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Signals of closely related species tend to be more distinct when occurring in sympatry than in allopatry.
Such differences allow species-specific identification and presumably reduce interspecific mating.
Among chickadees, dawn chorus behaviour affects female mate choice. Within our sympatric study
population of black-capped chickadees, Poecile atricapillus, and mountain chickadees, Poecile gambeli,
directional hybridization occurs via extrapair matings between female mountain chickadees (the sub-
ordinate species) and male black-capped chickadees (the dominant species). In this study, we compared
dawn singing from this sympatric population with dawn recordings from allopatric populations of each
species. Mountain chickadees used more chick-a-dee calls than songs during the dawn chorus when they
co-occurred with black-capped chickadees in the sympatric population, but used similar proportions of
calls and songs in the allopatric populations. We also found differences in the fine structure of the song;
both species typically had a descending first note in their song (glissando), but mountain chickadees in
the sympatric population used an ascending first note. The internote ratio between the first two notes of
the song of the sympatric mountain chickadees lacked a characteristic frequency drop found in the
allopatric mountain chickadee population and in the allopatric and sympatric populations of black-
capped chickadees. Geographical analysis of songs of mountain chickadees across western North
America revealed consistent differences in song features among sympatric/allopatric populations in
different regions, but the nature of character shifts were not always parallel among populations. These
findings illustrate possible character displacement in a subordinate species (mountain chickadee) to
reduce acoustic overlap with a dominant heterospecific (black-capped chickadee).
� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Populations of closely related species are often more easily
differentiated (e.g. morphologically or behaviourally) when they
occur in sympatry than when they occur in allopatry (Brown &
Wilson 1956). When closely related species co-occur in sympatry,
individuals may fail to discriminate species-specific signals, which
could both increase interspecific competition and lower individual
fitness through the potential for interspecific mating (Grant 1994).
Therefore, one would expect selection to favour evolution of
enhanced differences in species-specific signals to increase
discrimination when species coexist (i.e. divergent character
displacement: Grant 1972; Schluter 1994; Grant & Grant 2010;
Pfennig & Pfennig 2010), which may or may not be as pronounced
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in allopatric populations of the same species (Brown & Wilson
1956; Loftus-Hills & Littlejohn 1992; Noor 1999; Pfennig &
Pfennig 2010). However, character displacement does not neces-
sarily occur symmetrically among the two species involved; when
competitive interactions between species are, themselves, asym-
metric, character shifts are predicted to be greater in the subordi-
nate species (Miller 1968; Grant 1972; Doutrelant et al. 2000b;
Grant & Grant 2010; Dhondt 2012).

Situations of asymmetry in interspecific competitive ability are
common within the Paridae (titmice and chickadees), where
several species often overlap in distribution and interact over
common resources (Dhondt 1989, 2012; Curry 2005). Many of
these overlapping species have asymmetries in their competitive
abilities, which might result in asymmetrical character shifts, such
as song (e.g. Doutrelant et al. 2000b; Gorissen et al. 2006). Among
North American species, black-capped chickadees, Poecile atrica-
pillus, and mountain chickadees, Poecile gambeli, co-occur in
western populations, and interspecific competition between these
by Elsevier Ltd. All rights reserved.
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species has been noted (Hill & Lein 1989; Martin & Norris 2007;
Grava et al. 2012a).

Black-capped and mountain chickadees are typically considered
sister-species among the North American chickadees (Gill et al.
1993, 2005). Although their breeding ranges overlap significantly,
these species often have locally allopatric distributions due to
ecological segregation. Sympatry does occur, however, along an
altitudinal gradient where deciduous patches (black-capped-like
habitat) abut coniferous forests (mountain-like habitat). One such
overlap zone occurs at the John Prince Research Forest (JPRF) near
Fort St James in central British Columbia, Canada; in this popula-
tion, black-capped chickadees are the socially dominant species in
interspecific interactions (Grava et al. 2012b). Furthermore, hy-
bridization occurs in this population, resulting from female
mountain chickadees engaging in extrapair copulations with male
black-capped chickadees (Grava et al. 2012b). Thus, in this sym-
patric population, there may be selective pressure for the subor-
dinate species (mountain chickadees) to alter intraspecific signals,
such as singing behaviour, to avoid acoustic overlap with the more
dominant black-capped chickadees.

Dawn singing is a common signalling behaviour among chicka-
dees, where males vocalize using songs, calls or a mix of both
(depending on the species) during the female fertility period in the
early spring (Mennill & Otter 2007). Males begin vocalizing before
sunrise and sing/call nearly continuously for 15e90 min in the vi-
cinity of their nest cavity (Otter & Ratcliffe 1993; Otter et al. 1997;
Gammon2004;Mennill&Otter 2007).Usually,males stopsingingor
callingwhen females leave the nest or their roosting spot (e.g. Smith
1991;McCallum et al. 1999; Gammon 2004), at which point the pair
often copulates (e.g. Otter & Ratcliffe 1993; Gammon 2004; A. Grava
& K. A.Otter, personal observations). In some species, females use
songs not only in species recognition, but also to assessmale quality
andextrapair partners (e.g. Hasselquist et al.1996;Kempenaers et al.
1997; Otter et al. 1997; Mennill et al. 2003; Searcy & Nowicki 2005;
Seddon & Tobias 2010). Furthermore, interspecific interactions may
promote the subordinate species to shift to songs that have lower
overlap with, and thus elicit less aggression from, the dominant
species (Doutrelant et al. 2000a, b; Gorissen et al. 2006). Onemight,
therefore, expect greater divergence in vocal behaviour among
sympatric compared to allopatric populations of these two chick-
adee species (Pfennig & Pfennig 2010).

