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THE IMPORTANCE OF INVARIANT AND DISTINCTIVE 
FEATURES IN SPECIES RECOGNITION OF BIRD SONG’ 
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Abstract. Two hypotheses concerning the relative importance of different acoustic fea- 
tures in species-song recognition were examined. The invariant-features hypothesis predicted 
that a feature’s accuracy in song recognition is inversely proportional to its intraspecific 
variability, as expressed by the coefficient of variation. The sound-environment hypothesis 
assumes that both variability and a feature’s central tendency relative to other species in 
the local acoustic environment determine a feature’s importance in species-song recognition. 
These hypotheses were compared in an acoustic analysis of 14 features of songs of two focal 
species, the Field Sparrow (Spizella pusilla) and Chipping Sparrow (S. passerina), and 11 
other species found in open habitats in the eastern United States. In both focal species, 
maximal note frequency was one of the two least-variable features within conspecific song, 
and the most accurate single feature in classifying songs in a canonical discriminant analysis. 
In neither species was a feature’s accuracy in classifying songs correlated with its relative 
variability within conspecific song. These results, in conjunction with recent experimental 
studies, contradict the common assumption in the literature that invariant features provide 
the most important song recognition cues. 

Key words: Bird song; species recognition; Chipping Sparrow; Field Sparrow; discriminant 
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INTRODUCTION 

Breeding birds must recognize their own species’ 
song against a background of songs from many 
other species. For north-temperate songbirds this 
is particularly true during the “dawn chorus” 
when song activity is at its daily peak. The at- 
tributes of song used in species recognition have 
been extensively studied (reviewed in Becker 
1982). Two hypotheses have been advanced to 
predict which attributes songbirds use to dis- 
criminate conspecific songs from the songs of 
other species occurring in the same habitat. 

One hypothesis predicts that song features that 
vary little intraspecifically (hereafter referred to 
as “invariant features”) will be preferentially used 
in song recognition (Marler 1960, Falls 1963, 
Emlen 1972) because such features would be less 
likely to overlap with other species’ songs. Emlen 
(1972) concluded from his study of Indigo Bun- 
tings (Passerina cyanea) and a review of four 
other studies that only invariant song features 
provided important recognition cues. This con- 
clusion was repeated by Becker (1982) in his lit- 
erature review. However, Emlen (1972) noted 
that not all invariant song features were appar- 
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ently used by the birds, and a recent study has 
shown that variable features are used in species 
recognition by Eurasian Blackbirds, Turdus me- 
rula (Dabelsteen and Pedersen 1985). These re- 
sults raise questions about the predictive ability 
of the “invariant-features hypothesis.” 

A second hypothesis, hereafter referred to as 
the “sound environment” hypothesis, empha- 
sizes the relationship between a species’ song and 
the songs of sympatric species in “acoustic space” 
(Marler 1960; Emlen 1972; Bremond 1976, 1978; 
Dabelsteen and Pedersen 1985) in predicting 
which features provide accurate song-discrimi- 
nation cues. Acoustic space is a multidimen- 
sional representation of song structure, formed 
by measurements describing song (e.g., frequen- 
cy, song duration). The sound-environment hy- 
pothesis assumes that variation is only one com- 
ponent of species distinctiveness; the other 
component is the separation between mean val- 
ues (or other measure of central tendency) of 
different species along whatever acoustic dimen- 
sions are believed to play a role in song recog- 
nition (Miller 1982). If an invariant feature’s 
mean was similar to that of other species the 
feature would not provide reliable information 
about species identity. This latter possibility could 
explain Emlen’s finding that not all invariant fea- 
tures within a species’ song seem to be used in 
song recognition. 

