the context of cognitive and behavioral
biology and neurobiology. First, we identified three general, starting with the physical domain,
describing a purely physical phenomenon purposefully detached from any biological example.
A second perspective, moving into biology, includes the perception of these physical signals.

A third perspective is based on higher-order concepts and structures such as music and group



interactions. Starting from the most general sense in which the term rhythm is used for
phenomena in time, we add successive constraints to increase specificity or specialization.
Thus we proceed by stages from a sense of rhythm in which is present in all life forms, to one
which, to our current knowledge, might only apply to humans. Lastly, we provide an extensive
overview of issues and perspectives necessary to grasp the full concept of “rhythm” in modern

rhythm research across all domains.

1.2. Rhythm from three perspectives

1.2.1. Physical Domain

An operationalizable definition of rhythms based on the physical domain of the signal needs
to include repetitiveness, regularity and predictability. The definition should be independent of
and usable on timescales ranging from milliseconds to years or more. Different rhythm
categories for completely different timescales (years vs. seconds for example) could be

established, to enable easy differentiation.

The aim is to be able to describe a physical signal, a series of events in time, quantitatively
and qualitatively in a way that is universally applicable, simple to understand, and suitable for
all kinds of data. To achieve this goal, we first need to characterize all of the patterns we might
want to describe. Rhythm requires some kind of pattern that can be abstracted from the signal.
Therefore, we should only consider signals to be rhythmic where this is possible. To illustrate
this we will look at acoustic signals as an example of rhythmic behaviours in general. Overall,
acoustic signals range from white noise (random events across the spectrum) to a completely
stereotyped event sequence of similar intervals, which we often call an isochronous or
metronome-like rhythm. This rhythm can be described by a single number, the duration or
period between elements, and as such can be represented either by the frequency of a
sinusoid or as events per unit of time. Of course, many rhythmic phenomena are discrete,
even point processes and not continuous sinusoids. Nevertheless, sinusoids are easily
converted to a point process by their zero-crossings and are therefore good models for
rhythmic phenomena. While we only need one number or one frequency to describe an
isochronous signal, representing white noise accurately requires an infinite number of

sinusoids across all frequencies, which in practice is not feasible.

In between lie all the many potential patterns that require more than one but less than infinite
sinusoids to describe. For example, rhythms that are based on an isochronous rhythm but are

accelerating or decelerating, or rhythms that are based on n different isochronous rhythms,



that could differ in either frequency (in terms of beats per second), amplitude, or both.
Considering rhythms as a sequence of events that are either present or absent and have a
certain amplitude, we can use sine waves or cosine waves as approximators to describe them.
As we do not need negative values, we could for example simplify to y(t) = |cos(t)| or y(t) =
|sin(t)]. The period is the duration until the pattern repeats itself, the frequency is the number
of repetitions per unit of time, both of which also define the timescale of the rhythm. The
amplitude of the sine wave can inform the investigator about different hierarchies between
elements, e.g., some elements might be emphasized by a different amplitude. This becomes
especially important when considering perception (see next section). Furthermore, complex
rhythms may be made up of multiple interacting rhythms with different frequencies, phases,
and amplitudes. It is important how many different oscillators make up the signal and how they

are related.

Using these same equations, a decelerating pattern could be described as: T(t) =
T, X e ~% where: T, is the initial period and a is a constant determining the rate of decrease
of the period. The other way around, if we want to describe a linearly accelerating signal, the

equation would be T(t) =T, x e 9.

The use of mathematical equations as models for biological systems are typically idealizations
or approximations, and as such may be more precise than is possible in practice, which is why
it is also important to describe how well any model describes a given biological system. For
example, to mark the difference between mathematically perfect isochrony and a regularly
repeating pattern found in a biological system, the term “quasi-isochrony” may be used.
Models of rhythm are more applicable to some species and behaviours than to others, which

is an important topic of this chapter and the book as a whole.

The terminology used in this section was focused on the physical signal properties. These
signals only obtain meaning once they are perceived. While we could say that the term rhythm
can be based on the signal itself, we now move to rhythmicality or rhythmicity, a notion that
we apply to any situation when attention (either conscious or subconscious) is placed on the

production and/or perception of rhythms.

1.2.2. Perceptual Domain

As noted in the introduction, rhythms are everywhere in the natural world. In many cases,
rhythms occur simply because of efficiency or mechanical repetition. For example, a
woodpecker pecking at its fastest speed would create a predictable isochronous rhythm (or

quasi-isochronous) just by nature of efficiency. A heart-beat also follows a repetitive pattern



thereby creating a rhythm. But where the creation of rhythms becomes particularly interesting
is where it interacts with perception. At this point, we move from talking about the physical
properties of a signal — the rhythm itself — to the sensory/cognitive perception of rhythm —

perceptual rhythmicity.

Even in the case where rhythm is produced for reasons of efficiency or mechanical repetition,
these patterns may then be received and identified by a nearby animal. For example, an
animal may detect the approach of a predator and the speed at which it approaches by the
rhythm of its footsteps. At this point, the rhythmic elements of the signal become relevant

information to the receiver. This is the beginning of perceptual rhythmicity.

Where perception plays an even larger role is when it begins to interact with production. If
rhythms provide information to a perceiver, then signals may begin to be altered to provide
specific rhythmic information. For example, vocal learning animals may display their quality by
their ability to reproduce an acoustic signal accurately and steadily. The precise timing among
notes and the predictability that they have can allow a listener to assess the skill of the singing

individual, much like humans at a musical concert assessing the skill of the performers.

Ultimately, perceptual rhythmicity depends on the physical domain and is also critical in
developing intentional rhythmic behaviour a move from rhythm to rhythmicity and then to its
use in a species’ behavioural repertoire. A further perceptual/production feedback loop is
necessary to allow animals to add meaning to the interpretation of rhythm. It is to this
communicative and interactive signaling and its effect on species-specific cultures that we turn

next.



Perspectives on Rhythm

Perceptual Cultural / Social

Rhythmic
Phenomena

Biological Physical

Figure 1. Different approaches to studying rhythmic phenomena as discussed in this
chapter. Rhythmic phenomena are abundant in nature and can be found to some extent
in all life forms. Very different definitions and distinctions arise with the perspective
rhythm is studied. We discuss different possible perspectives and connected issues.
Rhythmic phenomena could be studied from a purely physical point of view, from a
biological point of view, from a perspective that is focused on the perception of
rhythmic phenomena and from a cultural and social perspective. Neither of these are

mutually exclusive or all-encompassing.

