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ABSTRACT OF THE DISSERTATION 
 
 

Perceptual mechanisms of pattern generalization in songbirds 

 
by 

 
 
 

Jordan Alexander Comins 

 

Doctor of Philosophy in Psychology 

 

University of California, San Diego, 2014 

 

Professor Timothy Gentner, Chair 

 

 The adaptive value of learning is constrained by generalization. Whether an 

organism successfully generalizes knowledge carries lofty implications for such things as 

navigating new paths, employing foraging innovations and identifying conspecifics. 

Generalizing knowledge of patterned relationships, however, is considered a hallmark of 

human faculties, such as music, analogical reasoning and language. In the auditory 

domain, generalizing knowledge of sound-based patterns is thought to underlie important 
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computational processes necessary for language acquisition. In this dissertation, we take 

a comparative approach to consider the scope and constraints of auditory pattern 

generalization in a non-human species, the European starling songbird. We begin by 

establishing the ecological validity of studying pattern generalization in starlings by 

showing that the sequential patterning of components (motifs) in male starling songs 

carries information about likely relative fitness. Crucially, female starlings are sensitive 

to the sequential patterning of motifs in male song, evinced by strong preferences for 

some pattern types over others. From here, we provide definitive evidence that starlings 

can learn and generalize complex patterns built from natural auditory communication 

signals in controlled operant settings. We go on to identify key constraints underlying 

their ability to generalize patterns. These findings offer important insights into the 

relationship between the structure of a pattern and its constituents in real-world signals 

and how this relationship impacts the ability to generalize. We propose that the pattern 

generalization abilities of starlings resemble critical processes observed during language 

acquisition in human infants, such as auditory rule learning. We conclude that starlings 

constitute an important model organism for understanding how language-relevant 

learning modulates sensory systems to support language acquisition. We discuss our 

findings in light of recent advances in the behavioral and neural basis of temporal and 

syntactic processing of natural auditory communication signals in the starling.
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CHAPTER ONE 

 

Identifying targets for a comparative neurobiology of language 
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While most species communicate, only humans possess language. In recent years, 

biologists and psychologists have fiercely debated the evolutionary origins of language – 

did it emerge as an adaptation in response to selection pressures or as an unintended 

byproduct, or exaptation, of other cognitive abilities? To address these questions, 

empirical work on language evolution has largely focused on whether language exists 

along some continuum with other communication systems, or is categorically distinct 

(Hauser et al, 2002; Fitch & Hauser, 2004; Fitch et al, 2005; Pinker & Jackendoff, 2005; 

Jackendoff & Pinker, 2005; Margoliash & Nusbaum, 2009; Berwick et al, 2011; Terrace, 

2011). The result has been a large-scale dichotomization of animal cognition into 

processes that are or are not “human-like” (Pinker & Jackendoff, 2005; Jackendoff & 

Pinker, 2005).  

 Rather than identifying putatively unique, language-relevant abilities and asking 

whether non-human animals show evidence for them, we aim to guide the conversation 

towards more fundamental auditory and memory challenges that many vocal 

communication systems share. By studying these more basic processes in fuller detail, 

from neurons to behavior, we can begin to construct an initial substrate for an ultimately 

more complete evolution and neurobiology of language. In other words, from a 

comparative perspective, we suggest that there is much more progress to be gained in 

terms of understanding the neurobiology and evolution of language by studying the 

mechanisms that are shared across taxa, than those that are putatively unique to humans. 

  In this dissertation, we consider how several fundamental aspects of auditory 

cognition such as serial expertise, categorization and abstraction, inform our knowledge 

of the comparative psychology of language. We focus our discussion of these processes 
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in songbirds because this system provides the most well-developed model for the 

neurobiology of vocal learning. In this introduction, we use one of these aspects of 

auditory cognition, serial expertise, as a case study in how the comparative approach can 

highlight important similarities and, therefore, targets for future neurobiological 

investigations related to language. 

 

Serial expertise in humans 

 Sensitivity to the ordering of linguistic units across time is vital to language 

comprehension. Indeed, in many languages, word order plays a vital component in 

assessing grammaticality (e.g., English) while in others syllable order serves an important 

role in phonology as in determining stress (e.g., Polish). As such, a requisite capacity for 

language is knowledge of the serial order of events occurring at multiple timescales 

within a signal. Thus, a fundamental challenge to linguistic processing is monitoring not 

only which elements occur in a sequence, but also where they occur. A system capable of 

linguistic processing must have at its disposal sufficient memory to store multiple items 

after a signal fades and to represent the serial arrangement of those items. Understanding 

how temporal pattern information is encoded, otherwise known as the ‘problem of serial 

order’ by Lashley (1951), has been of longstanding importance to psychology since 

Ebbinghaus’ early models of the serial position effect (i.e., primacy and recency; 

Ebbinghaus, 1913). Here, we briefly discuss the two most prominent behavioral accounts 

of sequence-encoding: chaining and positional models. 

 Chaining models emerged from the classic stimulus-response theories of serial 

behavior championed by Watson (1920), Washburn (1916) and Skinner (1934). These 
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models propose that a given element’s location in a sequence is encoded by association 

with both the preceding and succeeding element. Accordingly, the sequence ABCD 

would be encoded (most simply) as a sequence of pairwise associations, such as A-B, B-

C, C-D, where the recall of a single item initiates the recall of a subsequent item. 

Positional models, on the other, suggest that items are encoded on the basis of their 

position in the sequence. The limitations in understanding serial behavior and learning 

using only strict associative chaining theories, even in regards to language, have long 

been known (e.g. Lashley, 1951) and a considerable amount of research has been 

undertaken to demonstrate that sequence learning in humans and nonhumans additionally 

relies on positional information. Further, while both models posit potential psychological 

accounts to encode serial order, positional models do a better job accounting for common 

errors in human serial recall. For example, intrusion errors occur when trying to recall 

one of two lists, such as ABCD and EFGH. Such errors occur when an item from the 

second list is mistakenly presented during recall of the first list, but in its canonical 

position assignment (i.e., AFCD). Chaining models would predict that an error in the 

second position would trigger a cascade of incorrect responses, such as AFGH, a type of 

mistake not commonly seen during erroneous sequence recall (Henson 1998). Given that 

human errors during serial recall suggest an encoding method that can incorporate 

positional cues, one might ask how these positional representations are instantiated. The 

most compelling behavioral account suggests that positions are assigned relative to 

certain perceptual anchors. Specifically, Henson’s start-end model (1998) states that 

positional assignments are encoded relative to sequence edges (Henson 2001; Henson 

1998; Henson et al. 2000; Henson et al. 1996).  
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 Further evidence supporting an edge-based serial processing system in human 

adults comes from the study of artificial grammar learning. For instance, Endress and 

colleagues (2005) demonstrated that repetition-based rule structures are only generalized 

if those repetitions occur on the edges of a sequence. For example, syllable sequences of 

the form ABCDDEF were not generalized by subjects. If, however, the repetitions were 

edge-based, such as ABCDEFF, subjects did effectively generalize knowledge of the 

repetition rule. Importantly, subjects could still discriminate grammatical and 

ungrammatical sequences with either internal or edge-based repetitions, suggesting 

differences in generalization ability were not based on a failure to detect internal 

repetitions. Thus, the authors conclude that subjects relied on both detecting a repetition 

and processing where the repetition occurred, thereby paralleling the claim of Henson 

that items in initial and final positions are more robustly encoded than those at inner 

positions of a sequence. 

 The use of positional information to recall serial order is not purely an artifact of 

sequence memory or artificial grammar learning tasks (Endress et al. 2005). Rather, 

natural languages possess many grammatical and phonological properties that rely on the 

positional assignment of elements within a sequence. For example, affixation rules most 

often alter the beginning or end positions of a sequence, rather than middle positions 

(Endress et al. 2009). Additionally, prosodic components of language similarly rely on 

positional information, as in allocating syllabic stress (e.g., in Hungarian, the first 

syllable of a word is stressed; in Macedonian, the antepenultimate; in Polish, the 

penultimate; in French the ultimate). Thus, the convergence of positional encoding 

strategies for serial recall, as well as their prevalence in natural languages, suggests that 
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such serial expertise relying on positional, as well as chaining, strategies is a necessary 

cognitive ability used for linguistic communication.  

 

 Serial expertise in non-human animals 
 
        To have an appropriate animal model for grammatical processing, a species must 

demonstrate similar working memory constraints as humans for sequence recall as well 

as similar encoding strategies. While several studies of serial behaviors in pigeons and 

mammals are easily explained exclusively by chaining strategies (Balleine et al. 1995; 

Weisman et al. 1980), others are not (D’Amato and Colombo 1988; Endress et al. 2009; 

Straub and Terrace 1982; Terrace 2005; Terrace 1987). Some of these latter experiments 

demonstrate reliance on positional information during serial recall via the “simultaneous 

chaining” procedure (Terrace, 2005). In this task, animals learn to touch images in a 

specific order, receiving reinforcement only if the entire sequence is recalled correctly. 

Crucially, the images are presented simultaneously but in a random location for each 

trial. Consequently, unlike successive chain tasks, where serial learning was assessed 

with a specified spatial configuration (i.e., in a maze), the simultaneous chain paradigm 

forces subjects to acquire a representation of stimulus serial order independent of learning 

a fixed set of motor responses. This procedure has provided strong support for the use of 

positional information to learn and recall serially ordered visual stimuli (Chen et al. 1997; 

D’Amato and Colombo 1988; Terrace 1987). In addition, a more recent experiment 

undertaken by Endress et al (Endress et al. 2010) found that both chimpanzees and 

humans similarly utilize edge-based positional information in an auditory artificial 

grammar habituation/dishabituation task. 
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 Amongst vocal learning species, songbirds have been the most extensively 

studied regarding their serial processing capacities. Through a direct comparison with 

human subjects, one species of songbird, the European starling (Sturnus vulgaris), has 

demonstrably similar auditory memory capacity limits and decay functions for short-term 

store (Zokoll et al. 2008). Recently, an experiment by Comins and Gentner (2010) 

explored the sequence-encoding strategies of this same species of songbird using an 

operant conditioning procedure. Here, subjects encountered a string of eight species-

specific song motifs arranged in either a structured or random order. When positional 

information was available, subjects successfully learned to classify structured from 

random strings of these motifs. When absolute position information was removed, 

subjects’ classification performance could persist with only relative position cues, albeit 

much more modestly. Thus, these results demonstrate starlings can rely, at least partially, 

on absolute and relative position information and suggest that recognition of structured 

vocal signals in this species could additionally utilize positional information for 

representing serial order (Comins and Gentner 2010). 

 This body of work indicates that animals, like humans, can use a host of 

positional cues in the absence of associative chains. Unlike other non-human species, 

only the songbirds undergo a vocal learning procedure with many notable similarities to 

human infants acquiring knowledge of language (Brainard and Doupe 2002). Thus, the 

songbird may extend previous animal models of serial order processing and recall into a 

natural behavioral context tied to vocal communication and serve as a suitable window 

for similar processes in linguistically-endowed humans. 
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Neural mechanisms of temporal order in songbirds 
 

         In this section we revisit Lashley’s ‘problem of the serial order’ from a 

neurobiological perspective. At its core, this task requires the nervous system to 

enhance or suppress responses to a stimulus based on its temporal context: did stimulus 

event B correctly follow event A? In many communication systems, this “temporal 

context” can be defined on multiple levels of a hierarchy. Consider the case of speech 

and language, where the ordering of phonemes is crucial to the emergence of a word, 

and still the ordering of words can be vital to the emergence of an expression. Thus, the 

neural systems responsible for this behavior must integrate contextual information 

across a large range of timescales of stimulus events, from milliseconds to perhaps 

several seconds. Here, we review findings on how serial order for hierarchically 

organized elements of natural communication is, at least partially, represented in the 

zebra finch (Taeniopygia guttata). 

        Zebra finch males sing stereotyped songs to court females, who do not sing. 

These songs are characterized by their short length and hierarchical organization. On 

the most fundamental level, the song is a series of short sound units called notes. These 

notes are combined in packages referred to as song syllables. The mature zebra finch 

song further has a canonical syllable progression within a song bout. Thus, zebra finch 

song proceeds along a sequence of changing syllables, where each syllable represents a 

complex auditory event. 

 Sensitivity to such serial ordering of song elements has been investigated 

physiologically across different levels of the avian telencephalon, namely field L and 

HVC (Lewicki and Arthur 1996; Lewicki and Konishi 1995; Margoliash 1983; 
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Margoliash and Fortune 1992). Field L, analogous to the mammalian primary auditory 

cortex, receives thalamic afferents from the nucleus ovoidalis (Kelley and Nottebohm 

1979), while HVC is an upstream projection target of the higher subregions of field L, 

L1 and L3, as well as the nonprimary auditory area CLM which projects to the HVC 

shelf. In these studies, an anesthetized male subject is exposed to several variants of his 

own pre-recorded song, a stimulus known to selectively drive neuronal responses 

particularly in HVC (Margoliash 1986). By presenting the subject with renditions of his 

own song occurring in normal, reversed, syllable reversed and sub-syllable reversed 

orders, researchers have successfully identified classes of neurons sensitive to the 

progression of syllabic or sub-syllabic features or both (Margoliash & Fortune, 1992; 

Lewicki & Arthur, 1996). In addition, Lewicki & Arther (1996) showed strong 

convergence between the anatomical projections from field L to HVC and the 

sensitivity of neurons therein to higher-order temporal contexts. Specifically, recordings 

from the primary thalamorecipient zones of field L, L2a and L2b, were only sensitive to 

temporal differences between normal and reversed song. However, HVC projecting 

regions L1 and L3 showed a modest percentage of temporal context sensitive cells for 

sub-syllable manipulations and L3 alone responded to differences in syllable order, 

while HVC shows an even higher proportion of neurons tuned to these stimulus 

properties. 

 Though these studies clearly show temporal sensitivity in a percentage of field 

L and HVC neurons, they do not directly address how these cells gate their responses to 

a given stimulus event as a function of its temporal context. Extracellular responses do, 

however, rule out simple facilitation as a potential mechanism of syllable-order 
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sensitivity (Lewicki & Konishi, 1995; Lewicki & Arthur, 1996). Further, given that 

strong extracellular responses to specific syllables in forward song were nearly entirely 

eradicated in distorted temporal contexts, Lewicki & Konishi (1995) employed 

intracellular methods in HVC neurons. Their results suggest that temporal context 

sensitivity is modulated by inhibition and bursting following the appropriate sequential 

order. Computational models of such responses have thus predicted that zebra finch 

song sequencing information is organized in a chain-like manner, where nodes on the 

chain are responsible for variable context-sensitivities (Drew and Abbott 2003; but see 

Nishikawa et al. 2008 for an alternative model in Bengalese finches). 

 The responses of temporal context sensitive cells in the zebra finch auditory 

system are highly tuned to the local and global structure of serial order of the bird’s 

own song. Many properties of serial order representation in songbirds, however, remain 

to be tested. In the auditory system, the hierarchy of context sensitivity has only been 

studied at the level of field L and HVC, while the contribution of other auditory areas, 

such as CM and NCM, which show behaviorally relevant modification of song 

selectively (Gentner and Margoliash 2003; Thompson and Gentner 2010), remains 

unknown. The role of NCM is particularly important in understanding temporal context 

sensitivity, as this is a well-established area of experience-dependent decision-making 

for mate decisions based on male song features in European starlings (Gentner et al. 

2001; Gentner and Hulse 2000; Sockman et al. 2005; Sockman et al. 2002), whose 

songs are largely characterized by their motif-structure (Eens et al. 1988).  

 Additionally, neurophysiological explorations have yet to dissociate chaining 

from positional representations of sequentially arranged stimuli. For example, consider a 
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cell that shows sensitivity to the sequence AB. At present, it is not entirely possible to 

isolate whether the subject is responding to B given the information provided by the 

association of A to B, or by B’s position in the sequence relative to A (i.e., the second 

motif). One possible way to parse apart these types of temporal information would be to 

create stimuli for a subject that combine motifs across different variations of autogenous 

songs. Thus, if a bird sings two songs, one beginning with motif sequence AB and 

another beginning CD, a relative position-encoding model might be robust to order 

violations in the sequence CB compared to BB or BC. The reason being that motif B, 

though presented in a non-canonical transition from C to B is still located in the correct 

relative position of the sequence. Such a design would dissociate between the encoding of 

positional versus transitional sequence information as outlined above.  

 Finally, the role of non-auditory areas, such as the basal ganglia, might provide 

important contributions to serial order representation that remain to be explored. While 

the songbird anterior forebrain has been intensively studied as premotor circuit 

contributing to song sequence production (for a review, see Brainard & Doupe, 2002), it 

has only recently been suggested as an important region of syllable-level syntax 

discrimination. Abe & Watanabe (2011) tested syntax discrimination abilities of 

Bengalese finches. Using an immunocytochemical technique, the authors stained Zenk 

protein, an immediate early gene upregulated during exposure to conspecific song (Mello 

et al. 1992; Mello and Ribeiro 1998), to localize areas responding strongest to violations 

of a familiarized temporal syllable order. With this method, it was shown that neurons in 

the lateral magnocellular nucleus of the anterior nidopallium (LMAN) showed 

heightened activation to temporal orders (Abe and Watanabe 2011). LMAN, along with 
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two other regions in the anterior forebrain pathway, Area X (which receives projection 

from HVC) and the dorsal lateral nucleus of the medial thalamus (DLM), comprise an 

analogue to the human basal ganglia (Mello et al, 1992). Thus, these results suggest an 

additional important contribution of non-auditory structures in serial order learning of 

natural communication sounds. 

 

Closing remarks 
  
 The above case represents but one of the panoply of behaviors encapsulated by 

language. While the whole of human language is unique, here we suggest that many of 

the requisite cognitive capacities that underlie it, such as object recognition, 

categorization, and pattern generalization, are shared by other species and can therefore 

offer important insights into the biological basis of such language-relevant behaviors. In 

this dissertation, we offer evidence that the European starling can serve as a model 

system to examine the biological basis of auditory pattern generalization, whereby 

knowledge of a sound-based pattern is dissociable from the sounds comprising the pattern 

itself, a crucial ability underlying language acquisition (Marcus et al, 1999).  

 We begin by establishing the ecological validity of studying pattern recognition in 

European starlings. To do so, we show that the naturally occurring sequential patterning 

of vocal components (motifs) in each male’s songs can carry information about his likely 

relative fitness (chapter two). We then show that female starlings are sensitive to the 

sequential patterning of motifs in male song, evinced by strong preferences for some 

pattern types over others. Together, these results implicate a role for auditory pattern 

learning and generalization in starling mate choice. 
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 After establishing the ecological relevance of motif patterning in starlings, we 

assess the cognitive mechanisms underlying their ability to learn and generalize auditory 

patterns. In chapter three, we demonstrate conclusively that abstract motif patterning 

rules can be acquired by starlings from the use trial-unique pattern stimuli. Next, in 

chapter four, using a bottom-up perspective, we consider how the perceptual organization 

of a pattern’s underlying constituent elements constrains pattern learning and 

generalization. Then, in chapter five, we take the reverse approach by asking how the 

structure of a pattern itself effects the starling’s understanding of the perceptual 

organization of constituents. The results from these chapters clearly highlight the rich 

interaction between the structure of a pattern and the constituent elements in real-world 

communication signals and further showcase how knowledge of serial expertise, 

categorization and pattern learning work together to achieve successful generalization.  

 Using our understanding of these constraints, we demonstrate in chapter six that 

the starlings’ knowledge of the rules describing patterned sequences, and the constituent 

elements that instantiate those patterns, are dissociable. Finally, in chapter seven, we 

conclude by reviewing these advances in the behavioral expression of pattern 

generalization and connect these findings to recent work on the neural basis of temporal 

processing of natural auditory communication signals. We put forth the starling as a 

model organism for understanding how language-relevant pattern recognition shapes and 

modulates sensory systems, which informs our understanding of an initial neurobiology 

of language.  
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CHAPTER TWO 

 

Male song syntax controls preference in female songbirds
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Sexual selection pressures, i.e. differences in reproductive success caused by 

competition over mates, help determine which characteristics persist in the population 

(Darwin 1871). Across species, selection occurs when females choose superior mates, 

assessing male quality via morphological and behavioral characteristics. Many male 

oscine birds use acoustically conspicuous songs to court females, and the elaborate 

structure of these vocalizations is understood to be the product of sexual selection 

(Searcy and Nowicki 2005). In European starlings, male song consists of a series of short, 

stereotyped sound patterns (called motifs) arranged into long sequences (bouts). Male 

starlings continue to add motifs to their vocal repertoires as they age (Mountjoy and 

Lemon 1995), which in turn increases average song bout length (Eens et al. 1991). 

