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SONG VARIATION IN BUFF-BREASTED FLYCATCHERS
(EMPIDONAX FULVIFRONS)

M. ROSS LEIN!

ABSTRACT.—I examined song variation within and among 23 individual Buff-breasted Flycatchers (Empi-
donax fulvifrons) recorded in the Chiricahua and Huachuca mountains of Arizona in 1999. I recorded two distinct
song types from each individual during intense pre-dawn singing. I used both spectrographic cross correlation
(SPCC) of entire songs and discriminant function analysis (DFA) of temporal and frequency measurements to
examine whether songs were individually distinctive, and whether songs differed between the two localities.
Similarity values of pairs of songs from SPCC were significantly greater for within-male than for between-male
comparisons for both song types. Mean similarity values for the two song types did not overlap between these
comparison categories. Similarity values between songs of pairs of males from the same mountain range were
not greater than for comparisons between pairs of males from different ranges. All temporal and frequency
measures for both song types varied significantly more among than within individuals. DFA of principal com-
ponent scores derived from these measures assigned 85% of Type 1 and 86% of Type 2 songs to the correct
individual. Only three frequency variables measured from Type 1 songs differed significantly between birds
from the two mountain ranges. DFA assigned only 61% of songs of either type to the correct mountain range,
not significantly greater than expected by chance. Thus, both techniques demonstrate significant individual
distinctiveness in songs of this species, and neither suggests any geographic structuring of song variation between
the two mountain ranges. However, SPCC is considerably more efficient and has greater potential to assign
unknown recordings to known individuals correctly, and to detect recordings of “‘new’’ individuals not included

in the reference sample. Received 24 April 2007. Accepted 19 July 2007.

Most literature on song variation deals with
oscine birds (Passeriformes, suborder Passeri)
(Lovell and Lein 2004). Songs are learned in
most or all oscines (Kroodsma 1996), which
is a major factor generating song variation at
individual, population, and geographic scales.
Suboscine birds (suborder Tyranni) appear to
show lower levels of song variation. The ab-
sence of learning during song ontogeny has
been demonstrated for a few species of North
America tyrant flycatchers (Tyrannidae)
(Kroodsma 1996), and this has been general-
ized to all suboscines based primarily (and cir-
cumstantially) on the limited variation in their
songs relative to oscines.

Early studies used song variation in subos-
cine passerines to help resolve the taxonomic
status of populations (e.g., Stein 1963; John-
son 1963, 1980; Lanyon 1978) or described
how song variants were used in communica-
tion systems (Smith 1969, 1970, 1988). None
of these studies focused explicitly on the na-
ture of song variation among individuals with-
in local populations. Song variation among in-
dividuals, albeit minor, is apparent in pub-
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lished spectrograms of a variety of suboscine
species (e.g., Stein 1963, Payne and Budde
1979, Kroodsma 1984). However, in contrast
to the large, often qualitative, differences
which may be obvious in spectrograms of dif-
ferent individuals (e.g., Borror 1960) or pop-
ulations (e.g., Baptista and King 1980) of os-
cines, examination of suboscine song varia-
tion requires quantitative analysis of suffi-
ciently large samples of recordings. The few
analyses conducted to date have demonstrat-
ed, for example, that songs of Alder Flycatch-
ers (Empidonax alnorum) (Lovell and Lein
2004) and Acadian Flycatchers (E. virescens)
(Wiley 2005) are individually distinctive, and
that songs of the endangered Southwestern
Willow Flycatcher (E. traillii extimus) differ
significantly from those of a neighboring sub-
species (E. t. adastus) (Sedgwick 2001). How-
ever, more studies are needed to demonstrate
the generality of such patterns, especially for
other groups of suboscines.

Most quantitative studies of song variation
have used univariate or multivariate analyses
of temporal and frequency characters mea-
sured from spectrograms. Characters are usu-
ally selected on the basis of their ease of mea-
surement with the assumption that if enough
characters are measured, the analysis will cap-
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ture the features that may be important. How-
ever, it is often difficult to select characters
that can be measured in an objective manner
for all songs, and characters are often ex-
tremely general (e.g., number of notes, max-
imum frequency, etc.), capturing little of the
“structure’” of the vocal signal.