Lohr (2008) explored this possibility in one sympatric
mountain/black-capped chickadee population (southwestern
Alberta, Canada), comparing song structure of the two species. For
black-capped chickadees, the dominant vocalization during the
chorus is the two-note fee-bee song, which has highly stereotyped
frequency ratios both within and between notes across most of the
species’ range (Hailman 1989; Kroodsma et al. 1995; Mennill &
Otter 2007; Lohr 2008). Mountain chickadees use a mix of whis-
tled songs and chick-a-dee calls during dawn vocalization
(McCallum et al. 1999). Mountain chickadee songs have a more
variable number of notes (three to five, typically), but often include
similar frequency modulations within and between notes as occur
in black-capped chickadees (McCallum et al. 1999; Wiebe & Lein
1999; Lohr 2008). In his comparative study, Lohr (2008) found
that songs of the two species in this sympatric population were
sufficiently distinct in absolute pitch to allow differentiation, but
found little evidence for character displacement in relative fre-
quency ratios within songs. However, both the nature of the char-
acter shifts and the selective pressure for displacement in the
subordinate species may differ among isolated sympatric pop-
ulations (Pfennig & Pfennig 2010). The known directional hybridi-
zation and highly asymmetric competitive interactions among
wintering birds in our study population at JPRF (Grava et al. 2012b)
might predict pressure for mountain chickadees in our study area
to alter acoustic signals away from dominant heterospecifics.
Furthermore, while several studies have documented song varia-
tion and fine details of note structure in mountain chickadees
(Wiebe & Lein 1999; Lohr 2008), little research has investigated the
differential use of calls and songs during dawn chorus behaviour in
mountain chickadees, particularly between populations sympatric
and allopatric with black-capped chickadees.

We investigated mountain chickadee dawn chorus behaviour
and song characteristics for indications of character displacement.
We recorded the dawn choruses of both mountain and black-
capped chickadees with a sympatric population and compared
both the use of calls/songs and the composition of notes within
songs to an allopatric population of each species. We then
compared spectral characteristics of the mountain chickadee songs
within our sympatric population to songs over a broader
geographical area, using local knowledge and species sighting
catalogues to determine whether mountain chickadees were allo-
patric or sympatric with black-capped chickadees in each location.
Our goal was to determine whether the structure of mountain
chickadee dawn signalling, or the songs themselves, differ among
individuals that co-occur in sympatry with black-capped chicka-
dees compared to those that occur in allopatry.

METHODS

Primary Study Sites

We sampled black-capped (BCCH) and mountain chickadees
(MOCH) at the JPRF (hereafter ‘sympatric-BCCH’ and ‘sympatric-
MOCH’ populations, respectively). We sampled one additional
population occupied by black-capped chickadees (Prince George,
BC, ‘allopatric-BCCH’) and one occupied by mountain chickadees
(Riske Creek, BC, ‘allopatric-MOCH’): 95% of the chickadees in each
of these two allopatric populations were from one species only,
with few incidental occurrences of the other species. These totals
are based upon at least 5 years of population monitoring in both
populations (Otter et al. 2007; K. Martin, personal communication).

Dawn Chorus Recording

The peak in dawn signalling among males (dawn chorus) occurs
during the early breeding season, in late April to early May
depending on the year, site and species. This corresponds to the fe-
male fertile period, as dawn singing peaks during the period of nest
cavity excavation and egg laying and drops dramatically as females
begin incubation. The first songs/calls of amale’s dawn singing bout
beginbefore sunrise, and individualmales vocalizewith a consistent
cadence of 12e20 songs or calls/min for up to 1 h (Mennill & Otter
2007). A complete recording of one morning’s dawn singing is
enough to cover the size of an individual’s repertoire (Doutrelant
et al. 2000a; Mennill & Otter 2007). We recorded all dawn chorus
bouts from amale’s first vocalization (chick-a-dee call or song) until
the bird stopped vocalizing for at least 5 consecutive minutes. We
used a Marantz PMD671 digital recorder with either a Sennheiser
ME67 microphone/K6 power supply or a Sennheiser MKH70
microphone/MZA14 power supply to record the mountain chicka-
dees from the sympatric-MOCH (N ¼ 10) and allopatric-MOCH
(N ¼ 8) populations in 2010. Comparison choruses from black-
capped chickadees were drawn randomly from recordings associ-
ated with other studies in the allopatric-BCCH population (van Oort
et al. 2006) and the sympatric-BCCH population (Grava et al. 2009);
similar criteria were used in these studies for defining the start and
end of the chorus. A total of 12 choruses were selected from the
sympatric-BCCH population evenly distributed from recordings
made in 2006, 2008 and 2009 using the same recording equipment
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as noted above. A total of 10 choruses fromblack-capped chickadees
in the allopatric-BCCH population were selected from recordings
made in 2000, 2002 and 2003. These latter recordings were made
withMarantz PMD430 audio-cassette recorders in conjunctionwith
one of the following directional microphones: a Sennheiser ME 67
with a K6 power supply, a Sennheiser MKH 70 with a MZA14 pow-
ersupply or an Audio-Technica AT815b.

Analysis of General Chorus Pattern

We transcribed dawn chorus recordings of black-capped and
mountain chickadees to determine the proportion of time that an
individual used calls versus songs. As chickadees vocalized
continuously during the dawn chorus, we analysed choruses in
1 min segments. Birds typically sing one vocalization or the other in
string sequences (many songs with no chick-a-dee calls, followed
by strings of chick-a-dee calls with no songs). We calculated the
proportion of time in each minute that the birds spent producing
either songs or chick-a-dee calls (this included the time of the
vocalization itself and the intervocalization space).