[1201 
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There has been no quantitative attempt to 
compare these two hypotheses, although Lemon 
et al. (1983) analyzed song features as discrim- 
ination cues in warbler communities. In this pa- 
per I describe patterns of variation in songs of 
the Field Sparrow (Spizellu pusillu), Chipping 
Sparrow (S. passerina), and 11 other species that 
inhabit old fields in the eastern United States. 
My goal was to identify acoustic features of songs 
that, according to either the invariant-features 
hypothesis or the sound environment hypothe- 
sis, might encode information about species 
identity in Field Sparrows and Chipping Spar- 
rows. Experimental attempts to identify species- 
distinctive features of songs have been limited 
to comparing the songs of two or three closely- 
related species (e.g., Becker 1976, Boughey and 
Thompson 1976, Romanowski 1979, Peters et 
al. 1980). However, the most difficult song-dis- 
crimination problems do not necessarily arise 
among congeneric species. My goal in comparing 
sympatric close relatives was to examine, in light 
of the two hypotheses just described, whether 
species differences in the use of song-recognition 
features were predictable, and whether invariant 
features were also necessarily the best cues for 
discrimination. 

Here I employ a canonical discriminant anal- 
ysis to identify song features that discriminate 
Field Sparrow or Chipping Sparrow songs from 
those of 12 other species. Discriminant analysis 
is a multivariate technique that reduces a set of 
variables to a smaller set of variables that max- 
imally separate groups, in this case, species. I use 
it here to model the process of acoustic pattern 
recognition in a local community of birds. One 
component of pattern recognition is feature ex- 
traction, the process of identifying a smaller set 
of variables that efficiently describe the stimuli, 
yet are capable of distinguishing stimuli belong- 
ing to different classes (e.g., conspecific vs. het- 
erospecific song). Thus, feature extraction in- 
volves a reduction of dimensionality in which 
some potentially misleading or distracting infor- 
mation is discarded, while perceptually impor- 
tant distinctions are preserved (Howard and Bal- 
las 1981, Schleidt 1982). 

METHODS 

SONG RECORDINGS 

In addition to Field and Chipping sparrows, 11 
other species were chosen to be studied because 

they were commonly found in old fields in 
Dutchess County, New York, and most had a 
simple song structure that could be described by 
a few measurements. Representative sonograms 
of songs from each species are shown in Figure 
1. The Rufous-sided Towhee (Pipilo erythrop- 
thalrnus) and Song Sparrow (Melospiza melodia) 
were exceptional in that many syllables com- 
prising their songs had a complicated structure 
composed of many elements (see below). To- 
whees were added to the analysis after four to- 
whees approached some of the initial song play- 
back tests I made to male Field Sparrows (Nelson 
1988). Prairie Warblers (Dendroica discolor) sing 
two or more song types (Nolan 1978). Only songs 
composed of tonal notes (“Group B” songs, No- 
lan 1978) were included in this analysis. White- 
throated Sparrows (Zonotrichia albicollis) and 
Dark-eyed Juncos (Bunco hyemalis) migrated 
through the study area and sang simple songs. 
Swamp Sparrows (M. georgiana) also sang sim- 
ple songs and occupied territories near Field 
Sparrows or Chipping Sparrows. 

Song recordings came from four sources: the 
Library of Natural Sounds at the Cornell Lab- 
oratory of Ornithology, the Borror Laboratory 
of Bioacoustics, record albums (Federation of 
Ontario Naturalists, Vol. 4, Warblers and Vol. 
6, Finches), and recordings I made in Dutchess 
County from 1984-1987. One song per individ- 
ual bird was sampled, with the exception of five 
songs (of different types) sung by one Yellow 
Warbler (D. petechia). 

