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The ability to recognize individuals based on their vocalizations is common among many species of
songbirds. Examining the psychological and neural basis of this functionally relevant behavior can
provide insight into the perceptual processing of acoustically complex, real-world, communication
signals. In one species of songbird, European starli@srnus vulgaris males sing long and
acoustically complex songs composed of small stereotyped note clusters called motifs. Previous
studies demonstrate that starlings are capable of individual vocal recognition, and suggest that vocal
recognition results from the association of specific motifs with specific individuals. The present
study tests this possibility by examining how variation among the motifs that comprise a song affect
its discrimination and classification. Starlings were trained, using operant techniques, to associate
multiple songs from a single male starling with one response, and songs from four other male
starlings with another response. The level of stimulus control exerted by motif variation was then
measured by having subjects classify three sets of novel song bouts in which motifs from the
training songs were systematically recombined. The results demonstrate a significant, and
approximately linear, relationship between song classification and the relative proportions of
familiar motifs from different singers that compose a bout. The results also indicate that the motif
proportion effects on song classification are primary to retroactive interference in the recall for
specific motifs, and independent of any biases due to the syntactic organization of motifs within a
bout. Together, the results of this study suggest that starlings organize the complex vocalizations of
conspecifics by memorizing large numbers of unique song compofienismotify that are then
associated with different classes. Because individual starlings tend to possess unique motif
repertoires, it is likely that under natural conditions such classes will correspond to individual
identity. Thus, it is likely that perceptual processing mechanisms similar to those described by the
results of the present study form the basis for individual vocal recognition in starling20G©
Acoustical Society of AmericfS0001-4966)0)04806-2

PACS numbers: 43.66.Gf, 43.80.[[bWG]

INTRODUCTION tions in space from which certain individuals sing. For spe-
cies that sing multiple songs, the problem is made more
Most songbirds studied to date are able to recognizejifficult as either multiple songs must be associated with the
conspecific(i.e., same specigsdndividuals based on their same referent, or some categorically unique feature must be
songs. Song-based vocal recognition is well documentefinked to the set of songs sung by a given individual. In the
among male territorial songbirdsee Stoddard, 1996 for re- present study, we examine the first two of these underlying
view), and more recent examples of this behavior have beegognitive processes, by investigating how variation in the
observed in both female songbir@&/iley et al, 1991; Lind  component structure of male European starl®irnus vul-
etal, 1997; O’Loghlen and Beecher, 199and in nonterri-  garis, song affects its discrimination and classification.
torial SongbirdiGentner and Hulse, 1998The function of Male Star”ngs tend to present their Songs in |Ong epi_
vocal recognition varies depending on behavioral contextsodes of continuous singing referred to as bouts. Song bouts,
helping to modulate the complex social dynamics among tefm tyrn, are composed of much smaller acoustic units referred
ritorial males, and perhaps influencing mate choice and/ofg 35 motifs (Adret-Hausberger and Jenkins, 1988; Eens
fidelity in females. Among some nonterritorial species vocalgt g, 1991, which in turn are composed of still smaller
recognition is thought to function in the modulation of domi- nits called notes. Notes can be broadly classified by the
nance hierarchiegEens, 199 From a proximate stand- presence of continuous energy in their spectrogram represen-
point, the widespread capacity for vocal recognition ob-tations, and although several notes may occur in a given
servgq among songbirgs implies a number of conStitUti\_/l?rnotif, their pattern is usually highly stereotyped between
cognitive processes. First, the animal must be able to dissyccessive renditions of the same motif. One can thus con-
criminate one song from another. Second, the animal musfiger starling song as a sequence of motifs, where each motif
form associations between certain songs and external refegs 4 acoustically complex event. The number of unique mo-
ents, such as the individuals singing certain songs or locaits that a male starling can sirge., his repertoire sidecan
be quite large, and consequently different song bouts from
dElectronic mail: tim@drozd.uchicago.edu the same male are not necessarily composed of the same set
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of motifs. This broad acoustical variation in their song pro-maintained on a restricted diet of Purina Start and Grow
vides several potential cues that starlings might use whetPuring such that each subject weighed 85% of thedf
learning to recognize the songs of an individual conspecificlibitum body weight prior to testing each day. The birds had
and while maintaining that recognition over time. Oneaccess to water at all times. All of the subjects were naive to
straightforward recognition mechanism is the association ofthe stimuli and operant procedures used in this experiment.
specific motifs with specific singers. Although some sharingThe same eight subjects participated in each of the three
of motifs does occur among captive malgétausberger and experiments, and the sequence of experimental procedures
Cousillas, 1995; Hausberger, 199%e motif repertoires of (1, 2, 3, see later in this artiglevas the same for each sub-
different males living in the wild are generally unique ject.
(Adret-Hausberger and Jenkins, 1988; Eesisal, 1989,
1991; Chaikeret al, 1994; Gentner and Hulse, 1998 hus,
learning which males sing which motifs can provide a dis-
criminative cue for song classification. Experimental sessions were conducted inside a sound-
Data from operant studies of individual vocal recogni- attenuating test chambérAC Model AC-3) fitted with a
tion in starlings support the idea that recognition is based agustom-made operant response pafste Gentner and
the level of the motif. Starlings trained to recognize indi- Hulse, 1998, for complete descriptjorBriefly, the panel
vidual conspecifics by one set of song bouts can readily gergontained three horizontally aligned response buttéeys
eralize correct recognition to novel song bouts from the saméentered above an opening through which the subjects
singers (Gentner and Hulse, 1998; Gentnet al, 2000. gained controlled access to a food hopper. Two 10 W incan-
However, when these novel song bouts have no motifs iflescent lamps provided indirect illumination of the test
common with the training songs, and when song exposurgéhamber. Stimuli were presented through a speéRese
outside of the operant apparatus is restricted, recognitiomodel 101 mounted above and behind the response panel,
falls to chance(Gentneret al, 2000. Likewise, starlings out of view of the subject. A PC-type computer controlled
trained to discriminate among pairs of motifs will reverse thethe stimulus presentation, monitored response contingencies,
discrimination when transferred to the same motif sung byand collected the data for each session. Prior to testing, the
the opposite individual, and perform at change when transmaximum sound level of the acoustic stimuli inside the test
ferred to novel motifs sung by the training singé@entner, chamber was set at #® dB (A) SPL. The same apparatus
1999. This failure to generalize correct recognition to songswas used in each of the three experiments.
composed of novel motifs, or to single novel motifs, is in-
consistent with the use of individually invariant source ¢ giimuii
and/or filter propertiegso called “voice characteristicg'for
individual vocal recognition in starlings. 1. Song recording
Based upon the above result; ' '.t appears that starImgs Recordings of six male European starlings were used to
learn to recognize the songs of individual conspecifics by

ttending 1o inf i tained air below the level of generate all the stimuli for this experiment. The procedures
attending to information contained @ir below the level o for obtaining digital song recordings from male starlings and

the motif, and then by associating distinct sets of motifs Withfor manipulating those songs on a computer have been de-

individua_ll singers. If this _is true, then once recogr_lition istailed elsewheréGentner and Hulse, 1998Briefly, a mini-
learned it should be possible to control it systematically bymum of 0.5 h of song was recorded from each of the five

varying the proportions of motifs in a given bout that Comemales, while housed individually in a large sound-

