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Abstract Until recently, the literature on rhythmic ability

took for granted that only humans are able to synchronize

body movements to an external beat—to entrain. This as-

sumption has been undercut by findings of beat-matching in

various species of parrots and, more recently, in a sea lion,

several species of primates, and possibly horses. This throws

open the question of how widespread beat-matching ability is

in the animal kingdom. Here we reassess the arguments and

evidence for an absence of beat-matching in animals, and

conclude that in fact no convincing case against beat-

matching in animals has been made. Instead, such evidence

as there is suggests that this capacity could be quite wide-

spread. Furthermore, mutual entrainment of oscillations is a

general principle of physical systems, both biological and

nonbiological, suggesting that entrainment of motor systems

by sensory systemsmay be a default rather than an oddity. The

question then becomes, not why a few privileged species are

able to beat-match, but why species do not always do so—

why they vary in both spontaneous and learned beat-

matching. We propose that when entrainment is not driven

by fixed, mandatory connections between input and output

(as in the case of, e.g., fireflies entraining to each others’

flashes), it depends on voluntary control over, and voluntary

or learned coupling of, sensory and motor systems, which can

paradoxically lead to apparent failures of entrainment. Among

the factors that affect whether an animal will entrain are suf-

ficient control over the motor behavior to be entrained, suffi-

cient perceptual sophistication to extract the entraining beat

from the overall sensory environment, and the current cogni-

tive state of the animal, including attention and motivation.

The extent of entrainment in the animal kingdom potentially

has widespread implications, not only for understanding the

roots of human dance, but also for understanding the neural

and cognitive architectures of animals.
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In the past, researchers assumed that the ability of humans to

synchronize bodily movement to a beat, as in dance, was

unique in the animal kingdom (e.g., Bispham, 2006; Wallin,

Merker, & Brown, 2000, p. 12; Zatorre, Chen, & Penhune,

2007). However, subsequent research has shown entrainment

in various species of parrots (Hasegawa, Okanoya, Hasegawa,

& Seki, 2011; Patel, Iversen, Bregman, & Schulz, 2009a;

Schachner, Brady, Pepperberg, & Hauser, 2009), lending sup-

port to suggestions that vocal learners—humans, parrots, and

perhaps a few other species, such as elephants or cetaceans—

might be uniquely adapted for entrainment (Fitch, 2012;

Merchant & Honing, 2014; Merker, Madison, & Eckerdal,

2009; Patel, 2006, 2014; Patel & Iversen, 2014; Patel,

Iversen, Bregman, & Schulz, 2009b; Trainor, Gao, Lei,

Lehtovaara, & Harris, 2009).

But recent results have pushed the envelope even further. A

California sea lion was trained to match head-bobs to an au-

ditory beat, and furthermore it transferred this ability to new

tempos and complex musical stimuli (Cook, Rouse, Wilson,

& Reichmuth, 2013). Evidence is also emerging in apes.

Large and Gray (2015) reported that a bonobo spontaneously
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synchronized drumming behavior with a human

experimenter, and Hattori, Tomonaga, and Matsuzawa

(2013) found that a chimpanzee performing a tapping task

spontaneously aligned her tapping to a task-irrelevant auditory

beat. In addition, pilot data reported by Bregman, Iversen,

Lichman, Reinhart, and Patel (2013) suggest that a domestic

horse may be able to synchronize trotting to music. This opens

the possibility that a wide range of animals may be capable of

synchronization.

Some authors are pursuing what this means for the evolu-

tion of complex rhythmic and musical abilities in humans

(Hoeschele, Merchant, Kikutchi, Hattori, & ten Cate, 2015;

Honing & Ploeger, 2012; Honing, ten Cate, Peretz, & Trehub,

2015; Merchant & Honing, 2014; Patel & Iversen, 2014), but

in this study we focus on animal entrainment as a question of

interest in its own right. If a faculty for entrainment is evolu-

tionarily old and widespread in the animal kingdom, it may be

implicated in a range of adaptive behaviors for interacting

with the environment and with conspecifics.

Although we could search for criteria that apply to the

specific animals shown so far to entrain, and that exclude all

others, such a strategy would still take as its starting point the

idea that beat-matching is rare and only possible under certain

narrow conditions. In this article we instead challenge the idea

that any sharp distinction can be made between animals that

entrain and animals that do not. We begin by examining the

extent of findings that have purported to show a failure of

entrainment in various species.

Negative evidence?

Although there was early interest in the possibility of

animal entrainment (Craig, 1916, 1917; Wheeler’s, 1917,

remarks on antelopes and pelicans), the more recent liter-

ature on this topic has generally accepted it as established

that most animals do not entrain (Bispham, 2006; Fitch,

2012; Greenfield, 1994; Hoeschele et al., 2015; Merchant

& Honing, 2014; Merker, Madison, & Eckerdal, 2009;

Patel, 2006; Patel et al., 2009a, b; Schachner et al.,

2009; Trainor et al., 2009; Wallin et al., 2000, p. 12;

Zatorre et al., 2007). As we will review in a later section,

positive evidence is accruing for entrainment in certain

species, but here we challenge the overall assumption that

these cases are rare and that a few examples contrast

against a background of lack of entrainment in the animal

kingdom. The assumption traces at least as far back as

Wallin et al., and appears to have emerged from an at-

tempt to encapsulate the difference between humans’ rich

musical capabilities and other animals’ lack thereof.

However, the specific claim about an absence of animal

entrainment (as contrasted to more complex musical abil-

ities) has been based on very little empirical evidence.

Some authors (e.g., Hasegawa et al., 2011; Patel, 2014)

have cited Zarco, Merchant, Prado, and Mendez (2009) as a

failure to train rhesus macaques to beat-match (for similar

results, see Konoike, Mikami, & Miyachi, 2012; Merchant,

Zarco, Perez, Prado, & Bartolo, 2011). However, these ani-

mals did learn to entrain, although with less precision than

humans (most noticeably during a continuation phase after

the stimulus ceased), and although the animals’ responses oc-

curred after rather than on the beat, this delay was consider-

ably less than the same animals’ simple reaction time to the

same stimulus, indicating that they were not just reacting to

each stimulus as a separate event. In addition, these studies

used discrete button-push responses to a short series of tones.

In contrast, successful entrainment with other species has in-

volved continuous rhythmic stimuli for longer periods of time,

and continuous, oscillatory, self-guided behaviors that the an-

imal can bring into phase with the stimulus. These methods

are different enough that we cannot conclude that macaques

have been proven to be poor entrainers (cf. Large & Gray,

2015, p. 3). Furthermore, there is a recent report, which we

will discuss below, of macaques entraining spontaneously

(Nagasaka, Chao, Hasegawa, Notoya, & Fujii, 2013), which

would seem to negate macaques as a case of negative

evidence.

To date, only one large-scale survey has attempted to es-

tablish an empirical case for a widespread paucity of entrain-

ment in the animal kingdom. We will consider this study in

some depth. Schachner et al. (2009) reported a search of

YouTube videos for the keyword Bdance^ coupled with spe-

cific animals, including those likely to have contact with

humans, a variety of nonhuman primates, and known vocal

mimickers matched to related nonmimickers. The search

yielded 3879 videos, evenly split between mimicking and

nonmimicking species. Of these, 33 videos showed evidence

of entrainment. The species in those 33 videos included 14

species of parrot and one species of elephant, all vocal

mimickers (see Stoeger & Manger, 2014, on vocal

mimicking in elephants).

The authors gave particular mention to the failure to

find any videos of entrainment in dogs, despite massive

efforts by human trainers. A subculture of dog training,

called canine freestyle, is devoted to training dogs to per-

form Bdance^ duets with their human handlers to music,

yet Schachner et al.’s (2009) analysis of these videos did

not show evidence of entrainment of the dogs’ footfalls to

the music. It is doubtful, however, that this is a fair test of

a dog’s ability to entrain. In canine freestyle, the dogs are

generally trained on a series of large-scale moves (e.g.,

circling around the trainer in response to a hand signal),

all taught and then chained as a sequence before the

musical accompaniment is introduced. Training the dog

to time its footfalls to the music is not part of the

training procedure.
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More seriously, regarding the attempt to broadly survey

the abilities of animals, the selection criteria for

Schachner et al. (2009) involved substantial bias, contrary

to the authors’ claim. First, the options for robustly mim-

icking species are limited (Tyack, 2008), and a substantial

proportion of them are the nearly 400 species of parrot

(including true parrots, cockatoos, and New Zealand par-

rots). Parrots are already known from the published liter-

ature to do beat-matching, and furthermore are highly so-

cial animals who bond with their human caretakers and

are responsive to social reward. This, then, was a slam-

dunk for finding entrainment, unlike the search for en-

trainment in the much broader and less explored field of

nonmimicking species.

Second, the impact of the celebrity status of Snowball

the dancing cockatoo (Patel et al., 2009a) cannot be

dismissed. This is likely to have dramatically influenced

the types of animals that lay people will observe for

evidence of dancing, will try to train to dance, and will

choose to post on YouTube. In fact, of the 29 videos of

parrots that showed entrainment, more than a third were

cockatoos, and fully half of those were sulphur-crested

cockatoos, the same species as Snowball. In contrast,

the fact that budgerigars (also a species of parrot) can

beat-match (Hasegawa et al., 2011) has escaped the no-

tice of the general public, and the search did not yield a

single video of dancing budgies. This undermines the

authors’ implied argument that, if a species can beat-

match, someone will have posted a video of it. The au-

thors present as evidence against bias in the available

pool the fact that nonmimickers outnumber mimickers

on YouTube overall by 2:1. In fact, given the rarity of

vocal mimicking in the animal kingdom, this is an ex-

traordinarily high proportion of vocal mimickers, indicat-

ing substantial selection bias in what kinds of animal

videos people choose to post.

Third, the use of the keyword Bdance^ is a highly bi-

asing one. Humans will perceive as dancing only those

animals who are moving their bodies in certain ways,

and who are moving to a music-like auditory stimulus.

This will exclude virtually all cases of animals engaging

in ordinary species-typical behavior, such as walking,

pecking, licking, scratching, and so on.

