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ABSTRACT: Perception of song syllables taken from natural song sparrow and
swamp sparrow songs was examined in five different species: song sparrows (Melospiza

melodia), swamp sparrows (Melospiza georgiana), zebra finches {Taeniopygia guttata

catanotis), canaries iSerinus canaria), and budgerigars (Melopsittacus undulatus).

Using operant conditioning techniques, we trained these birds to discriminate among
sparrow song syllables. By testing the birds on all possible pair-wise combinations of

syllables, we generated "similarity" matrices for these song syllables from the birds'

response latencies to detect changes in a repeating background of syllables. A number
of different statistical techniques were used to examine species differences in percep-

tion including factor analysis of an inter-species correlation matrix, cluster analysis of

the similarity matrices, and individual-differences multidimensional scaling (MDS) of

the similarity matrices from each species. The spatial map of these stimuli produced by
MDS revealed the perceived relations among these syllables for each species. Several

acoustic measurements taken from these syllables were correlated with stimulus coor-

dinates of the syllables in multidimensional space. These results demonstrate that nat-

ural vocal signals can be effectively used as stimuli in psychoacoustic experiments and
the outcome of such experiments are likely to reveal robust species differences in per-

ception.

Much is know about song learning in two congeneric species of

sparrow, the song sparrow [Melospiza melodia) and the swamp spar-

row {Melospiza georgiana) (Marler & Peters, 1981; Marler, 1987). It is

also known that these two species exhibit innate preferences for the

learning of species-specific songs (Marler & Peters, 1977, 1989). But
the boundary conditions of these innate preferences are likely com-
plex. Male swamp sparrows, for instance, can learn song sparrow
notes from hybrid syllables in which song sparrow notes are inserted

in swamp sparrow syllables and presented in swamp sparrow tempo-
ral patterns (Marler, 1987).

Recent studies have begun to focus on perceptual processing in

these two species (Marler & Peters, 1989). A perceptual predisposi-

Address correspondence to Dr. Robert J. Dooling, Psychology Department, Univer-
sity of Maryland at College Park, College Park, MD 20742.

© 1990 Human Sciences Press, Inc. 141



142 INTERNATIONAL JOURNAL OF COMPARATIVE PSYCHOLOGY

tion to learn conspecific song is most likely innate in swamp sparrows

and perhaps also in song sparrows (Dooling & Searcy, 1980). Because

they sing and defend their territories, male song birds have more of-

ten been the subject of studies on the responsiveness to natural, syn-

thetic, and modified vocalizations. But using copulation solicitation

displays, it has recently been shown that female song sparrows and

female swamp sparrows were also sensitive to both species-specific

phonology and temporal patterns (Searcy, Marler, & Peters, 1981).

We recently applied operant conditioning procedures to study

basic auditory perception (Okanoya & Dooling, 1988a) and the per-

ception of song syllables by both species of sparrow (Okanoya & Dool-

ing, 1990). These two species of sparrow are slightly different in

terms of absolute auditory sensitivity which parallels species differ-

ences in the long term average power spectra of the song (Okanoya &
Dooling, 1988b). Furthermore, females of both species perceived the

differences between normal and modified swamp sparrow and song

sparrow syllables with swamp sparrows tending to be somewhat more

discriminating than song sparrows (Okanoya & Dooling, 1990).

In the present experiments, we tested other species of small birds

on these same syllables. By comparing the results of sparrows tested

on sparrow syllables with other species tested on the same syllables,

it is possible to arrive at an indication of whether the perception of

song syllables by sparrows is in any way "special." If sparrows and

other species of birds all perceive sparrow song syllables in a similar

way, then we can conclude that the perceptual mechanisms used by

sparrows in perceiving song syllables are not special but are probably

due instead to general auditory-system processing mechanisms com-

mon to all birds.