from t.WO “vocally fgmlhar”. males. That is, if a song bout attenuating chamber. During recording, males had visual and
contains more familiar mot|fs.from male A than male B thenauditory access to a female starling. The same female was
the bout ought to be recognized more o_ften as having bee{l‘sed to induce song from all the males. All the songs were
sung b_y male A “”"’!” by male B, and vice versa. The Marecorded on digital audiotap@6 bit, 44.1 kHz using the
nlpulatloqs detailed in the present study provide a test of th'%ame microphonéSennheiser ME66-K6 downloaded to a
hypothesis. computer, and high-pass filtered at 250 Hz to remove extra-
neous low-frequency background noise. Of the six males re-
. GENERAL METHODS corded, only five were used to generate the stimuli for the
baseline training. The songs of the sixth male were used only
as the “unfamiliar” songs during experiment orisee be-
Eight male European starlings served as subjects for thiww). None of males whose songs were used to generate the
study. Subjects were wild-caught on a farm 30 miles Northstimuli served as subjects in the operant testing. The males
of Baltimore, MD. Prior to the start of the study subjectswe recorded for these stimuli were taken from an area in
were housed in a mixed sex aviary, along witfb0 other  which the birds used as subjects were also obtained. How-
starlings, in large flight cages that each contained three to si@ver, the subjects were caught nearly three years after the
birds of the same sex. During the course of the study, thetimulus birds. General familiarity with the training songs is
subjects were housed in individual cages in a single sex avipossible, but unlikely, as subjects caught at this site a year
ary. The photoperiod in the aviaries followed the natural seaearlier failed to recognize these same sofgsntneret al,
sonal change in sunrise and sunset times at this latitud2000. Regardless of this possibility, the effects reported
Throughout the course of the experiment, all birds werehere are based only on the classifications learned in the base-

B. Apparatus

A. Subjects
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TABLE I. Baseline stimulus set configurations showing correct responses tgnained inaccessible. In addition to causing a time-out, an
the different bouts from each singer. Letters denote singer identity, numberﬁ.lcorrect response to a playback stimulus initiated a correc-

denote specific song bouts from that singelg., Al refers to bout number ti trial . hich th | ted
“1” from male “A” ). Note that songs A1, A2, B1, and B2 occur in both set lon trial sequence in whic € Same exempiar repeated on

1 and set 2 all subsequent trials until the bird responded either appropri-
ately or not at all. The interval between successive trials was
Peck left Peck right 2 s. In the event that a bird failed to respond within 5 s
(INDIV) (MULT) following the completed presentation of a given exemplar,
Set 1 Al, A2, A3, A4, B1, B2, C1, C2, the trial ended without a time-out, and the computer waited
AS, AB, A7, A8, D1, D2, El, E2 for a center key peck to begin the next trial. During the first
Set 2 B1, B2, B3, B4, Al, A2, C3, C4,

12 s of each stimulus presentation responses to the keys had
no effect, thereby increasing the amount of song to which
subjects were exposed. This, in turn, helped limit potential

line training, and any facilitated recognition due to stimulusPi@ses for the animal to solve the task using only the first

preexposure would not bias the results except to increase ﬂp@rtiqp of each exem_pla,r'. The first response following this
acquisition rate of the baseline task. 12-s “observation-period” was reinforced.

B5, B6, B7, B8 D3, D4, E3, E4

2. Baseline training stimuli

We used two different stimulus sets for the baseline dis2. Baseline training
crimination. Half of the subjects were trained with each set. ] ] o
Each stimulus set consisted of eight exemplars sampled from  The subjects’ task was to classify the songs of an indi-
the songs of a single bird, and eight exemplars sampled frofidual male starling on one key, and those of four other
the songs of four other birdéwo per bird. Each exemplar COI’lSpe.CIfIC males on thg other key. For example, one subject
was 15-0.5s of continuous song taken from either the be-Was relnforc_ed for pecking the_ left key_each time it h_eard_a
ginning, middle, or end of a song bout. Table | shows theS0Ng from bird A, and for pecking the right key each time it
detailed configurations of the two baseline stimulus setsh€ard a song from either bird B, C, D, or E. Another bird was
Many of the exemplars sampled from the beginning of aremforf:ed for pecking thg left key each time it hearq a song
song bout included whistles, along with other “warble” mo- from bird B and for pecking the right key each time it heard
tifs [i.e., “variable” motifs, rattles, and high-frequency mo- & Song from bird A, C, D, or E. In each case, we refer to the
tifs; see Adret-Hausberger and Jenkif988 and Eens kfey associated with the songs of the sllngle b|_rd asiride
(1991 for nomenclature of motif classpsThose sampled at  Vidual (INDIV) key, and the key associated with the songs
later time points in a bout comprised only warble song mo-fom multiple birds as thenultiple (MULT) key. Likewise,
tifs. Earlier data indicate that recognition is easily learnedh® sSongs associated with each key are referred to as
with this length of a song bout sample, and is unaffected by INPIV" and “MULT" stimuli respectively (see Table L
the relative position of the sample within a bout and the he assoua_tlon of the INDIV and MULT stimuli with either
broader motif classes it may or may not conté@entner and the .Ieft or rlght_response_ key was counterbalanced across
Hulse, 1998. subjects. Two different stimulus sets were used to train the
baseline tasKsee Table )l Half the subjects \=4) were
trained with one set, and halNE=4) were trained with the
) other; thus, each subject was exposed to only one baseline
1. Shaping training set.

Subjects were trained to work the operant apparatus The distribution of correct responses is dependent upon
through a combination of auto-shaping and shaping procethe extent to which the subjects are capable of recognizing
dures that represented successively closer approximations tiee stimuli associated with each of the two response keys. To
the baseline training taglsee Gentner and Hulse, 1998, for a solve this task subjects must discriminate among the differ-
full description. The baseline training procedure used a oneent stimulus exemplars and associate each one with the
interval choice desigriHulse, 1995; Macmillan and Creel- proper response. It is important to note, however, that the
man, 1991 In the task, a peck to the center key initiated abaseline training task does not require subjects to employ a
trial by starting the playback of a randomly selected stimulusategorical solution strategy, such as “this(@ is nod a
exemplar. After the exemplar played, pecks to either the lefsong from bird A.” Rather, the subjects only need to learn
or the right key led to positive reinforcement or punishmentthat one “set” of songs is associated with one response, and
depending on the key with which that stimulus was associperhaps that the complement to this set is associated with the
ated. Half of the stimuli were associated with the right keyother response. Importantly, abstract category formation with
and the other half were associated with the left Kege respect to the baseline stimuli is not a prerequisite to the
Table ). Correct responseg.g., a left key peck following a experimental manipulations that follow the baseline training.
stimulus associated with the left Kewere reinforced with When we refer to classification or recognition in discussing
2.5-s access to the food hopper. Incorrect respofesgs a the results of these experiments, we mean explicitly that the
left key peck following a stimulus associated with the right subjects discriminated a stimulus exemplar and correctly as-
key) were punished with a 6-s time-out during which the sociated it with an operant response. The present study ex-
house lights were extinguished and the food hopper reamines these discriminative and associative behaviors.