In short, the argument implicit in the literature is that,

if a wide range of animals were capable of entrainment,

there would be reported evidence, so that the absence of

evidence constitutes evidence of absence. Instead, we of-

fer the alternate view that—far from due diligence having

been done and having turned up little evidence—investi-

gations of animal entrainment have barely begun.

Below we take this claim further, to argue that such

evidence as there is suggests that entrainment may be

much more widespread than has been thought.

The argument from neurological plausibility

As Patel (2014) has pointed out, the idea dates back to Darwin

(1871) that the neurological preconditions for beat-matching

may be evolutionarily very old and widespread. An obvious

candidate for such a neurological precondition is neural

oscillations, which are ubiquitous in animal brains (cf.

Bispham, 2006; Fitch, 2012; Large, 2008; Large & Snyder,

2009; Zanto, Snyder, & Large, 2006). These, in turn, are mere-

ly a subset of the physiological processes in the body that

involve the mutual entrainment of oscillating processes.

Indeed, as Glass (2001) put it, Bphysiological function derives

from the interactions of these [rhythmic] cells with each other

and with external inputs to generate the rhythms essential for

life^ (p. 279).

Neural oscillations occur when populations of neurons in

the brain fire in synchrony, a phenomenon so widespread that

it can be called an inherent principle of brain functioning.

Coherently oscillating neural ensembles are found throughout

the animal kingdom, indicating that they are a fundamental

design feature. They are endemic in the brain, found in every

region of cortex as well as in subcortical structures, and oper-

ate at a wide range of temporal scales, from seconds to milli-

seconds (Bragin, Engel, Wilson, Fried, & Buzsaki, 1999;

Canolty & Knight, 2010; Ward, 2003). They have been impli-

cated in a broad range of neurological and cognitive activities,

including homeostasis, timing, perception, attention, motiva-

tion, motor control, language, and memory (Jensen, Kaiser, &

Lachaux, 2007; Jutras & Buffalo, 2010; Knyazev, 2007;

Singer, 1999; Ward, 2003; Wilson & Wilson, 2005).

Furthermore, one temporal range of oscillations, gamma os-

cillations (~40 Hz), is believed to be involved in the synchro-

nization of other processes (e.g., Fries, 2009; Nicolić, Fries, &

Singer, 2013).

Of particular relevance here is the role of oscillators in

sensory and motor processes and, crucially, the coordination

between the two. Motor behavior is fundamentally rhythmic

(Molinari, Leggio, Martin, Cerasa, & Thaut, 2003), and evi-

dence is emerging that sensory processes may be, as well (e.g.,

Miller, Carlson, & McAuley, 2013). Canolty and Knight

(2010) argued that the rhythmic, periodic quality inherent in

motor systems, together with the evolution of sensory systems

to serve motor control (i.e., their role as guidance systems for

moving bodies), gives rise to an integrated system in which

sensory information will be best processed if it is packaged by

the sensory systems into Brhythmic volleys.^

Furthermore, sensory stimuli that are in fact objectively

rhythmic cause the entrainment of brain oscillations, an effect

that has been shown in humans, macaque monkeys, and

zebrafish (Lakatos, Karmos, Mehta, Ulbert, & Schroeder,

2008; Saleh, Reimer, Penn, Ojakangas, & Hatsopoulos,

2010; Sumbre, Muto, Baier, & Poo, 2008). In macaques and

humans, at least, this propagation of timing extends up to and
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includes the motor system, as is evidenced by decreased reac-

tion times under conditions of rhythmic input (Lakatos et al.,

2008; Praamstra, Kourtis, Kwok, & Oostenveld, 2006; Saleh

et al., 2010); the activation of motor planning areas by passive

listening (Chen, Penhune, & Zatorre, 2008; Grahn & Brett,

2007), the time course of which suggests a predictive mecha-

nism (Fujioka, Trainor, Large, & Ross, 2012); and the activa-

tion of cell populations in the premotor cortex of rhesus ma-

caques that appear to be stimulus-predicting cells, firing in

response to regularly timed visual or auditory stimuli

(Merchant et al., 2015).

At a minimum, these findings show that rhythmic driving

of motor systems by sensory systems extends fairly far back in

the primate lineage, but it could still be argued to be an evo-

lutionary development specific to that lineage (cf. Merchant &

Honing, 2014), with convergent analogues in more distant

lineages such as parrots. However, other considerations sug-

gest a much older, shared neurological architecture.

Nonhuman animals are generally successful with interval

timing (reproducing or categorizing single intervals between

stimuli), which can be thought of as a precursor to entrainment

(Merchant & Honing, 2014). Interval timing is governed by

the basal ganglia and their major input area, the striatum (see

Matell & Meck, 2004, and Meck, Penney, & Pouthas, 2008,

for reviews), and Merchant, Harrington, and Meck (2013)

proposed that timing mechanisms in general are mediated by

a centralized Bhub^ involving the basal ganglia. The basal

ganglia are also known to play a crucial role in motor control.

Finally, the basal ganglia are found in all vertebrates, which

suggests that the mechanisms for timing sensory and motor

events may have been conserved over long evolutionary time

scales. All this provides a plausible neurological framework

within which entrainment abilities could easily arise by

connecting the timing of sensory input and the timing of a

repetitive motor behavior.

Beat-matching to nonauditory stimuli

In the face of the above considerations, one way to preserve

the special status of beat-matching would be to theorize that it

depends not just on general timing mechanisms, but on a

specific sensory-to-motor pathway that exists in humans and

only a few other species. In particular, as we noted above, a

specialized auditory-to-motor pathway has been suggested,

which would indicate that beat-matching will bemost success-

ful by far when the driving input is auditory. In apparent sup-

port of this, the human auditory system appears to greatly

surpass the visual system in terms of its ability to match a beat

(see Hove, Spivey, & Krumhansl, 2010, for a review).

However, the stimuli usually used to test entrainment in the

visual modality—typically, blinking objects—are not optimal.

With a stimulus that allows prediction of a collision, such as a

finger tapping or a ball bouncing, entrainment can be nearly as

good as with auditory input (Hove et al., 2010; Iversen, Patel,

Nicodemus, & Emmorey, 2015). Interpersonal situations are

also conducive of entrainment, with people entraining to each

other spontaneously when walking, swinging their arms, or

rocking in rocking chairs (Issartel, Marin, & Cadopi, 2007;

Nessler & Gilliland, 2009; Richardson, Marsh, Isenhower,

Goodman, & Schmidt, 2007). Furthermore, deaf people per-

form better with a traditional flashing stimulus than do hearing

people, highlighting the role of perceptual learning in entrain-

ment (Iversen et al., 2015).

In addition, other modalities, such as the somatosenses, can

support beat-matching, suggesting that the perception and

production of rhythm are centrally controlled and not

modality-specific (cf. Penhune, Zatorre, & Evans, 1998;

Phillips-Silver, Aktipis, & Bryant, 2010). Humans can match

finger-taps to an auditory or a tactile metronome with equal

fidelity (Elliott, Wing, & Welchman, 2010, 2011), and rhyth-

mic vestibular input causes both adults and infants to interpret

an ambiguously timed auditory beat as duple meter or triple

meter (Phillips-Silver & Trainor, 2005, 2007, 2008; Trainor

et al., 2009). Furthermore, the vestibular response induced by

loud music can contribute to the impulse to dance (Todd &

Cody, 2000). Also of interest is the fact that multiple modal-

ities yield better motor synchronization than each modality in

isolation (Elliott et al., 2010), and that rhythm in one modality

can influence attention in another modality (Miller, Carlson, &

McAuley, 2013).

We conclude from all this that the human ability to entrain

is robustlymultimodal. It is also worth noting that species may

differ in which sensory modalities best support entrainment.

Macaques appear to entrain better to visual than to auditory

stimuli (Nagasaka et al., 2013; Zarco et al., 2009), and

Merchant and Honing (2014) suggested that whereas apes,

and humans in particular, evolved a strong facility for

audiomotor entrainment, monkeys are more adapted for

visuomotor entrainment. Both within humans and beyond,

then, it does not appear that entrainment evolved specifically

within an auditory-to-motor pathway to support vocal

learning.

Entrainment in animals: What counts as evidence?

We turn our attention next to positive evidence of entrain-

ment in the animal kingdom. But because various theories

have been proposed as to why animals might or might not

entrain, and what should count as entrainment, it is not

entirely clear where we should focus our attention.

Because of this, we propose to cast a wide net in order

to survey the phenomenon of beat-matching as completely

as possible. In this section, we address several concerns

about the evidence we will be surveying.
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Patel (2014) has proposed three criteria to distinguish a

more-or-less human-like ability to beat-match, on the one

hand, from a highly rigid, mechanical, involuntary type of

entrainment, such as that exhibited by certain insects, on the

other. These criteria are the ability to match stimuli that (1) are

more complex than a simple pulse train, (2) range across a

wide variety of tempos (a criterion also endorsed by

Merchant & Honing, 2014), and (3) are in a different modality

than the response, so that the response is not simply mimicry

of the stimulus.

One difficulty with these criteria is that, although they were

designed to exclude the narrow and mechanical cases, they

largely fail to do so. Consider the case of fireflies. Fireflies

do not emit a Bmetronome-like pulse train^ (Patel et al.,

2009b, Table 1), but instead have species-specific patterns of

firing, and females respond preferentially to the pattern of

flashing of males of their own rather than of other species

(see Lewis & Cratsley, 2008, for a review). With respect to

the second criterion, fireflies can produce a range of tempos as

wide as 2:1 within a single species, varying with air tempera-

ture (e.g., Carlson, Copeland, Raderman, & Bulloch, 1976);

but by itself this would likely not satisfy Patel’s second crite-

rion, which seems to be aimed at a flexible ability to respond

to changes in tempo within a single context. Instead, a more

compelling critique is that the ability to entrain to a variety of

tempos does not necessarily require any cognitive complexity.