1.2.3. Species specific biology & cultural domain

1.2.3.1. Communicative signaling

When adding the constraint that the rhythmic behavior must be employed in communicative
signaling, the pool of species under consideration contracts appreciably, because not all
creatures engage in overt behavioral signaling. By definition, signaling requires a receiver

(Freeberg et al., 2021), but not every species has sensory means for receiving communicative



signals. Thus, for example, the common vocal-acoustic mode of communicative signaling
requires the sensory capacity for sound reception. That capacity is not merely a matter of
being equipped with the peripheral sensory organ, but of possessing the considerable neural
resources needed to make use of it. Such a resource is naturally missing in creatures without
a brain and is even absent in some with a brain (e.g., Amphioxus: (Lacalli, 2004). This still
leaves a vast array of species that do have the sensory equipment needed to engage in
communicative signaling, and which do so.

There is a particular reason for animals engaged in communicative signaling to do so
rhythmically, and repetitively, in addition to the kind of ubiquitous periodicity mentioned earlier.
Signaling typically takes place in an ambience of noise, which impedes reception, the very
point of signaling. A basic strategy to increase the probability of reception under noise is to
simply repeat the signal, which offers receivers the opportunity to extract the signal from noise
by signal averaging (Hassan & Anwar, 2010) but also through attentional tuning and
expectation (Barnes & Jones, 2000; Large & Jones, 1999; Shapiro et al., 1997). Given
repetitive signaling, the pacing of successive periods is again, as in repetitive behaviors likely
to be regular for reasons of economy of timing control.

So far the signaling we considered consists of overt behavior employing any one of a
range of production modalities: gestural, vocal, bioluminescent, or electric. Whatever the
behavior, its effects are simply broadcast from sender to receiver, as a unidirectional (“solo”)
performance. Its rhythmic form (the temporal patterning of its component periods, as well as
their overall temporal arrangement) is under these assumptions a free variable, except for the
stipulation that some kind of periodicity is in evidence to qualify as rhythmic (which, in turn,
entails the passive, non-obligatory convenience of even pacing, as before). It is otherwise,
however, in behaviors that involve temporal coordination of the signaling behavior of two or

more individuals, to be considered next.

1.2.3.2. Interactive coordination

By adding the further constraint that the communicative signaling be interactively coordinated
in time, the pool of species of interest contracts to those that engage in behaviors such as
turn-taking, countersinging, jamming, duetting, chorusing and similar behavioral signal
interactions. Even at this level of constraint, we are still a long way from being able to supply
an exhaustive list of the species in question — they are many, indeed — but at least we are
approaching what might be made the topic of a concerted project of behavioral taxonomy.
Under the interactive constraint, temporal patterning of the communicative signal is no
longer a free variable: the timing of the signal as a whole or of one or more of its components
is now bound to that of the partner or partners in the interaction. In the simplest case of turn-

taking, inter-individual coordination of signal timing requires only the motive to respond and



the rule to delay signal initiation until after a received signal has ended. The alternation that
results requires no more than ordinary reaction time-based responding, and can be refined by
incorporating learned accommodation of signal initiation to predictable perturbations in
stimulus timing (Benichov, Benezra, et al., 2016; Benichov, Globerson, et al., 2016), all by
ordinary sensory-motor and learning mechanisms.

Beyond the common case of simple alternation, a range of more complex patterns of
interlocking individual signal contributions occur in some species, topped so far by the tightly
coordinated interleaving of male and female syllable sequences in the duets of plain-tailed
wrens (Mann et al., 2006). The interleaving is so seamless that it gives the impression of a
single bird singing (cf. hocket in human music). Its pace, moreover, is so rapid that it renders
accounts reliant on syllable-by-syllable reactions implausible. It was therefore suggested that
“each bird might learn the entire... pattern as a single sequence of which it only contributes its
own segment during performance”(B. H. Merker et al., 2009a) (p. 5, fn. 1). This conjecture
subsequently was confirmed by a study of patterns of neural activity recorded in plain-tailed
wrens exposed to duet stimuli (Fortune et al., 2011), a study which also suggested (on indirect
behavioral grounds) that feedback from the bird's own, as well as its partner's voice,
contributes to duet coordination. This case of complex and precise temporal coordination of
joint signaling is noteworthy for the contrast between its suggested underlying mechanisms

and those of another form of tight inter-individual coordination in time, to be considered next.

1.2.3.3. Inter-individual behavioral synchrony

Among species whose members engage one another through interactively coordinated,
communicative, periodic signals, some do so in sustained displays of temporally precise inter-
individual behavioral synchrony based on an underlying isochronous pulse, tactus, or beat.
The regular recurrence of a temporal interval makes its next occurrence predictable. This
predictability allows individuals to eliminate delays introduced by reaction time from their
synchrony through predictive timing. The pulse or beat that underlies such inter-individual
coordination is what we clap and nod to in rhythmic music. By adding this constraint of
sustained, pulse-based inter-individual synchrony we finally arrive at a rather select
assemblage of species found mostly among arthropods, but including also a few species of
anurans and humans (Greenfield and Merker, 2023; Greenfield et al., 2021).

If this precise inter-individual synchrony is truly as rare as we have seen to date, one
potential explanation for this is simple: sustained inter-individual precision synchrony has few
biological uses apart from the specialized circumstances under which some arthropods,
anurans and one primate have found their way to this specialized capacity. In all the non-

human cases those circumstances center on the need for males to attract migrating females



for mating (group living animals typically have no such need), and since a combination of
female exogamy and male territoriality has been attributed to the common ancestor of humans
and chimpanzees on cladistic grounds, that same need has been proposed to explain human
membership of this select assemblage of rhythmic group synchronizers (B. Merker, 1999; B.
Merker et al., 2015; B. H. Merker et al., 2009a). However, it could also be that, to date, we
have simply only detected the clearest examples of precise inter-individual synchrony in non-
humans, and as we explore further, we will find complex precisely-timed interactions in other
species.

To the rarity of the capacity for sustained precision group synchrony in nature comes

the specialization of mechanisms by which it is accomplished. As already noted, reaction time
introduces an unavoidable delay between stimulus reception and response initiation. One
therefore cannot get a rhythmic sequence of discrete signals to coincide with those of a partner
by reacting, stimulus-by-stimulus, to the partner’s output.
Rather, to achieve lagless precision synchrony it is necessary to “know” beforehand when the
next stimulus is to occur to target it at the time it occurs. The enabling device for such predictive
timing of behavior is the regularity of stimulus pacing, i.e. isochrony, which makes the time of
occurrence of the next stimulus in the sequence perfectly predictable.

