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Abstract
Rhythms occur in nature in multiple sensory modalities and across variable time scales. Humans
most commonly conceive of rhythms as occurring in the auditory modality, but we are sensitive
to visual rhythms as well. Recent studies have found that auditory and motor networks in the
brains of vocal learning animals are tightly connected (Patel, 2008). Such connectivity may
enable the processing of stimuli that occur in a metric, beat-based structure, providing the
framework for rhythmic processing and production. If rhythmic processing is the result of vocal
learning, animals that produce and mimic vocalizations should process rhythms similarly. If,
instead, this is the result of phylogeny, mammals and birds should process rhythms differently. In
order to evaluate these hypotheses, I trained and tested three species, humans, starlings, and
pigeons, in a two-alternative forced choice tempo discrimination. The vocal learning starlings and
humans exhibited many similar behaviors in the auditory modality, including sensitivity to beat
onset and stimulus type organization. The birds processed visual rhythms similarly, showing
behavior consistent with a combination of timing and beat-based processing. Tests of multimodal
sequences revealed auditory dominance in vocal learners and visual dominance in non-vocal
learners. Overall, results suggest vocal learning ability enables beat-based processing in audition,
but not necessarily vision.
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Comparative Examination of Audio-Visual Rhythmic Processing in Birds and Humans
As animals explore their environments, they touch, taste, hear, and see the world around
them, perceiving a complex set of multisensory information. To efficiently organize relevant
sensory information into a coherent experience over time, animals’ brains must be able to sustain
a working memory that can attend to isolated streams and groupings of sensory events. Events
demarcate change in the environment and are thus fundamental to behavior. They can occur as
beats, flashes, movements, and change in intensities over time. Integration of changing events
within and across modalities helps create a cohesive subjective reality by allowing animals to use
and produce communicative signals in a hierarchical organization. For example, a series of
syllables needs to be grouped into a word, and a series of words needs to be grouped into a
sentence. Likewise, movements need to follow a specific sequence and quality to be interpreted
by the visual system as dance, sign language, or martial arts, for example.
Since communication often entails a combination of visual and auditory elements, a clear
understanding of audio-visual event processing is important. Information perceived by the eyes
and ears may have different levels of organization and integration in different species of animal.
The mechanisms by which temporal integration is accomplished may be different depending on
vocal learning ability or phylogeny, allowing for three possible hypotheses. Patel (2008) has
argued for the vocal learning hypothesis, which holds that beat-based processing mechanisms are
common across vocal learners. The phylogeny hypothesis relies on behavioral commonalities
within a class of animals. In this case, birds and mammals would behave differently when asked
to process rhythms regardless of vocal learning ability. Differences in behavior between classes
could result from fundamentally different neural architecture, as birds lack a six-layer cortex
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(Jarvis, et al., 2005; Karten & Shimizu, 1989). Finally, in the equivalence hypothesis, behavior
may be identical across all three species, resulting in similar behavior regardless of species, class,
or vocal learning ability.
The modality of rhythmic experience might determine which of these hypotheses is true.
For example, vocal learners may process auditory rhythms similarly, but animal class could
determine visual rhythm processing ability. Figure 1 shows two possible mechanisms of audiovisual rhythm integration. The left diagram shows amodal processing mechanisms, resulting from
crosstalk between early sensory processing across modalities. This produces a rhythm concept
that may be readily transferable across modalities. The diagram on the right depicts processing
in which both modalities rely on separate rhythm processing mechanisms. In this case, responses
to auditory stimuli may be different from responses to visual stimuli.
In order to better understand the interaction between these cognitive mechanisms, I
conducted a series of experiments to compare the processing of auditory and visual events by
humans (Homo sapiens) and two species of bird. The birds were vocal learners (Starling, Sturnus

vulgaris) and non-vocal learners (Pigeon, Columba livia). To establish the importance and
relevance of the present research, I will first review how auditory and visual (AV) events can
differentially dominate multisensory integration. Second, I explore rhythm processing in humans.
Third, I assess what we know about how animals time events and use multimodal information in
displays and communication. Finally, I survey the body of research concerning the comparative
psychology of vocal learning.
Modal Dominance
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The timing, binding, and synching of auditory and visual cues is important. As events
occur, opportunities for information gathering must be exploited. This can happen through the
detection of changes in rate, as when a predator runs faster in response to the perceived
acceleration of the prey it chases. Sometimes events need to be grouped into larger units in a
hierarchy and held in memory for periods of time that outlast their perceptual mechanisms; e.g.,
“predator” and “it” in the previous sentence. Sensitivity to change in different sensory modalities,
like audition and vision, may be biased depending on context or attention (Calvert, Spence, &
Stein, 2004; Laurienti, Burdette, Maldjian, & Wallace, 2006; Spence & Driver, 2004). For
example, auditory information might be prioritized over visual information in diurnal animals. In
other contexts, like hunting in a noisy environment or hitting a baseball, visual information may
be primarily relevant to the task at hand, and attention will have to be selectively directed
towards vision despite distractions in other modalities. When events occur in rapid succession,
and some need to be prioritized over others, sustained attention frequently needs to work
between and across modalities to accomplish reliable multisensory integration (King & Calvert,
2001; Spence, McDonald, & Driver, 2004). It is useful to be able to isolate and selectively attend
to one out of multiple streams of information within a modality. This is called the cocktail party
effect (Pollack & Pickett, 1957). Evidence suggests it is accomplished by large working memory
stores that allow for the ability to block out distracting information and focus attention on one
stream (Conway, Cowan, & Bunting, 2001). Sometimes entire sensory modalities need to be
isolated or ignored with selective attention (Sinnett, Spence, & Soto-Faraco, 2007; Talsma,
Senkowski, Soto-Faraco, & Woldorff, 2010), and at other times multimodal signals are
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intentionally crossed, as when dogs growl and bark while bowing to indicate play rather than
aggressive behavior (Bekoff, 1974).
The importance of auditory and visual communicative information is dependent on the
animal in question and its environmental niche (Wilson, 2002). Multisensory communicative
signals can be classified as redundant or non-redundant. If additional sensory information has the
same meaning as the original display, it is redundant and can either provide an equivalent
response, or, through enhancement, redundant signals can serve to amplify the intensity of the
response to any one signal alone. If the additional sensory information carries new meaning, the
two signals are non-redundant. There are four possible response outcomes with non-redundant
stimuli: independence, dominance, modulation, or emergence. Independence occurs when each
signal elicits two responses, one for each unimodal signal. Dominance occurs when multimodal
stimuli elicit only one of two responses that would be seen if they were presented unimodally.

Modulation occurs when one signal changes the effect or meaning of the other. Finally,
emergence occurs when the two combined unimodal signals result in a new response that would
not be seen with either of the signals alone (Partan, 2004).
In humans, audition tends to dominate temporal processing and vision tends to dominate
spatial processing (Mayer, Franco, Canive, & Harrington, 2009). Tactile and auditory rhythms are
preferred to visual rhythms, which reportedly are the most frustrating and mentally demanding
for humans to perceive and integrate (Jokiniemi, Raisamo, Lylykangas, & Surakka, 2008).
Congruent auditory events, however, can make visual events more salient and easier to group or
integrate into rhythms (Noesselt, Bergmann, Hake, Heinze, & Fendrich, 2008). The hierarchical
structures of events in language and music are the most obvious manifestations of temporal
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integration, but such structures are not limited to audition. Though we are less sensitive to
metricality in vision, visual rhythms have vital reproductive relevance to a wide variety of
animals. Humans utilize visual rhythms for sexual selection and communicative purposes, and
often in conjunction with auditory rhythms. For instance, body language can facilitate
conversation, though the auditory information alone is often sufficient for comprehension
(Krauss, Dushay, Chen, & Rauscher, 1995). Despite this fact, speakers on the phone continue to
gesture because it improves the speaker’s lexical access to spatial information (Rauscher, Krauss,
& Chen, 1996). Language requires complex rhythmic motor control, which is an indicator of
fitness for sexual selection in many species (Byers, Hebets, & Podos, 2010). Dancing ability can
serve as this indicator to the human visual system, particularly movements of the head, torso, and
knee (Neave, et al., 2011).
The incongruence of auditory and visual stimuli easily influences perception in a variety
of circumstances, affecting both spatial and temporal perception and cognition (Recanzone,
2009). In the ventriloquism effect, sound localization can be affected by the location of visual
cues (Jack & Thurlow, 1973). The McGurk effect is famous for prompting subjects to report
hearing a novel, emergent sound (e.g., “dada”) when auditory (e.g., hear “baba,”) and visual
stimuli (e.g., see “gaga”) are incongruent (McGurk & MacDonald, 1976). When congruency is
ambiguous, or bistable, functionally similar and highly distributed neural competition
mechanisms help to resolve the confusion (Pressnitzer & Hupé, 2006).
The integration of multimodal information may vary across animal species and classes, as
it does in humans with a variety of disorders. For example, crossmodal integration breaks down
in cases of dementia related to Alzheimer’s and Parkinson’s diseases (Freedman & Oscar-
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Berman, 1997). Healthy older adults do not exhibit such deficits. While their reaction times to
unimodally presented auditory and visual stimuli were found to be slower than that of younger
adults, and multisensory information improved performance in both groups, healthy older adults
benefited significantly more from multisensory information than younger adults. This implies that
as we age, we more heavily rely on information in multiple modalities to compensate for
integration deficits in any one modality (Laurienti, et al., 2006). Multimodal information might
make certain kinds of discriminations easier for some animals by facilitating cross-modal binding.
Cross-modal binding is found to occur when there is increased activity in multimodal brain areas
and less activity in unimodal areas. The perception of a single multimodal event rather than two
separate unimodal events is therefore dependent on competition between these two areas
(Bushara, et al., 2002). Tight crossmodal linkage is a fundamental and innate aspect of
perception, and is reflected in synesthesia with an overabundance of crosstalk between
modalities (Mondloch & Maurer, 2004; Walker, et al., 2010). Synesthetic congruency promotes
multimodal integration, though, and helps contribute to a coherent reality even in untrained
infants (Dixon, Smilek, Wagar, & Merikle, 2004; Sagiv & Ward, 2006).
When information is not properly integrated, the confusion caused by failures of selective
attention can produce some symptoms of schizophrenia (Patniyot, 2009; Williams, Light, Braff, &
Ramachandran, 2010), autism (Iarocci & McDonald, 2006; Russo, et al., 2010), and dementia
(Freedman & Oscar-Berman, 1997). Smith and Benneto (2007) found that high-functioning
autistics received no enhancing benefit from visual lip-reading compared to normal controls
when trying to integrate speech in a noisy auditory environment. Autistics also tend to be hyperresponsive to stimulation and have an aversion to multisensory toys (Baranek, Boyd, Poe, David,
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& Watson, 2007). Difficulties integrating across sensory modalities can be understandably
overwhelming for these individuals. Improving integration in these disorders often depends on
improving motor coordination in tandem with multimodal events. Motor coordination in turn
relies on a structures and rhythmic series of movements.
The basal ganglia is important to motor control and has been identified as the most vital
neural structure for beat perception (Grahn, Henry, & McAuley, 2010). Auditory and visual
modalities similarly activate many of the same brain regions, with selective attention directed by
the association cortices (Stein, Stanford, Wallace, Vaughan, & Jiang, 2004). Cross-modal and
cross-temporal association occurs in neurons of the frontal cortex (Fuster, Bodner, & Kroger,
2000). Modality-specific cortical regions interpret and integrate information based on feedback
and feedforward oscillatory neural signals across overlapping sensory receptive fields in the
superior colliculus (SC) (Foxe & Schroeder, 2005; Senkowski, Schneider, Foxe, & Engel, 2008;
Stein, et al., 2004). Projecting to the SC is the anterior ectosylvian sulcus, which plays a role in
multisensory, but not unisensory, integration. Multisensory information is then transferred to the
brainstem and spinal cord for use in muscle movement.
Rhythm Processing
Rhythms cover a wide range of rates or tempos, but some lend themselves better to
human temporal integration than others. Rahne, Bockmann, Specht, and Sussman (2007) used
mismatch negativity (MMN) ERP readings to determine how alternating streams of high and low
tones are isolated or integrated. They found that such alternating auditory information can be
perceived either as a single integrated melody or as two segregated streams depending on the
rate and frequency distance between sounds. Faster rates and greater differences in frequency
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between the two tones promoted the reporting of two streams. If these variables are ambiguous,
visual cues that were synched with auditory streams promoted segregation. Similar studies in
starlings have found that they segregate auditory streams according to the same rules as humans,
but how they are influenced by visual cues is unknown (Bee & Klump, 2004; MacDougallShackleton, Hulse, Gentner, & White, 1998; Zokoll, Naue, Herrmann, & Langemann, 2008).
Guttman, Gilroy, and Blake (2005) found that humans have great difficulty judging visual
rhythms when presented concurrently with incompatible auditory rhythms. Based on these
results, Guttman et al. suggest that humans derive visual temporal structure using the same
process as that used for auditory stimuli. That is, they recode visual temporal information into
auditory information for processing. McAuley and Henry (2010), however, argue that this is not
always the case. By slowing down the tempo of the rhythms their participants experienced,
McAuley and Henry removed the auditory encoding advantage that was found by Guttman et
al. Tempo thus dictates how easily people can entrain, or flexibly move in synch with a rhythm.
Tapping and timing studies in humans have identified an optimal range of inter-onset-interval for
auditory stimuli of between 400 ms (150 bpm) and 800 ms (75 bpm). This perceived “most
comfortable tempo” gets slower with age (Drake, Jones, & Baruch, 2000). Thus, humans have
tempo ranges across which rhythms are preferentially encoded visually, aurally, and motorically.
Humans readily judge rhythms as being too fast or too slow and determine how beats fit
into repeating rhythmic hierarchies based on the perceived strength of events (Quinn & Watt,
2006). Grahn, Henry, and McAuley (2010) explored preferential auditory beat perception using
functional magnetic resonance imaging (fMRI). Participants showed less sensitivity to visual beats
than auditory beats, but visual sequences that followed auditory sequences produced a strong
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sense of beat, indicating that visual sequences continued to be encoded with the preferential
auditory process. Syncopation, or off-beat events, can disrupt grouping abilities (Fitch &
Rosenfeld, 2007), but in music at least, such surprises can be highly stimulating and rewarding
(Huron, 2006). From a human evolutionary perspective, the ability to group rhythmic patterns
between modalities and the power of rhythm to affect internal states and motor behavior (Jilek,
1982) may have helped lead to ritual behavior, group cohesion, dance, and trance, which in turn
likely aided the development of human culture and belief systems (Rossano, 2009). Without
entrainment, though, the synchrony of motor movement with sensory stimuli, resulting in
dancing and drumming for instance, would not be possible.
Animal Studies
Experiments on multimodal signaling in animals have examined hunting and mating
displays, and generally indicate that animals use information from multiple modalities to make
behavioral decisions in their environment (Hoy, 2005; Jones & Van Cantfort, 2007; Lombardo,
Mackey, Tang, Smith, & Blumstein, 2008; Martin-Malivel & Fagot, 2001; Narins, Grabul, Soma,
Gaucher, & Hödl, 2005; Partan, Yelda, Price, & Shimizu, 2005; C. Smith & Evans, 2008).
Timing abilities (Buhusi & Meck, 2005; Cheng & Roberts, 1991; Matell & Meck, 2000)
and multimodal information integration (Kraemer, Mazmanian, & Roberts, 1987; Santi, Coyle,
Coppa, & Ross, 1998) have been tested in monkeys, rats, and pigeons. These studies show a
broad range of sensitivity to temporal intervals and tend to assess the animals’ ability to time
individual intervals (Mantanus, 1981; S. Roberts & Church, 1978). The ability to time a specific
period after the presentation of a stimulus is generally assessed with the peak procedure, in
which the animal is rewarded for its first peck or lever press after a certain amount of time has
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elapsed. If the animal is accurate, average peck/press times occur near the target time (Cheng &
Roberts, 1989; S. Roberts, 1982; W. A. Roberts, Cheng, & Cohen, 1989; W. A. Roberts,
Coughlin, & Roberts, 2000).
Order and rate of events is critical to animal communication. For many animals,
repetitive displays and vocalizations are behaviorally significant spatial and temporal structures,
whether for mating, getting food, or defending territory. These structures are readily learned by
animals if they occur with statistical regularity in a small temporal range (Goldstein, et al., 2010).
For a bird, it might be important to vocalize prior to strutting or displaying in order to obtain a
potential mate’s attention and then show a visual display. The rate of movement is very
important to signaling. Rowland (1995) presented female stickleback fish with videos of male
courtship displays manipulated to play at different rates. The females preferentially contacted the
displays shown at normal rates and rates that were up to twice as fast, but triple-speed and halfspeed displays were much less frequently contacted. These results suggest a tempo range binds
or limits the effectiveness of the visual rhythm of courtship displays.
The Comparative Psychology of Vocal Learning
Vocal learners are animals that have the ability to produce new vocal signals based on
previously heard sounds and sensory feedback. Most animals rely on innate vocalizations that
vary little over their lifespan. Only a few species of birds and mammals demonstrate flexible
vocal learning (Janik & Slater, 1997; Schachner, Brady, Pepperberg, & Hauser, 2009), and
evidence suggests it evolved separately between classes of animal (Nottebohm, 1972). Starlings
and humans are both vocal learners, but pigeons are not, as they have about five different
stereotyped vocalizations for use in social interaction (Baptista & Abs, 1983).
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Vocal learning in humans occurs during a sensitive period within the first 10 months of
life. Success in this period is dependent on the experience of auditory feedback, as babbling
becomes increasingly refined and vocal muscle groups trained (Oller & Eilers, 1988). Our closest
primate relatives, other apes and monkeys, show no evidence of vocal learning in early life nor
trained mimicry, but sometimes develop unique “accents” in adulthood. This suggests strong
innate stereotypy in their vocalizations that can be manipulated as they mature, perhaps in order
to stand out in a noisy environment (Egnor & Hauser, 2004; Janik & Slater, 1997). Conspicuity
can be particularly important in species reliant on social interaction. Many studies implicate
social reasoning and theory of mind in the evolution of language (Dunbar, 1998; Hauser,
Chomsky, & Fitch, 2002). Sociality is not all that matters in promoting the evolution of vocal
learning, however. Almost all birds live in flocks, but only corvids (e.g., jays and ravens), parrots,
and chickadees – all vocal learners – have exhibited episodic-like memory, perspective-taking,
and reasoning abilities (Clayton & Dickinson, 1998; Feeney, Roberts, & Sherry, 2009;
Pepperberg, 2006; Weir, Chappell, & Kacelnik, 2002). Jarvis (2006) suggests that, given the rarity
of vocal learning in animals, a situation of relaxed predation may have been necessary for its
evolution. If a species is subject to high predation, vocal variability will be selected against in
order to blend in to the crowd instead of stand out. Additionally, species at the top of the food
chain tend to hunt in groups or packs, often needing to transmit information when visually
occluded from each other.
Song learning occurs in two phases in songbirds. The first is a sensory learning phase, in
which a young songbird will actively memorize the song of a tutor. This phase is followed by a
period of sensorimotor learning, in which the young songbird compares its vocal output to its
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memory for the tutor’s song. During this period the vocalization is plastic and can change from
bout to bout as the bird gets closer to reproducing the song in its memory. Eventually, the song
is crystallized and stereotyped. Changes to the song after this point tend to be seasonal, based on
mating behavior. Starlings are open-ended vocal learners, meaning they can increase their song
repertoire from season to season, but this flexibility decreases with age (Eens, Pinxten, &
Verheyen, 1992). Given their vocal learning abilities, it is likely not a coincidence that starlings
can also successfully discriminate between two complex auditory rhythms, as well as between
rhythmic and arrhythmic sequences (Hulse, Humpal, & Cynx, 1984), while pigeons show neither
ability (Hagmann & Cook, 2010).
Learning to sing in the visual presence of conspecifics improves the diversity of a
starling’s song. Thus, it seems that starling vocal learning development benefits from crossmodal
information (Chaiken, Bohner, & Marler, 1993). In comparison, humans time and sequence all
manner of speech and music literally from the start of life. Newborn infants automatically
develop expectations for onset of auditory rhythmic cycles (Winkler, Haden, Ladinig, Sziller, &
Honing, 2009). Similar to starlings, visual cues are vital to proper language development, as
imitation of facial movements and gestures may be key to infant speech development (Fowler,
2004). Additionally, starlings, like humans, seem to rely on absolute rather than relative position
cues to classify serially ordered acoustic stimuli, indicating that the structure of meaningful
vocalizations is hierarchical, not associative (Comins & Gentner, 2010). While linguistic rhythm
follows a set of rules different from music (Patel, 2008), the metric structure of events over time
needs to be similarly integrated in both domains (Prince, 1990; Ramus, Nespor, & Mehler, 2000).
Rhythm processing in language recruits the same regions of the brain as it does for music (Patel,
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Peretz, Tramo, & Labreque, 1998). Even languages uniquely constrained by culture, like the
Amazonian Piraha, utilize uniform metric timing in phrase and sentence structure (Everett, 1988).
Linguistic rhythm processing is flexible, and meaning in verbal interaction between
conversational participants relies on emergent rhythms (Auer, Couper-Kuhlen, & Muller, 1999).
The primary physical difference between vocal learners and non-vocal learners is degree
of neural connectivity between the auditory and motor systems. Non-vocal learning birds lack a
projection to the motor production area of the brain. In songbirds, the higher vocal center
(HVC) and interfacial nucleus of nidopallium generate syntax, while the robust nucleus of the
arcopallium generates the acoustic structures for vocal output (Jarvis, 2006). The starling HVC is
hemispherically specialized based on the type of auditory stimulus being processed. The left
hemisphere is preferentially activated to stimuli that require a motor response, while the right
hemisphere manages informational complexity (George, Cousillas, Richard, & Hausberger,
2005). Such specialization is also seen in humans (Belin, Zatorre, & Ahad, 2002). Gene
expression also plays a role in vocal learning. Differential expression of the genes ZENK and
FOXP2 is critical to the behavioral and vocal output of songbirds compared to non-songbirds.
These genes target the telencephelon, a structure functionally comparable to the mammalian
neocortex, where they modulate respiratory-vocal activity (Haesler, et al., 2004; Teramitsu, Kudo,
London, Geschwind, & White, 2004), providing a key link between vocal learning and complex
motoric vocal output. Increasing connectivity between the vocal and motor pathways increases
variability of mating calls in birds, which is a clear indicator of sexual fitness. Variability in song
is preferential in sexual selection even by non-vocal learners, though (Slabbekoorn & ten Cate,
1997). Among species of pigeons and doves, rhythmic coo variability rather than frequency
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variability is the best identifier of a sub-species’ territorial vocalizations (Slabbekoorn & ten Cate,
1999).
Patel (2008) has theorized that tight auditory-motor temporal integration enables vocal
learners to readily perceive and synchronize, or entrain, to beats and rhythms (Patel, Iversen,
Bregman, & Schulz, 2009). A parrot named Snowball could entrain to the beat of multiple songs,
but his training history is unknown and it is unlikely he spontaneously began dancing on his own
without at least mimicking the behavior of his owner (Patel, Iversen, Bregman, Schulz, & Schulz,
2008). Regardless, entrainment abilities are remarkable and rare, though elephants and a few
other vocal learning songbirds (but not starlings) have been observed entraining to auditory
rhythms, based on analysis of video recordings posted online (Schachner, et al., 2009).
Present Research
Recent auditory studies by Hagmann and Cook (2010) have determined that meter and
rhythm discriminations are quite difficult for pigeons, particularly at slow tempos. When tested
with 3-beat and 4-beat meters that had one sound on the first beat and a second sound on the
rest of the beats, the pigeons failed to discriminate. Only when the groupings were more different
– 3-beat vs. 8-beat meters – did they show any sensitivity to the groupings. Subsequently, the
pigeons did not provide evidence they could tell the difference between isochronous and nonisochronous beat intervals. Discriminations between fast 120 bpm (AAAAAAAA…) and slow 30
bpm (A_ _ _ A_ _ _...) tempos were easier than either of the previous meter and rhythm
discriminations. These results, along with the evidence collected by Patel (2008) on the
production of rhythms by vocal learners, led me to believe vocal learning ability may be a
critical factor in how rhythms are processed and the dominance of one modality over the other
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in this processing. To examine the problem of beat-based processing with respect to vocal
learning ability across sensory modalities, I tested pigeons, starlings, and humans in a twoalternative forced choice tempo discrimination task. Participants were trained with either auditory
or visual beats. This research is important given heightened interest in the integration and
interplay of sensory modalities (Calvert, et al., 2004; Driver & Noesselt, 2008), and growing
comparative questions about conceptual timing and grouping abilities across species (Haun,
Jordan, Vallortigara, & Clayton, 2010; Partan, 2004; Patel, 2008).
The present experiments were designed to evaluate the impact of vocal learning ability
and phylogeny on tempo discriminations in audition and vision. Critically, I wanted to find out
how unimodal and multimodal temporal integration is accomplished by brains that are
phylogenetically divergent (birds and mammals), and cognitively convergent (vocal learners:
starlings and humans). A clear distinction in behavior between vocal and non-vocal learners
would provide evidence for the vocal learning hypothesis. If pigeons showed difficulty with
auditory tempo discriminations, it could be attributed to less auditory-motor linkage than seen in
songbirds. Pigeons may in fact exhibit preferential sensitivity to the temporal structure of visual
rhythms and more successfully integrate them than vocal learners. Beat-based processing of
rhythms by vocal learners may occur in vision as well as audition, but this is more likely in
humans than starlings. Given the musical structure of the rhythms used, humans were expected
to re-encode the visual beats as auditory rhythms before judging tempo. In the starlings, an
auditory timing predisposition was expected to prevent them from learning visual temporal
structure as easily as humans.
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In Experiment 1, I trained each participant to discriminate between fast and slow tempos.
I then tested their transfer to a range of novel tempos and novel beat durations. I predicted all
species would transfer to novel tempos, but that vocal learners would perform better in duration
transfer tests. In Experiment 2, I tested new tempo/duration combinations and sequences that
used multiple durations but maintained beat onset within the established metric structure. I
predicted that vocal learners would be more sensitive to beat onset than pigeons and thus ignore
duration and concentrate on tempo. In Experiment 3, I employed two beat organization tests to
examine processing of more complex rhythms. The first test looked at combinations of beats and
rests, and the second test used multiple sounds or images within one trial to assess selective
attention or grouping behavior. I predicted that vocal learners would be more likely than pigeons
to selectively attend to individual stimuli in both the auditory and visual modality. Experiment 4
was designed to assess crossmodal transfer and training as well as modal dominance in
multimodal competition tests. I predicted vocal learners would transfer from vision to audition
better than pigeons, and that humans would transfer in both directions. Further, I predicted
auditory dominance in the vocal learners and visual dominance in the pigeons.