Indeed, the entrainment of Bsimple^ oscillating systems in

nature can exhibit highly complex dynamics, depending on

the ratios of the tempos of the interacting systems (Glass,

2001, p. 280). Conversely, a limited tempo range for entrain-

ment need not mean a lack of sophisticated cognitive beat

processing, but instead could be imposed by, for example, a

limited range of optimum tempos for motor control over a

particular effector (Hasegawa et al., 2011; Konoike et al.,

2012; Large & Gray, 2015). A similar critique applies to the

third criterion. There is no reason why a neurologically simple

creature couldn’t, for example, be wired to mechanically and

involuntarily synchronize its wing-beats, or chirping, to visual

flashes.

All this is not to suggest that fireflies have cognitively

sophisticated control over their beat-matching, but rather that

the criteria have missed the mark. They have not effectively

captured the intuition that something is different about the

case of fireflies. Instead, we suggest, the key feature here is

that the synchronization ability is both involuntary and ex-

tremely narrow. It is, in the terms of Fodor’s (1983) modular-

ity, informationally encapsulated. Much like the dance of the

honeybee, which scientists are reluctant to consider as refer-

ential communication, the issue does not lie in the internal

structure of the behavior. Instead, the problem lies in the fact

that it functions like a reflex. It is a hardwired, dedicated-use

mechanism that applies to only one stimulus and fails to

interact with the rest of the cognitive system.

In a more recent article, Patel (2014) added the criterion of

Bprediction,^ meaning that the animal’s timing is influenced

by the ongoing timing of the stimulus, rather than each re-

sponse being a reaction to each new stimulus. Stated in this

way, without reference to a cognitive mechanism, this is def-

initional of what it means to entrain. We concur that evidence

of true entrainment rather than reactive behavior is an impor-

tant criterion.We would add only that it need not involve strict

synchronization, wherein the behavioral onset exactly corre-

sponds to the stimulus onset. Instead, other variants of entrain-

ment, such as counterphasing or antisynchrony (i.e., the

stimulus and behavior alternate; cf. Ravignani, 2015), or be-

havior onset slightly after stimulus onset, should count as

entrainment, provided that the timing is too short to be plau-

sibly due to simple reaction (which, as Patel points out, would

need to be on the order of at least a few hundred milliseconds).

However, Patel (2014) additionally describes prediction as

involving a Bmental model^ of the timing. Unfortunately, this

is a difficult criterion to assess. Oscillating physical systems in

general entrain to one another, ranging from electrons to pen-

dulums to asteroids (Strogatz, 2003). None of these possess

mental models, yet their behavior appears to be Bpredictive.^

Thus, we cannot tell from the entrainment behavior itself, no

matter how precisely timed it is, whether it is driven by a

mental model. Thus, we are once more back to trying to assess

how cognitively complex the mechanisms are that underlie a

particular instance of entrainment, which cannot be done by

referencing only the decontextualized characteristics of the

behavior itself.

A further problem arises when we consider whether to set

aside vocal learners from the discussion, since all sides agree

that these animals should be capable of beat-matching. The

difficulty, though, is in deciding exactly what counts as a vocal

learner. Parrots are exuberant mimics, frequently and sponta-

neously imitating non-species-typical sounds. Other species,

including African elephants, Asian elephants, white whales,

and harbor seals, have been documented mimicking only on

an occasional basis, and it is unclear to what extent these

species do so as a regular part of their behavioral ecology

(Holden, 2006; Janik & Slater, 1997; Poole, Tyack, Stoeger-

Horwath, & Watwood, 2005; Ralls, Fiorelli, & Gish, 1984;

Ridgeway, Carder, Jeffries, & Todd, 2013; Stoeger et al.,

2012). Still other species, including bottlenose dolphins and

orcas, can be trained to mimic novel sounds, though again

regular spontaneous mimicry is less certain (Foote et al.,

2006; Richards, Wolz, & Herman, 1984). Then there is a

much larger grouping of animals whose vocalizations are re-

stricted to species-typical calls, but fully realized adult perfor-

mance of those vocalizations is learned from conspecifics dur-

ing development. These animals including the oscine song-

birds, humpback whales, greater horseshoe bats, and others

(Boughman, 1997, 1998; Catchpole & Slater, 1995; Jones &

Ransome, 1993; Kroodsma & Miller, 1996; Noad, Cato,
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Bryden, Jenner, & Jenner, 2000; Payne, Tyack, & Payne,

1983). And finally, many species produce group-specific local

variations of stereotypic repertoire vocalizations (see Tyack,

2008, for a review). These include additional species of birds

and bats, and—though much is made of their vocal inflexibil-

ity—several species of primates, including pygmymarmosets,

tamarins, and chimpanzees (Crockford, Herbinger, Vigilant,

& Boesch, 2004; Elowson & Snowdon, 1994; Maeda &

Masataka, 1987; Marshall, Wrangham, & Arcadi, 1999;

Mitani & Gros-Louis, 1998; Smolker & Pepper, 1999;

Snowdon & Elowson, 1999; Watwood, Tyack, & Wells,

2004). It is unclear where on this continuum to draw the line

on vocal learners that should be capable of beat-matching.

Finally, Hoeschele et al. (2015) raised the issue of the rel-

ative merits of laboratory experiments versus naturalistic ob-

servations. The former can be criticized for creating unnatural

demands that may not reveal an animal’s actual capabilities,

whereas the latter can be criticized for a lack of rigorous con-

trol. Hoeschele et al. concluded, as do we, that both ap-

proaches are needed in order to make progress.

Given all of the considerations above, we propose that no

cases be summarily excluded from the discussion. Instead, we

choose to cast a broad net, considering all possible cases of

entrainment in animals, to try to understand the range of phe-

nomena involved.

Positive evidence

In fact, a surprisingly wide range of species have been report-

ed to engage in synchronized behavior.

Beginning with automatic entrainment of behaviors in neu-

rologically simple species, one point to note is the variety of

species in which this occurs, and the variety of effectors and

behaviors involved. These include bioluminescent flashing in

fireflies, fish, and marine crustaceans (Buck & Buck, 1968;

Morin, 1986; Woodland, Cabanban, Taylor, & Taylor, 2002);

stridulation, or chirping, in limb-rubbing insects (Alexander

& Moore, 1958; Greenfield & Schultz, 2008; Walker, 1969);

croaking in frogs (Klump & Gerhardt, 1992; Wells, 1977);

and claw-waving in crabs (Backwell, Jennions, Passmore, &

Christy, 1998; see Greenfield, 1994, for a general review).

This shows, at a minimum, that the mechanism for this kind

of entrainment is not an isolated evolutionary occurrence, but

rather has emerged repeatedly through convergent evolution.

It further suggests that the raw neurological materials shared

by species as diverse as invertebrates, fish, and tetrapods con-

tain the prerequisites that make the emergence of entrainment

a relatively simple matter. It is not implausible that this may

form the most basic substrate of the flexible and voluntary

forms of entrainment shown by more complex species.

Moving to more complex species, cetaceans such as dol-

phins and orcas have been observed to synchronize behaviors

under a variety of circumstances, including schooling behav-

ior, cooperative feeding, breathing while resting, mother–in-

fant coordination, alliance behavior in males, displays by mul-

tiple males in the presence of females, and synchronized sur-

facing (Connor, Smolker, & Bejder, 2006; Heimlich-Boran,

1988; Mann & Smuts, 1998; Norris & Dohl, 1980; Norris &

Schilt, 1988; Peddemors, 1990; Similä, 1997). The degree of

coordination involved is noteworthy—in one study, male dol-

phin pairs surfacing in synchrony broke the surface on average

within 120–150 ms of each other (Connor et al., 2006). Given

that breaking the surface is a crude measure of synchrony,

subject to variability from perturbations of the water surface,

this is remarkable.

Several species of primates are known to perform vocal

duetting, in which calls are synchronized or alternated be-

tween two conspecifics. These species include bonobos,

gelada monkeys, gibbons, indris, langurs, siamangs, tarsiers,

titi monkeys, and marmosets (Chivers, 1972; de Waal, 1988;

Ellefson, 1974; Geissmann, 2000; Haimoff, 1986; Hohmann

& Fruth, 1994; Kinzey & Robinson, 1983; Richman, 1976,

1978, 1987; Takehashi, Narayanan, & Ghazanfar, 2013;

Tembrock, 1974; Tenaza, 1976). For most of these species

there are not sufficient data to rule out a stimulus–response

account, in which each individual responds to the most recent

call of the other, with no synchronization mechanism control-

ling the timing. Takehashi et al. claimed that marmosets en-

train their timing in turn-taking of calls, similar to the exqui-

sitely timed turn-taking in human conversation (Wilson &

Wilson, 2005), but their analysis failed to make the case for

anything more than a simple call-and-response mechanism.

(For the full argument, see http://languagelog.ldc.upenn.edu/

nll/?p=7989.)

However, in two species, gelada monkeys and bonobos, a

high degree of precision has been reported. Richman (1978,

1987) recorded gelada monkeys in naturalistic group settings

in captivity, and reported the common occurrence of both

counterphased (alternating) and phase-locked calls.

Millisecond analysis of the sonograms showed that the timing

is too precise to be accounted for by a stimulus–response expla-

nation. A further interesting feature is that synchrony improves

over successive calls, in one example starting at a 46-ms asyn-

chrony, and achieving zero asynchrony after three calls.

In bonobos, two reports exist of in-phase and counterphase

synchronized calls in the wild. Although neither study report-

ed a quantitative analysis of the timing, both reported obser-

vations of very precise synchrony. BDuring choruses, staccato

hooting of different individuals is almost perfectly synchro-

nized so that one individual acts as the ‘echo’ of another, or

emits calls at the samemoments as another. The calls are given

in a steady rhythm of about two per second^ (de Waal, 1988,

p. 203). Similarly, Bthere is a very short delay between the first

and second animal and units are usually emitted in more or

less precise alternation^ (Hohmann & Fruth, 1994, p. 772).
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These cases are of particular interest because they demon-

strate vocal synchronizing in species that are not robust vocal

learners. This is important because it indicates that the ability

to entrain the timing of a given behavior need not depend on a

great deal of voluntary control over the content of that behav-

ior (see Janik & Slater, 2000, on the distinction between con-

textual learning—when to produce a call—vs. production

learning—modulating the call itself). Control of the onset

and offset of behaviors is present in virtually all mammals

and birds, as has been extensively studied in the field of op-

erant conditioning, even when there is little neurological elab-

oration for motor learning of the details of the behavior (see

Burnstein & Wolff, 1967; Davis & Hubbard, 1973; Molliver,

1963; and Salzinger & Waller, 1962, for a few examples).