Digital processing of acoustic signals pro-
vides alternative methods for characterizing
variation among songs. Peter Marler and co-
workers (Clark et al. 1987) first used spectro-
graphic cross correlation (SPCC) to character-
ize variation in notes of songs of Swamp
Sparrows (Melospiza georgiana). SPCC com-
pares two digital spectrograms at successive
offsets on the time axis and calculates nor-
malized covariance (ranging from —1 to 1) at
each offset. The maximum covariance is used
as a measure of similarity between the two
signals (Baker and Logue 2003). SPCC has
the advantage that distribution of sound en-
ergy in both frequency and time are compared
in a ‘“holistic’” manner, probably capturing
more of the relevant features of the song than
would a small number of quantitative mea-
surements (Khanna et al. 1997). Several bioa-
coustical analysis software packages include
routines that automate such measurements.
The CORMAT routine of the SIGNAL digital
signal analysis software (Engineering Design,
Berkeley, CA, USA) can run SPCC on sam-
ples of up to 200 songs simultaneously.

The Buff-breasted Flycatcher (Empidonax
fulvifrons) is the least known of the 11 species
of this genus that breed in Canada or the Unit-
ed States (Bowers and Dunning 1994). It
breeds in montane forests through Mexico
south to Guatemala, El Salvador, and Hon-
duras (AOU 1998), but has been studied al-
most exclusively in extreme southeastern Ar-
izona where small numbers of birds, possibly
less than 100 pairs in total (Martin 1997), in-
habit several isolated mountain ranges. I re-
corded songs of male Buff-breasted Flycatch-
ers during 1999 in the Chiricahua Mountains
and the Huachuca Mountains, the two ranges
with the largest populations of this species in
Arizona.

Male Buff-breasted Flycatchers use two
distinctive song types, which I designate as
Type 1 and Type 2, during pre-dawn singing
and during strong daytime singing (Fig. 1).
Bowers and Dunning (1994) published spec-
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trograms of Type 1 songs, which they describe
as ‘““‘chee-lick’’, but did not describe or illus-
trate the Type 2 song. Type 2 songs are rarely
used during the sporadic daytime singing typ-
ical of the breeding cycle following pairing.
They are similar to Type 1 songs in sound,
but the higher frequency is obvious to the ear.

My objective was to characterize patterns
of song variation within and among individ-
uals in the Chiricahua and Huachuca moun-
tains. I conducted both spectrographic cross-
correlation and multivariate analyses of song
characters for the same sample of songs to
answer two questions. First, are songs of Buff-
breasted Flycatchers individually distinctive?
Second, are there detectable differences in
songs of birds between the two mountain
ranges?

METHODS

Study Area and Field Methods.—I recorded
23 individual male Buff-breasted Flycatchers
at seven sites in two isolated mountain ranges
in southeastern Arizona between 7 and 25
June 1999. Specific recording localities in the
Chiricahua Mountains (number of individuals
in parentheses) included Cave Creek (3), Pin-
ery Canyon (2), Rucker Canyon (6), and West
Turkey Creek (2). Localities in the Huachuca
Mountains were Carr Canyon (3), Garden
Canyon (1), and Sawmill Canyon (6). Males
at West Turkey Creek and Sawmill Canyon
were recorded on multiple dates whereas in-
dividuals at other sites were recorded only on
one or two dates. Buff-breasted Flycatchers
breed in open woodlands dominated by pines
(Pinus spp.), live oaks (Quercus spp.), and al-
ligator juniper (Juniperus deppeana). Sites
within the same mountain range were sepa-
rated by maximum distances of 22 km (Chir-
icahua) and 7 km (Huachuca), whereas breed-
ing populations in the two mountain ranges
are separated by more than 100 km of un-
suitable desert habitat. Birds arrived on terri-
tories in mid-April and paired immediately.
However, nesting did not begin until late May.
Most pairs were involved in nest-building or
egg-laying during the period of recording.

Recordings of pre-dawn singing were made
between 0436 and 0518 hrs MST using a
Sony TCD-D10 Proll DAT recorder and a Tel-
inga Proll parabolic microphone, or a Sony
TC-D5 Proll cassette recorder and a Audio-
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FIG. 1.

