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ABSTRACT: Among songbirds, the capacity to as-
sociate particular songs with particular singers (i.e., vo-
cal recognition) forms the cognitive basis for more com-
plex communication behaviors such as female choice
and territoriality. In the present study, we combine
operant conditioning techniques and excitotoxic lesions
to the forebrain nucleus HVc to examine the role of this
region in the discrimination, associative learning, and
categorization of conspecific song. We trained adult
male and female European starlings,Sturnus vulgaris,to
recognize simultaneously the songs of several conspecific
males. Then, using a series of transfer procedures, we
demonstrate that correct recognition does not generalize
to song bouts containing novel motifs from familiar
singers. This suggests that starlings do not make use of
individually invariant source or filter characteristics for
vocal recognition. We then lesioned a portion of HVc
bilaterally with ibotenic acid, and exposed the birds to a

series of manipulations testing the discrimination, asso-
ciative learning, and categorization of conspecific song.
The lesions attenuated song production among males,
but retention of the basic recognition task (i.e., mainte-
nance of the discrimination) was unaffected. However,
when the response contingencies were reversed—as a
test of associative learning independent of discrimina-
tion—the initial performance and subsequent learning
rate were negatively correlated with the size of the HVc
lesions. This suggests that HVc plays a role in the for-
mation of associations between a song and some refer-
ent. The results of this study are discussed in light of
earlier claims regarding the role of HVc in the percep-
tual processing of conspecific song. © 2000 John Wiley &

Sons, Inc. J Neurobiol 42: 117–133, 2000
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Songbirds birds use their elaborate vocal displays
(i.e., songs) to communicate with conspecifics in a
variety of different behavioral contexts (Catchpole
and Slater, 1995; Kroodsma and Miller, 1996; Ball
and Hulse, 1998). Most of our knowledge about the
proximate mechanisms underlying this form of vocal

communication comes from studies of the behavioral
and neurobiological bases of song production in adult
males and song acquisition in juveniles. Compara-
tively few studies have investigated the proximate
mechanisms of song perception in adult birds. One
way to study the proximate basis of song perception in
a context that draws on the rich behavioral ecology of
songbirds is to examine the behavioral and neurobio-
logical mechanisms of individual vocal recognition.
The ability to recognize individual conspecifics by
their song (or songs) is a prerequisite to many song-
based behaviors with important evolutionary conse-
quences, such as female mate choice and male terri-
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tory defense. Thus, it is not surprising that the
capacity for individual vocal recognition is one the
few constants among this behaviorally polytypic sub-
order (Stoddard, 1996). Recognition in any context
implies two constituent processes—discrimination
and association. To recognize individual conspecific
males by their song (or songs), receivers must first
discriminate among perceptually distinct acoustic
events (i.e., different songs), and then associate those
distinct events with particular singers.

In the first part of the present study, we continue
our ongoing investigation of the proximate behavioral
mechanisms that underlie individual vocal recognition
among European starlings,Sturnus vulgaris.The re-
sults of earlier studies on vocal recognition in this
species suggest that starlings attend to at least two
features of a song bout when trying to recognize an
individual. First, starlings appear to rely heavily on
the specific motifs that compose a song bout. Second,
starlings attend to the sequence in which those motifs
are sung (Gentner and Hulse, 1998). A third possible
mechanism for individual vocal recognition is the use
of an invariant acoustic feature (or features) among all
(or at least some) of the songs from a single individ-
ual. Invariant acoustic features may result from indi-
vidual morphological variation of the source (i.e., the
syrinx), or from individual variation (morphological
and/or motor) in the filter properties of the production
system. These invariant features have also been re-
ferred to as voice characteristics (Lambrechts and
Dhondt, 1995; Weary and Krebs, 1992). Starlings do
not rely on voice characteristics when categorizing
single motifs by individual identity (Gentner, 1999).
However, voice characteristics may be imbedded at
larger levels of male starling song organization. In the
present study, we test the idea that starlings use in-
variant acoustic features at these larger levels to rec-
ognize individuals.

In the second part of this study, we use the
operant recognition task to examine the role of the
song control nucleus HVc in the perceptual pro-
cessing of conspecific song. The role of HVc in
song production has been well established through
electrolytic lesions (Nottebohm et al., 1976), im-
mediate-early gene expression (Jarvis and Notte-
bohm, 1997; Kimpo and Doupe, 1997), and elec-
trophysiology (McCasland, 1987; Yu and
Margoliash, 1996). Neurons in HVc also show au-
ditory responses to song (Katz and Gurney, 1981;
Margoliash, 1983; Margoliash and Konishi, 1985),
leading to the suggestion that this region may be
involved in production-independent perceptual pro-
cessing of these signals. Studies of HVc lesioned
female canaries are consistent with this last idea.
Lesions to HVc abolish female behavioral prefer-

ences for conspecific over heterospecific song (Bre-
nowitz, 1991) and for sexually attractive song
phrases over other phrases of conspecific song (Del
Negro et al., 1998; Vallet and Kreutzer, 1995).
Among female zebra finches,Taeniopygia guttata,
in which HVc is small and does not make connec-
tions to other song nuclei such as RA, lesions to
HVc have no effect on copulation solicitations.
However, lesions of the caudal portion of the ven-
tral hyperstriatum (cHV) adjacent to HVc effect
solicitation behavior in a manner similar to that
observed among the HVc lesioned canaries (Mac-
Dougall-Shackleton et al., 1998).

In this experiment, we used a well-established op-
erant conditioning procedure (Hulse, 1995; Gentner
and Hulse, 1998; Gentner, 1999) to train male and
female starlings to recognize simultaneously the
songs of several conspecific males. Once they learned
this basic recognition task, we examined the putative
role of voice characteristics in mediating individual
vocal recognition through a series of transfer manip-
ulations in which the subjects were exposed to novel
song stimuli. The first set of transfer stimuli contained
novel song bouts composed of familiar motifs, and the
second set of transfer stimuli contained novel song
bouts composed of novel motifs. If starlings can use
voice characteristics to recognize individuals, recog-
nition for both sets of transfer stimuli ought to be
above chance. Similar stimuli were used in an earlier
study of individual vocal recognition (Gentner and
Hulse, 1998), but without the level of control over
pretesting song exposure and sex of the subject pro-
vided here.

Following exposure to both sets of transfer stimuli,
HVc was lesioned bilaterally in a subset of the ani-
mals and the birds were exposed to a second phase of
operant testing to measure the perceptual effects of
the HVc lesion. Following the lesion, the subjects
were returned to the basic recognition task and then
exposed to two different discrimination reversal ma-
nipulations. Retention of the original recognition task
required that subjects discriminate among the differ-
ent exemplars and associate each with a particular
response. Retention deficits are, therefore, attributable
to either process. In contrast, the first discrimination
reversal required that the subjects maintain the dis-
crimination among familiar exemplars but relearn rel-
evant associations. Thus, in the absence of a retention
deficit, reversal effects provide a straightforward mea-
sure of associative learning processes. The second
reversal discrimination required that the subjects
transfer newly acquired response contingencies to fa-
miliar exemplars, and thus relies on the ability to
categorize discriminable stimuli.
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MATERIALS AND METHODS

Subjects

Twenty European starlings, 10 males and 10 females,
served as subjects for this experiment. Subjects were wild-
caught on a farm 30 miles North of Baltimore, during
October and November 1997. Prior to the start of the ex-
periment, subjects were housed in large flight cages along
with three to five additional birds of the same sex and
species. The flight cages were kept in a large mixed-sex,
mixed-species aviary in which the photoperiod was syn-
chronized to the natural fluctuations in day length at this
latitude. Immediately prior to the start of the experiment in
early March, the subjects were moved to individual cages in
a separate room, where the photoperiod was held constant at
an 11:13-h light/dark cycle. On this light schedule, starlings
will maintain a photostimulated physiological condition in-
definitely (Dawson et al., 1985). The subjects were held on
this schedule for the duration of the experiment (;5–6
months). Subjects had ad libitum access to food and water
at all times while on the natural photoperiod. During be-
havioral testing, subjects were maintained on food restricted
diets at 85% of their ad libitum body weight.