Furthermore, a chimpanzee, a bonobo, and Japanese

macaques have been reported to spontaneously synchronize

a nonvocal behavior to an ambient rhythmic stimulus. Hattori

et al. (2013) trained three captive chimpanzees to alternately

tap two keys on a piano keyboard. In a test phase, the same

auditory notes as those to be tapped were played as irrelevant

auditory stimuli during tapping, with an interstimulus interval

(ISI) of 400, 500, or 600 ms. One of the three chimpanzees

spontaneously synchronized to one of the three ISIs. In a dif-

ferent study, a captive bonobo spontaneously synchronized

drum beats with those produced by a human experimenter,

when the tempo was close to the animal’s own preferred spon-

taneous drumming speed (Large & Gray, 2015). Interestingly,

this rate (270 bpm) was far faster than the rates typically used

in animal entrainment studies. Finally, three Japanese ma-

caques who were taught a button-tapping task spontaneously

synchronized with a partner (Nagasaka et al., 2013). It is

worth noting that the task required alternating between two

buttons, creating an oscillatory movement, as well as involv-

ing an ongoing stimulus that the animal could progressively

align to, distinguishing it from other button-press tasks with

monkeys (see above). It is also worth noting that the studies

with macaques and the bonobo both involved social stimuli,

which may be an important motivating factor. These studies

suggest that at least some individuals of these species, under

some circumstances, are sensitive to an incoming rhythm and

will spontaneously beat-match.

One other possible instance of spontaneous synchroniza-

tion was reported by Bregman et al. (2013). They analyzed the

footfalls of a horse trotting to music, and found preliminary

evidence for synchronization, although the authors acknowl-

edged that further control conditions would be needed to de-

termine that the result was not coincidental.

Turning now to studies in which animals were deliberately

taught to entrain, we have the cases of the button-press exper-

iments in rhesus macaques reviewed in the section on negative

evidence, but which do provide partial evidence for entrain-

ment. Furthermore, in studies with parrots, including budger-

igars, gray parrots, and sulphur-crested cockatoos, all were

able to entrain after a learning process. (In the case of

Snowball the cockatoo, we do not know the training history

of the animal, whether deliberate or inadvertent, by his human

caretakers, but it seems likely that the behavior was not entire-

ly spontaneous.)

Finally, as we mentioned before, in one case a nonmimic

and nonprimate, the California sea lion Ronan, was trained

to produce a body movement in synchrony with an audito-

ry signal (Cook et al., 2013). Sea lions (members of the

family Otariidae) are known to be vocally inflexible, in

spite of suggestions that this has not been adequately

shown (Merchant & Honing, 2014; Patel, 2014). They do

not learn their vocalizations from conspecifics in infancy,

and despite decades of observation, there is no evidence

that they mimic vocalizations or other environmental

sounds (Schusterman, 2008; see Reichmuth & Casey,

2014, for a review). It is true that the other pinniped fam-

ilies, the Odobenidae (walruses) and Phocidae (the 18 spe-

cies of true seals), include species that possess greater vocal

flexibility. Walruses, for example, can be trained to produce

novel vocalizations of their own invention (Schusterman &

Reichmuth, 2007), and elephant seals and harbor seals

show spontaneous vocal learning (Sanvito, Galimberti, &

Miller, 2007; Schusterman, 2008). One particularly well-

known case is the harbor seal Hoover, who was cared for

by humans in infancy and developed a striking ability to

produce certain phrases spoken by his early caretaker (Ralls

et al., 1984). But Hoover remains the only pinniped indi-

vidual to ever show strong evidence of mimicry (see the

review in Reichmuth & Casey, 2014). It is decidedly not

the case that vocal learning is a shared characteristic of all

pinnipeds, whose different families diverged from one an-

other at least 23 million years ago. (In contrast, humans

diverged from chimpanzees and bonobos only 6 million

years ago, yet could hardly be more different from them

in terms of vocal flexibility.) Thus, the case of Ronan pre-

sents a compelling example of an ability to learn beat-

matching in a non-vocal-learner.

These are, as far as we know, the extent of formal reports of

synchronization in animals. However, basic observation of

various rhythmic behaviors in animals also suggests that en-

trainment may be occurring, which merits closer study. These

include locomotor behaviors, such as herds or flocks trotting,

galloping, or flying together (cf. Wheeler, 1917), and social

vocalizations, whether chorusing or alternating. Further re-

search will be needed to determine whether synchronization

occurs in these situations across a broad range of species.

In sum, the possibilities for entrainment, whether spon-

taneous, as in group behavior, or learned, as in a labora-

tory setting, are very wide indeed. The time is ripe for

research on a broad range of species, to explore whether,

to what extent, and under what conditions each species is

capable of entrainment.
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Why do animals vary in entrainment?

In the title of this article, we ask why humans want to entrain,

fireflies can’t help it, pet birds try, and sea lions have to be

bribed. In this section, we propose some reasons for this

variability.

The considerations raised in the previous sections flip the

question of entrainment on its head. Rather than asking which

animals can entrain and why, we should be asking, why isn’t

entrainment the default for all animals when presented with

rhythmic stimuli? For example, one of the interesting features

of the training of Ronan the sea lion was that, although she

eventually learned to beat-match spontaneously to novel stim-

uli, getting her to that point took months of training. Along

similar lines, although Hattori et al. (2013) found one instance

of spontaneous synchronization in a chimpanzee, two other

chimpanzees, as well as the first chimpanzee at two of the

three ISIs, showed no synchronization. That is, their motor

systems were not always spontaneously driven by oscillatory

coupling with the sensory input.

We suggest that this relative imperviousness to an incom-

ing beat—surprising when coupled with a latent ability to

entrain, as in the sea lion and the first chimpanzee—may ac-

tually be the inevitable outcome of bringing entrainment (and

other forms of sensory guidance of behavior) under greater

voluntary control. As animals evolved to become more cog-

nitively sophisticated, they increased in their ability to allocate

attention to one stimulus and neglect others, and in their ability

to voluntarily start and stop a behavior in response to their

own motives. Furthermore, this greater sophistication may

lead human researchers to expect entrainment with stimuli

and behaviors that are unsuitable for that animal, a point that

has beenmade by Hoeschele et al. (2015, p. 2). This can occur

when a particular motor behavior is not under fine-tuned con-

trol (e.g., sea lion flippers are under less refined motor control

than the head, and an attempt to entrain flipper movement

might have failed), when the tempo is too fast or too slow

for the biomechanics of that effector or its neural control sys-

tems, or when the animal does not have the perceptual ability

to extract the beat from a complex stimulus. All of these com-

plicating factors make it less than inevitable that entrainment

will happen simply because a rhythmic stimulus is present.

In the research cited above on rhythmic sensory input driv-

ing the motor system in humans and macaques (Lakatos et al.,

2008; Praamstra et al., 2006; Saleh et al., 2010), it is particu-

larly noteworthy that this occurred only when the subject was

actively attending to the stimulus. Further evidence that com-

plex brains are able to entrain to some stimuli but filter out

others has come from the fact that humans are less likely to

entrain a rhythmic behavior with a partner they don’t like

(Miles, Griffighs, Richardson, & Macrae, 2010), and that dol-

phins are more likely to synchronize during social than during

nonsocial behaviors (Connor et al., 2006).

Compatible with this idea is a proposal by Schachner

(2012), in a response to the data from horses reported by

Bregman et al. (2013). Schachner proposed that animals

may be able to beat-match if they are exposed to crucial de-

velopmental experiences (mirroring in some important re-

spects the developmental experiences of vocal learners).

Specifically, this would apply to animals raised in conditions

that induce them to develop motor skills coupled to real-time

feedback, such as those experienced by dressage horses,

which would lead to a propensity to attend to the relevant

stimuli. Schachner argues that vocal learners are unique sim-

ply in that their natural developmental trajectory in the wild

leads them to have this ability.

In addition to the animal funneling voluntary attention to

the relevant stimulus, it is also crucial that the animal’s per-

ceptual system be able to extract the rhythmic component

from the stimulus. This should not be a problem for simple

pulsing stimuli, particularly if Canolty and Knight (2010) are

correct that animal sensory systems are prone to packaging

incoming stimuli rhythmically. Less obvious, though, is the

ability to Bhear^ the beat in music—that is, to build a struc-

tured mental representation of the stimulus that extracts the

relevant rhythmic pulse from the additional, overlaid com-

plexities. As Kung, Chen, Zatorre, and Penhune (2013) noted,

Bmusical beat has no one-to-one relationship with auditory

features—it is an abstract perceptual representation that

emerges from the interaction between sensory cues and higher

level cognitive organization^ (p. 401). In Cook et al. (2013),

the sea lion Ronan became expert at beat-matching to a rela-

tively simple oscillating stimulus, yet was confused when in-

troduced to humanmusic. The animal had to be trained to hear

the beat, through successive approximations of more complex

musical exposures. But once trained to do so, she was able to

transfer this ability to novel musical stimuli. In other words,

she did not narrowly learn one song, but rather learned the

auditory skill of extracting a beat from music.

This finding of trainability with Ronan the sea lion may

shed light on a claim that rhesus macaques cannot hear the

beat in a rhythmic stimulus, as was shown by the lack of an

event-related potential (ERP) response to an oddball stimulus

(Honing, Merchant, Háden, Prado, & Bartolo, 2012). It is

possible that this lack of response was due to a lack of relevant

perceptual training. It would be of crucial interest to see

whether macaques would show the ERP response after train-

ing similar to Ronan’s.

