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Abstract.—To investigate adaptations for long-range acoustic communication in birds, I ana-
lyzed associations between broad categories of habitats and properties of territorial songs for
eastern North American oscines. From published recordings, 1 obtained three frequency proper-
ties (maximal, minimal, and dominant) and three temporal properties of songs (presence of
sidebands, presence of buzzes, minimal period of repeated elements). Sidebands and buzzes
indicated rapid amplitude modulation of a carrier frequency. Habitats occupied by territorial
males were classified into six categories (broad-leaved or mixed forest, coniferous forest, park-
land or forest edge, shrubland, grassland, and marshes). Frequencies in songs correlated strongly
with body size, which varied among habitats. Analysis of covariance and phylogenetic regres-
sion, after controlling for body size, revealed an association of maximal but not dominant or
minimal frequencies with habitat. In contrast, the temporal properties of song were all strongly
associated with habitat, even within phylogenetic groupings. These results suggest that the
temporal properties of songs of many oscines have evolved to reduce the effects of reverberation
in forested habitats. Exceptional species might have retained features of song subject to degrada-
tion to permit listeners to judge distances to singers. In addition, adaptations for acoustic com-
munication in different habitats might include differences in the perception of songs.

Attempts to discover adaptations in the structure of birds’ songs to particular
habitats have taken two directions: surveys of the characteristics of songs and
habitats of a wide variety of species in a geographical area (Chappuis 1971; Mor-
ton 1975; Richards and Wiley 1980; Ryan and Brenowitz 1985; Sorjonen 1986a)
and detailed analyses of song structure in relation to sound propagation in sets
of a few populations or related species (Jilka and Leisler 1974; Nottebohm 1975;
Bowman 1979; Hunter and Krebs 1979; Wasserman 1979; Gish and Morton 19813
Handford 1981; Lemon et al. 1981; Shy 1983; Cosens and Falls 1984; Anderson
and Conner 1985; Sorjonen 1986b). The first has advantages in determining broad
trends in adaptations of acoustic signals, the latter, in more detailed understand-
ing of the physical basis for these adaptations. This study takes the first course
in surveying nearly all the territorial oscines of eastern North America to investi-
gate the relationships between acoustic features of songs and broad categories of
habitats.

Sound propagating through natural environments is subject to overall attenua-
tion by spherical spreading and, in addition, to frequency-dependent attenuation,
reverberation, and irregular amplitude fluctuation (Wiley and Richards 1978,
1982). The term degradation, as used here, refers to the combined effects .of
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reverberation and amplitude fluctuation, as opposed to frequency-dependent at-
tenuation (see Wiley and Richards 1982). This study investigated two specific
predictions for adaptations in the structure of long-range acoustic signals that
could minimize the effects of reverberation, on the one hand, and frequency-
dependent attenuation, on the other. ’

Greater reverberation in forests as opposed to open habitats (Richards and
Wiley 1980; Wiley and Richards 1982) leads to predictions that forest-inhabiting
species should avoid features easily degraded by reverberation. In a survey of
passerines breeding in North Carolina, Richards and Wiley (1980) found evidence
that many forest-inhabiting species had territorial songs that avoided short repeti-
tion periods between elements at the same frequency. Other studies have reported
similar differences (Nottebohm 1975; Handford 1981; Anderson and Conner 1985;
Sorjonen 1986a, 1986b), but no study so far has explicitly investigated this predic-
tion in a large sample of species.

Patterns of frequency-dependent attenuation in forests and open habitats sug-
gest that forest-inhabiting species should use lower frequencies (Chappuis 1971;
Morton 1975). The rationale for this prediction is not so clear as for the previous
one since, in all habitats and for all frequencies within the range of those used
by oscines, lower frequencies should propagate better than higher ones, except
within a meter or so of the ground (Marten and Marler 1977; Marten et al. 1977;
Wiley and Richards 1982; Waser and Brown 1984). Several comparisons of related
species or populations have provided some evidence for adaptations in the fre-
quencies in song (Jilka and Leisler 1974; Bowman 1979; Hunter and Krebs 1979;
Wasserman 1979; Lemon et al. 1981; Shy 1983; Cosens and Falls 1984; Anderson
and Conner 1985). Two surveys of a Neotropical avifauna have also confirmed
associations of frequencies in song with broad categories of habitat (Morton 1975;
Ryan and Brenowitz 1985). No such analysis is available for a diverse temperate
avifauna.

In analyzing associations of habitat and features of song, it is important to
consider two possible confounding variables. First, the dimensions of a sound
source affect the frequencies that are produced most efficiently (Kinsler and Frey
1962). For this reason, of course, the frequencies in birds’ songs are strongly
related to body size (Wallschlidger 1980; Ryan and Brenowitz 1985). Second,
phylogenetic trends might result in groups of species sharing particular character-
istics, such as features of songs and habitats. Ryan and Brenowitz (1985) report
such effects in comparisons among oscine, suboscine, and nonpasseriform birds.
Thus, this study, in examining possible associations of the temporal features
and frequencies in songs with broad categories of habitat, also considered the
confounding effects of body size and phylogenetic relationships.