Spectral Analysis of Songs and Calls in Focal Populations

We randomly isolated nine songs from the recordings evenly
distributed across the chorus for detailed spectral analysis, using
the methodology similar to Christie et al. (2004). Using the sound
analysis package Seewave (Sueur et al. 2008) with R 2.8.1 (R
Development Core Team 2008), we extracted frequency values at
the start and end of each note within each of the nine songs (Fig. 1).
As in Lohr (2008), the notes for mountain chickadee songs were
numbered sequentially as N1, N2, N3, et cetera, to account for the
greater interindividual and interpopulation variation in note
number among mountain versus black-capped chickadee songs
(Fig. 1b). For comparison, ‘N1’ and ‘N2’ in a black-capped chickadee
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Figure 1. Song spectrograms from the sympatric population of (a) black-capped and (b) mo
Columbia, Canada. Notes were numbered sequentially (N1, N2, etc.) following the convention
bee notes (Foote et al. 2010), respectively. For comparisons between mountain and black-ca
(e.g. N1start, N2start) and end (N1end, N2end) of each song, and used these measures to calcula
ratio (N1end/N2end). For broader geographical studies among mountain chickadee populatio
ductory syllables (not shown).
would correspond to the fee and bee notes, respectively, in their
two-note fee-bee song (Fig. 1a). Mountain, but not black-capped,
chickadees often introduce a variable number of short syllables
(introductory syllables) at the start of their song. These notes are
very short (approximately 1/10 the duration of the major notes),
but similar in pitch to the N1 note of the song. As these do not occur
in black-capped chickadees, we excluded them in the detailed
analysis of chorus singing between black-capped and mountain
chickadees in our focal populations, focusing on those elements
common to both species. These introductory notes were included in
the geographical analysis of variation in mountain chickadee songs
(see below).

We conducted acoustic analyses of songs by comparing the
absolute frequency and frequency ratios within songs for each of
the four study populations (Fig. 1). Previous research used the
internote ratio (ratio between the frequency at the end of the first
note and the frequency at the start of the second note) and the
glissando (ratio between the frequency at the start and the fre-
quency at the end of the first note) to describe the acoustic struc-
ture of black-capped chickadee dawn chorus (Christie et al. 2004).
Although we calculated the glissando of the first note for both
mountain and black-capped chickadees (frequency N1start/N1end),
the second note of the mountain chickadee song has a highly var-
iable ascending start among males and between populations
(A. Grava & K. A. Otter, personal observations) that does not reflect
the dominant frequency of the note. To account for this, we used
the ratio between the frequency at the end of the first note and the
dominant frequency at the end of second note (N1end/N2dom) to
calculate the ‘internote ratio’ (Fig. 1).

We conducted spectral analysis of 30 chick-a-dee calls, evenly
distributed across the chorus, to determine whether call note
composition and/or syntax differed between sympatric and allo-
patric populations. Analysis was conducted with SASLab-Pro soft-
ware (Avisoft Bioacoustics, Berlin). Mountain chickadee call note
2
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untain chickadees at the John Prince Research Forest (JPRF) near Fort St James, British
used by Lohr (2008). N1 and N2 in black-capped chickadees correspond to the fee and

pped chickadee songs, we measured dominant frequencies and frequencies at the start
te the following standardized frequency ratios: glissando (N1start/N1end) and internote
ns, we also measured note lengths, number of notes per song and presence of intro-
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types have beendescribed byBloomfield et al. (2004). These authors
differentiated six note types: A, A/B, B, C, Dh and D (Fig. 2). Because
there is a constant gradient from note A to A/B to B, we classified
those three note types as being note A-B.

Statistical analysis was conducted using Statistica (10.0, Statsoft,
Tulsa, OK, U.S.A.). We used nonparametric analyses for proportional
data (proportion of chorus spent producing songs versus calls) or
when the data did not meet assumptions of normality (geograph-
ical comparisons of internote ratio and glissando). We used general
linear ANOVA models when the data were continuous and met
assumptions of normality.

Geographical Comparisons of Mountain Chickadee Songs

Mountain chickadees are known to have dialectal variation be-
tween populations (Lohr 2008). To determine whether the differ-
ences in song structure we observed between our focal sympatric/
allopatric populations had parallels in different regions where the
two species may or may not co-occur, we obtained recordings of
mountain chickadees made at other locations in British Columbia,
Canada, as well as from recordings obtained from a range of loca-
tions throughout the western United States (songs used with
permission from the Borror Laboratory of Bioacoustics, The Ohio
State University, Columbus, OH, U.S.A.). The locations of song re-
cordings as well as some of the representative variation in song
structure are shown in Fig. 3.