That this skill needed to be learned in an animal like Ronan

is perhaps not unlike what happens in human development

through exposure to heavily cadenced children’s songs and

rhymes, as well as multimodal input such as being bounced

by adults while listening (cf. Phillips-Silver & Trainor, 2005).

Although newborns show ERP responses to deviations in a

heard beat (Honing, Ladinig, Háden, & Winkler, 2009;

Winkler, Háden, Ladinig, Sziller, & Honing, 2009; Zentner
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& Eerola, 2010), other studies have shown that learning to

extract the beat from complex musical structures requires a

long apprenticeship. For example, Drake, Jones, and Baruch

(2000) demonstrated that the ability to attend to different

levels in a hierarchy of rhythm in music increases with age

in children and with musical training, and they proposed that

these increased abilities are due to increasing reliance on mul-

tiple coupled oscillations rather than a single rate of oscillation

by a single ensemble. In addition, cultural experience with a

particular metrical pattern of music plays a large role in the

ability to detect a temporal disruption in that pattern embedded

in music (Hannon, Soley, & Ullal, 2012; Hannon & Trehub,

2005a, b), and exposure may need to occur in early childhood

for mere exposure to result in greater sensitivity to a complex

rhythm (Hannon, Vanden Bosch der Nederlanden, & Tichko,

2012).

A similarly long apprenticeship may be required for learn-

ing to beat-match with one’s body, as can be attested by any-

one who has watched a small child Bdance^ to music or at-

tempt to coordinate patty-cake. Even among adults with a

lifetime of cultural exposure to music, learning makes a dif-

ference. Miura, Kudo, Ohtsuki, and Kanehisa (2011) reported

that dancers are better than nondancers at synchronizing body

movement to a beat, and the difference between the groups

varied with the type of movement required. All of this shows

that developing the ability to hear a beat in a complex stimu-

lus, and to synchronize body movement to that beat, is a

prolonged process in humans, with learning playing a crucial

role.

In addition to attending to the stimulus and knowing how to

hear the stimulus, further complexities are introduced by the

issue of whether an animal has voluntary control of particular

effectors and movement patterns performed with those effec-

tors. For example, the rate of the incoming stimulus may be

too different from the preferred rate of the motor system

(Hasegawa et al., 2011; Konoike et al., 2012; Large & Gray,

2015), or the animal may not possess the neural sophistication

to learn to rhythmically perform a behavior that is not in its

natural repertoire. However, if the animal does have sufficient

voluntary control, then the chances that an animal that does

not spontaneously entrain can nevertheless learn to do so may

be much greater. By being able to control the starting and

stopping of the behavior at will, and being able to modulate

the speed to successively approximate the desired outcome,

the animal can in essence choose to entrain once it Bgets the

point^ of the task.

This emphasis on voluntary control and learning raises a

question, though, in the case of humans. Since humans are

experts at voluntary control, why are music and dance univer-

sal? The key factor may be motivational. Nonhuman animals

can be trained to do beat-matching for reward, but at least

some species, given the choice, prefer silence to music

(McDermott & Hauser, 2007; but see Watanabe & Nemoto,

1998). Humans, on the other hand, enjoy rhythm and musical

patterns, and therefore build these into their cultures, so that

exposure to music and dance becomes a universal part of the

human developmental experience. Indeed, this intensive, life-

long, universal overlearning of music and dance may lead to it

becoming automatized to the point that humans can’t help but

beat-match—an effect perhaps comparable to the Stroop ef-

fect in experienced readers. In fact, it has been shown that

humans cannot help but entrain to one another, even when

asked not to (Issartel, Marin, & Cadopi, 2007). However, if

we can imagine a group of humans raised without any cultural

input of music and dance, it is possible that they would show

as little spontaneous beat-matching as a sea lion.

The role of motivation may also help to explain why highly

social birds are the animals that have been discovered by lay

people to have an ability to Bdance.^ These birds bond with

their caretakers and are highly sensitive to social reward, mak-

ing it particularly likely that they will pick up behaviors that

humans find amusing. Motivation can also explain the spon-

taneous occurrence of synchronization in dolphins and orcas,

who clearly have a specifically social motivation to do so (cf.

Abramson, Hernández-Lloreda, Call, & Colmenares, 2013,

on social imitation in orcas), and social motivation may also

be a factor in the case of the bonobo who entrained to a human

experimenter (Large & Gray, 2015).

To summarize, then, some species such as insects will pro-

duce a beat-matched repetitive behavior in response to a re-

petitive stimulus simply Bbecause it’s there,^ via relatively

unmediated neural connections that foster entrainment of os-

cillations, whereas other species will filter out the stimulus via

attentional mechanisms, fail to hear the beat embedded in the

stimulus, choose not to initiate the behavior, or lack the motor

control to produce a repetitive behavior that is not part of their

natural repertoire. Greater neurological sophistication can lead

to apparent failures of entrainment, but for reasons that yield

insights about the animal’s cognitive architecture.

Conclusions

In sum, the evidence suggests that the range of animals that

can entrain is much larger than has been believed, and that a

great deal of further research will be needed across a range of

species before we can make any broad claims about the rhyth-

mic capabilities of animals.

The results of such research would have fundamental im-

plications for understanding animal learning and behavior. By

focusing the discussion too tightly on the role of sensorimotor

entrainment in supporting human rhythm and music, and the

hunt for restricted neural adaptations that might be responsi-

ble, a wide array of understudied animal behavior has been

prematurely excluded from the discussion.
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It is easy to think of reasons why the entrainment of rhyth-

mic activity to rhythmic stimuli in the environment would be

advantageous. Larsson (2012, 2014) has argued that animals

evolved to synchronize group locomotion and breathing in

order not to mask important environmental sounds, and

Ravignani, Bowling, and Fitch (2014) reviewed a range of

hypotheses regarding the advantages of vocal chorusing.

Other examples might include an aquatic animal swimming

in choppy water, synchronizing limb strokes to the frequency

of the waves; an infant riding on its mother, matching the

tensing and relaxing of muscles to her movement, much like

a horseback rider; herd movement, which may be more effi-

cient when locomotion is synchronized, and which may also

help to avoid collisions; synchronizing with prey to facilitate

capture; coordinating group hunting; managing the ebb and

flow of play behavior; minimizing conflict in group feeding

situations; mating rituals; and copulatory behavior. In addition

to these pragmatic advantages, synchronized behavior may be

used by animals to signal affiliation with each other (enhanc-

ing attention and cooperation, and possibly even driving mir-

ror systems), and also to signal that affiliation to other conspe-

cific observers of the synchronized behavior.

In addition, the extent of entrainment in the animal king-

dom has implications for our understanding of human music

and dance. It is clear that dramatic evolutionary changes hap-

pened very recently, after human ancestors split from the other

apes, to produce these complex and distinctive behaviors.

Research on the cognition of music and dance has therefore

naturally focused on identifying components that could form

the basis of this recent development. But if the arguments we

have put forth in this article are correct, then the ability to

entrain is not one of these recent changes. Instead, its role in

human music and dance is to form a very old substrate, shared

by widely diverse creatures, and other factors must be sought

to explain why music and dance are so remarkable and unique

in the animal kingdom.

References

Abramson, J. Z., Hernández-Lloreda, V., Call, J., & Colmenares, F.

(2013). Experimental evidence for action imitation in killer whales

(Orcinus orca). Animal Cognition, 16, 11–22. doi:10.1007/s10071-

012-0546-2

Alexander, R. D., & Moore, T. E. (1958). Studies on the acoustical be-

havior of seventeen-year cicadas (Homoptera: Cicadidae:

Magicicada). Ohio Journal of Science, 58, 107–127.

Backwell, P., Jennions, M., Passmore, N., & Christy, J. (1998).

Synchronized courtship in fiddler crabs. Nature, 391, 31–32.

Bispham, J. (2006). Rhythm in music: What is it? Who has it? And why?

Music Perception, 24, 125–134.

Boughman, J. W. (1997). Greater spear-nosed bats give group-distinctive

calls. Behavioral Ecology and Sociobiology, 40, 61–70.

Boughman, J. W. (1998). Vocal learning by greater spear-nosed bats.

Proceedings of the Royal Society B, 265, 227–233.

Bragin, A., Engel, J., Wilson, C., Fried, I., & Buzsaki, G. (1999). High-

frequency oscillations in human brain. Hippocampus, 9, 137–142.

Bregman, M. R., Iversen, J. R., Lichman, D., Reinhart, M., & Patel, A. D.

(2013). A method for testing synchronization to a musical beat in

domestic horses (Equus ferus caballus). Empirical Musicology

Review, 7, 144–156.

Buck, J., & Buck, E. (1968). Mechanism of rhythmic synchronous flash-

ing of fireflies: Fireflies of Southeast Asia may use anticipatory

time-measuring in synchronizing their flashing. Science, 159,

1319–1327.

Burnstein, D. D., &Wolff, P. C. (1967). Vocal conditioning in the guinea

pig. Psychonomic Science, 8, 39–40.

Canolty, R. T., & Knight, R. T. (2010). The functional role of cross-

frequency coupling. Trends in Cognitive Sciences, 14, 506–515.

doi:10.1016/j.tics.2010.09.001

Carlson, A., Copeland, J., Raderman, R., & Bulloch, A. (1976). Role of

interflash intervals in a firefly courtship (Photinus macdermotti).

Animal Behavior, 24, 786–792.

Catchpole, C. K., & Slater, P. J. B. (1995). Bird song: Biological themes

and variations. Cambridge, UK: Cambridge University Press.

Chen, J. L., Penhune, V. B., & Zatorre, R. J. (2008). Listening to musical

rhythms recruits motor regions of the brain. Cerebral Cortex, 18,

2844–2854.

Chivers, J. (1972). The siamang and the gibbon in the Malay Peninsula.

Gibbon and Siamang, 1, 103–135.