SONG MEASUREMENTS 

Songs of six species (Group I species: Chipping 
Sparrow, Field Sparrow, Prairie Warbler, Ru- 
fous-sided Towhee, Northern Cardinal, Cardi- 
nalis cardinalis, and Tufted Titmouse, Parus bi- 
color) were analyzed on a Kay Elemetrics Model 
7800 Digital Sona-Graph. Measurements were 
made using a plastic overlay. Note-level (see be- 
low) temporal variables were measured on am- 
plitude-time plots or sonograms made with the 
300 Hz analyzing filter to the nearest 3 msec. 
Frequency measures were made on narrow-band 
(40 Hz filter) sonograms to the nearest 80 Hz. 
Songs of the remaining seven species were ana- 
lyzed on a computer-based analysis system (En- 
gineering Design 1987). Songs were displayed as 
spectrographic plots on a computer terminal. 
Sixty-four point (temporal resolution = 3 msec) 
and 256 point (frequency resolution = 81 Hz) 
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FIGURE 1. Wide-band (300 Hz filter) audiospectrogams of the songs of each of the 13 species studied. 

digital Fourier transforms were used to produce 
the plots for temporal and frequency measures, 
respectively. Measurements were made with a 
graphics cursor. 

Fourteen variables were measured on each song 
(Fig. 2). Three variables (song duration, number 
of phrases, and number of notes) described the 
entire song. A note was defined as a sonogram 
tracing not interrupted by more than 3 msec of 
silence. A syllable was defined as a repeated unit 
composed of one or more notes. A phrase was 
defined as a sequence of repeated identical syl- 
lables (trill) or a sequence of unrepeated notes. 
Thus, for a song to contain two or more phrases, 
it had to contain at least one trill. 

A limitation of multivariate statistical meth- 
ods is that they require complete data for each 
observation. Because some species sang songs 
composed of only one syllable type, I could only 
include one note or syllable from each song. To 

include replicate measurements of identical syl- 
lables would create problems due to singular 
group covariance matrices in the discriminant 
analysis. I randomly chose one phrase from each 
song, and selected one syllable or note from it 
for measurement. Notes were chosen from the 
middle of trill phrases and were randomly-cho- 
sen from nontrill phrases. 

I tried to devise a framework that represented 
acoustic variation across a diverse sample of 
notes. After preliminary visual examination of 
sonograms, 1 measured note duration, internote 
interval, and number of elements within a note 
(Fig. 2). An element was defined as a note subunit 
with nearly constant rate of frequency modula- 
tion, separated from other such units by a 
“marked” change in FM. Marked changes in FM 
were judged visually, and were usually obvious, 
although some Northern Cardinal and Tufted 
Titmouse elements consisted of frequency sweeps 
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in which the FM rate changed constantly at a 
uniform rate, thereby describing a semicircle on 
a sonogram. These were coded as one element. 
Most of the species considered here sang syllables 
composed of one note. For those species in which 
syllables were made of two or more notes sep- 
arated by silence, I ignored the intrasyllable in- 
ternote intervals, and measured the variables de- 
scribed below on the first two elements within 
each syllable. 

Four variables were measured on each of the 
first two elements within a note: maximal and 
minimal frequency, element duration, and rate 
of frequency modulation (FM). The four fre- 
quency variables measured on each note proved 
to be highly correlated. In all subsequent analyses 
I used two frequency variables: note maximal 
and minimal frequency. To preserve information 
about the direction of FM, frequency upsweeps 
were coded as positive rates, and downsweeps as 
negative rates. A constant was added to FM rates 
prior to their being log-transformed. All vari- 
ables except number of elements and number of 
phrases were log-transformed to better approx- 
imate normality and equal variances. 
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FIGURE 2. An illustration of a Field Sparrow note, 
and six variables measured on every note. The two 
note frequency variables were measured on narrow- 
band spectrograms (40 Hz analysis, top) and four tem- 
poral variables were measured on wide-band spectro- 
grams (300 Hz analysis, bottom). The frequency mod- 
ulation rate ofeach element was calculated as: (Element 
maximal - minimal frequency)/element duration. 

A limitation of this system is that it did not 
fully describe the element structure of notes with 
more than two elements. Ninety-five percent of 
Chipping Sparrow, Field Sparrow, and Prairie 
Warbler notes had one or two elements, but only 
5 1% of the remaining species had two elements 
or less. Single-element notes (28% of 347 notes) 
were bisected, and element durations and fre- 
quencies were measured as ifthe notes were com- 
posed of two elements each with half the total 
note bandwidth and duration. 