For each of the 58 males used in the study, we extracted up to 10
individual songs for analysis (range 1e10,mean � SE ¼ 8.5� 0.3, for
a total of 494 songs). Within this data set, some recordings occurred
within the geographical overlap of the species range for the black-
capped chickadee (Foote et al. 2010), while some of the recordings
were frompopulations outside this range. These included recordings
from the Borror Laboratory of Bioacoustics, plus personal recordings
made by the authors. In total, we obtained recordings of 32 males
fromBritish Columbia, Canada (John Prince Research Forest (N ¼ 13),
Riske Creek (N ¼ 7), plus two additional locations, William’s Lake
(N ¼ 8) and Kamloops (N ¼ 4)) and 26 males from the United States
(California (N ¼ 15), New Mexico (N ¼ 3), Colorado (N ¼ 2), Nevada
(N ¼ 2), Arizona (N ¼ 2), Utah (N ¼ 1) and Montana (N ¼ 1)). All
songs used in the analysis were high-pass filtered (2.8 kHz) to
remove background noise. Temporal and frequency measures (note
length; start, end and dominant frequency) for each of the major
notes (e.g. N1,N2, etc.) in each song, plus a countof thenumberof any
introductory syllables were extracted using Seewave and R 2.8.1 (R
Development Core Team 2008), as described above. We calculated
the glissando of each major note and the internote ratios between
each successive pair of notes for each song. The averaged values of
these measures were then calculated for each male across all recor-
ded songs and entered into a principal components analysis, PCA
(Statistica 10.0) to compare variation amongmales and populations.
The variables entering the analysis were: number of introductory
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Figure 2. Mountain chickadee chick-a-dee call sonagram. Of the calls used during the
chorus, 95% were composed of note types A-B, Dh and D.
syllables; number of major notes (N1, N2, etc.); song length
(excluding introductory syllables: (s)); duration of N1, N2 andN3 (s);
dominant frequency of N1, N2 and N3; glissando within N1, N2 and
N3; internote ratios between each successive pair of notes (end fre-
quency of Ni/dominant frequency of Niþ1); and, finally, the largest
internote ratio between two successive noteswithin thewhole song.
We introduced this lastmeasure because somepopulations show the
major frequency drop between successive notes N2 and N3 rather
than between successive notes N1 and N2. Furthermore, males in
some populations routinely have four major notes in the song (N1e
N4), but as this occurred in only 14 of the 58 males, we excluded
frequency/duration measures of this note from the PCA. We
accounted for this variability by including these extra notes in the
variables ‘song length’ and ‘number of notes in song’.

Due to relative positive/negative loadings of variables, higher
values of PC1 represent songs with longer overall song length and
longer individual notes for N1, N2 and N3, and more introductory
syllables, but smaller internote ratios (between N1 and N2 and also
between the two notes with greatest internote ratio) and, smaller
glissandos within notes N1, N2 and N3 (Table 1).

Higher values of PC2 correspond to lower dominant frequencies
in all three major notes (N1, N2 and N3), shallower glissandos in N1
and N2, a slightly larger internote ratio between N1 and N2, a
smaller ratio between N2 and N3, but shorter overall song length
and N2 length (Table 1). Finally, higher values of PC3 correspond to
fewer notes in the song (excluding introductory syllables), longer
note length and dominant frequency for N3, and smaller internote
ratio between N2 and N3 (suggesting N2 and N3 are similar in pitch
among songs with fewer notes); there is also a lower maximum
internote ratio between two successive notes (Table 1).

For each recording site, we then classified the mountain chicka-
dees as either sympatric or allopatric with black-capped chickadees,
based on a hierarchy of criteria. As the first level, we used the re-
cordist’s local knowledge of the presence of singing black-capped
chickadee males within the immediate area of the focal mountain
chickadee male. If we lacked this local knowledge (as in many of the
songs from recording archives), we identified the point location of the
recording from archive notes and surveyed the location using ‘ebird’
point and range maps (ebird.org, Audubon and Cornell Lab of Orni-
thology, accessed February 2013). We first surveyed each recording
sight for records of mountain chickadees; all ebird maps had point
observations of mountain chickadees, confirming that the area had
been surveyed. We then surveyed the same area for records of black-
capped chickadees. We set an a priori criterion that the regionwould
be considered locally sympatric if there were multiple black-capped
chickadee records within 10 km of the recording site. If there were
no black-capped recordswithin this distance, the siteswere classified
as allopatric. In all cases where this criterion was applied, the results
were unambiguous: there were either no black-capped chickadee
recordswithin>20 kmof the site, ormultiple black-cappedchickadee
records within 5 km of the site. Our classification led to 34 mountain
chickadee recordings being classified as allopatric and 24 being clas-
sified as sympatric with black-capped chickadees (Fig. 3). This sym-
patry was also broadly spread over the total geographical range of
black-capped chickadees (see Foote et al. 2010).

We compared the PC scores across males by region and whether
they occurred within allopatric or sympatric regions using ANOVA
models (Statistica 10.0).

RESULTS

General Chorus Pattern

Black-capped chickadee dawn choruses were composed almost
exclusivelyof song, both for thesympatric andallopatricpopulations.

http://ebird.org
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Figure 3. Locations of mountain chickadee calls used in geographical comparisons of song frequency ratios. Grey shading indicates the geographical species range of black-capped
chickadees. Recording sites of mountain chickadees were classified as either locally sympatric (open circles) or allopatric (filled circles) based on direct field observation or co-
occurrence of species records with ebird point and range maps (ebird.org, Audubon and Cornell University Lab of Ornithology, accessed February 2013). Sites that had both
allopatric and sympatric local populations are denoted in half-filled circles. Spectrograms depict some of the variability in mountain chickadee songs from across these sites. Map
source: http://www.zonu.com/fullsize-en/2009-11-08-10949/North-America-Political-Outline-Map.html.
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During an entire chorus, black-capped chickadees from the
sympatric-BCCH population used songs 94% of the time when
vocalizing (Wilcoxon signed-ranks test: time spent singing versus
calling: T ¼ 0,N ¼ 12, P ¼ 0.002) and those from the allopatric-BCCH
population used songs 92%of the time (T ¼ 0,N ¼ 10, P ¼ 0.005). The
proportion of the total time during the dawn chorus that black-
capped chickadees used songs did not differ significantly between
allopatric-BCCH and sympatric-BCCH populations (ManneWhitney
U test: U ¼ 58, N1 ¼10, N2 ¼ 12, P ¼ 0.89).