Connor, R. C., Smolker, R., & Bejder, L. (2006). Synchrony, social be-

haviour and alliance affiliation in Indian Ocean bottlenose dolphins,

Tursiops aduncus. Animal Behaviour, 72, 1371–1378. doi:10.1016/

j.anbehav.2006.03.014

Cook, P., Rouse, A., Wilson, M., & Reichmuth, C. (2013). A California

sea lion (Zalophus californianus) can keep the beat: Motor entrain-

ment to rhythmic auditory stimuli in a non vocal mimic. Journal of

Comparative Psychology, 127, 412–427. doi:10.1037/a0032345

Craig, W. (1916). Synchronism in the rhythmic activities of animals.

Science, 44, 784–786.

Craig, W. (1917). On the reliability of animals to keep time with an

external rhythm. Journal of Animal Behavior, 7, 444–448.

Crockford, C., Herbinger, I., Vigilant, L., & Boesch, C. (2004). Wild

chimpanzees produce group-specific calls: A case for vocal learn-

ing? Ethology, 110, 221–243.

Darwin, C. (1871). The descent of man and selection in relation to sex.

London, UK: John Murray.

Davis, H., & Hubbard, J. (1973). Conditioned vocalization in rats.

Journal of Comparative and Physiological Psychology, 82, 152–

158.

de Waal, F. B. (1988). The communicative repertoire of captive bonobos

(Pan paniscus), compared to that of chimpanzees. Behaviour, 106,

183–251.

Drake, C., Jones, M. R., & Baruch, C. (2000). The development of rhyth-

mic attending in auditory sequences: attunement, referent period,

focal attending. Cognition, 77, 251–288.

Ellefson, J. O. (1974). A natural history of white-handed gibbons in the

Malayan Peninsula. Gibbon and Siamang, 3, 1–136.

Elliott, M. T., Wing, A. M., & Welchman, A. E. (2010). Multisensory

cues improve sensorimotor synchronisation. European Journal of

Neuroscience, 31, 1828–1835.

Elliott, M. T., Wing, A. M., & Welchman, A. E. (2011). The

effect of ageing on multisensory integration for the control

of movement timing. Experimental Brain Research, 213,

291–298.

Elowson, A. M., & Snowdon, C. T. (1994). Pygmy marmosets, Cebuella

pygmaea, modify vocal structure in response to changed social en-

vironment. Animal Behaviour, 47, 1267–1277.

1656 Psychon Bull Rev (2016) 23:1647–1659

http://dx.doi.org/10.1007/s10071-012-0546-2
http://dx.doi.org/10.1007/s10071-012-0546-2
http://dx.doi.org/10.1016/j.tics.2010.09.001
http://dx.doi.org/10.1016/j.anbehav.2006.03.014
http://dx.doi.org/10.1016/j.anbehav.2006.03.014
http://dx.doi.org/10.1037/a0032345


Fitch, W. T. (2012). The biology and evolution of rhythm: Unravelling a

paradox. In P. Rebuschat, M. Rohrmeier, J. A. Hawkins, & I. Cross

(Eds.), Language and music as cognitive systems (pp. 73–93). New

York, NY: Oxford University Press.

Fodor, J. A. (1983). The modularity of mind: An essay on faculty

psychology. Cambridge, MA: MIT Press.

Foote, A., Griffin, R., Howitt, D., Larsson, L., Miller, P., & Hoelzel, R.

(2006). Killer whales are capable of vocal learning. Biology Letters,

2, 509–512.

Fries, P. (2009). Neuronal gamma-band synchronization as a fundamental

process in cortical computation.Annual Review of Neuroscience, 32,

209–224.

Fujioka, T., Trainor, L. J., Large, E. W., & Ross, B. (2012). Internalized

timing of isochronous sounds is represented in neuromagnetic beta

oscillations. Journal of Neuroscience, 32, 1791–1802.

Geissmann, T. (2000). Duet songs of the siamang,Hylobates syndactylus:

I. Structure and organisation. Primate Report, 56, 33–60.

Glass, L. (2001). Synchronization and rhythmic processes in physiology.

Nature, 410, 277–284.

Grahn, J., & Brett, M. (2007). Rhythm and beat perception in motor areas

of the brain. Journal of Cognitive Neuroscience, 19, 893–906.

Greenfield, M. D. (1994). Synchronous and alternating choruses in in-

sects and anurans: Common Mechanisms and diverse functions.

Integrative and Comparative Biology, 34, 605–615.

Greenfield, M. D., & Schultz, J. (2008). Mechanisms and evolution of

synchronous chorusing: Emergent properties and adaptive functions

in Neoconocephalus katydids (Orthoptera: Tettigoniidae). Journal

of Comparative Psychology, 122, 289–297.

Haimoff, E. H. (1986). Convergence in the duetting of monogamous Old

World primates. Journal of Human Evolution, 15, 51–59.

Hannon, E. E., Soley, G., & Ullal, S. (2012a). Familiarity overrides com-

plexity in rhythm perception: A cross-cultural comparison of

American and Turkish listeners. Journal of Experimental

Psychology: Human Perception and Performance, 38, 543–548.

doi:10.1037/a0027225

Hannon, E. E., & Trehub, S. E. (2005a). Metrical categories in infancy

and adulthood. Psychological Science, 16, 48–55.

Hannon, E. E., & Trehub, S. E. (2005b). Tuning in to musical rhythms:

Infants learn more readily than adults. Proceedings of the National

Academy of Sciences, 102, 12639–12643.

Hannon, E. E., Vanden Bosch der Nederlanden, C. M., & Tichko, P.

(2012b). Effects of perceptual experience on children’s and adults’

perception of unfamiliar rhythms. Annals of the New York Academy

of Sciences, 1252, 92–99. doi:10.1111/j.1749-6632.2012.06466.x

Hasegawa, A., Okanoya, K., Hasegawa, T., & Seki, Y. (2011). Rhythmic

synchronization tapping to an audio–visual metronome in budgeri-

gars. Scientific Reports, 1, 120. doi:10.1038/srep00120

Hattori, Y., Tomonaga, M., & Matsuzawa, T. (2013). Spontaneous syn-

chronized tapping to an auditory rhythm in a chimpanzee. Scientific

Reports, 3, 1566. doi:10.1038/srep01566

Heimlich-Boran, J. R. (1988). Behavioral ecology of killer whales

(Orcinus orca) in the Pacific Northwest. Canadian Journal of

Zoology, 66, 565–578.

Hoeschele, M., Merchant, H., Kikuchi, Y., Hattori, Y., & ten Cate, C.

(2015). Searching for the origins of musicality across species.

Philosophical Transactions of the Royal Society B, 370, 20140094.

Hohmann, G., & Fruth, B. (1994). Structure and use of distance calls in

wild bonobos (Pan paniscus). International Journal of Primatology,

15, 767–782.

Holden, C. (2006). Polly pachyderm. Science, 314, 29.

Honing, H., Ladinig, O., Háden, G. P., & Winkler, I. (2009). Is beat

induction innate or learned? Probing emergent meter perception in

adults and newborns using event-related brain potentials. Annals of

the New York Academy of Sciences, 1169, 93–96. doi:10.1111/j.

1749-6632.2009.04761.x

Honing, H., Merchant, H., Háden, G. P., Prado, L., & Bartolo, R. (2012).

Rhesus monkeys (Macaca mulatta) detect rhythmic groups in mu-

sic, but not the beat. PLoS ONE, 7, e51369. doi:10.1371/journal.

pone.0051369

Honing, H., & Ploeger, A. (2012). Cognition and the evolution of music:

Pitfalls and prospects. Topics in Cognitive Science, 4, 513–524.

Honing, H., ten Cate, C., Peretz, I., & Trehub, S. E. (2015). Without it no

music: Cognition, biology and evolution of musicality.

Philosophical Transactions of the Royal Society B, 370, 20140088.

Hove, M. J., Spivey, M. J., & Krumhansl, C. L. (2010). Compatibility of

motion facilitates visuomotor synchronization. Journal of

Experimental Psychology: Human Perception and Performance,

36, 1525–1534. doi:10.1037/a0019059

Issartel, J., Marin, L., & Cadopi, M. (2007). Unintended interpersonal co-

ordination: Can we march to the beat of our own drum?

Neuroscience Letters, 411, 174–179.

Iversen, J. R., Patel, A. D., Nicodemus, B., & Emmorey, K. (2015).

Synchronization to auditory and visual rhythms in hearing and deaf

individuals. Cognition, 134, 232–244.

Janik, V. M., & Slater, P. J. (1997). Vocal learning in mammals. Advances

in the Study of Behavior, 26, 59–99.

Janik, V.M., & Slater, P. J. (2000). The different roles of social learning in

vocal communication. Animal Behaviour, 60, 1–11.

Jensen, O., Kaiser, J., & Lachaux, J. (2007). Human gamma-frequency

oscillations associated with attention and memory. Trends in

Neurosciences, 30, 317–324.

Jones, G., & Ransome, R. D. (1993). Echolocation calls of bats are influ-

enced bymaternal effects and change over a lifetime. Proceedings of

the Royal Society B, 252, 125–128.

Jutras, M., & Buffalo, E. (2010). Synchronous neural activity and mem-

ory formation. Current Opinion in Neurobiology, 20, 150–155.

Kinzey, W. G., & Robinson, J. G. (1983). Intergroup loud calls, range

size, and spacing in Callicebus torquatus. American Journal of

Physical Anthropology, 60, 539–544.

Klump, G. M., & Gerhardt, H. C. (1992). Mechanisms and function of

call-timing in male–male interactions in frogs. In P. K. McGregor &

North Atlantic Treaty Organization, Scientific Affairs Division

(Eds.), Playback and studies of animal communication (pp. 153–

174). New York, NY: Springer.

Konoike, N., Mikami, A., & Miyachi, S. (2012). The influence of tempo

upon the rhythmic motor control in macaque monkeys.

Neuroscience Research, 74, 64–67.

Knyazev, G. (2007). Motivation, emotion, and their inhibitory control

mirrored in brain oscillations. Neuroscience & Biobehavioral

Reviews, 31, 377–395.

Kroodsma, D. E., & Miller, E. H. (1996). Ecology and evolution of

acoustic communication in birds. Ithaca, NY: Comstock.

Kung, S. J., Chen, J. L., Zatorre, R. J., & Penhune, V. B. (2013).