Audiospectograms of songs of Buff-breasted Flycatchers. Each panel contains examples of Type 1

and Type 2 songs for an individual male. The four males in the left column are from the Chiricahua Mountains
and those in the right column are from the Huachuca Mountains, Arizona.

Tech AT815a ‘“‘shotgun” microphone. I used
recordings of pre-dawn singing because each
male sang strongly for 15-20 min prior to
dawn each day, even during phases of the
breeding cycle when daytime singing was rare
and sporadic. Males used relatively low perch-
es during pre-dawn singing and could be ap-
proached quite closely; recordings made at
this time were of high quality.

Males at West Turkey Creek and Sawmill
Canyon were banded and color-marked for in-
dividual identification; males at other sites
were unmarked. However, such markings
were not visible before the end of pre-dawn
singing. Misidentification of males was highly
improbable because there were few individu-
als at any site and males on neighboring ter-
ritories could be heard clearly while recording
pre-dawn singing of individuals.

Processing of Recordings.—Recordings
were acquired as digital files using RTSD Ver-
sion 2.0 bioacoustical analysis software (En-
gineering Design, Berkeley, CA, USA) with a
sample rate of 20,000 Hz and 16-bit amplitude
resolution. Analog signals were filtered during
acquisition with a Krohn-Hite Model 3550 fil-
ter to avoid aliasing. I selected single record-
ings for each individual for subsequent sam-
pling based on high signal-to-noise ratios and
adequate numbers of songs. Eight examples of
each song type were extracted as individual
sound files from each recording using SIG-
NAL 4.0 bioacoustical analysis software (En-
gineering Design, Berkeley, CA, USA). Many
recordings contained hundreds of songs and I
selected samples in quasi-random manner.
Only one song of each type was selected from
each 20-sec segment of the recording with a
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high signal-to-noise ratio. One or more seg-
ments were skipped between each segment
from which songs were selected if more than
eight segments met the criterion. I selected
songs within each 20-sec segment with mini-
mal amounts of reverberation or background
noise. SIGNAL 4.0 was used to band-pass fil-
ter sampled songs, removing noise outside the
frequency range of interest (1,500—7,000 Hz
for Type 1 songs and 1,500-8,000 Hz for
Type 2 songs), and to normalize all sampled
songs to the same root-mean-square ampli-
tude.

Use of single recordings for each individual
may underestimate the amount of variation in
songs within individuals, but was necessitated
by the limited number of recordings available
for many males. However, analyses of songs
of individual Alder Flycatchers (Lovell and
Lein 2004), Willow Flycatchers (E. traillii)
(MRL, unpubl. data), and Dusky Flycatchers
(E. oberholseri) (Stehelin 2005) demonstrate
little variation among recordings across the
breeding season. They also show that patterns
of variability within and among individuals
are similar when comparisons are made using
either single recordings of individuals or mul-
tiple recordings made on different dates.

Analysis Using Spectrographic Cross Cor-
relation.—Spectrographic cross correlation
(SPCC) was conducted using the CORMAT
routine in SIGNAL 4.0. Similarity values cal-
culated by CORMAT are somewhat sensitive
to the exact parameters used to generate spec-
trograms because of the trade-off between
time resolution and frequency resolution in-
herent in the Fast Fourier Transform proce-
dure. Preliminary analyses indicated that spec-
trograms with a Hanning window (WINDOW
= HANN), 64-point transforms (XFTLEN =
64), and 500 steps (XFTSTP = 500) provided
maximum similarity values. These produced
“wide-band” spectrograms with time and fre-
quency resolutions of 3.2 ms and 312.5 Hz,
respectively. Use of a fixed number of steps
is justified because CORMAT adds zero-am-
plitude segments to short signals to bring all
component signals to the length of the longest
signal. However, because of the different du-
rations of the two types of songs, transform
intervals and overlaps varied slightly between
song types (0.45 ms and 86% for Type 1
songs, 0.54 ms and 83% for Type 2 songs).
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CORMAT produces a lower triangular half-
matrix in which each value is the peak cross
correlation value for a pair of signals. Values
for comparisons of a signal with itself and re-
ciprocal comparisons between each pair of
signals are omitted. SPCC of 184 signals re-
sulted in a half-matrix of 16,836 (n(n — 1)/2)
comparisons of different pairs of songs of
each type. I wrote a Fortran program to cal-
culate mean values for the 28 comparisons
among the eight songs sampled from each
male (within-male similarity) and the 64 com-
parisons of songs between each pair of males
(between-male similarity), creating a 23 X 23
triangular half-matrix for each song type.
Mean similarity values in these two matrices
were averaged to create a third matrix con-
taining a mean index of similarity for each
male-male comparison.