The simple one, one, one, one, one of isochrony is therefore the underlying structural
device on which all the species that engage in sustained inter-individual precision synchrony
rely, at times with an evenness of pacing whose coefficient of variation is smaller than what
humans at their best produce (Greenfield & Merker, 2023). The crucial role of predictive timing
in lagless precision synchrony thus converts the non-obligatory, default mode of the various
rhythmic (‘periodic’) behaviors covered in points 1 through 3 to an obligatory and fundamental
feature of rhythmicity in the precision group synchrony sense covered here. With that
conversion, the loose and local ‘default mode of isochrony considered so far is enhanced
(regularized) to a capacity for sustained production of precisely timed free-running
isochronous output. Details on the various devices by which synchronizing species exploit this
sustained isochrony to achieve synchrony are reviewed in Greenfield and Merker (Greenfield
& Merker, 2023). In a manner of speaking, isochrony is that “same time” (here to be read in
the sense of “shared time”) to which the “syn-" (Greek for ‘with’, ‘together’) of “synchrony”

alludes.

1.2.3.4. Role of culture and cultural transmission

Following that specific line of thought, we can now add the further constraint of cultural
transmission and differentiation of patterns of rhythmicity to the constraint of showing
sustained and precise inter-individual rhythmic synchrony. With these constraints and to our

current knowledge we would end up with a single species, humans, because neither arthropod



nor anuran synchronous chorusing carries cultural content as far as we know. In sharp
contrast to this, the rhythmic pattern content of human precision group synchrony, which
needless to say is structurally complex far beyond the simple unison synchrony of nonhuman
group synchronizers, is deeply embedded in cultural traditions. It is expressed primarily in
music, dance, and drill, art forms whose rhythmic content is elaborated and subject to
intergenerational transmission on a learned basis in culturally specific genres of rhythmic
tradition (Arom, 1991; Gottlieb, 1993; Kippen, 1988; Toussaint, 2013). This is only to say that
humans maintain cultural traditions of rhythm in their own right, that is, rhythmicity as an
independent dimension of musical content. We presumably arrived at these elaborate cultural
traditions on paths similar to those of other species with cultural traditions of complex esthetic
displays (B. Merker, 2019).

Keeping our inherently human-centric view in mind, we have to assume, that we come to this
conclusion only because we have “inside knowledge” about human rhythmic culture. We might
just be missing knowledge on other species that would enable us to come to the same
conclusions for them. Today, we don’t even know how big of a knowledge gap we are facing
and it will need many studies on rhythm from all described perspectives to come to a coherent

picture.

1.3. Isochrony and its Relation to Rhythm

The methods used to study underlying isochrony in biological systems are still controversial in
many aspects and are undergoing further development. Therefore, the study of isochrony in
animal behaviors including human behaviour necessitates a multidimensional approach,
drawing upon a diverse array of the theoretical concepts and methodological tools described

here and those that will potentially be developed in the future.

The pacing of many different repetitive behaviors tends to be regular, often approximating
isochrony in the timing of their component movements, at least within the local temporal
horizons of a few successive elements. No particular functional significance attaches to this
even pacing: mere repetition simplifies the control of timing compared to having to determine
the timing of each component behavior separately. The factor of control economy suffices to
render isochrony the default mode of many such repetitive, self-timed movement sequences.
As such they are unstable, easily disrupted or modulated by competing behaviors, but also
easily regularized should functional demands require. An example of the latter is the regular
pacing necessary for inter-appendage coordination and maintenance of constant speed in
locomotion. Given that, isochrony also plays an important role in studying the coupling of

different rhythms in an animal’s behavior. Certain physiological processes, such as breathing,



which are quasi-isochronous again by laws of efficiency, can be coupled to locomotion in
locomotor-respiratory coupling and also to vocalizations in locomotor-respiratory-vocal
coupling. In all this, we have to emphasize again, that no biological system will be isochronous,
but rather “quasi-isochronous” and well described by isochrony. The quantification of rhythms
in biological systems will always be a model of the found patterns and we need to acknowledge

the importance of describing how well a given model fits the data.

Based on these assumptions and keeping necessary considerations in mind, it should be the
start of any rhythmic analysis to look for isochrony, as it seems reasonable to find an
underlying isochrony in many rhythmic systems on some level of signaling. This would be true
across both time scales and modalities of signaling. In acoustic communication, this would
mean finding the appropriate time frame for analysis, such as within a signal (a common
example are pulsed sounds in fish (Bass & McKibben, 2003) , between signals, or between
phrases in a song as well as between songs. There are complex rhythmic signals showing
predictability and repetition that do not show an underlying isochronous rhythm, though, for

these we need other methods.

In some rhythmic phenomena, such as in a lot of human rhythmic music, especially dance
music, isochrony is a truly global phenomenon in the sense of being maintained consistently
throughout a performance bout. Because occasional phase shifts beyond the minute ones of
gradual tempo drift disrupt this sustained isochrony, local measures of isochrony are inherently
incapable of capturing this attribute of human rhythmic music (see Arom, 1991, pp. 179ff)
(Arom, 1991), because the occasional phase shifts will only marginally affect such local
measures. More generally, various methods exist to check whether a signal could be modeled
by an isochronous rhythm, complemented by subsequent analyses to quantify the frequencies
able to model the raw signal. To be sure about isochrony being a global phenomenon, we
need to find proof for that in global as well as local measures. Analyses such as inter-onset
interval (I01) analysis, assessing variability parameters, visual inspection, and Fourier analysis
provide means to dissect rhythmic patterns across different temporal scales (Hersh et al.,
2023). These methods enable researchers to uncover underlying oscillatory dynamics,
explore the predictability of temporal sequences, and discern the interplay between regularity
and variability. As for local measures, the limitations of each method need to be checked

carefully to render meaningful and comparable results.

In human music, rhythmic information is not always clearly marked but emerges from the
entirety of the structure. With non-human animals, it can thus be difficult to know where to
begin. One approach is to look at intervals between time points of interest. That is why the

basis for most, if not all rhythm analyses are intervals between such time points of interest.



These could be intervals between start points of elements, i.e. individual syllables, calls or
clicks in a sound sequence but also bioluminescent flashes of fireflies, footfalls in stomping or
any other behaviour of interest. It could also be intervals between pulses of one sound, or it
could be intervals between the point of highest amplitude in a sound or the ends of sound
elements (or elements of other modalities). The definition of interval is dependent on the
dataset and question but must be specified in detail, to guarantee comparability (Hersh et al.,
2023).

Following the procedures described in Burchardt & Knérnschild or Hersh et al. (Burchardt &
Kndrnschild, 2020; Hersh et al., 2023), we start by explaining the variability parameters and
distributional measures, such as the coefficient of variation, normalized pairwise variability
index and integer ratios. We will then proceed to short explanations of exact rhythm analysis
approaches like the |0l approach and Fourier analysis and end with the important description

of measures that indicate the goodness-of-fit of the models, i.e. the isochronous rhythm rates.