21

Experiment 1 – Acquisition and Duration Generalization
The first step in examining rhythm processing by pigeons, starlings, and humans was to
train them to discriminate between fast and slow tempos. Each species was split into two groups,
an auditory and a visual group. The birds’ initial discrimination was between 30 bpm and 120
bpm. These tempos had 2000 and 500 ms, respectively, of time between the onset of each beat,
or stimulus onset asynchrony (SOA). It was then made more challenging with the addition of 60
bpm (1000 ms SOA) as a second slow trial type. The humans began by discriminating 30 and 60
bpm from 120 bpm. After acquisition, I investigated the role of beat duration in the
discrimination to see if all groups used tempo exclusively, or were influenced by how long the
stimulus was on.
Only one beat duration (450 ms) was used during acquisition. Therefore, participants that
were strictly timing instead of developing a beat hierarchy were expected to learn the task more
rapidly. Regardless of learning rate, I expected all species to eventually learn the tempo
discrimination in both modalities, but I predicted key differences in testing due to vocal learning
and phylogeny. I thought pigeons would be more sensitive to the discrimination in vision, and
humans would perform better with auditory than visual rhythms. If the starlings behaved more
like humans than pigeons, performing better with auditory than visual beats, I would have
support for the vocal learning hypothesis. If class or basic neural architecture were most
important in these discriminations, the starlings and pigeons were expected to behave similarly.
The humans were expected to learn the discrimination faster than both bird species, providing
support for the phylogeny hypothesis.
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By the end of training, all species were expected to show sigmoidal psychophysical
curves across a range of tempos. With the addition of 60 bpm to training, I expected to see a
shift in the psychophysical curve to a faster tempo threshold. I then expected to be able to
discern which species used timing instead of beat-based processing by disruption of the
discrimination upon addition of novel beat durations to training. I predicted that vocal learners
would more likely use beat-based processing and thus not be affected by the novel durations in
testing and training. Overlapping psychophysical curves for all beat durations across tempos
would reflect an exclusively beat-based tempo integration process. I predicted the pigeons would
have more difficulty with novel beat durations, showing greater variability in response to each
beat duration at a given tempo.
Method
Animals
Pigeons. Throughout these experiments a total of eight male pigeons (Palmetto Pigeon
Plant, Sumter, SC) were tested. For auditory training, I used four pigeons (3 White Carneaux & 1
Silver King). Two of the White Carneaux pigeons were experienced in visual choice
discriminations. For visual training, I used four pigeons (White Carneaux) that were experienced
in visual choice discriminations. The pigeons were maintained at 80-85% of their free-feeding
weight during testing with free access to water and grit. For health reasons, one pigeon was
maintained at 87.5-92.5% free-feeding weight. They were housed in a colony room with a 12:12-h
light-dark cycle. The Tufts University IACUC approved all procedures.
Starlings. I tested six wild-caught starlings. The first three starlings that I caught were
trained in the auditory modality (one female) and the next three were trained in the visual
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modality (one female). One of the male visual starlings died after the first set of tests in
Experiment 1 (tempo transfer tests), so subsequent procedures included two visual starlings.
Gender was determined based on iris color (Kessel, 1951). They were individually housed in
cages attached to their operant chamber and given ad-libitum access to water. All food was
obtained from the testing apparatus unless end-of-day weights were below 95% of free-feeding
weight, in which case supplemental food was provided to maintain healthy weight. The Tufts
University IACUC approved all procedures.
Humans. Humans were trained and tested in three separate experiments approved by the
Tufts IRB. Participants came from a pool of undergraduate psychology students at Tufts
University. The participants ranged from 18 to 25 years of age (M=19.05, SD=1). They did not
know anything about the experiment when they signed up to participate. Twenty females and 19
males participated in this study for a total of 39 participants in Experiment 1. Acquisition data
from six additional participants from Experiment 2 is also included here. Participants received
compensation for the study in the form of a credit towards a psychology course. All participants
were given the option to refuse to participate or to withdraw their participation at any time. The
Tufts University IRB approved all procedures.
Apparatuses
Pigeons. Auditory testing was conducted in a flat black Plexiglas-paneled operant
chamber (39.4 cm wide x 41.9 cm high x 35.6 cm deep) contained within a sound-dampening
chamber made of homasote soundboard lined with one-inch layer of soundproofing foam (Super
Soundproofing Co.; San Marcos, CA). Visual testing was conducted in a flat black Plexiglaspaneled operant chamber (38.1 cm wide x 45.7 cm high x 35.6 cm deep). For both groups,
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visual stimuli were presented on a 43.2 cm LCD computer screen (NEC Inc.; Tokyo, Japan;
resolution of 1024 x 768) behind a 43.2 cm infrared touchscreen that detected and recorded
pecks (Ezscreen, Houston, TX). The auditory stimuli were presented from two speakers (Boston
Acoustic CR57; Peabody, MA) driven by a stereo receiver (Sherwood RX4105; Cerritos, CA)
that received its input from the computer’s sound card (SoundMAX Integrated Digital Audio,
Analog Devices, Inc.; Taipei, Taiwan). The speakers played through 24 x 16 cm perforated
metal grills in the right and left sides of the chamber. At the beginning of Experiment 4, the
visually pigeons were transferred to the auditory chamber described above. In both the auditory
and visual chambers, a houselight in the chamber’s ceiling was illuminated at all times, except
timeouts. A centrally located food hopper below the touchscreen delivered mixed grain.
Starlings. The starlings were separately and continuously tested in a single common
colony room containing five housing/testing chambers. The chambers were arranged on shelves
so that the birds could not see each other but audibility was not reduced. Each chamber
consisted of two areas. One area was a traditional wire home cage for birds with a black plastic
bottom (35.6 cm wide × 45.7 cm high × 34.3 cm deep), and contained a water dish and a 13 cm
wooden perch. A black Plexiglas-enclosed testing area (35.6 cm wide × 35.6 cm high × 30 cm
deep) replaced the fourth wall of the cage. The outside front wall of this testing area was made of
clear Plexiglas, behind which a LCD computer monitor was located (Dell 1908 FPt; resolution of
1440 x 1048 pixels). In the area in front of this monitor were three 12.7 cm wooden perches. The
center perch, used to start each trial, was 20.3 cm back from the front wall and just inside the
entrance to the testing area. The two choice perches were attached to the right and left walls of
the testing area. They were 10.8 cm back from the front wall and 9.7 cm above the floor. There

25

were 7.6 cm separating the ends of these two perches. In front of each side perch was a small
dish where food (Mazuri Insectivore diet 5MK8/5MM3) was delivered from computer-controlled
feeders (Colbourn Instrument Pellet Feeder H14-23R) located on the outside of the chamber. A
houselight was installed in the middle of the testing chamber ceiling and was continuously on
during testing except for timeouts.
Each testing apparatus was programmed to conduct experimental tests from 8:30 AM to
8:30 PM EST each weekday. Testing continued through weekends when possible, given
manpower and technical support. During non-experimental periods, the monitor, house light,
and perches were turned off. At night, the colony room lights turned off automatically. During
non-experimental periods longer than 12 hours, the starlings had free-access to food in the home
cage portion of the chamber.
Humans. Human testing was conducted on a Dell Optiplex GX260 computer running
Windows XP, using Visual Basic 6.0. Participants heard auditory stimuli through a pair of AKG
K240 headphones (AKG Acoustics by Harman, Austria) and saw visual stimuli on a Dell
monitor.
Stimuli
Nine auditory stimuli were trained. All stimuli were presented as 44.1 kHz, 16-bit WAV
files. All the sounds were distinct to human ears and within the auditory frequency range of
pigeons and starlings (Brand & Kellogg, 1939; Goerdel-Leich & Schwartzkopff, 1984; Heise, 1953;
Kuhn, Müller, Leppelsack, & Schwartzkopff, 1982). Sounds were presented at an average of 66
dB (range 53 - 77 dB), as measured from the birds’ typical position in the chamber (Radio Shack
sound pressure meter; Weighting A). Eight of the sounds were software-generated synthesized
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waveforms of two different types. Four percussive sounds (kick, crash, tom, & snare) were
created with the Rhythm Rascal loop generator’s default sound library (rhythmrascal.com).
These percussive sounds were the same as heard by different pigeons in some of the experiments
in Hagmann and Cook (2010). Four tonal stimuli (piano, cello, organ, & sine) were created
(piano using Apple Garageband, Cupertino, CA; cello, organ, & sine in Sonar V4 Cakewalk,
Boston MA). Piano, organ, and cello played at a frequency of 130.8 Hz (C3) and sine played at
1046.5 Hz (C6). The vocalization sound was created from a recording (Zoom H4, Zoom
Corporation, Japan) of a pigeon in the Avian Cognition Lab that was not involved in these
experiments. See the panels in Figure 2 for waveforms of the first 450 ms of the auditory stimuli.
Visual discrimination stimuli consisted of four letters, four shapes, and one image that
covered a wide range of color and brightness (See Figure 3). Visual stimuli also cued participants
when to start a trial and make a choice within a trial. A white circular warning signal indicated a
trial’s beginning. Choice keys enabled participants to make a choice upon their appearance
between four and eight seconds into a trial. The left choice key was orange (RGB = 255, 100, 25)
and the right choice key was blue (RGB = 25, 100, 255).
Procedure
Efforts were made to test all species identically, but there were inevitable differences due
to allotted time and species differences. During initial training, the pigeons had 72-trial sessions,
while the starlings were continuously tested, but their trials were grouped into 108-trial sessions.
Humans were tested in a one-hour block, so training and testing methods were compressed to fit
into the hour. Sessions were thus limited to fewer than 370 total trials.
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Pigeons. Eight pigeons were trained to peck the center warning signal once to start trials.
Sound or images were then presented at the trial’s designated tempo until a choice key was
chosen with a single peck. During the initial shaping period, only the correct choice key
appeared on the left or right of the screen at a random time between 4 and 8 s into a trial,
allowing the pigeon to end the presentation of stimuli and receive food reinforcement (2500 ms
access to grain) by pecking the singular available choice key. If the pigeon did nothing, the 20-s
trial would play out and he was automatically reinforced. A 5 s inter-trial interval (ITI) separated
all trials. Once the pigeons reliably pecked both choice keys, automatic end-of-trial reinforcement
ceased and food could only be obtained by pecking the choice key.
At this point, discrimination training began. Both side keys were presented
simultaneously at a random time 4 and 8 s into a trial, and incorrect responses were punished
with a 15 s timeout in the dark. Correct responses resulted in 2500 ms access to grain in the
hopper. At the beginning of acquisition, a correction procedure was introduced to prevent the
development or persistence of side biases. For the first 10 sessions, incorrect responses resulted in
up to 10 repetitions of the incorrect trial until the pigeon was correct. After 10 sessions, the ITI
between all trials was reduced to 2 s and a maximum of only 5 repetitions of the correction
procedure were allowed. All analyses exclude correction trials. To prepare the birds for nonreinforced test trials, after an average of 75% accuracy for three consecutive days 15% of correct
trials were not reinforced and thus mimicked probes. Each pigeon had at least two sessions of
baseline trials with probes before testing began.
Starlings. Starlings began trials by landing on the center perch for a requisite period of
time. This value was initially 500 ms and was moved to 3.5 s in 250 ms increments after each
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completed session. As soon as the center perch was triggered, stimuli were presented at the trial’s
designated tempo. If the starling did not keep the center perch triggered for the required amount
of time, the present trial would restart. During the initial shaping period, only the correct choice
key appeared on the left or right of the screen at a random time between 4 and 8 s into a trial,
allowing the starling to end the presentation of stimuli and receive food reinforcement (1-2 pellets
of food) by perching on the side perch that was on the same side as the choice key. If the starling
did nothing, the 20-s trial would play out and it was automatically reinforced.
Once the starlings reliably completed trials with a requirement of 3 s on the center perch,
discrimination training began with both choice keys presented simultaneously at a random time
between 4 and 8 s into a trial. As a correction procedure, trials were presented up to five times in
a row if the starling made an incorrect choice. All analyses exclude correction trials. After
performing above 75% accuracy for at least two sessions in a row, I introduced probes. Other
aspects of starling acquisition were identical to the pigeon procedure.
Humans. Humans participated in the main computer room of the Avian Cognition Lab
at Tufts University. Participants were assigned to one of four conditions. Left and right key
mapping was counterbalanced with auditory and visual stimuli in a rotating basis as participants
arrived for the experiment. After obtaining consent, the experimenter instructed participants to
use the mouse to click on the white warning signal on the screen to begin each trial. Stimuli
presentation then began at the trial’s designated tempo, and at a random time between 4 and 8 s
into the trial choice keys appeared on the left and right side of the screen. Participants used the
mouse to click inside one of the choice keys in order to maximize their score. They were not told
the purpose of the experiment; instead they were told to learn how to categorize the trials. The
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score appeared at the top of the screen after all non-test trials at the top of screen. Each
participant’s score started at zero points and could go both negative and positive by one point for
each incorrect or correct trial, respectively. Sessions were one hour in duration or less. Upon
completion of the session, participants were given the post-test questionnaire followed by the
debriefing form that explained the purpose of the study.
Avian Testing
Three of the nine stimuli were used in each modality for test trials in Experiments 1-3.
The auditory group heard the piano, crash, and pigeon coo sounds, while the visual group saw
images of the letter A, pentagon, and pigeon.
Novel tempo range transfer. The first test evaluated perception of a range of tempos: 15,
45, 60, 75, 90, and 240 bpm. All novel tempos had 450 ms beat durations except for 240 bpm,
which had a beat duration of 200 ms to maintain the 50 ms gap between beats. Testing took
place over six sessions. Six probe test trials were randomly inserted into each session, consisting
of two tempos tested three times each (once per stimulus type) per session.
60 bpm training. Following the novel tempo range transfer tests, the third tempo, 60 bpm,
was added to discrimination training. Pecks to the same key as 30 bpm (“slow”) resulted in
reinforcement on 60 bpm trials. Sessions for both species now contained 108 randomly organized
trials: 27 trials each of 30 and 60 bpm (3 per stimulus type), and 54 trials of 120 bpm (6 per
stimulus type). Birds were trained until they reached 80% accuracy, with over 75% accuracy on
each of the three tempos.
Tempo range re-test. I conducted the tempo range transfer tests again to assess changes in
psychophysical tempo processing due to the trained discrimination between 60 and 120 bpm. Six
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test trials were randomly inserted into each session, consisting of two tempos tested three times
each (once per stimulus type) per session. Testing took place over three to six sessions. Starlings
received between three and six test trials at each test tempo, and pigeons received three test trials
at each test tempo.
Beat duration transfer tests. Beat duration testing evaluated categorization of fast and slow
tempos with beats of different durations. I tested 100, 200, and 300 ms durations over six
sessions, with two sessions per duration. Each beat duration was tested once per stimulus type
per tempo per session, for a total of nine additional trials randomly inserted into each session.
Beat duration irrelevance training. Beat durations of 200 and 300 ms were then
incorporated into training with tempos of 30, 60, and 120 bpm. The birds experienced randomly
selected beat durations of 200, 300, or 450 ms on any given trial. For example, if the trial was
randomly chosen to be a 200 ms beat duration trial, all beats would have durations of 200 ms,
while the beat period was held at 500, 1000, or 2000 ms for, respectively, 120, 60, or 30 bpm.
Training lasted for 10 sessions.
Human Testing
Participants completed a total of 323 trials. The first 36 trials trained 30 and 60 bpm to be
discriminated from 120 bpm with beat duration of 450 ms. There were 18 120 bpm trials (2 per
stimulus type) and 9 each of 30 and 60 bpm (1 per stimulus type). In the second block of trials,
an additional 36 training trials with the same organization were randomly intermixed with 18
novel tempo range transfer tests and 27 novel duration transfer tests. As with the birds, five of the
six novel tempos (15, 45, 60, 75, & 90 bpm) had beat durations of 450 ms, while 240 bpm had a
beat duration of 200 ms. Each tempo was presented three times, once per test stimulus type.
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Each of the novel durations was presented three times at each tempo, once per stimulus type. In
the third block of trials, 144 additional training trials with randomly selected durations of 200,
300, or 450 ms were randomly intermixed with tests relevant to Experiment 3. There were 72
trials at 120 bpm with an average of 24 trials per beat duration, and 36 trials each at 30 and 60
bpm, averaging 12 per beat duration.
Participants who indicated at least four years of music lessons on the debriefing
questionnaire were included in the musical training group. Those with at least two years of dance
training were categorized as having dance training.
A second cohort of six humans was trained with 72 trials before being tested on the
studies in Experiment 2. The first 36 trials in both cohorts’ sessions had the same makeup, and
were thus used in acquisition analysis (24 auditory; 19 visual).
Results
In species-specific analyses, modality was included as a between-subjects factor. When
warranted, each modality was analyzed separately to isolate effects of modality and training
history. Unbalanced groups (e.g., starlings) implemented type-3 sums of squares, while balanced
groups used type-2 sums of squares in calculation of ANOVA results. All non-responses were
excluded from analysis. Modality is a between-subjects factor in Experiments 1-3 unless otherwise
specified.
For non-inferential analysis with multiple unbalanced between-group factors (e.g., trained
modality, species, class), likelihood ratios were calculated and compared with an Akaike
information criterion (AIC) correction (Akaike, 1987) using the “ez” package for R (Lawrence,
2012; R-Core-Team, 2012). This type of mixed effects analysis compares models including and
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excluding the factor of interest to produce a likelihood ratio of evidence for or against the
alternative hypothesis in the unit of bits (Glover & Dixon, 2004). A factor with 10 bits of evidence
means the data are 10 times more likely to occur if the alternative hypothesis model is true. The
standard threshold for sufficient evidence is 3 bits.
Most figures show results in six panels. Results from participants with auditory training
are shown on the left and results from those with visual training are shown on the right. Pigeons
are shown at the top, starlings in the middle, and humans on the bottom.
Acquisition
Acquisition results can be seen in Figure 4. Criterion for having learned the
discrimination was set at first session with 75% accuracy or greater. In order to evaluate tempo
discrimination training, I grouped performance into blocks of 150 trials. This resulted in data
across multiple sessions and days being grouped into a single block.
Birds. Pigeons and starlings learned the visual discrimination more rapidly than the
auditory discrimination. Auditory pigeons required an average of 21.3 blocks (SE=2.13) and
auditory starlings needed 24.7 blocks (SE=3.66) to reach criterion. Visual pigeons needed an
average of only 2.25 blocks (SE=0.21) and visual starlings needed 7.3 blocks (SE=1.18). Twosample t-tests assuming unequal variances confirmed that criterion was reached by the visual
group significantly faster than the auditory group in both pigeons, t(3)=8.5, p=0.001, and starlings,