METHODS

Species Included

This study included the songs of 120 species of oscines in the Field Guide to
Bird Songs (Cornell Laboratory of Ornithology 1975). I excluded a few species
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that do not use song for advertisement of relatively large territories (all swallows
and corvids; golden-crowned kinglet, Regulus satrapa; cedar waxwing, Bomby-
cilla cedrorum; common grackle, Quiscalus quiscula; brown-headed cowbird,
Molothrus ater; pine siskin, Carduelis pinus; evening grosbeak, Coccothraustes
vespertinus). This sample thus included nearly all territorial oscines breed-
ing regularly between the Rocky Mountains and the Atlantic coast of North Amer-
ica. For some analyses, species were classified by subfamilies and genera as
recognized by the American Ornithologists’ Union (1983).

These recordings include a representative sample of songs for each species
(usually 1-3 distinct song patterns; maximum, 8). There is no reason to think that
they were selected with the hypotheses in mind. Although some of the recordings
clearly were subjected to high- or band-pass filtering to eliminate background
noise, none of the spectral analyses showed indications that this filtering had
encroached on the frequencies in the songs. Any such filtering would make the
measurements of extreme frequencies in songs less reliable.

For each species, I obtained the mean body mass of adult males from Dunning
(1984), except for Bachman’s warbler Vermivora bachmanii, and chipping and
field sparrows Spizella passerina and Spizella pusilla (not included in this refer-
ence). For the latter two species, I used lean masses obtained by Murray and
Jehl (1964). Sound sources radiate energy most efficiently at frequencies near the
resonant frequency of the source. This frequency generally varies inversely with
characteristic linear dimensions of the resonator (Kinsler and Frey 1962, p. 193).
Assuming that such considerations apply to birds, I have used the inverse cube
root of body mass as a measure of overall size in the following analyses.

Classification of Habitats

The usual habitats occupied by territorial males of these species were classified
on the basis of the height and density of the vegetation and the locations of usual
singing posts in relation to the top of the vegetation: (1) broad-leaved or mixed
forest with trees forming a closed canopy over areas as large as or larger than
territory sizes; (2) parkland with trees either not contiguous or in clusters smaller
than territory sizes (including edges of forests); (3) shrubland with woody vegeta-
tion generally low in stature, including habitats with patches of shrubs (hedgerows
and brushy fields); and (4) grasslands with woody vegetation sparse or absent. In
categories (1) and (2) birds rarely sang from positions above the highest vegeta-
tion, whereas in categories (3) and (4) birds regularly sang from the tops or above
the top of the highest vegetation. In addition, two more narrowly defined habitats
were recognized: (5) predominantly coniferous closed forest and (6) herbaceous
marshes with emergent vegetation in standing water. In some analyses, these six
categories were lumped into two: forest and parkland (1, 2, and 5) as opposed to
open habitats (3, 4, and 6). In classifying each species’ predominant habitat, 1
consulted references that included relatively systematic descriptions of breeding
habitats over entire states or provinces (Stewart and Robbins 1958; Imhof 1962;
Stewart 1975; Salt and Salt 1976; Laughlin and Kibbe 1985).

The habitats occupied by breeding birds clearly vary among individuals within
a population and among populations of the same species. Individual birds in
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some cases even incorporate two or more of the above habitats in their breeding
territories. Thus, an attempt to classify each species by its predominant breeding
habitat can only approximate a classification of the actual conditions in which
many members of that species actually sing. Furthermore, the habitat occupied
by each individual on the recordings used in this analysis is not known. The lack
of a match between the actual habitats of the subjects and the habitats selected
for each species in this study other than that from unsuspected systematic error
would reduce the chances for detecting significant associations of song structure
and habitat. These considerations make the statistical results of this analyses
conservative.

Measurements of Songs

Sound spectrograms of songs were prepared by the method described by Hop-
kins et al. (1974). Briefly, the output of a Spectral Dynamics 512-line real-time
spectrum analyzer was filmed continuously to produce a sound spectrogram on
35-mm photographic paper. For these analyses 1 used an analysis range of 50
kHz with an analysis period of 50 ms but limited the display to 20% of the range
to produce a spectrogram with a frequency resolution of 100 Hz and a temporal
resolution of 10 ms (confirmed by examination of the frequency-axis ramp by
oscilloscope).

Frequencies on these spectrograms were measured by ruler with a precision of
300 Hz (0.5 mm) and scaled by measurement of known frequencies. Temporal
measurements were also made by ruler with a precision of 10 ms.

To determine the dominant frequencies in songs, I averaged spectra over peri-
ods of 1.5 s by transferring the 256 spectra from one frame (slightly more than
the amount displayed on the screen) of a Uniscan II spectrum analyzer to a
microcomputer. The dominant frequency in these averaged spectra was taken as
the frequency with the highest spectral amplitude (rounded to the nearest 100 Hz).

For each species in the sample, I took the following measures of its songs: (1)
maximal frequency across all songs; (2) minimal frequency across all songs; (3)
mean dominant frequency (average of the dominant frequencies in each distinct
song type or, if songs were longer than 1.5 s, in each 1.5-s portion of all songs);
(4) minimal period of repeated units (such as syllables in a trill; omitted in 15
species that lacked repeated units); (5) presence of harmonics; (6) presence of
sidebands; and (7) presence of one or more buzzes (notes with a wide but band-
limited spectrum).