METHOD

Animals

For this experiment we had available to us only female sparrows:

two song sparrows and two swamp sparrows. The remaining birds

were four budgerigars {Melopsittacus undulatus) (1 female and 3

males), two German Roller canaries [Serinus canaria) (1 male, 1 fe-

male), and four zebra finches (Taeniopygia guttata (catanotis) (2 fe-

males, 2 males). The four sparrows reported here were the same birds

tested previously (Okanoya & Dooling, 1990). These birds were hand-

reared at the Rockefeller University Field Research Center in New
York and were excluded, on the basis of their sex, from a study on

song learning. The budgerigars, canaries, and finches were obtained

from local commercial pet dealers or bred in the laboratory. During
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the behavioral testing, the birds were housed in an aviary at the Uni-

versity of Maryland and maintained under a day/night cycle corre-

lated with the season.

Apparatus

The apparatus used for training and testing the birds has been

described previously (Okanoya & Dooling, 1988a, 1990). The birds

were tested in a small wire cage (15 x 15 x 15 cm) placed in a sound

attenuation chamber (IAC-1: 39 x 58 x 35 cm). A standard pigeon

grain hopper was mounted on one side of the cage. A response panel

consisting of two sensitive microswitches with attached light emitting

diodes (LEDs) was mounted just above the hopper opening. The birds

could close the microswitch by striking the LED with their beaks.

All experimental events including stimulus presentation, re-

sponse measurement, and reinforcement contingencies were con-

trolled by an IBM-AT microcomputer. The song syllables were stored

on the hard disk of the computer in digital form, output at a sampling

rate of 20 kHz through a digital-to-analog converter (Data-transla-

tion DT2801A) and low-pass filtered at 10 kHz for anti-aliasing. A
loud speaker mounted inside the sound proof chamber transduced the

stimuli. Song syllables were presented at a peak sound pressure level

of 72 dB(A) SPL at the bird's head as measured by a General Radio

1982 sound level meter.

Stimuli

The song syllables used in this experiment were taken from origi-

nal field recordings of full length songs of both species made by Dr.

Donald Kroodsma while he was at the Rockefeller University. Songs

of swamp sparrows typically consist of a repetition of a single syllable

whereas the songs of song sparrows are more complex, consisting of 3

to 6 different syllables arranged in a characteristic syntactical pat-

tern (Marler & Peters, 1989). Since swamp sparrow songs consist of

simple repetition of a single syllable, we selected syllables from song

sparrow songs which occurred in the repetitive sections of the song.

In all, ten song syllables of roughly equal length (100-160 ms)

were selected from both song and swamp sparrow songs. These sylla-

bles are shown in Figure 1 and are the same set used to test the

sparrows in an earlier paper (Okanoya & Dooling, 1990). We did not

conduct an exhaustive acoustic analyses of these syllables. But, a to-

tal of 32 acoustic measures were taken from these syllables for the

purpose of finding a correlation between the acoustic characteristics

of these complex stimuli and species differences in perception. In ad-

dition to duration, bandwidth, lowest frequency, highest frequency,
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FIGURE 1. Sonograms of the set of natural song sparrow and swamp

sparrow syllables used in this experiment.

and peak frequency, we also measured a number of additional spec-

tral measures. We computed the long term average power spectrum

over the entire duration of each syllable using ILS-PC. Then, we ex-

amined the distribution of energy in these syllables in selected bands

from 1.0 kHz to 10.0 kHz and expressed the result as a percent rela-

tive to the total energy in the syllable (e.g., percentage of energy in

the 1-2 kHz band).

Training and Testing Procedure

The training and testing procedures used in these experiments

have also been described in detail elsewhere (Okanoya & Dooling,

1988a, 1988c, 1990) and thus are only briefly summarized here. Birds

were food deprived overnight and for several hours in the morning.