The null hypothesis that the relative variation 
across all 10 transformed variables was the same 
was tested with a Kruskal-Wallis nonparametric 
ANOVA with each variable treated as a group. 
Pair-wise comparisons between variables, with 
P < 0.05 were made using the procedure de- 
scribed in Conover (1980). The mean rank of 
each group in the ANOVA was used to order 
variables by their relative variability. 

STATISTICAL ANALYSES 

Relative variation. I used Levene’s median-ratio 
test (Sokal and Braumann 1980, Schultz 1985) 
to compare relative variation within species of 
three song variables and seven of nine note vari- 
ables. Duration and FM rate of the second ele- 
ment within a note were excluded from the anal- 
ysis because their coefficients of variation were 
nearly identical to the corresponding measure- 
ments made on the first element. Fifty-one Chip- 
ping Sparrow songs and 60 Field Sparrow songs 
were used. Schultz (1985) recommended Lev- 
ene’s test using the median as a measure of cen- 
tral tendency as a robust test ofrelative variation. 
Each variable is transformed as: 

Distinctive features. To test whether songs re- 
corded in Dutchess County differed from songs 
obtained from other sources, two-group discrim- 
inant analyses using all 14 variables were per- 
formed for each Group I species. I had too few 
recordings for the remaining species to perform 
this check. 

To equalize sample sizes across species, half 
the songs from each primary species were ran- 
domly allocated to one of two sets: a modeling 
set, and a validation set. The modeling set was 
combined with all songs from the seven remain- 
ing species for use in the discriminant functions 
analysis to find variables that effectively discrim- 
inated either Chipping Sparrow or Field Sparrow 
song from songs of the other species. The vali- 
dation set was reserved for testing the predictive 
ability of the model derived from the modeling 
set. 

1 x - Median x 1 /Median x 

Canonical discriminant analysis was used to 
identify song features that distinguished the songs 
of either target species (Chipping Sparrows or 
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TABLE 1. Rankings of 10 acoustic features according to relative variability and classification accuracy in Field 
Sparrow and Chipping Sparrow song. 

Field Sparrow (n = 60) Chipping Sparrow (n = 51) 
Coefficient Percent Coefficient Percent 

Variablel,’ of variation Group correct Variable of variation Group correct 

Maximal frequency 10.4 1 92 
Minimal frequency 10.6 1 83 
Number of phrases 28.9 1 87 
Song duration 17.0 1, 2 87 
Number of elements 36.0 2, 3 87 
Number of notes 30.9 3 87 
Intemote interval 39.5 4 87 
Note duration 55.0 4 87 
Element duration 61.6 5 87 
Element FM rate 87.5 5 80 

Number of phrases 
Number of elements 
Maximal frequency 
Minimal frequency 
Intemote interval 
Song duration 
Note duration 
Number of notes 
Element duration 
Element FM rate 

0.0 1 87 
24.0 2 71 
9.7 2 93 

20.6 87 
25.7 : 84 
27.3 3 
46.1 4 z 
42.0 4 93 

64.1 4 58.5 4 ;: 

’ Variables are ranked within each species according to their mean rank in the Kruskal-Wallis ANOVA used in Levene’s test 
2 Variables sharing a number are equally variable, and differ significantly from variables with different group numbers. 

Field Sparrows) from the other 12 species. Dis- 
criminant analysis is a two-step technique, con- 
sisting of identifying and interpreting intergroup 
differences, and then classifying cases into groups 
predicted by the analysis (Klecka 1980). I used 
separate group-covariance matrices and as- 
sumed equal prior probabilities of group mem- 
bership in classifying cases (SPSS 1986). 