Interacting cortical and basal ganglia networks underlying finding

and tapping to the musical beat. Journal of Cognitive Neuroscience,

25, 401–420.

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., & Schroeder, C. E.

(2008). Entrainment of neuronal oscillations as a mechanism of

attentional selection. Science, 320, 110–113.

Large, E. W. (2008). Resonating to musical rhythm: Theory and experi-

ment. In S. Grondin (Ed.), The psychology of time (pp. 189–231).

Cambridge, UK: Emerald.

Large, E. W., & Gray, P. M. (2015). Spontaneous tempo and rhythmic

entrainment in a bonobo (Pan paniscus). Journal of Comparative

Psychology, 129, 317–328. doi:10.1037/com0000011

Large, E.W., & Snyder, J. S. (2009). Pulse and meter as neural resonance.

Annals of the New York Academy of Sciences, 1169, 46–57.

Larsson, M. (2012). Incidental sounds of locomotion in animal cognition.

Animal Cognition, 15, 1–13. doi:10.1007/s10071-011-0433-2

Psychon Bull Rev (2016) 23:1647–1659 1657

http://dx.doi.org/10.1037/a0027225
http://dx.doi.org/10.1111/j.1749-6632.2012.06466.x
http://dx.doi.org/10.1038/srep00120
http://dx.doi.org/10.1038/srep01566
http://dx.doi.org/10.1111/j.1749-6632.2009.04761.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04761.x
http://dx.doi.org/10.1371/journal.pone.0051369
http://dx.doi.org/10.1371/journal.pone.0051369
http://dx.doi.org/10.1037/a0019059
http://dx.doi.org/10.1037/com0000011
http://dx.doi.org/10.1007/s10071-011-0433-2


Larsson, M. (2014). Self-generated sounds of locomotion and ventilation

and the evolution of human rhythmic abilities. Animal Cognition,

17, 1–14. doi:10.1007/s10071-013-0678-z

Lewis, S. M., & Cratsley, C. K. (2008). Flash signal evolution, mate

choice, and predation in fireflies. Annual Review of Entomology,

53, 293–321.

Maeda, T., & Masataka, N. (1987). Locale-specific vocal behavior of the

tamarin (Saguinus I. labiatus). Ethology, 75, 25–30.

Mann, J., & Smuts, B. B. (1998). Natal attraction: Allomaternal care and

mother–infant separations in wild bottlenose dolphins. Animal

Behaviour, 55, 1097–1113.

Marshall, A. J., Wrangham, R.W., & Arcadi, A. C. (1999). Does learning

affect the structure of vocalizations in chimpanzees? Animal

Behaviour, 58, 825–830.

Matell, M. S., &Meck, W. H. (2004). Cortico-striatal circuits and interval

timing: coincidence detection of oscillatory processes. Cognitive

Brain Research, 21, 139–170.

McDermott, J., & Hauser, M. (2007). Nonhuman primates prefer slow

tempos but dislike music overall. Cognition, 104, 654–668.

Meck, W. H., Penney, T. B., & Pouthas, V. (2008). Cortico-striatal repre-

sentation of time in animals and humans. Current Opinion in

Neurobiology, 18, 145–152. doi:10.1016/j.conb.2008.08.002

Merchant, H., Harrington, D. L., & Meck, W. H. (2013). Neural basis of

the perception and estimation of time. Annual Review of

Neuroscience, 36, 313–336.

Merchant, H., & Honing, H. (2014). Are non-human primates capable of

entrainment? Evidence for the gradual motor evolution hypothesis.

Frontiers in Neuroscience, 7, 274.

Merchant, H., Pérez, O., Bartolo, R., Méndez, J. C., Mendoza, G.,

Gámez, J., … & Prado, L. (2015). Sensorimotor neural dynamics

during isochronous tapping in the medial premotor cortex of the

macaque. European Journal of Neuroscience, 41, 586–602. doi:

10.1111/ejn.12811

Merchant, H., Zarco, W., Pérez, O., Prado, L., & Bartolo, R. (2011).

Measuring time with multiple neural chronometers during a

synchronization-continuation task. Proceedings of the National

Academy of Sciences, 108, 19784–19789. doi:10.1073/pnas.

1112933108

Merker, B. H., Madison, G. S., & Eckerdal, P. (2009). On the role and

origin of isochrony in human rhythmic entrainment. Cortex, 45, 4–

17.

Miles, L. K., Griffighs, J. L., Richardson, J. J., & Macrae, C. N. (2010).

Too late to coordinate: Contextual influences on behavioral synchro-

ny. European Journal of Social Psychology, 40, 52–60.

Miller, J. E., Carlson, L. A., & McAuley, J. D. (2013). When what you

hear influences when you see: Listening to an auditory rhythm in-

fluences the temporal allocation of visual attention. Psychological

Science, 24, 11–18. doi:10.1177/0956797612446707

Mitani, J. C., & Gros-Louis, J. (1998). Chorusing and call convergence in

chimpanzees: Tests of three hypotheses. Behaviour, 135, 1041–

1064.

Miura, A., Kudo, K., Ohtsuki, T., & Kanehisa, H. (2011). Coordination

modes in sensorimotor synchronization of whole-body movement:

A study of street dancers and non-dancers. Human Movement

Science, 30, 1260–1271.

Molinari, M., Leggio,M. G., Martin,M., Cerasa, A., & Thaut, M. (2003).

Neurobiology of rhythmic motor entrainment. Annals of the New

York Academy of Sciences, 999, 313–321.

Molliver, M. E. (1963). Operant control of vocal behavior in the cat.

Journal of the Experimental Analysis of Behavior, 6, 197–202.

Morin, J. G. (1986). BFirefleas^ of the sea: Luminescent signaling in

marine ostra-code crustaceans. Florida Entomologist, 69, 105–121.

Nagasaka, Y., Chao, Z. C., Hasegawa, N., Notoya, T., & Fujii, N. (2013).

Spontaneous synchronization of arm motion between Japanese ma-

caques. Scientific Reports, 3, 1151. doi:10.1038/srep01151

Nessler, J. A., & Gilliland, S. J. (2009). Interpersonal synchronization

during side by side treadmill walking is influenced by leg length

differential and altered sensory feedback. Human Movement

Science, 28, 772–785.

Nikolić, D., Fries, P., & Singer, W. (2013). Gamma oscillations: Precise

temporal coordination without a metronome. Trends in Cognitive

Sciences, 17, 54–55.

Noad, M. J., Cato, D. H., Bryden, M. M., Jenner, M. N., & Jenner, K. C.

(2000). Cultural revolution in whale songs. Nature, 408, 537.

Norris, K. S., & Dohl, T. P. (1980). The structure and functions of ceta-

cean schools. In L. M. Herman (Ed.), Cetacean behavior:

Mechanisms and functions (pp. 211–261). New York, NY: Wiley.

Norris, K. S., & Schilt, C. R. (1988). Cooperative societies in three-

dimensional space: On the origins of aggregations, flocks, and

schools, with special reference to dolphins and fish. Ethology and

Sociobiology, 9, 149–179.

Patel, A. D. (2006). Musical rhythm, linguistic rhythm, and human evo-

lution. Music Perception, 24, 99–104.

Patel, A. D. (2014). The evolutionary biology of musical rhythm: Was

Darwin wrong? PLOS Biology, 12, e1001821.

Patel, A. D., & Iversen, J. R. (2014). The evolutionary neuroscience of

musical beat perception: The Action Simulation for Auditory

Prediction (ASAP) hypothesis. Frontiers in Systems Neuroscience,

8, 57. doi:10.3389/fnsys.2014.00057

Patel, A. D., Iversen, J. R., Bregman, M. R., & Schulz, I. (2009a).

Experimental evidence for synchronization to a musical beat in a

nonhuman animal. Current Biology, 19, 827–830. doi:10.1016/j.

cub.2009.03.038

Patel, A. D., Iversen, J. R., Bregman, M. R., & Schulz, I. (2009b).

Studying synchronization to a musical beat in nonhuman animals:

The neurosciences and music III—Disorders and plasticity. Annals

of the New York Academy of Science, 1169, 459–469. doi:10.1111/j.

1749-6632.2009.04581.x

Payne, K. B., Tyack, P., & Payne, R. S. (1983). Progressive changes in the

songs of humpback whales. In R. S. Payne (Ed.), Communication

and behavior of whales (pp. 9–59). Boulder, CO: Westview Press.

Peddemors, V. M. (1990). Respiratory development in a captive-born

bottle-nosed-dolphin Tursiops-truncatus calf. South African

Journal of Zoology, 25, 178–184.

Penhune, V. B., Zatorre, R. J., & Evans, A. (1998). Cerebellar contribu-

tions to motor timing: A PET study of auditory and visual rhythm

reproduction. Journal of Cognitive Neuroscience, 10, 752–765.

Phillips-Silver, J., Aktipis, C. A., & Bryant, G. A. (2010). The ecology of

entrainment: Foundations of coordinated rhythmic movement.

Music Perception, 28, 3–14. doi:10.1525/mp.2010.28.1.3

Phillips-Silver, J., & Trainor, L. J. (2005). Feeling the beat: Movement

influences infants’ rhythm perception. Science, 308, 1430. doi:10.

1126/science.1110922

Phillips-Silver, J., & Trainor, L. J. (2007). Hearing what the body feels:

Auditory encoding of rhythmic movement. Cognition, 105, 533–

546.

Phillips-Silver, J., & Trainor, L. J. (2008). Vestibular influence on audi-

tory metrical interpretation. Brain and Cognition, 67, 94–102.

Poole, J., Tyack, P., Stoeger-Horwath, A., &Watwood, S. (2005). Animal

behavior: Elephants are capable of vocal learning.Nature, 434, 455–

456.

Praamstra, P., Kourtis, D., Kwok, H. F., & Oostenveld, R. (2006).

Neurophysiology of implicit timing in serial choice reaction-time

performance. Journal of Neuroscience, 26, 5448–5455.