Normal parametric tests could not be used
to evaluate differences between within-male
and between-male similarity values because
the similarity values in the matrices were not
independent observations (each song of each
male was used in multiple comparisons). Ran-
domization tests (Manly 1997) using Resam-
pling Stats software (Blank et al. 2001) and
1,000 iterations tested whether the difference
between mean within-male and mean be-
tween-male similarity values in each matrix
was greater than expected by chance.

I divided the between-male similarity val-
ues into those involving comparisons within a
single range and those involving comparisons
between ranges to examine differences in
songs between the two mountain ranges. |
tested for significant differences between
within-range and between-range similarity
values using Mantel tests (Sokal and Rohlf
1995). Similarity values were converted to
dissimilarity values by subtracting each from
1. The half-matrices of dissimilarity values
were compared with a design half-matrix con-
taining a O in each cell representing a within-
range comparison and a 1 in each cell repre-
senting a between-range comparison.

Analysis Using Multivariate Compari-
sons.—A series of temporal and frequency
variables was measured or calculated for the
same songs used in the SPCC analysis (8 ex-
amples of each song type for each of 23 in-
dividuals). A representative sample of songs
was examined to ascertain which temporal
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TABLE 1.

Time and frequency variables measured or calculated from audiospectrograms of Type 1 and

Type 2 songs of Buff-breasted Flycatchers. Variables indicated with * were measured only for Type 1 songs.

Code

Variable (units)

DURN Duration of entire song (ms)

PKIT Duration from start of song of first frequency ‘“‘peak’ (ms)

PK2T Duration from start of song of second frequency ‘“‘peak’ (ms)
PK3T* Duration from start of song of third frequency ‘‘peak’ (ms)

VALT Duration from start of song of frequency ‘““valley” (ms)

STRF Frequency at start of song (Hz)

ENDF Frequency at end of song (Hz)

PKI1F Maximum frequency at first frequency “‘peak” (Hz)

PK2F Maximum frequency at second frequency “‘peak” (Hz)

PK3F* Maximum frequency at third frequency “‘peak’ (Hz)

VALF Minimum frequency at frequency “‘valley”” (Hz)

P2VFR Frequency difference between first frequency peak and frequency valley (Hz)
P1P2FR Frequency difference between first and second frequency peaks (Hz)
PIPN Relative time of first frequency peak (PK1T + DURN)

P2PN Relative time of second frequency peak (PK2T + DURN)

P3PN* Relative time of third frequency peak (PK3T + DURN)

VPN Relative time of frequency valley (VALT + DURN)

and frequency characteristics could be mea-
sured with objectivity and were repeatable pri-
or to final measurements. Sound in both song
types is modulated up and down in frequency
repeatedly, producing a series of ‘“‘peaks” and
“valleys” on the spectrogram. The first peak
is identical between song types for each in-
dividual. Type 1 songs have one more mod-
ulation than Type 2 songs resulting in one ad-
ditional peak and valley. The final set of var-
iables measured included the duration of the
song, and the times and frequencies of the
peaks (3 for Type 1 songs, 2 for Type 2 songs)
and valleys. No measurements were made for
the first valley in Type 1 songs because some
individuals exhibited a break in sound pro-
duction at this point with no clear inflection
in frequency.