These birds were trained to peck one key (observation key) repeatedly

during the repetitive presentation of one syllable (background) and to
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peck the other key (report key) when another syllable (the target)

was presented instead of the background. Syllables were presented at

a rate of 5 per s to mimic the temporal pattern of swamp sparrow

songs. A peck on the report key during a change in the repeating

syllable was reinforced by access to food. Once the birds learned this

response, they were tested on the set of syllables consisting of five

song sparrow syllables and five swamp sparrow syllables (Figure 1).

A habituation phase preceded each testing phase. During this

phase neither keylight was illuminated and the background sound

was repeated until the bird either pecked the observation key four

times or refrained from responding on the report key for 10s. Once
either of these conditions was met, the LEDs on both observation and

report keys were illuminated and the testing phase began. This pro-

cedure was highly effective in decreasing spontaneous responding.

During the test phase, a peck on the observation key initiated a

random waiting interval of 1-7 s. Following this interval, a peck on

the observation key resulted in the replacement of the background

repeating syllable with the target syllable. A response to the report

key within 3s from the beginning of the repeating target stimuli was
reinforced with a 2s (budgerigars) to 4s (other species) access to food.

About 20% of the trials were sham trials in which the target stimulus

was the same as background stimulus. A response on the report key

during a sham trial or during a waiting interval was punished with a

16s timeout period during which lights in the test chamber were ex-

tinguished but the repeating sound continued.

The testing phase continued until the background stimulus was
paired with every other stimulus in the set three times. Testing pro-

ceeded a row at a time (i.e., same background stimulus) until all pos-

sible combinations within the row were exhausted. Following a 10s

silent interval, another background stimulus was then randomly se-

lected and a new habituation phase begun. This was continued until

all stimuli had served as a background and as a target. This pro-

cedure produced a total of three latency matrices for analysis.

A median reaction time matrix was constructed out of the three

latency matrices. The response latency required to detect changes in

the repeating background syllable was taken as an index of percep-

tual similarity between the background and the target syllables

(Okanoya & Dooling, 1988b). The upper and lower triangular halves

of the matrix were averaged and log-transformed and the diagonal

discarded to produce a single half-matrix of response latencies for

each bird. For some of the following analyses, the half-matrices for

the individuals of each species were then averaged to produce a single

half-matrix for each species. An example of such a log-transformed

half-matrix is given in Table 1.
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TABLE 1

Response Latency Half-Matrix for Swamp Sparrows
(Log X 100)

SGI
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SCAL (Shepard, 1980). MDS arranges stimuli in multidimensional

space so that stimulus similarity (as determined by response laten-

cies) is represented by spatial proximity. Species weights provide an

indication of how well the arrangement of syllables in multidimen-

sional space accounts for the data from each species.

Finally, a fourth procedure was used in conjunction with the mul-

tidimensional scaling analysis described above. In all, we measured

32 spectral, temporal, and intensive acoustic measures from these

sparrow syllables. These measures were then correlated with the

stimulus coordinates from MDS. To the extent that these measures

were significantly correlated with syllable location in multidimen-

sional space, they provide a potential explanation of the stimulus

map in acoustic terms.

RESULTS

The two-component solution from the intercorrelation of the 14

matrices is shown in Figure 2. An interesting pattern emerges from
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FIGURE 3. Cluster dendrograms of the summed response latency

matrix from the five species.

this analysis. First, while there are clear species differences among
canaries, song sparrows, and swamp sparrows, there are relatively

small individual differences within each of these species—the differ-

ences among individuals of the same species are quite small com-

pared to the differences among individual budgerigars and zebra fin-

ches.

Dendrograms from the cluster analyses of the data from all spe-

cies combined showed that these 10 syllables were clustered into two
groups corresponding fairly well to the species of sparrow. One of the

song sparrow syllables is in among the cluster of swamp sparrow syl-

lables. These results are shown in Figure 3. Separate cluster analyses

were also performed on the data from each species. These analyses

revealed that only swamp sparrows clearly showed two major clusters

of syllables corresponding to the species of sparrow which produced

them. Song sparrows intermixed only one syllable of each type. Den-

drograms from all the other species showed somewhat more of an in-

termixing of swamp and song sparrow syllables.