The male starlings used to generate the stimuli for this
experiment, and all of the subjects that had been exposed to
these songs, were removed from the aviary prior to the
introduction of the subjects used in the present experiment.
Although we captured these subjects at the same location as
those used for the earlier experiments on individual vocal
recognition (Gentner and Hulse, 1998), these animals were
trapped nearly 2 full years after the original birds had been
taken from our field site. Therefore, although it is impossi-
ble to guarantee that these animals had no exposure to the
stimuli used in this experiment prior to testing, it is unlikely.

Apparatus

Experimental sessions were conducted inside a sound-atten-
uating test chamber (IAC Model AC-3, New York, NY)
fitted with a custom made operant response panel (see
Gentner and Hulse, 1998, for complete description). Three
horizontally aligned response buttons (keys) were centered
on the panel above a small opening through which food
(Purina Start and Grow) was delivered. Two 10-W incan-
descent lamps indirectly illuminated the test chamber. Stim-
uli were presented through a speaker (Bose Model 101,
Framingham, MA) mounted above and behind the response
panel, out of view of the subject. A computer running
custom software controlled stimulus presentation, response
contingencies, and data collection. Prior to testing, the max-
imum sound level of the acoustic stimuli inside the test
chamber was set at 706 2 dB (A) SPL.

Stimuli

Male starling song has been well described by several
authors (Adret-Hausberger and Jenkins, 1988; Eens, 1989;
Mountjoy and Lemon, 1995). Males tend to produce song in

structured episodes, referred to here as song bouts. Song
bouts vary in length both within and among individuals, but
follow a generalized phonological pattern that appears to be
species typical (Eens et al., 1991). The song bout itself is
composed of sequentially patterned multiple note clusters
referred to as motifs. Motifs vary in length from roughly
200 to 1000 ms, and the pattern of notes within a given
motif is stable among different renditions. More often than
not in the course of a bout, a motif is repeated several times
before the next one is sung (Adret-Hausberger and Jenkins
1988; Eens et al., 1989). Thus, one can conceptualize a song
bout as a sequence of motifs. The number of motifs con-
tained in a bout is a function of the length of that bout, with
long bouts containing more motifs (Eens et al., 1989).
Repertoire size in male starlings is defined by the total
number of different motifs that a male produces, and a
single bout rarely if ever contains all the motifs in a given
male’s repertoire. Thus, it is possible to obtain relatively
long continuous segments of song from a single male that
do not share common motifs. We made use of this fact when
constructing the stimuli for the present experiment.

To generate the stimuli, digital recordings of five male
European starlings were made (Gentner and Hulse, 1998).
From each of these five males, we sampled continuous
segments of song from multiple bouts until we had a pool of
24 exemplars from each male. Each exemplar was 15
(60.25) s long. Sixteen of the 24 exemplars from each male
had motifs in common with one another. Eight of these 16
exemplars were designated as baseline stimuli and the other
eight were designated as novel song bout stimuli. The eight
remaining exemplars (from the pool of 24) had no motifs in
common with any of the baseline or novel song bout stim-
uli; for this reason, they were designated the novel motif
stimuli. The stimulus sets used in each of the different
behavioral conditions in this study are combinations of
these three types of stimuli from the five different males
(Table 1). The stimuli are identical to those used in earlier
studies of individual vocal recognition in starlings (Gentner
and Hulse, 1998; Gentner, 1999). All stimulus manipulation
and signal processing was conducted on a microcomputer
(Macintosh, Quadra 650, Cupertino, CA) using digital ed-
iting software (SoundDesignerII, Didgidesign-Avid, Menlo
Park CA).

Procedure: Operant Conditioning

Discrimination Training. The subjects were trained to
work in the operant apparatus through a combination of
autoshaping and shaping procedures that represented suc-
cessively closer approximations to the baseline training
procedure (see Gentner and Hulse, 1998, for a full descrip-
tion). The baseline training procedure used a one-interval
choice (yes–no) recognition design (Hulse, 1995; Macmil-
lan and Creelman, 1991) in which a stimulus is drawn from
one of two classes and the subject’s task is to decide to
which class it belongs. In the present case, a peck to the
center response key initiated a trial by starting the playback
of a randomly selected stimulus exemplar. After a 12-s
listening interval, but before the stimulus exemplar finished
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playing, a single response to either the left or the right key
resulted in either positive reinforcement or punishment de-
pending on the key with which that exemplar was associ-
ated. Half of the stimuli were associated with the right key
and the other half were associated with the left key. Correct
responses (e.g., a response to the left key following a
stimulus associated with that key) were reinforced with a
2.5-s access to the food hopper. Incorrect responses (e.g., a
response to the right key following a stimulus associated
with the left key) were punished with a 6-s time-out during
which the house lights were extinguished and the food
hopper remained inaccessible. The distribution of responses
to the left and right keys was therefore dependent upon the
extent to which the subjects were capable of recognizing (or
learning to recognize) the stimuli presented in this task.
Recognition, in this sense, refers both to the active discrim-
ination among different stimulus exemplars and to differ-
ential associations formed between each exemplar and the
different responses.

The interval between successive trials was 2 s. In the
event that a bird failed to respond within 5 s following the
completed presentation of a given exemplar, the trial ended,
and the computer waited for a center key peck to begin the
next trial. In addition to causing a 6-s time-out, an incorrect
response to a playback stimulus initiated a correction trial
sequence in which the same exemplar repeated on all sub-
sequent trials until the bird either responded appropriately
or not at all. During the first 12 s of each stimulus presen-
tation responses to the keys had no effect. This 12-s obser-

vation period increased the amount of song to which sub-
jects were exposed on each trial, and so helped limit
potential response biases based only on the first part of the
stimulus. Immediately following the observation period,
responses were reinforced as described above.

Baseline Training. Each subject’s task in this experiment
was to recognize the songs of an individual male European
starling among those of four other male European starlings.
For example, one subject was reinforced for pecking the left
key each time it heard a song from bird A, and for pecking
the right key each time it heard a song from either bird B,
C, D, or E. Another bird was reinforced for pecking the left
key each time it heard a song from bird B and for pecking
the right key each time it heard a song from bird A, C, D,
or E. In each case, we refer to the key associated with the
songs of the single bird as the individual (INDIV) key, and
the key associated with the songs from multiple birds as the
multiple (MULT) key. Likewise, the songs associated with
each key are referred to as INDIV and MULT stimuli,
respectively (Table 1). The association of the INDIV and
MULT stimuli with either the left or right response key was
counterbalanced across subjects. In all, five different stim-
ulus sets were used in training the baseline task (Table 1),
but each subject was exposed to only one baseline stimulus
set.