Temporal and frequency measurements
were made in a semi-automated fashion using
custom programs written in the SIGNAL
command language. Points were measured on
a spectral contour generated from the spectro-
gram. The spectral contour tracks the frequen-
cy with the maximum sound energy at a given
time. Sound amplitude increases gradually at
the start of songs and fades out gradually at
the end, and the apparent locations of these
points can be shifted on spectrograms by mod-
ifying the parameters controlling spectrogram
intensity. Consequently, start and end times of
the song were defined arbitrarily as the points

at which the spectral contour exceeded (start)
or fell below (end) an amplitude threshold of
20 dB below the maximum amplitude of the
spectrogram. This procedure resulted in a con-
sistent approximation of these times because
the amplitude of all songs was normalized pri-
or to analysis. Frequencies at the start and end
of the song were extracted from the spectral
contour at these times. Similarly, times of
peaks and valleys were defined as the points
of local maxima (peaks) or minima (valleys)
of frequency in the spectral contour. Five tem-
poral and six frequency variables were mea-
sured for Type 1 songs (Table 1). Only four
temporal and five frequency variables were
measured for Type 2 songs because these
songs have one fewer frequency peak. Addi-
tional variables (6 for Type 1 songs, 5 for
Type 2 songs) were calculated from the mea-
sured variables (Table 1).

I calculated coefficients of variation (CV)
for each variable for each song type to quan-
tify the magnitude of variability. I calculated
within-male coefficients of variation (CV,,) to
measure variation within a single recording
and among-male coefficients of variation
(CV, from the variable means from each
male. A one-way ANOVA was conducted on
each variable to compare within-male and
among-male variation.

I conducted principal components analyses
(PCA) on the data sets for each song type be-
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FIG. 2. Audiospectograms of Type 1 and Type 2 songs of Buff-breasted Flycatchers indicating the reference
points for temporal and frequency measurements (STR = Start; PK = Peak; VAL = Valley).

cause some of the variables were highly cor-
related with one another. This produced a
smaller number of uncorrelated variables (PC
scores) for each song, which were entered into
a discriminant function analysis (DFA) to ex-
amine whether songs of different individuals
could be distinguished. Results of jack-knifed
classifications, in which each song was as-
signed to an individual using discriminant
functions calculated from all songs in the data
set except the one being classified, are report-
ed as percentages of songs assigned correctly.
This is a conservative estimate of the power
of the classification procedure (Manly 1994).

I conducted a similar analysis to test wheth-
er songs of individuals from the two mountain
ranges could be reliably distinguished. This
analysis used mean values of variables for the
eight songs of each type for each individual
to maintain sample independence.

SYSTAT 10.2 was used for parametric sta-
tistical analyses. Probability plots were used
to check variables for an approximate fit to a

normal distribution before parametric statisti-
cal tests were applied. I report mean values =*
SD and use a criterion of a < 0.05 for statis-
tical significance.

RESULTS

Visual examination of spectrograms re-
vealed small differences between songs of dif-
ferent individuals (Fig. 1). These differences
were reflected in the time and frequency var-
iables measured (Fig. 2), and were consistent
from song to song within a single recording
and across recordings made over the course of
a season (M. R. Lein, unpubl. data). However,
these differences are not detectable by ear in
the field or on recordings.

Mean similarity values between pairs of
songs, calculated using SPCC (Table 2), were
significantly higher for comparisons of songs
within individuals than for comparisons be-
tween individual males for Type 1 songs (ran-
domization test, P < 0.001), Type 2 songs
(randomization test, P < 0.001), and average

TABLE 2.
and between individual Buff-breasted Flycatchers.

Similarity values calculated by spectrographic cross correlation for comparison of songs within

Mean similarity value = SD (Range)

Within-male comparisons (n = 23)

Between-male comparisons (n = 253)

Song Type 1 0.88 £ 0.03 (0.84-0.93)
Song Type 2 0.84 = 0.04 (0.79-0.93)
Average 0.86 = 0.02 (0.82-0.91)

0.65 = 0.10 (0.38-0.86)
0.57 = 0.10 (0.33-0.79)
0.61 = 0.08 (0.36-0.81)
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FIG. 3.

Similarity values from spectrographic cross correlation of different songs from individual male Buff-

breasted Flycatchers (within-male) or of songs from different pairs of males (between-male). A. Song Type 1.

B. Song Type 2. C. Average for song types.

similarity values (randomization test, P <
0.001). Both within-male and between-male
values had considerable variation (Table 2,
Fig. 3) with minor overlap in the ranges for
both Type 1 and Type 2 songs. However,
when similarity values for the two song types
were averaged for each comparison (i.e., for
each individual male or for each pair of
males), there was no overlap in the ranges (Ta-
ble 2). The maximum average similarity value
for between-male comparisons was 0.81 while
the minimum value for within-male compari-
sons was 0.82.