It seemed most reasonable to model this as a 
two-group, conspecific song vs. alien song dis- 
crimination problem. However, discriminant 
analysis does not perform optimally when a 
group, in this case the alien-song group, has a 
multimodal distribution. Therefore, the discrim- 
inant functions were calculated for all 13 groups 
(species) but decisions on whether to add or de- 
lete a variable from the model were based solely 
on the variable’s contribution to accurately clas- 
sify songs as conspecific or alien. This was 
achieved by collapsing the 13 x 13 classification 
matrix that resulted from an analysis into a 2 x 
2 matrix (conspecific x alien). Off-diagonal 
entries in the 2 x 2 matrix were considered to 
be classification errors. The analysis was done 
separately for Field Sparrows and Chipping Spar- 
rows as the target conspecific species. The goal 
for both species was to derive the simplest sta- 
tistical model that maximized the percentage of 
songs correctly classified. 

The procedure of deriving a discriminant model 
and classifying cases was repeated, adding and 
deleting variables one by one to assess how im- 
portant each was in accurately classifying songs. 
Finally, each of the 10 variables was used singly 
in a discriminant analysis to measure how effec- 
tive each was in classifying songs. 

RESULTS 

RELATIVE VARIATION 

Table 1 lists the 10 variables in order of increas- 
ing variability for both Field Sparrows and Chip- 
ping Sparrows. Within each species, the variables 
differed in relative variability (Field Sparrow: 
Kruskal-Wallis x2 = 2 10, y1 = 600, P < 0.01; 
Chipping Sparrow: Kruskal-Wallis x2 = 229, II 
= 5 10, P -c 0.01). In Field Sparrow song, fre- 
quency variables were the least variable and dif- 
fered significantly from the other eight variables. 
In Chipping Sparrow song, the pattern of vari- 
ation was similar to Field Sparrow song, as re- 
flected in the significant correlation between the 
variability rankings of the two species (Spear- 
man’s rho = +0.79, IZ = 10, P < 0.01). The 
rankings based on Levene’s test do not agree per- 
fectly with the ranks by coefficients of variation 
listed in Table 1 because Levene’s test uses the 
median as the estimate of central tendency while 
coefficients of variation are based upon the sam- 
ple mean. In neither species was the relative vari- 
ability correlated with the measurement error for 
each feature (Field Sparrow: Spearman’s rho = 
-0.16, P > 0.3; Chipping Sparrow: Spearman’s 
rho = 0.47, P > 0.05). 

DISTINCTIVE FEATURES 

Chipping Sparrow, Field Sparrow, Rufous-sided 
Towhee, Northern Cardinal, and Tufted Tit- 
mouse songs recorded locally did not differ sig- 
nificantly from songs obtained from other sources 
(Discriminant function analyses, P > 0.10 for 
each species). Prairie Warbler songs did differ, 
primarily because local songs were longer than 
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FIGURE 3. Polygons enclosing the songs of Field 
Sparrows and Chipping Sparrows plotted against the 
first two discriminant functions derived from seven 
acoustic variables (Table 4). DF 1 is positively corre- 
lated with song duration and number of notes in a song, 
while DF 2 is correlated with minimal note frequency, 
and negatively correlated with internote interval and 
note duration. Numbers indicate the centroids for each 
species. 1 = Chipping Sparrow, 2 = Field Sparrow, 3 
= Prairie Warbler, 4 = Northern Cardinal, 5 = Rufous- 
sided Towhee, 6 = Tufted Titmouse, 7 = White-throat- 
ed Sparrow, 8 = Indigo Bunting, 9 = Yellow Warbler, 
10 = Dark-eyed Junco, 11 = Swamp Sparrow, 12 = 
Song Sparrow, 13 = Black-capped Chickadee (Purus 
atricapillus). 

small incremental improvements in discrimi- 
nation performance resulting from the addition 
of variables to the model is consistent with the 
additive-redundant model of song recognition of 
Shiovitz and Lemon (1980). 