Harmonics are evenly spaced frequency components that represent integer
multiples of a fundamental, which in some cases is absent or attenuated. Side-
bands are the representation in the frequency domain of amplitude or frequency
modulation at rates greater than the reciprocal of the spectral analysis period.
Usually they appear as closely spaced frequency components on either side of a
more prominent central frequency, an indication of rapid amplitude modulation
of the central frequency (see illustrations in Stein 1968; Marler 1969). Buzzes
often intergrade with very closely spaced sidebands. Some experimentation often
reveals that they represent sidebands close to the frequency resolution of the
analysis (or, equivalently, amplitude modulation at rates close to the temporal
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TABLE 1

CORRELATIONS AND ASSOCIATIONS OF VARIABLES INCLUDED IN THis STUuDY

BZ RP MX MN DM MS
SB 33.6%* 1.13 -.09 —.05 —.02 17
BZ 9.89%* .08 —.08 .01 .17
RP -.08 .08 .03 .01
MX 41%* S7* —.36%*
MN .86** —.35%*
DM - .30%*

Norte.—SB, sidebands; BZ, buzzes; RP, minimal repetition periods < 10 ms; MX, maximal fre-
quency; MN, minimal frequency; DM, dominant frequency; MS, body mass. The three entries for
the associations between dichotomous variables (SB, BZ, and RP) are values of x* (df = 1); all other
entries are Pearson correlation coefficients (N = 119).

** P < 01,

resolution of the analysis). Sidebands, buzzes, and short repetition periods thus
represent amplitude modulation with progressively longer periods.

Statistical Analysis

A program for generalized linear modeling (GLIM, Royal Statistical Society,
London; Healy 1988) was used to evaluate the influences of body mass, phyloge-
netic groupings, and habitat on each measure of the species’ songs. The measures
of frequencies in songs (dominant, maximal, and minimal) correlated with each
other; the measures of temporal structure (sidebands, buzzes, minimal repetition
periods) also showed strong associations (table 1). Rather than extract principal
components of these measures, I tested each separately for associations with the
predictor variables because the separate measures permit clearer biological and
physical interpretation.

For measures of frequencies, ANCOV As examined the differences among habi-
tats, with the inverse cube root of body mass as a covariate. A significant interac-
tion of habitat and mass in these analyses would indicate that the slope of the
regression of frequency on mass differed among habitats. A significant effect of
habitat would indicate that the regressions of frequency on inverse cube root of
mass differed in elevation among habitats.

For measures of temporal properties of songs, variables that were either cate-
gorical or highly skewed, three-way contingency tables were analyzed by means
of log-linear models. In these analyses each species counted as a single observa-
tionina 6 X 2 X 2 table, with the six categories of habitat described above, the
measure of a temporal property of songs divided into two categories (if not al-
ready in two classes) at the median of the overall distribution, and a third variable
also in two categories (either two phylogenetic categories or two categories of
body mass again divided at the median). To evaluate the effect of the three-way
interaction, I compared the full model to one with the three-way interaction
eliminated. In every case the increase in deviance (also called G?) fell far short
of statistical significance, based on a x* approximation for differences between
deviances in models with Poisson error distributions. The three-way interaction
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was thus eliminated from further consideration. Next, I considered three models,
each excluding one of the three possible two-factor associations among the vari-
ables. For each of these models, the increase in deviance over that for the model
with all possible two-factor associations provided a measure of the importance
of the missing association. Statistical significance was judged by referring the
difference in deviance to the x? distribution for the appropriate degrees of freedom
(for further discussion, see McCullagh and Neder 1983). Since a 6 X 2 X 2
classification resulted in some sparse or empty cells, I also analyzed these data
in2 x 2 X 2 classifications with the same procedures, except that habitats were
classified in only two categories, as described above.

These conventional analyses are not completely satisfactory for comparative
studies. In testing for associations of characters in phylogenetically related spe-
cies, it is not correct to assume that each species is a statistically independent
observation. Two species might share similar traits as a result of having common
ancestors with these traits and thus not represent independent instances of con-
vergent evolution. In discussing this issue, Ridley (1983) proposed that each inde-
pendently evolved instance of an association of characters should count only
once.

This approach has been adapted by Grafen (1989) in a procedure for phyloge-
netic regression, which reduces each separate radiation in the dependent variable
to a single point in a final ANCOVA. This program is used here to check the
results from the conventional ANCOVAs for dominant, maximal, and minimal
frequencies in songs, variables that are continuous with approximately normal
distributions. For each variable I used the phylogenetic regression with the cate-
gories of habitats as test variables and the inverse cube root of mass as a control
variable and again with these test and control variables interchanged.

For measures of the properties of songs that were either categorical (presence
or absence of sidebands, buzzes, and harmonics) or highly skewed (minimal repe-
tition intervals), the phylogenetic regression was not appropriate since the fitted
values of these variables included many far outside the original distributions.
Ridley’s method of independent instances of convergent evolution would apply
here, provided that ancestral states of these characters at each node in an accept-
able phylogeny could be inferred, for instance by out-group analysis (Ridley 1983,
1989). However, the characters of song vary widely in subfamilies and genera
included in this analysis (the data include only four subfamilies with two to four
species each and five genera also with two to four species each that are uniform
for the presence or absence of sidebands or buzzes). This situation, combined
with uncertainties in the phylogeny of taxa of oscines, makes the inference of
ancestral states for many genera and subfamilies highly problematic. Conse-
quently, any count of independent instances of convergent evolution in character-
istics of habitat and song is unreasonably speculative.