There were no significant differences in

similarity values for comparisons between
males within a single mountain range and
comparisons between males from different
mountain ranges (Table 3) for Type 1 songs
(Mantel test, g = 0.714, P = 0.20), Type 2
songs (g = —0.271, P = 0.45) or average sim-
ilarity values (g = 0.295, P = 0.34). The rang-
es of similarity values for the two types of
comparisons overlapped completely (Fig. 4).

Univariate analyses indicated that all vari-
ables measured or calculated for individual
songs of both types varied significantly more
among individuals than within individuals
(Tables 4, 5; one-way ANOVAs, all P <

TABLE 3.

Similarity values calculated by spectrographic cross correlation for comparison of songs between

individual Buff-breasted Flycatchers within the same mountain range (either Chiricahua Mountains or Huachuca

Mountains) and between mountain ranges.

Mean similarity value = SD (Range)

Between-range comparisons (n = 130)

Within-range comparisons (n = 123)
Song Type 1 0.65 = 0.10 (0.38-0.86)
Song Type 2 0.57 * 0.10 (0.36-0.78)

Average

0.61 = 0.08 (0.39-0.80)

0.64 = 0.10 (0.39-0.84)
0.57 = 0.10 (0.33-0.79)
0.61 = 0.08 (0.36-0.81)
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FIG 4. Similarity values from spectrographic cross correlations of songs of pairs of male Buff-breasted
Flycatchers from the same mountain range (within-range) or from different mountain ranges (between-range).
A. Song Type 1. B. Song Type 2. C. Average for song types.

TABLE 4. Descriptive statistics and coefficients of variation for 17 variables measured or calculated for
eight Type 1 songs for each of 23 male Buff-breasted Flycatchers.

Variable Mean + SD Mean CV,, (Range) CV, Fa 161*
DURN 150.6 * 11.4 3.0 (1.4-5.5) 7.6 40.0
PKIT 16.7 = 2.9 11.9 (6.1-20.1) 17.2 9.4
PK2T 81.2 + 6.7 2.7 (0.9-5.3) 8.3 57.1
PK3T 1074 = 7.0 2.8 (1.1-4.7) 6.5 34.9
VALT 947 £ 6.7 2.5 (1.2-4.0) 7.1 54.0
STRF 28254 = 374.4 9.3 (3.3-16.6) 13.3 7.1
ENDF 3383.9 * 267.8 3.1 (1.0-6.9) 7.9 40.4
PKIF 4469.7 = 172.0 1.0 (0.4-2.3) 3.8 96.6
PK2F 5292.7 = 288.1 1.3 (0.2-2.8) 5.4 112.9
PK3F 4089.8 = 166.8 1.2 (0.3-2.5) 4.1 74.3
VALF 2548.5 = 264.9 2.0 (0.8-3.9) 10.4 187.6
P2VFR 27443 * 371.0 2.7 (0.9-4.1) 13.5 179.9
P1P2FR 823.0 = 265.8 10.6 (3.2-20.2) 32.3 70.0
P1PN 11.1 = 2.0 11.7 (5.0-21.4) 18.0 12.1
P2PN 54.0 = 3.8 2.6 (0.9-4.3) 7.0 47.0
P3PN 71.5 £ 45 3.0 (1.0-5.6) 6.2 24.7
VPN 63.0 + 4.3 2.6 (1.3-4.0) 6.8 43.5

a F-values for ANOVAs comparing within- and among-male variation for each variable; all P < 0.001.
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TABLE 5. Descriptive statistics and coefficients of variation for 14 variables measured or calculated for
eight Type 2 songs for each of 23 male Buff-breasted Flycatchers.