Transfer to Novel Song Bout Stimuli.Once a bird had
learned the baseline task, such that it responded correctly on

Table 1 Stimulus Set Configurations

Behavioral Condition

Category/Correct Response

Individual Multiple

Baseline A1, A2, A3, A4 B1, B2, C1, C2
A5, A6, A7, A8 D1, D2, E1, E2

Novel song bout transfer A9, A10, A11, A12 B9, B10, C9, C10
A13, A14, A15, A16 D9, D10, E9, E10

Novel motif transfer A17, A18, A19, A20 B17, B18, C17, C18
A21, A22, A23, A24 D17, D18, E17, E18

Combined A1, A2, A3, A4 B1, B2, C1, C2
A5, A6, A7, A8 D1, D2, E1, E2
A9, A10, A11, A12 B9, B10, C9, C10
A13, A14, A15, A16 D9, D10, E9, E10
A17, A18, A19, A20 B17, B18, C17, C18
A21, A22, A23, A24 D17, D18, E17, E18

Reversal-1 B1, C1, D1, E1 A1, A2, A3, A4
B9, C9, D9, E9 A9, A10, A11, A12
B17, C17, D17, E17 A17, A18, A19, A20

Reversal-2 B2, C2, D2, E2 A5, A6, A7, A8
B10, C10, D10, E10 A13, A14, A15, A16
B18, C18, D18, E18 A21, A22, A23, A24

Stimulus exemplar patterns and the associated response contingencies (individual or multiple) for the six behavioral conditions in the
present study. The pattern for one of the five stimulus sets is shown. Letters indicate the identity of the singer, and numbers refer to different
song bout samples from that individual. For each of the four additional stimulus sets, the songs of a different singer (B, C, D, or E) were singled
out from those of the four remaining males. For example, changing all the A’s to B’s, and vice versa, in Table 1 would generate another
stimulus set. Each subject was exposed to only one stimulus set, and the distribution of the five stimulus sets was balanced across males and
females. Subjects were lesioned after exposure to the combined set, then returned to the combined set following recovery from the surgery.
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at least 80% of the trials in three or more consecutive
64-trial blocks, that bird was transferred to the novel song
bout stimuli. During the novel song bout transfer sessions,
the baseline exemplars were replaced with the novel song
bout stimuli (Table 1). The novel song bout stimuli were
drawn from the songs of the same males that we used to
generate the baseline stimuli (Table 1), but in most cases
were sampled from different song bouts and had many
motifs in common with baseline stimuli. Each subject’s task
remained the same during these transfer sessions (e.g., peck
one key each time you hear a song from male A and the
other key each time you hear a song from male B, C, D, or
E). The subjects were maintained on the novel song bout
stimuli for several sessions until performance reached an
asymptotic level.

Transfer to Novel Motif Stimuli. Once each subject had
again reached asymptotic performance, responding at or
above the 80% correct criterion for three or more blocks of
trials with the novel song bout stimuli, that bird was trans-
ferred to the novel motif stimuli. For the novel motif trans-
fer sessions, the novel song bout stimuli were replaced with
an equal number of novel motif stimuli (Table 1). Again, the
singer identities for the novel motif stimuli (and their as-
signment to either the left or the right key) were exactly the
same as that for the baseline and novel song bout stimuli
(Table 1). Subjects were maintained on the novel motif
stimuli for at least 300 trials.

Transfer to Combined Stimuli.After performance on the
novel motif stimuli had stabilized at asymptote—recogni-
tion at or above 80% correct over three consecutive blocks
of trials—the novel song bout and baseline stimuli were
reintroduced. The basic task of pecking a particular key
every time a subject heard a song from a specific male
remained the same, but the number of stimuli that were
associated with each response was much larger than before.
During a single session with the combined stimulus set the
subjects were exposed to 48 different stimulus exemplars:
24 from one male, assigned to one key, and 24 (six from
each of four other males) assigned to the other key (Table
1). Once each subject’s performance had again reached an
asymptote (by the above criterion) and they had run;1000
trials (6100) with the combined stimulus set, operant test-
ing was temporarily halted so that we could lesion HVc (see
below). Following recovery from this surgical procedure,
the subjects were returned to the combined stimulus set for
another 1000 trials.

Reversal Learning.After completing 1000 postlesion trials
on the combined stimulus set, the subjects were exposed to
the first of two reversal conditions. During the first reversal,
the subjects were exposed to only 12 of the 24 exemplars in
the combined stimulus set and the response contingencies
for those exemplars were reversed (Table 1). Those exem-
plars that had originally been associated with the INDIV
key throughout all of the earlier sessions were now associ-
ated with the MULT key, and vice-versa. Of the 12 exem-
plars associated with each response in the first reversal set,

four were from the original baseline stimulus set, four were
from the original novel song bout set, and four were from
the original novel motif set. For those 12 stimuli originally
associated with the MULT key, three of exemplars in the
first reversal set were from each of the four different males
(Table 1). The subjects were maintained on the reversal-1
stimuli for at least 5000 trials, and after that until they had
exceeded a performance criterion of 75% correct on three
consecutive blocks of trials. Once these criteria had been
met, the subjects were transferred to the second reversal set.
Two subjects failed to meet the performance criterion, and
so were never transferred to the second reversal set stimuli.

The second reversal set was composed of the remaining
24 exemplars from the combined stimulus set. As with the
first reversal set, the response contingencies for the stimuli
in second reversal set were reversed from those in the
original training (Table 1). The subjects were maintained on
the reversal-2 stimuli for;2000 trials, after which time the
operant conditioning portion of the experiment was termi-
nated. Following the completion of this last operant test, the
subjects were returned to the aviary.

HVc Lesions

Lesions. Following completion of the initial combined set
stimulus condition (see Transfer to Combined Stimuli
above) 12 animals (six male and six female) received bilat-
eral ibotenic acid lesions to HVc, and the remaining six
animals received sham lesions. Two of the original 20 birds
did not survive the surgery. Subjects were anesthetized with
a 50-mg/kg dose of secobarbitol (50 mg/mL) via intramus-
cular injection, and placed into a stereotaxic apparatus
(Kopf, Model 962). A small episiotomy (1–2 mm in diam-
eter) was made dorsal to HVc in both hemispheres, and a
glass micropipette attached to a picospritzer (Parker Instru-
mentation) was lowered into HVc. The lesions were made
by slowly injecting 0.5mL of an ibotenic acid solution
(Regis; Cat. No. 330401, 10mg/1 mL dissolved in 0.1M
phosphate-buffered saline). The ibotenic acid solution was
injected into each hemisphere over the course of 5 min.
After each injection the pipette was left in place for 5 min
to minimize back-flow along the pipette track. Injection of
the ibotenic acid was confirmed visually by monitoring the
level of fluid in the pipette during injection. The procedure
for the sham-lesioned birds was identical to that just de-
scribed, except that the pipette was filled with physiological
saline and no fluid was injected into HVc. Following recov-
ery from the anesthetic, animals were returned to the aviary
and allowed ad libitum access to food and water for 1 week.
Following this 1-week recovery period, the subjects re-
sumed testing in the operant apparatus.