To illustrate the need to distinguish between measures used to interpret isochrony, we apply
them to four different hypothetical sequences. Each sequence of intervals consists of 1000
values. We show the interval distribution as histograms (Figure 2) and the variability estimates
produced by the different measures (Table 1). We have one isochronous sequence, where
every interval is the same, in our case 1 (Figure 2A). Sequence two is quasi-isochronous with
an interval sequence mean of 1.0 and a standard deviation of 0.3 to mimic a biological signal
sequence with an underlying isochronous beat (Figure 2B). A third sequence illustrates a
linear increase in interval duration: starting with an interval of 1 second, we add 0.01 seconds
with every step so that the last interval is 10.99 seconds long (Figure 2C). A last sequence is
drawn randomly from values between 1 and 11, to show the differences in the linearly

increasing sequence (Figure 2D).

The coefficient of Variation (CV) is calculated by dividing the standard deviation by the mean.
It is independent of sample size and the mean, making it a powerful measure for comparing
rhythmic variability across individuals, species or studies (equation 1, (Burchardt &
Kndrnschild, 2020). For small sample sizes, an adjusted equation exists (equation 2, (Kello et
al., 2017).

G = (1)

— 1
Cyx= (1+ Cy (2)



C, = Coefficient of Variation C,* = unbiased Coefficient of Variation for very small

sample sizes s = standard deviation x = samplemean n =sample size

Established for speech quantification, the normalised Pairwise Variability Indices (nPVI;
(Burchardt & Kndrnschild, 2020; Daniele & Patel, 2013; Grabe & Low, 2002) indicate the
rhythmic structure of a sequence and how well the next interval can be predicted by its
preceding interval, which makes it a local parameter (equation 3). In a mathematically
isochronous sequence, the nPVI will be zero. In most cases, very small numbers strongly
indicate an underlying isochronous sequence. However, the nPVI needs to be combined with
visual inspection and other variability parameters, to make sure to not falsely assume an
underlying isochrony (thus, the results on a sequence with intervals linearly increasing in
duration yields an nPVI that is smaller than the one in Figure 2B without for that reason

modeling global isochrony, Figure 2C, Table 1).

1013, =101} 4 1
_ wom-1 1013+ 101} 4 100
nPVI = Y] e el )
nPVI = normalized Pairwise Variability Index k = index number m = total
number of indices IOl = Inter-Onset-Interval

Another local parameter that needs to be handled very carefully are integer ratios —also called
categorical rhythms, rhythmic categories, rhythmic ratio or interval ratio — which in many
studies are denoted as rx. This parameter was first described by Roeske et al. (Roeske et al.,
2020)(equation 4) and has subsequently been employed in other studies(for example: (De
Gregorio et al., 2021, 2024; Demartsev et al., 2022; Lameira et al., 2024; Osiecka et al., 2024).
They are describing the predominant ratio between adjacent intervals and, thus, this
description is — similarly to the nPVI — a very local parameter, as it analyzes only two adjacent
intervals. All successive intervals in a quasi-isochronous sequence will have a ratio close to
1:1, but as in the already discussed case of the global isochrony that characterizes a kind of
human rhythmic music, phase shifts that disrupt this global isochrony will be only marginally
reflected in changes in the resulting rk of 0.5, which accordingly does not capture this crucial
aspect of human musical rhythmicity (see rk entries in Table 1) and is therefore in this form no
suitable basis for comparison between human music and acoustic animals behavior on that
level. One way to avoid that issue could be to additionally analyze the ratios not only between
adjacent intervals, but between random intervals in a sequence. If the underlying isochrony is

indeed global, both results should be similar.
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Figure 2: Histogram of the distribution of interval duration in four different exemplary
sequences of 1000 elements each. (A) In an isochronous sequence, every interval is exactly
the same, which results in only one bin being filled in the histogram and a completely white
recurrence plot. (B) In a biologically more realistic situation, we would have a quasi-
isochronous sequence, with interval durations jittering around a mean interval, in this case of
one second. The resulting histogram shows a steep unimodal distribution. This distribution is

an absolute prerequisite for finding a global underlying isochronous rhythm able to model the



sequence. The recurrence plot shows a jittered pattern with overall small euclidean distances
(up to 1.5) (C) In a sequence where intervals increase linearly by 0.01 seconds per interval,
the histogram shows a uniform distribution, which does not hint at an underlying isochronous
pattern. The recurrence plot clearly shows the linear transformation and string differences,
euclidean distances go up to 7.5 (D) The same is true for a sequence of random intervals of
durations between 1 and 11 seconds. The recurrence plot shows no patterning, but higher

euclidean distances (up to 7.5). This is a novel analysis run for this chapter.

Table 1: Calculated variability parameters for four different interval sequences. Each sequence
consists of 1000 elements. The coefficient of variation (CV), normalized pairwise variability
index (nPVI) and integer ratio (r¢) are calculated. For the r¢, which is calculated per interval
pair the mean, minimum and maximum value is shown. Furthermore the interval range of

intervals in any of the four exemplary sequences are indicated.

Sequence CV [ nPVI Mean r¢ | Minimum r [ Maximum r¢ | interval
range

isochronous sequence 0 0 0.50 0.50 0.50 1

quasi-isochronous 0.1 1140 [ 0.5 0.38 0.61 0.7-1.3

sequence

linearly changing sequence | 0.48 | 0.24 0.50 0.50 0.50 1-11

random sequence 0.48 [60.64 | 0.5 0.09 0.9 1-11

The results of the example sequences summarized in Figure 2 and Table 1 nicely illustrate
that results of one single analysis can be very misleading, when searching for underlying
isochrony. The linearly changing sequence could be considered to have an underlying
isochronous structure, when looking at the variability parameters: the nPVI is very small and
the reseems to indicate a perfectly isochronous 1:1 ratio of intervals. However, neither of these
values can be considered as global parameters. As the local parameters they are, they only
have a limited power, especially for longer sequences. This needs to be kept in mind, when
using them to make inferences about the global rhythmic nature of a sequence, especially

when relating the analysis to musical rhythm, whose isochrony is conspicuously global.

To find these global rhythms, we advance to the next level of analyses. As a sequence of

similar intervals, isochronous rhythms are structurally similar, but of course these intervals can




be of different duration between different sequences. To differentiate we speak of different
isochronous frequencies or beat frequencies, which are reported in Hertz, which is beats per
second. To calculate a best fitting model of an isochronous frequency underlying a sequence
three methods have been described. The fastest and computationally easiest is the |0l
approach (equation 5), where we divide 1 by the mean (or median) interval duration of the
sequence (Burchardt & Kndrnschild, 2020). Another approach, the generate-and-test
approach, tests various frequencies and optimizes for the smallest root-mean-square-
deviation of elements to beats of the tested frequency (Norton & Scharff, 2016). The
mathematically most challenging approach is based on a fast Fourier transform. Here we need
to convert the interval sequence into a binary sequence, where points of interest are
transcribed as 1 whereas everything else is transcribed as 0 in a timeseries. Then the fourier
transformation decomposes the signal into its sinusoidal components. Fourier transformations
are mostly calculated via computer programs, which is why we do not give the equation here.
A discussion of advantages and disadvantages as well as datasets for which each method
might be best suited and equations for the fast Fourier transform are given in Burchardt &
Knoérnschild (Burchardt & Kndrnschild, 2020).