t(2)=3.1, p=0.04. Pigeons and starlings showed no effect of the position of fast and slow choice
keys in a Block x Position x Modality RM ANOVA of accuracy.
The various stimulus types were not learned at the same rate by all birds. Stimulus type
did not play a role in acquisition of the discrimination in the visual birds. A Stimulus type x
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Block mixed model analysis of accuracy produced evidence for a main effect of stimulus type in
audition for both pigeons (133 bits) and starlings (91 bits). Both auditory bird groups had the
most trouble with the sine wave. Only two of four pigeons and one of three starlings reached
criterion with the sine wave. The pigeons that did reach criterion required an average of 21
blocks (SE=1), and the starling required 28 blocks. The second most difficult stimulus type for
the pigeons was the tom drum sound (M=18.25 blocks, SE=2.7), while the starlings had difficulty
with the pigeon coo (M=22.7 blocks, SE=8.3). This is in stark contrast to the pigeons, which
learned the coo sound fastest of all stimulus types (M=9.6 blocks, SE=1.4). The starlings, on the
other hand, learned the piano sound first, needing only 9 blocks (SE=1.2)
Humans. As is evident from the lower panel of Figure 4, auditory learning proceeded
faster than visual learning in humans, but both modalities were learned rapidly. A 4-trial Block x
Modality RM ANOVA of accuracy resulted in significant effects of Block, F(8,344)=5.15, p<0.001
and Block x Modality interaction, F(8,344)=2.7, p=0.007, suggesting learning occurred at different
rates in each modality. Auditory participants reached criterion in the fourth block, while visual
participants required eight blocks. In the last block of training, visual participants were 89%
accurate, while auditory participants performed at 80% accuracy. A two-sample t-test comparing
mean accuracy by auditory and visual participants confirmed these values were not significantly
different, p=0.17. All stimulus types were learned at equal rates within modalities. There was no
effect of which sound auditory participants heard or which image visual participants saw in a
Stimulus type x 4-trial Block RM ANOVA.
To assess possible differences in performance based on the position of the fast/slow
assignments to the right and left choice keys, I conducted Modality x Position RM ANOVA of
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accuracy on the last eight trials of training to compare participants with “slow” on the left (14
auditory, 11 visual) to those with “fast” on the left (10 auditory, 11 visual). There was no effect of
either factor.
Self-report of music training by members of the first cohort (39 participants) resulted in 14
musical and 6 non-musical auditory participants. One participant did not answer the question.
Auditory tempo discrimination acquisition began at a higher accuracy for non-musical (M=58%)
than musical participants (M=43%) in the first block, but in all subsequent blocks, musical
participants performed better (M=78% vs. M=63%). In the visual condition, there were 7 musical
and 11 non-musical participants. Acquisition again began at a higher accuracy for non-musical
(61%) than musical participants (39%) in the first block, but musical participants learned at a faster
rate from that point forward. In the last block both groups were 93% correct. A Modality x Music
training x Block RM ANOVA of accuracy produced a main effect of block, F(8,272)=9.4,

p<0.001, and interactions between modality and block, F(8,272)=2.4, p=0.02, and between music
training and modality, F(1,34)=5.5, p=0.02. Isolating these tests into separate modalities revealed
that music training only played a role in audition. In a Music training x 4-trial Block RM
ANOVA of accuracy during acquisition, auditory participants showed a significant interaction
between music training and block, F(8,152)=2.3, p=0.024. In the visual condition there was only
an effect of block, F(8,128)=6.29, p=0.001. Five of the 21 auditory participants, and only three of
the 18 visual participants, reported having dance training. Dance training had no effect on
acquisition. A Modality x Dance training x Block RM ANOVA of accuracy only produced a
main effect of Block, F(8,272)=6.8, p<0.001
Novel Tempo Range Transfer
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Results of tempo range transfer tests can be seen in Figure 5 (black circles). They are
plotted as psychophysical curves to show the range of responses on a continuum of percent
choice “fast.”
Birds exhibited good transfer to other tempos within their trained modality. Both species
behaved similarly. In a Tempo x Modality RM ANOVA of percent choice “fast,” both species
showed a main effect of Tempo (Pigeons: F(7,21)>11.5, p<.001; Starlings: F(7,14)>11.2, p<0.001).
There was no effect of bird species when it was introduced as a between-groups factor in an
additive mixed effects model.
60 bpm Training
Birds rapidly learned to treat 60 bpm as a second slow tempo when it was added to the
discrimination. Two of the auditory pigeons performed above 75% accuracy in the first block.
The other two needed 4 and 7 blocks to reach this level. Two visual pigeons also reached
criterion in the first block, while the other two only needed 2 and 4 blocks. The three auditory
starlings needed 3, 4, and 10 blocks to reach criterion with 60 bpm. The two visual starlings both
reached this level in the first block. Thus, once again, visual learning was faster than auditory in
both starlings and pigeons. A 150-trial Block x Tempo x Modality RM ANOVA of accuracy
confirmed a three-way interaction for pigeons, F(8,52)=3.1, p=0.005 and starlings, F(8,24)=2.4,

p=0.045.
Tempo Range Re-test
After training 60 bpm to be discriminated as “slow,” I retested the range of tempos from
15 to 240 bpm. For the humans, these tempos were novel as they were initially trained with 30
and 60 bpm vs. 120 bpm. I expected a rightward shift of the psychophysical curve indicating
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adoption of a new, faster, criterion for fast/slow discrimination. See white symbols in Figure 5 for
results of these tests.
Pigeons. Both groups of pigeons treated all tempos that were slower than 120 bpm as
slow more frequently in this round of testing than they had prior to 60 bpm training. The
auditory pigeons were not as categorical as the visual pigeons, showing some “fast” responding at
slow tempos. Overall, though, both groups showed good discrimination. A Tempo x Modality
RM ANOVA of percent choice “fast” resulted in effects of Tempo, F(7,42)=36.3, p<0.001,
Modality, F(1,6)=7.2, p=0.036, and an interaction, F(7,42)=2.3, p=.048.
Starlings. Like pigeons, starlings also showed a shift in “fast” responding between the first
and second round of tempo range testing. The shift was more pronounced in the visual starlings,
but there was a considerable reduction in “fast” responding at the faster tempos. Both audition
and vision produced the same curves, as there was no effect of Modality, only a significant effect
of Tempo, F(7,21)=25.6, p<0.001, in a Tempo x Modality RM ANOVA of percent choice “fast.”
Humans. After their initial training with 30 and 60 bpm vs. 120 bpm, humans transferred
well to the range of tempos, and their psychophysical curves look very much like those of the
birds after 60 bpm training (white circles). They showed an effect of Tempo on auditory and
visual tempo transfer tests, F(5,75)>19.6, p<0.001.
Point of Subjective Equality. The point at which each group chose “fast” 50% of the time
is the point of subjective equality (PSE). This is the least discriminable tempo. Comparing the
PSE across modalities and species is useful in determining shifts in discrimination and reflect
each species’ sensitivity to a change in the discrimination. The pigeons shifted their PSE from 60
bpm to between 90 and 120 bpm in both modalities. The auditory starlings also started with a
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PSE near 60 bpm, but only shifted to 75 bpm, treating 90 bpm and above as fast. The visual
starlings’ PSE began at 75 bpm and shifted all the way to 120 bpm. Finally, the humans
produced post-60 bpm training curves with PSEs of 75 bpm for audition and between 75 and 90
bpm for vision. These slower points of subjective equality were similar to those of auditory
starlings.
Beat Duration Transfer Tests
The beat duration transfer tests revealed for the first time major differences in the
influence of beat duration on tempo judgment between species and modalities. The results can
be seen in Figure 6.
Pigeons. The top panels of Figure 6 show that visual pigeons were affected by reduced
beat durations to a greater extent than auditory pigeons. As evident in the top right panel, the
two shortest beat durations, 100 and 200 ms, generally prompted visual pigeons to choose “slow”
even when their tempo was fast. The auditory pigeons’ transfer was a bit more generalized across
beat durations, but there was still some confusion.
In a Tempo x Beat duration RM ANOVA of percent choice “fast,” auditory pigeons
showed an effect of Tempo, F(2,6)=31, p<0.001, suggesting they knew the discrimination well.
However, they also showed an effect of Beat duration, F(3,9)=6.7, p=0.01, and a marginal
interaction between Tempo and Beat duration, F(6,18)=2.3, p=0.08. Paired t-tests evaluating
choice with the baseline 450 ms beat duration compared to choice on test trials collapsed across
beat durations were significantly different at 60 bpm, t(3)=3.56, p=0.03, but not at 30 or 120 bpm.
Visual pigeons were more severely affected by beat duration. They showed strong effects
of Tempo, F(2,6)=69, p<0.001, and Beat duration, F(3,9)=33.6, p<0.001, as well as an interaction,
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F(6,18)=19.7, p<0.001. Paired t-tests evaluating baseline vs. test performance showed that choice
was significantly different at 60 bpm, t(3)=3.56, p=0.03, and 120 bpm, t(3)=15.41, p<0.001. These
significant differences at two tempos, compared to only one tempo for auditory pigeons,
highlight the possible influence of beat duration as a confound in pigeons’ processing of visual
tempo information.
Starlings. Like pigeons, starlings were more affected by beat duration in vision compared
to audition. At 120 bpm, visual starlings never chose “fast” when the beat duration was 100 or
200 ms. Auditory starlings transferred much better. A Tempo x Duration RM ANOVA of choice
confirmed that auditory starlings maintained their effect of Tempo, F(2,4)=25, p=0.005, and
showed no effect of Beat duration. Paired t-tests comparing starlings’ average choice on baseline
(450 ms) and test trials were not significant at any tempo, t(2)<3.69. The visual starlings, on the
other hand, showed Tempo, F(2,2)=19.4, p=0.05, and Duration effects, F(3,3)=9, p=0.05, as well
as a strong interaction between the two variables, F(6,6)=9.5, p=0.007. This indicates that, like
pigeons, starlings’ tempo decisions were influenced by beat duration in the visual modality. The
trend among visual pigeons and starlings suggests that cumulative beat duration, or the

proportion of stimulus on-time to stimulus off-time, was a critical factor affecting tempo judgment.
Since 200 ms out of a 500 ms beat period at 120 bpm produces stimulation less than 50% of the
time, perhaps half on/half off was a critical threshold that determined choice instead of tempo,
the rate at which beat onsets occur.
Humans. Humans were far less affected by novel, shorter, beat durations than birds in
their judgment of tempo. As the bottom panels of Figure 6 make clear, there was a great deal of
overlap in the psychometric functions for the different beat durations at each tempo. The greatest
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amount of overlap is seen in the auditory humans. In a Tempo x Duration RM ANOVA of
choice, auditory humans showed only a Tempo effect, F(2,30)=76.5, p<0.001. Paired t-tests
comparing behavior on baseline and test trials revealed significant differences only at 120 bpm,

t(15)=2.14, p=0.048, due to slightly reduced percent choice “fast” with the shortest beat duration,
100 ms. Visual humans, on the other hand, showed an effect of Tempo, F(2,30)=202.7, p<0.001,
and a Tempo x Duration interaction, F(6,90)=6.5, p<0.001. Paired t-tests comparing baseline and
test trial behavior were significantly different at 60 bpm, t(15)=2.34, p=0.03, and 120 bpm,

t(15)=2.85, p=0.01, due to increased percent choice “fast” at 60 bpm and decreased percent
choice “fast” at 120 bpm.
Beat Duration Irrelevance Training
I trained the two longer beat durations (200 & 300 ms) with the original baseline beat
duration (450 ms) in order to reduce the confound of beat duration in the tempo discrimination.
If successful, this training would produce overlapping psychophysical curves like those produced
by humans during beat duration testing, shown in the bottom left panel of Figure 6. Overlapping
curves would mean that beat duration was not being used in the discrimination, providing
support for beat-based as opposed to time-based processing.
After 10 sessions of training with three beat durations, I evaluated the birds’ choice
behavior in the second 5-session block of training. Human duration training results come from
the last 150 trials of their session. These results are depicted in Figure 7. Comparison of
respective panels in Figures 6 and 7 clearly show the effect of training. Auditory participants in
all species showed more accurate responses across the three beat durations employed in training.
Visual participants, who initially produced the least consistent psychometric functions, showed
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improvement as well. Despite improvement, though, birds showed less generalization of tempo
across beat duration than humans. These changes in behavior suggest that beat duration
irrelevance training reduced the salience of cumulative stimulus duration and increased beat
frequency as the key discriminative variable.
Pigeons. Beat duration irrelevance training did not eliminate the role of beat duration in
tempo discrimination by pigeons. In both groups, there were main effects on percent choice
“fast” of Tempo, F(2,6)>18.9, p<0.003, and Beat duration, F(2,6)>6, p<0.03. The visual pigeons
additionally persisted with a significant interaction between the two factors, F(4,12)=8.3, p=0.002.
The most ambiguous trial types for visual pigeons resulted in percent choice “fast” near the point
of subjective equality. These tempo/beat duration combinations were 60 bpm with 450 ms
duration (44% choice “fast”), and 120 bpm with 200 ms duration (56% choice “fast”). Both of these
trial types presented stimulus for just under half the time (450/1000 ms and 200/450 ms), so the
effect of proportion still seemed to be controlling the discrimination in visual pigeons.
To check for improvement over training, I tracked accuracy for these two trial types over
the 10 sessions for the visual pigeons. There was no effect of Session on accuracy with either of
these trial types in a RM ANOVA. Paired t-tests confirmed that there were no significant changes
in accuracy for either tempo/beat duration combination between the first and last five sessions. I
also reassessed performance with the sine wave in the two pigeons that had previously failed to
reliably learn the tempo discrimination with it. Both birds reached at least 75% accuracy in at
least one of the ten sessions.
Starlings. After training with three beat durations, starlings showed different degrees of
independence from beat duration in their tempo discriminations depending on modality.
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Auditory rhythms produced an effect of Tempo, F(2,4)=29.79, p=0.004, with no effect of Beat
duration and no interaction. This was not an improvement over the test results, since the
auditory starlings had originally shown no effect of beat duration.
The visually trained starlings showed effects of Tempo, F(2,2)=409, p=0.002, and Beat
duration, F(2,2)=111.5, p=0.009. There was no interaction in this analysis, though, as there had
been during testing. This indicates the training period succeeded in reducing the influence of
beat duration, but likely only at 120 bpm, as is evident in comparing the middle right panels of
Figures 6 and 7. Like the pigeons, 60 bpm/450 ms (41% choice “fast”) and 120 bpm/200 ms (49.5%
choice “fast”) were ambiguous for visual starlings. There was no effect of Session on accuracy
with 60 bpm/450 ms or with 120 bpm/200 ms in a RM ANOVA. Between the first and second
five sessions, there were no significant changes in accuracy on either combination. The two
starlings that had previously failed to learn the tempo discrimination with the sine wave learned it
by this point. They reached at least 75% accuracy with the sine wave at each beat duration in at
least one session during this training period.
Humans. The last 150 trials of the human test session produced an average of nine trials
per beat duration at 30 and 60 bpm, and 18 trials per beat duration at 120 bpm. Over this
period, the two human groups behaved identically to each other and were immune to the
proportion effect. In a Tempo x Beat duration RM ANOVA of percent choice “fast,” there was a
main effect of Tempo among auditory, F(2,30)=3, p<0.001, and visual participants, F(2,30)=757,