Lesion Reconstruction.After measuring song output from
the males (see below), all of the subjects were sacrificed by
rapid decapitation. The brains were quickly removed, frozen
on dry ice, and then stored at270°C until they were
sectioned. The fresh-frozen tissue was cut into 40-mm coro-
nal sections on a cryostat and thaw-mounted on gelatin-
coated microscope slides. After mounting, the tissue was
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fixed in a 4% paraformeldehyde solution, and then Nissl
stained with thionin. Volumetric reconstructions were done
for HVc in both hemispheres of the IBO-lesioned and
control animals. The volume of HVc in each hemisphere
and overall (average of both hemispheres) was then normal-
ized by dividing by the volume of a control nucleus, Spiri-
formalis medialis, in the left hemisphere of each animal.
The extent of the HVc lesion in each hemisphere for each
animal was quantified by comparing the normalized volume
for a given HVc to the corresponding mean normalized HVc
volume (right, left or overall) for the same-sex control
animals, and expressed as a percentage of intact HVc.
Volume reconstructions were done using a computerized
image analysis system that allowed us to examine the tissue
at310 magnification. Volume estimates of HVc include the
population of Area X–projecting neurons that form a thin
strip along the dorsomedial edge of the telencephalon, the
so-called para-HVc region (Johnson and Bottjer, 1995). All
volume measurements were made by a person blind to each
animal’s behavioral data.

Song Output

After all of the subjects had completed the final phase of
operant testing (reversal-2), we recorded the males’ song to
measure the effects of the HVc lesions on song production.
Each male (sham and HVc lesion) was recorded twice over
the course of 2 weeks. Recording sessions took place inside
the aviary between 9A.M. and 12P.M., and each session
lasted;2 h. In most cases, an HVc lesion and sham lesion
subject were recorded during the same session. Although all
of the subjects had auditory and visual access to one an-
other, they were housed individually. This allowed us to
obtain reasonably clear recordings with low background
noise from all of the males, while they were under similar
environmental conditions.

Statistical Analysis

All responses in the operant apparatus can be coded as
either correct or incorrect, based on the response with which
the particular exemplar presented on a given trial was as-
sociated and the response that the subject actually made.
Data from the baseline training and first two transfer con-
ditions of the operant task were grouped in blocks of 64
trials. Data from the remaining conditions of the operant
task were grouped into blocks of 100 trials. Comparisons
among means were made using factorial and repeated mea-
sures analysis of variance (ANOVA) with the level of
significance set at .05. The repeated measures ANOVA
controls for the fact that responses from an individual were
not independent across the different conditions, but still
allows for comparisons between groups (male and female,
or sham and lesion). Data from correction trials and trials on
which the subject made no response were not used in any of
the analyses presented here. To analyze further any effect of
the lesion, we ran simple regressions between the percent-
age of HVc lesioned in each animal and measures of per-
formance on each of the different operant conditions postle-

sion. The significance of each correlation was tested using
Fisher’sr to z transform. The learning index used to assess
each subject’s acquisition rate on the reversal-1 condition
was the negative exponent of a power law functionT
5 BN2a (Rosenbloom et al., 1988), whereT is equal to
performance (expressed as the proportion of incorrect trials
per block) andN is equal to the number of trial blocks. As
performance improves (i.e., the subject learns), the number
of errors approaches an asymptote of zero. Thus, the expo-
nent2a is the slope of the learning curve, and so provides
an accurate estimate of the acquisition rate. Each subject’s
data were fit using a least-mean-squares estimate of the
error with commercially available software (Prism). The
notation “NS” used in the Results section means that thep
value associated with a given statistic was..05. All means
are shown with corresponding standard errors.

RESULTS

Prelesion

Baseline Training. All of the subjects rapidly
learned the baseline recognition task. Figure 1 shows
the performance (mean percentage of correct re-
sponses) over the first 28 blocks of trials (64 trials/
block). The upper boundary for the 95% confidence
interval around chance in a block of 64 trials is
;62%. From Figure 1, one can see that mean perfor-
mance on the baseline task was significantly above
chance by about the 13th block of trials and continued

Figure 1 Acquisition curve showing learning during the
baseline portion of the operant training. The mean
(6S.E.M.) percentage of correct responses pooled across all
subjects is shown as a function of the first 28 blocks of
trials. Each block contained 64 trials. The upper boundary
for the confidence interval around chance is 62.25%.
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to increase thereafter. This change in performance
over the first 28 blocks of trials was significant [F(27,
513)5 27.260,p , .0001], further demonstrating the
fact that the subjects learned to recognize the baseline
stimuli. We observed no significant differences be-
tween males and females in the rate at which the
baseline task was acquired [F(1, 18) 5 0.90, NS].
However, there was a significant difference among
the five different baseline stimulus configurations in
the pattern of responses across the first 28 blocks of
trials [F(4, 15) 5 5.330, p , .01], suggesting that
recognition was not acquired at the same rate for each
set of baseline stimuli. Post-hoc analyses revealed that
the mean performance over the first 28 blocks of trials
was significantly higher for one stimulus set (set A)
than it was for the other four (p , .01 in all cases;
Fisher’s PLSD). Among the four remaining baseline
stimulus sets there were no significant differences
(Fisher’s PLSD, NS for all comparisons among sets
2–5). All of the subjects eventually learned the base-
line task to a high level of proficiency. The mean
percentage of correct responses at asymptote was 85.9
6 1.2%. Once performance had reached these asymp-
totic levels, the earlier differences among the five
baseline stimulus configurations were no longer de-
tectable [F(4, 15) 5 2.352, NS]. There was no sig-
nificant difference between males and females in the
level of correct recognition at asymptote [F(1, 18)
5 0.340, NS].

Transfer to Novel Song Bout Stimuli.The transfer to
the novel song bout stimuli provides a method for
testing the generality of the recognition learned in the
baseline portion of the task. If subjects continue to
recognize accurately the novel song bout stimuli, we
have evidence that their behavior in the apparatus is
not simply based on the rote memorization of specific
stimuli, but rather on more categorical distinctions
among classes of different exemplars (Herrnstein,
1990). Recognition during the first session on the
novel song bout stimuli remained very accurate. Fig-
ure 2 shows the mean levels of performance just
before and after the transfer to the novel song bout
stimuli. There was a slight but significant drop in the
level of correct recognition when comparing perfor-
mance on the baseline stimuli immediately prior to
transfer to that on the novel song bout stimuli just
after the transfer [F(1, 10) 5 5.641, p , .05]. Al-
though statistically reliable, this drop in recognition
was very small, reflecting only 3.6% points difference
(pretransfer mean, 86.06 1.3%; posttransfer mean,
82.4 6 2.0%). Even the lower, posttransfer, level of
correct recognition is still well above the upper
boundary for the 95% confidence interval around
chance. As one can also see from Figure 2, the drop in

performance appeared to be restricted largely to the
female subjects. The interaction between pre- and
posttransfer performance and sex was significant
[F(1, 10) 5 7.794,p , .05]. As above when means
are pooled across sex, female performance following
the transfer to the novel song bout stimuli (mean, 79.9
6 3.25%) was well above chance. In addition, recog-
nition during this first transfer condition was unaf-
fected by the differences among the five stimulus set
configurations. There were no significant differences
among the levels of responding among the subjects
working with the five different stimulus configura-
tions [F(4, 10) 5 2.365, NS], and the interaction
between pre- and posttransfer performance and the
different stimulus sets was not significant [F(4, 10)
5 2.063, NS].