Frequency = % (equation 5)

The three methods just described to calculate rhythm frequencies for isochronous sequences
will result in a best-fitting frequency. How good that “best fit” actually is also needs to be
established as well to be able to compare rhythmic precision or beat precision between
contexts, individuals, studies etc. A universal goodness-of-fit value was described, that can be
used for frequencies independent of the method they were calculated with, that indicate the
beat precision (bp, equation 6, (Burchardt et al., 2021)). It is calculated per element in a
sequence after a best-fitting isochronous frequency has been found. In that case, we know
the maximum possible deviation any element can have from the next beat, which is half the
beat length (i.e. half the time between two adjacent beats of the corresponding frequency).
Setting this into relation with the absolute deviation an element has from the closest beat gives
a number between zero and one. Zero would mean no deviation and thus a perfect fit of this
particular element with the beat, while one would mean the maximum possible deviation of

this particular element to the beat.

The best ways to utilize the bp are a topic of ongoing investigation and a couple of things need
to be acknowledged when utilizing bp analysis. Currently, the first element in a sequence
functions as an anker for matching beats and elements and calculating deviations and would

thus have a bp of 0, and should not be considered. The first element might be off, though and



not a good anchor point. Ideally the beat position would be calculated globally by offsetting
the isochronous beat starting time in increments up to a full beat to find the offset of highest
overlap with elements or minimum deviation of elements from the found beat, as it is for
example also done in Norton & Scharff (Norton & Scharff, 2016). Furthermore, the bp values
are analysed over a sequence. The distribution of bps can give insights into finer structures.
The bp can be very powerful when using its distributional information, which, for example, can
be visualized with rose plots. It has been previously proposed to take an average of bp values
over a sequence (Burchardt et al., 2021). Nevertheless, when averaging over a sequence this
approach has an important limitation. Imagine an average bp of 0.1 and 0.9 for two sequences.
A deviation of 0.1 would mean all elements are very close to the theoretical beat. A deviation
of 0.9 would mean all elements are very close to the maximum possible deviation, but in a
very structured manner. This would indicate that they actually follow the same beat equally
well, but with a phase shift. Therefore when summarizing and only when summarizing over a
sequence, a symmetry around 0.5 exists, so summarized values should be transformed

(equation 7, work in development).

bp = A (equation 6)

Amax
bp; = 0.5 — |bp — 0.5] (equation 7)

In Conclusion, this short method excursion shows, that further method development is
necessary and needs to engage with rhythm definitions from different perspectives to enable
cross-species comparison and meaningful interpretations. The tools’ outputs should always
be critically compared, and caution should be taken when different methodologies hint at
different interpretations. Methods that reliably detect and quantify a rhythmic signal made up
of several sinusoidals are yet to be developed. By delving into the nuances of regularity,
researchers will hopefully be able to uncover the fundamental principles governing rhythmic
behavior across various species, paving the way for a deeper understanding of the intricate
dynamics shaping the natural world and laying the foundation to study rhythmicity, rhythms in

interaction as well as higher order concepts in animal cultures including humans.



1.4. Perceptual Rhythmicity: Attention on Rhythm

Production and Perception

1.4.1. Assessing perceptual rhythmicity through laboratory experiments of perception

As discussed in section 1.2, the production of quasi-isochronous and other rhythmic patterns
does not necessarily coincide with the use of these patterns as perceptual signals. However,
the capacity to perceive these parameters is absolutely critical for the capacity for rhythmic
cultures. Therefore, in order to determine whether animals have rhythmicity, it is of particular

importance to consider whether animals can perceive rhythmic patterns.

How can we assess whether animals truly perceive the rhythmic aspects of a signal, and not
other properties? In other words, how can we determine whether other species have
rhythmicity? This is actually a non-trivial question. Take for example the coo vocalization of
the collared dove. This vocalization contains five elements: short note, short silence, long note,
long silence, final note. Playback experiments revealed that the collared doves require the
overall length and timing of the elements to be accurate in order for them to respond to it
(Slabbekoorn & ten Cate, 1999). But is this because they are matching the song to a particular

template? Or is it because they are identifying critical rhythmic properties within the signal?

Perceptual rhythmicity is ultimately an abstraction from the original signal. When an animal
has perceptual rhythmicity it is able to detect the presence of rhythmic features such as the
ones we have discussed so far, for example, isochrony, synchrony, and beat frequency. Only
if an animal can do this, then it may also be able to detect higher order patterns such as meter
(one of the terms borrowed from musicology). Meter is a perceptual grouping of beats. In a
waltz, for example, isochronous beats are grouped in threes. In typical popular music songs,
the beats are grouped in fours. Another example of higher order pattern recognition is tempo
invariance. When we hear a familiar song performed slower or more quickly we can recognize

it because the relative spacing between events is the same.

With the collared dove example we can see that even if rhythm is present in the physical
signal, perceptual rhythmicity is not necessarily required to detect it. The collared dove may
simply be matching a template of absolute times to assess a received coo signal. The rhythmic
properties and how they relate to other similar signals may not be processed, however this is
unclear from naturalistic experiments alone. By presenting arbitrary signals in laboratory
experiments, researchers have begun to shed light on whether non-human species

experience perceptual rhythmicity.



Many early experiments were conducted with small songbirds and parrots using operant
conditioning. Both of these avian groups are known for their ability to sing “songs” and learn
new vocalizations from experience, which made them interesting study groups for the
evolution of music as a whole (Hoeschele et al., 2015). Overall, however, these studies
showed that the birds tend to pay attention to absolute features of sound rather than relative
ones (Hoeschele, 2017). When it came to pitch, the birds struggled to learn to discriminate
between simple relationships, such as sequences of notes that were rising vs. falling in pitch
(Hulse et al., 1984; Hulse & Cynx, 1985, 1986; MacDougall-Shackleton & Hulse, 1996;
Njegovan & Weisman, 1997; Page et al., 1989; Weisman et al., 1994). Instead, the birds
tended to encode the absolute pitch of the notes (Friedrich et al., 2007; Lee et al., 2006), which
is rarely encoded in humans: only people with perfect pitch, which make up about as low as
1/60,000 of the population, can encode for absolute pitch at a level that comes close to many
of the tested birds (Weisman et al., 2010).