D. Procedure
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chance, and with a one-way repeated measures analysis of
variance(ANOVA) to detect any significant difference be-
tween the responses made to INDIV and MULT baseline
stimuli. The significance levéky) was set at 0.05, two tailed.
Data from correction trialgi.e., the nonrandom trial imme-
diately following an incorrect responsand trials in which

the subject made no response were not included in any of the
statistical analyses, but did contribute to the total number of
baseline acquisition trials shown in Figial Data from the

test conditions were analyzed using multi-way repeated-
measures ANOVAsj-tests, and Fisher's PLSPost hoc
comparisons.

Proportion of Correct Responses

F. Baseline training results and discussion

0.4 ' ' ' ' ' All of the subjects quickly learned the baseline task,
0 10 20 30 40 50
100 Trial Blocks c.hscnmmatmg. betyveen the songs of an individual malg star-
ling (INDIV stimuli) and those of four other male starlings
(MULT stimuli). As a group, the subjects were responding
1 above 70% correct after 768 tridlapproximately 1200 trials
B including correction and no-response trials, see Fig)]1
Figure 1 shows the acquisition curve for baseline training,
along with the mean levels of performance at asymptote. The
subjects’ performance improved significantly over the first
50 blocks of training[F(6,49)=16.042, p<0.000] and
there was no significant difference in the rate of acquisition
between subjects trained on the two stimulus §Etsl,49)
=1.064,NS. The mean(= SEM) percent correct score over
the last five blocks of baseline trials was 98.6.6 for the
INDIV stimuli and 92.3-1.8 for the MULT stimuli. Like-
wise, at asymptotgFig. 1(b)], subjects were correctly clas-
sifying the stimuli into their appropriate classgslDIV and
MULT). This is reflected in the significant difference be-
. tween responsggither left or right key peckgo the stimuli
Stimulus Class in the INDIV class and those in the MULT cla$s(1,7)
FIG. 1. (a) Baseline acquisition curve. Mean proportion of correct responses= /26.857,p<0.0001, see Fig. (b)].
made to all the baseline stimuli over the first 50 blocks of tridts. The results of the baseline training demonstrate that sub-
e e e mt v o s St g e peapna s were able to disriminae accurately amang and classity
?0?1 gf both IND)IlV and MULT baseline exemplar§. Significar?t diffeF;ence correctly the dlffer.en-t exemplafs.m each of the two tra'nmg
between the meang.<0.0001) sets. Moreover, within each training set, we have established
two discriminable classes of songs, those associated with the
INDIV response and those associated with the MULT re-
sponse. In the experiments that follow, we examine the per-
For each subject, we recorded a single respdostack  ceptual mechanisms underlying this classification by testing
thereof and the stimulus presented on every trial. Each rethe hypothesis that it is based on the varying proportions of
sponse was coded as either “correct” or “incorrect,” de- familiar motifs in a song bout. Although the baseline data
pending upon the particular key with which the exemplaralone do not demonstrate that the subjects categorized the
presented on a given trial was associated. Alternatively, restimuli according to individual identity, the robust discrimi-
sponses could be coded as either “INDIV” or “MULT” nation and classification is a sufficient basis for the manipu-
depending upon the key that was pecked. Using these twiations that follow. The extent to which their behavior in the
coding strategies, performance could be expressed as tlhyperant apparatus is related to the more ecologically relevant
probability of responding correctly to any stimulus eviag  task of individual vocal recognition is taken up in the general
in Fig. 1(a)], or as the probability of making either an INDIV discussion.
or MULT response to any stimulus evdms in Fig. 1b)].
Each subject’s performance during the initial baseline train{]. EXPERIMENT 1: SERIAL POSITION EFFECTS
ing was examined in blocks of 100 trials. Performance dur-
ing each of the separate experiments was analyzed as a singote
block of trials that contained all of that subject’s responsesto  The hypothesis that song classification is based on the
the test and baseline stimuli. Performance on the baselinearying proportions of familiar motifs in a song bout is, in
task was assessed against a 95% confidence interval aroueslsence, a claim that motifs are perceptually distinct and

0.75

0.5 1

0.254

Proportion of INDIV Responses

INDIV MULT

E. Statistical analysis

Introduction
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been associated. Under such conditions, motifs that are more

and 2 how such a motif-based classification system is af- Test stimulus

control in song classification is through their location in the

thus decisions about how to classify a song bout at any give@—s song segments were taken from each of the three stimuli and recombined

a characteristic U-shaped function. This is the well-known

middle (Baddeley, 199p—the so-called “primacy” and or each of the two baseline stimulus sets. Each test stimulus

of primacy effects remains more equivogabe Deacon and one singer was inserted into an INDIV exemplar—either the

end of a sampling interval may exert differential control overfalmiliar singer; and(3) the number of song segments in-

classification behavior learned in the baseline training. 50 allow us a brief look at the effect that variation in the
familiar) bout was combined with two segments from an

emplars were chosen from each baseline training set, and thgassification is under the control of the familiarity associ-

and B2-D3, see Tablg.|[Each exemplar was chosen at ran-sponses to the INDIV key than those for which the propor-

(SoundDesigner 11, Digidesign-Avjccach baseline exemplar 2 Procedure

by combining the song segments from each pair of INDIVabove 85%—the rate of reinforcement for correct responses

always maintained, the six patterns in Fig. 2 account for alDuring an experimental session, all 24 test stimuli derived

memorable auditory events. For recognition to occur in this MULT exemplar — [\pJy exemplar Unfamiliar song
manner, starlings must parse song bouts into their constituent’m
i I
[ L '1 Fw o w’vrrq
easily heard or those that are more easily remembered would
exert greater control over their behavior. Therefore, prior to a
fected by other cognitive processing mechanisms that, in class:
turn, might influence the salience of specific motifs.
sampling interval. Because the motifs in a song bout are sung
in serial order over time, the recall of specific motifs, andFIG. 2. Strategy for constructing the experiment 1 test stimuli from two
time point in the sampling interval, may be affected by con-fojiowing the six patterns shown.
straints in the memory of the classification system. Among
. o . o . " taken from the song bouts of a nov&k., unfamiliay male
serial-position effect in which items placed at the begmnmgstarling(see Sec. IC)L In all, there were 24 different stimuli
“recency” effects, respectively. Recency effects are well es 15's long.
y , resp y: y The test stimuli used in experiment 1 varied along three
zgmr']nss’ ;?25;J’g.ré%?ttingeﬁg’l_erz’sii%awéf?g:)gjg; thzton beginning, middle, or end;2) the source of those inserted
9 ) P 9 %ong segments—either from a familiare., MULT) or un-
. o . rted in iven exemplar—either 1 or 2.
their decision to consider that samglee., that bout as be- serted to. agiven exempa .et er-o .
. ) : In addition to examining primacy and recency effects in
longing to one class or another. In the first experiment, we
overall proportion of INDIV and MULT motifs in a particu-
lar song bout has on the classification of that bout. For half
1. Stimuli INDIV bout. For the other half of the stimuli, one segment
The test stimuli for experiment 1 were constructed fromfrom an INDIV song bout was combined with two segments
same two pairs were used to test all animals trained with thadted with each of the motifs in a bout, one would expect the
set. Each pair comprised one INDIV exemplar and oneest stimuli that contain more INDIV segments than MULT
dom with the constraint that it had been accurately classifietion of MULT (or unfamilia)) and INDIV motifs is reversed.
(above 90% corregtby all subjects during the last five
was divided into three- 5-s segments, taking care that the Once performance on the baseline stimuli reached an
point of division between any two adjacent segments fell at asymptote—as assessed by five consecutive 100-trial blocks
and MULT exemplars according to the six patterns shown invas reduced from 100% to 70%. The observation period was
Fig. 2. Given the constraints that the original relative posi-then set equal to the length of the stimulus on a given trial,
possible three-element permutations. In addition to the 1Zrom a given baseline stimulus set were presented randomly
stimuli constructed using the two pairs of INDIV and MULT without replacement on 50% of the trials until the pool of