Instead, 1 adopted two modified procedures for dealing with the possible lack
of independence among related species, one a mild solution, the other a radical
one. The ‘‘mild solution’” consisted of counting any taxa that were uniform for
the measure of song (the dependent variable) as a single case. For the associated
explanatory variable (two categories of habitat or mass), I took the most frequent
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value for species in that taxon. The ‘‘radical solution’’ (suggested by A. Grafen
[personal communication]) involved focusing exclusively on those higher phylo-
genetic nodes (taxonomic categories above the level of species) for which all
daughter nodes (next-lower taxonomic categories including species) were both
separately uniform for the explanatory variable and different among themselves.
For each such higher node, the null hypothesis was that there was no difference
between values of the dependent variable among daughter nodes with different
values of the explanatory variable, as judged by either a binomial test or a Wil-
coxon matched-pairs signed-ranks test. In analyzing the associations of harmon-
ics, sidebands, buzzes, and minimal repetition periods (divided at the median)
with habitat, this sort of analysis excluded all species except those in 10 genera
or subfamilies, for which details are presented below. Aithough the original data
were thus radically pruned, these analyses are as nearly as possible beyond suspi-
cion of inflated degrees of freedom as a result of associations of characters by
common ancestry.

RESULTS

Frequency Characteristics of Songs

In the ANCOVAs for the dominant, maximal, and minimal frequencies in
songs, measures of frequencies varied strongly and consistently with body mass
(table 2; figs. 1 and 2). In the analysis with six categories of habitats, only maximal
frequencies differed significantly among habitats (table 2A). With only two cate-
gories of habitat, on the other hand, only dominant frequencies varied between
habitats, with marginal statistical significance (table 2B). Note that the habitat
with the highest mean dominant frequency, coniferous forests (fig. 1), also had
the smallest mean body mass (fig. 3). Conversely, both the lowest mean dominant
frequency and the largest mean body mass occurred in marshes.

The acoustic properties of coniferous forest and herbaceous marsh might mask
differences between other forest and open habitats. The small leaves of conifers
result in less attenuation of frequencies between 2 and 8 kHz than in broad-leaved
forests (Marten and Marler 1977), so species might use higher frequencies in
relation to their body size in coniferous than in other forests. On the other hand,
there is less attenuation of low frequencies in marshes than in grasslands (Cosens
and Falls 1984), so species might use lower frequencies in marshes than in other
open habitats. If species inhabiting coniferous forests and marshes were ex-
cluded, an ANCOVA revealed differences among the remaining four habitats in
all three measures of frequencies in songs (table 2C). Maximal frequencies in
particular showed highly significant differences among habitats. In an analysis
with only grassland and marsh as categories of habitat, although the number of
species was much lower, there was also a difference in maximal frequencies (table
2D).

Phylogenetic regression provided a check against the possibility that these re-
sults were influenced by inflated degrees of freedom as a result of phylogenetic
associations of the variables. In analyses with six categories of habitats, when
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TABLE 2

REsuLTs OF AN ANCOVA oF THE FREQUENCIES OF SONGS
IN DIFFERENT HABITATS WiTH THE INVERSE CUBE ROOT OF BoDY MAss AS A COVARIATE

SOURCES OF VARIANCE

FREQUENCY MEASURE Habitat Mass Interaction

A. Six categories of habitat

(N = 119):
df 5, 107 1, 107 S, 107
Dominant frequency 1.92 37.76** 1.34
Maximal frequency 3.69** 24.66** .62
Minimal frequency .20 36.92** 1.45

B. Two categories of habitat

(N = 119).
df 1, 115 1, 115 1, 115
Dominant frequency 4.54* 30.01** 55
Maximal frequency 1.96 24.66%* .29
Minimal frequency 3.15 41.66%* .07

C. Four categories of habitat
(excluding species in coniferous
forest and marsh) (N = 103):

df ’ 3,95 1,95 3,95
Dominant frequency 3.10%* 34.16%* 1.15
Maximal frequency 5.62%* 21.55%* .14
Minimal frequency 2.76* 43.15%* .76

D. Habitat categories of grassland
and marsh only (N = 26):

df 1,22 1,22 1, 22

Dominant frequency 1.77 5.64* 1.44

Maximal frequency 5.57* 14.70** 34

Minimal frequency 3.38 9.68** .80

Note.—Entries are the F-ratios for each variable or interaction, with the specified degrees of
freedom.

* p < .05,

** p < 01.

habitat was controlled, dominant frequency was strongly related to body size
(table 3A). The results were similar but less marked for the measures of maximal
and minimal frequency. On the other hand, when body size was controlled, only
maximal frequency differed among habitats; with marginal statistical significance
(table 3B). If coniferous forests and marshes were omitted from the analysis, the
results were very similar, although the F-values were larger for effects of both size
and habitat on measures of frequencies (table 3C). In this case, the differences in
maximal frequencies among habitats were highly significant.