The two-dimensional spatial representation obtained by a SIND-
SCAL analysis of the response latencies matrices of each species is

shown in Figure 4a. The variance accounted for by this two-dimen-

sional solution was 55% with the first and second dimensions ac-

counting for 33% and 22%, respectively. The species weights (i.e., one

weight for each species) for this solution are shown in Figure 4b.

In two-dimensional stimulus space, the 10 sparrow syllables are

separated roughly into two groups by species along the first dimen-

sion. This arrangement follows closely the grouping that was evident

from a cluster analysis on the data from all five species (Figure 3).
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The relation among the species weights for this solution reflects

the relative amount of variance in each species' data that is ac-

counted for by the distances between stimuli in the spatial map. The

species weights for song and swamp sparrows are very similar. Fur-

thermore, the first dimension of the stimulus space accounts for more

variance in the two sparrows' data than for the other three species. It

is this dimension that separates the 10 syllable types by species. The
second dimension accounts for more variance in the data of

budgerigars and zebra finches than for the other three species. The
characteristics of the stimuli represented by this dimension are less

obvious from visual inspection alone.

Correlation between Syllable Coordinates in Perceptual Space and
Acoustic Measures

In an effort to explain the stimulus space in acoustic terms, we
measured a total of 32 acoustic characteristics of these syllables. This

was not intended to be an exhaustive analysis. Rather, we selected

measures which made sense from examination of sonographs of these

syllables and which other investigators have used to characterize the

differences between swamp and song sparrow songs (Marler & Pickert,

1984). These characteristics ranged from note durations, duration and

direction of ft'equency sweeps, inter-note durations, and syllable dura-

tions to a variety of spectral measures including total energy in selected

bandwidths. Many of these measures are also correlated to some degree

with one another (e.g., syllable duration and intemote-intervals).

We correlated these acoustic characteristics with location of stim-

uli in multidimensional space. Of these 32 measures, only five were

correlated with stimulus coordinates on either the first or second di-

mension and all of these were spectral measures. Four measures were

significantly correlated with stimulus coordinates along the first di-

mension. One is the total amount of energy in the region of 2-4 kHz
and the other three are related to the bandwidth of these syllables

(i.e., bandwidth, the lowest frequency, and the highest frequency).

Only one measure, the amount of energy in the region of 2-3 kHz, was
significantly correlated with stimulus coordinates along the second

dimension. Some temporal measures such as syllable duration, inter-

note-intervals, and percent of constant frequency portions of the syl-

lables (the inverse of percent of sweep portions) are notable for their

lack of correlation with the stimulus coordinates in perceptual space.

These results are given in Table 2.

DISCUSSION

Most of what we know about the perceptual basis of selective vo-

cal learning in sparrows comes from song learning experiments of
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TABLE 2

Correlation Coefficients of Acoustic Properties with Stimulus
Coordinates

Property
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ment were presented in a fixed temporal pattern approximating that

found in normal swamp sparrow song. This patterning also bears

some resemblance to normal canary song and to subunits of normal

song sparrow song. Budgerigars and zebra finches, on the other hand,

have a considerably different arrangement in the temporal pattern of

their songs.

Thus, temporal patterning in the presentation of these syllables

could have a differential effect on the perception of these syllables by

the five species. However, the suggestion that sparrows and canaries

may have more in common in the perception of these syllables than

do the other species must be tempered by the small sample size. A
proper test of this hypothesis would require testing many more spar-

rows and extending these tests to both males and females of each

species.

The results of cluster analyses on the data for each bird revealed

that only swamp sparrows showed two complete clusters of syllables

corresponding perfectly to species type. These results support a vari-

ety of earlier studies showing that swamp sparrows are more selec-

tive than song sparrows in the perception of conspecific syllables

(Dooling & Searcy, 1980; Marler, 1987; Okanoya & Dooling, 1990).