The dawn chorus of the mountain chickadee was a mix of songs
and chick-a-dee calls. In the allopatric-MOCH population, there was
no significant difference between the proportion of time spent pro-
ducing songs (45% of the time) versus chick-a-dee calls (55%) during
the chorus (Wilcoxon test: T ¼ 14, N ¼ 8, P ¼ 1.0). In contrast, birds
from the sympatric-MOCH population spent significantly more time
producing chick-a-dee calls (80% of the time) than songs (20% of the
time; Wilcoxon test: T ¼ 1.0, N ¼ 9, P ¼ 0.01; Fig. 4). Birds from the
sympatric-MOCH population used significantly more chick-a-dee
calls than did individuals from the allopatric-MOCH population
(ManneWhitney U test: U ¼ 16.5, N1 ¼8, N2 ¼ 9, P ¼ 0.05).

Chick-a-dee Call Analysis

Chick-a-dee calls used bymountain chickadees during the dawn
chorus were highly stereotyped: among the 30 calls per bird that
we randomly extracted from the chorus, 95% were composed of
note types A-B, Dh and D (Fig. 2). Half of the calls were either A-B A-
B A-B Dh D D (21% at the sympatric-MOCH population, 30% at the
allopatric-MOCH population) or A-B A-B Dh D D (29% at the
sympatric-MOCH population, 20% at the allopatric-MOCH
population).

Song Analysis

In both the allopatric-MOCH and the sympatric-MOCH pop-
ulations, mountain chickadees used songs that were primarily
composed of three notes. We observed a somewhat higher amount
of two-, four- and five-note songs among the sympatric-MOCH
population (32%), even though three-note songs were still the
most common (68%). By comparison, the allopatric-MOCH popu-
lation used three-note songs more consistently (92% of all songs).
However, this variation in number of notes per song did not differ
significantly between the two sites (ManneWhitney U test:
U ¼ 13.5, N1 ¼7, N2 ¼ 7, P ¼ 0.16).

There was no significant difference in the frequency at the end
of the first note between birds in the four comparison groups
(allopatric-MOCH, allopatric-BCCH, sympatric-BCCH and
sympatric-MOCH; ANOVA: F3,32 ¼ 0.95, P ¼ 0.43). However, we
found significant differences between populations in the frequency
at the end of the second note (F3,32 ¼ 3.299, P ¼ 0.03). Post hoc
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Table 1
Results of a principal component analysis on multiple song measures from 58
mountain chickadees in different populations throughout western North America

Variable Principal component

PC1 PC2 PC3

Number of introductory syllables 0.44 0.11 0.071
Number of notes in songs (excluding

introductory phrase)
0.16 �0.26 �0.78

Song length 0.73 �0.40 �0.29
Note length, N1 0.74 0.19 0.0041
Note length, N2 0.76 �0.39 �0.18
Note length, N3 0.52 0.010 0.70
Dominant frequency, N1 -0.52 �0.72 0.22
Dominant frequency, N2 0.088 �0.97 0.077
Dominant frequency, N3 0.060 �0.71 0.66
Glissando, N1 �0.45 -0.25 �0.33
Glissando, N2 �0.65 �0.59 �0.0060
Glissando, N3 �0.73 �0.43 0.22
Internote ratio (N1end/N2dom) �0.68 0.55 0.14
Internote ratio (N2end/N3dom) 0.093 �0.45 -0.82
Max. internote ratio between two

successive notes (Niend/Niþ1dom)
�0.75 0.29 �0.43

% Total variance explained by factor 30.87 23.88 18.33

The first three principal axes of the analysis explained more of the variation across
males than expected by chance alone, using the broken-stick method of factor
significance (Jackson 1993; Legendre & Legendre 1998). Variables with individual
contributions to the principal factor of 0.33 or higher were considered to be
contributing significantly to the individual principal component measure (Ho 2006)
and are indicated in bold: those above 0.60 were considered to be contributing most
strongly.

1.05

1.1

1.15

1.2

1.25

1.3

1.35

te
rn

ot
e 

ra
ti

o 
(f

re
q

. N
1 e

n
d
/N

2 e
n

d
)

(a)

A. Grava et al. / Animal Behaviour 86 (2013) 177e187182
analysis showed that this difference occurred between the two
populations at the contact zone site with the sympatric-MOCHs’
second note being higher pitch than the sympatric-BCCHs’ second
note (Tukey HSD test: df ¼ 32, N ¼ 36, P ¼ 0.01). There was no
difference in the absolute frequency of the second note between
black-capped chickadees from the allopatric-BCCH and the
sympatric-BCCH populations (P ¼ 0.40). The absolute frequency of
the second note did not differ between the songs of mountain
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Figure 4. Percentage of time that mountain chickadees from the sympatric (with
black-capped chickadees) population (sympatric-MOCH; Wilcoxon test: P ¼ 0.01) and
the allopatric population (allopatric-MOCH; Wilcoxon test: P ¼ 1) spent calling versus
singing during the dawn chorus.
chickadees in the allopatric-MOCH or sympatric-MOCH population
(P ¼ 0.37). However, examination of the internote ratio revealed
that the mountain chickadees from the sympatric-MOCH popula-
tion had a significantly lower internote ratio than the three other
studied populations (F3,32 ¼ 47.54, P < 0.001; Fig. 5a). Post hoc
analysis revealed significant differences in internote ratio between
the sympatric-MOCH population and the allopatric-MOCH
population (Tukey HSD test: df ¼ 32, N ¼ 36, P < 0.001), the
sympatric-BCCH population (df ¼ 32, N ¼ 36, P < 0.001) and the
allopatric-BCCH population (df ¼ 32,N ¼ 36, P < 0.001). Therewere
no significant differences in internote frequency ratios among the
other three populations (sympatric-BCCH, allopatric-BCCH and
allopatric-MOCH; all P > 0.1).