These analyses thus provided little evidence for associations of the general
characteristics of frequencies in songs with gross features of vegetation, provided
the influence of body size was controlled. Both conventional ANCOVAs and
phylogenetic regression indicated that only maximal frequencies differed consis-
tently among habitats. On the other hand, all measures of frequencies in birds’
songs depended strongly on body size.
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TABLE 3

RESULTS OF THE PHYLOGENETIC REGRESSION OF FREQUENCY CHARACTERISTICS OF SONG ON THE INVERSE
CuBE RooT oF Bopy Mass WHILE CONTROLLING THE EFFECTS OF HABITAT AND VICE VERSA

Frequency Measure p* df® F

A. Regression of frequency char-
acteristics on the inverse
cube root of body mass, con-
trolling for habitat (six cate-

gories):
Dominant frequency 202 1, 24 9.77**
Maximal frequency A1t 1,25 7.55%
Minimal frequency .302 1, 24 5.27*

B. Regression of frequency charac-
teristics on habitat (six cate-
gories), controlling for in-
verse cube root of body

mass:

Dominant frequency .149 5,25 1.31
Maximal frequency .082 5,25 2.89*
Minimal frequency 213 5,25 1.42

C. Regression of frequency charac-
teristics on habitat (four cate-
gories, excluding coniferous
forest and marsh), controlling
for inverse cube root of body

mass:
Dominant frequency 122 3,24 2.02
Maximal frequency .067 3,24 4,74%*
Minimal frequency .183 3,24 1.47

2 p is the exponent of the power function used in weighting the hierarchy of phylogenetic nodes in
the final model; it provides an indication of the importance of the phylogeny in explaining the associa-
tions of the dependent and test variables (see Grafen 1989).

b df can vary for the same set of species depending on whether one or more nodes lack ‘‘phyloge-
netic degrees of freedom’’ for a particular variable (Grafen 1989).

* P < .05,

* P < 0L,
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Fic. 4.—Proportions of oscines in each broad category of habitat that lack sidebands in
their songs and that have minimal repetition periods greater than 10 ms. Numbers of species
in each habitat are as in fig. 1.

Contingency tables revealed no significant associations between the frequency
characteristics of songs and phylogenetic categories within classes of body size.

Harmonics and Temporal Characteristics of Song

In open habitats, especially grasslands, most species included very short repeti-
tion periods in their songs and nearly half included notes with sidebands (fig. 4).
In contrast, most forest-inhabiting birds included no short repetition periods in
their songs, and only a small fraction included notes with sidebands. The presence
of buzzes showed very similar patterns.

These temporal features of songs seemed likely, on first inspection, to have
significant associations with phylogenetic groupings. For instance, the two largest
subfamilies of oscines in eastern North America, the Parulinae and the Emberizi-
nae, are not equally distributed across the broad categories of habitat used here.
Parulinae are primarily forest and parkland species, whereas Emberizinae are
primarily species of shrub and open habitats. The former are known for their
melodic tonal songs, the latter for their trills and buzzes.

To focus on this potentially confounding influence on the temporal structure of
songs, I analyzed just the 66 species of Parulinae and Emberizinaecina 2 X 2 X
2 classification of habitat, song feature (two categories divided at the median),
and subfamily (two categories). This analysis did not consider harmonics since
only one species in each subfamily included harmonics in its songs. The results
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TABLE 4

CHANGES IN DEVIANCE ASSOCIATED WITH TwO-FACTOR ASSOCIATIONS IN THREE-WAY CONTINGENCY
TABLES FOR TEMPORAL FEATURES OF SONGS (T), HaBITATS (H), AND SUBFAMILIES (S)

Two-FACTOR ASSOCIATIONS

SoNG FEATURE TXH TxS HXxS
A. 2 X 2 x 2 table:?
df 1 1 1
Sidebands 9.09** 47 28.19**
Buzzes 7.82%* 95 19.16%*
Minimal repetition period 8.05** .01 23.02%*
B. 2 x 2 x 3 table:”
df 1 2 2
Harmonics 1.64 15.33%* 32.02%*
Sidebands 8.29%* 3.40 29.51**
Buzzes 17.83%* 1.29 19.06**
Minimal repetition period 7.20** 1.08 23.58**

Norte.—Changes in deviance are the increase over the corresponding model including all two-factor
associations but excluding the three-factor association (see Methods). In each case, eliminating the
three-factor association had little effect on deviances.

? Parameters are two categories of song features (¢ither presence/absence or divided at the median),
two categories of habitats, and two subfamilies (Parulinae and Emberizinae).

b Parameters are as above but with three subfamilies (Parulinae, Emberizinae, and all others).

** P < (1.

clearly indicated pronounced associations of habitat with the presence of side-
bands and buzzes and with minimal repetition periods, but no significant associa-
tions of song features with subfamily (table 4A; fig. 5). As expected, these analy-
ses confirmed strong differences in the distribution of these two subfamilies
between habitats. Variations of this procedure (using four categories of habitat,
by lumping categories 1 with 5 and 4 with 6; excluding species in marshes; using
three phylogenetic categories, Parulinae, Emberizinae, and all others) all yielded
similar results. There was a strong association of buzzes with habitat in an analy-
sis with three phylogenetic groups (table 4B). In these analyses there was no
association of harmonics with habitat. Only 16 species included harmonics in
their songs, 8 in each of two major categories of habitat (habitats 1, 2, and 5 and
habitats 3, 4, and 6). Unlike the measures of temporal properties, harmonics had
a strong association with subfamilies (table 4B).