Ralls, K., Fiorelli, P., & Gish, S. (1984). Vocalizations and vocal mimicry

in captive harbor seals, Phoca vitulina. Canadian Journal of

Zoology, 63, 1050–1056.

Ravignani, A. (2015). Evolving perceptual biases for antisynchrony: A

form of temporal coordination beyond synchrony. Frontiers in

Neuroscience, 9, 339. doi:10.3389/fnins.2015.00339

1658 Psychon Bull Rev (2016) 23:1647–1659

http://dx.doi.org/10.1007/s10071-013-0678-z
http://dx.doi.org/10.1016/j.conb.2008.08.002
http://dx.doi.org/10.1111/ejn.12811
http://dx.doi.org/10.1073/pnas.1112933108
http://dx.doi.org/10.1073/pnas.1112933108
http://dx.doi.org/10.1177/0956797612446707
http://dx.doi.org/10.1038/srep01151
http://dx.doi.org/10.3389/fnsys.2014.00057
http://dx.doi.org/10.1016/j.cub.2009.03.038
http://dx.doi.org/10.1016/j.cub.2009.03.038
http://dx.doi.org/10.1111/j.1749-6632.2009.04581.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04581.x
http://dx.doi.org/10.1525/mp.2010.28.1.3
http://dx.doi.org/10.1126/science.1110922
http://dx.doi.org/10.1126/science.1110922
http://dx.doi.org/10.3389/fnins.2015.00339


Ravignani, A., Bowling, D. L., & Fitch, W. T. (2014). Chorusing, syn-

chrony, and the evolutionary functions of rhythm. Frontiers in

Psychology, 5, 1118. doi:10.3389/fpsyg.2014.01118

Reichmuth, C., & Casey, C. (2014). Vocal learning in seals, sea lions, and

walruses. Current Opinion in Neurobiology, 28, 66–71.

Richards, D.,Wolz, J., & Herman, L. (1984). Vocal mimicry of computer-

generated sounds and vocal labeling of objects by a bottlenosed

dolphin, Tursiops truncates. Journal of Comparative Psychology,

98, 10–28.

Richardson, M. J., Marsh, K. L., Isenhower, R. W., Goodman, J. R., &

Schmidt, R. C. (2007). Rocking together: Dynamics of intentional

and unintentional interpersonal coordination. Human Movement

Science, 26, 867–891.

Richman, B. (1976). Some vocal distinctive features used by gelada

monkeys. Journal of the Acoustical Society of America, 60, 718–

724.

Richman, B. (1978). The synchronization of voices by gelada monkeys.

Primates, 19, 569–581.

Richman, B. (1987). Rhythm and melody in gelada vocal exchanges.

Primates, 28, 199–223.

Ridgeway, S., Carder, D., Jeffries, M., & Todd, M. (2013). Sponteneous

human speech mimicry by a cetacean. Current Biology, 22, R860–

R861.

Saleh, M., Reimer, J., Penn, R., Ojakangas, C. L., & Hatsopoulos, N. G.

(2010). Fast and slow oscillations in human primary motor cortex

predict oncoming behaviorally relevant cues. Neuron, 65, 461–471.

Salzinger, K., &Waller, M. B. (1962). The operant control of vocalization

in the dog. Journal of the Experimental Analysis of Behavior, 5,

383–389.

Sanvito, S., Galimberti, F., & Miller, E. H. (2007). Observational evi-

dences of vocal learning in southern elephant seals: a longitudinal

study. Ethology, 113, 137–146.

Schachner, A. (2012). If horses don’t entrain, don’t entirely reject vocal

learning: An experienced based vocal learning hypothesis.

Empirical Musicology Review, 7, 157–159.

Schachner, A., Brady, T. F., Pepperberg, I. M., & Hauser, M. D. (2009).

Spontaneous motor entrainment to music in multiple vocal mimick-

ing species. Current Biology, 19, 831–836.

Schusterman, R. J. (2008). Vocal learning in mammals with special em-

phasis on pinnipeds. In D. K. Oller &U. Gribel (Eds.), The evolution

of communicative flexibility: Complexity, creativity, and adaptability

in human and animal communication (pp. 41–70). Cambridge, MA:

MIT Press.

Schusterman, R. J., & Reichmuth, C. (2007). Novel sound production via

contingency learning in the Pacific walrus (Odobenus rosmarus

divergens). Animal Cognition, 11, 319–327.

Similä, T. (1997). Sonar observations of killer whales (Orcinus orca)

feeding on herring schools. Aquatic Mammals, 23, 119–126.

Singer,W. (1999). Neuronal synchrony: Aversatile code for the definition

of relations? Neuron, 24, 49–25.

Smolker, R., & Pepper, J. W. (1999). Whistle convergence among allied

male bottlenose dolphins (Delphinidae, Tursiops sp.). Ethology,

105, 595–617. doi:10.1046/j.1439-0310.1999.00441.x

Snowdon, C., & Elowson, M. (1999). Pygmy marmosets modify call

structure when paired. Ethology, 105, 893–908.

Stoeger, A. S., & Manger, P. (2014). Vocal learning in elephants: Neural

bases and adaptive context. Current Opinion in Neurobiology, 28,

101–107.

Stoeger, A. S., Mietchen, D., Oh, S., de Silva, S., Herbst, C. T., Kwon, S.,

& Fitch, W. T. (2012). An Asian elephant imitates human speech.

Current Biology, 22, 2144–2148. doi:10.1016/j.cub.2012.09.022

Strogatz, S. (2003). Sync: The emerging science of spontaneous order.

New York, NY: Hyperion.

Sumbre, G., Muto, A., Baier, H., & Poo, M. (2008). Entrained rhythmic

activities of neuronal ensembles as perceptual memory of time in-

terval. Nature, 456, 102–107.

Takehashi, D. Y., Narayanan, D. Z., & Ghazanfar, A. A. (2013). Coupled

oscillator dynamics of vocal turn-taking in monkeys. Current

Biology, 23, 1–7.

Tembrock, G. (1974). Sound production of Hylobates and

Symphalangus. Gibbon and Siamang, 3, 176–205.

Tenaza, R. (1976). Songs, choruses and countersinging of Koss’ gibbons

(Hylobates klossii) in Siberut Island, Indonesia. Zeitschrift für

Tierpsychologie, 40, 37–52.

Todd, N. P. M., & Cody, F. (2000). Vestibular responses to loud dance

music: A physiological basis for the Brock and roll threshold^?

Journal of the Acoustical Society of America, 107, 496–500.

Trainor, L. J., Gao, X., Lei, J., Lehtovaara, K., &Harris, L. R. (2009). The

primal role of the vestibular system in determining musical rhythm.

Cortex, 45, 35–43.

Tyack, P. L. (2008). Convergence of calls as animals form social bonds,

active compensation for noisy communication channels, and the

evolution of vocal learning in mammals. Journal of Comparative

Psychology, 122, 319–331. doi:10.1037/a0013087

Walker, T. J. (1969). Acoustic synchrony: Two mechanisms in the snowy

tree cricket. Science, 166, 891–894.

Wallin, N., Merker, B., & Brown, S. (Eds.). (2000). The origins of music.

Cambridge, MA: MIT Press.

Ward, L. (2003). Synchronous neural oscillations and cognitive process-

es. Trends in Cognitive Sciences, 7, 553–559.

Watanabe, S., & Nemoto, M. (1998). Reinforcing property of music in

Java sparrows PADDA ORYZIVORA. Behavioural Processes, 43,

211–218.

Watwood, S. L., Tyack, P. L., & Wells, R. S. (2004). Whistle sharing in

paired male bottlenose dolphins, Tursiops truncatus. Behavioral

Ecology and Sociobiology, 55, 531–543.

Wells, K. D. (1977). The social behaviour of anuran amphibians. Animal

Behaviour, 25, 666–693.

Wheeler, W. M. (1917). The synchronic behavior of Phalangidae.

Science, 45, 189–190.

Wilson, M., & Wilson, T. P. (2005). An oscillator model of the timing of

turn-taking. Psychonomic Bulletin & Review, 12, 957–968. doi:10.

3758/BF03206432

Winkler, I., Háden, G. P., Ladinig, O., Sziller, I., & Honing, H. (2009).

Newborn infants detect the beat in music. Proceedings of the

National Academy of Sciences, 106, 2468–2471.

Woodland, D. J., Cabanban, A. S., Taylor, V. M., & Taylor, R. J. (2002).

A synchronized rhythmic flashing light display by schooling

Leiognathus splendens (Leiognathidae: Perciformes). Marine and

Freshwater Research, 53, 159–162.

Zanto, T. P., Snyder, J. S., & Large, E. W. (2006). Neural correlates of

rhythmic expectancy. Advances in Cognitive Psychology, 2, 221–

231.

Zarco, W., Merchant, H., Prado, L., & Mendez, J. C. (2009). Subsecond

timing in primates: Comparison of interval production between hu-

man subjects and rhesus monkeys. Journal of Neurophysiology,

102, 3191–3202.

Zatorre, R. J., Chen, J. L., & Penhune, V. B. (2007). When the brain plays

music: Auditory–motor interactions in music perception and pro-

duction. Nature Reviews Neuroscience, 8, 547–558.

Zentner, M., & Eerola, T. (2010). Rhythmic engagement with music in

infancy. Proceedings of the National Academy of Sciences, 107,

5768–5773.

Psychon Bull Rev (2016) 23:1647–1659 1659

http://dx.doi.org/10.3389/fpsyg.2014.01118
http://dx.doi.org/10.1046/j.1439-0310.1999.00441.x
http://dx.doi.org/10.1016/j.cub.2012.09.022
http://dx.doi.org/10.1037/a0013087
http://dx.doi.org/10.3758/BF03206432
http://dx.doi.org/10.3758/BF03206432

	Rhythmic entrainment: Why humans want to, fireflies can’t help it, pet birds try, and sea lions have to be bribed
	Abstract
	Negative evidence?
	The argument from neurological plausibility
	Beat-matching to nonauditory stimuli
	Entrainment in animals: What counts as evidence?
	Positive evidence
	Why do animals vary in entrainment?
	Conclusions
	References