Variable Mean = SD Mean CV,, (Range) CV, F 161*
DURN 193.2 £ 15.1 2.3 (0.9-3.6) 7.8 78.2
PKIT 18.8 = 2.7 8.2 (2.9-16.3) 14.3 12.0
PK2T 935 74 3.7 (1.8-5.4) 8.0 28.5
VALT 37.8 £ 4.9 3.7 (0.9-7.9) 12.8 65.5
STRF 2288.0 = 236.9 3.8 (1.4-7.9) 10.4 44.1
ENDF 2912.3 = 292.6 3.6 (1.4-6.8) 10.0 48.0
PKI1F 4463.6 = 168.3 0.8 (0.4-1.9) 3.8 151.5
PK2F 6871.2 = 390.3 1.4 (0.3-3.2) 5.7 93.8
VALF 2691.8 = 203.3 3.1 (0.9-6.4) 7.6 32.0
P2VFR 4179.4 = 379.0 3.2 (1.5-6.3) 9.1 49.8
P1P2FR 2407.6 = 333.5 4.4 (0.9-9.0) 13.9 54.8
P1PN 9.8 * 21.5 8.6 (4.0-28.3) 15.7 15.4
P2PN 48.6 = 4.7 4.0 (2.5-6.1) 9.6 38.6
VPN 19.7 = 3.0 4.2 (1.5-6.9) 15.4 86.9

@ F-values for ANOVAs comparing within- and among-male variation for each variable; all P < 0.001.

0.001). The ratio of CV,/mean CV, was >1
for all variables.

PCA of the variables generated 5 principal
components (PCs) with eigenvalues >1.0 ex-
plaining 85.3% of the variation in the original
variables for Type 1 songs, and 5 PCs with
eigenvalues >1.0, explaining 81.9% of the
variation in the original variables for Type 2
songs. MANOVASs on the scores of individual
songs on the five PCs, conducted as part of
DFA, indicated highly significant differences
among multivariate means for different indi-
viduals for both Type 1 songs (F,o77; = 54.5,
P < 0.001) and Type 2 songs (Fj9773 = 56.3,
P < 0.001). Jack-knifed classifications as-
signed 156 of 184 Type 1 (84.8%) and 159 of
184 Type 2 songs (86.4%) to the correct in-
dividual.

Univariate analyses of variables averaged
over the eight songs of each type for each in-
dividual indicated three frequency variables
measured or calculated for Type 1 songs dif-
fered significantly between males from the
Chiricahua and Huachuca mountains (Table

6). There was no difference between mountain
ranges in other variables for Type 1 songs (all
F,, = 2.4, all P = 0.137) or in any variable
for Type 2 songs (all F,, = 29, all P =
0.101).

PCA of the individual means for the vari-
ables generated 5 PCs with eigenvalues >1.0
for each song type explaining 87.4 and 85.6%
of the variation in the original variables for
Type 1 and Type 2 songs, respectively. MAN-
OVAs on the scores for individual males on
the five PCs indicated no significant differ-
ences in multivariate means between the two
mountain ranges for either Type 1 (Fs ; = 2.1,
P = 0.115) or Type 2 songs (Fs;; = 1.1, P =
0.419). Jack-knifed classifications assigned 14
of 23 individuals (60.9%) to the correct moun-
tain range in DFAs for each song type. This
does not differ (x> = 0.91, P = 0.34) from the
frequency expected if individuals were as-
signed randomly to mountain ranges.

DISCUSSION
Both analyses indicate that both song types
of Buff-breasted Flycatchers are individually

TABLE 6.

Variables measured or calculated for Type 1 songs of Buff-breasted Flycatchers that showed

significant differences between birds from the Chiricahua Mountains and the Huachuca Mountains, Arizona.

Mean * SD (Hz)

Variable Chiricahua Mtns (n = 13) Huachuca Mtns (n = 10) Fi21 P

ENDF 3508.0 £ 70.2 3222.6 = 133.0 10.4 0.004
VALF 2649.1 * 2539 2417.7 = 228.3 5.1 0.034
P2VFR 2612.8 = 411.7 2915.1 = 229.7 4.3 0.050
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distinctive. SPCC showed almost no overlap
in similarity values for within-male and be-
tween-male comparisons (Fig. 3), while DFA
showed a high level of accuracy in assignment
of songs to the correct individual. Most mea-
sured or calculated variables showed little var-
iation within individuals (CV,, values <5%,
Tables 4, 5). Many different features of songs
had high CV,/mean CV,, ratios (Tables 4, 5)
indicating their potential to differentiate
among individuals (Robisson et al. 1993, Bee
et al. 2001, Vignal et al. 2004).