motifs and then recall with which response each motif has
UMM I
direct test of our hypothesis, we consider in experiments 1
One way that specific motifs might elicit differential

aseline stimulus exemplars and an unfamiliar song bout. Non-overlapping
humans, the ability to recall a list of words often appears 380 more sets of stimuli by substituting 5-s song segments
and end of a list are more easily recalled than those in th?
tablished in the animal learning literature, but the EXiStenC%imensions:(l) the location at which a song segment from
classification, motifs occurring at either the beginning or the
investigate how serial-position effects modulate the son vocal recognition, the test stimuli for the first experiment
B. Methods of the test stimuli one segment from a MULT sofw un-
four pairs of baseline stimulus exemplars. Two pairs of exfrom a MULT (or unfamiliap bout. To the extent that song
MULT exemplar(set 1: A1-D1 and A2—-E1; set 2: B1-A2 (or unfamilia) segments to elicit significantly more re-
blocks of the baseline training. Using digital editing software
natural transition between motifs. The test stimuli were madén which the total percent correct during each block was
tion of each song segmefither first, second, or thiyds  and performance was again allowed to reach an asymptote.
baseline exemplarsix test stimuli per paj; we constructed test stimuli was exhausted. Every 48 trials the pool of test
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stimuli was replenished. During each session, subjects con- 1
tinued to hear the baseline exemplars on the remaining 50% 1 e
of the trials. All responses to the test stimuli were reinforced 0.9
with food 70% of the time, regardless of which key the sub- T -
ject pecked, but only if the subject pecked a key. “No- 0.3 e
responses” to the test stimuli were never reinforced or pun- 8
ished. Each animal completed one 2-h session per day until it § 071
had responded at least 50 times to each test exemplar. ] 0.6- T
Our method of partial nondifferential reinforcement for °; ] E °
the test stimuli served two purposes. First, because reinforce- = 5 1 T
ment was independent of the response choice on any given Z °
trial, subjects could not learn to associate a particular re- 5 44 o I
sponse with a given test stimulus. Therefore, provided that g ) =
accurate classification of the baseline stimuli is maintained "g 0.3 T
during the experiment, the proportion of right and left key & L
pecks made to the different test stimdiie., the response £ 024
generalization gradientreflects the feature space used to 1 -
solve the baseline task. That is, systematic variation along 0.14 e
relevant perceptual dimensions among the test stimuli should 0 ]
lead to corresponding variation in the probability with which IN]')IV 1- 5 5 4'1 g é M[IJLT

a subject responds to either key. Second, because the sub- Baseline P—y Baseline
jects continued to receive reinforcement for responses to the S rove
test stimuli, responding to them did not extinguish. This al- TIMULUS

lowed us to examine responses to a very Iarge number of teEFG. 3. Mean(=SEM) proportion of INDIV key responses as a function of

stimuli over an extended pel‘IOd. stimulus class for experiment 1. The means show the data for all the exem-
C. Results plars in each test stimulus clagee Fig. 2 and the baseline stimuli.

The subjects maintained very accurate discrimination ob, ynfamiliar song segmefr segmentsinserted in it were
the baseline stimuli over the course of the first eXperimemsignificantly higher than those for the test stimuli that had a
correctly responding to the INDIV and MULT baseline quLT song segment(or segments inserted in them
stimuli ~90% of the time. The probability of pecking the [ (1 7)=1333.353,p<0.01]. This familiarity effect was
INDIV key in response to an INDIV baseline exemplar was most pronounced among the test stimuli in which two song

significantly different from the probability of making that segments had been inserted, as shown by the significant in-
same response to one of the MULT baseline exemplars

[F(1,7)=547.062,p<0.0001]. At the same time, not all of
the test stimuli were responded to in the same manner. Fig-
ure 3 shows the proportion of responses made to the INDIV
key following the presentation of the six different test stimuli L & Unfamiliar
along with the baseline stimuli for reference. The differences 1
among the mean proportion of INDIV responses associated
with each of the six different types of test stimuli were sig-
nificant[F(5,35)=6.854,p<0.0001. There were no signifi-
cant differences between subjects trained on different base-
line stimuli, in either the overall level of response to the test
stimuli [F(1,6)=0.420, NS or the pattern of responses dis-
tributed among the different test stimylF(5,30)=0.115,
NS]. Thus, for subsequent analyses, we pooled the data for
all subjects.

Most of the variation among responses to the test stimuli
was due to the number of INDIV song segments that were
present in a given test stimulus, and whether or not an in- 0.1
serted song segment was familiae., from a MULT exem-
plar) or unfamiliar. These main effects are shown in Fig. 4. 0
The proportion of pecks to the INDIV key was significantly ONE TWO
higher for the test stimuli that had only one MULT or unfa- No. of Inserted Segments
miliar song segment inserted in them, than for those test

stimuli that had two MULT or unfamiliar song segments FIG. 4. Mean(+=SEM) proportion of INDIV responses as a function of the
test stimuli in experiment 1. Means show the data for all exemplars in which

inse.rted[F(1,7)= 220.115,p<0.0001. In addition, th'e Pro-  either one or two MULT song segments were inserted, and those in which
portion of INDIV responses made to the test stimuli that hackither one or two unfamiliar song segments were inserted.

0.8
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0.6

0.5

0.4 -

0.3

0.2
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teraction between the number of inserted song segments asdmpling interval. For our immediate purposes, however, it
the familiarity (either MULT or unfamiliaj of those inserts was necessary to quantify serial-position effects with respect
[F(1,7)=19.545,p<0.01; see Fig. # to performance in the present task.

In contrast to the above results, varying the location at  In contrast to the modest position effects observed dur-
which a song segment was inserted into a test stimulus prang the first experiment, much more dramatic and general
duced a limited effect on recognition. From Fig. 3, one caneffects on discrimination behavior were elicited by variation
see that insertions at the first positidiest stimuli 1 and 6, in the proportion of familiar motifs composing a bout. The
see Fig. 2 had smaller effects on classification than did in- subjects were better at correctly classifying test stimuli in
sertions at the second and third positioRest hoccompari-  which two out of the three song segments were from the
sons among the different test stimuli show that responding téNDIV singer than those in which one out of three song
the type 1 test stimuli was significantly higher than that tosegments was from the INDIV singer. The tendency to re-
types 1 and Ap<0.05, Fisher's PLSI) whereas all com- spond based on motif proportions was observed for all of the

parisons among test stimuli 4—6 were not significant. test stimuli, regardless of the exact sequence in which the
song segments composing each exemplar were presented,
D. Discussion and is consistent with the idea the starlings learn to classify