Because older males enjoy greater reproductive success than younger males, bout length 

and repertoire size are thought to provide honest cues for female choice (Eens et al. 1991; 

Mountjoy 1996; Gentner and Hulse 2000). Consistent with this, female starlings prefer to 

copulate with males who sing longer song bouts (Komdeur et al. 2005), and relative bout 

length can influence female behavior in the laboratory (Gentner and Hulse 2000) and 

neuronal responses (Gentner et al. 2001).  Surprisingly, female preferences for longer 

songs do not require exposure to complete song bouts or full motif repertoires (Eens et al. 

1988; Gentner and Hulse 1998), and the explicit features of song that directly control 

female mating preferences are not known. Here, we investigate the relationship between 

male song syntax and female preferences. 

We first asked whether the sequential organization of motifs in natural song (i.e. 

song syntax) could carry information about the potential fitness of different males. We 

analyzed sequential organization in the song bouts of several adult male starlings (N = 5; 
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for an example song, see Figure  1A). Using an information theoretic approach (Shannon 

and Weaver 1949), we quantified variability in the statistical reliability of transitions 

between motifs in the songs of the different males (Figure  1B; Supplementary Materials). 

As reported previously in starlings (10) and other songbirds (Briefer et al. 2010), the 

songs of all singers showed a characteristic organization in which most of the information 

about the temporal sequence of motifs was carried in ordered pairs of motifs.  That is, the 

uncertainty (Shannon entropy) of observing a given motif at time t was, in all males, 

greatly reduced by taking into account the immediately preceding motif in the bout (i.e. 

the motif at time t-1), and reduced still more by also considering the next preceding motif 

(at time t-2; Figure 1B).  We then quantified the sequential information contained in each 

male’s song repertoire as the total drop in uncertainty (mutual information) provided by 

the temporal ordering of motifs, which we term syntactic reliability (Supplementary 

Materials).  Surprisingly, the syntactic reliability of each male’s song was a very strong 

predictor of their song bout length (SBL; Pearson’s correlation, r(3) = 0.9183, p = 

0.0277; Figure  1C).  In other words, males that sing longer song bouts, tend to sequence 

the motifs in their bouts in more predictable ways than males that sing shorter bouts. 

Female starlings’ sensitivity to this syntactic reliability could explain mate choice 

preferences based on bout length (Searcy and Nowicki 2005), and would provide a means 

of obtaining honest fitness information from the songs of different males. 
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Figure 2.1. Male song syntax predicts bout length. (A) Sound pressure waveform of one song bout from a 
male starling and (B) spectrogram from a portion of the bout showing a sub-sequence of motifs. Motif 
boundaries are marked by dotted lines. Different numbers overlaid on the spectrogram denote unique 
motifs. Motif sequences within songs are not random. (C) For all birds recorded (each represented with a 
unique color), the total possible uncertainty about the identity of a given motif (Hmax; methods) at any point 
in the song bout, decreases systematically when one accounts for the overall frequency at which each motif 
occurs (H1), the frequency of order pairs of motifs (H2), and the frequency of ordered triplets (H3).  The 
large drop in uncertainty between H1 and H2 reveals that most of the information about motif occurrence 
derives from incorporating knowledge of the immediately preceding motif. (D) The proportion of total 
motif entropy explained by motif sequences, syntactic reliability (methods), for each singer is a significant 
predictor of the mean length of the bouts that bird sings. 
 

If the syntactic structure of natural songs provides a salient cue, then female 

starlings should prefer motif sequences with a predictable syntax over those without such 

organization.  To test this hypothesis, we measured the preferences of female (N=6) and 
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male (N=8) starlings for artificial motif sequences with identical low-level acoustics but 

different sequential statistics. We extracted eight unique warble motifs from the song 

repertoire of a single male starling unfamiliar to all subjects (Supplementary Materials), 

and arranged these motifs into different sequences by applying one of two generative 

rules (Figure  2A). We generated sequences with reliable syntax by setting the transition 

probability between eight pairs of motifs to be 0.93, such that each motif accurately 

predicted the next motif in the sequence 93% of the time (Figure  2B).  We generated 

sequences without reliable syntax in a similar way, except that all transitions between 

motifs were equally likely, and thus the occurrence of a specific motif at any specific 

time could not be predicted from the presence (or absence) of any other motif (Figure  

2C; Supplementary Materials). We then measured behavioral preferences for these two 

classes of sequences using an operant apparatus containing three nest boxes, each 

outfitted with an internal speaker and an infra-red wired perch (Figure  2D; 

Supplementary Materials). When the subject alighted on the perch in front of a given nest 

box, motif sequences following one of the two syntactic rules played from the speaker 

inside that nest box. When the bird left the perch, the motif sequence terminated. Subjects 

lived in the apparatus for four days.  On each day, one perch always triggered playback of 

syntactically reliable sequences, one perch triggered unreliable sequences (according to 

the two generative rules), and the third perch generated no song.  We refer to these 

locations as the syntactic, random, and silent perches, respectively. Across successive 

days, the syntactic and random perches switched, and the silent perch stayed fixed. 

Across subjects, we counter-balanced the initial assignment of the syntactic sequences to 

perches (Supplementary Materials). 
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We quantified behavioral preference by comparing the proportion of time each 

subject spent on the syntactic and random perches each day (Supplementary Materials). 

Consistent with the structure of natural song, female starlings showed a significant 

preference for the syntactically reliable motif sequences on the first day (rmANOVA on 

ranks, stimulus class*day interaction, F3, 35 = 5.09, p = 0.0049; planned contrast between 

stimulus classes on day one, p = 0.0134; Figure  2E).  During this first day, the females 

made more visits on average to the syntactic than the random perch (mean over all 

females: 496 vs. 139 visits), and spent more time overall on the syntactic perch than on 

the random perch (mean over all females: 3067 vs. 675 seconds). The preference for 

syntactically reliable songs on day one was observed in 5 of the 6 females tested 

(Supplemental Figure  S1), and analyses of alternative measures of behavior in the 

apparatus yield similar results (Supplemental Figure  S2). 

The song-driven preference present on day one transformed into a stable position 

preference on subsequent days. On days 2-4, females continued to spend more time on 

the perch that had been associated with the syntactically reliable songs on day one 

(rmANOVA on ranks F1, 25 = 11.609, p = 0.0022; Figure  2E).  This position preference 

coincided with a general decrease in the attractiveness of song, with the average duration 

of a visit to either perch declining significantly across days 2-4 compared to day one 

(rmANOVA on ranks, stimulus class*day interaction, F3, 35 = 8.26, p = 0.0003; Tukey 

HSD post-hoc tests). Across the whole 4-day session, however, females spent more time 

on the perches that played song than on the silent perch (rmANOVA on ranks, F(1,35) = 

19.35; p<0.0001) and this difference was consistent across days (rmANOVA on ranks, 

song-silence*day interaction, F(3,35) = 0.356; p = 0.785). We conclude that the syntactic 
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organization of conspecific male song is perceived by females, and can drive differential 

female behavior at putative nest sites. 

In contrast to females, male starlings did not show a preference for either motif 

sequence (rmANOVA on ranks, stimulus class*day interaction, F3, 49 = 1.18, p = 0.33; 

Supplemental Figure  S3). Indeed, the pattern of male behavior in the apparatus differed 

significantly from that of the females (rmANOVA on ranks, stimulus class*day*sex 

interaction, F3, 84 = 3.4192, p = 0.0210).  
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Figure 2.2. Sequential syntax driven behavioral preferences in female starlings. (A) Spectrograms of eight 
motifs used to examine spontaneous preference for motif sequences with reliable syntax versus sequences 
with random syntax. (B) Sequences with reliable syntax were built following a transitional matrix that 
heavily biased 8 out of all possible motif transitions (methods). Demonstrative stimulus sequences with 
reliable syntax are seen below. (C) To construct sequences with random syntax, all possible transitions 
between our 8 motifs were given equal probability of occurrence (again, see below for demonstrative 
sequences). (D) Schematic of song preference apparatus. Subject generated the playback of a randomly 
generated synthetic motif sequence, by landing on an IR-wired perch in front of a nest box. The sequence 
continued to play up to 40 motifs (8 unique) as long as the bird remained on that perch.  One perch played 
songs with reliable syntax another play songs with random syntax and one played nothing. On alternating 
days, the song sequences assigned to perches switched. (E) Females showed a significant preference to 
spend time on the perch in front of the nest box associated with a syntactically structured song during the 
first day (graph displays mean ranked proportion ± pooled standard error). They maintained their 
preference over the next 4 days of data collection, despite the stimulus associated with that perch changing 
each day. 
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The observed preferences for syntactically reliable songs may reflect pre-

specified, innate biases (Chiandetti and Vallortigara 2011), or may emerge as a 

consequence of prior song experience. Because the subjects we tested were all wild-

caught, our knowledge of their experience is limited, and if experience does play a role, it 

would require preference-relevant memories to endure (at minimum) over the several 

months that the animals were held in captivity prior to testing.  To address the role of 

experience in song-driven preferences, we trained another group of starlings (N = 4) 

using a go-nogo operant procedure to classify two sets of conspecific song motifs 

according to simple syntactic cues, i.e. whether specific motifs occurred in a pair or alone 

(Figure  3A, B; supplemental materials).  Subjects rapidly learned to peck at a defined 

location following the presentation of some motifs and motif pairs (S+), and to withhold 

pecks following other motifs and motif pairs (S-).  If subjects responded correctly to the 

S+ stimuli they received a brief opportunity to feed.  If they responded (incorrectly) to the 

S- stimuli they were punished with a short time-out during which the apparatus went dark 

and food remained inaccessible. Correctly withholding pecks to the S- stimuli never led 

directly to food.  We trained the birds for an average of 98 ± 21.8 100-trial blocks, at 

which point the S+ and S- stimuli evoked significantly different behavioral responses, 

compared to initial performance (rmANOVA F(1,41)= 11.6, p = 0.0015; Figure  3C).  We 

then moved the subjects from the operant apparatus to a large flight-cage where they had 

free access to food and water.  After a minimum of 211 days (range: 211-299), we tested 

the subjects’ preference for the trained S+ and S- motif stimuli (Figure  3A) in the nest 

box apparatus used for the song syntax experiments. Our motivation was to assess 

whether the learned appetitive and aversive valences for the S+ and S- stimuli, 
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respectively, would influence subsequent nest box preferences. Consistent with this idea, 

the operantly trained starlings preferred to spend more time perched at the nest box that 

triggered S+ stimuli, than S- stimuli, on day one (rmANOVA on ranks, stimulus 

class*day interaction, F3, 21 = 8.01, p = 0.001; planned contrast between stimulus classes 

on day one, p = 0.011; Figure  3D, and Supplementary Figure  S4A). As with the 

syntactically reliable motifs sequences, the S+/S- nest box preferences observed on the 

first day of testing also gave way to a position preference across subsequent days 

(rmANOVA on ranks, F(1,15) = 6.61, p = 0.0213). These results are important for two 

reasons. First, the direction of the response differences toward songs with a strong 

positive valence (i.e. those associated with food), validates the underlying assumption 

that our apparatus is measuring differences in appetitive value of stimuli associated with 

the nest boxes. Indeed the strength of the initial learning, as measured in a generalization 

test (Supplementary Materials), correlated significantly with the number of visits to the 

S+ perch on day one (Supplementary Figure  S4C). Second, while these results do not 

rule out the possibility that preferences for syntactically reliable songs have a significant 

genetic component (Deacon 2010; Kagawa et al. 2012), they show that prior experience 

can clearly modulate song preferences across extended time periods and diverse 

behavioral contexts. Thus, an innate preference is not essential. 
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Figure 2.3. Preference behaviors elicited from associatively learned behavioral goals. (A) Spectrograms of 
motif stimuli used as S+ and S- stimuli in a go-nogo paradigm. (B) Schematic of the operant apparatus. 
Subjects start a trial by pecking the center response port. After the stimulus ends, the subject either pecks 
the center response port again or withholds any response depending on the class from which the stimulus 
was drawn. Correct responses yield a food reward. Incorrect responses lead to the house light being 
extinguished and food being inaccessible. (C) Percentage of ‘go’ responses produced by subjects during the 
initial three 100-trial blocks of training compared with the three 100-trial blocks at our learning criterion 
(see supplemental methods; graph displays mean ranked proportion ± pooled standard error). Following 
training, subjects were placed in a flight-cage for at least 6 months with free access to food and water and 
no further exposure to these motif stimuli. (D) Following this period, subjects were placed for 4 days in the 
preference apparatus shown in fig 2, D. All subjects spent more time on the perch of the nest box associated 
with the former S+ stimuli on the first day of data collection and, as for the other birds, this nestbox 
preference persisted across the 4 days of data collection, regardless of the stimulus associated with that 
perch changing each day (graph displays mean ranked proportion ± pooled standard error). 
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 Individual variation in the syntactic structure of male starling song carries 

behaviorally relevant information, and this syntactic information can bias the behavioral 

preferences of females. These behavioral preferences can be shaped more generally by 

experience and retained over many months. The precise mechanisms that underlie the 

incorporation of syntactic information into song, and its subsequent perception require 

further experiments. For production, it may be that singing a specific motif before or after 

another is somehow less costly or difficult motorically, leading ultimately to a 

canalization of motor output. Although the production dynamics for large repertoire song 

birds like starlings are poorly understood, higher level, supra-motif organization has been 

noted in several species (Honda and Okanoya 1999). For perception, it is clear that 

female starlings are sensitive to conditional probabilities between ordered pairs of motifs. 

Although the ultimate benefits to this capacity lie in increasing the probability that 

females mate with higher-quality males, the proximate mechanisms may be tied to 

encoding, retention, and associative biases imparted by the more regular sequences. The 

syntactic sensitivity described here resembles statistical learning in human infants 

(Saffran et al. 1996), where variability in behavior is linked to variation in the conditional 

probabilities of phoneme sequences (Aslin et al. 1998), and which has been proposed as a 

domain-general process integral to the emergence of language precursors in early 

hominids (Conway and Christiansen 2001; Christiansen and Chater 2008). Consistent 

with this idea, our results reveal a pathway for the adaptation of sequential learning and 

processing, and the conservation of syntactic complexity in vocal communication 

systems, without the necessity for combinatorial syntactic ability. 

 
Supplementary Materials: 
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Syntactic reliability 
 
 We analyzed the statistical structure of motif sequences in the songs of five adult 

male starlings using information theoretic measures.  Details of the capture and song 

recording procedures are published elsewhere (Gentner & Hulse 1998).  For each singer, 

we parsed a minimum of 0.5 h of song bouts into their constituent motifs, then counted 

the total number of unique motifs, and the number of times that each single motif, 

sequential pair, and sequential triplet of motifs occurred in that bird’s song repertiore.  

With these values for each singer, and their corresponding probabilities over the singer’s 

repertoire, we computed the following measures of Shannon information: 

 
(1)      , 
where n is total number of unique motifs in the repertoire. 
 

(2)    , 

where p(xi) is the probability that motif xi will appear in any bout (i.e., the ratio of the 
frequency of a given motif to the total number of motifs in the repertoire). 
 

(3)          , 

where p(xi,yj) is the joint probability of any sequential pair of motifs xi and yj, and p(yj|xi) 

is the conditional probability that motif yj immediately follows motif xi.  The equation for 

H3, or H(z|xy), has the same form as H2, except that the probabilities for each sequential 

pair of motifs, p(x,y) and p(y|x), are replaced by the joint and conditional probabilities for 

each sequential triplet of motifs, p(xyz) and p(z|xy), respectively. 

 To measure the syntactic reliability, SR, of each male’s songs, we first compute 

the reduction in entropy of each motif, H(X), that is obtained by taking into account the 

motifs preceding in time, H(Z|XY).  This is the mutual information, given by: 

Hmax = log2 n

H1 = H (X) = ! p(xi )log2 p
i=1

n

" (xi )

H2 = H (Y | X) = ! p(xi, yj )log2 p
i, j=1

n

" (yj | xi )
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(4)      
 
To obtain SR, we then divide MI by the total entropy of each singer’s songs, Hmax, which 

by eq. (1) is a function of their motif repertoire size (n). Thus, SR reflects the proportion 

of the total entropy in the songs of each singer that is explained by motif order. Although 

the measure SR isolates the effects of motif order cleanly and completely up to motif 

triplets, other measures of motif ordering show similar correlations with song bout length 

to that depicted in Figure 1. 

 

Sequential syntax driven behavioral preferences in female starlings Methods 

Subjects 

 Fourteen (N=14) wild-caught European starlings (Sturnus vulgaris) from southern 

California served as subjects. From the time of capture until use in this study, subjects 

were housed in a large mixed sex, conspecific aviary with ad libitum access to food and 

water.  

Procedure 

 Prior to behavioral testing of sequential syntax versus no syntax preference, 

subjects were subcutaneously implanted with a 10mm silastic tube containing crystalline 

17!-estradiol in their left flank which modulates song sensitivity in seasonal songbirds 

like starlings (1) and replicates natural circulating levels of estradiol observed during 

active periods of mate choice. Subjects were then held in social isolation for 48-72 hours 

before being moved to the preference apparatus. Sex was determined immediately 

following testing via laparotomy in all but one case, where gender was established based 

MI = H (X)!H (Z | XY )
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on identification of secondary sexual characteristics by two researchers. Estradiol 

implants were also recovered during this procedure, all of which still contained estradiol.  

Apparatus 

 We constructed within a sound attenuation chamber an 18-inch cubical cage that 

housed on each of its back walls a nest box with a perch. Each nest box had a 2-inch hole 

drilled out of it, covered in the back with plastic mesh netting so as to not allow the bird 

to actually crawl through the hole. Behind each hole was a speaker to play various 

acoustic stimuli. Because of the small dimensions of the cage, each speaker was wrapped 

with acoustic foam so that its sound was channeled primarily through the nest box hole 

and rearward reflections were minimized.  The walls of the sound attenuation chamber 

were covered with acoustic foam to further attenuate any reflections. On the front of each 

nestbox was a perch fitted with an infrared detector that, once triggered, allowed a 

computer to play a given stimulus. Subjects had ad libitum access to feed and drink from 

the front of the cage. 

 When landing on the perch, subjects must stay for a short length of time (0.5-1.5s) 

to initiate the auditory stimulus. This short delay was used to ensure that data collected is 

in fact from the bird landing instead of a “fly by” that can trip the sensor. Each perch is 

assigned a specific stimulus class that changes daily and is countered balanced across 

subjects for initial stimulus class assignments. The silent perch was always located at the 

center perch. 

Stimuli 

 Sequences were built using motifs from the song recordings of one adult male 

starlings (2). We began by extracting eight unique (non-repetitious) motifs. Using these 8 
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motifs, we constructed two types of motif-sequences (reliable and random). Playbacks of 

a randomly generated synthetic motif sequence occurred when subjects landed on an IR-

wired perch in front of a nest box. The sequence continued to play for up to 40 motifs (8 

unique) as long as the bird remained on that perch. Thus, in total, sequences from either 

reliable or random syntax conditions contained exactly 40 stimulus occurrences. For both 

stimulus classes the initial motif was chosen at random. However, for reliable sequences, 

8 specific motif transitions (A-B, B-C, C-D, D-E, E-F, F-G, G-H and H-A) had a very 

high probability of occurrence (0.93) while all remaining transitions were much less 

likely (probability of 0.01). All motif transitions in the random sequences were equally 

likely to occur throughout the sequence. 

Data collection and analysis 

 Subjects were housed in the operant preference apparatus for minimally 4 days 

(range 4-9). Our analysis included only those data generated from the first 4 days to 

ensure each subject contributed equally to our subsequent analyses. Data was converted 

to proportions for each of the two stimulus perches as follows:  

 

Proportion stimulus perch A = time on stimulus 

perch A perch /(time on stimulus perch A + time on 

stimulus perch B + time on silent perch). 