Transfer to Novel Motif Stimuli. The transfer from
the novel song bout stimuli to the novel motif stimuli
allowed us to examine the extent to which recognition
in the present task was tied to the specific motifs
composing each bout. Recall that the novel motif
stimuli had no motifs in common with either the
baseline stimuli or the novel song bout stimuli, but
that the same male sang all three sets of bouts. There-
fore, if recognition in starlings is affected by invariant

Figure 2 Mean (6S.E.M.) percentage of correct re-
sponses made over the course of the transfer from the
baseline stimuli to the novel song bout stimuli for both
males and females. Pretransfer values show means over the
five blocks of baseline trials just prior to transfer. Posttrans-
fer values show the mean for the first block of trials only.
All blocks contained 64 trials. Note that all values are well
above the upper boundary for the 95% confidence interval
around chance.
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acoustic features that are correlated with individual
identity but independent of specific motifs, one would
expect recognition to be maintained throughout the
transfer to the novel motif stimuli. This was not the
case. Recognition failed to transfer from the novel
song bout stimuli to the novel motif stimuli. Figure 3
shows the mean levels of performance just prior to
and immediately after transfer to the novel motif
stimuli. Although recognition was very high prior to
transfer, performance dropped dramatically during the
first block of trials on the novel motif stimuli. This
drop in performance between pre- and posttransfer
recognition was significant [F(1, 10) 5 211.200,p
, .0001]. In contrast to the pattern of results during
the first transfer session (novel song bout), correct
recognition during the first block of trials with the
novel motif stimuli was well within the 95% confi-
dence interval around chance (mean, 55.26 2.7%)
(Fig. 3). There were also differences in the level of
recognition among the subjects exposed to the five
different stimulus configurations. There was a signif-
icant difference among the overall percentage of cor-

rect responses made by the subjects working with
each stimulus configuration [F(4, 10) 5 5.467, p
, .5] and in the magnitude of the drop between pre-
and posttransfer performance associated with each
stimulus configuration [F(4, 10) 5 3.759,p , .05].
This latter effect appears to be primarily due to the
fact that those subjects working with one of the stim-
ulus configurations (set A, Table 1) showed a smaller
drop in recognition than did subjects on the other four
stimulus configurations (Fig. 3). In fact, the mean
percentage of correct responses for this particular
stimulus configuration (69.56 2.1%) was above the
95% confidence interval for chance (Fig. 3). There
were no significant differences between males and
females in either the overall levels of responding
pooled across pre- and posttransfer trials [F(1, 10)
5 0.832, NS] or in the magnitude of the drop between
pre- and posttransfer performance [F(1, 10)5 0.054,
NS].

Because the level of correct recognition dropped so
sharply upon the transfer to the novel motif stimuli, a
significant period of exposure was needed for subjects
to reacquire the accurate level of recognition that was
seen for the earlier stimulus sets. Figure 4 shows
learning during this reacquisition phase. In general,
accurate recognition developed in a pattern similar to
that observed during the initial baseline training but at
a slightly quicker pace. Learning is evidenced by the
fact that there was a significant increase in the per-
centage of correct response made to the novel motif

Figure 4 Acquisition curve showing learning during ex-
posure to the novel motif stimuli. The mean (6S.E.M.)
percentage of correct responses pooled across all subjects is
shown as a function of the first 22 blocks of trials. Each
block contained 64 trials. The upper boundary for the con-
fidence interval around chance is 62.25%.

Figure 3 Mean percentages of correct responses made
over the course of the transfer from the novel song bout
stimuli to the novel motif stimuli. The bars show the means
(6S.E.M.) for both pre- and posttransfer trials collapsed
across all five stimulus configurations and both sexes. The
points show the separate means for each of the five different
stimulus configurations (each subject was exposed to only
one; Table 1). Pretransfer values show means pooled over
the five blocks of trials just prior to transfer. Posttransfer
values show the mean for the first block of trials only. All
blocks contained 64 trials.
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stimuli as subjects ran more trials [F(21, 399)
5 8.844,p , .0001]. As with learning on the baseline
stimuli, there was no significant difference between
male and females in the overall percentage of correct
responses made during the first 22 blocks of trials
[F(1, 18) 5 0.091, NS]. Likewise, there was no sig-
nificant difference in the pattern of correct responses
made by males and females over the course of acqui-
sition [F(21, 378)5 0.927, NS]. In contrast to learn-
ing on the original baseline stimulus set, during ac-
quisition of the novel motif stimuli there was no
significant difference in the overall level of correct
responses made by subjects on the different stimulus
configurations [F(4, 15)5 2.934, NS]. Similarly, the
pattern of correct responses made over the course of
acquisition did not differ significantly among the sub-
jects on the different stimulus configurations [F(84,
315)5 1.211, NS]. Presumably, the slight increase in
acquisition rate over the baseline training reflects an
increase in the subjects’ skill with the apparatus and
knowledge about the general scheme of the recogni-
tion task (i.e., peck a key after you hear a song), but
may also reflect an increase in the proficiency of the
discrimination among different stimulus exemplars.

Histology

All of the ibotenic acid lesions were directed at HVc
bilaterally. The mean amount of damage to both
hemispheres was 44.16 7.9% (range, 9.5–83.9%).
Lesions in the left hemisphere tended to be larger than
those in the right hemisphere. The mean amount of
damage to the left HVc was 51.16 8.2% (range,
12.1–88.9%). The mean amount of damage to the
right HVc was 37.46 8.8% (range, 0–79.2%). Figure
5 shows typical patterns of the lesions through the
rostral caudal plane in two of the subjects with more
substantial damage to HVc. In general, the lesions
were restricted to the more rostral and dorsal portions
of HVc (Fig. 5). Some collateral damage did occur in
adjacent structures, including the HVc shelf and bor-
dering caudal neostriatum (NC). In a few cases, there
was also damage to the overlying hippocampus,
which presumably resulted from back-flow up the
injection pathway. Para-HVc—the population of neu-
rons along the dorsomedial edge of the telencephalon
adjacent to caudal HVc (Johnson and Bottjer, 1995)—
was not damaged in any of the lesioned animals. The
extent of the collateral damage was not quantified.

Postlesion

Combined Stimulus Set.Prior to the HVc lesion, the
subjects were transferred from the novel motif stimuli
to a combined stimulus set that comprised the base-

line, novel song bout, and novel motif stimuli (Table
1). There was a small but statistically significant drop
in performance accompanying this transfer [F(1, 17)

Figure 5 Camera lucida drawings of the ibotenic acid
(IBO) lesion in left HVc of two different subjects. Drawings
show coronal sections covering;1 mm in the rostro-caudal
plane with the most rostral section in front. The volume of
HVc for the subject shown in part 1 was equal to 46% of
intact controls, and for the subject shown in part 2 HVc
volume was equal to 23% of intact controls. Hippocampus
5 Hpc; ventricle5 V; caudal neostriatum5 NC; dorsal
archistriatal lamina5 LAD.
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5 7.857,p , .05]. However, performance on the first
block of trials with the combined stimulus set was
well above chance (mean percentage of correct re-
sponses, 81.66 2.0%). Just prior to time at which the
HVc lesions were made, the mean percentage of cor-
rect responses to the combined stimuli, pooled across
all the subjects was 84.66 2.1%. During the first
block of trials after the lesions, the mean percentage
of correct responses for all the subjects was 74.9
6 2.3%. This difference between pre- and postlesion
performance was significant [F(1, 14) 5 19.386,p
, .001]. Returning the subjects to the same stimulus
set after surgical recovery allowed us to test the effect
of the HVc lesion on retention of the combined-set
recognition. However, as a group the HVc lesioned
animals performed no differently from the sham-le-
sioned controls. There was no significant difference
between the sham and IBO lesioned animals in the
overall level of responding averaged across pre- and
posttransfer trials [F(1, 14) 5 2.981, NS]. More im-
portantly, there was no significant interaction between
the IBO and sham-lesioned animals and recognition
before and after surgery [F(1, 14) 5 0.064, NS].
Including the sex of the subjects in the analysis also
yielded no significant effects [F(1, 14)5 0.283, NS,
main effect;F(1, 14) 5 1.212, NS, interaction with
transfer and lesion]. We quantified the extent to which
the postsurgical drop in performance was related to
the size of HVc lesions among subjects with a simple
linear regression between the percentage of HVc le-
sioned in each subject and the drop in performance for
each subject. This correlation was not significant (r
5 20.245, NS). The results of this regression are
shown in Table 2.