The four other species tested in this experiment all showed a slight

intermixing of swamp and song sparrow syllables by a cluster anal-

ysis.

The results of multidimensional scaling and property fitting are

interesting for what they reveal about the relative sensitivities of the

five species. The species weights of both sparrow species are highest

on the first dimension—the dimension that separates song sparrow

syllables from swamp sparrow syllables. We take this as evidence

that, compared to the other three species, swamp and song sparrows

are more sensitive to the acoustic differences between swamp and
song sparrow syllables.

An obvious feature of these syllables that would reliably discrim-

inate between the two classes of syllables is the broad spectrum, rapid

frequency glide (Type VI Note) present in all swamp sparrow sylla-

bles (Marler & Pickert, 1984). Not surprisingly, this feature also con-

tributes heavily to the quantitative acoustic measures of bandwidth,

low frequency limit, and high frequency limit in swamp sparrow syl-

lables. It is perhaps not surprising then that these three measures are

significantly correlated with stimulus coordinates along the first di-

mension in multidimensional space. We conclude that this feature

probably discriminates most reliably between the syllables of the two
species, and that both swamp sparrows and song sparrows are most
sensitive to this feature.

The preponderance of energy in these syllables falls in the spec-

tral region of 2-4 kHz. This is generally more true for song sparrow
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syllables than swamp sparrow syllables. Again, it is not too surpris-

ing that this spectral measure is also significantly correlated with

stimulus coordinates on the first dimension.

On the second dimension, the species weight for budgerigars is

the highest followed by zebra finches, and then the two sparrow spe-

cies and the canaries. From other psychoacoustic tests, we know that

budgerigars are unusually sensitive to spectral changes in the fre-

quency region around 3 kHz. The amount of energy in the spectral

region of 2-3 kHz is correlated with syllable location on the second

dimension in stimulus space. It is more difficult to account for differ-

ences among the other species on the second dimension because all

four species show a similar pattern of spectral resolving power over

the frequency range of about 1-5 kHz (Okanoya & Dooling, 1987).

Comparing the absolute auditory sensitivity of these species at

high frequencies reveals another potential mechanism for the species

differences in perception we observed. Swamp sparrows and song

sparrows are 10-15 dB more sensitive to frequencies above 4 kHz
than are canaries and zebra finches and 15-20 dB more sensitive than

budgerigars (Okanoya & Dooling, 1987). The greater sensitivity of

sparrows to high frequencies could contribute to the fact that spar-

rows, compared to the other species tested, are most sensitive to the

differences between the two classes of sparrow syllables. This argu-

ment also supports the notion that the rapid, broad, frequency swept

Type VI Note provides an important cue for distinguishing among the

two classes of syllables.

The final explanation for the species differences observed in this

experiment—including firm evidence for differential sensitivity to

different song syllable features—will have to come from experiments

with synthetic stimuli. The present experiment shows there are spe-

cies differences in the perception of sparrow syllables and suggests a

possible basis for these differences related to differences in basic audi-

tory processes. But, it is likely that other perceptual and attentional

factors residing at more central levels are also responsible. A similar

conclusion was reached from a recent study comparing budgerigars,

canaries, and zebra finches on the perception of conspecific and het-

erospecific distance calls (Dooling, Brown, Klump, & Okanoya, in

press).

Whatever the final mechanism(s) turn out to be, one great advan-

tage of the present procedures in pursuing the issue of species-speci-

ficity in song perception is that they can be used with equal facility

not only on different species but also on males and females of the

same species. Previous attempts to compare male and female percep-

tion of songs and song elements have had to rely on dramatically

different methodologies for the two sexes. We feel this represents a

considerable advance in the study of the perception of songs and song
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syllables in birds. Comparing males and females of the same species

should prove extremely interesting in species in which only the male

sings and for which there is evidence of a motor basis for song percep-

tion.
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