p<0.001, with no effect of beat duration. While auditory participants had little room to improve,
visual participants eliminated the previously seen interaction between tempo and beat duration.
Discussion
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This experiment produced acquisition data and psychophysical curves for a fast/slow
tempo discrimination by three species’ in two modalities for the first time. Pigeons and starlings
learned auditory and visual tempo discriminations at similar rates. Visual birds learned faster
than auditory birds. There was more variability among the individual learning rates of starlings
than of pigeons. Most humans learned the discrimination within 36 trials, and auditory
acquisition occurred faster than visual acquisition. All species transferred well to a range of novel
tempos, and the introduction of a faster “slow” choice, 60 bpm, shifted the birds’ psychometric
choice functions to a faster threshold.
A major difference between avian and human training was that the birds were first
trained to discriminate 30 bpm from 120 bpm, and 60 bpm was introduced after testing a range
of tempos. Humans were trained to discriminate 30 and 60 bpm from 120 bpm from the
beginning of their session and were only tested once with a range of tempos. This did not create
differences in the psychophysical curves between humans and birds after 60 bpm training.
The type of image presented to visual participants did not affect discrimination
acquisition in any species. In audition, however, the nine different sounds were learned at
different rates by the two avian species. Notable is the ease of learning exhibited by pigeons with
the pigeon coo sound and the difficulty that starlings had with the same sound. Ideally, I would
have tested a starling chirp or trill in addition to the pigeon coo in order to directly compare
conspecific vocalizations in the tempo discrimination. Future experiments should investigate this
issue.
Tests of novel beat durations revealed differences between species in how they did the
task depending on modality of presentation. After training with three beat durations across three
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tempos, it was clear the visual birds had difficulty classifying the long-duration 60 bpm and the
short-duration 120 bpm tempos as slow and fast, respectively. These trial types had similar
cumulative durations of stimulus presentation. At 6000 ms into a trial (average choice key
appearance time), the former would result in 2250 ms cumulative on time, while the latter would
be on for 2000 ms. It appeared that the proportion of stimulus on time to stimulus off time
controlled behavior, instead of tempo as dictated by time between beat onsets.
The starlings’ discriminated tempo and generalized to shorter beat durations better with
auditory than visual training. As vocal learners, starlings rely on audition as their primary means
of communication. Vocal learning ability could have facilitated accuracy with auditory stimuli,
but evidently had no role in guiding behavior with visual rhythms. This could be due to the
starlings’ visual system having less neural connectivity than humans in the cerebellum, basal
ganglia, and related rudimentary timing areas (Buhusi & Meck, 2005). Though starlings rely on
visual cues for asymmetry detection in mate selection (Swaddle, 1999), it is unknown how well
they time visual information. Tests of novel durations indicated that starling behavior in both
modalities was confounded by beat duration. After training, though, auditory starlings and
humans appeared to have learned to concentrate on tempo alone, while visual starlings used a
combination of tempo and beat duration to determine their choice. This divergence between
modalities suggests starlings relied on different encoding mechanisms in each modality.
Previous research has suggested that auditory rhythms are stored in human memory
more easily than visual rhythms (Collier & Logan, 2000) so it was not surprising to see more
rapid acquisition by humans in the audition compared to vision. Rammsayer, Buttkus, and
Altenmuller (2012) found evidence that musicians perform better than non-musicians in both
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auditory and visual timing tasks, but my results suggest they are not encoded identically.
Participants with musical training were significantly better at acquisition of the auditory tempo
discrimination, replicating the findings of Chen, Penhune, and Zatorre (2008).
Dance training had no effect on discrimination, but this could be a result of a small
number of participants reporting dance training. A greater number of dancers in the tested
population might have enabled a more robust analysis. Adjusted procedures might also help.
Animated movie clips have been found to produce better categorization of movement types than
static images in humans and pigeons (Qadri & Cook, in preperation), so perhaps rhythmically
moving stimuli would have produced better distinctions between participants trained and
untrained in dance. This is unlikely, however, as Grahn (2012) found no effect of dance training
on discrimination between rhythms when she displayed a line rotating around the center of the
screen like a clock hand, changing position on each beat. A more likely explanation for slower
acquisition with visual rhythms is that the absence of participant movement attenuated visual
rhythm processing. Research that has required participants to move in synch with visual stimuli
(Phillips-Silver & Trainor, 2008), or to recreate a rhythm through finger-tapping (Chen, et al.,
2008) has found that rhythmic movement training improves rhythm recognition. Therefore,
because participants sat stationary and observed the stimuli as they were presented, rather than
motorically and rhythmically interacting with the stimuli, any possible advantages by those with
dance training were likely eliminated. Participants were neither encouraged nor discouraged
from moving with the rhythm, but some participants were observed doing so. Future
experiments could record participants’ movements and behavior as they interact with the
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computer program in order to better understand how and why some choose to reproduce the
rhythms.
Because production of a motor behavior synched with the rhythm was not required in the
present study, the processing of tempo was presumably independent from action. But it appears
quite difficult to extricate rhythm processing from rhythm production in the human brain. MEG
imaging of pianists brains while listening to piano music automatically activated the primary
motor cortex, even though the task – detecting wrong notes in a piano motif – was unrelated to
rhythm processing (Haueisen & Knosche, 2001). Chen, et al. (2008) investigated the dissociation
of perception and action by having participants listen to rhythms both with and without
anticipation of tapping along to them. The mid PMC, supplementary motor area (SMA), and
cerebellum were activated equivalently in both conditions. The ventral pre-motor cortex (PMC)
and dorsal PMC were only recruited in anticipation of tapping. Furthermore, the dorsal PMC
was differentially activated depending on the rhythm’s higher-order metrical structure. More
complex rhythms generated greater neural activity in this region. Conceivably, visual rhythms
with simple metricality, like those presented here, might generate even greater activity in the
dorsal PMC due to the effort required to integrate them (Grahn, 2012).
All species could learn the tempo discrimination, and the novel tempo transfer tests
produced similar psychophysical curves across all three species in both modalities. This evidence
provides support for the equivalence hypothesis. Visual birds were susceptible to relying on a
combination of beat duration and tempo in making their choices, providing support for the
phylogeny hypothesis in vision. Ten sessions may have been an insufficient training period to
remove the beat duration confound in visual birds. Auditory birds shared difficulty learning the
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sine wave and tom drum sounds, supporting the phylogeny hypothesis in audition. The vocal
learning hypothesis was supported in audition as well, however. When it came to testing and
training novel beat durations, auditory pigeons had more difficulty generalizing to novel beat
durations than auditory starlings and humans.
The confound of beat duration and the conflicting evidence for the three hypotheses
necessitated an examination of what information each species was using to make their judgments.
Specifically, among visual birds, tempo alone was not controlling behavior. Was the proportion
of stimulus on time to off time key to their discrimination, and could they be trained to ignore
beat duration and focus on beat frequency? I attempted to answer this question in Experiment 2.

47

Experiment 2 - Proportion Effect
In testing and training different beat durations in the context of the tempo discrimination,
it became clear that, in vision, both species of bird tended to treat the fast tempo with short beat
durations as slow and the slow tempo with long beat durations as fast. Auditory pigeons were
also affected by beat duration. Importantly, beat duration corresponded with total stimulus ontime. Thus, it seemed that stimulus on-time relative to off-time – a combination of tempo and
beat duration – was guiding their decision instead of tempo alone. This happened less with the
auditory starlings, and not with the humans. In Experiment 2, I investigated this phenomenon
and attempted to train the birds to concentrate solely on rate of presentation and ignore
duration.
Because I used specific beat durations, the proportion of beat period filled by stimulus
was much smaller at slow tempos than fast tempos. The first set of tests examined this proportion
effect. They presented slow tempos with varying beat durations that filled different proportions of
the beat period. The next set of tests presented beats with their duration randomized within a
trial. By removing duration as a discriminative cue, I hoped to eliminate its effect on choice and
get the birds to come under control by tempo alone. Only the first beat of a sequence lasted for
the nominal duration. Subsequent beat durations were randomized among 200, 300, and 450 ms.
Humans took part in these first two tests. The birds were then trained with sessions containing
randomized beat duration trials. By reinforcing them for choosing the correct tempos
independent of beat duration information, I hoped to get them under tempo control. I then
returned them to non-randomized trials and re-tested the proportion effect to see if training had
altered their behavior.
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I predicted that the pigeons and starlings would demonstrate the proportion effect. The
proportion effect would be shown by a greater slope in the relationship between proportion time
on and percent choice fast than in humans. I predicted the starlings would successfully learn to
concentrate on tempo alone in both modalities, and that pigeons would continue to struggle, but
would likely learn to ignore auditory duration. Learning to concentrate on tempo would result in
similar percent choice “fast” across all instances of each tempo, which would produce smaller
slopes in a relationship between proportion time on and percent choice “fast.”
Method
Animals and apparatus were identical to Experiment 2.
Avian Procedures
Pigeon sessions and starling training sessions without test trials had 108 randomly mixed
trials. There were 27 trials each of 30 and 60 bpm (3 per stimulus type), and 54 trials of 120 bpm
(6 per stimulus type). Starling sessions had 72 randomly mixed trials on sessions with test trials,
reduced to avoid partial sessions at the end of the day. There were 18 trials each of 30 and 60
bpm, and 36 trials of 120 bpm. Beat duration on each trial was randomly selected from among
200, 300, and 450 ms. The auditory test stimuli were the piano, crash cymbal, and pigeon coo
sounds. The visual test stimuli were the letter “A,” pentagon, and pigeon images.
Proportion effect test. I assessed five beat durations at 30 bpm (600, 800, 1000, 1350, &
1800 ms), four beat durations at 40 bpm (600, 800, 1000, & 1350 ms), and two beat durations at
60 bpm (600 & 900 ms). In each of 11 sessions, a different combination of tempo and beat
duration was tested six times (two per stimulus type). The six test trials per session were
randomly intermixed into each session.
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Random beat duration tests. Over the next three sessions, I tested randomized beat
durations within a trial three times per tempo in each session. For example, if the trial was
labeled with 300 ms beat duration, the first beat lasted for 300 ms and all proceeding beats had
their duration randomly selected from among 200, 300, and 450 ms. Stimulus onset remained
isochronous, creating variable gaps of silence or darkness between one beat and the next. These
nine test trials (three per stimulus type) were randomly mixed with baseline trials in each session.
Trials with randomized beat duration were subsequently introduced into training for eight
sessions. During these training sessions, all trials had duration randomized within each trial as
described above. One auditory pigeon, Alvin, had difficulty finishing sessions at this point, so he
worked with 72 baseline trials per session, containing two instead of three trials of each stimulus
type at 30 and 60 bpm, and four instead of six trials of each stimulus at 120 bpm. Thus, this
pigeon had slightly different overall counts of baseline trials, but received the same number of
test trials as the other birds.
Proportion effect retest. After eight sessions of training with randomized durations, I
retested a subset of the proportion trials consisting of the previously tested 30 bpm values (600,
800, 1000, 1350, & 1800 ms). This test period took place over five sessions, with one combination
tested each session six times per session, randomly intermixed with baseline trials.
Human Procedures
Six humans participated in the proportion effect tests. Their sessions contained 240 trials,
the first 72 of which trained participants to discriminate between 120 bpm and 30/60 bpm with
450 ms beat duration. The criterion for having test data included in analysis was correct
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responses on at least 6 of the last 9 training trials. Only one auditory participant failed to reach
criterion, and this participant’s data was excluded from test analysis.
After training, the subsequent testing block contained 168 trials, including 78 proportion
effect test trials and 18 randomized beat duration test trials intermixed with 72 additional
reinforced training trials. The training trials had their beat duration randomly chosen on each
trial among 200, 300, and 450 ms. For proportion tests, each of 13 test types was tested six times
(twice per stimulus type). The first 11 tests assessed five durations at 30 bpm (600, 800, 1000,
1350, & 1800 ms), four durations at 40 bpm (600, 800, 1000 & 1350 ms), and two durations at 60
bpm (600 & 900 ms). The final two tests examined 60 bpm/450 ms and 120 bpm/200 ms, which
were, for the birds, often confused. Randomized beat durations were tested twice per stimulus
type (3) per tempo (3). All beats had their duration randomly selected from among 200, 300, and
450 ms.
Results
Proportion Effect Tests
Analysis of these data was performed with the independent variable proportion time on
grouped into bins of 0.1 units. The results are shown in Figure 8. If tempo was independent from
beat duration, the slope of each tempo’s data would be zero. I averaged the slopes of the four
tempos to see if this was true across tempos for each species in each modality.
Pigeons. Pigeons were susceptible to the proportion effect in audition and vision. The
diagonal scatterplots in the top panels of Figure 8 show that the tempo/beat duration
combinations were assessed on a continuum from off to on instead of categorically based on
tempo. At each tempo, the slope of the data and linear regression were calculated. The average
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of these values was a slope of 0.116 for audition, and 0.172 for vision. A Proportion x Modality
RM ANOVA of percent choice “fast” showed that Proportion affected the pigeons’ choice
behavior on test trials, F(6,24)=30, p<.001. Pigeons processed beats in both modalities the same
way, as there was no interaction between Proportion and Modality. A Tempo x Beat duration x
Modality RM ANOVA of percent choice “fast” yielded effects of Tempo, F(2,12)=15.4, p=0.001,
and Beat duration, F(5,30)=18, p<0.001.
Starlings. For the starlings, the proportion effect was more pronounced in vision than
audition. There was an effect of Proportion, F(4,12)=16, p<0.001, and an interaction between
Modality and Proportion, F(4,12)=3, p=0.04. At each tempo, the slope of the data and linear
regression were calculated. The average of these values was a slope of 0.062 for audition, and
0.134 for vision. A Tempo x Beat duration x Modality RM ANOVA of percent choice “fast”
resulted in a three-way interaction, F(3,9)=4.61, p=0.03. Evaluation of the modalities separately
revealed that the visual starlings showed a Beat duration effect, F(6,6)=6, p=0.02, but no
interaction. The auditory starlings were less susceptible to control by Beat duration, but exhibited
a Tempo x Beat duration interaction, F(3,6)=9.5, p=0.01.
Humans. Proportion did not affect human participants. For the most part they categorized
trials based on beat frequency and not beat duration or the combination of the two factors. At
each tempo, the slope of the data and linear regression were calculated. The average of these
values was a slope of 0.020 for audition, and 0.024 for vision. In a Tempo x Beat duration x
Modality RM ANOVA of percent choice “fast,” I found an effect of Tempo, F(3,26)=13, p<0.001,
but no effect of Beat duration.
Random Beat Duration Test
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For analysis of the random beat duration tests, I programmatically recorded and
evaluated how long stimuli were on prior to a choice. Comparing the cumulative on time in
random beat duration tests and baseline trials allowed me to confirm that there were no major
differences in stimulus on time between the two trial types, and thus participants could not rely
on beat duration to make their judgments. The results can be seen in Figure 9.
Pigeons. Randomizing beat duration had the desired effect in pigeons of eliminating their
reliance on it. A Tempo x Beat duration x Modality RM ANOVA of percent choice “fast”
confirmed that the initial beat duration had no effect on choice, while tempo produced a
significant effect, F(2,8)=16.5, p=0.001. Randomization of beat duration had the desired effect of
eliminating it’s utility in the tempo discrimination without altering the overall time stimuli were
presented. Cumulative stimulus on-time averaged 1261, 2368, and 4634 ms for 30, 60, and 120
bpm, respectively. A Trial Type (random/baseline) x Tempo x Modality RM ANOVA of mean
cumulative on-time showed no effect of Trial type.
Starlings. Randomizing beat duration forced starlings to focus on beat frequency, though
at least the auditory starlings were less problematic to begin with than the pigeons. A Tempo x
Beat duration x Modality RM ANOVA of percent choice “fast” confirmed that initial beat
duration had no effect in starlings. The tempo discrimination remained strong, F(2,4)=21.5,

p=0.007. As with the pigeons, the overall time the stimuli were on was the same across test type.
Cumulative stimulus on-time averaged 1519, 2808, and 5202 ms for 30, 60, and 120 bpm,
respectively. A Trial Type (random/baseline) x Tempo x Modality RM ANOVA of mean
cumulative on-time showed no effect of Trial type.
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Humans. A Tempo x Beat duration x Modality RM ANOVA of percent choice “fast”
resulted in no effect of initial beat duration in humans. Comparisons between choice on baseline
and randomized duration trials in a Trial type x Tempo x Modality RM ANOVA resulted in a
significant effect of tempo, F(2,12)=7.8, p=0.006, and a Tempo x Modality interaction,

F(2,12)=4.9, p=0.02. The bottom panel of Figure 9 shows that auditory humans categorically
treated 60 bpm as slow, but visual humans treated 60 bpm as in between slow and fast, near the
point of subjective equality. Once again, baseline and random duration test trials had the same
total on-time. Cumulative stimulus on-time averaged 1329, 2621, and 4861 ms for 30, 60, and 120
bpm, respectively. A Trial Type (random/baseline) x Tempo x Modality RM ANOVA of mean
cumulative on-time showed no effect of Trial type.
Proportion Retest
The goal of training the birds with randomized duration trials was to eliminate any
reliance on beat duration or proportion time on before moving forward with normal training. In
order to see if this technique had changed the birds’ behavior, I retested them with the 30 bpm
proportion effect tests after a short period of randomized duration training. Results of this second
round of testing are shown in Figure 10.
Pigeons. Random beat duration training helped reduce the effect of beat duration in both
auditory and visual pigeons, but it was not completely eliminated. The slope of the auditory data
now averaged 0.06. Compared to the previous slope of 0.11, this was a significant decrease in
slope, t(5)=2.05, p=0.04. The previous visual data had an average slope of 0.17, but now it had
been reduced to 0.07, which was also a significant decrease, t(5)=2.35, p=0.03. Notably, the visual
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pigeons’ 120 bpm data now showed almost no slope (0.008), while their 30 bpm data showed the
largest slope in either group, 0.16, barely reduced from the previous slope of 0.17.
A comparative analysis of percent choice “fast” on the five 30 bpm tests in a Test period
x Proportion RM ANOVA revealed that the auditory pigeons were affected by Test period,