Reversal-1.In the preceding manipulation, accurate
recognition is dependent on two processes. First, sub-
jects must continue to discriminate among the differ-
ent combined-set stimuli. Second, they must maintain
proper associations between each exemplar and the
different response options. Reversing the response

contingencies associated with the combined-set exem-
plars (Table 1) allowed us to dissociate any effects
that the HVc lesions had on the discriminative and
associative processes that underlie recognition, be-
cause only the associative properties of the stimuli
were changed. Figure 6 shows the results of the first
stimulus reversal. Not surprisingly, there was a dra-
matic drop in performance accompanying the change
in the response contingencies. Prior to switching the
response contingencies, the mean percentage of cor-
rect responses over the last five blocks of the com-
bined-set stimuli, pooled across all subjects, was 85.7
6 1.6%. After switching the response contingencies,
the mean percentage of correct responses over the first
block of trials dropped to 27.36 2.6%. This drop in
performance upon reversal was significant [F(1, 14)
5 232.541,p , .0001]. Consistent with the notion
that discrimination remained intact during the reversal
manipulation, correct recognition performance was
well below the lower boundary of the 95% confidence
interval around chance (40.2%). That is, subjects were
correctly discriminating the stimuli, but associating
each with the (now) wrong response. Treated as
groups, we observed no statistically reliable differ-
ences in the magnitude of the drop in performance
upon transfer to the reversal-1 stimuli between the
HVc lesion and sham controls [F(1, 14)5 0.862, NS].
Among the HVc-lesioned animals, however, there
was a significant positive correlation between the size
of the HVc lesion and the magnitude of the drop in
performance following the response contingency re-
versal (r 5 0.718,p , .05, [Fig. 7(A) and Table 2].

Given this initial deficit in reversal learning among
the HVc-lesioned animals, it is reasonable to suspect
that the size of HVc lesions might also affect the rate
at which learning occurs over subsequent sessions.
Using a power law function (Rosenbloom et al., 1988)
(see Materials and Methods) to fit the reversal set-1
learning data from each subject, we generated an
index of learning (equivalent to the acquisition rate)
for each animal. We then ran a simple linear regres-

Table 2 Correlation Coefficients between HVc Lesions and Behavior

Combined-Set
Deficit

Reversal-1
Deficit

Reversal-1
Learning

Reversal-2
Deficit

% left hemisphere 20.356 0.662* 20.596 20.167
% right hemisphere 20.113 0.678* 20.616 0.192

% total 20.245 0.718* 20.651* 0.021

Correlation coefficients between the percentage of HVc lesioned in each subject (by hemisphere and total) and random variables derived
from each of the post-lesion behavioral manipulations. “Combined-Set Deficit” refers to the deficit in recognition performance following
reintroduction of the combined stimulus set. “Reversal-1 Deficit” refers to the deficit in recognition performance following transfer to the
reversal-1 stimuli. “Reversal-1 Learning” refers to the rate at which the new contingencies associated with the reversal-1 stimuli were learned.
“Reversal-2 Deficit” refers to the deficit in recognition performance following transfer to the reversal-2 stimuli.

* p , .05, Fisher’sr to z.
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sion between this learning index and the extent of
HVc lesioned in each animal. There was a significant
negative correlation between the size of the HVc
lesion and the rate at which subjects learned the
reversal-1 task (r 5 20.543,p , .05) [Fig. 7(B) and
Table 2]. As one can see from Figure 7(B), the larger
the lesion to HVc, the longer it took subjects to learn
the reversed associations. Consistent with the lack of
group effect in the initial performance on the rever-
sal-1 stimulus set, there was no significant difference
between the rates at which the sham- and IBO-le-
sioned birds relearned correct responses to the rever-
sal-1 stimuli [F(49, 784) 5 0.79, NS, interaction
among groups in repeated measures ANOVA;t
5 0.435, df5 16, NS,t test of mean acquisition rates
for each group]. Also, there were no significant effects
of sex in any of the reversal-1 data.

Reversal-2.Recall that only half of the combined-set
stimuli were used in the first reversal (Table 1). This

allowed us to use the second half of the original
combined-set stimuli to test the generality of the new
associations formed in the reversal-1 condition. That
is, to the extent that the stimuli were categorized
according to individual singer, the associations
learned in the reversal-1 condition should transfer to
the reversal-2 condition, and subjects should classify
the reversal-2 stimuli above chance. As Figure 8
shows, the subjects did recognize the reversal-2 stim-

Figure 7 Bivariate scattergrams showing the correlations
between the extent of HVc lesioned in each subject, and that
subjects performance on the (A) initial reversal-1 discrim-
ination in which the response contingencies were reversed
from those in earlier training, and (B) the rate at which these
new response contingencies were subsequently learned.

Figure 6 Results of the first response contingency rever-
sal. Data are expressed as the mean (6S.E.M.) percentage
of correct responses for HVc- and sham-lesioned groups of
subjects. Prereversal means are collapsed over the last five
blocks of trials on the combined-set stimuli. Postreversal
means show the values for the first block of trials only. Each
block contains 100 trials. The inset in the lower right-hand
corner shows the mean proportion of incorrect responses as
function of stimulus exposure (trial blocks) for all subjects,
with a power law function fitted to those data. A similar
function was fitted to the acquisition curves of each the sub-
jects to generate the learning index for that bird (see text).
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uli at a level well above chance on the first block of
trials. The mean percentage of correct responses on
the last five blocks of the reversal-1 stimuli for all
subjects was 87.16 1.3%. The mean percentage of
correct responses during the first block of the rever-
sal-2 stimuli was 73.26 2.7%. The upper boundary
for the 95% confidence interval in a block of 100 trials
is 59.8%, well below the posttransfer level of recog-
nition. Although this slight drop in recognition was
significant [F(1, 12) 5 28.360,p , .001], there was
no significant difference between the HVc lesion sub-
jects and the sham controls in the magnitude of the
posttransfer deficit [F(1, 12)5 0.356, NS]. Likewise,
within the group of HVc-lesioned subjects, the corre-
lation between the extent of the HVc lesion and the
drop in recognition upon transfer to the reversal-2
stimuli was not significant (r 5 0.021, NS). As with
the first reversal condition, there were no significant
differences between the performance in males and
females in the second reversal condition.

Song Output

As an independent assay of the behavioral effects of
the HVc lesions, we measured the song output (over
2 h) of each of the males used in this experiment (HVc

lesion and sham). As shown in Figure 9, the HVc-
lesioned males produced significantly less song dur-
ing the recording sessions than the sham lesioned
males [F(1, 7)5 6.351,p , .05]. Among those males
with HVc lesions, the correlation between the amount
of song that each male produced and the extent of
HVc lesion was not significant (right hemisphere,r
5 20.358, NS; left hemisphere,r 5 20.514, NS;
total, r 5 20.459, NS).