 

Given that our data violated the assumptions of normality (Shapiro-Wilk Test for female 

data: W = .90, p = 0.0008; Shapiro-Wilk Test for male data: W = .88, p < 0.0001), results 

were rank transformed to run nonparametric tests (17). 
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 Initially, 16 adult starlings were run in this experiment, but one male and one 

female (N=2) were dropped from analyses either because a) they did not sample the 

random transition stimulus perch at all on Day 1 or b) because the subject was not 

experimentally naïve (if this female was included in our rmANOVA on ranks, results 

remain significant: F(3, 42) = 5.54, p = 0.0027). Our analysis was a full-factorial general 

linear model, which included subjects as a random factor, stimulus class (reliable or 

random) and day (1, 2, 3 and 4) as fixed factors as well as the interaction between these 

fixed factors (stimulus class*day). The interactions between our random factor and each 

fixed factor were not included as these interactions did not explain any of the overall 

variance (subject*stimulus class; subject*day). 

 

Preference behaviors elicited from associatively learned behavioral goals. 

Subjects 

 Twelve (N=12) wild-caught European starlings (Sturnus vulgaris) from southern 

California served as subjects. We controlled for neither age nor sex, though all subjects 

had full adult plumage when acquired and, thus, were at least one year old. From the time 

of capture until use in this study, subjects were housed in a large mixed sex, conspecific 

aviary with ad libitum access to food and water.  

Training Apparatus 

 The operant apparatus where starlings learned to classify the patterned stimuli is 

portrayed in main text (Fig 3,B). Each subject was held in a small weld-wire cage 

containing an operant panel. On the panel, a centrally located response port was a PVC-

housed opening. Inside of this opening was an IR receiver and transmitter used to detect 
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when the bird broke the plane of the response port with its beak. This ‘poke-hole’ design 

allows starlings to probe the apparatus with their beaks, in a manner akin to their natural 

appetitive foraging behavior. A remotely controlled hopper, positioned behind the panel, 

moved the food within and beyond the subject’s reach beneath the opening. Acoustic 

stimuli were delivered through a small full-range audio speaker mounted behind the panel 

and out of the subject’s view. The sound pressure level inside all chambers was calibrated 

to the same standard broadband noise signal. Full details for all the mechanical 

components of the apparatus, audio interface, digital I/O control hardware, and custom 

software are available upon request. 

The song stimuli used throughout this study were built using 16 unique (non-

repetitious) motifs from the song recordings of one adult starling.  During this task, 6 

isolate motifs and 3 paired motifs served as S+ stimuli, while a different set of 6 isolate 

and 3 paired complements served as S- stimuli. During training, several isolate or pairs of 

motifs remained reserved for probe testing. The design of this task allowed us to ask if 

starlings in this paradigm spontaneously acquire knowledge of the patterning rule that is 

not tied, and in fact contradicts, the perceptual associations between the stimuli, or 

whether they rely on strategies constrained to learned associations between the stimuli 

and their consequences. If, for example, the stimuli A and B were not reinforced, then the 

compound AB (or BA) would be. Contrarily, if stimuli C and D were reinforced, then the 

compound stimulus CD (or DC) would not be reinforced. Crucially, the training set 

included certain uncomplemented stimuli such as E+ and F+, GH- and HG-. Following 

learning, researchers tested how individuals performed on stimuli such as EF, FE, G and 

H. Following learning, we tested how starlings performed on stimuli such as EF, FE, G 
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and H. As opposed to utilizing a rule-based strategy, starlings relied strongly on 

associative strengths to generalize task knowledge (single sample t-test, where chance of 

d’ = 0: t = -7.31, df = 3, p = 0.005). Interestingly, the strength of these associations, as 

measured by d’, correlate with the number of times subjects visit the S+ perch on the first 

day of preference testing (more than 6 months later; supplemental fig 8). 
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Figure 2.4. Rank transformed proportions for males on sequential syntax versus no syntax preference task. 
Males did not reveal any demonstrable preference for one stimulus compared with the other (F(3, 49) = 
1.178, p = 0.3277).  
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Figure 2.5. Raw proportions for males on sequential syntax versus no syntax preference task. Males did not 
reveal any demonstrable preference for one stimulus compared with the other (F(3, 49) = 1.2615, p = 
0.2979).  
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Figure 2.6. Raw proportions for females on sequential syntax versus no syntax preference task. Females 
showed a strong preference for the nestbox initially associated with the sequential syntax (F(3, 42) = 
6.3872, p = 0.0012).  
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Figure 2.7. Cumulative time spent of the sequential syntax (green) versus no syntax (purple) perches across 
the first day. Data for females only. 
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Figure 2.8. Cumulative time spent of the sequential syntax (green) versus no syntax (purple) perches across 
the first day. Data for males only. 
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Figure 2.9. Difference scores representing time spent on the nestbox associated with sequential syntax 
versus no syntax after the first day. Data for females in purple, males in orange. 
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Figure 2.10. Raw proportions on S+ versus S- preference task. The nest box initially associated with S+ 
stimuli was preferred (F(3, 21) = 5.0310, p = 0.0088).  
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Figure 2.11. Associative strength on the go-nogo task, as measured by generalization testing, correlated 
with the number of perch visits paid to the nestbox associated with S+ stimuli on day 1. 
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Abstract The sequential patterning of complex acoustic
elements is a salient feature of bird song and other forms of

vocal communication. For European starlings (Sturnus

vulgaris), a songbird species, individual vocal recognition
is improved when the temporal organization of song

components (called motifs) follows the normal patterns of

each singer. This sensitivity to natural motif sequences may
underlie observations that starlings can also learn more

complex, unnatural motif patterns. Alternatively, it has

been proposed that the apparent acquisition of abstract
motif patterning rules instead reflects idiosyncrasies of the

training conditions used in prior experiments. That is, that

motif patterns are learned not by recognizing differences in
temporal structures between patterns, but by identifying

serendipitous features (e.g., acoustical cues) in the small

sets of training and testing stimuli used. Here, we investi-
gate this possibility, by asking whether starlings can learn

to discriminate between two arbitrary motif patterns, when

unique examples of each pattern are presented on every
trial. Our results demonstrate that abstract motif patterning

rules can be acquired from trial-unique stimuli and suggest
that such training leads to better pattern generalization

compared with training with much smaller stimulus

subsets.

Keywords Vocal recognition ! Pattern learning !
Auditory cognition ! Trial-unique stimuli

Introduction

Recognizing familiar individuals is essential for adaptive

social behavior. In songbirds, vocalizations serve as pri-

mary sensory signals used to identify others. This role is
reflected by the sensitivity of neurons throughout the avian

forebrain to conspecific songs and their associated behav-

ioral goals (Mello et al. 1992). For species with acousti-
cally complex songs, numerous components of the signal

can carry information about individual identity (Knudsen

and Gentner 2010). In the case of European starlings
(Sturnus vulgaris), for instance, males sing elaborate tem-

porally patterned songs built from stereotyped units called

motifs, where each motif itself is a patterned arrangement
of notes. Thus, starling song unfolds as a sequence of

changing complex auditory events (Meliza et al. 2010).

Starlings rely on identification of singer-specific motifs and
their serial arrangement for successful vocal recognition

(Gentner and Hulse 1998). While the behavioral and

electrophysiological mechanisms supporting auditory
object recognition are well established (Gentner and Mar-

goliash 2003; Jeanne et al. 2011, 2013; Knudsen and

Gentner 2013; Meliza et al. 2010; Meliza and Margoliash
2012; Thompson and Gentner 2010), less is known about

how the nervous system of songbirds (or any other animal)
represents behaviorally relevant patterns in vocal
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sequences (Kiggins et al. 2012). We suggest that under-

standing what information is acquired implicitly from such
patterns during learning provides the best guide to under-

standing how complex vocal sequences are represented in

neural circuits.
Recent behavioral results suggest that starlings recog-

nize motif sequences by learning their underlying pattern

structures (Comins and Gentner 2013; Gentner et al. 2006).
Others, however, caution against such conclusions—sug-

gesting that certain alternative methods for stimulus dis-
crimination have not been rejected (Beckers et al. 2012;

Corballis 2009). Specifically, experimental designs using

repeated exposure to small sets of pattern exemplars might
introduce unintended acoustic cues that subjects could use

to distinguish pattern types, rather than differences in

abstract structures (ten Cate and Okanoya 2012; van Hei-
jningen et al. 2009). As a result, conclusions of the form

‘‘subjects differentiate pattern type X and pattern type Y’’

may be stated more accurately as ‘‘subjects differentiate
only specific sequences from pattern type X and Y’’. Here,

we examine the necessity of the forgoing solution strategy

by determining whether European starlings can learn to
recognize different patterns through exposure to very large

sets of pattern exemplars.

Starlings are expert auditory sequence learners under
conditions of both natural song development (Eens et al.

1988; Eens and Pinxten 1992; Mountjoy and Lemon 1995)

and in the laboratory (Comins and Gentner 2010; Gentner
and Hulse 1998, 2000; Knudsen et al. 2010). Most germane

to the current work, starlings can accurately classify arti-

ficial motif patterns that take the forms AABB and ABAB
(Gentner et al. 2006), where A and B represent sets of

ethologically determined motif categories (Eens et al.

1988) termed warbles and rattles. These pattern recognition
capabilities persist for even more complicated pattern

arrangements. Starlings recognize the patterning forms

XXYY and XYXY, where on any given trial an X could
represent a motif from set A or set B (and vice versa for Y)

and therefore distinguish AABB and BBAA patterns from

ABAB and BABA (Comins and Gentner 2013). Use of the
XXYY/XYXY patterns precludes a number of simpler

solution strategies available in the AABB/ABAB task

where, for instance, the animal might rely on information at
a single sequence position (e.g., the second element) to

classify 4-motif sequences (Comins and Gentner 2013;

Gentner et al. 2006). In XXYY/XYXY patterns, every
element can occur at every location, and thus the animal is

minimally required make a decision on the basis of the

relationship between at least two or more motifs. In the
prior study, however, only 32 XXYY and XYXY stimuli

(16/pattern) out of 16,384 possible patterned stimuli were

used for training. Even when considering the larger subset
of patterns used to test generalization abilities (N = 500) in

this earlier study, this set constitutes a very small per-

centage of the possible patterns (\3.5%).
Here, we used an operant conditioning procedure to

train subjects to classify patterns of the form XXYY and

XYXY. Unlike in previous reports of pattern recognition in
this species, every animal was presented with nearly the

entire population of pattern combinations. Each subject

encountered at least 16,300 out of a possible 16,384 pat-
terns during classification training, and each individual

pattern no more than twice over the entire experiment
(excluding correction trials—see ‘‘Methods’’ section). This

experimental design maximizes stimulus diversity and

minimizes repetition within the set of well-formed patterns,
and thereby ensures that if subjects learn to classify XXYY

and XYXY patterns correctly, it is only by recognizing

differences in the abstract structures governing the tem-
poral organization of motifs. Our results are consistent with

this interpretation, and contradict the notion that the

learning of abstract temporal patterns can be explained by
attention to acoustic cues serendipitously found in restric-

ted stimulus subsets.

Methods

Subjects

Three European starlings, wild-caught near the Los

Angeles International Airport (LAX) in California, served

as subjects. Prior to being tested, subjects were entirely
naı̈ve to the motifs used to generate patterned stimuli in

this experiment. All subjects were at least 1 year old as

indicated by their adult plumage (Feare 1984, 1996); the
sex of subjects was not controlled in this study. From the

time of capture until use in this study, subjects were housed

in a large mixed sex, conspecific aviary with ad libitum
access to food and water. The photoperiod in the aviary and

the operant chambers followed the seasonal variation in

local sunrise and sunset times.

Stimuli

Patterned stimuli were constructed using motifs from the

song recordings of one adult male starling that was cap-
tured near Baltimore, Maryland (see Gentner and Hulse

1998). We extracted 16 distinct motifs (non-repetitious; see

Meliza 2011) and separated these motifs into two sets,
labeled A and B. Motif membership in set A and B was

based on natural acoustic (perceptual) category boundaries

(i.e., 8 warbles for set A; 8 rattles for set B). Whereas
warbles and rattles both possess a heterogeneous acoustic

structure, rattles are also characterized by the occurrence of

a broadband click-train. Crucially, these motif categories
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preserve ethologically relevant and psychologically salient
boundaries (Braaten 2000; Eens et al. 1988) as the integrity

of these categorical boundaries is argued to be necessary to

demonstrate recognition of abstract pattern structures
(Comins and Gentner 2013).

Using these two classes of motifs, we made patterns of

motif sequences following the forms XXYY or XYXY. We
generated all possible combinations of XXYY and XYXY

patterned stimuli using eight warble (hereafter, motif set A)

and eight rattle (hereafter, motif set B) motifs, where on
any given trial an X could represent a motif from either set

A or set B (and vice versa for Y), but never both. There-

fore, subjects were required to distinguish AABB and
BBAA patterns from ABAB and BABA yielding a total of

16,384 sequences (4,096 AABB–4,096 BBAA and 4,096

ABAB–4,096 BABA; Fig. 1—further details about these
pattern constructions can be found in Comins and Gentner

2013).

Apparatus

The custom-built operant apparatus where starlings learned
to classify the patterned stimuli is portrayed in Fig. 2. Each

subject was held in a small weld-wire cage

(41 9 41 9 35 cm) with a 30 9 30 cm operant panel
mounted on one wall, mounted inside a 61 9 81 9 56 cm

ID sound attenuation chamber (Acoustic Systems). The

operant panel contained a centrally located, PVC-lined
response port, roughly 14 cm off the floor of the cage.

Inside the opening of the response port was an IR emitter–

receiver that enabled detection of precise times when the

bird broke the plane of the response port with its beak. This

‘‘poke-hole’’ design allowed starlings to probe the appa-
ratus with their beaks, in a manner akin to their natural

appetitive foraging behavior. Directly below the response

port, in the section of cage floor immediately adjacent to
the panel, another PVC-lined opening provided access to

food. A remotely controlled hopper, positioned behind the

panel, moved the food within and beyond the subject’s
reach beneath the opening. Acoustic stimuli were delivered

through a small full-range audio speaker mounted behind
the panel and out of the subject’s view. The sound pressure

Fig. 1 Example motif sequence
stimuli from the AABB and
ABAB pattern classes. Letters
denote motif classes (A:
warbles, B: rattles) and
subscript numbers (1–8) denote
unique motifs within each class
used to generate patterned
sequences. A total of 16,300
(out of 16,384 possible) XXYY
and XYXY sequences were
used (4,075 AABB, 4,075
BBAA, 4,075 ABAB and 4,075
BABA)

Fig. 2 Schematic of the operant apparatus. Subjects start a trial by
pecking the center response port. After the motif pattern stimulus
ends, the subject either pecks the center response port again or
withholds any response depending on the class from which the
stimulus was drawn. Correct responses yield a food reward. Incorrect
responses lead to the house light being extinguished and food being
inaccessible
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level inside all operant chambers was calibrated to a

standard broadband noise signal. Custom hardware and
software monitored the subjects’ responses, controlled the

delivery of stimuli (16 bit resolution, 44.1-kHz sample

rate), access to food, and lighting inside the chamber
according to experimental contingencies.

Shaping procedure

Upon initially entering the operant chamber, we provided

each subject with unrestricted access to the food hopper.

Following acclimation to eating from this device, the
hopper was lowered beyond the subject’s reach. Next

subjects were placed on an autoshaping routine (Brown and

Jenkins 1968). Between two and three times per minute, we
presented the subject with a blinking LED in the center

response port followed by 2-s access to food. This process

recurred until the subject acquired a key-peck response.
From then, the lowered food hopper would only be

engaged if the subject pecked the blinking LED in the

center port. Subjects repeated this behavior for 100 trials.
After the completion of this phase, the center LED ceased

blinking, requiring subjects to peck at the darkened center

port to raise the food hopper. Following 100 such trials,
pecking the center port initiated the playback of an acoustic

stimulus where subjects earned food rewards in accordance

with standard go/no-go training procedures described
below.

Training procedure

We trained subjects to classify the S? and S- stimuli
using a standard go/no-go operant conditioning paradigm.

Two subjects had one set of patterned stimuli serving as the

S? (XXYY), while the remaining subject had the other set
of patterned stimuli (XYXY) serving as the S?. Subjects

initiated a trial by pecking a small response port to start

playback of a stimulus (see Fig. 1). For half of the training
stimuli (S?), the subject was trained to peck the response

port after playback completed to obtain a 2-s access to

food. For the other half of the training stimuli (S-), the
subject was trained to withhold pecks to the response port

to avoid a mild punishment (extinguished house lights for 2

or more seconds). Correctly withholding pecks was not
reinforced with food. False alarms (pecking to S- stimuli)

initiated a correction sequence in which the same stimulus

was repeated on subsequent trials until the subject correctly
withheld a response. Only data from non-correction trials

were analyzed here.

Given that data were to be analyzed in blocks of 100
trials, each subject was initially presented 16,300 of all

possible 16,384 patterns. This first round of training
ensured that each pattern was only encountered one time

per bird (excluding correction trials). However, due to

relatively poor performance at this point (see ‘‘Results’’
section), we generated and presented subjects with another

16,300 patterns of these same motifs. Thus, by the end of

data collection, every bird heard at least 97.5 % of all
possible patterns, wherein no specific sequence was ever

encountered more than two times (again, excluding cor-

rection trials). In total, subjects received 17,879 ± 3,433
(l ± SE) correction trials over the course of training.

Analysis

Percent correct served as our metric to quantify learning

(sum of correct ‘‘Go’’ responses to ‘‘Go’’ stimuli and cor-

rect ‘‘NoGo’’ responses to ‘‘NoGo’’ stimuli divided by the
total number of responses). All data were analyzed in

blocks of 100 trials. We assessed learning with overall

performance accuracy for different pattern classes using
matched-samples t tests and repeated measures ANOVA.

Results

Pattern learning

During the initial 163 100-trial blocks of training, perfor-
mance for all three subjects was poor. By the last 10 blocks

on this first round of training (blocks no. 154–163), none of

the subjects were performing significantly better than on
the first 10 blocks of training (matched-pairs t test: in all

cases df = 9, P[ 0.05) and only one subject was classi-

fying the pattern stimuli better than expected by chance
(single-sample t test against chance of 50 %: subject B851

df = 9, P = 0.03; both others: df = 9, P[ 0.05). Thus,

we presented subjects with another random arrangement of
16,300 XXYY and XYXY patterned motif sequences.

Our main findings are shown in Fig. 3. By the final 10

blocks of the second round of training (blocks no.
317–326), all three subjects were classifying the patterned

stimuli significantly better than expected by chance (single-

sample t test against chance of 50% correct: in all cases,
df = 9, P\ 0.0001; Subject 851’s performance

68.2 ± 1.41; Subject 852’s performance 64.9 ± 1.92;

Subject 877’s performance 67.4 ± 2.7; mean ± SE). In
addition, performance for all subjects during the final 10

blocks of the second round of training was significantly

better than performance during the first 10 blocks of
training (matched-pairs t test: in all cases, df = 9,

P\ 0.0004; Fig. 3). Finally, hit and false alarm rates for

all three subjects changed in consistent ways along with
performance. Hits and false alarms were high during initial

training initially, and over the course of learning the false

alarm rate slowly reduced for each animal. This is
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consistent with all the subjects learning to discriminate
between the XXYY and XYXY patterns in similar ways.