F(1,3)=142, p=0.001, and showed an interaction between Test period and Proportion, F(4,12)=4.5,
p=0.02.
In this re-test, I examined a range of on-time proportions at 30 bpm. Though a greater
proportion of time filled with stimulus was more likely to produce a “fast” response, the baseline
30 and 60 bpm trials with beat durations of 200, 300, and 450 ms were now treated as “slow”
more reliably, particularly by the visual pigeons. In Figure 10, only the 30 bpm test data inhabits
the middle of the visual pigeons scatterplot (top right panel). The auditory pigeons, on the other
hand, produced 60 bpm and 120 bpm baseline data closer to the point of subjective equality in
the middle of their scatterplot (top left panel). Though visual pigeons may have used beat
duration to help determine choice on test trials that contained long beat durations, they had
learned to discriminate baseline trials with short beat durations. When baseline data in each
modality was analyzed in a Tempo x Beat duration RM ANOVA of percent choice “fast,”
among the auditory pigeons I found a Tempo x Beat duration interaction, F(4,12)=7.1, p<0.001.
Among visual pigeons, there was only a Tempo effect, F(2,6)=355, p<0.001.
Starlings. Auditory starlings were less affected by beat duration originally, but they
showed improvement. However, random beat duration training did not seem to aid the visual
starlings in reducing the salience of beat duration. The average slope of the data now averaged
0.024 for auditory starlings. This was lower than the previous slope of 0.06, but not significantly
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so. The visual starlings produced an average slope of 0.14, no different from their previous slope
of 0.134. They in fact showed an increase in slope at 30 bpm, from 0.12 to 0.15. This difficulty
with a range of proportions at 30 bpm is highly similar to the pigeons.
A comparative analysis of choice on the five 30 bpm tests in a Test period (before/after
random beat duration training) x Proportion RM ANOVA revealed that the auditory starlings
showed no effect of Proportion or Test period, while the visual starlings showed effects of
Proportion, F(4,4)=8.7, p=0.02, but no effect of Test period. This further indicates they learned
little over the course of training.
The auditory starlings’ scatterplot in Figure 10 shows that baseline data was treated fairly
categorically, while the visual starlings still produced responses to 60 bpm and 120 bpm (0.4
proportion time on) near the point of subjective equality. Auditory starlings showed an effect of
Tempo, F(2,4)=28, p=0.005, but no effect of Beat duration in a Tempo x Beat duration RM
ANOVA of percent choice “fast.” Visual starlings showed a Tempo x Beat duration interaction,

F(4,4)=17.5, p=0.008, indicating the combination of tempo and duration still played a role in their
tempo discrimination.
Discussion
Pigeons, starlings, and humans responded in different ways when performing the tempo
discrimination with a wide variety of beat durations. Pigeons’ choices were strongly impacted by
beat duration. The greater cumulative amount of time the stimulus was on relative to how long it
was off, the more likely it would be classified as fast. Starlings were affected as well, but in the
visual modality more so than the auditory. Neither of the visually trained birds learned to
completely ignore beat duration and focus solely on beat frequency, but the visual pigeons did

56

show evidence of doing so with their baseline trials by the end of the experiment. Humans
reliably judged tempo as intended, generalizing across beat durations, even when the proportion
time on was large.
In auditory birds, training with randomized beat durations reduced beat duration’s
influence across tempos and promoted concentration on tempo. Despite attempts to alter the
visual birds’ behavior through training, a combination of tempo and beat duration continued to
control their discrimination. The visual pigeons at least managed to categorize the baseline
tempo/beat duration combinations at a high level, but still could not reliably track beat onset
with slow tempos that had large proportion time on. It is possible that they could not perceive
the designated 50 ms time between the offset of a visual beat and the proceeding beat. If this
were the case, when shorter durations were introduced in Experiment 1, the visual birds had
only experienced trials with the stimulus “on” and “less on.” They therefore may have relied on
proportion time on because beat onset was simply not salient. Other possibilities include an
accumulator mechanism that triggered a “fast” response as soon as a threshold cumulative
stimulus time had been reached, or averaging stimulus on time in small temporal windows. It is
difficult to distinguish between these given the methodology employed. An averaging strategy
was apparent in Hagmann and Cook’s (2010) go/no-go meter and tempo discriminations with
auditory stimuli.
The visual birds may have fared better if they had discriminated beats that flashed in a
manner consistent with timings present in their species’ natural vocalizations, or that reflected
species-specific average rate of physical movement. The gradual fading of sounds in the auditory
modality likely served to offset some of beat durations’ influence there, but auditory birds were
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certainly not immune to the confusion caused by interactions between tempo and duration.
Future experiments could test visual beats that are very bright at onset, but that gradually dim
over the first 100-200 ms, analogous to the rapid onset and subsequent fading of the sounds used
here. Additionally, starting the discrimination with a shorter beat duration, such as 300 ms
instead of 450 ms, might have prevented the adoption of an on/off threshold discrimination.
Humans were unaffected by proportion throughout these tests. This could be the result of
testing humans with tempos that are typically used in music and therefore have been encoded in
long-term memory as structures in a musical rhythmic hierarchy. Thus, familiarity may have
caused them to process the beats supramodally. That is, the influence of automatic beat-based
rhythm processing could have caused humans to recode visual rhythms as auditory and thus a
natural rhythmic hierarchy was employed.
The auditory starlings and humans showed less susceptibility to the effect of beat duration
than the other groups. This provides support for the vocal learning hypothesis and implies that,
in the auditory modality, humans and starlings both automatically and reliably monitored the
time between beat onsets in order to make their discriminations. Perhaps due to their extensive
use of audition in communication, visual timing is less precise than auditory timing in both
species. Though the auditory pigeons did not automatically track tempo independent of beat
duration, they learned to do so by the end of random beat duration training. The persistently
high slopes of the visual birds’ proportion data support the phylogeny hypothesis in the visual
modality.
There were varying degrees of success in eliminating the impact of beat duration on the
tempo discrimination, but the results indicated clear distinctions in processing based on
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phylogeny in vision and vocal learning ability in audition. The next step was to examine how
these three species represented sequences with ambiguous tempo in a rhythmic hierarchy based
on beat strength. I proceeded to test rhythmic and metric organization in Experiment 3.

59

Experiment 3 – Beat Strength and Metric Organization
The first two experiments had successfully established a tempo discrimination generalized
across nine stimulus types, both auditory sounds and visual images, in pigeons, starlings, and
humans. Differences had emerged in how each species processed auditory and visual tempos,
with a tendency for visually trained birds to rely on both the total duration of the beats and their
rate of onset. Humans and auditory birds, meanwhile, were sensitive to the rate of beat onset and
used fast or slow tempo for their classification. In Experiment 3, I examined how birds and
humans classify sequences with ambiguous tempos. The three-tiered 500-ms beat hierarchy of 30,
60 (S-), and 120 bpm (S+) allowed me to test different organizations of beats in combination with
rests and in sequences with multiple stimulus types. Pigeons, starlings, and humans could
perceive these tests as fast or slow depending on their sensitivity to metric structure and beat
strength.
In music, rhythm employs variations in beat strength to help establish the baseline tempo.
Rhythmic substructures and superstructures help listeners organize, or group, these baseline
beats into the rhythmic hierarchy (Lerdahl & Jackendoff, 1983). The strength of a beat is
dependent on its volume, timbre, or intensity in the context of surrounding beats. Humans group
events primarily using beat strength (Asher & Bateson, 2008), and base their cultural music
preferences on it (LeBlanc, et al., 2002). We also readily extract beat strength from sequences
and value it as much as tempo information in classifying music (Tzanetakis, Essl, & Cook, 2002).
In order to study how animals process sequences with ambiguous tempos and different
beat strength organizations, I tested two types of rhythmic structures: 1) different combinations of
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between one and four consecutive beats followed by one and four consecutive rests (beat/rest
tests) and 2) different combinations of multiple stimuli (beat abstraction tests).
The tests of proportion effect in Experiment 2 examined varying proportions of stimulus
on-time to stimulus off-time. In the case of the beat/rest tests, however, the periods of stimulus
were kept relatively small compared to the periods of no stimulus, which could last for up to two
seconds. The beat/rest tests explored whether the mechanisms of temporal integration
predominantly involve processing of average stimulus on-time or total on-time. If averaging were
at work, trials with the same amounts of beats and rests would be treated identically. For
instance, one beat followed by one rest and four beats followed by four rests would both average
to 60 bpm and should thus be treated as slow by an averaging mechanism. Cumulative stimulus
on-time is another possible process for integrating beat/rest tests. Since the choice keys appeared
at the 6 s point in a trial, on average, participants experienced 10 beats over five full seconds, on
average. One beat followed by one rest would produce five total beats, while four beats followed
by four rests would result in six total beats. The latter test should thus be treated as faster, instead
of identical, to the former test. Further support for total on-time processing would come from
effects of beat duration on percent choice “fast.”
A different set of mechanisms could be at work in sequences containing more than one
stimulus type. Such sequences could be considered fast or slow depending on how the animals
valued beats of differing strength within the implicit rhythmic organization. Alternating strong
and weak beats, for example, could be interpreted as fast if the animal monitors the time
between any given events to judge tempo. It could be treated as fast if the animal instead tracked
the onset rate of specific stimulus types in a trial. Differential contributions of perceived beat
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strength of these conditions could result in different temporal encoding and thus different choices
in the fast/slow discrimination. This model is stimulus-dependent and stipulates that if sound A
repeats at 30 bpm, or every 2000 ms, the trial would be considered “slow,” irrespective of the
intervening information. The sequence ABCD would thus be treated as 30 bpm, while AB and
ABAC would both be treated as 60 bpm since A repeats at the same rate in both types and
intervening information (B and C) is ignored.
A second, stimulus-independent, process could ignore differences between stimuli and
time each IOI regardless of stimulus category or identity. In this case, all beat abstraction tests
would be treated as 120 bpm, and only inter-event timing would matter. Previous research by
Hagmann and Cook (2010) provided evidence for this process in pigeons with auditory beats. In
their study, pigeons had difficulty discriminating 3-beat (ABB) from 4-beat meters (ABBB). This
difficulty could have been due to the pigeons using a stimulus-independent process, ignoring the
differences between stimulus types across beats.
Based on Hagmann and Cook’s (2010) results and the results of Experiments 1 and 2, I
expected pigeons to disregard stimulus type and discriminate tempo with a stimulus-independent
process. This would result in pigeons treating all beat abstraction sequences identically as fast.
Thus far, the phylogeny hypothesis had received considerable support in vision, so I predicted
the visual starlings would behave in a stimulus-independent manner as well. Since vocal learning
ability had thus far seemed to dictate auditory processing, I predicted the humans and auditory
starlings would selectively track individual stimuli and choose “slow” more frequently as stimulus
variability increased.
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I expected a similar breakdown between phylogeny and vocal learning ability with
respect to modality in the beat/rest tests. Given the dominant role of cumulative stimulus
duration among visually trained birds, I expected larger gaps between visual beats to promote
“slow” responding. Auditory birds and humans were expected to track multiple beats and
encode rests as part of the rhythmic structure, thus choosing “fast” more often than visual birds.
Method
Animals, apparatus, and stimuli were identical to those described in Experiment 2.
Birds
Sessions for the pigeons contained 108 randomly organized trials. There were 54 trials at
120 bpm (six per stimulus type) and 27 each at 30 and 60 bpm (three per stimulus type).
Starlings had 72-trial randomly organized probe sessions, containing 36 trials at 120 bpm (four
per stimulus type) and 18 trials each at 30 and 60 bpm (two per stimulus type).
Beat/rest tests had from one to four beats followed by one to four rests, producing 16
possible tests (4 x 4). One beat followed by one rest and one beat followed by three rests were
already part of training as 60 and 30 bpm, respectively, so I therefore tested 14 beat/rest tests.
There were four beat abstraction tests that consisted of two, three (two tests), or four different
stimulus types, labeled as A, B, C and D. The tests were AB, ABC, ABAC, and ABCD.
Examples of beat abstraction test design in the visual modality are shown in Figure 11.
Beat abstraction and beat/rest tests were tested in alternating sessions. Either six beat
abstraction test trials or six beat/rest test trials were randomly intermixed with baseline trials. In
the beat/rest tests, stimulus type was randomly chosen from among the piano, crash cymbal, and
pigeon coo sounds in audition and the letter A, pentagon, and pigeon images in vision. The beat
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abstraction tests additionally used the organ and tom sounds in audition and the letter C and
triangle images in vision. On each trial, beat duration was randomly picked from among 200, 300
and 450 ms. Testing proceeded for approximately 30 sessions, until there were three trials per
duration of each of the 14 beat/rest tests and at least six trials per duration of each of the four
beat abstraction tests.
Humans
Data from the 32 humans (16 auditory, 16 visual) that met criterion in the first cohort was
used in analysis of beat/rest and beat abstraction tests. These tests occurred starting at trial 118 of
the 323 trials in the session. There were 20 beat abstraction test trials (5 stimulus types x 4 test
types) and 42 beat/rest test trials (3 stimulus types x 14 test types). These were randomly
intermixed with 144 training trials that included 72 trials at 120 bpm (eight per stimulus type) and
36 each at 30 and 60 bpm (four per stimulus type).
Results
Beat/Rest Tests
Analyses of beat/rest tests include baseline data to fill the place of 1 beat/1 rest (60 bpm)
and 1 beat/3 rests (30 bpm). This provided balanced datasets where necessary. The results for
each species can be seen in Figure 12.
Pigeons. Both number of beats and number of rests played a role in the pigeons’
decisions. Greater numbers of beats increased percent “fast” responding, and greater numbers of
rests promoted “slow” choices. A Beat count x Rest count x Modality RM ANOVA of percent
choice “fast” revealed significant main effects of both Beat and Rest count, Fs(3,18)>24.5,

p<0.001. Beat duration still impacted pigeons’ choices in both modalities, as seen in the previous
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two experiments, but it did not affect the general trend in responding. Stimuli in both modalities
were treated the same. In a Test type x Beat duration x Modality RM ANOVA of percent choice
“fast,” there were significant effects of Test type, F(13,78)=12.6, p<0.001, and Beat duration,

F(2,12)=47.9, p<0.001, but no interactions. Paired t-tests comparing tests with the same numbers
of beats and rests were not treated significantly different in audition and vision, ts(3)<1.38,

p>0.26. This provides support for the use of averaging rather than total on-time in pigeons, but
low resolution of the data make it impossible to say for sure.
Starlings. Starlings behaved similar to the pigeons in their treatment of beat/rest tests. The
middle panels of Figure 12 show that increasing beat count produced higher percent choice
“fast” in starlings. A Beat count x Rest count x Modality RM ANOVA of percent choice “fast”
revealed significant main effects of both Beat and Rest count, Fs(3,9)>7.5, p<0.008. In a Test type
x Beat duration x Modality RM ANOVA of percent choice “fast,” there were significant effects
of Test type, F(15,45)=4.5, p<0.001, and Beat duration, F(2,6)=6.7, p=0.03, as well as a Beat
duration x Modality interaction, F(2,6)=6.2, p=0.035. The Beat duration x Modality interaction
reveals itself most clearly in mean percent “fast” responses across all test types. The auditory
starlings chose “fast” 30, 31, and 33% of the time for 200, 300, and 450 ms durations, respectively.
The similarity in choice across durations supports beat-based processing independent of duration
in auditory starlings. The visual starlings, meanwhile, appeared to rely on total on-time to make
their choices, choosing “fast” 14, 26, and 48% of the time for increasing beat durations. Lack of
significant differences in percent choices “fast” between tests with the same beat and rest count
make it difficult to rule out the averaging model, though.
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Humans. Humans behaved similar to the birds in the beat/rest tests with an increase in
“fast” responding associated with greater numbers of beats. Greater numbers of rests tended to
produce decreases in percent choice “fast.” A Beat count x Rest count x Modality RM ANOVA
of percent choice “fast” revealed effects of Beat count, F(3,90)=31, p<0.001, and Rest count,

F(3,90)=8.3, p<0.001. There was no effect of music training when it was included in this analysis
as a between subjects factor. Humans were not affected by beat duration. There were significant
differences in percent choice “fast” between one beat/one rest tests and both three beat/three rest
and four beat/four rest tests. This suggests the humans were not averaging beats and rests to
make their decision.
Across species. Combinations of beats and rests were treated similarly by all species.
Lack of a modality effect in all cases suggests auditory and visual processing mechanisms
weighed the influence of beat count and rest count independent of modality. A Species x
Modality x Beat count x Rest count RM ANOVA and corresponding mixed effects model
analysis revealed strong evidence for effect of Beat count F(3,117)=21.4, p<0.001, 245 bits, and
slightly less powerful evidence for effect of Rest count, F(3,117)=14.3, p<0.001, 40 bits. There was
no evidence for an effect of species.
Beat Abstraction Tests
The results of the beat abstraction tests can be seen in Figure 13. The upper reference
line marks each groups’ average percent choice “fast” at 120 bpm. The lower reference line
marks the average percent choice “fast” of 30 and 60 bpm trials.
Pigeons. In both audition and vision, pigeons tended to treat beat abstraction tests as if
they were fast. Auditory responding (M=71% choice “fast”) was more likely to be “fast” than
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visual responding (M=61% choice “fast”). Paired t-tests comparing pigeons’ percent choice “fast”
on each beat abstraction test type to baseline 120 bpm revealed no differences in behavior
among the auditory pigeons. This means the auditory pigeons treated all test trials equivalent to
120 bpm, suggesting stimulus-independence. The visual pigeons, though, showed a significant
difference from their “fast” response with ABAC, t(3)=11.5, p=0.001. As can be seen in the top
right panel of 13, visual pigeons also produced lower average percent choice “fast” responding
in ABC (M=55%, SE=12.9) and ABCD (M=60, SE=10.9) than ABAC (M=63%, SE=5.3), though
variance prevented a significant difference. The pigeons were not influenced by the acoustic or
visual qualities of certain stimulus types appearing first in the sequence. There was no effect of
stimulus type in a Test type x Stimulus type x Modality RM ANOVA of percent choice “fast.”
Starlings. The starlings showed a strong effect of Modality with beat abstraction tests in a
Modality x Test type RM ANOVA of percent choice “fast,” F(1,3)=39.7. The visual starlings
tended to treat these tests as fast (M=69%), and the auditory starlings treated them as fairly slow
(M=30%), almost at the 60 bpm level (lower dashed line in left middle panel of Figure 13). This
suggests stimulus-dependent processing at work, producing a tendency to group beats or attend
to a single stimulus type in a sequence. Among the auditory starlings, paired t-tests revealed they
treated all test types as significantly slower than baseline “fast,” ts(2)>4.1, p<0.05, and no
difference from percent choice “fast” at 60 bpm, ts(2)<3.8, p>.06. The visual starlings did not
show the same behavior. Percent choice “fast” was significantly lower than on baseline “fast”
trials with ABAC and ABCD, ts(1)>15.5, p<0.05. There was no evidence for a role of initial
stimulus type in their choices in either modality.
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Humans. Auditory humans treated beat abstraction tests as slower than 120 bpm. Unlike
the auditory starlings, which treated these tests no different than 60 bpm, the humans treated
beat abstraction tests as in between 120 and 60 bpm. Paired t-tests showed that percent choice
“fast” on all four test types was significantly lower than 120 bpm responding, t(15)>2.7, p<0.017
and significantly higher than 60 bpm responding, t(15)>5.8, p<0.001. Among visual humans, only
percent choice “fast” on ABC tests was significantly lower than on baseline “fast” trials, t(15)=3.3,

p=0.005. In both groups, participants showed no effects or interactions involving beat duration,
stimulus type, or music training.
Across species. In a mixed model analysis of choice across Test types, and between
Modality and Species, there was evidence for a Species x Modality interaction (6.4 bits). This is
due to the auditory starlings and humans responding to the majority of these tests as if they were
slower than baseline 120 bpm, unlike the other four groups, which generally treated them as fast.
Separate modality analyses resulted in no evidence for effect of species on choice in the
visual modality. No more than two visual beat abstraction test types were treated significantly
different from 120 bpm by any species (starlings), but the overall pattern of behavior was similar
across species. The tests that presented the initial stimulus types at 60 bpm, AB and ABAC,
were, on average, treated as faster than the other two tests. ABC was always treated as slowest of
all four tests, but variability among avian subjects prevented responses to this test from being
significantly different from baseline “fast.” This differential pattern was not observed in auditory
subjects. Starlings and humans treated all auditory beat abstraction tests as significantly slower
than baseline “fast” and pigeons did not, but there was no difference between any of the four
tests. That is, there was not increasing “slow” responding with increasing stimulus variability.
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Discussion
Rhythms with multiple possible interpretations produced clear trends within the auditory
and visual modalities, and established distinctions between species that implicate vocal learning
ability in auditory rhythm processing. Novel combinations of beats and rests were treated
similarly across species and modalities, but combinations of different auditory stimulus types
resulted in stimulus-dependent behavior in starlings and humans.
The general trend in the beat/rest tests was clear across modalities and species: More
consecutive beats led to more “fast” responses, while consecutive rests attenuated “fast”
responses. Beat count and rest count were always statistically independent in all analyses across
species and modalities. The lack of interaction between beat count and rest count suggests the
influence of rest count was not contingent on the number of beats. There was no main effect of
modality in any of the species with beat/rest tests. It was difficult to tell whether any given species
was averaging beats and rests or using cumulative on-time. The resolution of the data may have
prevented this distinction from being made. Whichever mechanism was used, it was influenced
by beat duration in the pigeons and visual starlings. Humans and auditory starlings likely
averaged the number of beats that occurred, ignoring their duration.
Overall, the results of the beat abstraction tests showed that both auditory and visual
pigeons treated sequences with multiple stimulus types as fast, adding to the evidence that
pigeons were encoding both modalities with similar mechanisms. The auditory and visual
starling groups were very different in their treatment of beat abstraction tests. In the auditory
modality, they treated these tests as slow. Whether they judged any individual beat abstraction
test as being 60 or 30 bpm is impossible to tell because of the binary nature of the choice task.