The two corrections for phylogenetic associations of traits, as described in the
section on methods, confirmed these results. The “mild solution” of counting
only once each taxon that was uniform for the feature of songs under investigation
indicated strong associations of the temporal features of songs, but not harmon-
ics, with habitats. The ‘‘radical solution” of focusing only on mother nodes with
uniform daughter nodes, within the phylogeny based on taxonomy, limited the
analysis to 10 taxa: three subfamilies (Troglodytidae, Icterinae, Carduelinae) and
seven genera (Hylocichla, Vermivora, Dendroica, Oporornis, Passerina,
Spizella, Zonotrichia). The results, nevertheless, once again indicated strong ef-
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of columns indicate the species in each subfamily and category of habitat.

fects of habitat (divided into two categories) on the presence of sidebands,
buzzes, and minimal repetition periods (table 5).

In three-way contingency tables for temporal characteristics of songs, catego-
ries of body size, and habitats, there were no indications of associations between
temporal features of song and body size within habitats.

DISCUSSION

These analyses demonstrate that habitat has a pronounced effect on the struc-
ture of the songs of oscine birds in eastern North America, but the effect is
greater on the temporal structure of songs than on their frequencies.

For the frequencies in songs, a confounding variable was body size, since
sources with smaller dimensions are more efficient at producing higher frequen-
cies (Kinsler and Frey 1962). Although the syrinx and associated sound-producing
structures of oscines probably do not have a fixed relationship with overall size,
they are presumably correlated with a measure of overall size such as body mass.
In the present analyses an association of frequency characteristics with body
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TABLE 5

RESULTS OF THE ‘‘RADICAL SOLUTION"’ TO CONTROLLING PHYLOGENETIC ASSOCIATIONS OF SONG
FEATURES WITH HABITAT (FOR FEATURES WITH CATEGORICAL OR HIGHLY SKEWED DISTRIBUTIONS)

SonNG FEATURES

Minimal
COMPARISON Harmonics Sidebands Buzzes Repetition Period

Eligible taxa with song feature

greater in habitat category 2

than in 1 1 6 7 2
Eligible taxa with song feature

greater in habitat category 1

than in 2 0 1 0 6
Eligible taxa with song feature

not different in habitat

categories 1 and 2 9 3 3 2
Binomial test (one-tailed):
Odds 1:0 6:1 7:0 2:6
P 5 .06 .01 .14

Wilcoxon signed-ranks matched-pairs
test (one-tailed):
T - 1.5 0 3.5
p e <.025 <.01 <.025

Note.—Eligible taxa are those mother nodes in the phylogeny based on taxonomy that have daugh-
ter nodes that are uniform for the feature of song in question (see the text); habitat category 1 includes
forest (including coniferous forest) and parkland; habitat category 2 includes shrubland, grassland,
and marsh.

mass appeared clearly. The association of body size with habitats in turn ex-
plained almost all of the variation among habitats in the frequencies in songs.

The temporal features of song on the other hand showed no relationship with
body size. These measures of song structure instead seemed more plausibly asso-
ciated with phylogenetic groups. Selection of the Parulinae and Emberizinae for
detailed analysis focused attention on two sets of species, approximately equally
numerous, which represented slightly over half of all species in the sample. Al-
though the temporal structure of song in these two subfamilies differed strikingly,
analysis showed that most of this variation was associated with differences in the
habitats occupied by most of the species in each group. In fact, there was no
indication that phylogenetic constraints influenced the temporal properties of
song in these two subfamilies at all.

Harmonics are generated by nonlinearities in the sound-producing mechanism.
Harmonics should be held to a minimum in all long-range advertising signals in
order to concentrate maximal energy at any moment into a single frequency,
which would increase the range of detection for receivers with frequency-
analyzing ears, like listening birds (Wiley and Richards 1982). There is no reason
to expect the presence of harmonics to vary with habitat. The present results
have in fact shown that harmonics occur infrequently in the advertising songs of
oscines and have no association with habitats.
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These analyses represented no more than a coarse examination of the possible
associations between habitat and song structure. The many statistical tests per-
formed on the same data and the correlations among the independent variables
suggest that an appropriate level for statistical significance should be lower than
usual. The nature of the data itself provides additional reasons for the results not
to be interpreted too closely: only a few songs of each species were measured;
these exemplars were recorded in unknown habitats and circumstances; habitats
were classified into only a few broad categories; and each species was assigned
to a single predominant habitat. In addition, although I excluded species that use
songs exclusively for communication at ranges of only a few meters, the species
included in the sample vary widely in the usual distances between singers and
potential receivers. An analysis of this sort inevitably misses any fine-scaled
associations of habitat with song structure that might result from variation in
acoustic properties with habitat among populations of the same species, among
individuals in a population, or among contexts in which an individual uses its
songs. At each of these scales, song structures might adapt to habitats. Compari-
sons among populations of one or a few species might reveal patterns that do not
appear in an overall analysis of a diverse avifauna as presented here. However,
the scale of the present analysis serves to focus attention on the most prominent
patterns in the adaptations of song structure to broad variation in habitats.