Pattern learning strategies

One possible explanation for the learning is that subjects

focused on a subset of the elements in the sequence. Sev-
eral such strategies are possible. For instance, subjects

might: (1) determine whether the first two motifs are in the

same category, (2) whether the last two motifs are in the
same category, (3) whether the first and third motifs are in

the same category or (4) whether the second and fourth

motifs are in the same category.
To examine the likelihood of these ‘‘pattern subset’’

strategies, we took advantage of the trial-unique stimulus

design, where each trial is in effect a generalization test
with novel stimuli. Because each of the pattern subset

strategies involves comparisons between pairs of elements,

we reasoned that starlings’ classification should improve
when the two elements being compared are identical

motifs. For example, if subjects were comparing the first

two elements (strategy 1), then the sequence A1A1B3B4,
where the first two elements are the same motif, should be

more accurately classified than A1A2B3B4, where the first

two elements are not identical acoustically. This is because
the perceptual task of deciding whether A1 and A1 are in

the same category is trivial contrasted with A1 and A2. We

searched for evidence supporting the use of any of these
strategies across the final 10 blocks of training in each

subject. To examine strategy 1, for instance, we took all

XXYY patterns during these final 10 blocks and compared

performance on those trials where the same motif occurred

in the first and second position of the pattern to those

XXYY trials where the first two motifs differed. The pro-
cess was repeated for strategies 2–4 using XXYY, XYXY

and XYXY patterns, respectively. For each subject, we

failed to detect a significant advantage in response accu-
racy based on any of the pattern subset strategies (all

Pearson’s Chi-squared tests; see Table 1). These results are
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Fig. 3 XXYY and XYXY
pattern classification
performance averaged across
subjects. Mean (±SE) percent
correct (black circles) increases
gradually across blocks 164
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overall percent correct
increases. The dotted horizontal
line denotes chance
performance; the vertical dotted
line denotes the point where we
began to cycle through our trial-
unique stimuli for a second time

Table 1 Comparison of performance for each subject across a vari-
ety of stimulus arrangements

Subject Repetition No repetition Chi-square test

Strategy 1: initial pair

B851 37/66 correct 277/447 correct v2 = 0.845, P = 0.356

B852 23/53 correct 223/460 correct v2 = 0.492, P = 0.483

B877 55/70 correct 360/445 correct v2 = 0.209, P = 0.647

Strategy 2: final pair

B851 34/58 correct 280/455 correct v2 = 0.184, P = 0.668

B852 30/60 correct 216/453 correct v2 = 0.114, P = 0.736

B877 58/67 correct 357/448 correct v2 = 1.763, P = 0.184

Strategy 3: first and third

B851 55/69 correct 313/418 correct v2 = 0.748, P = 0.387

B852 45/57 correct 358/430 correct v2 = 0.655, P = 0.419

B877 37/76 correct 222/409 correct v2 = 0.806, P = 0.369

Strategy 4: second and fourth

B851 56/70 correct 312/417 correct v2 = 0.871, P = 0.351

B852 45/59 correct 358/428 correct v2 = 1.975, P = 0.16

B877 32/66 correct 227/419 correct v2 = 0.742, P = 0.389

None of the subjects showed better performance when patterns con-
sisted of motif repeats in any configuration
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consistent with the conclusion that subjects use similarities

and differences between three or more elements to classify
each patterned sequence.

Another possible solution strategy would be to use all

the elements, but focus only on a subset of the sequences.
For example, subjects might achieve above chance per-

formance by accurately discriminating only the sequences

that begin with A or only those that begin with B. To test
this, we compared performance on AABB versus BBAA

patterns as well as ABAB versus BABA patterns. In gen-
eral, these comparisons did not indicate that starlings per-

formed better on patterns that began with an A or B

category of motif (Subjects B851: AABB vs. BBAA
v2 = 2.028, P = 0.15, ABAB vs. BABA v2 = 0.36,

P = 0.549; Subject B852: AABB vs. BBAA v2 = 2.3,

P = 0.129, ABAB vs. BABA v2 = 0.174, P = 0.676;
Subject B877: AABB vs. BBAA v2 = 1.92, P = 0.166,

ABAB vs. BABA v2 = 7.296, P = 0.007). Thus, with the

exception of ABAB versus BABA patterns for subject
B877, it appears all pattern types were equally well learned

by all subjects. Finally, we examined the possibility that

subjects relied on an alternation strategy by detecting
transitions between X and Y elements. To test this, we

reasoned that patterns of the form XXYY would be more

difficult to classify than XYXY patterns, because the latter
have more X–Y transitions. Inconsistent with this hypoth-

esis, the error rates for classifying XXYY and XYXY

patterns were not significantly different (matched-pairs
t test, P = 0.74).

Comparison with prior pattern generalization results

One potential consequence of using a training regimen that

samples thoroughly from the full set of potential pattern

stimuli is the improved recognition of the underlying
abstract structure common to all sequences. To test this

hypothesis, we compared performance of the three subjects

used in the current experiment to starlings trained to rec-
ognize these same XXYY/XYXY patterns using only a

small subset of all possible sequence combinations. In that

experiment, four subjects were initially trained to distin-
guish 16 XXYY and 16 XYXY patterns. These animals

were then presented with 500 novel XXYY and XYXY

patterned sequences to measure recognition of the under-
lying pattern structure (Comins and Gentner 2013).

First, we compared the acquisition rates for subjects

trained to recognize patterns using the 32 exemplar stim-
ulus set to those in the present study. The birds trained with

32 of the possible 16,132 patterned motif sequences

learned significantly faster than those trained with the full
set of sequences (nested rmANOVA; training regi-

men*training block interaction, F(1,1562) = 141.6,

P\ 0.001). Moreover, the birds trained on the restricted

stimulus set reached a significantly higher mean (±SEM)

level of performance (74.9 ± 2.48, averaged over the last
five blocks of training), than the subjects in the current

study (64.7 ± 1.23, average over the last 500 trials;

t = 3.28, df = 5, P = 0.02; Fig. 4). When tested on a set
of 500 trial-unique patterned sequences, however, the mean

percent correct of the birds trained on restricted sets

dropped to 57.25 ± 0.718, which, although above chance,
is significantly below that of the subjects in the present

study over the last 500 trials (t = -5.54, df = 5,
P = 0.002; Fig. 4). This is consistent with the interpreta-

tion that training with trial-unique stimuli enhances pattern

generalization.

Discussion

The results of the current study demonstrate that

knowledge of abstract sequential patterning among
acoustic categories can be acquired from large trial-

unique stimulus sets with minimal repetition. Although

the explicit patterning rule acquired in the present case
cannot be unequivocally stated, our analyses indicate that

it involves comparisons among three or more element

classes independent of their absolute position in the
sequence. The simple demonstration that patterning rules

can be acquired through training with trial-unique stimuli

is inconsistent with the idea that pattern recognition in
starlings is driven by serendipitous acoustic features in

restricted subsets of patterned stimuli (ten Cate and

Okanoya 2012), and lends further support the conclusions
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of prior pattern recognition studies (Comins and Gentner

2013; Gentner et al. 2006).
Understanding the implicit patterning rules acquired by

animals through operant training requires the analysis of

performance on generalization trials. Because in the present
study each stimulus exemplar was only presented twice,

with each presentation separated by several thousands of

trials, the opportunity to learn explicit stimulus–response
associations was minimal. Thus, each trial can be consid-

ered a kind of generalization test of the animal’s experience
up to that point, and successful classification of motif pat-

terns over a series of such trials indicates that some rule

consistent with the patterns has been acquired. By making a
series of post hoc comparisons between responses to spe-

cific subsets of motif sequences during the last 1,000 trials,

we were able to exclude a number of potential rules linked
to pair-wise comparisons among elements at specific

sequence locations. Although recent reports indicate that

zebra finches (Taeniopygia guttata), a related species of
songbird, rely heavily on element repetition to solve similar

pattern discrimination tasks (Van Heijningen et al. 2012),

this or other similar rules do not explain the current results.
Our results also highlight the important role that training

can play in generalization performance. In the present case,

we observed remarkably robust discrimination of novel
patterned motif sequences at the end of training that was

significantly higher than that observed in an earlier study,

where the subjects were trained with much smaller stimu-
lus sets. This matches the well-known, but poorly studied,

observation that training with more exemplars yields

broader generalization in category discrimination (Wass-
erman and Astley 1994), and suggest that such effects

extend to abstract features of categories as well. It seems

reasonable to hypothesize that this enhanced generalization
derives from a less explicit association between the pattern

and the underlying acoustics of each element. Such asso-

ciations are likely to be reinforced by training with
restricted stimulus sets, or when training involves a

piecemeal introduction of stimuli (Van Heijningen et al.

2009). Our results suggest that both of these factors likely
impact pattern learning and subsequent generalization

performance, though more detailed and well-controlled

comparisons of pattern generalization need to be
conducted.

Neurophysiology of pattern recognition

Given the starlings’ persistent pattern recognition behavior

across experimental designs (Comins and Gentner 2010,

2013; Gentner et al. 2006; Gentner and Hulse 1998), a key
future direction is to investigate the instantiation of these

learning mechanisms physiologically. It is already clear

that associative learning in starlings modifies the response

properties of neurons throughout the avian telencephalon.

Firing rates of single neurons and populations of single
neurons in several forebrain regions analogous mammalian

auditory cortices (e.g., caudomedial and caudolateral

mesopallium, and caudomedial nidopallium, NCM), are
modulated by the behavioral relevance of song motifs

(Chew et al. 1995; Gentner and Margoliash 2003; Jeanne

et al. 2011, 2013; Knudsen and Gentner 2013; Meliza et al.
2010; Meliza and Margoliash 2012; Thompson et al. 2012;

Thompson and Gentner 2010).
A recent characterization of neuronal selectivity and

tolerance across six primary and non-primary auditory

areas in starlings to learned and unlearned songs offers new
clues as to the representation of learned sequences (Meliza

and Margoliash 2012). The stimuli used in these experi-

ments were natural songs, which contain multiple rendi-
tions of the same motif occurring in several temporal

positions. It was demonstrated that NCM, while highly

selective in its response profile (a normal feature of non-
primary sensory processing areas), showed almost no

‘‘tolerance’’ for the same motif occurring in different

positions of song. In other words, the response of a neuron
in NCM varied considerably to the same stimulus occur-

ring in multiple temporal positions of the song. Rather than

indicating neuronal tolerance per se, the cells in NCM
might, as Meliza and Margoliash (2012) suggest, be highly

sensitive to the global temporal context in which motifs

occur. Whether such contextual modulation is tied to
learning is not known, but NCM is an attractive target for

future investigations of sequence learning in starlings.

Conclusions

We conclude that sophisticated acoustic recognition abili-
ties of starlings include the capacity to learn abstract rules

governing the temporal patterning of song elements. These

results will be informative for future work examining the
neurobiology of auditory sequence learning in songbirds,

and the evolution of these pattern recognition mechanisms

across species. Indeed humans too are extraordinary audi-
tory pattern learners. Only hours after birth, infants are

capable of detecting statistical regularities from sequences

of speech sounds (Teinonen et al. 2009), and by 7 months
of age can extract underlying abstract rules governing

auditory patterns (Marcus et al. 1999). These powerful

learning mechanisms are thought to lay the groundwork for
acquiring knowledge of uniquely human faculties such as

music (Hannon and Trehub 2005; Saffran et al. 1999) and

language (Marcus et al. 2007; Marcus 2000). Our findings
illuminate potential parallels with human work showing

that sequence learning is buttressed by both knowledge of

lower-level perceptual organization of pattern elements
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(Emberson et al. 2013) and an understanding of abstract

structures (Marcus et al. 1999, 2007). These parallels
suggest that starlings can serve as a non-human model

system to examine the neurobiological implementation of

pattern recognition at cellular and circuit levels.
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a b s t r a c t

Since Chomsky’s pioneering work on syntactic structures, comparative psychologists inter-
ested in the study of language evolution have targeted pattern complexity, using formal
mathematical grammars, as the key to organizing language-relevant cognitive processes
across species. This focus on formal syntactic complexity, however, often disregards the
close interaction in real-world signals between the structure of a pattern and its constitu-
ent elements. Whether such features of natural auditory signals shape pattern generaliza-
tion is unknown. In the present paper, we train birds to recognize differently patterned
strings of natural signals (song motifs). Instead of focusing on the complexity of the overtly
reinforced patterns, we ask how the perceptual groupings of pattern elements influence
the generalization pattern knowledge. We find that learning and perception of training pat-
terns is agnostic to the perceptual features of underlying elements. Surprisingly, however,
these same features constrain the generalization of pattern knowledge, and thus its
broader use. Our results demonstrate that the restricted focus of comparative language
research on formal models of syntactic complexity is, at best, insufficient to understand
pattern use.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Theories of syntax are central to understanding lan-
guage. As a result, many comparative psychologists inter-
ested in the study of language evolution have targeted
pattern complexity, using formal mathematical grammars,
as the key to organizing language-relevant cognitive pro-
cesses across species (Berwick, Beckers, Okanoya, & Bol-
huis, 2012; Berwick, Okanoya, Beckers, & Bolhuis, 2011).
In identifying similarities and differences between human
and nonhuman animals in relation to pattern recognition
and production, some researchers have concluded that
comparative models are inadequate because ‘‘human lan-
guage sentences are potentially unbounded in length and

structure, limited only by extraneous factors, such as
short-term memory or lung capacity’’ (Berwick et al.,
2011). This focus on formal syntactic complexity, however,
disregards the close interaction in real-world signals be-
tween the structure of a pattern and its constituent ele-
ments as well as core biological and cognitive constraints
intrinsic to temporal processing and, therefore, language.
Others have argued that comparative studies are essential
to the study of language precisely because they showcase
how biological and cognitive mechanisms interact with dy-
namic real-world signals to tune pattern perception mech-
anisms crucial to aspects of language (Kiggins, Comins, &
Gentner, 2012; Margoliash & Nusbaum, 2009). The latter
perspective proposes to study language and its evolution
in the context of the principles of organismal biology (Mar-
goliash & Nusbaum, 2009), whereas the former posits
these questions in the domain of mathematical formalisms
specifically unburdened by such restrictions (Berwick
et al., 2011, 2012).
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Pattern-induced perceptual learning in songbirds 
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Introduction  

 Language and its acquisition involve numerous perceptual and computational 

systems, whose coordinated activity is considered unique to humans (Hauser et al. 2002). 

Despite the uniqueness of language, the evolutionary roots of at least some of the 

capacities supporting language are thought to be shared with non-human animals 

(Bloomfield et al. 2011; Hockett 1960; Margoliash and Nusbaum 2009). Traditionally, 

the comparative approach to language has focused on sensorimotor systems involved in 

vocal control and production (Brainard and Doupe 2000; Eliades and Wang 2008; 

Schmidt and Konishi 1998). However, developmental psychologists have long shown 

that language modulates perceptual systems to enhance how infants process linguistic 

input (Aslin and Newport 2012; Kuhl 2004; Werker and Tees 1999). To understand the 

biology of such language-relevant perceptual changes, we need an animal model 

amenable to invasive neuroscience techniques (Kiggins et al. 2012). 

 One well-studied perceptual change, phonemic categorization, occurs early in 

human development. While newborn infants come into the world with the impressive 

ability to distinguish the vast array of phonemes comprising all human languages, the 

range of these perceptual abilities quickly narrows. Indeed, by 10-months, infants show 

adult-like categorization of the phonemes present in their linguistic environment and lose 

the ability to detect those that are not (Werker and Tees 1999; Werker and Lalonde 

1988). This modulation of perceptual expertise in infants is experience-dependent, often 

exemplified by the categorical perception of differences between /r/ and /l/ sounds by 

English speakers and an inability to distinguish these same sounds by Japanese speakers 

(Miyawaki et al. 1975). Consistent with this, we know that infants are sensitive to the 
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frequency distribution of speech sounds along phonemic continua (Maye et al. 2002; 

Werker et al. 2007). It remains unclear, however, precisely which aspects of early 

experience carry this information and lead to subsequent changes in 

categorical perception during natural language exposure. One possibility is that simple 

exposure to speech sounds at different distributional frequencies is enough to alter 

perception. Alternatively it may be that changes in categorical perception require the 

relevant speech sounds to be patterned in informative ways. Dissociating these two 

possible learning pathways is difficult in humans at it requires limiting natural language 

exposure.  

 Here we use songbirds to explore whether learning patterns instantiated over 

auditory categories covertly enhances categorical perception. During their lifetime, both 

male and female starlings learn to sing songs that are a hierarchically structured (Eens et 

al. 1988; Mountjoy and Lemon 1995; Pavlova et al. 2005). Acoustically, starling song 

appears as a patterned sequence of distinct motifs, where each motif comprises multiple 

shorter notes presented in a stereotyped pattern roughly 200 - 1000ms long. Although 

motif repertoires between birds are largely unique, all motifs can be grouped into four 

general classes by their broad acoustic characteristics (Eens et al. 1988). Perceptually, 

these classes form open-ended natural categories for starlings (Braaten 2000), and 

individual motifs within categories can be readily differentiated (Meliza 2011; Meliza et 

al. 2010). Motif patterning underlies both successful individual recognition (Gentner and 

Hulse 1998) and mate selection (Gentner and Hulse 2000). In controlled operant settings, 

starlings can accurately classify and generalize artificial motif patterns that take the forms 

AABB and ABAB (Gentner et al. 2006), where sets A and B represent two of four 



 

 

68 

natural motif categories (warbles and rattles, respectively). Further, similarly to humans, 

their ability to generalize these patterns is constrained by the integrity of these motif 

categorical boundaries when assigning motifs to sets A and B (Comins and Gentner 

2013; Emberson et al. 2013). 

In the current experiment, we asked how prior experience with motif categories in 

pattern or non-pattern sequences affects later motif categorization. First, one group of 

subjects was trained to differentiate complex auditory patterns built from warble and 

rattle motifs. In brief, these patterns were of the form AABB, BBAA, ABAB and BABA 

and the subject’s task was to perform one response (e.g., peck) following an AABB or 

BBAA pattern, and a different response (e.g., withhold peck) to either an ABAB or 

BABA pattern. For a second group of birds (sequence controls), some subset of all 

pattern types (again, AABB, BBAA, ABAB and BABA) required one type of response 

(e.g., peck) and another subset of all pattern types required a different response (e.g., no 

peck). Thus, these subjects were presented similarly patterned stimuli, but the patterning 

rule was non-informative for stimulus classification (see Table 1).  

We find that starlings operantly trained to recognize patterns built from motif 

categories are better able to differentiate between these categories. Control subjects 

demonstrate that this effect is not due to familiarity with sequences of motif categories, 

but is specifically attributable to the recognition of an abstract pattern relation among 

them. Our findings highlight the close interaction in real-world signals between the 

structure of a pattern and its constituent elements.  

Methods 

Subjects 
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 Twelve (N=12) wild-caught European starlings (Sturnus vulgaris) of both sex 

served as subjects. All subjects had full adult plumage when acquired and, thus, were at 

least one year old. From the time of capture until use in this study, subjects were housed 

in a large mixed sex, conspecific aviary with ad libitum access to food and water. Figure 

1A illustrates the operant apparatus where starlings learned to classify the training stimuli 

(for full description, see (Comins and Gentner 2010)). Full details for all the mechanical 

components of the apparatus, audio interface, digital I/O control hardware, and custom 

software are available upon request. 

Stimuli 

To construct the patterns used in this study, we first extracted sixteen acoustically 

distinct warble and rattle motifs (eight motifs per class) from the recorded songs of one 

adult male starling. Warbles and rattles are acoustically complex, with rattles 

characterized by a broadband click train overlying more narrow-band spectro-temporal 

features (Fig. 1B). Categorical differences between warble and rattle motifs are 

ethologically-relevant (Eens et al. 1988) and perceptually salient (Braaten 2000; Eens et 

al. 1988). Using the eight motifs in each of these two classes, we constructed motif 

sequences that followed the patterning rules AABB, BBAA, ABAB and BABA. 

To construct patterned sequences, we labeled the sets of warble and rattle motifs 

‘A’ and ‘B’, where A and B denote any of the eight possible warble or rattle motifs, 

respectively.  We then assembled individual warble and rattle motifs into 4-motif 

sequences of the form AABB, BBAA, ABAB, and BABA. For successful pattern 

classification, subjects must produce one response to AABB and BBAA stimuli (e.g., 

peck) and a different response to ABAB and BABA stimuli (e.g., no peck). 
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We trained one group of subjects (pattern-trained; N = 4) using 32 (out of a 

possible 16,384) patterned stimuli (8 of the explicit form AABB, 8 BBAA, 8 ABAB and 

8 BABA). In each subset of 8 explicit training patterns (e.g. AABB), each motif appeared 

exactly once in each possible position, and no motif appeared twice in the same sequence 

(Table 1). A second group of birds (sequence-controls; N = 4) served as motif and 

sequence exposure controls. These subjects also encountered patterned stimuli in the 

operant apparatus. Unlike pattern-trained birds, however, stimulus response associations 

for this second group were not tied to the AABB and BBAA versus ABAB and BABA 

pattern distinction. Instead, for these animals we assigned 4 AABB, 4 BBAA, 4 ABAB 

and 4 BABA sequences as S+ and another 4 AABB, 4 BBAA, 4 ABAB and 4 BABA 

sequences as S- (Table 1).  

Stimuli for the motif categorization portion of the study were the eight warble and 

eight rattle motifs used to construct the patterned sequence stimuli, with a single motif 

presented on each trial. 

Procedures 

 Details of the operant training procedures used in the current study can be found 

elsewhere (Comins and Gentner 2013). In brief, starlings learned to peck a central 

response port to initiate the playback of a stimulus. Following the stimulus, the animal 

either pecked the port again (a ‘go’ response) or withheld a peck to the port (a ‘no-go’ 

response). Go responses to one set of stimuli (S+) were positively reinforced with 2-s 

access to a food hopper below the response port. Go responses to the other set of training 

stimuli (S-) were punished by extinguishing the light in the operant apparatus for at least 

10 seconds. Food was only available following a go response to an S+ stimulus; the no-
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go response to either the S+ or S- stimuli yielded no operant consequence. To minimize 

non-specific responses biases unrelated to the training stimuli we used correction trials 

during initial training. There were no correction trials during generalization testing.  