We also found that black-capped chickadees differed from
mountain chickadees in the glissando of the first note
(F3,32 ¼ 32.53, P < 0.001; Fig. 5b). Post hoc analysis revealed that
the glissando of the first note for the allopatric-MOCH population
was statistically smaller than that of the sympatric-BCCH (Tukey
HSD test: df ¼ 32, N ¼ 36, P < 0.001) and allopatric-BCCH (df ¼ 32,
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Figure 5. (a) Internote ratio and (b) glissando of sympatric and allopatric black-capped
and mountain chickadees. Values are means � SE.
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N ¼ 36, P ¼ 0.005) populations. The glissando of the sympatric-
MOCH population was also significantly smaller than that of the
allopatric-BCCH (df ¼ 32, N ¼ 36, P < 0.001) and sympatric-BCCH
(df ¼ 32, N ¼ 36, P < 0.001) populations, but was also significantly
smaller than that of the allopatric-MOCH population (df ¼ 32,
N ¼ 36, P ¼ 0.003). All studied populations except the sympatric-
MOCH had a glissando with a ratio >1. This indicated a descend-
ing first note, whereas the sympatric-MOCH glissando was less
than one, illustrating a slightly ascending first note (Fig. 5b).

Broader Geographical Comparisons of Mountain Chickadees in
Allopatric/Sympatric Populations

Mountain chickadee songs from recording locations sympatric
with black-capped chickadee populations had significantly higher
PC1 scores than those from allopatric recording sites (F1,56 ¼ 12.12,
P ¼ 0.001), suggesting that the songs of sympatric birds had smaller
glissandos in individual notes and smaller internote ratios, but they
were longer and had more introductory notes. There was no dif-
ference in PC2 (F1,56 ¼ 2.74, P ¼ 0.10) or PC3 (F1,56 ¼ 0.047, P ¼ 0.83)
scores between sympatric and allopatric sites. This result, however,
may have been driven by regional variation in song structure.
Indeed, we found significant differences in PC1 (F7,50 ¼ 10.22,
P < 0.00001), PC2 (F7,50 ¼ 4.26, P ¼ 0.001) and PC3 (F7,50 ¼ 3.94,
P ¼ 0.002) scores between states or province of mountain chick-
adee recordings. In particular, British Columbia populations (which
had 16 sympatric and 16 allopatric recordings) and California
populations (which had three sympatric and 12 allopatric popula-
tion recordings) had regional differences in PC1 scores that
mirrored the overall differences between allopatric and sympatric
populations (i.e. the populations in California had lower PC1 scores
than those in British Columbia).

As we had a large number of recordings from these two re-
gions and from both allopatric and sympatric sites, we con-
ducted a two-factor ANOVA with region (British Columbia versus
California) and sympatric versus allopatric categorical predictors
on the PC analyses to determine the relative influence of
geographical variation versus interactions with heterospecifics.
For PC1, we found a significant effect of region, with British
Columbia having significantly higher principal component scores
than California (F1,43 ¼ 81.07, P < 0.0001), but the effect of
allopatry/sympatry was diminished (F1,43 ¼ 3.13, P ¼ 0.084).
However, the interaction between region and sympatry was
significant (F1,43 ¼ 13.74, P ¼ 0.0006; Fig. 6a); in British
Columbia, sympatric populations had significantly higher PC1
scores (songs had lower glissandos within notes and smaller
internote ratios, but were longer overall with more introductory
syllables) than allopatric populations (P ¼ 0.00002), but the ef-
fect was opposite in California. While there was still a difference
between sympatric and allopatric populations, allopatric pop-
ulations tended to have higher PC1 scores (P ¼ 0.08).

We found both a significant effect of region (F1,43 ¼ 5.09,
P ¼ 0.03) and sympatry/allopatry (F1,43 ¼ 5.40, P ¼ 0.025) for PC2
scores when comparing mountain chickadees in California and
British Columbia. There was no interaction effect (F1,43 ¼ 0.0021,
P ¼ 0.96), and the results for each region appeared to be in parallel
(Fig. 6b). This suggests that sympatric birds had songs with lower
dominant frequencies in all major notes, but also had shorter N2
notes and slightly shorter songs. The same pattern of differencewas
found in British Columbia versus California birds.

Birds from British Columbia tended to have higher values in PC3
than those from California (F1,43 ¼ 3.78, P ¼ 0.06) . However, there
was no effect of allopatry/sympatry (F1,43 ¼ 0.058, P ¼ 0.81) and no
significant interaction effect between region and allopatry/sym-
patry (F1,43 ¼ 2.88, P ¼ 0.10).
DISCUSSION

Mountain chickadee dawn chorus behaviour varied between
our focal populations that were either sympatric or allopatric with
black-capped chickadees. There was a significant increase in the
proportion of chick-a-dee calls in the sympatric-MOCH population
compared to chorusing behaviour of mountain chickadees in the
allopatric-MOCH population. The chorusing behaviour of the more
dominant black-capped chickadee, however, did not differ between
allopatric-BCCH and sympatric-BCCH populations and was consis-
tent with dawn chorus patterns reported throughout the majority
of this species’ distribution range (Gammon 2007).

Interestingly, mountain chickadees in the focal allopatric-MOCH
population had internote ratios similar to those of black-capped
chickadees from both sampled populations. The mountain chicka-
dees from the sympatric-MOCH population, however, had signifi-
cantly lower internote ratios than any other focal population,
showing a shift in the structure of their song away from the
observed pattern of black-capped chickadee song. Black-capped
chickadees do not appear to modify their internote ratios
whether they co-occur with mountain chickadees (sympatric-
BCCH) or not (allopatric-BCCH). Furthermore, the internote ratios
for both our black-capped populations were similar to those re-
ported in Alberta (Lohr 2008) and Ontario, Canada (Christie et al.
2004).