DISCUSSION

The results of this experiment add to our knowledge
of the proximate mechanisms underlying conspecific
song perception in adult songbirds in two important
ways. First, the results of the prelesion operant ma-
nipulations provide a demonstration of individual vo-
cal recognition in starlings that is inconsistent with the
use of voice characteristics. That is, neither individu-
ally invariant source nor filter characteristics of a male
songs appear to function in vocal recognition. Instead,
the results suggest that starlings learn to distinguish
among the songs of conspecific males on the basis of
shared motifs. Second, the results of the postlesion
manipulations suggest that the song control nucleus
HVc is involved in the learning of relevant associa-
tions for new and already recognized songs.

Figure 9 Mean (6S.E.M.) amount of song produced (in
seconds) over the course of a 2-h recording session by males
with HVc lesions and sham lesion controls.

Figure 8 Mean (6S.E.M.) percentages of correct re-
sponses made over the course of the transfer from the
reversal-1 stimuli to the reversal-2 stimuli. Pretransfer val-
ues show means pooled over the five blocks of reversal-1
trials just prior to transfer. Posttransfer values show the
mean for the first block of reversal-2 trials only. All blocks
contained 100 trials.
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Individual Vocal Recognition in Starlings

The first three conditions in this experiment extend
our earlier work on the features of song that starlings
use for individual vocal recognition. This earlier work
demonstrated that both male and female starlings,
trained on the same baseline recognition task used in
the present study, can transfer accurate recognition to
song bouts composed of novel motifs (Gentner and
Hulse, 1998). It was unclear, however, from this orig-
inal study why this accurate recognition had been
maintained for the novel motif bouts. One possibility
was that the starlings were attending to an invariant
acoustic feature (i.e., voice characteristic) in all of the
bouts and/or motifs from a single individual. Alterna-
tively, previous exposure to the songs used as stimuli
in that experiment might have influenced accurate
recognition in the operant apparatus (see discussion in
Gentner and Hulse, 1998). All the subjects used in
that earlier study, including the males whose songs we
used to generate the stimuli for that experiment and
the present study, were captured at the same time
from the same location. However, the subjects in the
present study were taken from our field site over 2 full
years after the birds used in that original study, and at
a different time of year. Given the average life span
and typical migration pattern for European starlings
(Feare, 1984), it is extremely unlikely that any of the
animals in the present study had previous exposure to
the songs used as stimuli. Had the subjects in the
present study accurately transferred recognition to the
novel motif stimuli, it would still be impossible to
unequivocally dissociate the use of voice characteris-
tics and a reliance on previous song experience to
recognize song bouts composed of novel motifs.
However, this was not the case. Upon transfer from
the novel song bout stimuli, initial recognition of the
novel motif stimuli was at chance. Therefore, it ap-
pears that we provided adequate control for any stim-
ulus preexposure prior to operant training. Most im-
portantly, however, by providing this control we
removed any effect on recognition behavior that
might be attributable to the use of voice characteris-
tics.

Although there may be invariant acoustic features
embedded in the motifs that a given individual sings,
these features do not appear to influence individual
vocal recognition. This may be an important differ-
ence in the mechanisms that birds and humans use to
recognize an individual’s vocalizations. Among hu-
mans, it appears that both source and filter character-
istics of the speech production apparatus can contrib-
ute to individual talker identification. Individually
invariant acoustic features of speech such as vocal
timbre and the frequency range of glottal pulsing have

long been known to influence individual recognition
(Bricker and Pruzansky, 1976; Hecker, 1971). More
recent studies using sine wave speech suggest that
cues to talker identity are also coded in the idiosyn-
cratic phonetic components of an individual’s speech
(Remez et al., 1997). Among songbirds, however, the
results of earlier studies on the role of voice charac-
teristics in individual vocal recognition have been
equivocal. Data from operant discriminations in Great
tits, Parus major,were consistent with a role for voice
characteristics in individual recognition (Weary and
Krebs, 1992). However, subsequent studies investi-
gating the role of voice characteristics have failed to
find evidence for their use among either song spar-
rows, Melospiza melodia(Beecher et al., 1994) or
starlings discriminating among motifs (Gentner,
1999). In the latter study, starlings were trained to
discriminate among pairs of single motifs, and then
transferred to novel motifs from those same singers.
Performance on the transfer was no better than
chance. Moreover, when transferred to the a different
rendition of the training motifs sung by the opposite
individual, recognition was reversed. This suggests
that motif based discriminations, like the discrimina-
tions based on larger song segments in the present
experiment, follow the gross phonological structure of
each motif and not any individually invariant source
or filter characteristics of the signal. Alternatively,
one might contend that starlings can use voice char-
acteristics, but that these cues are restricted to some
subset of the motifs in an individual’s repertoire, and
that we simply did not sample from portions of the
repertoire that contained these cues. However, given
the large number of different stimuli used in the
present study, it seems unlikely that all of the motifs
in the novel motif song bouts would fall outside this
putative subrepertoire.

Based on the results of this experiment, we contend
that individual vocal recognition among starlings does
not rely on the use of voice characteristics, but rather
is dependent on the association of specific song bouts
with specific individual males. Because the acoustic
distinctiveness of a specific song bout is a function of
the different motifs composing that bout, the forego-
ing contention implies that the motif is the fundamen-
tal perceptual unit of individual vocal recognition in
starlings. In other words, starlings appear to learn to
recognize different conspecific songs by learning to
associate specific motifs with specific singers. Subse-
quent recognition judgments about different song
bouts then appear to be made on the basis of whether
the motifs composing that bout are associated with a
known male. If so, then the song is recognized as one
of his. If not, recognition of that song falls to chance.
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Role of HVc in Song Perception

Recognition in any context implies two constituent
processes—discrimination and association. To recog-
nize individual conspecific males by their song (or
songs), receivers must first discriminate among per-
ceptually distinct acoustic events (i.e., different songs
or motifs), and then associate those distinct events
with particular singers. The results of the second half
of this experiment do not suggest a role for HVc in the
maintenance of recognition among familiar song
bouts. If HVc does play a role in the maintenance of
recognition among familiar songs, one would have
expected to see some deficit in the retention of this
recognition among birds with lesions to HVc. How-
ever, this was not the case. Although all of the sub-
jects in the present study showed a slight drop in
recognition following surgery, there was no differ-
ence in the magnitude of this drop between HVc and
sham-lesioned animals. Negative results are, of
course, inherently difficult to interpret, and it is pos-
sible that even larger lesions are required before one
observes deficits in recognition maintenance. How-
ever, lesions to HVc are known to produce deficits in
song production among canaries (Nottebohm et al.,
1976) and zebra finches (Williams et al., 1992), and
the males with HVc lesions in the present study did in
fact produce less song than sham-lesioned males (Fig.
9). Although our effects were not as dramatic as those
of Nottebohm et al. (1976)—owing possibly to lesion
size and a long recovery time—the observed deficit in
song production provides an external behavioral val-
idation of our lesions. We also observed sections of
song among the lesioned birds where patterns and
motif structure seemed to break down. However, be-
cause of the large natural variation in songs within
individuals, and the fact that prelesion recordings
were not obtained, we were not able to quantify this
effect. Although species differences in the behavioral
effects of HVc lesions (Williams et al., 1992) make
comparisons across species difficult, the effects ob-
served in the present study support the interpretation
that our lesions successfully targeted HVc. Thus, the
notion that HVc plays a role in the maintenance of
recognition among familiar songs is that less tenable,
although by no means impossible.