Similarly with rhythm, the birds also tended to pay attention to absolute rather than relative
features (Hoeschele et al., 2022). Although the birds could easily learn to attend to specific
time interval lengths, they struggled to identify overarching patterns in a sound, especially
more complex ones like different kinds of meters. This was especially true for the one vocal
non-learning species that was tested: the pigeon that was not able to encode even the simplest
relative feature: isochrony (Hagmann & Cook, 2010). For the birds that do vocally learn, the
results were better. Old studies with European starlings (Hulse et al., 1984) and jackdaws
(Reinert, 1965) suggest that these species are able to learn abstract information about
arbitrary rhythms. A more recent study with zebra finches and budgerigars suggests that
although the animals attend primarily to absolute features, some individuals of both species
also attended to relative features (ten Cate et al., 2016). Place preference experiments with
budgerigars additionally showed that female (but not male) budgerigars prefer rhythmic to
arrhythmic signals (Hoeschele & Bowling, 2016) and that isochrony is an important component
of this preference (Haiduk et al, in prep), suggesting that these species can attend to relative

information in acoustic signals.

However, relative information was more likely to be used in other contexts. While meter
detecting in non-human species appears to be a challenge, many species appear to be able
to use rhythmic information in language to identify emphasized syllables in human speech
(budgerigars, (Hoeschele & Fitch, 2016); rats, (Toro & Hoeschele, 2017); zebra finches,
(Spierings & Cate, 2014)). This suggests that perhaps animals are more likely to pay attention
to relative information in vocal signals than in arbitrary/instrumental signals, which may have

less biological relevance.



It potentially makes sense that vocal learning birds were more likely to be able to attend to the
relative features necessary for perceptual rhythmicity given other recent research on beat
synchronization. Of the animals that humans tend to choose as pets, parrots may be
particularly interesting. With the prevalence of video sharing via social media, it has become
clear that many parrots develop the capacity to dance to music in captive environments. This
ability was examined in a case study of a sulfur-crested cockatoo named “Snowball” (Patel et
al., 2009) and was later supported by additional analyses of videos on social media that
suggested that, though many people made videos of pets “dancing” to music, parrots (and
one elephant) showed that these animals, unlike many other pets such as dogs, were tracking
and moving to the beat in human music, though without the accuracy usually observed in adult
humans (Patel et al., 2009; Schachner et al., 2009). This feat requires more than the ability to
detect isochrony: depending on the style of music, the beat can be obscured/unaccented, yet

the birds seem to spontaneously find it and move to it.

Patel has argued that the reason parrots have this ability to synchronize with a beat is closely
connected with their vocal flexibility. He argued that because the birds need to coordinate their
own vocalizations in time, which is a motor response to auditory information, they can also
move other parts of their bodies in time with sound. Vocal learning animals, unlike vocal non-
learning animals, also have direct connections between the auditory processing areas and
motor areas of the brain, which Patel argues may be the mechanism underlying this ability
(Patel, 2021). However, others have criticized this hypothesis suggesting that the links
between auditory and motor areas only serve as a feedback loop in order for the bird to hone

its own vocalization, and not as a comparison to external stimuli.

In addition, in recent years there have also been efforts to show that other vocal non-learning
animals are able to align bodily movements with a beat. Ronan the sea lion (Zalophus
californianus) is probably the most striking example of an animal that was rigorously trained
to move accurately to an isochronous stimulus for a food reward and then spontaneously was
able to transfer this training to music in some instances (Cook et al., 2013). However, because
of the amount of training required, it is unclear to what degree this ability is related to the
seemingly spontaneous ability to synchronize with a beat in human children. There is also
additional evidence from other species that auditory-motor synchronization is possible without
a direct neural link between auditory and motor areas of the brain. For example, Ai the
chimpanzee was trained to tap two keys on a keyboard alternately. When provided with a
metronome sound during this task, if the metronome was played at a tempo that was close to

her natural tapping tempo Ai aligned her taps to the beat (Hattori et al., 2013).



Considering our closest relatives when it comes to rhythmicity leads to additional insights.
While other primates do not vocally learn to the extent that humans do (some adjust, e.g., the
pitch of their vocalizations in response to other individuals, but they cannot learn new non-
innate types of vocalizations; (Tyack, 2019) that does not mean that rhythmicity is not
important to them. A recent case study of two chimpanzees showed that these individuals
were able to synchronize their bodily movements to one another in what appeared to be a
ritualized dance (Lameira et al., 2019). It is therefore possible that, at least in primates, dance
and rhythmicity may have come before acoustic synchronization. However, it is unclear
whether this behaviour has to do with perceptual rhythmicity or whether it's simply a physical
constraint of joint motor activity. Neural and behavioural studies comparing rhesus macaques
to humans have shown that this species has a subset of the rhythmicity found in humans.
Most striking is perhaps the finding that human infants already directly after birth automatically
detect missing beats in an isochronous pattern (Winkler et al., 2009), while rhesus macaques
do not (Honing et al., 2012).

Despite this, there are also many parallels between humans and other primates in terms of
how temporal expectations are formed. The gradual audiomotor evolution (GAE) hypothesis
suggests that beat-based timing is particularly developed in humans relative to apes and
monkeys, but that it stems from the interval-based timing found across the primate lineage
(Bouwer et al., 2024; Honing et al., 2018; Honing & Merchant, 2014; Merchant & Honing,
2014). There is evidence that there is only limited beat-based timing in other primates including
chimpanzees (Hattori & Tomonaga, 2020), bonobos (Large & Gray, 2015), macaques (Honing
et al., 2018), and other non-human primates (Raimondi et al., 2023). Because beat information
comes from overarching structural information that involves more than one interval, comparing
multiple intervals is critical to beat-based timing. The GAE hypothesis suggests that conserved
neural architecture across the primate lineage supports single temporal interval processing,
but the processing of multiple intervals varies across the lineage peaking in humans and likely
incorporates other areas of the brain critical for e.g., attention and spatial sense (Bouwer et
al., 2024).

Here we have been discussing situations where animals perceive rhythmic signals. In many
cases these signals were not the animal’s own species-specific vocalizations. However, by
assessing whether the species can perceive these signals, we are able to determine whether
and to what extent other species have perceptual rhythmicity. Of course, whether or not the
animals then produce rhythmic information intentionally requires us also to assess whether
we can find rhythmic information in the patterns they produce. Because, as discussed at

length, rhythms may be produced for reasons other than perceptual rhythmicity, one really



needs data about both rhythmic production and perception in order to conclude that a species
has the potential to produce rhythmic information intentionally. However, in many species with
potentially interesting/meaningful rhythmic information in their signals, we know little about

their perception of rhythm. We will turn to some of these species now.
1.4.2. Assessing animal vocalizations as an indirect measure of rhythmicity

Despite the many recent advances, the pursuit of unraveling the mystery of perceptual
rhythmicity across species is still hindered by many roadblocks. An obvious approach to
understanding whether other animals have perceptual rhythmicity may be to simply turn to
their own vocalizations or other means of rhythmic production including both acoustic and non-
acoustic means. However, as we touched on in section 1.2.2, this is easier said than done.
Rhythmic communication is ultimately about the perception and interpretation of signals;
animals may not perceive rhythm in signals that we perceive as rhythmic, or vice versa. When
trying to understand rhythmic communication it is important to consider every aspect of an
animal’'s Umwelt. Consider the vast difference in the temporal-spatial lifestyle of a vibrating
insect and a blue whale. Such differences are reflected in the temporal scale at which species
can produce and perceive rhythmic signals. For example, birds have better temporal resolution
than humans (Dooling et al., 2002), such that a signal may sound like it is pulsed to a bird, but
continuous to a human. Likewise, animals may differ in the characteristics of the rhythmic

signals that they find meaningful and their tolerance for error.