We divided the subjects into three groups, and eventually trained all the birds in 

each group to distinguish between the eight warble and eight rattle motifs. Prior to this 

motif classification task, we trained one group of subjects to differentiate patterned 

acoustic stimuli built from the motifs in each category. We trained a second group of 

subjects to classify similarly patterned stimuli, except that the patterning rule was non-

informative for stimulus classification (Table 1). The third group of subjects remained 

experimentally naïve until the motif category classification task. 

We tested pattern generalization for the pattern learning and sequence control 

groups by presenting subjects with 500 novel motif sequences built from the same motifs 

used in training. All procedures were approved by the UCSD institutional animal care 

and use committee. 

Analysis 

 For group analyses, we compared percent correct scores across groups (between-

subjects factor) and block number (within-subjects factor) using analysis of variance. We 

analyzed individual subject data using binomial tests comparing raw number of correct 

responses in a given number of trials where chance likelihood of a correct response was 

0.5. As our primary focus concerned the learnability of motif categories (warbles and 

rattles), data were analyzed until any group reached our criterion threshold of learning. In 

this case, every subject needed to exceed chance performance on the binomial analysis. 
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This occurred for our pattern-trained birds in the sixth 100-trial block of testing – 

therefore data across groups was only compared for these 600 trials. 

Results 

 We hypothesized that experience with behaviorally-relevant patterned sequences 

would improve perceptual expertise for lower-level acoustic categorization.  If true, then 

those subjects pre-trained with the patterned motif sequences, should show advantages in 

motif categorization over naive birds and over those for whom the patterned motif 

sequences were familiar but not behaviorally relevant (sequence controls). We first 

describe the effects of our different pre-training regimens on each group, and then discuss 

the results of the motif categorization training common to all groups. 

Pre-training performance:  

 The pattern pre-trained subjects learned to classify AABB and BBAA from 

ABAB and BABA patterns. By 10,000 trials, mean performance (percentage of correct 

responses) for the group was well-above values expected by chance (single sample t-test; 

t = 11.09; p = 0.008 against chance value of 50%).  Moreover, mean classification 

accuracy stayed significantly above chance (single sample t-test; t = 3.9; p = 0.0298 

against chance value of 50%; Fig. 1C) even when tested with 500 novel motif patterns 

built from the same warbles and rattles used for training. This pattern generalization 

effect is observed at the individual level for 3 out of 4 subjects (Bird 681: p < 0.0001, 

Bird 716: p < 0. 002, Bird 827: p < 0.0001, Bird 828: p = 0.227; binomial tests where 

chance is 0.5). This corroborates previous results suggesting starlings recognize auditory 

patterns of motif categories based on their underlying temporal structures(Comins and 

Gentner 2013; Gentner et al. 2006).  
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For subjects in the second pre-training group, who served as controls for sequence 

exposure, performance never exceeded chance thresholds. By design, the number of 

operant trials executed by sequence control subjects exceeded that of their pattern-trained 

counterparts (sequence controls: 159.25 + 21.47; pattern-trained: 119.25 + 27.59 blocks 

of 100-trials; matched pairs t-test t = 3.22; p  = 0.0487). To properly ensure matched 

experimental history, sequence control birds were also given 500 dummy pattern 

generalization trials, where they encountered the same generalization test stimuli as 

pattern-trained birds. As with their training stimuli, however, there was no fixed 

relationship between pattern and reward and therefore performance remained at chance 

levels (AABB, BBAA, ABAB and BABA stimuli randomly assigned as S+ and S-). 

 

Figure 5.1. (A) Schematic of the operant apparatus. (B) Spectrograms typifying stimuli from the AABB 
and ABAB pattern classes (As denote warbles, Bs denote rattles). In total, eight warbles and eight rattles 
were used to generate all types of patterned sequences in this experiment: AABB and BBAA as well as 
ABAB and BABA. (C) Mean (± SEM) performance (% correct) over the course of motif pattern pre-
training and subsequent generalization (labeled “test”) to novel exemplars of the patterns. 
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Motif-category learning 

 Next, we transferred the pattern-trained and sequence-control birds to a go-nogo 

task to assess their discrimination of the warbles and rattles used in pre-training stimuli. 

In addition, a set of naïve birds was also placed on the same task. Performance on this 

task was measured for 600 trials (see Methods – Analysis). Pattern pre-trained birds 

learned to classify the song motifs significantly faster than both the sequence and naïve 

control groups. We found a main effect of training regime on category discrimination 

(nested rmANOVA F(2,9) = 9.96; p = 0.0052; post-hoc tests of pattern-trained versus 

sequence-controls p = 0.0121 and pattern-trained versus naïve controls p = 0.0019) and 

also a significant interaction across the 6 100-trial blocks (nested rmANOVA F(10,45) = 

3.551; p = 0.0016). Post-hoc analyses comparing group performance for each of the 6 

blocks of 100-trials reveal significant differences emerging by blocks 5 and 6 

(Bonferroni-corrected ! = 0.0083; p = 0.002 and p < 0.0001, respectively; Fig. 2). On the 

individual subject level, by the fifth block of the category task, 2 of 4 pattern-trained 

birds were significantly better than expected by chance (binomial test where chance is 

0.5, in two cases p < 0.05). By the sixth block, all of the pattern-trained birds were 

significantly above chance performance (binomial test where chance is 0.5, in all four 

cases p < 0.05). Across all 6 blocks, each pattern-trained bird performed better than 

expected from chance, (binomial test where chance is 0.5, in all four cases p < 0.05). In 

contrast, none of the naïve birds were above chance and only a single control-sequence 

bird performed above chance across the six blocks. We conclude that auditory pattern 

learning, but not exposure to or rote memorization of acoustic sequences, enhances the 

perceptual mechanisms that underlie acoustic categorization. 
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Figure 5.2. Performance of pattern-trained, sequence-controls and naïve birds of motif categorization task. 
Across 600 trials, performance of previously trained pattern birds far exceeds that of either the control-
sequence or experimentally naïve subjects, with each individual pattern bird performing better than chance 
on the sixth block of training. Eventually all groups converge to comparable performance levels. 
 To ensure that subjects from these two control groups could indeed learn to 

categorize warbles and rattles, all subjects remained classifying these warbles and rattles 

for a varying number of blocks after these initial 6 100-trial blocks. If we look at each 

subject’s final 100-trial block, motif categorization performance is roughly equivalent 

(ANOVA p = 0.7608; Fig. 2). This shows that for all subjects these categories are 

learnable (though the number of training blocks represented here varied considerably 

across groups: pattern-trained – 12.25 ± 1.5 blocks; sequence controls – 23.75 ± 3.8 

blocks; naïve controls – 27.75 ± 6.2 blocks; " ± SE). 
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Table 5.1. Configuration of warbles (As) and rattles (B) for pattern group stimuli (top) and the sequence-
controls (bottom). 

Stimulus class One Two 

XXYY/XYXY 
patterns 

A1A8B1B3 
A2A4B5B8 
A3A6B7B6 
A4A5B8B5 
A5A1B6B4 
A6A3B2B7 
A7A2B3B2 
A8A7B4B1 
B1B3A6A2 
B2B1A7A5 
B3B4A1A4 
B4B7A3A8 
B5B2A5A6 
B6B8A8A1 
B7B5A2A3 
B8B6A4A7 

 
A1B5A3B3 
A2B1A4B6 
A3B7A6B8 
A4B4A5B1 
A5B6A1B4 
A6B8A7B7 
A7B3A8B2 
A8B2A2B5 
B1A6B5A2 
B2A5B6A7 
B3A7B8A3 
B4A3B3A8 
B5A2B2A6 
B6A4B7A1 
B7A1B4A4 
B8A8B1A5 
 

XXYY/XYXY 
control sequences 

A1A5B4B8 
A2A6B3B7 
A3A7B2B6 
A4A8B1B5 
A5B6A2B3 
A6B7A3B4 
A7B8A4B1 
A8B5A1B2 
B1B4A5A8 
B2B3A6A7 
B3B2A7A6 
B4B1A8A5 
B5A2B6A3 
B6A1B5A4 
B7A4B8A1 
B8A3B7A2 

 
A5A1B8B4 
A6A2B7B3 
A7A3B6B2 
A8A4B5B1 
A1B2A6B7 
A2B3A7B8 
A3B4A8B5 
A4B1A5B6 
B5B8A1A4 
B6B7A2A3 
B7B6A3A2 
B8B5A4A1 
B1A6B2A6 
B2A5B1A5 
B3A8B4A8 
B4A7B3A7 
 

 

While these results suggest that pattern learning can improve lower-level 

categorization, the failure of the sequence control group to exceed chance performance 

on their pre-training task raises an important concern. Namely, it is possible that the 

enhanced motif categorization observed in pattern pre-trained starlings arises from their 

having learned something about the mechanics of the operant procedure rather than motif 

categories. If this is correct, then the individual variation in performance on the pattern 
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pre-training and generalization should correlate with later performance on motif 

categorization. While pattern pre-training performance across the final 6 blocks of 

training strongly correlated with pattern generalization performance (Pearson’s 

correlation, r = 0.9674, p = 0.0326) neither pattern pre-training nor pattern generalization 

correlated with motif categorization (Pearson’s correlation of pattern training and motif 

categorization, r = -0.0356, p = 0.9644; Pearson’s correlation of pattern generalization 

and motif categorization, r = -0.1432, p = 0.8568). Thus, enhanced motif categorization 

in pattern pre-trained birds is not driven by expertise with operant procedures. 

 To confirm that the sequence control group did indeed learn how to use the 

operant apparatus equally well compared with the pattern pre-trained birds, we compared 

perseverance rates over time between these two groups of subjects. In the context of the 

current study, perseverance is the length (in number of trials) of a given correction trial 

sequence. For instance, if a subject incorrectly performs a ‘go’ response to a ‘no-go’ 

stimulus then the next trial, a correction trial, will present the same ‘no-go’ stimulus to 

the subject. Until the subject correctly withholds a pecking response, each subsequent 

trial will continue to present the same ‘no-go’ stimulus. Over time, animals develop 

strategies in response to correction trials that indicate learning about the mechanics of the 

operant apparatus, such that perseverance, or the number of times a given correction trial 

has to be repeated, decreases. In our study, we analyzed the perseverance for all subjects 

during the pre-training phase. All subjects, regardless of experimental group, show 

significant decreases in perseverance over time (Pearson’s correlation: in all 8 cases, p < 

0.05). Most importantly, the rates at which perseverance decreased (i.e., magnitude of the 

slope from these correlations) across our pattern pre-trained and sequence control groups 
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were not significantly different (unmatched t-test t = -1.86; p  = 0.152). This analysis 

suggests that despite failing to learn to successfully classify S+ and S- stimuli in the pre-

training phase, our experiment control sequence subjects did indeed learn about the 

mechanics of the operant procedure they were using. 

Discussion  

 We have demonstrated that learning to classify patterned arrangements of species-

specific categories enhances perceptual abilities to differentiate between those categories 

in the starling. Crucially, this result is not driven by experience with sequences of these 

categories, as we provided a control group with even more overall operant experience and 

familiarity with such sequences. Thus, pattern recognition in songbirds tunes perceptual 

systems towards lower-level category distinctions when they are consistent with 

behavioral goals. 

 Our results bear a striking similarity to certain perceptual changes that occur during 

the first year of human development. Indeed, human infants rely on speech input to learn 

their native language’s sound-based (i.e., phonological) organization. Initially 2-months-

old infants are equally sensitive to differences between speech sounds present and absent 

in their language environment. By 10-months-old, however, they develop adult-like 

categorical expertise (Maye et al. 2002) thereby suggesting that experience with natural 

speech input shapes the representations of relevant phonemic dimensions.  

 Until now, the main hypothesis behind phonemic boundary acquisition in infancy 

derives from monitoring the frequency distributions along pertinent phonemic 

distinctions (Maye et al. 2002; Werker et al. 2007). One important proposal from our 

data, however, is that any reliable patterning of sounds induces top-down modulation of 
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the relevant perceptual space. In other words, the temporal patterns occurring in everyday 

speech might facilitate the acquisition of the relevant perceptual (i.e., phonemic) 

structures of a given language. Such ideas are consistent with data showing top-down 

influences on phoneme perception in human adults, where ambiguous speech sounds are 

resolved perceptually based on the subject’s knowledge of a word (Samuel 2001). For 

example, classic psychological experiments (Ganong 1980) show that if a sound located 

in the middle of the /d/ - /t/ phonetic continuum precedes “_ask”, listeners will report 

hearing the word “task” as opposed to the non-word “dask.” Contrarily, if the same 

stimulus precedes “_ash” subjects report hearing the word “dash” over the non-word 

“tash.” Still, whether similar top-down influences over perception play a role in 

phonemic category learning during development remains an important question. 

 Our findings also share important similarities to previous reports in humans 

suggesting that higher-level or conceptual learning augments lower-level perceptual 

expertise of complex objects in the visual system(Goldstone 1998). Most traditional 

models of complex object recognition characterize information flow in a feed-forward 

hierarchical fashion, where increasingly complex perceptual representations unilaterally 

support high-level stimulus representations (Riesenhuber and Poggio 1999). More recent 

experimentation, however, strongly suggests an exchange of information across multiple 

levels object representation (Ahissar and Hochstein 2004). In one illustrative example of 

this effect, human subjects were first trained to categorize squares as being from either 

category A or category B. These squares varied along only two dimensions: size and 

brightness. Crucially, only one of these dimensions was relevant for evaluating category 

membership. For instance, subjects might be trained that the relevant dimension for 
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determining category membership was size (with brightness then being irrelevant for 

category assignment). Afterwards, subjects were transferred to a psychophysical task and 

asked to assess whether two squares were the same or different. Discrimination ability 

was vastly improved when the squares in this task varied along the relevant category 

dimension (in this example, size) as opposed to the irrelevant category. Further, 

same/different performance was even better along the relevant dimension at the 

categorical boundary (Goldstone 1994). These findings strongly suggest that learned 

information at higher-levels of stimulus representation back-propagate to influence 

relevant lower-level perceptual tuning.  

 The starlings’ behavior here is to our knowledge the first demonstration of a similar 

role of high-level stimulus learning shaping relevant lower-level perceptual 

representations in an organism amenable to invasive neuroscience techniques. Starlings 

already serve as an important model species to investigate how experience alters the 

response properties of sensory neurons throughout the avian forebrain (Gentner and 

Margoliash 2003; Jeanne et al. 2013; Jeanne et al. 2011; Knudsen and Gentner 2013; 

Meliza et al. 2010; Meliza and Margoliash 2012; Thompson and Gentner 2010). Our 

results here showcase potential parallels with human work of high-level object or pattern 

knowledge dynamically interacting with knowledge of lower-level perceptual expertise 

(Emberson et al. 2013; Goldstone 1994). Thus our findings suggest that this species 

might serve as a suitable nonhuman model system to examine the biological instantiation 

of certain perceptual changes underlying language at a cellular level. 
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CHAPTER SIX 

 

An avian model of rule-learning:  

The role of perceptual and decision-making processes 
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Introduction  
 
 The ability to perceive, organize, and use temporally patterned information is 

integral to adaptive behavior. However, we commonly take the capacity to extract 

patterning rules from the environment as a hallmark of higher cognitive function in 

humans. Indeed, the acquisition of pattern expertise and the recognition of familiar 

patterns underlie sophisticated behaviors such as analogical reasoning and music 

(Gentner and Namy 2006; Patel et al. 1998). Central to the power of rule functioning in 

humans is the ability to learn and generalize patterns. In the auditory domain, this ability 

contributes to the parsing of richly patterned sound sequences. For instance, 8-month-old 

infants rapidly and spontaneously learn word boundaries embedded within continuous 

speech by tracking the statistical relationships between sound patterns (Saffran et al. 

1996). In addition, humans are capable of generalizing such pattern knowledge to novel 

stimuli. Infants as young as 7-months generalize phoneme-sequence patterns to novel 

strings of phonemes, an ability arguably necessary for acquiring knowledge of language 

(Marcus et al. 1999). These pattern generalization capabilities remain intact throughout 

adulthood (Endress et al. 2005; Shanks and Darby 1998). Thus, in humans, pattern 

knowledge is dissociable from the elements comprising learned patterns (Gomez and 

Gerken 1999; Marcus et al. 2007; Marcus 2000).  

 This paper explores the capacity for rule learning in the auditory domain using 

natural communication sounds in a species of songbird, European starlings (Sturnus 

vulgaris). Previous comparative research has investigated temporal pattern perception in 

the auditory modality for tones (Hulse et al. 1984; Wright 1998; Wright et al. 1990), and 

human speech sounds (Hauser et al. 2001; Ohms et al. 2010; Ramus et al. 2000). Still, we 
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know very little about the evolution of pattern recognition capacities, and almost nothing 

of the biological mechanisms that support pattern recognition and generalization in any 

species. Improving our understanding of how nonhuman animals amenable to invasive 

neuroscience techniques acquire and transfer temporal pattern knowledge will assuredly 

help to advance our knowledge of the biological substrates of temporal pattern learning 

and generalization (Kiggins et al. 2012; Knudsen and Gentner 2010).  

Pattern learning in songbirds 

 Starlings excel at learning acoustic patterns in both the wild and in controlled-

laboratory settings. Acoustically, starling song appears as a patterned sequence of distinct 

motifs, where each motif comprises multiple shorter notes presented in a stereotyped 

pattern roughly 200 - 1000ms long (Eens et al. 1988; Gentner 2008). Starlings 

perennially learn new motifs, which they fold into their already well-patterned songs 

(Mountjoy and Lemon 1995). In addition, starlings learn the patterning of motifs in other 

individuals’ songs to recognize them. Thus, if starlings hear a familiar conspecifics song 

with the patterning of motifs artificially disrupted this impairs their ability to accurately 

identify that individual (Gentner and Hulse 1998). Thus, motif patterning is thought to 

underlie both successful individual recognition (Gentner and Hulse 1998) and mate 

selection (Gentner and Hulse 2000a) in the species. Recently, it has been shown that 

starlings accurately classify artificial motif patterns that take the forms AABB and ABAB 

(Gentner et al. 2006), where A and B represent sets of ethologically-relevant motif 

categories (Eens et al. 1988) of starling song. Once starlings acquire knowledge of these 

patterns through training, pattern classification generalizes to novel configurations of 

these motifs (Gentner et al. 2006). More recent investigations further shows that, as in 
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humans (Emberson et al. 2013), successful generalize to novel pattern configurations is 

constrained by the integrity of these motif categorical boundaries when assigning motifs 

to sets A and B (Comins and Gentner 2013). In addition, as long as motif categorical 

boundaries are preserved, pattern learning and generalization can occur over highly rich 

and variable sources of information, including trial-unique instantiations of these 

patterning forms (Comins and Gentner 2014). 

The current set of experiments were designed to accomplish two main objectives: 

(1) to assess whether training experience can loosen perceptual constraints on pattern 

generalization such that pattern knowledge may generalize to patterns of wholly novel 

motifs; and (2) to examine the decision processes involved in pattern generalization. Such 

understanding informs how general cognitive mechanisms support the generalization of 

temporally organized, complex auditory patterns. 