Any theories that the properties of songs evolve to minimize distortion during
propagation must also consider the possibility that distortion could serve to indi-
cate the distance of a singing bird to a recipient. Several species are known to
make use of the distortion of their songs during propagation to judge the distance
to a singing conspecific, independent of the overall amplitude of the song (Rich-
ards 1981; MacGregor and Falls 1984; MacGregor and Krebs 1984). Experiments
have so far not determined whether frequency-dependent attenuation or degrada-
tion by reverberation or amplitude fluctuations provide the cues for ranging.

Frequency Characteristics of Song in Relation to Habitat

Associations between frequencies in songs and habitats have been reported by
several previous studies, including both broad surveys of avifaunas (Morton 1975;
Ryan and Brenowitz 1985) and comparisons of populations or related species
(Jilka and Leisler 1974; Bowman 1979; Hunter and Krebs 1979; Wasserman 1979;
Lemon et al. 1981; Shy 1983; Cosens and Falls 1984; Anderson and Conner 1985).
In this study, when the confounding influence of body size was controlled, only
the maximal frequencies of songs varied consistently with habitat. To see why
this pattern might occur, consider the rationale for expecting song frequencies to
vary with habitat.

Attenuation of sound in natural environments is affected by three frequency-
dependent effects: (1) atmospheric absorption, (2) scattering, and (3) ground at-
tenuation as a consequence of propagation in conjunction with waves in the
ground and at the surface (Wiley and Richards 1982). The first two produce
attenuation that increases monotonically with frequency, at least within ranges
of environmental conditions and frequencies applying to birds. However, as scat-
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tering is greater from foliage in forests, the slope of the frequency dependence of
attenuation is higher in forests (Morton 1975; Marten and Marler 1977; Marten
et al. 1977). In coniferous forests, as a result of the small dimensions of the leaves,
attenuation from scattering increases particularly above 8-10 kHz (Marten and
Marler 1977). It is also noteworthy that in field conditions the frequency depen-
dence of attenuation has a large amount of irregularity, presumably as a result of
standing waves, temporal and spatial variation in conditions, and specific features
of scattering in particular environments. Ground effects increase attenuation at
low frequencies (generally below 1 kHz or lower), the lower the frequencies the
higher above ground (Wiley and Richards 1982; Waser and Brown 1984). In addi-
tion, dense vegetation on the ground reduces this effect by absorption of most of
the incident sound (Marten and Marler 1977; Cosens and Falls 1984). As their
effect is primarily on frequencies below 1 kHz, ground effects should have little
influence on the songs of North American oscines, which in any case seldom sing
advertising songs near the ground (Wiley and Richards 1982). These considera-
tions lead to a prediction that, in all habitats, lower frequencies should attenuate
less, except for frequencies below 1 kHz near the ground.

The effective range of a sound, however, depends both on its attenuation and
on the background noise. So the acceptable range of frequencies would depend
on the relationship of attenuation and background noise (Brenowitz 1982; Waser
and Brown 1984). In forests, the steeper frequency dependence of attenuation,
in comparison to open habitats, would in general result in a lower upper limit of
the band of acceptable frequencies, provided background noise levels did not
differ markedly. On the other hand, levels of background noise at high frequencies
might differ between habitats and might explain any differences in bands of ac-
ceptable frequencies. Ryan and Brenowitz (1985) have provided evidence from
limited measurements in Panama that differences in background noise might ex-
plain the lower mean frequencies used by birds of forested habitats in comparison
to open ones. Similar considerations might apply to arboreal monkeys (Brown
and Waser 1984).

These considerations suggest that the three measures of frequencies in this
study might depend on habitat and body size in different ways. Dominant frequen-
cies should have the strongest relationship with the size of the sound source and
thus with body size. On the other hand, the steeper frequency dependence of
attenuation in forests as compared with open habitats suggests that maximal
frequencies might show the strongest associations with habitat.

The analyses presented here confirmed these expectations. Of the three mea-
sures of frequency, dominant frequency had the strongest association with body
mass. On the other hand, maximal frequency was the only one of the three
measures that varied convincingly among habitats when body mass was con-
trolled.

It is worth noting, however, that measurements of extreme frequencies, includ-
ing maximal frequencies, are somewhat problematic. They depend on detecting
the limits of traces on spectrograms and thus on the amplitude of the recorded
signal in relation to the dynamic range of the spectrum analyzer. All three of
these frequency measures also depend on the distance from the source during
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recording and could include systematic biases if the distribution of recording
distances varied among habitats.

Previous studies have not explicitly considered these issues in analyzing associ-
ations of frequency and habitat. Nevertheless, there is a tendency for maximal
frequencies or ranges of frequencies, but not dominant frequencies, to differ
among habitats, at least in temperate regions. Several studies have reported
higher maximal frequencies or greater ranges of frequencies in open habitats than
in forests (Hunter and Krebs 1979; Shy 1983; Anderson and Conner 1985), and
one of these studies reported no difference in dominant frequency among habitats
(Anderson and Conner 1985). In tropical environments in Panama, however, dom-
inant frequencies varied with habitat (Morton 1975; Ryan and Brenowitz 1985),
but possibly as a result of differences in ambient noise levels rather than
frequency-dependent attenuation.