69

One way to better understand the humans’ strategy with these tests was to examine
information from the debriefing questionnaire. Most participants who volunteered information
about their strategy after finishing their session noted that they based their choices on frequency
or rate of sound/image presentation. Those with musical training tended to describe this
characteristic with the musical construct of tempo, but there was no statistical evidence that music
training changed humans’ behavior on the beat/rest or beat abstraction tests. One person who
had musical training said, “If there was a rest and then multiple beats, I tried to approximate
beats per minutes to determine whether I thought it was fast or slow.” Another participant with
musical training said that he “kept a beat the whole time” and “used a minimum tempo” as a
criterion for “fast.” Thus, this individual used a threshold tempo as a key to their discrimination.
A participant who had no musical training said, “Sound clips with uneven rapidity of beats
resulted in a random choice between blue and orange.” This indicates a random choice strategy
when tempo was ambiguous. Conversely, another person without musical training noted that she
chose one choice key for sounds with “longer rests” and chose the other key for “loud obnoxious
or irritating sounds and all recordings with multiple sounds.” Thus, this individual used an all-ornone assignment of choice to trials with ambiguous tempo. Finally, one person noted that they
based their decision on whether the sounds were “grouped” or not. Without further explanation,
it is hard to know if this restriction pertained to just the beat abstraction tests, or if all rhythms
were encoded based on their level in a rhythmic hierarchy. The latter interpretation would
suggest this participant might have employed a standard 4/4 musical grouping for all trials.
From the beat abstraction tests I obtained the clearest results yet in favor of the vocal
learning hypothesis in audition and the phylogeny hypothesis in vision. Auditory human
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participants and auditory starlings both treated beat abstraction tests as slower than baseline
“fast.” Humans’ average choices were between that of fast and slow, while starlings treated beat
abstraction tests no different from slow. This trend did not occur in the visual modality for either
species, suggesting a commonality in absolute processing among vocal learners in audition and
vision. One reason starlings treated beat abstraction test trials as slow may be their tendency to
use absolute instead of relational pitch processing with unnatural tones (Cynx, Hulse, & Polyzois,
1986; Hulse & Cynx, 1985), though they can use relative information when judging different
conspecific songs (Bregman, Patel, & Gentner, 2012). Humans are far more likely to employ
relative pitch processing to say, for example, that two frequencies an octave apart are the same
note. Humans therefore may have listened to the beat abstraction sequences and derived some
relational information about the specific sounds. Perhaps humans categorized all drum sounds or
all tones as relationally equivalent to each other. Starlings, on the other hand appeared to use
absolute sonic information, in which case the first sound was always distinct from the second.
Contrary to the present study, Hagmann and Cook (2010; in preparation) found that beat
abstraction tests in audition produced evidence of stimulus-dependent processing in three of the
four pigeons they tested. The fourth pigeon exhibited stimulus-independent behavior, treating all
tests as fast, much like the pigeons in the present experiment. Hagmann and Cook utilized a
go/no-go instead of two-alternative forced choice procedure, so the pigeons could respond with
varying numbers of pecks. Perhaps with such continuous responding, the pigeons were able to
indicate a range of confidence or a slow/fast continuum in their judgment of tempo.
Furthermore, these pigeons had a longer training history with tempo discriminations than the
current group, and prior to tempo they had heard metric sequences (ABB vs. ABBB). This
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previous exposure may have taught them to attempt to isolate individual stimuli with selective
attention.
The stimulus-dependent processing mechanism could have involved grouping of the
sequences into gestalt units spanning multiple beats (e.g., [AB] instead of A, B). It could
alternatively have employed selective isolation of the first stimulus type and disregard for
subsequent different stimulus types. Given the methodology used here, it is difficult to separate a
grouping account from one in which the animals attend to one stimulus type and effectively
isolate its occurrence into a single attended stream, as in the cocktail party effect (Conway, et al.,
2001).
Extensions of this experiment could examine sequences containing small chunks of each
species’ native auditory communication compared to those of other species. I used the pigeon
vocalization as one of the nine stimuli, but pigeons did not show any different behaviors with that
stimulus compared to the other species. This might be because I did not preserve the duration
and breaks heard in a natural sequence of pigeon coos.
It is conceivable different species assessed beat information over different windows of
time and weighted cumulative on-time information differently based on when it occurred. For
example, a primacy effect in the processing of a four-beat/four-rest sequence over an eight-beat
window of time would result in a “fast” choice since the trial began with four consecutive beats.
A recency effect would result in a “slow” choice because of the lack of stimulus in the last four
beats (Gaffan, 1992; Wagner & Pfautz, 1978). A threshold mechanism may have been at work as
well, considering their training history. Baseline slow trials, 30 and 60 bpm, both had one beat
followed by different numbers of rests before another beat occurred. There was one rest for 60
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bpm and three for 30 bpm. These slow trials never contained multiple beats in a row, and one
rest was sufficient to classify a tempo as slow. The presence of two consecutive beats therefore
might trigger a threshold mechanism that overrides the averaging mechanism, producing a “fast”
response. Consider also that four beats followed by four rests would be equivalent using
averaging, but the two-second gap between stimuli might be sufficient to cancel out the prior
“fast” encoding from the first four beats. In future experiments, sequences with “paired” stimuli
and rests (e.g., AA - -, BB - -, etc) may help elucidate whether starlings and humans employ the
same mechanisms to categorize ambiguous tempos.

73

Experiment 4 – Crossmodal Transfer and Multimodal Competition
The results of Experiment 3 showed that pigeons, starlings, and humans abstract beat
strength organization differently, but treat different beat/rest organizations similarly. There was a
strong impact of vocal learning on auditory beat abstraction sequences. There was no influence
of vocal learning on visual sequences, as there were commonalities among all three species that
had visual training. The next and final experiment examined crossmodal transfer and training,
and the dominance of one modality over the other in multimodal competition tests. As in
Experiment 3, these tests could result in different interpretations of tempo and they were
designed to test the vocal learning and phylogeny hypotheses. While Experiment 3 had
examined attention to a particular event within one modality, Experiment 4 was designed to
examine how attention is directed towards one modality or the other. Either species-specific or
vocal learning-specific dominant modalities would determine species’ choice between fast and
slow in the present tests.
The first test in Experiment 4 assessed transfer of the tempo discrimination from the
trained modality to the untrained, novel, modality. Following transfer tests, I added the untrained
modality to training sessions so half the trials per session would train the tempo discrimination in
each modality. I did not anticipate crossmodal training to be problematic, since all three species
had learned both modalities without too much difficulty in Experiment 1. If any species learned
the novel modality at a faster rate than it had been learned in Experiment 1, I would have
evidence for savings in the transfer of the tempo concept.
Intersensory and multisensory integration is a fundamental attribute of all nervous
systems (Lewkowicz, 2000). Classifications developed by Partan (2004) are useful for evaluation
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of multimodal rhythm processing in pigeons, starlings, and humans. Multisensory signals can be
classified as redundant or non-redundant. If additional sensory information does not change the
meaning of the original display, it is considered redundant. Redundant stimuli can provide an
equivalent response or they can serve to amplify the intensity of the response to unimodal
stimuli. This is called enhancement, and is also known as redundant facilitation. In tests of tempo
discrimination, enhancement would reveal itself as increased sensitivity and thus better
discrimination of tempo. The two modalities would thus create a compound stimulus.
If additional sensory information changes the meaning of the display, the multimodal
signals are not redundant. There are four possible response outcomes: dominance, modulation,
independence or emergence. Dominance occurs when multimodal stimuli elicit only one of two
responses that would be seen if they were presented unimodally, and can be detected here by
observing which choice participants tend to pick when one modality is presented at a fast tempo
and the other is presented at a slow tempo. Modulation occurs when one signal changes the
meaning of the other. In this experiment, the addition of visual beats to auditory beats might
cause participants to think the tempo was faster than it really was. Thus, a greater percentage of
“fast” choices relative to baseline responding is referred to as up-modulation. Down-modulation
refers to a smaller percentage of “fast” choices relative to baseline responding, meaning the
participant perceived the combination of signals as slower than the actual tempo. Independence
occurs when the combined unimodal signals elicit two responses, one for each unimodal signal.
Finally, emergence occurs when the two combined unimodal signals result in a new response
that would not be seen with either of the signals alone. Given the binary nature of the choice task
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in this experiment, independence and emergence would be difficult to detect. Only one choice
was permitted per trial, and there was no third option for “neither.”
Humans tend to show auditory dominance in temporal integration, whether the task
requires motor synchronization to a rhythm (Patel, Iversen, Chen, & Repp, 2005; Repp & Penel,
2002) or only perceptual processing (Jokiniemi, et al., 2008; Mayer, et al., 2009). Previous studies
of multisensory integration in animals have established that a variety of animals use multisensory
information in signaling, but they do not always transfer discriminations from one modality to
another. One of the first studies to show crossmodal transfer in nonhuman animals was the
discrimination by rats of auditory and visual intensity (Over & Mackintosh, 1969). Rats were
presented with white noise or light at two different intensities. They transferred their intensity
discrimination from one modality to the other successfully and seemingly without a bias toward
one modality or the other. Monkeys were able to successfully transfer a matching-to-sample
discrimination from the haptic to the visual modality (Bolster, 1978; Cowey & Weiskrantz, 1975).
Davenport (1976) found that apes could perform haptic to visual transfer in both directions with
matching-to-sample procedures, but apes could not transfer a discrimination between Morse
code-like pulse trains from the auditory to visual modality, despite performing well within each
modality independently. More recently, evidence has accumulated that suggests infant monkeys
(Adachi, Kuwahata, Fujita, Tomonaga, & Matsuzawa, 2009; Martin-Malivel & Okada, 2007) and
dogs (Adachi, Kuwahata, & Fujita, 2007) transfer better from auditory to visual stimuli than vice
versa in an expectancy violation procedure. The monkeys showed evidence of cross-modal
species representation by looking longer at pictures of humans after hearing a monkey’s
vocalization. Similarly, the dogs looked longer at the face of a person who was not their owner
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when they heard their owner’s voice. Along similar lines, Martin-Malivel and Fagot (2001) had
baboons discriminate between human and baboon vocalizations. Briefly presenting a picture of a
human or a baboon before playing a vocalization of the same species sped up the reaction time
of one of three baboons tested with this discrimination. These results indicate the possibility of
crossmodal enhancement in baboons.
Less research has focused on multisensory integration in birds. Research by Randich,
Klein, and LoLordo (1978) found that pigeons could discriminate between auditory and visual
signals in a choice task. When a compound signal was presented, the pigeons opted for the visual
choice, suggesting visual dominance in pigeons. Kraemer and Roberts (1985) later found that
attention to auditory signals is strongly inhibited by the presence of visual signals. Pigeons are
capable of timing combined auditory and visual events (Cheng & Roberts, 1989). When asked to
discriminate between 2-s and 8-s stimuli, they learned the visual discrimination faster than its
auditory counterpart. They then transferred this discrimination from auditory to visual stimuli,
but not from visual to auditory stimuli. Switches from one modality to the other during trials
caused the pigeons to start timing all over again, as if a new trial had begun with the modal
switch (W. A. Roberts, et al., 1989). Santi, Stanford, and Coyle (1998) followed up on these
studies by presenting tones and lights simultaneously for the same or for different durations.
Judgment of light duration was not adversely affected by the simultaneous presence of a tone,
but judgment of tone duration was considerably poorer when presented with a light, regardless
of whether the light and tone had the same duration. Taken together, the results of these studies
support visual dominance in pigeons.
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With more naturalistic stimuli, pigeons have shown less visual dominance. Partan et al.
(2005) found that in pigeons, auditory mating signals were more effective than visual signals at
eliciting a courtship response in females. Both signals combined, however, resulted in the most
courtship responses, demonstrating that the combination of the two signals served to enhance
courtship signaling in pigeons. Smith and Evans (2008) played for female fowl the foodassociated auditory calls of male fowl, their food-associated visual signals, or both. In these birds,
the visual and auditory components were redundant in terms of prompting food search by the
females, but visual signals alone elicited similar responses as multimodal displays. This indicates
visual information was sufficient to prompt food search in fowl, though not necessarily dominant.
The results of Partan et al. and Smith and Evans show that the context of the multimodal signals
is critical to take into account. Auditory information might be valuable in courtship displays but
less important in food-associated signals. In the context of timing visual and auditory information,
though, vision seems most dominant.
To assess modal dominance and rhythmic competition in pigeons, starlings, and humans,
I employed seven different multimodal tests. They were classified for purposes of analysis as
matched, isochronous, and syncopated (non-isochronous). The matched test contained stimuli
from both modalities played on the beat, and was designed to assess the additive effect of
presenting coordinated, synchronized, multimodal stimuli. If a participant showed improved
categorization during these tests, enhancement could be attributed to the crossmodal redundancy
of the stimuli. The overall greater amount of stimulation could instead alter perception of the
tempo, resulting in up-modulation.
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The first isochronous test was called A-fast/V-slow, and consisted of fast auditory beats
matched with slow visual beats every other beat [A, (A+V), A, (A+V)]. Greater attention directed
to the visual modality in this case would produce a perception of half-time, resulting in “slow”
responses. If audition were instead dominant, A-fast/V-slow would result in a “fast” response. The
second test was called V-fast/A-slow, and presented fast visual beats matched with slow auditory
beats every other beat, [V, (A+V), V, (A+V)]. Dominance of vision would be apparent if
participants chose “slow” on these tests, while “fast” responses would reflect auditory dominance.
The third test used alternations (A, V, A, V), such that dominance of either modality would
produce a “slow”, response, while a representation of tempo completely independent of modality
would result in choices similar to baseline, since events still occurred at the nominal tempo.
The three multimodal syncopated tests are called thusly because they consisted of stimuli
that onset between beat positions in the metric structure of the nominal tempo (Gomez, Melvin,
Rappaport, & Toussaint, 2005). These tests could be considered highly syncopated because the
time between beat onsets was completely randomized, though beat duration was held constant.
In the first test, A-synco/V-iso, syncopated auditory beats played concurrently with isochronous
visual beats. In the second test, V-synco/A-iso, visual beats with random onset times played at
the same time as isochronous auditory beats. The third test was called AV synco, and presented
syncopated beats simultaneously in both modalities. Among birds, I also tested unimodal
syncopation at this time, allowing me to assess behavior of syncopation alone as well as
syncopation in one modality with simultaneous isochrony in the other.
Thus far, the pigeons’ had exhibited behavior consistent with separate, but similar,
processing mechanisms in each modality. They showed no evidence for amodal processing, so I
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predicted they would not transfer their discrimination from one modality to the other. The
starlings behaved as if they could use beat-based processing at least in audition, so I predicted
they might be able to transfer a tempo concept to vision. Finally, I predicted humans would
transfer in both directions, given their behavior consistent with amodal beat-based processing.
Pigeons have shown visual dominance in the past (Randich, et al., 1978), and they
learned the visual tempo discrimination very quickly in the present study. It therefore seemed
likely they would behave in a manner consistent with visual dominance when presented with
multimodal rhythmic stimuli. Such behavior would be reflected by a low percentage of “fast”
choices on A-fast/V-slow tests. Auditory dominance would be reflected by a low percentage of
“fast” choices on V-fast/A-Slow tests. If the vocal learning hypothesis is correct, starlings should
behave like humans, showing auditory dominance. If phylogeny dictates multimodal rhythm
processing, the starlings should behave like the pigeons and show visual dominance.
The syncopation tests allowed me to examine beat-based and time-based processing.
With total on-time the same between syncopated and isochronous, a timing mechanism would
produce identical responses between the two trial types. If the phylogeny hypotheses were
correct in this regard, and starlings were also using a time-based approach, they should show no
difference as well. Since they exhibited beat-based processing in the previous three experiments,
humans were expected to lose some sensitivity to the tempo with syncopation due to the
presence of incongruent slow and fast beats.
Method
Animals and Apparatus
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Animals and apparatus were identical to previous experiments, except all pigeons were
tested in the auditory test chamber. One of the visual pigeons died for unrelated reasons and was
replaced by another pigeon. The new, experiment-naïve pigeon began training with the eight
tempos until he had reached criterion (15 sessions), and his data replaced that of the deceased
pigeon beginning with crossmodal transfer tests.
Stimuli
As in the previous experiments, three beat durations were used: 200, 300, and 450 ms.
Only 300 ms beat duration was used in test trials. Two sounds and images were used. During
multimodal testing the “A” image appeared in trials with the piano sound and the pentagon
image appeared in trials with the crash cymbal. Eight tempos were used in this experiment (slow
= 30, 45, 60, 75 bpm; fast = 90, 105, 120, 135 bpm).
Avian Procedures
Box transfer. The visual pigeons had to be moved to the auditory test chamber, since
their original test chamber lacked speakers. In order to ascertain that transferring boxes was not
disruptive to the visually trained pigeons, they completed at least three sessions in the auditory
test chamber before switching to training with all eight tempos.
Eight-tempo training. Five new tempos were added to the discrimination such that the
slowest four (30, 45, 60, & 75 bpm) were mapped to the “slow” key and the fastest four (90, 105,
120, & 135 bpm) tempos were mapped to the “fast” key. Upon introduction of these five novel
tempos, the birds received 96-trial randomly organized sessions. These contained two trials per
duration (3) per stimulus type (2) for each of the eight tempos. All birds completed eight sessions
of this training.
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Crossmodal transfer. Over four to five sessions, four probe trials of the novel modality
were randomly inserted into each session. Two trials of each of the most extreme tempos (30 &
135 bpm) were presented at the median duration (300 ms), resulting in 16-18 total test trials.
Crossmodal training. Following crossmodal transfer tests, 96-trial sessions presented both
the novel and the trained modality on separate trials. These randomized sessions had 48 trials
per modality: one trial per stimulus type per tempo per beat duration. Criterion was set at 75%
accuracy with the novel modality before moving on to multimodal tests. All birds had at least
nine sessions.
Multimodal tests. The birds received three nine-session cycles of multimodal and
syncopation testing. One test type was tested per session. Beat duration was held constant at 300
ms. Four tempos (30, 60, 90, & 120) were tested twice per session. The eight total test trials were
added randomly throughout each 96-trial session.
There were two unimodal syncopation tests and seven multimodal test sessions: one
matched, three isochronous, and three syncopated. Examples can be seen in Figure 17. The
matched test contained stimuli from both modalities played isochronously on the beat at the
same time. The first isochronous test was called A-fast/V-slow, and consisted of fast auditory
beats matched with slow visual beats every other beat [A, (A+V), A, (A+V)]. The second
isochronous test was called V-fast/A-slow, and presented fast visual beats matched with slow
auditory beats every other beat, [V, (A+V), V, (A+V)]. The third isochronous test used
alternations of each modality (A, V, A, V). Syncopated stimuli had their beat period randomized
around the nominal tempo with a minimum beat period of 300 ms. In the first syncopated test,
A-synco/V-iso, syncopated auditory beats played concurrently with isochronous visual beats. In
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the second syncopated test, V-synco/A-iso, syncopated visual beats played at the same time as
isochronous auditory beats. The third test was called AV synco, and presented syncopated beats
simultaneously in both modalities. The two unimodal tests presented syncopated beats in just
one modality. There was no difference in total stimulus on-time between unimodal syncopated
and unimodal isochronous trials.
Human Procedures
Thirty-eight humans (17 auditory, 21 visual) participated in the crossmodal experiment.
The procedures for interacting with stimuli and gaining points were identical to those described
in Experiment 1. Four blocks of trials simulated the birds’ training and testing periods in one
hour-long session. In these sessions, participants could earn 208 total possible points in 336 trials.
Beat duration was held constant at 300 ms. After completing 48 randomized training trials (six
per tempo), in which they learned the tempo discrimination, they received 16 tests of the novel
modality (two trials per tempo) randomly intermixed with 16 additional reinforced training trials
(two per tempo) of the familiar modality. The next block trained both modalities with 32 novel
modality trials (four per tempo) and 16 familiar modality trials (two per tempo) randomly
intermixed. Finally, there were 112 multimodal test trials testing the seven different multimodal
test types. Each stimulus type was tested once per tempo per test. These were randomly
intermixed with 96 training trials, which consisted of three trials for each stimulus type at each
tempo in both modalities. Criterion for passing training and being included in test analysis was
correct responses on at least 9 of the last 12 of 48 training trials. Humans were not tested on
unimodal syncopation.
Results
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Box Transfer (Visual pigeons only)
Three of the four visual pigeons transferred seamlessly to the new box. They completed
three sessions each at high levels of performance (M=82.5% accuracy) before beginning tempo
training. The fourth pigeon failed to finish six sessions before finally performing well in five
complete sessions (M=85.8% accuracy).
Eight-tempo Training
Figure 14 shows the psychometric function in the birds’ last two sessions and the humans’
last 12 trials of training with all eight tempos.
Pigeons. The pigeons performed better with new tempos over the course of training.
Audition and vision were learned at the same rate by the separate groups of pigeons. Over the
eight training sessions, accuracy from the five novel tempos grouped together produced a
significant effect of Session, F(7,42)=2.88, p=0.015.
Starlings. The starlings had little difficulty with the novel tempos, performing with high
accuracy in the first session (M=74%, SE=3%). In none of the first four sessions did accuracy fall
below 70% for more than one starling.
Humans. Humans readily learned the discrimination within 48 trials. In the second block,
visual humans averaged 77% accuracy, and in the third block, auditory humans averaged 80%
accuracy. Acquisition was unaffected by trained Modality. Humans produced a significant Block
effect in an 8-trial Block RM ANOVA of accuracy. F(5,174)=3.33, p=0.007.
Regression analysis. For the six psychophysical curves depicted in Figure 14, I conducted
linear and three-parameter sigmoidal regressions. If the animals were discretely categorizing fast
and slow tempos, an ogive, or sigmoidal, function should account for the variance in the data
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(Gescheider, 1997). On the other hand, if the animals were judging tempo on a continuum from
slow to fast, a linear function would be expected to fit just as well as sigmoidal, if not better.
Auditory pigeons’ choices across the eight tempos were fit equivalently by linear (R2=0.98,