Methods 

Subjects   

 A total of seven adult European starlings served as subjects in this study (4 in 

experiment 1, 3 in experiment 2). Subjects were wild caught in southern California in 

May 2006. All had full adult plumage at the time of capture, and thus were at least one 

year old.  From the time of capture until their use in this study, all subjects were housed 

in large, mixed sex, conspecific aviaries with ad libitum access to food and water. The 

photoperiod in the aviary and the testing chambers followed the seasonal variation in 

local sunrise and sunset times. No significant sex differences have been observed in 

previous studies of individual vocal recognition (Gentner and Hulse 1998; Gentner 2008; 

Gentner and Hulse 2000b) and the sex of subjects in this study was not controlled. 
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Apparatus  

 Starlings learned to classify the training stimuli using a custom-built operant 

apparatus, housed in a custom sound attenuation chamber (Acoustic Systems) with 

internal dimensions 61 x 81 x 56 cm.  Inside the chamber, a weld-wire cage (41 x 41 x 35 

cm) held the subject and permitted access to a 30 x 30 cm operant panel mounted on one 

wall. The operant panel contained three circular response ports spaced 6 cm center-to-

center, aligned in a row with the center of each port roughly 14 cm off the floor of the 

cage and with the whole row centered on the width of the panel. Each response port was a 

PVC housed opening in the panel fitted with an IR receiver and transmitter that detected 

when the bird broke the plane of the response port with its beak. This ‘poke-hole’ design 

allows starlings to probe the apparatus with their beak, in a manner akin to their natural 

appetitive foraging behavior. Independently controlled light-emitting diodes (LEDs) 

could illuminate each response port from the rear. Directly below the center port, in the 

section of cage floor immediately adjacent to the panel, a fourth PVC lined opening 

provided access to food. A remotely controlled hopper, positioned behind the panel, 

moved the food into and out of the subject’s reach beneath the opening.  Acoustic stimuli 

were delivered through a small full-range audio speaker mounted roughly 30 cm behind 

the panel and out of the subject’s view. The sound pressure level inside all chambers was 

calibrated to the same standard broadband signal. Custom software monitored the 

subject’s responses, and controlled the LEDs, food hoppers, chamber light and auditory 

stimulus presentation according to procedural contingencies. 

Stimuli 
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 Recordings of three adult male European starlings were used to generate all the 

stimuli for this experiment. The procedure for obtaining high-fidelity song recordings 

from male starlings is detailed elsewhere (Gentner and Hulse 1998).  Briefly, song was 

recorded from each male while housed individually in a large double-walled sound-

attenuation chamber, but with visual and auditory access to a female starling.  Male 

starlings sing in long continuous episodes called bouts. Song bouts are composed of 

much shorter acoustic units referred to as motifs (Adret-Hausberger and Jenkins 1988; 

Eens et al. 1988).  

 Motifs can be classified by their spectro-temporal characteristics into four broad 

classes: whistles, warbles, rattles, and high-frequency (Adret-Hausberger and Jenkins 

1988; Eens et al. 1988) “Whistle” motifs are continuous, narrow band motifs. “Warble” 

motifs have a variable acoustic structure and include many heterospecific imitations. 

“Rattle” motifs are similar to warbles, but characterized by a broadband click train 

coincident to the more tonal elements (Braaten 2000). Motifs referred to as “high 

frequency” are characterized by high amplitude notes in the upper frequency spectrum. 

Of these classes, we extracted eight unique (non-repetitious) warble and rattle motifs 

from each male. Warbles possess variable acoustic structure with many heterospecific 

imitations. Rattles are similar to warbles, but are further characterized by a broadband 

click train coincident to the more tonal elements.  

 In constructing sets of training stimuli, the motifs extracted from a single male’s 

repertoire were used. Thus, the initial training set of 32 stimuli was built using warbles 

and rattles from one male where these elements are denoted as ai ! A and bi ! B, 

respectively (i=1 to 8), yielding either AABB or ABAB sequences (Figure 1). The 



 

 

91 

internal dependencies of the motif sequences used during training were the same as those 

originally used by Gentner et al (2006). Importantly, for these training stimuli each motif 

appeared exactly once in each possible position, and no motif appeared twice in the same 

sequence.  

 The extracted motifs from the songs of another male starling were used to create an 

additional set of 32 patterned training stimuli. To mark the fact that these stimuli sets 

were constructed from different motif libraries, we denote these patterns as CCDD and 

CDCD. From the remaining male starling song repertoire, a 16-exemplar set of patterns 

was built for generalization testing, denoted EEFF and EFEF.  

Apparatus 

 The operant apparatus where starlings learned to classify the training stimuli is 

illustrated in Figure 2. Each subject was held in a small weld-wire cage containing an 

operant panel. On the panel, a centrally located response port was a PVC-housed 

opening. Inside of this opening was an IR receiver and transmitter used to detect when 

the bird broke the plane of the response port with its beak. This ‘poke-hole’ design allows 

starlings to probe the apparatus with their beaks, in a manner akin to their natural 

appetitive foraging behavior. A remotely controlled hopper, positioned behind the panel, 

moved the food within and beyond the subject’s reach beneath the opening. Acoustic 

stimuli were delivered through a small full-range audio speaker mounted behind the panel 

and out of the subject’s view. The sound pressure level inside all chambers was calibrated 

to the same standard broadband noise signal. Full details for all the mechanical 

components of the apparatus, audio interface, digital I/O control hardware, and custom 

software are available upon request. 
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Shaping 

 Upon initially entering the operant chamber, we provided each subject with 

unrestricted access to the food hopper. Following acclimation to eating from this device, 

the hopper was lowered beyond the subject’s reach. Next, several times per minute, we 

presented the subject with a blinking LED in the center response port followed by 2-s 

access to the food hopper. This process recurred until the subject acquired a key-peck 

response (Brown & Jenkins, 1968). From then, the lowered food hopper would only be 

engaged if the subject pecked the blinking LED in the center port. Subjects repeated this 

behavior for 100 trials. After the completion of this phase, the center LED ceased 

blinking, requiring subjects to peck at the darkened center port to raise the food hopper. 

Following 100 such trials, pecking the center port initiated the playback of an acoustic 

stimulus where subjects earned food rewards in accordance with standard go/no-go 

training procedures described below. 

 

Figure 6.1. (A) Schematic of the operant apparatus. (B) Subjects start a trial by pecking the center response 
port. After the motif-pattern stimulus ends, the subject either pecks the center response port again or 
withholds any response depending on the class from which the stimulus was drawn. Correct responses yield 
a food reward. Incorrect responses lead to the house light being extinguished and food being inaccessible. 
(C) Spectrogram of stimuli used for training. The top spectrogram reflects a pattern form denoted in the 
text as AABB, while the lower spectrogram is of the pattern type denoted in the text as ABAB.  
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Classification training 

 We trained subjects to classify sets of starling song stimuli abiding by two 

different patterning rules. To initiate a trial, subjects pecked a darkened center port. 

Doing so triggered the playback of a training stimulus. Once stimulus presentation 

concluded, the animal either pecked the darkened center port once more (i.e., produced a 

‘go’ response) or abstained from pecking (i.e., a ‘no-go’ response). Pecking behavior in 

response to one set of stimuli was positively reinforced with 2-s access to the food hopper 

(S+ training set). Alternatively, pecking in response to the other set of training stimuli 

results were punished in the form of extinguishing the operant box light for 10-50 

seconds, thereby prohibiting food hopper access (S- training set). An absence of a 

response to either the S+ or S- stimuli yielded no operant consequence. Correction trials 

were available in the experiment during only some training phases and between (not 

during) blocks containing probe trials. For these subjects, a key-peck response within the 

response window following an S- stimulus not only extinguished the house lights as 

usual, but the program would also continue to present the same S- stimulus until the 

subject abstained from giving a key-peck response. Correction trials were discontinued 

for this experiment once the animal achieved our criterion for successful classification 

performance during the initial training phase (criterion: 3 successive d’ > 1.0). The 

stimulus exemplar presented on any given non-correction trial was sampled randomly 

with replacement from the pool of all stimuli the animal was learning to classify. To 

evaluate classification accuracy, we considered a response to an S+ stimulus and the 

withholding of a response to an S- stimulus as correct. Withholding a response to an S+ 
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stimulus and responding to an S- stimulus were considered incorrect. Subjects could 

freely peck at the center response port throughout stimulus presentation, but only the first 

response within a 2-s response window beginning at stimulus offset triggered 

reinforcement or punishment. Subjects were on a closed economy during training, with 

daily sessions lasting from sunrise to sunset, and each subject could run as few or as 

many trials as they were able. Food intake was monitored daily to ensure each subject’s 

well-being. The inter-trial interval was a minimum of 2-s. Water was always available. 

All procedures were approved by the UCSD institutional animal care and use committee. 

Generalization testing  

 We applied two procedures to assess the strategies employed by starlings to acquire 

and generalize knowledge of the patterned sequences presented during training. The first 

was an abrupt transfer procedure to strictly novel stimuli for 5 consecutive 100-trial 

blocks. During transfers, we maintained all reinforcement contingencies as in training. 

The second was a probe procedure. Prior to initiation of the first probe session, the rate of 

food reinforcement for correct responses to S+ stimuli was lowered from 100% (where it 

had been during initial training) to 80%, and the rate of punishment (extinguished operant 

box lights) for incorrect responses to S– stimuli was lowered to 95%. All key peck 

responses to probe stimuli were non-differentially reinforced. Thus, a response to a probe 

stimulus had a 40% chance of eliciting 2-s food access, a 40% chance of eliciting 

punishment (extinguishing operant box lights), and a 20% chance of yielding no 

consequence at all. Due to the fact that probe stimuli reinforcement is random and non-

differential with respect to response outcome, subjects have no opportunity to associate 

any probe stimulus with a given response. Thus, the classification of probe stimuli is 
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commonly taken as strong evidence that the subject is classifying stimuli based on some 

set of features common to the probe and training classes rather than learning rote sets of 

specific exemplars. In the absence of generalization, classification accuracy should reflect 

chance levels. 

Data analysis 

 We used d-prime (d´) to estimate the subjects’ sensitivity for classifying stimuli in 

the two opposing classes (e.g. AABB and ABAB): 

   d´= z(go1 – !) – z(go2 + !), 

where z(go1) is the z-score of the proportion of ‘go’ responses to stimuli in class 1 and 

z(go2) is the z-score of the proportion of ‘go’ responses to stimuli in class 2 adjusted by a 

factor of ! = 0.001 to set response rate bounds (0, 1), respectively. The measure d´ is 

convenient because it eliminates any biases in the response rates (e.g. due to guessing) 

that may vary across individuals and within individuals over time.  To gauge the effect of 

various song manipulations during the test sessions, we compared d´ values for different 

stimulus classes using repeated measures ANOVA, and where appropriate used post-hoc 

analyses to quantify the significance of specific differences between mean d´ measures.  

Estimates for d’ are based on a minimum of 25 responses to each relevant class of stimuli 

under consideration.  

Experiment 1: Generalization of artificial motif patterns 

 Under operant training procedures, we measured subjects’ ability to generalize 

pattern knowledge. Generalization was tested in two ways. First, after learning to classify 

patterns built with specific transitions between motifs, we presented subjects with 

sequences containing novel transitions amongst training motifs. This was done separately 
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for two different libraries of training warble and rattle motifs (i.e., training set one: 32 

AABB/ABAB; training set two: 32 CCDD/CDCD) and allowed us to discern whether 

pattern learning was bound specifically to learned transitions. Second, we presented 

subjects with instantiations of the rule built from a novel set of warbles and rattles (i.e., 

EEFF/EFEF). This allowed us to explore whether subjects could recognize the learned 

patterned structures in the absence of any explicit training with the new constituents. 

Results 

 Subjects initially learned to classify 8 AABB and 8 ABAB sequences. Our 

performance criteria of three consecutive 100-trial blocks with d’ " 1.0 was reached in 

7750 ± 606 trials (Figure 2a). Shortly after, an additional 8 AABB and 8 ABAB 

sequences were added to the original training stimuli. Performance remained high during 

this stage (Figure 2b). Subjects were then transferred to 5 100-trial blocks in which each 

trial delivered a novel patterned sequence of AABB or ABAB. None of these 500 

sequence arrangements were shared between subjects nor did they include any of the 

original 32 training stimuli. This procedure was used for two reasons. First, previous 

testing of starlings’ ability to discern new patterns built from the training set of warbles 

and rattles only tested 16 new sequences over 500 trials. Therefore, it could be that 

subjects generally exhibit rapid learning of those new dependencies. Second, the stimulus 

combinations presented here were not bound by the same regulations as the training 

stimuli such that repetitions of single motifs could indeed occur in the instantiation of 

either pattern. Even though performance declined for some subjects on this transfer 

condition compared to the responses in the prior 5 training blocks (Subj. 635: t = 5.02, df 

= 4, p < 0.008; Subj. 637: t = 0.55, df = 4, p = 0.609; Subj. 651: t = -0.05, df = 4, p = 
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0.961; Subj. 659: t = 2.87, df = 4, p < 0.05; all matched pairs t-test), all four subjects’ d’ 

performance was significantly above chance levels (Subj. 635: t = 10.69, df  = 4,  p < 

0.001; Subj. 637: t = 7.60, df = 4, p < 0.002; Subj. 651: t = 7.35, df = 4, p < 0.002; Subj. 

659: t = 4.87, df = 4, p < 0.009; all single sample t-tests where chance d’ is 0; Figure 2c). 

Across this transfer condition, we analyzed subjects’ performance for those trials in 

which a motif item was repeated. Importantly, repeated motifs never occurred in any of 

the training sets. Consistent with previous work (Comins and Gentner 2014), 

performance on trials where a motif repetition occurred exceed levels expected by chance 

(Subj. 635: !2 = 19.19, df = 1, p < 0.001; Subj. 637: !2 = 32.18, df = 1, p < 0.001; Subj. 

651: !2 = 30.87, df = 1, p < 0.001; Subj. 659: !2 = 14.64, df = 1, p < 0.001). Finally, one 

possible explanation of the strong accuracy for classification of novel A & B motif 

patterns is that subjects may have learned explicit sub-sequences (or fragments, or n-

grams) of motifs during the initial training.  If this is true, then the A & B-motif test 

patterns that share any positionally accurate bi-gram combinations (e.g., where bi-grams 

occur in their learned positions) with the A & B training patterns should be more easily 

classified than those that are wholly unique to the test set. Analyzing the response data 

according to these stimulus differences refutes this possibility. In all subjects, 

classification accuracy for wholly novel patterns did not differ from that for patterns that 

contained bi-grams from training stimuli (Subject 635: !2 = 0.01, df = 1, p = 0.91; Subject 

637: !2 = 0.79, df = 1, p = 0.38; Subject 651: !2 = 3.46, df = 1, p = 0.06; Subject 659: !2 = 

0.03, df = 1, p = 0.87; all Pearson’s chi-squared tests; Figure 3).  
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Figure 6.2. Learning results for starlings in experiment 1 (A) Acquisition of baseline 8 AABB and 8 ABAB 
sequence classification task for example subject 635. Each bar represent the d’ value for a block of 100 
hundred trials. (B) Classification of 16 AABB versus ABAB patterns. (C) Generalization phase comprised 
of 500 trials of novel AABB or ABAB patterns. (D) Following training and testing on A/B patterns, birds 
were transferred to training on 8 CCDD and 8 CDCD patterns, (E) followed by 16 CCDD and 16 CDCD 
patterns and (F) finally tested on 500 novel C/D patterns. (G) Following this training procedure, subjects as 
a population demonstrated reliable generalization to familiar patterns built from entirely novel elements 
(E&F) while, surprisingly, significantly worse than expected performance on novel A&B and C&D 
patterns when the order of perceptual classes was reversed. This suggests that subjects in experiment 1 
might have acquired ‘local’ rules to generalize pattern knowledge (see text). 
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Figure 6.3. Mosaic plots comparing proportion correct of AABB versus ABAB classification during the 
transfer phase for those pattern containing familiar bi-grams to those without them (see text). Gray 
represents incorrect responses, while blues represent correct responses. Each subject is represented by a 
different saturation of blue. 
 
 After learning A/B sequences, subjects were trained on patterns composed of a 

different set of warbles and rattles (C’s and D’s, respectively). As before, the initial stage 

of training consisted of 16 explicit patterned sequence, 8 CCDD and 8 CDCD (Figure 

2d). Subjects reached our performance criterion of three consecutive 100-trial blocks with 

a d’ " 1.0 quicker than in the initial AABB/ABAB training phase, requiring only 2650 ± 

366 trials (t = -6.34, df = 3, p < 0.008). Soon thereafter, an additional 8 CCDD and 8 

CDCD sequences were merged with the current stimulus repertoire, bringing the total set 

of C/D pattern stimuli to 32 sequences (Figure 2e). Subjects remained in this stage of 

Pr
op

or
tio

n 
co

rre
ct

0.0

0.25

0.50

0.75

1.00

Contains familiar bi-grams Novel bi-grams

Pr
op

or
tio

n 
co

rre
ct

0.0

0.25

0.50

0.75

1.00

Contains familiar bi-grams Novel bi-grams

Contains familiar bi-grams Novel bi-grams

Contains familiar bi-grams Novel bi-grams

Pr
op

or
tio

n 
co

rre
ct

0.0

0.25

0.50

0.75

1.00

Pr
op

or
tio

n 
co

rre
ct

0.0

0.25

0.50

0.75

1.00



 

 

100 

training until d’ scores returned to high levels. At this point, subjects were transferred to 

5 100-trial blocks where each trial was a novel patterned sequence of CCDD or CDCD. 

Overall, d’ performance was significantly above chance levels (Subj. 635: t = 11.29, df  = 

4, p < 0.001; Subj. 637: t = 5.35, df = 4, p < 0.006; Subj. 651: t = 6.26, df = 4, p < 0.004; 

Subj. 659: t = 4.2, df = 4, p  < 0.02; single sample t-tests where chance d’ is 0; Figure 2f). 

Additionally, only one subject demonstrated a significant drop in d’ performance during 

this transfer compared to the previous 5 training blocks (Subj. 635: t = -0.625, df = 4,  p = 

0.5656; Subj. 637: t = -0.3234, df = 4, p = 0.7626; Subj. 651: t = 0.098, df = 4, p = 0.926; 

Subj. 659: t = -3.38, df = 4, p < 0.03; all matched pairs t-test). The results of the two 

transfer conditions suggest that subjects rely relatively little on knowledge of the 

transitions between motifs in these patterns. 

Pattern generalization to unfamiliar warbles and rattles 

 Thus far, our tests of pattern generalization extend only to novel arrangements of 

familiar motifs from the two training sets. In the next phase, we tested subjects’ ability to 

generalize the learned patterned relationships to unique strings of warbles and rattles (E’s 

and F’s). Probe trials containing EEFF or EFEF patterns were interspersed with the 

presentation of stimuli from the aforementioned large baseline classes. Though d’ 

performance dropped precipitously compared to baseline (t = 9.32, df = 3, p < 0.003 

matched pairs t-test), subjects classified EEFF and EFEF sequences above chance levels 

on both the individual level (3 out of 4 cases: chi-square tests, p < 0.05) and as a 

population (t = 3.98, df = 3, p < 0.03 single sample t-test where chance d’ is 0; # ± SE d’ 

scores of 0.47 ± 0.12; Figure 2g).  

Perceptual class reversals 
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 Here we sought to explore the rule used by starlings to classify these patterns. 

Given that these subjects always encountered a warble motif in the second position of 

AABB/CCDD/EEFF patterns and a rattle in the second position of ABAB/CDCD/EFEF 

patterns, subjects might learn highly specific rules about the relationship between 

perceptual classes and their temporal positions in the sequence. If this were the case, we 

would anticipate that subject would misclassify sequences that preserve the overall motif 

patterning structure but are contrarian to specific relations between motif categories and 

their temporal positions. For example, because subjects were required to differentiate 

patterns that unfold as AABB from patterns that proceed as ABAB, they might consider a 

pattern organized in the reverse direction, such as BBAA, as more similar to the ABAB 

forms due to the presence of a rattle motif in the second position and a warble motif in 

the third position. To test for this possibility, we manipulated stimuli so that the global 

patterning structure would be preserved but the perceptual classes in all positions would 

be switched.  

 When subjects encounter the patterns BBAA/DDCC and BABA/DCDC, the 

proportion of probe false alarms drove a significant change in performance compared to 

baseline (t = -18.71, df = 3, p < 0.001; matched pairs t-test). Further, these negative d’ 

scores from subjects are significantly different from expected chance levels (t = -3.78, df 

= 3, p < 0.04; Figure 2g). Thus, it does appear that subjects rely on the information 

present in the second and third sequence positions more so than a more global integration 

of information across all four constituents of the pattern for this task.  

Discussion 
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 Overall, these results support the conclusion that, for starlings, acquired 

knowledge about motif patterns is tied initially to the representation of specific motifs 

and to the presentation of those motifs in sequences. Learned pattern recognition does not 

automatically generalize to other sets of motifs. With appropriate experience, however, 

acquired patterning knowledge can generalize, albeit modestly, to sets of novel motifs.  

Thus, European starlings can learn complex temporal patterns, and can learn to apply 

these patterns in multiple contexts. Based on these results, we conclude that knowledge 

of a pattern in this species is, in principle, dissociable from the explicit elements that 

evince a given pattern.  

Experiment 2: Do starlings learn rules ‘rationally’? 