The glissando (ratio of the frequency at the start and at the end
of the first note) also varied between the four studied populations;
mountain chickadees had significantly lower glissando in the first
note of the song than did black-capped chickadees. The glissando in
both our black-capped chickadee populations did not differ and fell
within the same range found by Christie et al. (2004) in Ontario,
Canada, and by Lohr (2008) in Alberta, Canada. However, mountain
chickadees from the sympatric-MOCH population at the JPRF had
significantly lower glissando ratios than mountain chickadees from
the allopatric-MOCH population in Riske Creek. As a result, in
mountain chickadees in our overlap zone, the first note ascended
slightly in frequency from start to end, whereas in the other pop-
ulations of mountain and black-capped chickadees studied in
detail, the first note descended in frequency.

In our broader geographical analysis, PC1 scores best paralleled
both of these components of song, with larger values having lower
glissandos within the first three notes and smaller internote in-
tervals between notes. This factor varied significantly between re-
gions, but also between allopatry and sympatry. In our comparisons
of allopatric/sympatric populations in both British Columbia and
California, we found that this pattern of divergence (higher PC1
scores in sympatry) was consistent in all sampled populations in
British Columbia (including two additional populations for which
we had both locally sympatric and locally allopatric mountain
chickadee recordings). Interestingly, though, this pattern was
reversed between the two sympatric recording sites in northern
California compared to the other recordings from mountain chick-
adees in areas south of the distribution range of black-capped
chickadees. This suggests an effect of sympatry, but that the diver-
gence in song structure when overlapping with the more dominant
heterospecific may differ between isolated sympatric populations.
Conversely, other aspects of song shifts in sympatry may be similar
among the compared regions, as occurred with parallel influence of
sympatry/allopatry on PC2 factor scores between California and
British Columbia. This factor is largely influenced by dominant fre-
quencywithinnotes andmay suggest a shift away fromoverlapwith
songs of black-capped chickadees in areas of sympatry, similar to
that found by Lohr (2008) in Alberta, Canada.

Taken together, the changes to both the general chorus patterns
of songs/call use and the note structure of songs used in the chorus
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support the character shift hypothesis; mountain chickadees
altered their songs and singing behaviour when they co-occurred
with a closely related species (black-capped chickadees). Accentu-
ated differences have also been reported in songs of other sym-
patric species: pied flycatchers, Ficedula hypoleuca, and collared
flycatchers, Ficedula alibicollis (Wallin 1986); blue tits, Cyanites
caeruleus, and great tits, Parus major (Doutrelant & Lambrecht
2001); yellow-rumped tinkerbirds, Pogoniulus bilineatus, and
yellow-throated tinkerbirds, Pogoniulus subsulphure (Kirschel et al.
2009); and large ground finches, Geospiza magnirostris, and either
medium ground finches, Geospiza fortis, or cactus finches, Geospiza
scandens (Grant & Grant 2010). Furthermore, our results also sup-
port the idea that character shifts occur predominantly within the
subordinate species, as observed between great tits and blue tits
(Doutrelant et al. 2000a; Doutrelant & Lambrecht 2001; Gorissen
et al. 2006) and among Darwin’s finches (Grant & Grant 2010).
Black-capped chickadee song is highly stereotyped throughout the
species range (Gammon 2007; Mennill & Otter 2007; Lohr 2008;
this study). The internal frequency structures, both within and
between notes, are similar to those measured from mountain
chickadee songs from our allopatric population (allopatric-MOCH)
in Riske Creek. However, the mountain chickadees within the
overlap zone (sympatric-MOCH) at the JPRF showed significant
modification of these ratios away from those associated with black-
capped chickadees. Within this contact population, black-capped
chickadees are dominant to mountain chickadees, and there is
directional hybridization through extrapair copulations, which
decrease the potential reproductive output of male mountain
chickadees (Grava et al. 2012b). Thus, there may be selective
pressure for mountain chickadees in this population to differentiate
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their songs from heterospecifics, either to avoid unwanted
aggression from the dominant heterospecifics (e.g. Gorissen et al.
2006), or to distinguish themselves to females assessing males for
mate choice.

Mountain chickadees in our sympatric-MOCH population used a
greater proportion of chick-a-dee calls during their chorus than did
mountain chickadees in our allopatric-MOCH population. Previous
authors have suggested that the calls of mountain chickadees
during the chorus may be directed primarily towards females,
while their song is directed towards males (McCallum et al. 1999).
Because of the lower social rank of mountain chickadees and hy-
bridization through directional extrapair copulations in our studied
sympatric zone (Grava et al. 2012b), mountain chickadee males
might increase their proportion of chick-a-dee calls in an attempt to
direct more of their chorus to their own mates to limit interspecific
extrapair mating. This could also have a secondary benefit of
reducing aggression from heterospecific males. However, chick-a-
dee calls transmit shorter distances than whistled song, so modi-
fying songs to be distinguishable from heterospecifics may also
allow assessment of signallers by neighbouring females, as appears
to occur in black-capped chickadees (Mennill et al. 2003).