The stimuli used in the first experiment were designed tocpnspecific songs by associating sets of motifs with different

test the idea that motifs at different locations in a samplingsmge_rs' N -
interval (e.g., those in the first few secondsave differential Finally, the _fact that test_stlmuh composed of unfamiliar
effects on the discrimination and subsequent classification oqnd INDIV motifs were easier to classify than those com-

a song bout. Because serial-position effects are well docuposed _Of MULT a_nd INDIV mot_|fs suggests that subjects
recognized motifs in all the baseline training songs. Had sub-

mented in both human and nonhuman memory tdBlexl- . . . . .
deley, 1990; Deacon and Rawlins, 1995; Wright and Riveral€Cts simply been listening for only INDIV motifeor MULT
' ' ' ' motifs) in a pool of otherwise unclassified “noise,” the dif-

1997, we reasoned that similar effects in songbirds might{cn bet the MULT and unfamili i
make certain motifs at either the beginning or end of a sam'crences between the and unfamiiar song segments

pling interval easier to remember. Thus, these motifs ma%vogtld not T]ave. affectl\(/lagtr_:_e cIaSS|f|cat|0ntqf the tesfttitlrr]{ull.t

exert greater control during classification decisions that fol- S| Wlas, earnng a dist Sf[)_ng tshegmﬁn In one o fe $.S

low the presentation of a song bout. The results of the firsfXeMpiars was more distracting than hearing an untamiiar
ong segment in the same locati@ee Fig. 4. Thus, it ap-

experiment suggest, however, that this is not the case. Varf— that subiects had | dt . bstantial
ing the location of inserted motifs within a song bout hagPears that subjects had learned to recognize a substantial por-

relatively little effect on classification. Among the test tion of the motifs from all, or at least many, of the baseline

stimuli in which only a single segment from a MULT or exemplars, both INDIV and MULT.
unfamiliar song was inserte@hos. 1-3, see Fig.)linser-
tions at the first segment had the smallest effect on recogniti. EXPERIMENT 2: MOTIF SYNTAX EFFECTS
tion. This is inconsistent with the notion that primacy effects .

LT . A. Introduction
exert control over song discrimination behavior, because
such effects should render insertions at the first portion of the ~ Another way in which some motifs may exert compara-
song more salient, and thus have a large effect on classificéively stronger(or weakey control over classification re-
tion. In addition, the fact that we observed no differencesponses is through their syntactic relationship to other motifs
between substitutions made at the second and third segmeritsa given bout. Earlier experiments have demonstrated that
is inconsistent with a strict criterion for recency effects. starlings are sensitive to the syntactical structure of familiar
However, substitutions at both the second and third positionmotif sequences in male song bouts, such that randomizing
did have more substantial effects on recognition than substthe order of motifs in a familiar bout lowers the recognition
tutions at the first position. Therefore, one might considerof that bout(Gentner and Hulse, 1998The syntactic struc-
this a modest demonstration of recency effects. The trend faure of a song bout may influence the perception of its con-
more terminal motifs to exert greater control over discrimi-stituent motifs in two different ways. First, the position of
nation in the present task may reflect the ability for starlingseach motif relative to the other motifs in that bout may be
to hold sensory traces of different motifs in a short-termimportant. For instance, the leading motifs in a sequence
memory store. If, as is reasonable to assume, this memoiyay facilitate, or “prime,” the recognition of trailing motifs.
store decays over time and is subject to retroactive interferReceivers may also learn to recognize larger “chunks” or
ence, those motifs having the closest temporal proximity td‘sub-sequences” of motifs as single objects, such that vio-
the point at which the recognition choice is measured willlating the sequence of motifs in the chunk would lead to
exert the greatest control. As a caveat to the observed serialecreased recognition of the constituent motifs. Second, the
position effects, note that our method of baseline training, irposition of each motif relative to the overall temporal struc-
which subjects were forced to withhold responses until mosture of the song bout may be important. Because the motifs
of the stimulus had been presented, may have biased the a bout are presented over an extended period of time,
observed lack of proximity effects. A better test for generalwhen the subjects are trying to recognize a given exemplar,
primacy effects in songbirds would examine the recall forthey may listen for specific motifs at specific points in the
each motif independently, rather than as a function of asampling interval. Violations of the second, more global,
single classification judgment weighted by all the motifs in asyntax rules may affect the perception of individual motifs
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TABLE II. The 12 motif patterns used to generate the test stimuli for experiment 2. Letters and numbers denote
particular motifs drawn from the INDIV or MULT baseline exemplar, respectively. Patterns marked with an
asterisk have more motifs from one or the other baseline exemplars, and were presented in the form shown
below and in another forninot shown in which the first two motifs in the sequenégenoted by the under-

scorg were removed. The notation used here should not be confused with that used in Table I.

Baseline stimuli pair

INDIV: a b c g h i j k | m n o} p Q r

o
(]
—

mMuLT: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Test stimuli

Stimulus
type Sequence
| a 2 c 4 e 6 ¢ 8 i 10 k 12 m 14 o 16 g 18
Il 1 b 3 d 5 f 7 h 9 j 11 I 183 n 15 p 17 r
In* a b 3 4 e f 7 8 i j 11 12 m n 15 16 ¢ r
IvV* 1 2 ¢ d 5 6 g h 9 10 k | 13 14 o p 17 18
\% a b ¢ 4 5 6 g h i 10 11 12 m =n o 16 17 18
VI 1 2 3 d e f 7 8 9 | k | 13 14 15 p ¢ r
VIl a 8 c 18 e 3 g 15 i 16 k 9 m 2 o] 7 q 17
Vi 117 b 4 d 1 f 5 h 13 6 |l 14 n 10 p 12 r
XI* a b 4 10 e f 16 5 i j 14 2 m n 8 7 q r
X* 5 9 ¢ d 13 1 g h 12 3 k | 11 17 o p 18 6
Xl a b c 18 13 8 g h i 15 10 6 m n o 5 14 2
Xl 9 16 4 d e f 12 7 11 | k | 1 17 3 p g r

and thus recognition of the song. In the second experimenthat all of the motifs omitted in type | are contained in type
we vary both these syntactical features in an attempt to makk, and vise versa. Stimulus types Il1-VI followed a similar
some of the motifs in a given bout more or less salient, angbattern to that of | and Il except for the following difference.

thereby bias classification of the test stimuli. In stimulus types Ill and 1V the motifs from the INDIV and
MULT exemplars were organized into consecutive runs of

B. Methods two motifs, so that two motifs from the INDIV exemplar

1. Stimuli were followed by two motifs from the MULT exemplar. In

S ] ) stimulus types V and VI, the motifs from each of the INDIV

_ For the stimuli used in experiment 2, we selected o,y MuLT baseline exemplars were organized into consecu-
pair from exemplars from each baseline stimulus(set 1. o 1yns of three. Again, for all stimulus types 1-VI the
A3 and C2; set 2: B3 and C3, see TabjeAs in the first C{)elative position of each motif with respect to its original

experiment, each pair comprised one INDIV exemplar an osition in the baseline exemplar was maintained. Stimulus
one MULT exemplar that had been very accurately recog:

: . " types VII-XII follow the general pattern of types 1-VI, re-
nized (above 90% corregtoy all subjects at asymptotic per- ypes 9 p oryp ’
. ) . gpectively, except that the relative position of the MULT
formance on the baseline procedure. The same pair of stimull . . - : )
) . . . motifs (with respect to the original baseline stimulusas

was used for all the subjects trained with each baseline set. In S . L

. . . ot maintained. For example, in type VII stimuli the se-
addition, the baseline exemplars chosen for experiment

were different than those used to generate the stimuli fofluence of INDIV motifs is identical to that for type I, but the

experiment 1. Table Il shows the patterns used to generat& d-cNce of MULT motifs_ s dramatically altered from its
P b g riginal order in the baseline exempl@gee Table . The

the test stimuli for experiment 2. We purposely chose pairé) . SR
of INDIV and MULT baseline exemplars that contained the MOUf placed at each location in types VII-XIl was chosen at
same number of motifs, and parsed each exemplar, usidgndom(without replacementfrom all the MULT motifs in
digital editing software (SoundDesigner I, Digidesign- & 9iven baseline exemplar, with the copstrglnt that a given
Avid), according to the natural divisions between motifs,Motif could not occupy the same location in the both the
Each test stimulus was created by combining half of the moPaseline and test exemplar. In addition, none of the MULT
tifs from an INDIV exemplar with half of the motifs from the MOtifs in stimulus types VII-XII were in an appropriate po-

stimulus was~15 s long. (e.g., the motif sequenek-5—-6does not appear anywhere in
In all, 12 different primary types of test stimuli were Stimulus type XI or XI). o
created. As shown in Table I, test stimulus types | and Il [f the original syntax of motifs is important, then recog-

contained the same number of INDIV and MULT motifs, but hition should improve as one looks from stimulus type VII to
the sequence of motifs was arranged so that no two INDI\XII, because these syntax cues have been removed from the
or MULT motifs appeared in immediate succession. At theMULT motifs and progressively strengthened among the IN-
same time, the relative position of each motif with respect tdDIV motifs. In addition, if subjects are expecting to hear
its original position in the baseline exemplar was maintainedcertain motifs at certain points in the presentation of an ex-
Stimulus types | and Il are complements of one another, suchmplar (e.g., near the beginnipgthen recognition of the
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INDIV motifs ought to be better for types I1-VI than for was varied. In both these cases, we failed to find any signifi-
types VII-XIlI because these cues are missing from thecant effect on recognition performance. The subjects gener-
MULT motifs in the later stimuli. Lastly, for stimulus types ally responded in the same way to all of the test stimuli by
[, 1V, IX, and X the sequences shown in Table Il bias the pecking the INDIV key approximately 63% of the time. The
test stimuli so that exemplars in these classes have motest stimuli for this second condition each contained an equal
INDIV motifs than MULT motifs (or vise versa For these number of INDIV and MULT motifs, but varied according to
stimuli, we created an additional version of each exemplar irthe syntactic structure of the MULT motifs in a given exem-
which the first two motifs were omitted so that the propor-plar. We hypothesized that as syntactical cues were removed
tions of INDIV and MULT motifs in each exemplar were from the MULT motifs, they would become less distracting,
equal. In all, each subject was exposed to 16 different tesind it would therefore bias the subjects to respond to the test
stimuli created from a particular pair of INDIV and MULT stimulus as if it was an INDIV bout. The data are not con-
baseline exemplars. sistent with this hypothesis. None of the syntactic variations
2 Procedure among the test stimuli elicited any corresponding variation in
the subjects’ responses.

. . : Although we found no support for the role of syntactical
jects were returned to the baseline procedats70% rein- cues in the present context, it should be pointed out that this

forcement and allowed to stabilize at asymptouc_: perfor- is a very strong test of that hypothesis. In fact, earlier data do
mance. Subjects then began the second experiment. Tg

Following completion of the first experiment, all sub-

d f . ¢ 2 identical to that d b %pport the role of syntactical cues in more straightforward
;)roce ure ortelxperlmetnth t"‘(’ﬁ‘?’ ! er:;cat ct)' all_ escribe ecognition tasks where starlings are better at recognizing
or expenment 1, except that difierent test simufi were pre'naturally ordered strings of motifs compared to randomly
sented. During this experiment, one subject developed

¢ ition bias f Il the stimuli d his dat Brdered stringgGentner and Hulse, 1998The present task
strong position bias for all the stimull, and his data Were, a5 more complex in that we attempted to use the absence of
excluded from the analysis.

syntactical cues to make some of the motifs in a bout less

distracting. In this context, where sets two of motifs are, in a

sense, competing for a classification decision, removing syn-
The subjects maintained accurate classification of theactical cues from one set of motifs has no detectable effect

baseline stimuli over the duration of the second experimenton the ability to recognize the other motifs in that bout.

They responded correctly to the INDIV and MULT baseline

mean for MULT=91.7%+1.6%). Accordingly, the differ- )

ence between the proportion of INDIV responses made to th- Introduction

INDIV and the MULT baseline stimuli was significant As detailed in the general introduction, the existing evi-
[F(1,6)=249.281,p<0.000]. At the same time, the mean dence suggests that starlings rely on variation in the propor-
proportion of INDIV responses to the test stimuli (62.6% tions of familiar motifs in order to classify conspecific songs.
+1.3%) was significantly less than that for the INDIV base-|n the third experiment, we test this hypothesis directly by
line stimuli (t=—23.075,p<0.0001, two-tailefi and sig-  constructing a large corpus of stimuli in which the percent-
nificantly greater than that for the MULT baseline stimuli age of familiar motifs taken from two different training sing-
(t=36.035,p<0.0001, two-tailegl This fact suggests that ers is systematically varied from song bouts composed of
subjects recognized the test stimuli as different from thej0o singer 1 motifs and 90% singer 2 motifs to bouts com-
baseline stimuli. In addition, the overall level of respondingposed of 90% singer 1 motifs and 10% singer 2 motifs. We
to the test stimuli was not significantly different among thethen observe how the subjects classify these composite
two groups of Subjects trained on different baseline Stimulu%()ngs_ The results of the first two experiments provide im-
sets[see Table IF(1,5)=0.382, NS, and the distribution of portant information regarding the effects that serial position
responses among the different test stimuli did not differ beand motif syntax have on the classification of conspecific
tween these grougds-(19,95)=1.649, NS. Thus, for subse- song. In the third experiment, this information is used to

quent analysis, the data were pooled across all subjects. puild appropriate controls into the set of test stimuli.
Although the test stimuli were treated differently than

the baseline stimuli, the subjects appear to have responded éo

Lo . Methods
all the test stimuli in the same manner. We observed no
significant differences among the mean proportion of INDIV 1. Stimuli
responses made to the different test stimfi(19,114)
=0.711, NS.

C. Results

For the stimuli used in experiment 3, we again selected
two pairs of baseline exemplars, one pair from each set of
baseline stimuli(set 1: A4 and B2; set 2: B4 and E3, see
Table ). Each pair contained one INDIV baseline exemplar

The second experiment examined song classificatiomnd one MULT baseline exemplar. The baseline exemplars
when the syntax of motifs composing a song bout varied irchosen for experiment 3 were different than those used in the
two ways. First, the position of each motif relative to otherfirst two experiments, and the same pairs of baseline stimuli
motifs from the same singer was varied. Second, the positiowere used for all subjects trained on a given(set Table)l
of motifs relative to the overall temporal structure of a boutEach of the four chosen baseline exemplars was parsed into

D. Discussion
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TABLE lll. Examples of motif patterns used to generate the test stimuli for experiment 3. Different letters and
numbers denote unique 2—3 motif segments taken from one of the INDIV or MULT baseline exemplars,
respectively. Note that for all of the sequence patterns, the original position of each segment in the baseline
exemplar has been maintained. The notation used here should not be confused with that in Table I.