 The propensity for rule learning over temporal patterns seen during experiment 1 

raises an important question: what factors influence the use of a particular rule governing 

pattern constructions when other candidate rules are present? Insights from cognitive 

psychology suggest that human rule-inductions arise from rational decision models that 

favor recognizing pattern structures according to the narrowest set of distinguishable 

features (Frank and Tenenbaum 2010). As an example, consider the following: what do 5, 

15, 25, 35 and 1005 have in common? The most apparent answer is that these numbers 

are all divisible by 5. How about 5, 15, 25, 35, 1005 and 1? In this case, divisible by 5 is 

no longer accurate, but concluding that all of these numbers are divisible by 1 is accurate. 

Interestingly, divisibility by 1 was equally accurate in the former list of numbers as well – 

so why does the answer divisible by 5 appear to leap from the page for this set? The 

proposed solution is that a priori, grabbing a random handful of numbers that are all 

divisible by 5 is much less likely than a handful of numbers all divisible by 1. A rational 
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rule-induction process considers whether a candidate rule accurately describes the data 

and whether this candidate rule is a priori more unlikely than other competing candidate 

rules.  

 Whether such rational decision-making processes for rule learning are unique to 

humans or shared across taxa remains an important open question. If starlings are to serve 

as a useful model organism for human rule learning, it is critical to know whether their 

rule induction process is similar. Based on results from the “perceptual class reversals” 

condition in experiment 1, subjects appear to acquire a specific patterning rule akin to 

warble-warble-rattle-rattle as opposed to learning a more flexible and broader rule like 

category 1 - category 1 - category 2 - category 2. Unlike the former rule, the latter would 

be able to recognize the global similarity between patterns that proceed as warble-

warble-rattle-rattle and those that proceed as rattle-rattle-warble-warble. Thus, in the 

current experiment, we sought to explore whether subjects could, indeed, acquire this 

broader patterning rule to classify such sequences using only a subtle modification of the 

prior training procedure. 

 As in experiment 1, subjects were initially trained and tested on the classification 

of AABB/ABAB patterns. However, during the second phase, subjects were trained and 

tested on DDCC/DCCD patterns (i.e., patterns that begin with a rattle motif), which could 

serve as “counter-factual” evidence to the rule that patterns proceed as warble-warble-

rattle-rattle instead of category 1 - category 1 - category 2 - category 2. Finally, we used 

a probe procedure to test whether these starlings could generalize pattern knowledge to 

novel motifs (EEFF/EFEF) and to patterns comprised of familiar items where the 
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temporal positions of perceptual classes are reversed (in this experiment, BBAA/BABA 

and CCDD/CDCD). 

Results 

 Subjects were initially trained to classify 8 AABB and 8 ABAB sequences. 

Performance criteria of three consecutive 100-trial blocks with d’ " 1.0 was reached in 

7000 ± 2494 trials (Figure 4a; acquisition time not statistically different compared to 

subjects’ performance in experiment 1; t = 029; p = 0.795; unmatched t-test). Next, a 

different set of 8 AABB and 8 ABAB sequences were added to the original training 

stimuli and subjects continued to perform well at classifying training stimuli (Figure 4b). 

During the transfer phase of 500 novel A/B patterns, all subjects maintained better than 

chance performance (Subj. 692: t = 6.736, df  = 4,  p < 0.003; Subj. 725: t = 6.312, df = 4, 

p < 0.004; Subj. 830: t = 4.046, df = 4, p < 0.02; Subj. 659: t = 4.87, df = 4, p < 0.009; all 

single sample t-tests where chance d’ is 0; Figure 4c).  
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Figure 6.4. Learning results for starlings in experiment 2 (A) Acquisition of baseline 8 AABB and 8 ABAB 
sequence classification task for example subject 692. Each bar represent the d’ value for a block of 100 
hundred trials. (B) Classification of 16 AABB versus ABAB patterns. (C) Generalization phase comprised 
of 500 trials of novel AABB or ABAB patterns. (D) Following training and testing on A/B patterns, birds 
were transferred to training on 8 DDCC and 8 DCDC patterns, (E) followed by 16 DDCC and 16 DCDC 
patterns and (F) finally tested on 500 novel D/C patterns. (G) Following this training procedure, subjects as 
a population did not show any reliable generalization to familiar patterns built from entirely novel elements 
(E&F). Intriguingly, though starlings in experiment 2 did not generalize to strings of wholly novel motifs, 
they did show reliable classification performance on novel A&B and C&D patterns where the order of 
perceptual classes was reversed. Unlike subjects in experiment 1, this suggests that birds in experiment 2 
might have acquired ‘broader’ rules to classify patterns (see text). 
 
 After learning AABB/ABAB sequences, subjects were trained on patterns made 

from a new set of warbles and rattles (C’s and D’s, respectively). Crucially, these motifs 

were now arranged in reverse order so that the prior learned relationship between motif 
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categories and temporal positions was inverted. Thus, while patterns made from As and 

Bs always proceeded as warble-warble-rattle-rattle and warble-rattle-warble-rattle, the 

patterns made from Cs and Ds for this group of birds would proceed as rattle-rattle-

warble-warble and rattle-warble-rattle-warble. The goal was to provide subjects with 

evidence supporting a broader rule, such as category 1 - category 1 - category 2 - 

category 2. Once again, subjects learned to classify 16 explicit patterned sequences, 8 

DDCC and 8 DCDC (Figure 4d), though interestingly not statistically quicker than they 

acquired knowledge of AABB versus ABAB patterns. After reaching criterion, novel 

configuration of 8 DDCC and 8 DCDC sequences was added to the stimulus set such that 

subjects were classifying 32 patterned sequences of D/C motifs (Figure 3e). Finally, 

subjects were transferred to 5 100-trial blocks of DDCC or DCDC, where each trial 

presented a novel D/C patterned sequence. As before, their d’ performance was 

significantly above chance levels on these trials (Subj. 692: t = 5.55, df  = 4, p < 0.006; 

Subj. 725: t = 6.06, df = 4, p < 0.004; Subj. 830: t = 7.92, df = 4, p < 0.002; single sample 

t-tests where chance d’ is 0; Figure 4f). Overall, the foregoing results of the two transfer 

conditions show that subjects in this experiment accurately learn and generalize temporal 

patterns comprised of familiar elements. 

Pattern generalization to unfamiliar warbles and rattles  

 Following training with A/B and D/C patterns, starlings were tested using probe 

trials on patterns comprised of novel warbles and rattle (EEFF and EFEF). Interestingly, 

neither analyses of individual performance (in all 3 cases, chi-square tests, p > 0.05) nor 

group performance indicate any meaningful generalization to patterns built from novel 

motifs (t = .073, df = 2, p = 0.55; single sample t-test where chance d’ is 0; # ± SE d’ 
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scores of 0.08 ± 0.11; Figure 4g).  

Perceptual class reversals 

 We hypothesized that if the starlings here indeed acquired a different rule compared 

to subjects from experiment 1, they should continue to perform well when classifying 

patterns of familiar elements when the temporal positions of warbles and rattles were 

reversed. In other words, given that these starlings were trained on patterns of the form 

AABB (warble-warble-rattle-rattle) and ABAB followed by DDCC (rattle-rattle-

warble-warble) and DCDC, we anticipated subjects would be able to accurately classify 

novel arrangements of these familiar elements that present the motifs in reverse order. 

Thus, we probed starlings with BBAA/BABA and CCDD/CDCD patterns. As predicted, 

starlings classified probe trials significantly better than chance (t = 5.63, df = 2, p < 0.03 

single sample t-test where chance d’ is 0; Figure 4g).  
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Figure 6.5. (A) Starlings from experiment 1 and 2 performed comparably on generalization trials for A/B 
pattern, with both group performing significantly above chance. (B) Starlings from experiment 1 
significantly outperformed starlings from experiment 2 when generalizing to patterns built from Cs and Ds 
– though starlings from experiment 2 still performed better than expected due to chance. (C) When tested 
on patterns built from unfamiliar motifs (Es and Fs), only subjects from experiment 1 demonstrated reliable 
performance. (D) Intriguingly, this difference might be related to starlings in experiment 1 learning a 
considerably “simpler” rule than starlings in experiment 2 – thus, when starlings in experiment 1 were 
presented with patterns that reversed the traditional order of warbles and rattles, they performed 
significantly worse than expected by chance while subjects in experiment 2 still accurately classified these 
probe trials. 
 
Comparing generalization performance between experiments 1 and 2 

 The foregoing results are consistent with starlings from experiment 1 being able to 
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generalize a patterning rule to sequences of unfamiliar motifs, albeit by use of a local 

rule. Contrarily, starlings from experiment 2 appear to have acquired a broader rule 

thereby allowing them to more flexibly generalize novel patterns built from familiar 

motifs, but at the expense of extrapolating this knowledge to sequence of unfamiliar 

motifs. In this section, we compare the generalization performance across subjects from 

experiments 1 and 2 to test these assessments. In comparing performance on A/B 

generalization trials we find no marked difference between starlings from experiment 1 

and 2 (t = 0.54, p = 0.62; unmatched pairs t-test; Figure 5a). Given that training and 

testing conditions were identical up until this point for both experiment 1 and 2, this 

demonstrates that these two groups of birds were equivalent in their generalization 

abilities. Following the next training phase with C/D (or D/C) patterns, starlings in 

experiment 2 were markedly impaired compared to the performance seen by experiment 

1 subjects (t = 3.24, p < 0.03; unmatched pairs t-test; Figure 5b). This supports the notion 

that the starlings in experiment 2 were employing a different rule than subjects in 

experiment 1 during this generalization test. During the generalization test for patterns 

built from unfamiliar motifs, subjects from experiment 1 significantly outperformed 

starlings from experiment 2 (t = 2.3, p = 0.06; unmatched pairs t-test; Figure 5c), which is 

consistent with our failure to find any reliable generalization on E/F probe patterns for 

experiment 2 subjects. Finally, we find a significant enhancement in experiment 2 

performance over experiment 1 performance in classifying patterns of familiar elements 

where the order of perceptual classes was reversed (t = -6.9, p < 0.002; unmatched pairs 

t-test; Figure 5d). This lends credence to the idea that, unlike starlings from experiment 1, 

subjects in experiment 2 acquired a different, broader rule for classifying novel patterns 
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created from familiar elements. As a result, their performance is robust to pattern 

variations that invert the order of perceptual classes across time.  

General Discussion 

 Understanding the behavioral expression of temporal pattern knowledge and its 

relationship to the underlying pattern elements is central to both psychological and 

neurophysiological theories of how brains process complex real-world auditory signals 

and generalize knowledge to new situations. This is particularly true for signals involved 

in conspecific communication. Previous work demonstrates that starlings can learn to 

classify sequences of conspecific song motifs that follow patterns defined by two 

different patterning forms and can generalize this acquired knowledge to novel sequences 

drawn from the same elements, i.e. those constructed using the same patterning rules and 

the same motif vocabulary heard in training (Comins and Gentner 2014; Comins and 

Gentner 2013; Gentner et al. 2006). The present study examined the extent to which 

pattern recognition acquired in the context of one motif vocabulary might generalize to 

another motif vocabulary. In so doing, we are interested in the broader question of 

whether acquired knowledge of a pattern is separable from the elements that explicitly 

instantiate a pattern, and the general character of the knowledge that underlies learned 

recognition of patterned motif sequences.  

 We find that generalization is closely constrained by the animal’s prior 

experience. After learning to recognize patterns instantiated by one set of motifs, starlings 

failed to recognize the same patterns built from a new set of motifs even when these 

motifs were drawn from the same acoustic categories as the training motifs. If, however, 

starlings were given explicit experience in applying the same learned patterns to multiple 
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sets of motifs, pattern knowledge generalized to sets of novel motifs. In addition, we 

demonstrate how variations in pattern experience can alter decision-making processes 

that are highly reminiscent of “rational” rule-learning effects found in humans. Taken 

together, this evidence suggests that starlings might serve as a powerful model for 

studying the neurobiological basis of rule learning. 

Learned Generalization 

We first trained starlings to recognize patterns built from two sets of song motifs 

(A&B), where each set was defined by the spectro-temporal characteristics common to 

two natural classes of starling learned vocalizations (i.e. rattles and warbles; (Braaten 

2000). Next, we transferred the subjects classify patterns built from two unfamiliar sets of 

motifs (C&D). Performance on this transfer was initially quite poor. Over time, however, 

subjects once more reached a stable accurate asymptotic level of performance and we 

tested their generalization to patterns built from two sets of unfamiliar motifs once more 

(E&F). The E and F motifs were drawn from the same natural rattle and warble classes as 

the A/C and B/D motifs, respectively. To our surprise, the subjects were able to identify 

the well-formed sequences composed of all three sets of motifs (A/B, C/D, and E/F; 

Figure 2g and 4c) at levels significantly above chance.  This result suggests that 

appropriate experience can alter the default strategies for motif-pattern generalization, 

and broaden the context over which acquired patterning knowledge can be used. Thus it 

appears that generalization itself is learned. 

 The inability of subjects to immediately generalize pattern knowledge when 

initially transferred to patterns built from unfamiliar warbles and rattles is consistent with 

the possibility that starlings simply cannot apply the patterning rules acquired in one 
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context to larger sets of motifs. However, experience can temper these constraints so that 

pattern knowledge can generalize to sequences built from wholly unfamiliar motifs. It is 

noteworthy that the level of performance observed in the second generalization test for E 

& F-motif patterns is close to that seen for the generalization of acquired pattering rules 

in other animals including rats (Murphy, 2008), pigeons (Herbranson, 2003; Herbranson, 

2008), and the original AGL descriptions in humans (Reber, 1967; Reber, 1969). 

 Our results entreat the question, do constraints on the pattern generalization seen 

here constitute a fundamental difference between the pattern recognition abilities of 

humans and songbirds? Beginning in infancy, humans are prodigious pattern 

generalizers. For example, when children are exposed to inconsistent use of grammatical 

forms during language acquisition, they tend to regularize those forms as they learn the 

language (Hudson-Kam, 2005). However, human pattern generalization does not exist 

without its own limitations (Conway and Christiansen 2006). Indeed, while infants 

readily generalize patterning rules to speech sounds (Gomez, 1999), the ability to 

generalize rules to non-speech signals requires that they first hear the rule instantiated 

over speech sounds (Marcus et al, 2007). Given results showing that starlings require 

familiarity with the perceptual organization of motifs for pattern generalization (Comins 

and Gentner 2013), this suggests human infants might share similar constraints initially – 

though, they eventually overcome such constraints to understand patterns operating over 

more functional rather than perceptual categories. We have demonstrated that at least in 

principle the ‘rules’ describing patterned sequences and the classes of elements that 

instantiate those patterns are dissociable in non-humans. 

Which Rule? 



 

 

113 

 Developmental evidence has demonstrated that human infants deploy a suite of 

statistical learning mechanisms to identify patterning rules across multiple timescales in 

language, from phonemes to words (Aslin and Newport 2012). Even more, infants can 

recognize familiar patterns of speech elements over time, even when the speech elements 

themselves are unfamiliar. But how do newborns identify the veridical rules governing 

pattern constructions in speech and language despite the fact that the number of 

candidate-rules giving rise to these structures is potentially infinite (Chomsky 1965)? In 

the classic experiment by Marcus et al (1999), for example, it was shown that infants can 

recognize the similarity between phoneme patterns such as ABA, where A and B 

represent any two distinct speech sounds. But what strategy are infants using to recognize 

the familiar structure across renditions of the pattern made from different speech sounds? 

Recent findings show that infant rule-inductions arise from rational decision models that 

favor recognizing pattern structures according to the narrowest set of distinguishable 

features consistent with their experience (Dawson and Gerken 2011; Gerken 2010). For 

instance, sequences of speech syllables like /ba/-/di/-/ba/ or /do/-/di/-/do/ can both be 

described by “broad” rules, like ABA, and “narrow” rules like A-/di/-A (where any 

syllable A occurs before and after the specific syllable /di/). Only when presented 

counterfactual evidence to the narrow rule, such as te-la-te, will infants generalize pattern 

knowledge according to a broader rule, ABA. 

 Results from our second experiment address how experience shapes the kinds of 

rules starlings acquire to classify patterns. Consistent with work in human infants 

(Dawson and Gerken 2011), songbirds use more locally defined rules to classify patterns 

in the absence of counterfactual evidence that those rules are obsolete. However, when 
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starlings are presented such counterfactuals, they do generalize this local rule to other 

contexts (evinced by starlings from experiment 2 accurately classifying patterns where 

perceptual classes were reversed).  

 Strikingly, despite being matched for experience with motifs patterns, experiment 2 

starlings never demonstrated reliable pattern generalization when those patterns were 

built from unfamiliar motifs. So why is the broad rule group successfully generalizing 

patterns of familiar elements and failing to apply this knowledge to a novel situation? 

This failure might be linked to how these seemingly rational rule learning processes 

interact with other cognitive systems, such as perception, memory and attention (Endress 

2013). For instance, one requirement for success on this task is the identification and 

categorization of motifs into warbles and rattles and then assigning these categories to 

temporal positions in memory. Previous and ongoing work has shown that starlings in 

fact improve their perceptual discrimination of warbles and rattles as a result of 

classifying patterns of these motifs (Comins & Gentner, Chapter Five). Thus, given that 

experiment 1 birds know where to focus their attention during the task (second and third 

positions of the pattern), they might develop more perceptual expertise along those 

dimensions that divide rattles and warbles, and can employ this knowledge in the context 

of EEFF and EFEF pattern generalization. 

Songs, speech and language 

 Our results demonstrate a close, although not exclusive, relationship between the 

acoustic features of underlying pattern elements and the representation for patterns. 

Statistical learning among humans also shows effects that may be tied ultimately to 

acoustic properties of speech stimuli, but with curious constraints.  For instance, adult 
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humans can learn non-adjacent dependencies between speech sounds so long as the 

patterned sequences are made up of segments (e.g. consonant-vowel-consonant, C-V-C; 

or V-C-V) rather than syllables (CV-CV-CV) (Newport 2004). A species of non-human 

primate, the cotton-top Tamarin, however, can learn non-adjacent statistical regularities 

among CV and vowel sounds, but not consonants. Other results indicate a significant 

advantage for audition in statistical learning (Conway 2005) further supporting a strong 

tie between pattern and sensory representations. 

These results combined with the present study, indicate that prior experience and 

the resulting expectancies constrain processing of patterned acoustic sequences.  It will 

be important to future work to examine these constraints comparatively. Moreover, as 

these processes appear to operate on classes of underlying elements, understanding the 

emergence of such classes is of critical importance.  

 Finally, although language is uniquely human, several contemporary theories of 

language comprehension suggest that syntactic ambiguity, and its resolution, derives in 

part from the lexical representation of words (Samuel 2001). These theories imply that if 

the representation of meaning and syntax are separable at all, they are nonetheless closely 

tied to one another. Similar ideas are being applied to understanding the relationship 

between the perceptual, or phonological, structure of language and its linguistic structure. 

For instance, shared phonological (i.e., perceptual) features in words correlate with 

grammatical category identity, such as case-endings or gender-markers (Frigo and 

McDonald 1998; Kelly 1992; Monaghan et al. 2007; Shi et al. 1998). Thus, recent 

theories suggest that humans infants can learn the phonological structure of a language to 
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serve as the scaffolding for later knowledge over more abstract features of language 

(Frigo and McDonald 1998; Kelly 1992; Monaghan et al. 2007; Shi et al. 1998). 
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Temporal and syntactic processing in songbirds 
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Introduction 

 Language is full of patterns. Yet, we know little about how the brain perceives, 

organizes and uses temporally patterned information. We know even less about how 

these basic neurobiological processes relate to speech acquisition, recognition, production 

and ultimately to language (Mauk and Buonomano 2004). While much can be learned 

about the neurobiology of language using non-invasive neuroscience techniques in 

humans, such as functional magnetic resonance imaging and electroencephalography 

(Poeppel et al. 2012), these techniques cannot answer how individual neurons and neural 

circuits contribute to language-relevant temporal pattern processing. Development of 

biologically plausible, neuron-level computations for behaviors supporting language, 

such as pattern learning and generalization, requires animal models that can master these 

aspects of temporal processing (Hockett 1960; Kiggins et al. 2012).  