If sympatric male mountain chickadees shift to signals during
the choruses that are easily distinguishable (composed mainly of
chick-a-dee calls rather than fee-bee songs) from the black-capped
chickadees to avoid acoustic competition, this difference could be
further accentuated by altering the note structure of those songs
that are included during the chorus. The differences observed
during the dawn chorus between the sympatric mountain chicka-
dees and the three other populations studied in detail (sympatric-
BCCH, allopatric-BCCH and allopatric-MOCH) might illustrate an
attempt to avoid overlapping the acoustic space used by the
dominant black-capped chickadee (see also Lohr 2008). As in-
dividuals expressing dominant signals are challenged more often
(Gil & Gahr 2002), this change in both the structure of the song, as
well as the use of fewer songs overall during the chorus, might also
limit aggression from the dominant heterospecifics.When great tits
are present, repertoires of the socially subordinate blue tit are
smaller (Doutrelant et al. 2000a) and contain more trilled songs
(Doutrelant & Lambrecht 2001); trilled songs of the blue tit are the
most dissimilar to songs of great tits. Great tits respond less to
trilled songs of blue tits (Doutrelant et al. 2000b) and are also less
likely to song-match or closely approach trilled songs of blue tits
(Gorissen et al. 2006), suggesting that trilled songs may have
evolved to avoid interspecific interactions, which is consistent with
the character shift hypothesis. Interspecific interactions between
sympatric black-capped and mountain chickadees during the
breeding season are uncommon, despite these species having
overlapping breeding territories (Hill & Lein 1989; Grava 2012), and
this lack of interactions may be aided by these character shifts.
Playback experiments to test whether sympatric versus allopatric
black-capped chickadees have lowered aggression towards diver-
gent mountain chickadee songs are still needed, similar to those
conducted in great tits/blue tits (Doutrelant et al. 2000b; Gorissen
et al. 2006).

Our results have some contrasts to data on other chickadee
hybrid zones. Curry et al. (2007) showed that males in the black-
capped chickadee/Carolina chickadee, Poecile carolinensis, hybrid
zone are often bilingual; members of each species incorporate
songs of heterospecifics within their own repertoires instead of
changing the acoustic parameters of their own songs. Furthermore,
Lohr (2008) found that songs of mountain chickadees in another
contact zone with black-capped chickadees were distinguishable
by overall note pitch, but still maintained internote ratios similar to
the median for other mountain chickadee populations. The abso-
lute frequency of the first notes in the songs of our sympatric-
MOCH versus allopatric-MOCH populations did not differ, but the
frequency of the N2 notes did, resulting in highly contrasting
internote ratios in the sympatric-MOCH population compared to
the allopatric-MOCH population. Furthermore, we found parallel
shifts between sympatric/allopatric populations in PC2 among
British Columbia versus California mountain chickadees; this
principal component was heavily influenced by the dominant fre-
quency of the three major notes of the song, suggesting a general
shift in song frequency among sympatric populations. However,
sympatric populations in California and British Columbia diverged
in opposing directions for PC1 factor scores, which were associated
predominantly with glissando and internote ratios in songs. Com-
bined with Lohr’s results, this suggests that different sympatric
populations may undergo character displacement away from the
dominant heterospecific, but the nature of this character
displacement may differ between populations. As mountain and
black-capped chickadees tend to segregate by habitat type within
their overlapping geographical range, contact zones tend to occur
in isolated, discrete pockets rather than as a continuous, over-
lapping hybrid zone, such as that found between Carolina and
black-capped chickadees. This may result in independent character
shifts occurring in different sympatric populations.

It is interesting that divergence in song characters appears to be
occurring in the black-capped/mountain contact populations,
whereas in the Carolina/black-capped contact zone there is strong
evidence for convergence among song characters (Curry et al.
2007). Other differences between these contact zones may shed
light on these patterns. Many individuals in the contact zone be-
tween Carolina and black-capped chickadees have hybrid DNA
profiles, and pairing appears to be nonassortative with respect to
the parental species (Bronson et al. 2005; Curry 2005; Reudink
et al. 2005). By comparison, all social pairings in our sympatric
population were assortative, with mountain/mountain and black-
capped/black-capped social mates; hybrids were found primarily
as extrapair young within nests of mountain chickadee pairs or
among wintering birds that failed to breed within our study areas
(Grava et al. 2012b). While black-capped and Carolina chickadees
are ecologically similar, they are largely allopatric across the ma-
jority of their geographical ranges. In contrast, mountain and black-
capped chickadees have extensive range overlap and are often
ecologically segregated where they co-occur locally (Curry 2005).
Although hybrid Carolina/black-capped pairs do appear to suffer
some reduction in reproductive success relative to the parental
species (Bronson et al. 2005), perhaps the niche differences be-
tween black-capped and mountain chickadees have a sufficiently
deleterious effect on mixed pairs to explain the more assortative
matings that we and others have noted (Hill & Lein 1989; Grava
et al. 2012a, b) and may explain the apparent greater character
displacement in chorus signals.

An alternate explanation for the observed acoustic variation
between our four focal populations might be based upon trans-
mission differences due to the habitat structure. The habitat at the
sympatric-MOCH/BCCH and the allopatric-BCCH sites are similar
(both sites are mature forests within the subboreal spruce zone),
but the allopatric-MOCH site was more open with mature forest
stands surrounded by grassland within the Interior Douglas fir
biogeoclimatic zone. Marten & Marler (1977) found that sound
transmission decreases with increasing vegetation density. As a
result, acoustic variations enhanced by habitat structure should
lead individuals in less open areas (such as in the sympatric-MOCH/
sympatric-BCCH site) to use more songs than calls, as pure tonal
notes (such as fee-bee songs) tend to transmit better than vocali-
zations with broader frequency sweeps (such as chick-a-dee calls).
In this study, we observed the opposite, which suggests that habitat
structure is unlikely to be the cause of the observed differences.
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Furthermore, in our broad geographical analysis, we found effects
of allopatry/sympatry on song structure in widely disparate loca-
tions that also differed in dominant vegetation. This finding re-
inforces the idea that character displacement among closely related
species in sympatric populations may best explain the signals
observed in this study.
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