Baseline stimuli

INDIV: a b c d e f g h i j
MULT: 1 2 3 4 5 6 7 8 9 10
Test stimuli

Stimulus

class Sequence

| a b 3 d e f g h i i

| a b c d e f g 8 i i
Il a 2 c 4 e f g h i j
Il a b c d e 6 g h 9 j
Il a 2 3 d 5 f g h i j
1] a b c d e 6 g 8 i 10
v 1 2 c 4 5 f g h [ j
\ a b c d e 6 7 h 9 10
\% 1 2 3 4 5 f g h i j
\% a b c d e 6 7 8 9 10
\ a b 3 d e 6 7 8 9 10
VI 1 2 3 4 5 f g 8 [ j
Y a 2 c 4 e 6 7 8 9 10
VI 1 2 3 4 5 6 g h 9 j
Wil a 2 3 d 5 6 7 8 9 10
Vil 1 2 3 4 5 6 g 8 [ 10
IX 1 2 c 4 5 6 7 8 9 10
IX 1 2 3 4 5 6 7 h 9 10

ten smaller segments which themselves contained two tolasses I, Ill, VII, and VIII, 12 different exemplars per class

three whole motifs. Using digital editing software, the seg-were constructed. There were only two exemplars in class V.
ments from each pair of baseline exemplars were then contzach subject was exposed to 74 different test stimuli. For all
bined in varying proportions, so that each test stimulus conef the test stimuli in experiment 3, the location of each seg-
tained ten segments. Table Il shows representative pattermsent with respect to its position in the original baseline ex-
for the different classes of test stimuli. Nine different classeemplar was maintaine@ee Table II).

of test stimuli were created in which the percentage of IN-

DIV and MULT motifs in a given exemplar varied from 90% 2. procedure

to 10% in increments of 10%. For example, in the class | test
stimuli the ratio of INDIV:MULT segments was 9:1, in the

class Il stimuli the ratio of INDIV:MULT segments was 8:2, forcemerit and allowed to stabilize at asymptotic perfor-

and in the cla}ss i .st|mul| the ratio of .INDIV:MULT >€9" mance. Subjects then began the third experiment. The
ments was 7:3. This pattern of combining song segments

) rocedure for experiment 3 was identical to that described
from the baseline exemplars meant that for classes I-IV anﬁor experiment 1, except that different test stimuli were pre-
VI-IX, either the MULT or INDIV motifs, respectively, b ' P P

made up the minority portion. These eight classes of tes?emed'
stimuli were further subdivided into two types of exemplars, o
those in which the minority motifs occurred somewhere3: Statistics
within the first five segment§.e., the first half of the bout The statistical analysis followed that given in the general
and those in which the minority motifs occurred somewheranethods, with one exception. In order to balance the struc-
within the last five segments. The remaining class of testure of the models used to analyze the interaction between
stimuli (class V: 50% INDIV-50% MULT were composed the different test stimulus classes and the structure of the
of five segments from the INDIV baseline exemplar fol- stimuli with each class, some of the data from classes with
lowed by five segments from the MULT baseline exemplar,more than six exemplars were not used. For the larger test
or vise versa. Each test stimulus wasl5 s long. stimulus classegll, I, VII, and VIII ), we selected six
The total number of possible permutations for thisstimuli at random from each of the classes and analyzed the
stimulus set is very large. Therefore, for each stimulus clasgesponses across all classes with a repeated measures
a subset of all the possible permutations was selected tANOVA. Identical tests using different exemplar samples
achieve a reasonable number of test stimuli that met the crfrom the larger classes yielded results similar to those re-
teria outlined above and also covered the range of possiblgorted below. The separate repeated measures ANOVAS run
permutations in that class. For stimulus classes I, IV, VI, andn the stimuli within each class used data from all the exem-
IX, six different exemplars per class were constructed. Foplars.

Following completion of the second experiment, all sub-
jects were returned to the baseline procedate70% rein-
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0.9 there was a significant interaction between the location of a

—®— Mean substitution and the eight different classes of test stimuli in
osd1T T A 15t half this analysig§ F(7,49)=9.995,p<0.0001]. This last finding
L f ~T T . eesOee- 2nd half suggests that the location of a substitutiae., the minority

motifs, see Table I)lwas important, but only in some of the
test stimulus classgsee Fig. 5. To explore this effect fur-
ther, we ran separate repeated measures ANOVAs on all the
test stimuli in each of the different classes. For classes Il—
VII, the location of the minority motifs had a significant
effect on the mean proportion of INDIV responses made to a
given stimulus. For classes 11—V, subjects were significantly
more likely to make an INDIV response when the MULT
motifs appeared in the first half rather than the second half of
the stimulus. For classes VI and VII, this trend was reversed,
with subjects more likely to make an INDIV response when
INDIV motifs appeared in the second half rather than the
first half of the stimulus. These results can be understood as

Proportion of INDIV responses

Vel position effects, and are consistent with the modest recency
91 82 73 64 55 46 37 28 19 effects observed in the first experiment. Recall that in experi-
INDIV:MULT motif ratio ment 1, motifs in the terminal portion of the sampling inter-

FIG. 5. Mean(=SEM) proportion of INDIV responses as a function of test V@l exerted greater control over the subjects’ responses than
stimulus class in experiment 3. The mean shows the data from all exempladid those in the initial portion. The serial-position effects for
:Rgf‘\f*&ﬂﬂifseet_?att’get”’- Each C'?;SS is 'abf'ed aDcctord'“gftOt;he 3?‘“,3 OJ experiment 3 can be seen as the difference between the dot-

: motifs that comprise its exemplars. Data are further divide i . :
according to the location of the minority motifsither the first or last half of ted and dashed curves in Fig. 5, and the motif proportion
the exemplar, see Table )i effect as the slope of each curve.

D. Discussion

C. Results In the third experiment, we examined how recognition

All of the subjects maintained very accurate classifica-was effected by variation in the relative proportions of famil-
tion of the baseline stimuli over the duration of the third iar motifs composing a song bout. To do this, we created
experiment, making correct responses to the INDIV andseveral sequences of motifse., song boutsin which the
MULT baseline stimuli ~91% of the time (mean for relative proportions of motifs from two of the baseline-
INDIV =91.1%+ 1.7%, mean for MULE90.7%*2.8%). training singers were systematically varied. We then ob-
Accordingly, the mean proportion of INDIV responses madeserved the pattern of responses to these bouts. Classification
to the INDIV baseline stimuli was significantly greater than of the test stimuli was strongly controlled by the proportions
the proportion made to the MULT baseline stimpfi(1,7)  of familiar motifs in each exemplar. When a bout contained
=568.468,p<<0.0001]. From Fig. 5, it is apparent that the more motifs from the INDIV singer, the subjects tended to
proportion of INDIV responses made to each class of testlassify that song as an INDIV bout. When a bout contained
stimuli varied along with the proportions of INDIV and more motifs from the MULT singer, subjects tended to clas-
MULT motifs present in each stimulus. The variation amongsify that song as a MULT bout. As Fig. 5 shows, the gener-
these responses to the different test stimuli was significardlization gradient between INDIV and MULT responding
[F(73,438=12.870,p<<0.0001]. As in the first two experi- closely follows the variation in relative proportions of motifs
ments, performance between the two groups of subjectom the two singers contained in each exemplar. In addition,
trained on the different baseline stimulus sets did not diffewithin each class of test stimuli, all of the different permu-
significantly in either the overall level of response to the testations elicited similar proportions of INDIV responses. This
stimuli [F(1,6)=0.117, NS, or in the pattern of responding last fact suggests that no single motif exerted any greater
observed among the different test stimylF(73,438) control over recognition than did any other. By extension,
=0.759, NS. Subsequent analyses pooled the data from althen, it appears that large subsets of motifs were associated
subjects. with each response.