 Despite the need for language-relevant model systems, progress has stumbled 

over an enigmatic question of which patterns provide insights into the neurobiology of 

language? In recent years, under the strong influence of computational linguistics 

(O’Donnell et al. 2005), the search for fruitful model systems has become preoccupied 

with whether or not other species are capable of learning equivalents of highly elaborate 

patterns found in language (e.g., mildly context-sensitive language constructions, such as 

“John Mary Peter Jane lets help teach swim” or context-free language constructions like 

“the starling the cats want was tired” see (Berwick et al. 2011)). As a result, many 

comparative psychologists have focused on pattern complexity, using formal 

mathematical grammars, as the key to organizing language-relevant cognitive processes 

across species (O’Donnell et al. 2005; Berwick et al. 2011; Beckers et al. 2012). This 
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focus on mathematically formal grammars is at odds, however, with limitations imposed 

by basic organismal biology through, for example, working memory or lung capacity 

(Christiansen and Chater 2008; Chater et al. 2009; Frank et al. 2012). Remembering that 

“the map is not the territory” (Korzybski 1933), we suggest that formal models of 

syntactic complexity, however useful in some domains, provide inappropriate targets for 

the neurobiological implementation of language from either an evolutionary (Margoliash 

and Nusbaum 2009) or basic neuroscience (Bloomfield et al. 2011; Frank et al. 2012) 

perspective.  

 We wish to move the study of temporal pattern processing in animals, and its 

connection to language, beyond questions tied to idealized formal grammars. We suggest 

instead that comparative efforts seek to understand how well-defined pattern knowledge 

persists across multiple levels of abstraction, an approach that resonates more closely 

with modern cognitive psychology and neuroscience (Penn et al. 2008; Penn 2009). Our 

review highlights recent results supporting two central ideas: (1) songbirds are able to 

learn and generalize pattern knowledge and (2) the level of sensory abstraction at which 

the learned pattern is implemented is as crucial to generalization as the form of the 

pattern. These constraints on the generalization of pattern knowledge provide important 

insights for how multiple cognitive systems contribute to supporting temporal pattern 

recognition and, therefore, components of language. 

 Songbirds can learn patterning rules 
 

Learning patterned sequences across time appears to be an important aspect of 

songbird biology. Certain species of songbird, such as the European starling (Sturnus 

vulgaris), produce songs with a clear acoustic hierarchical organization. The most basic 
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level of starling song is referred to as a note, and separate notes are identified based on 

the contiguous presence of power in their spectrotemporal representations (Meliza et al. 

2010; Meliza 2011). The arrangement of notes in starling song is structured into 

repeatable patterns called motifs, that usually last between 200 and 1000ms (Gentner and 

Hulse 2000). In addition, while motif repertoires between starlings are largely unique 

(Eens and Pinxten 1992), motifs can nonetheless be broadly classified into four classes 

based on spectrotemporal features (whistles, warbles, rattles and high frequency events) 

shared across all starlings (Adret-Hausberger and Jenkins 1988). The songs of adult 

starlings unfold in time as non-random sequences of changing motifs (Eens et al. 1988; 

Gentner and Hulse 1998), where each motif represents a dynamic, stereotyped, auditory 

event (see Figure 1). The many layers of temporal structure found in starling song (Eens 

et al. 1988; Gentner 2008), has led researchers to postulate that the temporal patterning of 

motifs within song plays a crucial role in many important social behaviors, including 

individual recognition (Gentner 2007) and mate selection (Knudsen and Gentner 2010). 
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Figure 7.1.  Segment of male starling song used to demonstrate the hierarchical temporal scales of acoustic 
organization. (A) The most fundamental component of songs are notes – bursts of continuous energy 
throughout their spectrotemporal representations. (B) These notes are clustered into stereotyped packages 
to form motifs. (C) These motifs occur in a specific temporal pattern across multiple renditions of a given 
starling’s song. 
 

Laboratory studies confirm that starlings can use the natural patterning of motifs 

in song to successfully recognize individuals. In one such experiment, starlings were 

trained to recognize songs from different conspecific males, and successfully generalize 

this learned individual vocal recognition to novel songs from the familiar training singers 

(Gentner and Hulse 1998). When presented with novel songs from familiar singers had 

randomly ordered motifs, however, recognition performance was significantly impaired 

compared to songs in which the natural motif patterning was preserved, suggesting that 

starlings are sensitive to the patterning of motifs in song (Gentner 2007). More recent 

studies have directly examined the sensitivity of starlings to temporal patterning of motifs 

in the absence of additional acoustic cues. This is important because the motif repertoires 
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of different singers are largely unique (Eens et al. 1988), and thus the songs produced by 

each bird differ in both the ordering of motifs and the spectrotemporal features 

comprising each motif (Gentner 2007). Acoustic differences between motifs are not 

required, however, as starlings can readily learn to dissociate motif sequences comprised 

of exactly the same motifs based solely on their patterning (Comins and Gentner 2010).  

The foregoing behaviors provide an interesting context within which to 

investigate neurobiological mechanisms of temporal pattern processing, particularly 

statistical learning (Saffran et al. 1996; Gómez and Gerken 2000). Importantly, the 

patterns used in these studies were differentiable by the transition probabilities between 

specific motifs. This explicit tie between pattern and elements means that any patterning 

knowledge acquired from these sequences cannot generalize beyond the training stimuli.  

The ability to generalize pattern knowledge, however, is central to human development 

and language acquisition (Marcus et al. 1999; Marcus 2000; Marcus et al. 2007). Insofar 

as animals show similar pattern learning and generalization, comparative neurobiological 

mechanisms may be profitably studied. To differentiate this important point, we refer to 

generalizable pattern knowledge as a rule (Pothos 2005; Pothos 2007; Bregman and 

Gentner 2010; Knudsen and Gentner 2010). In keeping with the definition put forth by 

Marcus (Marcus 2005), rules provide a metric of similarity between two patterns. 

Importantly, constraints on the generalizability (or measures of similarity) of any rule 

reflect the level of abstraction at which the rule is operating, from explicit elements to 

perceptual or functional categories. Understanding the neurobiological implementation of 

patterning rules requires careful articulation of both the rule and the corresponding level 

of sensory abstraction.  
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 Several lines of evidence support of the notion that songbirds (starlings) can 

generalize learned pattern knowledge to sets of familiar auditory elements (motifs). We 

trained starlings to classify sequences of motifs that subscribe to forms (AB)n and AnBn 

(where 2 ! n ! 4; (Gentner et al. 2006)). Here, A and B each represent a set of 8 motifs 

from perceptually distinct classes of starling song motif known as warbles and rattles, 

respectively. This experiment demonstrated that starlings were able to classify patterns 

without relying on numerous alternative solutions (e.g., A1B3, A1B3, A2B3, A3B2, AAAA, 

BBBB, ABBA, BAAB). In addition, once starlings have acquired knowledge of these 

patterns based on training with 16 sequences, classification can be transferred to other 

small sets of novel sequences of the same warbles and rattles that follow the learned 

patterns (Gentner et al. 2006). Thus, starlings can generalize learned patterns over sets of 

familiar elements.  

This study of pattern learning in starlings (Gentner et al. 2006), as well as similar 

results in Bengalese finches (Abe and Watanabe 2011), have drawn criticism, based on 

the concern that subjects might have employed some simple strategy (e.g., primacy, 

recency, “phonetic generalization”) to solve the task (Corballis 2007; van Heijningen et 

al. 2009; Beckers et al. 2012; Ten Cate and Okanoya 2012). To address these concerns, a 

recent study trained a small set of starlings on a considerably more difficult task. In this 

task, starlings were trained to recognize the patterning forms XXYY and XYXY, where 

on any given trial an X could represent a motif from either set A or set B (and vice versa 

for Y) and therefore subjects needed to distinguish AABB and BBAA patterns from 

ABAB and BABA. This stimulus design removes the possibility that subjects solve the 

task by anticipating the presence of certain acoustic cues in specific locations of the 



 

 

128 

pattern, because all motifs are equally likely to occur in every position of the sequence. In 

addition, instead of training subjects on just a subset of all possible patterned sequences 

(as in (Gentner et al. 2006), where only 16 out of 8,092 possible sequences were used in 

training), nearly all possible sequences (at least 16,300 out of 16,384) were used during 

training, and no single sequence was presented more than twice. This procedure provided 

two distinct advantages for assessing songbird pattern learning abilities: (1) it renders 

potentially trivial solution strategies useless (e.g., no specific motif or category of motif 

occurs more frequently in any position), and (2) it precludes identification of 

serendipitous acoustic cues that might be present in the smaller sets of training and 

testing sequences (Ten Cate and Okanoya 2012) used in early work (Gentner et al. 2006). 

Learning to classify XXYY and XYXY patterns correctly is only possible by recognizing 

differences in the temporal structures governing the organization of motifs (Comins and 

Gentner 2014). 

In addition to demonstrating that starlings are able to learn motif patterning rules 

from trial-unique exemplars, our recent work (Comins and Gentner 2014) adds further 

insight into the nature of the patterning rules themselves. More detailed analyses of the 

starlings’ behavior in response to select subsets of the training stimuli indicate that 

performance did not rely on simply comparing which motif or pairs of motifs occurred in 

given locations of the pattern. Rather, the starlings appear to be accumulating evidence 

from at least 3 (if not all 4) of the motifs in the sequence before making a decision about 

which pattern a sequence follows. In the future, more work will need to be done in order 

to identify the patterning rules acquired in this study; regardless, the evidence firmly 
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shows that songbirds can generalize learned temporal relationships between multiple 

items in a sequence. 

 Constraints on pattern generalization 

 Although considerable debate exists (and will likely continue) regarding the 

complexity of various rules that birds and other non-human animals can learn (Berwick et 

al. 2013), it is nonetheless clear that at least some rules are learnable. But all rules are 

defined over some context, and because the rules we are interested in understanding are 

defined over sensory events, it is crucial to understand both the nature of the relevant 

sensory events and their interactions (if any) with the rules in question. To explore these 

issues we again trained starlings to recognize differently patterned strings of motifs, but 

instead of focusing on the overtly reinforced patterns, we asked how the perceptual 

organization of the pattern elements contributes to or constrains learning and 

generalization (Comins and Gentner 2013).  

 We trained two groups of starlings to distinguish patterns of the form XXYY 

from XYXY, where on each trial X and Y represented a motif from either set A or B. 

Thus, the subject needed to distinguish AABB and BBAA patterns from ABAB and 

BABA patterns; A and B were defined sets of motifs. Following training on a small 

subset of all possible XXYY and XYXY sequences, we transferred subjects to 500 novel 

sequences built from the same sets of A and B motifs. Crucially, for one group of 

starlings, the motif sets (A and B) preserved natural, perceptual category boundaries 

(warbles and rattles; see (Eens et al. 1988; Braaten 2000)). For the other group, however, 

the same motifs were pseudo-randomly assigned membership into sets A and B (Comins 

and Gentner 2013). 
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 This seemingly subtle alteration of the way that pattern elements were organized 

had profound effects. Both groups of starlings were able to learn the XXYY and XYXY 

patterns regardless of whether they were implemented over sets of perceptually organized 

motifs or pseudo-randomly organized motifs.  Surprisingly, however, only the birds 

trained with motif sets that followed the natural boundaries were able to generalize 

pattern knowledge to novel motif sequences.  These results suggest that pattern learning 

may be agnostic to the perceptual structure of underlying elements, but these same 

perceptual differences tightly constrain the generalization of pattern knowledge.  

It is likely that similar constraints regulate pattern generalization at multiple levels 

of sensory abstraction.  In the foregoing examples, it is clear that pattern knowledge is 

implemented over perceptually well-defined sets of motifs. Definition of these sets likely 

reflects a combination of our operant training and the animals’ prior experiences with 

different motifs in the context of other song-driven behaviors. One question deserving of 

future attention is the extent to which acquired pattern knowledge can generalize to 

sequences of novel elements.  Our results suggest that such generalization is possible, but 

that it will be tightly constrained by how these elements fall into the same open-ended 

perceptual or functional categories that are used to carry the patterning information 

during training.  This behavioral interaction between pattern knowledge and element 

abstraction (i.e. categorization) has important implications for understanding the 

neurobiological basis of temporal pattern knowledge and thus language. 

 Neurophysiology 
 

We assert that the same close ties to sensory encoding of elements evidenced in 

the foregoing behavioral results, will also hold for a neurobiological understanding of 
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temporal pattern processing, and ultimately the neurobiological basis of language. This 

does not imply that language relevant processes must necessarily be restricted to specific 

sensory modalities, but only that patterns which convey information in language are 

necessarily carried (and constrained biologically) by some sensory modality.  The sensory 

regions that encode pattern elements, therefore, provide the best available targets to study 

the neurobiology of temporal pattern processing with cellular and circuit-level precision.   

The temporal pattern elements of starling songs are motifs, and motifs are 

preferentially encoded in the higher-level regions of the auditory telencephalon. The 

songbird auditory system (Figure 2a) follows the general vertebrate plan {Carr, 1992 

#751}. Field L2a is the primary telencephalic target of the auditory thalamus, nucleus 

ovoidalis (Ov){Karten, 1968, p05432}, and is the input layer for a columnar circuit, 

homologous to mammalian primary auditory cortex {Wang, 2010 #623}{Dugas-Ford, 

2012 #1435}, that includes L1, L3, and caudal mesopallium, CM (Fig. 2a). Field L sub-

regions also project to the caudomedial nidopallium, NCM. The NCM and lateral CM 

(CLM), in turn, share reciprocal connections with the medial CM (CMM).  

Encoding of songs in the songbird forebrain mirrors the coarse, hierarchical 

increase in selectivity observed for complex signals in mammalian visual (Maunsell and 

Newsome, 1987; Rust and DiCarlo, 2010) and auditory (Kikuchi et al., 2010) cortices. 

Neurons throughout the songbird auditory forebrain show selectivity to species-specific 

vocalizations {Bonke, 1979 #477;Leppelsack, 1976 #632;Muller, 1985 #474}, that 

generally increases from Field L2, to L1 and L3{Theunissen, 2004 #789;Theunissen, 

1998 #790;Theunissen, 2000 #740}, and then NCM and CM{Muller, 1985 #474;Grace, 

2003 #456;Bonke, 1979 #477;Leppelsack, 1976 #632;Muller, 1985 #474;Gentner, 2003, 
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p02120;Gentner, 2004 #475;Thompson, 2010 #793;Jeanne, 2011 #631}.  Although the 

detailed circuitry within and between field L, NCM and CM remains to be determined, 

the increasing selectivity between regions is consistent with a functional hierarchy that is 

tuned throughout to conspecific song{Hsu, 2004 #472;Woolley, 2005 #473}, and further 

refined by experience{Gentner, 2003, p02120;Sockman, 2002 #633;Sockman, 2005 

#1439;Phan, 2006 #678;Thompson, 2010 #793;Jeanne, 2011 #631}.   

Neural encoding in NCM and CM in particular is shaped strongly by both the 

stimulus acoustics and the learned behavioral relevance tied to different motifs {Gentner, 

2003, p02120; Thompson, 2010 #793;Jeanne, 2011 #631}. In NCM, response modulation 

to learned stimuli appears as a rapid and long-lasting stimulus-specific response 

weakening to more behaviorally-relevant (i.e., familiar vs unfamiliar) stimuli (Chew et al. 

1995; Thompson and Gentner 2010), and effect that emerges in part from stimulus 

specific response modulation through local inhibition (Thompson et al. 2012). Neurons in 

both CMM and CLM appear encode the acoustic features that differentiate motifs.  That 

is, the spiking patterns of neurons in both regions convey significant amounts of 

information about motif identity, and this stimulus specific information is greater in 

medial CM than in lateral CM {Jeanne, 2011 #631}.  The stimulus specific responses in 

both CMM and CLM are modulated by learning, such that in both regions familiar motifs 

drive stronger average spike rates than unfamiliar (or novel) motifs {Gentner, 2003, 

p02120; Jeanne, 2011 #631}. 

To understand the relationship between neural encoding of stimulus features and 

familiarity in more detail, Jeanne et al. (2013) recorded from CM in birds that had been 

trained behavioral so that a subset of familiar motifs carried task-relevant information, 
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while another subset of familiar motifs carried task-irrelevant information.  This design 

ruled out the possibility that reward alone modulates CM responses, and instead requires 

that any differences between responses evoked by task-relevant and task-irrelevant 

stimuli are tied to information about the specific behaviors conveyed (or not) by each 

motif.  Consistent with prior studies, Jeanne et al (2013) observed a strong effect of 

stimulus familiarity in CMM.  That is, both the task-relevant and task-irrelevant motifs 

drove strong responses in CMM, compared to novel motifs. In contrast, however, only 

the task-relevant motifs evoked responses significantly greater that novel motifs in CLM.   

To investigate how motif acoustics might carry information about task-relevant 

behaviors, Jeanne et al. (2013) also examined population activity in the broad spiking 

(putative efferent projection) neurons in CLM. Typically, when neurons are similarly 

tuned (i.e. they have a positive signal correlation), their responses also tend to covary 

trial-by-trial (i.e. they have a positive noise correlation) (Cohen and Maunsell, 2009; 

Cohen and Newsome, 2008; Gu et al., 2011; Gutnisky and Dragoi, 2008; Hofer et al., 

2011; Kohn and Smith, 2005).  This is thought to result because the common inputs that 

convey similar tunings also share noise.  Surprisingly, however, Jeanne et al (2013) found 

that learning can invert this canonical relationship, leading to a more orthogonal 

relationship between the signal and noise correlations but only for task-relevant motifs 

(Figure 2b). In theory (Oram et al., 1998), negative relationships can improve population 

coding because common noise among dissimilarly tuned neurons can be subtracted, 

which strengthens the signal while dissipating the noise. Indeed, the task-relevant motifs 

are encoded in the CLM projection neurons with higher fidelity (Jeanne et al 2013). The 

improved encoding of task-relevant motifs in CLM efferents suggest that this region may 
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provide a convergence zone for the contextual modulation of high-level auditory 

representations in which auditory signals may be “packaged” into population responses 

that can efficiently drive behaviors. One simple circuit whereby signal and noise 

correlations could be uncoupled in a stimulus specific way is shown in Figure 2c. In this 

model, shared excitatory inputs driven by stimulus A and B, are combined with stimulus-

specific, independent inhibition, that serves to dampen the average response of a neuron 

while preserving the overall noise correlation between trial-to-trial spiking activity.  

Understanding whether this kind of inhibition is actually present, and if so what its source 

(or sources) might be, is a topic of ongoing research.  In any case, this basic circuit may 

serve other processes such as attention as well.  
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Figure 7.2. (A)  Schematic of the avian auditory system. Reprinted from Jeanne et al (2011). (B)  Plots 
showing the signal and noise correlations between pairs of neurons in response to task-relevant, task-
irrelevant and novel motifs. Regression lines are indicated by color lines. Reprinted from Jeanne et al 
(2013).(C) Circuit model of how strong positive noise correlations and negative signal correlations might 
arise between two neurons that respond to two different stimuli, motif A and B. 
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 Considerable debate on the evolution and neurobiology of language has focused 

on identifying which complex patterns are learnable across taxa. Here, we propose that 

comparative approaches to biolinguistics move beyond mapping animal pattern expertise 

for mathematical models of grammatical structures in language (Berwick et al. 2011; 

Berwick et al. 2012; Beckers et al. 2012). Setting aside the notion of pattern ‘complexity’, 

we can begin to ask how the brain encodes any patterning rule. Characterizing the nature 

of the (probably many) patterning rules that animals can use is important, and we argue 

that the space of possible patterning rules is likely to be much more rich that currently 

appreciated. We therefore caution against the kinds of dismissals proffered by some 

researchers that the nature of patterning rule representation in animals is “stimulus-bound” 

and therefore falls short of the kinds of abstract rule learning found in humans (ten Cate, 

this issue). While we agree that humans are capable of reasoning about temporal relations 

and patterns in more abstract way than non-human animals (Penn et al. 2008; Kiggins et 

al. 2012), there is probably nothing “simple” about the use of patterns in non-humans or 

their neurobiological implementation. Indeed, despite the fact that humans are capable of 

abstract reasoning (Gentner and Namy 2006), there is considerable evidence that sound-

based (i.e., perceptual) features of words correlate with more abstract features of 

language, such as case-endings and gender-markers (Kelly 1992; Frigo and McDonald 

1998; Gómez and Gerken 2000; Monaghan et al. 2007)). This underlying perceptual 

structure might provide important scaffolding for acquiring more abstract knowledge of 

language during development. The kind of category/rule interactions we describe above 

and their neural coding may provide an attractive model for these processes. A complete 
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neurobiology of language cannot rest entirely on non-human models, but until we 

understand why non-human models are insufficient they have much to offer.  
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