The comparison of marshland and grassland species by Cosens and Falls (1984)
provides a case for differences in frequencies of birds’ songs between major
habitats, for which an explanation based on differences in attenuation is particu-
larly plausible. In this case, the absence of a ground effect in marshes, presumably
as a result of absorption of sound by dense vegetation covering the surface,
reduces attenuation of frequencies below 1 kHz in comparison to grassland. The
species that can most effectively make use of this reduced attenuation, however,
are relatively large nonpasserine species (see Cosens and Falls 1984). In the
present study, oscines in marshes did not use lower dominant or minimal frequen-
cies as compared with open habitats, perhaps because the minimal frequencies
in oscines’ songs are above the band for significant attenuation by ground effects.

These considerations suggest that the associations of frequencies with major
habitats, at least for temperate oscine birds, result from complex and still poorly
understood physical constraints on long-range acoustic communication. In fact,
this study has revealed pronounced and consistent differences among habitats
only for the maximal frequencies in these birds’ songs.

Temporal Characteristics of Song in Relation to Habitat

The expectation of differences among habitats in temporal properties of song
rests on much simpler considerations. Sound propagating through scattering envi-
ronments, like forests, inevitably accumulates reverberation. As scattering is a
frequency-dependent process, reverberation also depends on frequency. Mea-
surements suggest that reverberation increases with frequency below 10 kHz but
might decrease again at higher frequencies as a result of the increased atmo-
spheric absorption of sound (Richards and Wiley 1980). Reverberation of birds’
songs recorded in forests is a conspicuous feature of spectrograms.

Birds can discriminate frequencies nearly as well as mammals in the range of
frequencies important for song (Dooling 1982). Because of this frequency-
analyzing property of the avian auditory system, reverberations of sound at any
one frequency interfere with subsequent reception of sounds only at nearly the
same frequency (specifically, within the masking bandwidth of that frequency).
Thus, environments with strong reverberation should favor signals that avoid
short repetition periods at a given frequency. The minimal repetition rates mea-
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sured in this study are one index of this feature. Sidebands, particularly sidebands
that decrease in intensity monotonically away from the carrier frequency, indicate
amplitude modulation of this frequency with a period shorter than the period of
the spectrum analysis (10 ms in this study) and thus provide a second index of
features degraded by reverberation. The effects of reverberation in this case
would smear the sidebands in the frequency domain in a spectrogram. It is proba-
ble, however, that avian ears, with temporal resolution near 2-3 ms (Dooling
1982), would hear these sounds as degraded amplitude modulation in the time
domain. Buzzes, sounds that appear as band-limited noise in spectrograms, often
represent a carrier frequency subject to amplitude modulation with a period close
to that of the spectral analysis.

This analysis has shown that almost all oscines of open habitats include very
short repetition periods or sidebands in their songs, whereas many birds of for-
ested habitats avoid these features. Nevertheless, many birds of forests do in-
clude short repetition periods or sidebands in their songs (figs. 4 and 5). These
exceptions might arise as adaptations within individuals’ repertoires, within popu-
lations, or between populations to differences in microhabitats or social situa-
tions. In addition, the retention of short repetition periods in songs of forest-
inhabiting birds might provide a cue for listeners to judge the distance to the
singer, as discussed above.

Implications for Perceptual Adaptations to Different Habitats

This analysis has provided evidence that the temporal structure of oscine birds’
songs in temperate North America is associated in a general way with the habitats
in which they live. Could there be corresponding adaptations in the perception
of acoustic signals in different habitats?

Some evidence indicates that the auditory systems of oscines are adjusted in a
general way to the species-specific features of the frequencies of their songs
(Konishi 1970); such evidence is even clearer for arboreal monkeys (Brown and
Waser 1984). The possibilities for adaptations to temporal properties of songs
have yet to be explored. In mammalian auditory systems, for instance, as a result
of both peripheral and central mechanisms, responsiveness to sound recovers
during the few milliseconds following reception of an initial sound (Evans 1985).
Such damping would prove especially useful in forests to recover the original
amplitude pattern from a reverberant signal. Time constants for recovery are
known to vary among the few mammals for which this information is available
(Evans 1985), but there are no comparisons yet of species inhabiting forested and
open habitats. Of course, any such damping would interfere with discrimination
of rapid amplitude modulations and would also make it difficult to judge the
distance to a source on the basis of levels of reverberation.

In open habitats, however, stronger winds and thermals would create greater
temporal variation in the propagation of sound than in forests (Richards and
Wiley 1980; Wiley and Richards 1982). As a result of the consequent amplitude
fluctuations, sound .propagating in open habitats would be subject to variable
“‘dropouts.”” One might therefore predict that birds of open habitats would have
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evolved neural mechanisms to recognize conspecific song in spite of such drop-
outs but not to recognize song subjected to reverberation. Birds of forested habi-
tats might have evolved just the opposite adaptations to recognize song after
degradation by reverberation but not by dropouts.
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