F(1,6)=235, p<0.001) and sigmoidal functions (R2=0.97, F(2,5)=88, p<0.001). Visual pigeons’
choices were fit better by sigmoidal (R2=0.99, F(2,5)=259, p<0.001) than linear (R2=0.94,

F(1,6)=91, p<0.001). The visual starlings’ sigmoidal fit (R2=0.94, F(2,5)=41) was nearly equivalent
2

to their linear fit (R =0.92, F(1,6)=68). Auditory starlings’ and humans’ choices in both modalities
were best fit by the sigmoidal function relative to the linear function. Auditory starlings linear
regression (R2=0.88, F(1,6)=44, p<0.001) fit the curve worse than sigmoidal (R2=0.99, F(2,5)=215).
Humans clearly had their choices fit better by sigmoidal than linear functions in audition
(R2=1.00, F(2,5)=384, vs. R2=0.89, F(1,6)=48) and vision (R2=0.99, F(2,5)=697, vs. R2=0.81,

F(1,6)=26).
Overall, the good sigmoidal fits point to categorical responding by starlings and humans.
Pigeons however responded with a continuum of responding from slow to fast, reflected by the
good linear fits. A key reason for this difference in categorization may be due to the pigeons
using total on-time in their discrimination instead of beat-based processing.
Crossmodal Transfer
Transfer results can be seen in Figure 15. Auditory responding is depicted with black
circles and visual responding is depicted with white circles. The diagonal line present in all six
panels (black in left column, white in right column) reflects the baseline tempo discrimination by
each group with their trained modality. Successful crossmodal transfer resulted in both black and
white lines having diagonal slopes.
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Pigeons. Three pigeons (two auditory) did not peck the choice keys when presented with
crossmodal transfer tests. Of the two remaining auditory pigeons, Twizzler failed to respond only
once, and Marco failed to respond on 11 of 17 test trials. Aldo and Carlo failed to respond five
times each, leaving Luca as the only bird to respond on all test trials. Of the remaining trials that
ended with a choice that could be analyzed, the results quite clearly point to failure of
crossmodal transfer in both directions. When presented with visual beats, auditory pigeons
predominantly chose “slow.” They opted for “fast” only 18% and 20% of the time for slow and fast
tempos, respectively. Visual pigeons similarly treated both tempos of auditory stimuli as slow,
averaging 15% “fast” choices at 30 bpm and 16% “fast” choices at 135 bpm.
Starlings. Crossmodal transfer from vision to audition in starlings failed. The visual
starlings never responded “fast” on a single auditory test trial. Two of the three auditory starlings,
however responded with a majority of “fast” choices to fast visual trials, suggesting successful
transfer. Otto responded “fast” on 44% of slow trials and 77% of fast trials. Sal was also trending in
the correct direction, with 50% “slow” and 75% “fast” responding. Rex responded “slow” to a
majority of test trials in both tempos, but rare errors of multiple perches being triggered
simultaneously on 11 of 16 trials makes this starling’s data difficult to interpret. Paired t-tests
comparing Otto’s and Sal’s data for baseline and crossmodal transfer tests resulted in no
significant differences at either the slow or fast tempo, ts(1)=6.4, p>0.1.
Humans. Humans were tested with all eight tempos instead of just the extreme slow and
fast ones that the birds received and that are depicted in Figure 15. They transferred exquisitely:
auditory participants were correct on 85% of visual transfer trials, and visual participants were
accurate on 82% of auditory transfer trials.
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Crossmodal Training
Training of the novel modality is depicted in Figure 16. The upper reference line depicts
each species’ average accuracy with their previously trained modality during the crossmodal
transfer test sessions.
Pigeons. Seven of the eight pigeons succeeded in crossmodal training. Their data is
included here and in the subsequent tests. The eighth bird, Luca, failed to learn the auditory
discrimination after over 100 sessions of training with half auditory and half visual trials, never
averaging over 67% accuracy with the novel auditory modality. Worth noting is that this bird did
not respond adversely in visual-to-auditory transfer tests (above). Perhaps he had difficulty
hearing the sounds, leading to the training failure here.
Auditory pigeons reached criterion in the visual modality after an average of 4.6 blocks
(SE=1.1). There were half as many visual trials in each block as in the acquisition of Experiment
1, which took 2.25 blocks to learn. This means the auditory pigeons needed a nearly identical 2.3
blocks of visual trials to learn the visual tempo discrimination here. Visual pigeons required an
average of 18.1 blocks (SE=3.3), or just over 9 blocks of auditory trials. Compared to the original
auditory acquisition (21.3 blocks) in Experiment 1, the visual birds learned the auditory tempo
discrimination much faster after having already learned its visual counterpart. This suggests
savings, or influence of prior training, in one direction, from vision to audition.
Starlings. Auditory starlings needed an average of 26.9 (SE=7.2) blocks of training with
the visual modality to reach criterion. This corresponds to 13.5 blocks of visual trials, almost
double the 7.3 blocks needed in Experiment 1. Visual starlings required 12.8 blocks (SE=1.8) to
learn the auditory tempo discrimination. This is considerably less auditory training (6.4 blocks)
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than required by the original auditory starlings (24.7 blocks). These results indicate a savings of
tempo information in one direction, from vision to audition.
Humans. Crossmodal training occurred between trials 80 and 128 in the human test
session, and is shown in 4-trial blocks in Figure 16. There was evidently no need for this training
period. Despite never receiving reinforcement during the transfer block of trials, participants
seamlessly transferred, and thus began their crossmodal training at very high levels of accuracy.
In the first block, auditory participants were 96% accurate with visual beats, and never fell below
82% accuracy. Visual participants scored 89% in the first block with auditory beats, and never fell
below 85% accuracy throughout this training period.
Syncopation Tests
Syncopation of unimodal beat sequences did not change pigeons’ behavior from that
observed on isochronous baseline trials. In a Tempo (fast/slow) x Trial type (baseline/auditory
syncopation/visual syncopation) RM ANOVA of choice, pigeons showed no effect of trial type,
only an effect of Tempo, F(1,6)=179, p<0.001.
Auditory syncopation did not change starlings’ responses relative to baseline. With
visually syncopated beats, however, they exhibited significant up-modulation at slow tempos (43%
choice “fast”) relative to baseline (19% choice “fast”), t(4)=4.1, p=0.01, producing a Tempo x Trial
type interaction, F(2,8)=7.9, p=0.013.. They also up-modulated slightly at fast tempos (79% vs.
74%), but this was not significant.
Multimodal Tests
In the final set of tests, I examined seven different multimodal competition interactions.
These were classified into three types of tests, examples of which can be seen in Figure 17. The
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matched test presented beats in both modalities simultaneously (Figure 18). Isochronous tests
(Figure 19) presented one modality at the nominal tempo and the other at halftime, such that
they were matched every other beat (A-fast/V-slow; V-fast/A-slow), or presented both modalities
alternating at half-time such that they never matched (alternations). Syncopated tests (Figure 20)
presented one modality isochronously and the other syncopated (A-synco/V-iso; V-synco/A-iso),
or presented both modalities syncopated (AV synco). In analysis, tempo was categorized as fast
or slow based on its assigned choice key. For each test type, I compared percent choice “fast” on
baseline and tests trials in a Tempo (30+60/90+120) x Trial type (baseline/test) RM ANOVA.
Generalized effect size is reported. There was a significant main effect of Tempo in all analyses.
Subsequent paired t-tests compared behavior at slow and fast tempos between baseline and each
test type.
Pigeons.

Matched. As evident in Figure 18, pigeons exhibited up-modulation at fast tempos with
matched tests. In a Tempo x Trial type RM ANOVA of choice, pigeons showed effects of
Tempo, F(1,4)=135, p<0.001, and Trial type, F(1,4)=9.1, p=0.04. Paired t-tests confirmed that
pigeons did not treat the two baseline unimodal trial types as statistically different. The
multimodal test was treated significantly faster than both unimodal trial types, t(6)=3.12, p=0.02,
at fast tempos. At slow tempos, responses to multimodal tests were not statistically different than
unimodal trials.

Isochronous. The results of the isochronous tests are shown in Figure 19. Baseline choice
behavior was compared to each of the three test types in a RM ANOVA. The three test types
were A-fast/V-slow, V-fast/A-slow, and alternations. Pigeons treated A-fast/V-slow and alternations
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as if they were slow at fast tempos, suggesting visual dominance. There was a significant effect of
Trial type with A-fast/V-slow tests, F(1,6)=44.5, p<0.001,ηη2G=0.47. It was clear that pigeons
treated these tests as slower than baseline across tempos. Paired t-tests between baseline and Afast/V-slow resulted in significant difference in choice with both fast, t(6)=4.2, p=0.006, and slow
tempos, t(6)=3.6, p=0.01. V-fast/A-slow tests resulted in no effect of Trial type, but paired t-tests
between baseline and test behavior showed that at slow tempos pigeons down-modulated with
this test, t(6)=2.5, p=.05. Choice on alternation tests compared to baseline produced a Tempo x
2
Trial type interaction, F(1,6)=14, p=0.009, ηη
G =0.28. Faster tempos produced significant down-

modulation from baseline, t(6)=3.9, p=0.007.

Syncopated. Results of multimodal syncopation tests are shown in Figure 20. The three
test types were A-synco/V-iso, V-synco/A-iso, and AV synco. Syncopation of visual beats, both
with and without syncopation of auditory beats, tended to up-modulate pigeons’ responses at
slow and fast tempos. V-synco/A-iso tests produced neither effects nor interactions besides the
ubiquitous Tempo effect, but overall up-modulation is evident in Figure 20. At slow tempos, the
pigeons treated trials with visual syncopation as significantly faster than baseline, t(6)=2.68,

p=0.037. A/V syncopation resulted in an effect of Trial type, F(1,6)=14.88, p=0.008, η2G=0.39. Upmodulation was clear at both slow, t(6)=3.43, p=0.014, and fast tempos, t(6)=3.03, p=0.02. Asynco/V-iso tests produced a Tempo x Trial type interaction, F(1,6)=9.4, p=0.02. This interaction
is due to overall enhancement at both tempos, but paired t-tests showed no significant differences
between the pigeons’ mean choices on baseline and test trials.
In summary, matched tests and syncopation tests generally resulted in up-modulation,
indicative of an additive effect. This means that the pigeons’ criterion for what constituted a fast
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tempo was more easily reached with more stimulation. The isochronous tests made clear that
pigeons’ tempo judgments were dominated by visual stimuli.
Starlings.

Matched. Starlings tended to treat multimodal matched tests as faster than baseline trials.
In a Tempo x Trial type RM ANOVA of choice, starlings showed effects of Tempo, F(1,4)=154,

p<0.001, and Trial type, F(1,4)=8.7, p=0.04. Multimodal rhythms resulted in up-modulation at
both slow (24% vs. 18%) and fast tempos (93% vs. 71%), indicating an additive effect. Paired t-tests
confirmed that starlings did not treat the two baseline unimodal trial types as statistically
different. The multimodal test was treated significantly faster than both unimodal trial types,

t(4)>3.99, p<0.016, at fast tempos. At slow tempos, multimodal tests were not treated significantly
different from visual trials, but were treated significantly faster than auditory trials, t(4)=2.88,

p=0.05.
Isochronous. The starlings showed a wider range of responses than the pigeons. They
were most strongly affected by alternations at the fast tempos, but those results in concert with
slight down-modulation on A-fast/V-slow tests suggest auditory dominance. Slight up-modulation
with fast auditory beats implies there may have been an additive effect of presenting information
in two modalities simultaneously. An additive effect could also explain why, if the starlings were
subject to auditory dominance, there was not more down-modulation during V-fast/A-slow tests.
A Tempo x Trial type RM ANOVA of choice on A-fast/V-slow tests produced no effect
of Trial type. Mean choice was not significantly different from baseline at slow or fast tempos,
but this test did result in numerically up-modulated responses relative to baseline at both slow
(25% vs. 18%) and fast tempos (82% vs. 71%). On V-fast/A-slow tests, there were also no significant
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effects other than tempo. Mean choice was not significantly different from baseline at slow or fast
tempos, but this test resulted in numerically down-modulated responses relative to baseline at
both slow (11% vs. 18%) and fast tempos (55% vs. 71%). A majority of starlings showed downmodulation at both fast and slow tempos. Alternations resulted in down-modulation at fast
tempos and a Tempo x Trial type interaction, F(1,4)=40, p=0.003, η2G=0.28. The perception of
these trials as “slow” was particularly evident at the faster tempos, with test and baseline
responses of, respectively, 30% and 70% percent choice “fast,” t(4)=2.64, p=0.05.

Syncopated. All syncopation tests resulted in up-modulation by the starlings. Auditory
syncopation with visual isochrony resulted in an effect of Trial type, F(1,4)=30, p=0.005, η2G=0.71.
Paired t-tests resulted in significantly up-modulated responding relative to baseline at both slow,

t(4)=2.8, p=0.047, and fast tempos, t(4)=4.9, p=0.008. Visual syncopation with auditory isochrony
also produced a Trial type effect, F(1,4)=54, p<0.002, η2G=0.66. Paired t-tests confirmed upmodulation again. The starlings treated this test as significantly faster than baseline at both slow,

t(4)=4.3, p=0.01, and fast tempos, t(4)=12.8, p<0.001. Finally, A/V syncopation produced a Trial
type interaction, F(1,4)=53, p=0.002, η2G=0.67. Like the other multimodal syncopated tests, paired
t-tests confirmed that the starlings up-modulated with A/V syncopation at both slow, t(4)=5.9,

p=0.004, and fast tempos, t(4)=4, p=0.01.
Humans. For comparative purposes I evaluated the human data across the same tempos
that the birds received as tests (30 & 60 bpm vs. 90 & 120 bpm) and excluded the first 128 trials
of baseline data (training and other tests).

Matched. There was no evidence of enhancement in humans. There was little deviation
from baseline performance with multimodal matched tests. Paired t-tests confirmed that

92

participants treated none of the two baseline unimodal trial types and the multimodal test as
significantly different at both fast and slow tempos. They showed only an effect of tempo in a
Tempo x Trial type RM ANOVA of choice, F(1,31)=221, p<0.001.

Isochronous. There was a dispersal of mean responses to isochronous tests at fast tempos
not seen in the birds. Alternations were deemed slowest, followed by A-slow/V-fast, V-slow/Afast, and finally baseline. These results suggest auditory dominance. A-fast/V-slow tests resulted in
2

a Tempo x Trial type interaction, F(1,31)=22, p<0.001, η G=0.11. Paired t-tests comparing mean
choice on this test relative to baseline confirmed that humans down-modulated at the fast
tempos, t(31)=4.5, p<0.001. A Tempo x Trial type interaction was also obtained for the V-fast/Aslow test, F(1,31)=73, p<0.001. Humans treated this test as significantly slower than baseline at fast
tempos, t(31)=9.3, p<0.001, and also slower than A-fast/V-slow tests, t(31)=2.2, p=0.04.
Alternations produced a Tempo x Trial type interaction, F(1,31)=181, p<0.001, η2G=0.53. Paired
t-tests comparing mean choice on this test relative to baseline confirmed that humans treated this
test as slow relative to baseline at the fast tempos, t(31)=15.42, p<0.001, and was also treated
significantly slower than the other two multimodal syncopation test types with halftime stimuli,

t(31)>3.6, p<0.001.
Syncopated. The humans were less susceptible than the birds to up-modulation by
syncopation. In general, syncopation made them less sensitive to tempo, particularly without a
simultaneous isochronous beat structure to support metric abstraction of rhythm. A-synco/V-iso
tests resulted in a Tempo x Trial type interaction, F(1,31)=10, p<=.003, η2G=.06. Paired t-tests
comparing mean choice on this test relative to baseline confirmed that humans up-modulated to
this test at slow tempos, t(31)=2.7, p<0.01, but did not treat it significantly different from baseline
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at fast tempos. V-synco/A-iso was not treated significantly different from A-synco/V-iso. When
compared to baseline, it produced a Tempo x Trial type interaction, F(1,31)=9.9,

p=0.003, η2G=.05. At slow tempos, this test produced up-modulation, t(31)=3.4, p=0.002, but was
not treated significantly different from baseline at fast tempos. With A/V syncopation, humans
lost sensitivity to the tempo. I found a Tempo x Trial type interaction, F(1,31)=39.4, p<0.001, η2G
=0.17. Paired t-tests confirmed that the presence of auditory and visual syncopation caused upmodulation at slow tempos, t(31)=4.6, p<0.001, and down-modulation at fast tempos, t(31)=3.1,