While the methods employed in this study 
yielded very good recognition performance, one 
assumption of the method deserves comment. 
This concerns how closely the discriminant mod- 
el resembles the psychological processes in- 
volved in song recognition. In particular, the 
model assumes that a Field Sparrow, for exam- 
ple, stores representations of conspecific song as 
well as prototypes of alien songs, and that a stim- 
ulus is compared to each prototype, before a “de- 
cision” is made about the species identity of the 
stimulus. While there is behavioral and neuro- 
physiological evidence indicating that a stimu- 
lus’ similarity to a bird’s own song is an impor- 

tant determinant ofresponse strength (Margoliash 
1983, 1986; McGregor et al. 1983; MacArthur 
1986), the assumption that other species’ songs 
are also memorized is an open question. 

Discriminant analysis is a multiple-distance 
model, whereby a song to be classified is com- 
pared to each prototype, and classified as the 
species to which it is closest. An alternative, sin- 
gle-distance model, involves comparing a stim- 
ulus only to a prototype of conspecific song. Rec- 
ognition as conspecific song occurs if the stimulus 
is within a certain tolerance of the prototype, as 
in the signal variation tolerance model of Shio- 
vitz and Lemon (1980). However, there is no 
way to know a priori what the appropriate tol- 
erance should be. Instead, these tolerances must 
be measured empirically (Nelson 1988). Exper- 
iments on Field Sparrows revealed that males’ 
territorial responses decreased significantly when 
each of four song features was altered by two to 
three standard deviations relative to a control 
song synthesized to resemble the species’ mean 
on each feature. That is, males appear to tolerate 
song variants that fall within the normal limits 
of variation encountered in conspecific song. 
Dabelsteen and Pedersen (1985) have also dem- 
onstrated a correlation between song variation 
and responsiveness in the Eurasian Blackbird. 

I simulated a single-distance recognition mod- 
el using this data set. A song was classified as a 
Field Sparrow if its measurements on the seven 
features used in the Field Sparrow model (Table 
4) were all within two standard deviations of the 
species mean. Ninety-three percent of the 347 
songs were correctly classified. Only 86% and 
85% were correctly classified when the tolerances 
were one and three standard deviations respec- 
tively. One-standard-deviation tolerances were 
too narrow, and missed Field Sparrow songs, 
while three-standard-deviation tolerances were 
too wide. Thus there appears to be a good match 
between the bird’s behaviorally-measured tol- 
erance of song variation, and the statistical limits 
of variation that yield maximal classification ac- 
curacy in a simulation. What is needed, obvious- 
ly, are experiments that distinguish the compar- 
ative- and single-distance models. Field 
experiments using heterospecific songs as stimuli 
are consistent with either model. These experi- 
ments have shown that response strength is a 
function of how closely the alien songs resemble 
conspecific songs (Helb 1973, Becker 1976, Nel- 
son 1987). Laboratory approaches (e.g., Dooling 
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et al. 1987) may be useful in distinguishing these 
two ideas. 

Finally, modelling species song recognition in 
terms of an acoustic space formed by the songs 
of sympatric species generates testable predic- 
tions about variation in species-song recognition 
behavior. Interspecific comparisons with the 
Chipping Sparrow have been discussed above. 
Intraspecific tests are also possible. For example, 
in a different bird fauna containing Chipping 
Sparrows, an analysis similar to that conducted 
here might reveal that different song features 
would be favored as recognition cues. There are 
indications that song-discrimination behavior 
differs between populations that are allopatric or 
sympatric with close relatives (Gill and Murray 
1972, Becker 1977). It is not known whether 
these differences, which may be learned, result 
from the use of different song features in different 
populations. 

The prediction of geographic variation in the 
use of species-song recognition features differs 
from Marler’s (1960) original suggestion that song 
structure may be determined by the complexity 
of the sound environment. Independently of 
whether the complexity or variability of the tar- 
get species’ song changes in a depauperate fauna 
(see Miller 1982 and Kroodsma 1985 for dis- 
cussion), the relationships among species may 
change, thereby altering the discrimination ef- 
fectiveness of song features. 
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