To examine more subtle patterns in the responses made The data from the third experiment also provide con-
to the different classes of test stimuli we analyzed the variverging support for the manner in which motifs at different
ance across stimulus test classes -1V and VI-IX using docations of the sampling interval control recognition. In
single repeated measures ANOMAee Sec. IV B Again, general, motif substitutions made in the later half of a bout
the probability of making an INDIV response varied signifi- exerted greater control over recognition than those in the first
cantly among the test stimuli[F(7,49)=47.819, p half of the bout. As with the recency effects observed in the
<0.0001]. We observed no difference in the mean proporfirst experiment, those seen in experiment 3 are likely due to
tion of INDIV responses made to exemplars with substitu-the short delay between motifs presented in the second half
tions in the first half of the bout and those with substitutionsof the sampling interval and the point at which the subject
in the last half of the boufF(1,7)=1.584, N§. However, makes a choice on any given trial. Interestingly, these serial-
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position effects are not consistent across the different tegiencies so that classification covaried with individual iden-
stimulus classes, but instead are centered around those exetity, with the intent that the subjects would engage functional
plars in which the INDIV:MULT ratio is closest to one, and vocal recognition mechanisms to solve the task. In fact, pre-
at a maximum when the ratio equals ofsee Fig. 5. This  vious data support this idea by suggesting that behaviors
pattern suggests two conclusions. First, subjects appear tibserved under similar conditions involve substantially more
integrate acoustic information over the time span of severahan the rote memorization of arbitrary stimuli. Correct clas-
motifs. Combined with the negative results from experimentsification acquired with these same stimulus sets will readily
2, in which we observed no differences in responding to anyransfer to novel song bouts containing both familiar motifs,
of the test stimuli, we can estimate a lower bound on thisand those composed of entirely novel-motifs sung by the
integration window of approximately four to six motifs. Be- training singers(Gentner and Hulse, 1988Whereas the
cause even those exemplars in which a single minority segransfer to songs containing novel instances of familiar mo-
ment appeared in the first half of the stimulus, and those withifs holds for all starlings tested to dat€entner and Hulse,
insertions at the first position in experiment 1, were treated 998; Gentneet al, 2000, the transfer to songs composed
differently than the baseline stimuli, the upper bound to theof entirely novel motifs sung by the training singers obtains
integration widow appears to be at least 10 s. Second, beénly when the subjects have had experience with the singers
cause the serial-position effects are inversely related to thgrior to any exposure in the operant apparatGsentner
bias in motif proportions(see Fig. $ and at a maximum et al, 2000. In other words, individual vocal recognition
when the motif proportion bias is minimiz&¢tNDIVIMULT ~ can be demonstrated in starlings, but only after the subjects
ratio=1), the stimulus control they elicit appears to be sec-have had direct experience with the songs that different birds

ondary to that elicited by the ratio of familiar motifs. sing. Therefore, when individual vocal recognition has been
established in an operant context, it appears to be essentially
V. GENERAL DISCUSSION a problem in the classification of familiar songs. It does not

The results of this study suggest that when starlings ar@PPear to be mediated by the use of more global acoustic
compelled to classify conspecific songs, they do so b>properties imparted to all, or some subset of, the motifs sung
memorizing large numbers of unique song componérgs ~ PY @ given individual(so called “voice-characteristics
motifs), and then organize subsets of these motifs into sepalhe results of the present study strongly suggest that the
rate classes. As a cognitive strategy, classifying songs aéliscrimination and classification of familiar song is con-
cording to their component structure represents a parsimontolled by the relative proportions of motifs from different
ous method of dealing with these complex acoustic signal§ingers comprising a bout.
under more natural conditions. Because individual starlings Based on the results of this study, we can begin to out-
tend to possess unique motif repertoires, disjoint sets of mdine a minimum set of cognitive processes that are likely to
tifs will generally correspond to individual identity. There- serve as the basis for individual vocal recognition in star-
fore, attending to the motif structure will capture a signifi- lings. First, starlings need to be able to dissociate strings of
cant portion of the individual variation in the signal, which, motifs (i.e., songsfrom irrelevant background noise and the
of course, is a requisite to individual vocal recognition.SONgs of other individuals occurring simultaneously. This is
Given this potential source for individual variation, it is analogous to the cocktail party effect in human listeners
tempting to consider the possibility that perceptual processtCherry and Taylor, 1954 and is a problem in auditory
ing mechanisms similar to those described here serve as tis&eam segregatiofBregman, 1990; Wisniewski and Hulse,
basis for individual vocal recognition, at least in starlings.1997; MacDougall-Shackletoet al., 1998. Once a relevant
Although we suggest that this is likely to be the case, it isstream has been segmented from others, that song must be
important to remember that individual vocal recognition re-parsed into its constituent motifs, and then sets of motifs that
quires more than the discrimination and classification ofoccur in a single bout must be grouped into separate classes.
song. Like most real-world behaviors, individual vocal rec-Novel motifs occurring in subsequent song bouts must then
oghnition is likely to involve complex multi-modal processing be assigned to different classes, perhaps based on their prox-
mechanisms that integrate nonarbitrary visual and auditorymity to already familiar motifs. Only after a suitable *“li-
information, as well as a level of categorical reference thabrary” of motif classes has been established can accurate
we have not addressed here. Nonetheless, it is difficult toecognition take place. Within this context, decisions about
imagine how individual vocal recognition might occur with- which singer produced a given song bout are then based on
out the discrimination and classification of song, and oujudgments about the relative proportions of motifs from each
data suggest a likely behavioral mechanism for such cognielass that occur within some sampling interval. These puta-
tion. tive processes require a mechanism for consolidating neural

Although the operant task detailed here is an idealizatiomepresentations of each motif into a long-term memory store,
of vocal recognition in more natural contexts, the two behavand suggest a memory retrieval/decision mechanism
iors share a functional equivalence in that they require submechanismsin which similarity judgments between new
jects to associate specific acoustic events with external rend stored motifs are made. The results of this study suggest
erents. Under natural conditions, these referents may biaat the later mechanism is integrating similarity judgments
locations in space or the visual images of individual conspemade for many motifs in order to reach a decision about
cifics, whereas in the operant task, the referent is a respongadividual identity. Although the proximate mechanisms that
button at a given location. We designed the operant contingive rise to these, and in fact most, cognitive process remain
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largely unknown, we hope that the present study will provide in the European Starling—Species-Specificity and  Individual-

at least some of the groundwork necessary for their subse-Differences,” Belgian J. Zool121(2), 257-278. _

quent investigation. Gentner, T. Q._(1999). Behavioral and ngurolglologlcal_ mechanisms of_

song perception among European Starlings,” unpublished Ph.D. Thesis,
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