The “‘errors” in classification of songs in
the DFA are also instructive. Nineteen of 28
Type 1 songs assigned to an incorrect individ-
ual were associated with ‘‘reciprocal errors”
in which one song of male A was assigned to
male B and one song of male B was assigned
to male A. Many of the misclassifications
were also consistent with the findings of the
SPCC analysis. For example, DFA assigned
five Type 1 songs of male SPRG (from Saw-
mill Canyon in the Huachuca Mountains) to
male SNAG (from West Turkey Creek in the
Chiricahua Mountains), and three Type 1
songs of SNAG to SPRG. This pair had an
extremely high between-male similarity value
(0.84), indicating the close similarity of their
Type 1 songs despite their geographical sep-
aration. Examination of the results for Type 2
songs showed similar patterns.

Both techniques failed to demonstrate sig-
nificant differences in songs of males between
the two mountain ranges. There was no sep-
aration of between-male similarity values cal-
culated for comparisons within a single moun-
tain range from those for comparisons be-
tween ranges (Fig. 4). Three of 31 variables
showed significant univariate differences be-
tween the two ranges (Table 6). This did not
result in a correct classification of songs by
DFA that was significantly better than ex-
pected by chance. This finding demonstrates
the potential danger of basing analyses of
song variation on a small number of variables
that are often chosen subjectively. Selected
variables may not accurately reflect overall
patterns of variation.

The absence of differentiation in songs be-
tween the two mountain ranges is also appar-
ent from examination of the SPCC results for
pairs of males with between-male similarity
values that approach those typical of within-
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male comparisons. Six of the nine between-
male similarity values >0.8 for Type 1 songs,
and four of six between-male similarity values
>0.75 for Type 2 songs, were for comparisons
between males from different ranges. There
appears to be no relation between song simi-
larity of pairs of males and geographic prox-
imity.

It is reassuring that both analytical tech-
niques produced qualitatively similar results.
However, they approach the question of vari-
ation differently and, therefore, each is best
suited to address different kinds of questions.
SPCC is rapid, but provides only a single val-
ue for similarity between each pair of songs.
It provides no information about the ways in
which the two songs are similar or different
from each other. Multivariate analysis of a
large set of temporal and frequency measure-
ments is time consuming, and has an element
of subjectivity in choosing appropriate fea-
tures for measurement. However, it does per-
mit identification of the acoustic features in
which different samples of songs differ.

It has been suggested that DFA may be
used to assign individual identities to ‘‘un-
known” recordings (Terry et al. 2001). Dis-
criminant functions generated from songs of
known reference individuals are used to clas-
sify the unknown songs. These songs will be
assigned to the correct individuals if there is
sufficient information in the song features
used in the DFA. However, this technique has
a serious potential drawback. It is poorly-suit-
ed to handle “‘true unknowns”, that is, songs
of “new” individuals that are not included in
the sample of reference individuals used to
generate the discriminant functions. DFA
forces assignment of all songs to one of the
pre-existing categories (individuals).

SPCC does not have this drawback. “Un-
known” songs from an individual in the ref-
erence sample will be identified correctly.
They will have high similarity values with
known songs from that individual, and rela-
tively low similarity values with other indi-
viduals in the reference sample. Songs of a
“true unknown”” will have low similarity val-
ues with all males in the reference sample and
may be identified as coming from a ‘“‘new”
individual.

SPCC does have a serious potential prob-
lem that must be recognized. It works best for
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relatively simple sounds without silent inter-
vals separating different elements. If two
songs had identical elements, but differed in
the timing of the intervals separating them, the
elements would show progressively less tem-
poral overlap during the duration of the songs.
This would result in a low cross correlation
value even though the sound elements were
identical (Khanna et al. 1997). This problem
is probable with songs more complex than
those of Empidonax flycatchers. However, it
is possible to divide complex songs into a se-
ries of elements, to conduct SPCCs on the dif-
ferent elements (Nelson et al. 1995), and to
combine or average the cross correlation val-
ues for the different elements of two songs
into a single measure of similarity. This would
parallel the procedure used to generate an av-
erage similarity value across the two song
types of Buff-breasted Flycatchers.
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