It is challenging to determine what aspects of rhythm might be meaningful to the receiver.
Variations that may appear to be noise to us may turn out to be of biological importance to
animals, as has recently been discovered with sperm whale codas, patterned click trains

Scientists have historically categorized codas into distinct types based on relative temporal
features (distinctive patterns in the inter-unit ratio) and absolute number of clicks. Differences
in absolute temporal features were largely disregarded. However, recent research by Sharma
and colleagues (Sharma et al., 2024) on dyadic interactions between whales has led to a
surprising shift in the understanding of codas. During vocal exchanges, whales will smoothly
vary the absolute duration of their codas, a phenomenon termed rubato by the researchers.
Throughout the exchange, the whales respond to each other by matching each other’s rubato,
even when they are producing different coda types. Clearly, absolute temporal features are
meaningful for the whales, though what that meaning is and if it is perceived the same as

rubato in human music remains to be determined.



Alternatively, other species might have a high tolerance for jitter. As discussed above, all
biological signals contain a certain amount of jitter. Despite this, signals are often described
as rhythmic in the literature, leading to the question, how much jitter is too much jitter? Do the
animals perceive those variations, and even if they do, are those variations biologically
important? As discussed above, Snowball the dancing cockatoo speeds up or slows down his
movements to match the tempo of the music to which he is dancing, however, very few of his
movements are timed to the beat ((Patel et al., 2009), Figure 1). He lacks precision, yet the
comments sections of his online videos are filled with exclamations of how he has much better
rhythm than most humans. The average human viewer does not notice the variation, and we
do not know what other cockatoos notice. We have similar reactions to seeing human babies
“‘dance” (B. H. Merker et al., 2009b). Perhaps we are impacted more by the gestalt of the
performance than the timing of the individual dance moves. Perhaps the same is true for a
female songbird evaluating the song of a potential mate (Goller, 2022), in which case a little

jitter may be offset by other elements of the performance.

1.4.3. Assessing rhythmicity through neural oscillations

In recent years, the study of neuronal oscillations has become a fascinating area of
neuroscientific inquiry. This approach to brain function has the potential to establish links
between cellular function, network dynamics, and overt behavior such as we describe
throughout this book. Nonlinear dynamical systems provide a theoretical language to integrate
information from neural and behavioral levels, providing novel predictions and testable
hypotheses. In contrast to linear systems, nonlinear dynamical systems have pattern-forming
properties that can account for rhythmic structures, such as are found in music. Neural
resonance theory uses tools of dynamical systems to derive predictions about rhythm
performance and rhythm perception based on the general properties of oscillatory

neurophysiology.

Neural rhythms are not symbolic representations of behavioral rhythms, they are real, physical
rhythms, oscillations whose behaviors and interactions are governed by physical principles.
The principles of NRT are based on generic properties of oscillating neural populations and
are compatible with dynamical descriptions of perception—action at a behavioral level. The
goal of NRT is to link rhythmicity at the neural and behavioral levels making predictions at both

levels that are directly testable in human and non-human animals.

The topic is widely debated though, Patel (Patel, 2014) claims, that in this context the ubiquity
of neural oscillations should imply that all animals should synchronize to music, while Fitch

(Fitch, 2012) more colloquially suggested, that this would suggest dogs (and other animals)



should be able to dance. In humans, rhythmicity develops over a time scale of many years
(Gordon, et al, 2023). Modeling work has shown that neural circuits can adapt and learn
through interacting with the environment in a process called attunement (Gibson, 1979; Tichko
& Large, 2019). Hebbian learning via synaptic plasticity, which increases coupling strength
(Kim & Large, 2021), may explain perceptual narrowing to rhythms during the first year of life
(Hannon & Trehub, 2005; Tichko & Large, 2019) as well as the attunement of perceptual
systems to motor-vestibular rhythms (Phillips-Silver & Trainor, 2005; Tichko et al., 2021).
Interestingly, recent modeling work suggests that oscillation itself is learnable by networks of
excitatory and inhibitory neurons in nonhuman animals (Zemlionova & Rinzel, 2024). This
could explain why non-vocal learning species can learn to synchronize to a musical beat (Cook
et al., 2013; Merchant & Honing, 2014).

1.4.4. Assessing musical rhythm and how musicological definitions

The temporal dimensions of music encompass a multitude of elements, including rhythmic
patterns, metrical structure, tempo, and timing. These elements can manifest in diverse forms
and are readily identifiable by most human listeners through the acoustic signal. Below, we
offer concise descriptions of each aspect of musical rhythm (for a more elaborate discussion
on the psychology of musical rhythm, see (Honing & Bouwer, 2019); for an elaborate overview

on the use of neuroscientific methods see (Bouwer et al., 2024).

Rhythmic Pattern: A rhythmic pattern is the mental representation of rhythm on a discrete,

symbolic scale, comparable to its notation in a musical score. This contrasts with a performed
or expressively timed rhythm measured on a continuous scale from the audio signal. Rhythmic
patterns involve the sequential pattern of inter-onset intervals (IOls) and can be perceptually
grouped at the surface level (Handel, 1993). This grouping often leads to perceptual accents
and hierarchical ordering (Lerdahl & Jackendoff, 1983; Martin, 1972). Rhythmic
categorization, the process of deriving discrete rhythmic categories from a continuous
rhythmic signal, is a key area of study in music cognition (Desain & Honing, 2003; Jacoby &
McDermott, 2017). This process underpins our ability to recognize and predict rhythmic

patterns in music.

Pulse (or Beat): The pulse, or beat, is a fundamental component of musical time, representing

regularly recurring, precisely equivalent psychological events (Cooper & Meyer, 1960; Large
& Jones, 1999). Beat perception involves a cognitive process where listeners perceive a
sensation of regular pulse when listening to a rhythm (Povel & Essens, 1985). The beat is the
most salient regularity in the metrical structure of music. It is closely related to the concept of

tactus in music theory (Lerdahl & Jackendoff, 1983). Beat perception varies across individuals



and can change with age and musical training, generally favoring a period around 600
milliseconds, equating to approximately 100 beats per minute (Bouwer et al., 2018; London,
2012). And finally, beat perception is active early in life (Winkler et al., 2009) and cannot be
explained by statistical learning (Haden et al., 2024). Hence it is suggested to be a

fundamental musical trait (Honing, 2012).