In contrast to the lack of a retention effect, our
lesions did appear to affect the process whereby fa-
miliar songs are associated with specific singers.
When the response contingencies associated with the
songs in the combined stimulus set were reversed,
subjects with HVc lesions tended to perseverate
longer on the original response, whereas the sham-
lesioned animals were able to adjust their responses
more quickly [Fig. 6 and 7(A)]. This perseveration

effect was observable throughout nearly the entire
period of reacquisition for the reversal-1 stimuli, re-
sulting in the fact that learning among the HVc le-
sioned birds was retarded [Fig. 7(B)]. Similar reversal
deficits without impairment of discrimination reten-
tion have been observed following lesions to the pre-
frontal cortex in rats (Kolb et al., 1974), cats (Irle and
Markowitsch, 1984), several species of nonhuman
primates (Dias et al., 1996; Iverson and Mishkin,
1970), and humans (Daum et al., 1991). HVc is part of
the neostriatum, and in pigeons lesions to the caudo-
lateral neostriatum produce similar reversal learning
deficits while leaving visual discrimination tasks in-
tact (Hartmann and Gu¨ntürkün, 1998). The data from
the present experiment support the conclusion that
HVc plays a role in the associative processing of
conspecific song.

Interestingly, lesions to the hyperstriatum also lead
to reversal learning deficits on visual discrimination
tasks in quail (Stettner and Schultz, 1967), pigeons
(Macphail, 1975, 1976), and chicks (Benowitz and
Teng, 1973). In these cases, reversal learning appears
to be mediated specifically by the nucleus intercalatus
of the hyperstriatum accessorium and the hyperstria-
tum dorsale (Shimuzu and Hodos, 1989), two areas of
the visual wulst that receive thalamofugal visual pro-
jections. Lesions to the hyperstriatum ventrale appear
to have no effect on the rate of reversal learning for
visual discrimination tasks (Shimuzu and Hodos,
1989). These results suggest auditory regions in the
hyperstriatum of songbirds (e.g., cHV) may play an
additional role in the associative processing of song.

Based on the results of the prelesion data in this
study, we conclude that starlings recognize the songs
of conspecific individuals by attending to the specific
motifs that compose each bout. If this is true, one
would expect that the role of HVc in forming associ-
ations between different singers and their songs would
in essence function to establish associations between
specific motifs and the individuals that sing them. The
results of the second response contingency reversal
are consistent with this idea. Although the HVc le-
sioned birds were impaired in their ability to learn in
the first contingency reversal, we observed no effect
of the HVc lesion upon transfer to the stimuli in the
second reversal set (Fig. 8). Recall that the song bouts
in the second reversal stimulus set shared many motifs
with those in the first reversal stimulus set (Table 1).
If subjects had to relearn associations between an
entire song bout and a new response in the first
reversal, the deficits observed for HVc lesioned birds
in that condition should have reemerged upon transfer
to the different song bouts in the second reversal
because additional associations would have to be
made. On the other hand, if subjects had to relearn
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associations between the motifs composing each bout
and a new response in the first reversal condition, the
HVc lesion birds should perform as well as the sham
lesion birds upon transfer to the second reversal con-
dition. This is what we observed.

One important caveat to these conclusions is that
the extent of damage outside HVc inflicted by our
lesions was not quantified. Again, the fact that the
IBO-lesioned males sang less than the sham-lesioned
males suggests that we were successful in targeting
HVc, but does not preclude the possibility that we
may have simultaneously damaged adjacent struc-
tures. In general, damage outside HVc appeared to be
minimal. In those cases where collateral damage was
observed, it was primarily restricted to the immedi-
ately adjacent caudal neostriatum and HVc shelf, or,
in a few cases, to the overlying hippocampus. We
cannot rule out entirely the possibility that the song
production effects of the lesion were due to HVc
damage and that the reversal learning effects were due
to collateral damage in adjacent structures, however
small. However, given the nonuniform localization of
collateral damage, this interpretation seems unlikely.
In addition, removing considerably larger portions of
HVc may yield qualitatively different perceptual ef-
fects, perhaps creating a deficit in the retention of
prelesion recognition. Regardless of what additional
effects might be attributable to larger lesions, how-
ever, the associative learning effects demonstrated
here should be maintained.

The auditory properties of HVc are not fully under-
stood. Initial findings indicated that HVc showed robust
auditory responses (Margoliash, 1986; Lewicki, 1996),
particularly to a bird’s own song (McCasland and Kon-
ishi, 1981; Margoliash, 1983; Margoliash and Konishi,
1985). Subsequent studies have demonstrated, however,
that the auditory responses to bird’s own song are sub-
stantially diminished or absent in awake behaving ani-
mals compared to those under anesthesia (Schmidt and
Konishi, 1998). Likewise, the expression of ZENK and
c-Fos, two immediate-early genes, occurs in HVc only
during song production, but not song perception (Jarvis
and Nottebohm, 1997; Kimpo and Doupe, 1997). Thus,
the perceptual role of HVc in awake-behaving songbirds
remains unclear. Our data suggest that HVc is important
in song perception, but only under conditions where the
associative properties of a given song are actively chang-
ing, such as when learning to associate a song with a
new response in the apparatus, but not while familiar
associations are maintained. This suggests that electro-
physiological responses to song should be observed in
HVc, but only when birds are learning about the behav-
ioral contingencies associated with various songs. Test-
ing this hypothesis requires a physiological preparation
in which the firing properties of neurons are measured

while birds are engaged in the sorts of operant tasks that
we have presented here.

Because recognition is based on the association of
specific stimuli with specific referents, the associative
function of HVc demonstrated in this study is of
obvious importance. In addition, as a cognitive be-
havior, recognition is likely to serve as the basis for
more complex tasks such as mating decisions among
multiple males. In this regard, it is interesting to
speculate how the associative function for HVc may
explain data from copulation solicitation studies in
female canaries with HVc lesions. Prior to lesions of
HVc, female canaries give a significantly greater
number of copulation solicitation displays to the play-
back of conspecific song than to heterospecific song.
After lesions to HVc, however, similar numbers of
copulation solicitation displays are elicited by both
heterospecific and conspecific songs (Brenowitz,
1991; Del Negro et al., 1998). Based upon these
results, some researchers have suggested that HVc
plays an important role in the discrimination of be-
haviorally relevant conspecific and heterospecific
song. The results of the present study are inconsistent
with this interpretation of the role that HVc plays in
song perception.

Interpreting the results of the female canary lesion
studies need not rely on HVc as the neural locus of
conspecific song discrimination. One hypothesized
mechanism consistent with the large corpus of litera-
ture on female songbird copulation solicitation is that
the solicitation response is general and occurs to many
different songs. What results in differential numbers
of solicitations associated with different songs (i.e., a
preference) is that this behavior habituates more
quickly to some songs than to others (Searcy, 1992).
Accordingly, one could argue that female songbirds
do not learn which songs to respond to, but rather,
which songs not to respond to. Our own data on
female choice in starlings are consistent with the
foregoing antihabituation hypothesis, and extend the
logic of this mechanism into associative learning con-
texts (Gentner, 1999). By extension, any neurobiolog-
ical manipulation that affects the rate at which indi-
viduals learn about conspecific song would also be
expected to influence the number of copulation solic-
itations observed in response to different songs. Our
results strongly suggest that HVc is important (per-
ceptually) for the formation of associations among
conspecific song. Thus, one could speculate that fe-
male canaries with HVc lesions might give equal
numbers of solicitation displays to heterospecific and
conspecific song, not because they have trouble dis-
criminating between these songs, but because they
have trouble associating differential relevance (i.e.,
potential mate or not) with each song.
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