p=0.004.
Discussion
All species easily learned to categorize four tempos each as slow and fast. There were
differences in how categorical this discrimination became, however, with the pigeons producing
a more linear psychometric function than the other species, particularly with auditory tempos.
Pigeons also produced a smaller range of responses across tempos, with their highest mean
percent choice “fast” lower than that of the other species. Crossmodal transfer failed in pigeons,
but likely occurred in two of three auditory starlings when presented with visual beats. Humans
transferred very well, and did not even need reinforcement to make the correct tempo
judgments. Crossmodal training proceeded at similar rates for both species of birds, but savings
were seen in the visually trained birds learning the auditory discrimination.
In the unimodal syncopation tests, pigeons were unaffected, while starlings up-modulated
to visual syncopation. Multimodal matched and syncopated tests produced different behavior in
birds and humans. Pigeons and starlings tended to up-modulate to both matched and syncopated
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tests when there was multimodal information. Humans were unaffected by matched tests and
showed reduced sensitivity with multimodal syncopated tests.
Birds’ and humans’ contrasting responses to multimodal stimuli suggest possible
divergent temporal integration mechanisms at work in each animal class. Humans likely relied
on an amodal beat-based processing mechanism, which is why they received no benefit from
redundancy but developed some confusion with syncopation in one modality and isochrony in
the other. Pigeons and starlings may have relied on unique mechanisms in each modality, and to
different degrees between species. Perhaps beat-based processing dominated auditory temporal
integration and timing mechanisms dominated visual temporal integration. The pigeons did not
behave differently when unimodal beats were syncopated, suggesting they may have resorted to
timing how long the stimuli were on if their rudimentary beat-based processing mechanism was
not useful in judging tempo. Unimodal visual syncopation made starlings treat slow trials as fast,
however, even though total on-time was equivalent across conditions. Perhaps they were using
beat-based processing to a greater extent in vision than pigeons, so when rapid visual beats
occurred with syncopation, they defaulted to responding “fast.” When birds experienced
stimulation in both modalities, there was evidence for an additive effect.
Altering the relative tempo of one modality against the other showed that pigeons
exhibited visual dominance. Starlings and humans behaved in the opposite manner, exhibiting
auditory dominance. The human data supports the results of previous studies on selective
attention towards auditory temporal stimuli (Burr, Banks, & Morrone, 2009; Repp & Penel, 2002).
It is difficult to determine if humans and starlings behaved similarly because they are vocal
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learners, or if commonalities were instead due to frequent use of the auditory channel in speciesspecific communication.
Perhaps pigeons and starlings were susceptible to the driving effect with the multimodal
syncopated tests, in which repeating auditory stimuli shift the perceived rate of visual flicker to
that of the auditory stimuli (Recanzone, 2003; Shipley, 1964). An example of the driving effect is
when multiple sequential auditory beeps played with one visual flash causes an illusory second
visual flash in the percept of participants. The temporal window of this interaction is limited to
around 100 ms in humans (Shams, Kamitani, & Shimojo, 2002). If birds have a larger temporal
window over which audio-visual stimuli are integrated in this manner, their general upmodulation to synco/iso tests could be explained by the perception of illusory beats.
It is interesting that humans did not show improved discrimination with the matched
stimuli. Baseline slow was always treated as slowest and baseline fast was always treated as fastest
compared to multimodal tests. Redundancy in the matched tests produced an equivalence
response at most, and may have resulted in some confusion among participants. Some insight
into the humans’ strategies can be gleaned from participants’ responses on the debriefing
questionnaire. When asked what strategy they used, most participants said they relied on tempo
or frequency in making their choices. One visual participant noted that she initially concentrated
on how many times the stimulus flashed, and then switched to “speed.” Another visual
participant said he specifically relied on the duration of “the absence of the stimulus.” A few
participants provided their strategy as it specifically related to multimodal tests. One auditory
participant reported, “If both images and sound were present, sound took priority. If one was off
time I chose the tempo of whichever was in time. If both were off time, [I used] intuition.”
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Finally, one visual participant took all mystery out of the question of auditory dominance: “When
image and sound were combined, sound tempo over-rode image tempo.” This participant was
clearly not alone in attending to auditory beats when presented with multimodal incongruency,
as humans overall showed strong auditory dominance.
Overall, auditory dominance in starlings and humans, and visual dominance in pigeons
provided support for the vocal learning hypothesis. Matched tests and multimodal syncopation
tests affected the pigeons and starlings the same way, providing support for the phylogeny
hypothesis. The birds’ behavior suggested they were subject to an additive effect with
multimodal stimuli. More stimulation combined across modalities led to more “fast” responses.
In syncopated tests, rapid repeating beats may have made the starlings more likely to respond
“fast” even if the cumulative stimulus on-time was, on average, the same as trials with slower
tempos.
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General Discussion
My research compared the abilities of pigeons, starlings, and humans to tell the difference
between fast and slow tempos in order to find out whether they used beat-based or time-based
processing, how they categorized sequences with multiple tempo interpretations, and how vocal
learning ability and phylogeny influenced the processing of rhythmic stimuli. Over the course of
four experiments I discovered several important trends in the three species’ rhythm processing
abilities using directly comparable experimental procedures. Pigeons, starlings, and humans can
learn a tempo discrimination in the auditory and visual sensory modalities. Pigeons rely on both
tempo and beat duration in making their judgments. Novel combinations of beats and rests were
treated similarly across species and modalities, but combinations of different auditory stimuli
resulted in selective attention towards the initial stimulus type by starlings and humans.
Crossmodal transfer was successful in humans in both directions and in starlings from audition to
vision. Multimodal competition tests revealed audition was dominant in humans, while vision
was dominant in pigeons. Starlings showed evidence for auditory dominance as well.
Syncopation in one or both modalities during multimodal stimulation caused a lowering of
criterion for both starlings and pigeons, and reduced sensitivity in humans. Table 1 summarizes
behavioral characteristics of all three species in the critical tests throughout the experiments.
Starlings behaved as if they processed rhythm using modality-specific mechanisms, while
pigeons and humans seemed to use species-specific mechanisms. Figure 21 depicts the possible
relationships between the modalities at the level of multisensory integration. Only humans
exhibited behavior consistent with amodal tempo processing and, possibly, auditory recoding.
The vocal learning hypothesis predicts that tighter auditory-motor temporal integration enables
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vocal learners to readily perceive and synchronize to beats and rhythms (Patel, et al., 2009).
Overall, my results suggest a strong impact of vocal learning ability on crossmodal temporal
integration.
Table 1

Summary of experimental findings.
Test type:
Unimodal

Humans

PSE shift
Beat duration
Trained to use beat?
Beat abstraction
Psychophysical
functions

N/A
Irrelevant
Not needed
Auditory

Multimodal

Humans
Auditory
No effect
Reduced Sensitivity

Dominant modality
Matched test
Multimodal syncopation

Sigmoidal

Starlings
(Auditory)
(Visual)
Small
Large
Irrelevant
Relevant
Not needed
Yes
Yes
No
Sigmoidal

Lin/Sig?

Starlings
Auditory
Up-modulation
Up-modulation

Pigeons
Large
Relevant
Yes
No
Linear
Pigeons
Visual
Up-modulation
Up-modulation

Encoding Mechanisms
Though I have couched this experiment in the terminology of music, the sequences were
presumably not encoded as “tempo” by the birds, but instead as rate, intensity, or proportion
time on. A combination of tempo and beat duration tended to control the birds’ responses to
visual stimuli.
There is no guarantee the flashing images were analogous to auditory rhythms. Humans
tested in separate auditory and visual groups treated them identically, though, and crossmodal
transfer was seamless. The tested tempos covered a range commonly used in music, which is
ubiquitous in human societies. It is therefore plausible that, in this experiment, information
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perceived by the human eye was recoded into auditory representations. Grahn (2012) notes that,
while there is conflicting evidence for an auditory or supramodal recoding strategy (Guttman, et
al., 2005; Mcauley & Henry, 2010), repetition of visual rhythms that are conducive to beat
perception (i.e., simple and metric) appears to facilitate a recoding strategy. The simple tempo
discrimination in the present experiments fits these requirements, but the ambiguous tempos of
Experiment 3 may have been too complex for even humans to recode. Perhaps the complexity
of the beat abstraction tests, with multiple stimulus types, produced the “slow” responses in
audition and “fast” responses in vision in humans and starlings. Metricality could be inferred
from a modular mechanism that is specific to auditory stimuli. Recoding of visual into auditory
information therefore may be unnecessary with simple tempo discriminations.
Pisoni, Saldana, and Sheffert (1996) found that adding visual information to auditory
speech recordings reduced working memory span in human participants because of the
processing required by the additional information. Pisoni, et al. explained their results by
employing Baddeley’s (1986) model of working memory. They suspected visual information,
despite its congruence with the auditory signal, took resources away from the phonological loop
to support the visuo-spatial sketchpad. Demands on working memory might explain the multimodal matched results, in which humans became less sensitive to the tempo of matched audiovisual information. Overall, I believe my evidence makes a firm case for tempo processing in
humans through a unified amodal mechanism. Starlings, however exhibited behavior consistent
with two separate mechanisms, with an auditory processor similar to that of humans (beat-based)
and a visual temporal processor similar to that of pigeons (time-based). Pigeons seemed to be
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using similar, if not identical, mechanisms in each modality, but with little crosstalk at the level of
multisensory integration (see Figure 21).
Neural Specialization
What neural structures might support rhythm processing mechanisms in the vocal
learning species tested here? The network of neurons that supports auditory and visual time
perception in humans is also responsible for temporal planning and motor coordination
(Schubotz, Friederici, & Yves von Cramon, 2000). This may also be true in songbirds. McAuley,
Henry, and Tkach (2012) found that slow tempos (1500 ms between beat onsets) reduce
involvement of the striato-thalamo-cortico network in humans. This means there is less of a role
for motor coordination with slow tempos relative to fast tempos, as slow tempos are below the
limits of entrainment. The slowest tempo I trained, 30 bpm, had 2000 ms between beat onsets,
presumably beyond the limits of entrainment. Thus far there is no evidence songbirds can
entrain, even though they are vocal learners, though this could be because we haven’t found
their ‘sweet spot’ in terms of tempo range. A network responsible for motor coordination in the
starling brain might therefore be sensitive to a particular range of tempos as well.
One candidate network involves the vocal control pathways. These pathways are
homologous across songbirds and parrots and directly innervate brainstem motor neurons
(Striedter, 1994). Another region to investigate is the higher vocal center (HVC) as it relates to
lateralization of information processing. The starling HVC is hemispherically specialized based
on the type of auditory stimulus being processed. The left hemisphere is preferentially activated
to stimuli that require a motor response, while the right hemisphere manages informational
complexity (George, et al., 2005). Starling visual processing is also lateralized in regards to the
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production of vocal communication. Normal singing in male zebra finches required free use of
both eyes, but covering the left eye reduced singing more than covering the right eye. This
suggests that during courtship singing, songbirds preferentially use the right eye and left brain
hemisphere (George, Hara, & Hessler, 2006). Moving forward, it may be fruitful to monitor
which eye the starlings use to track rhythmic visual stimuli.
Timing
Time itself is amodal, but sensory processing is not. Eagleman, et al. (2005) contend that
there is no single speed at which the brain processes information. Information processing speed
depends on context and sensory acuity. Currently, there are two distinct perspectives of time
perception in the brain (Ivry & Schlerf, 2008). Dedicated models rely on a modular neural
framework in which specialized structures, such as the cerebellum, or a distributed network of
structures, represent temporal information. The cerebellar timing hypothesis suggests that time in
all modalities is represented centrally by oscillations in the cerebellum. Cerebellar damage affects
both auditory and visual duration judgment (Keele & Ivry, 2006). Intrinsic models purport that
there is no central or specialized system. Instead, there are modality-specific regions of the brain
that help determine the timing of information perceived by the different senses. Despite common
neural networks devoted to auditory and visual timing, visual temporal resolution is not as fine as
auditory resolution in humans (Holcombe, 2009).
The evidence accumulated in my research suggests that intrinsic timing, and thus modal
specificity, may emerge from the neural structures devoted to vocal learning, particularly in
birds. Comparative tests with non-vocal learning mammals are required before this theory can be
extended to mammals as well. Pigeons exhibited behavior consistent with a dedicated timing
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mechanism in audition and vision, producing similar temporal resolution and behavior across
modalities. Such a mechanism could rely primarily on the cerebellum and basal ganglia in
pigeons. Perhaps they do not need more specific timing in their interactions with the
environment and other pigeons.
For this reason, temporal resolution may be particularly low, on the order of seconds
instead of milliseconds, in both modalities for pigeons, leading to the general use of
approximations and averaging in making tempo discriminations. When I tested and trained
novel beat durations in Experiment 1, both modalities were affected. The pigeons could be
trained to track tempo, to an extent, by randomizing beat duration. There were still modality
differences though. This implies that, though pigeons likely used the same rudimentary timing
mechanism to process rate or intensity information in both modalities, the mechanism could
adapt to the features of the stimuli specific to audition. Such features might include an auditorytactile enhancement caused by the vibration of the speakers, or the fading away of intensity after
the onset of the beat. Visually, the pigeons may have been more accurate in timing discrete
beats, but integrating a series of such individual timings may have been quite difficult.
The internal clock is susceptible to a variety of external influences. It is slowed down by
depression in humans, for example (Gil & Droit-Volet, 2009). More relevant to the present
studies, crossmodal incongruency has been shown to affect human perception of unimodal
information after multimodal exposure (De Gelder & Bertelson, 2003). Thus, by the time the
choice keys appeared after an average of six seconds exposure, timing may have become
unreliable, resulting in diminished sensitivity to the stimuli. If participants entrained to the beat
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rather than timed each interval, though, such aftereffects should have had less of an impact, and
the resultant behavior would fall in line with that observed in humans and auditory starlings.
Future Directions
In studying audio-visual beat-based rhythm processing in birds and humans, I found that
the dominant modality in each species depends on vocal learning ability. Visual information
dominated among pigeons, but auditory information, in general, dominated among vocal
learners. Though starlings and humans behaved similarly at times, the present research cannot
determine if this is strictly because they are both vocal learners. After all, starlings behaved more
like pigeons under certain circumstances. Like pigeons, they were influenced by beat duration,
most markedly in the visual modality. Both bird species also showed an additive effect with
multimodal matched and syncopated stimuli. It may be that the more sophisticated auditorymotor connectivity required for entrainment determines beat-based processing accuracy. Thus,
parrots, dolphins, and corvids would be expected to show human-like behavior in future
experiments (Schachner, 2010).
Speech and language impairment has been found to inhibit the tracking of an external
rhythm, but does not impair the ability to tap along to an internally generated rhythm (Corriveau
& Goswami, 2009). In an unpublished experiment, Hagmann and Cook tried a variety of
methods to encourage pigeons to peck in synch with a beat to no avail. Even attempts to have
them peck in response to the presentation of a sound (instead of anticipating its onset) proved
highly difficult. This further reinforces the notion that beat-based processing and vocal learning
are inextricably linked. In the future, pigeons could serve as animal models in the study of timing
mechanisms in people with speech impairment, Parkinson’s disease, and Alzheimer’s disease.
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Animals’ sensory organs and cognitive mechanisms are constantly working together to
provide the embodied mind with a coherent experience of the external environment.
Temporally reliable integration of information from multiple sensory inputs allows for the
binding and synching of disparate information into perceptually concurrent multimodal events.
Outstanding cognitive issues include the extent of visuomotor temporal integration, the tempo
requirements for grouping in both modalities and the roles of attention and working memory in
these processes. Additional sensory modalities should be examined crossmodally in different
species. Tactile rhythms would likely show good transfer to audition in vocal learners. Huang,
Gamble, Sarnlertsophon, Wang, and Hsiao (2012) found that auditory and tactile rhythms were
perceived similarly well by humans, but that auditory information still dominates perception.
Researchers have begun to develop machines that mimic sensory organs. Understanding the
mechanisms behind multisensory temporal integration in a wide variety of species may help
produce artificial intelligence systems that effectively integrate multiple bionic prosthetics (Geary,
2002).
Conclusion
Songbird brains lack a six-layer cortex and have different degrees of information
lateralization relative to humans (Jarvis, et al., 2005), but in the present experiments they
exhibited many of the same behaviors as humans across a wide variety of rhythm tests in the
auditory modality. My results make clear that the behavioral output of human and starling
auditory processing mechanisms is similar, providing support for the vocal learning hypothesis in
audition. The mechanisms themselves may operate across different ranges of temporal
resolution, and almost certainly involve regions of the brain recruited for motor behavior that
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have evolved separately in the two species. Nevertheless, their behavior is consistent with beatbased processing (Patel, 2008), even though these experiments tested perception independent
from action. There is less evidence for the vocal learning hypothesis in the visual modality. It
seems unlikely that starlings process tempo amodally, as humans appear to do. Finally, evidence
for beat-based processing in the non-vocal learning pigeon is limited. Pigeons likely rely on
nearly identical timing mechanisms in each modality, with little crosstalk between them. Because
of possible independence of modal mechanisms in starlings, and commonalities between visual
starlings and pigeons, I found a great deal of support for the phylogeny hypothesis in vision.
Whether the pigeons’ results extrapolate to non-vocal learning mammals, and how these results
can facilitate multisensory integration for human health purposes, are key aspects of interest for
future research.
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Figures

Figure 1. Possible mechanisms of audio-visual rhythm processing. The left mechanism results in
equivalent behavior due to an amodal rhythm representation, while the right mechanism
contains two separate mechanisms, resulting in possibly different behaviors toward rhythms in
each modality.

Figure 2. Waveforms of the auditory stimuli used in these experiments and their categorization.
Figure 3. Pictures of the visual stimuli used in these experiments and their categorization.
Figure 4. Accuracy over fast/slow tempo discrimination training. Individual birds’ results are
shown for acquisition of 120 bpm vs. 60 bpm. Human results are shown as means with standard
error bars for acquisition of 120 bpm vs. 60/30 bpm.

Figure 5. Mean percent choice “fast” in tests of novel tempos before (black circles) and after
(white circles) 60 bpm training.

Figure 6. Mean percent choice “fast” in novel beat duration tests.
Figure 7. Mean percent choice “fast” in the last five sessions of beat duration irrelevance training.
Figure 8. Mean percent choice “fast” during tests of the proportion effect. Black circles represent
120 bpm trials. White symbols represent trials with tempos classified as “slow.”

Figure 9. Mean percent choice “fast” during tests with beat duration randomized within a trial.
Figure 10. Mean percent choice “fast” in a re-test of the proportion effect subsequent to random
duration training. A subset of tempo/duration combinations was tested.

Figure 11. Beat abstraction test design showing examples of the four different test types. This
schema displays information about the visual tests. Auditory tests were constructed identically.
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Figure 12. Beat/rest organization test results, showing mean percent choice “fast” at each
combination of up to four beats and rests (1-4). Upper dashed line represents mean 120 bpm
response and lower dashed line represents average of mean 30 and 60 bpm responses.

Figure 13. Beat abstraction test results. Each bar depicts mean percent choice “fast” for a specific
test type. Dashed lines represent baseline mean choice “fast” at 120 (upper) and 60 bpm (lower).
Asterisks indicate a significant difference in responding between baseline 120 bpm and tests.

Figure 14. Results of training with eight tempos from last two training sessions for birds and last
12 trials of training for humans. Error bars are standard error the mean. Black circles show mean
percent choice “fast” for auditory participants. White circles show results for visual participants.

Figure 15. Crossmodal transfer results, showing mean percent choice “fast” in both modalities for
all participants.

Figure 16. Crossmodal training accuracy in 150-trial blocks for birds and 4-trial blocks for
humans. Error bars are standard error of the mean and are depicted when more than one
participant was involved at that point in training.

Figure 17. Design of four of the seven multimodal tests, showing the presentation of auditory and
visual stimuli in the same trial, and how their beat onsets line up with each other in a 120 bpm
tempo scheme. Three other tempos were tested: 30, 60, and 90 bpm.

Figure 18. Multimodal matched test results showing mean percentage choice “fast” at slow (30
and 60 bpm) and fast (90 and 120 bpm) tempos. Baseline results are depicted as black circles.

Figure 19. Multimodal isochronous test results showing mean percentage choice “fast” at slow (30
and 60 bpm) and fast (90 and 120 bpm) tempos. Baseline results are depicted as black circles.

126

Figure 20. Multimodal syncopated tests showing mean percentage choice “fast” at slow (30 and
60 bpm) and fast (90 and 120 bpm) tempos. Baseline results are depicted as black circles.

Figure 21. Proposed cognitive mechanisms for each species, showing different amounts of
crosstalk and modal recoding at the levels of multisensory integration and tempo
conceptualization that led to different behaviors and modal dominance. Lower arrows with larger
size reflect greater strength of the tempo concept.
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