Meter: Meter refers to the organization of pulses into recurring patterns of strong and weak
beats. This higher-order regularity involves multiple levels of pulse, creating a hierarchical
framework known as the metrical structure. Common metrical patterns include the duple meter
(march) and triple meter (waltz), with rates of meter and subdivisions related to each other at
integer ratios. The metrical structure forms the backbone of rhythmic perception and is integral
to the experience of musical rhythm. People typically tap to the level of the beat, reflecting

their interaction with this hierarchical structure (London, 2012).

Tempo: Tempo is the impression of the speed or rate at which the music's pulse passes. While
the exact nature of tempo perception is not fully understood, it is related to the cognitive notion
of beat or tactus. Tempo can vary widely, influencing the emotional and aesthetic experience
of music (Fraisse, 1982; Honing, 2013).

Expressive Timing: Expressive timing introduces nuances that can make a rhythm sound

"mechanical," "laid-back," or "rushed" (Clarke, 1999). This phenomenon arises from a
discrepancy between top-down, expectation-driven perception and bottom-up, data-driven
perception. Some notes are played earlier or later than expected, adding expressiveness to
the rhythm. Expressive timing is a crucial area of interest in music cognition, as it involves
understanding how small deviations from expected timing contribute to the perception of
musicality and emotional expression. It poses questions such as why a rhythm with a slightly
shorter note isn't simply perceived as a different rhythm and how various components

(rhythmic pattern, metrical structure, timing, tempo) interact to shape our perception of rhythm.

Integrative Perspectives: The study of pulse, meter, and musical rhythm integrates insights

from psychology, neuroscience, anthropology, musicology, and evolutionary biology. As such
it promotes an integrative framework that encompasses the perceptual, cognitive, and neural
dimensions of rhythm, contributing to a fuller understanding of the capacity for music (i.e.

musicality (Honing et al., 2015).

Advances in neuroimaging and electrophysiology have identified brain networks involved in

rhythmic processing, highlighting the complexity of rhythm cognition. These findings



emphasize the distributed nature of rhythm processing across various brain regions (Grahn &
Brett, 2007; Haden et al., 2024).

Cultural and ecological aspects of rhythm are also significant. Different musical traditions
utilize diverse metrical patterns, reflecting cultural learning and preferences. Recently, more
and more researchers are examining how rhythmic abilities develop in various cultural
contexts, emphasizing the role of the sociocultural environment in shaping rhythm cognition
(Jacoby et al., 2024).

1.4.5. Future directions

As noted by Doolittle et al. (Doolittle et al., 2014), Hoeschele et al. (Hoeschele et al., 2015)
and further explored by ten Cate and Honing (Cate & Honing, 2022), establishing whether
other animals possess similar musical and/or cognitive abilities as humans requires a dual
approach. The first approach involves observational and analytical methods, which can
provide hints that an animal might have certain perceptual or productive capabilities. However,
to conclusively demonstrate these abilities, a second, experimental approach is necessary.
This involves controlled experiments where animals are tested to see if they can learn,
distinguish, and generalize artificially constructed sounds that vary in specific musical features.
Together, these complementary approaches offer a more comprehensive understanding of

the extent to which animals share cognitive capacities with humans.

In summary, to date it is clear that at least some avian and primate species show perceptual
rhythmicity, but it is still unclear what causes these abilities to arise. While we know very little
about the perception of rhythmicity across species, especially non-avian and non-primate
species, we know a great deal more about the physical presence of rhythm and the use of
these rhythms in signals across the animal kingdom. Our knowledge on rhythmic cultures and
cultural transmission of rhythmic behaviours in animals other than humans is patchy at best
and it will be a interdisciplinary effort to close the knowledge gap between what we inherently

know about human music and possible counterparts in other animals.

1.6. Future Directions in Rhythm Research

As shown in this chapter, rhythm research is a vast, intersectional and fascinating field in
science. Rhythms have been studied for decades from very different angles and with various

questions in mind, which lead to a rag rug of rhythm related definitions.

Musicology, Linguistics, Neurobiology or Ecology for a long time were studying rhythm without

much overlap, doing important basic research in each respective field. Only now with a solid



knowledge basis in all those fields questions evolved to be more interdisciplinary. We intensify
our attempts to connect the knowledge from the different fields for example in search of the
evolutionary underpinings of music (Honing et al. 2015). In this more interdisciplinary approach
ambiogously used definitions and differing terminology became an issue. In an attempt to
enable better communication about rhythm research across fields we dove into definitions

from all fields to find the common denominators and pitfalls.

We came to the conclusion that a “universal” definition of rhythm might not be achievable, nor
desirable. We can study rhythm from very different perspectives, that might need in parts even
mutually exclusive definitions to remain precise and clear. The three perspectives we
discussed include studying rhythm as a purely physical signal, in a biological context, in terms
of perception and cognition as well as from a cultural and social perspective. When studying
rhythm researchers should be aware of these different perspectives and differing terminology.
For example it might be problematic to adapt a term from the cultural perspective into a purely
biological context devoid of any cultural aspects, on the other hand the cultural perspective
might be needed to answer a question based in biology and in that scenario it is detrimental
to really understand the assumptions and scientific background of a definition from the cultural
perspective, as is the case when trying to adapt musicology terms into animal examples,
without acknowledging specific underlying assumptions. Biologically speaking ‘rhythm’ is not
a unitary dimension, but a complex multidimensional construct that includes behaviors with
little in common, either as regards the mechanisms that generate them, the ontogenies by
which they develop, the selection pressures by which they evolve, or the functions they serve,
to use Tinbergen’s four keys to clarity in the analysis of behavior (Tinbergen, 1963). This
heterogeneity of natural behaviors which all can be described as rhythmic can be ignored only
at the price of drawing false analogies and spurious homologies, to the detriment of much

needed progress on the topic to which this book is dedicated.

Many open questions remain in the study of rhythms from all introduced perspectives. For
example it will be important to study whether rhythmic synchronizations in humans utilize direct
auditory/motor connections in the brain and if that is the same in animals. In animals we need
to make sure to consider biologically relevant behaviours and stimuli in experiments and
consider natural and lab behaviour rather than one or the other. Only with a comparable basic
knowledge about the physical signal, neurological processes and cognitive perception of
rhythms for humans and other animals we will be able find common representations. Many of
these topics will be discussed in more detail throughout the book. So ultimately the reader
might be able to answer the question we asked in the beginning: Rhythm. What is it? for

themselves having some common representations and interpretations in mind.
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