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ABSTRACT. Animals use acoustic signals to repel competitors and attract mates, and signal divergence
among populations can promote reproductive isolation. Empidonax flycatchers are insectivorous songbirds
distributed across North and Central America that are conservative in plumage, but often exhibit differences in
songs both among and within species. Four subspecies of Willow Flycatchers (Empidonax traillii) have been
recognized and previous analyses have revealed differences in song structure among a subset of these subspecies.
Using reciprocal playback experiments in the field, we tested for subspecific song discrimination among these four
putative subspecies of Willow Flycatchers. We found that three subspecies (E. t. adastus, E. t. brewsteri, and E. t.
traillii) responded similarly to their own songs and those of each other, but all three subspecies responded
significantly less aggressively to songs of the southwestern subspecies (E. t. extimus). In contrast, the southwestern
subspecies (E. t. extimus) responded significantly more aggressively to its own song than to those of the other three
subspecies. Our results indicate that behavioral responses reflect differences in song structure among subspecies;
subspecies responded more strongly to songs of subspecies with similar structures, less strongly to songs most
different in structure, and the subspecies with the most distinctive song (E. t. extimus) responded less to songs of
the other three subspecies. If responses of males to songs reflect relative reproductive compatibility within and
among subspecies, songs may contribute to reproductive isolation of the four subspecies of Willow Flycatchers.

RESUMEN. Discriminaci�on de subespecies de Empidonax traillii con base en la estructura del
canto
Los animales usan se~nales ac�usticas para repeler competidores y atraer parejas y la divergencia en la se~nal

entre poblaciones puede promover aislamiento reproductivo. Atrapamoscas en el g�enero Empidonax son aves
insect�ıvoras distribuidas a lo largo de Norte y Centro Am�erica que tienen plumaje conservado
filogen�eticamente, pero con frecuencia muestran diferencias en cantos dentro y entre especies. Se reconocen
cuatro subespecies de Empidonax traillii y an�alisis previos han revelado diferencias en la estructura del canto
entre un sub grupo de estas subespecies. Usando experimentos de playback rec�ıprocos en el campo, evaluamos
la discriminaci�on subespec�ıfica del canto entre estas cuatro subespecies putativas de Empidonax traillii.
Encontramos que tres subespecies (E. t. adastus, E. t. brewsteri, y E. t. traillii) respondieron similarmente a su
propio canto que al de otras subespecies, pero las tres subespecies respondieron significativamente menos
agresivamente a cantos de la subespecie del suroeste (E. t. extimus). En contraste, la subespecie del suroeste (E.
t. extimus) respondi�o significativamente m�as agresivamente a su propio canto que a los de las otras tres
subespecies. Nuestros resultados indican que las respuestas comportamentales reflejan diferencias en la
estructura del canto entre subespecies; subespecies responden m�as fuertemente a cantos de subespecies con
estructura similar, menos fuertemente a cantos con mayores diferencias en la estructura y las subespecies con el
canto m�as diferente (E. t. extimus) respondieron menos a los cantos de las otras tres subespecies. Si las
respuestas de los machos reflejan la compatibilidad reproductiva relativa dentro y entre subespecies, los cantos
pueden contribuir al aislamiento reproductivo de las cuatro subespecies de Empidonax traillii.
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Signal divergence among populations of
closely related species may result in different
behavioral responses that contribute to repro-
ductive isolation and subsequent speciation
(Nowicki et al. 1998, Coyne and Orr
2004). Bird songs are complex signals

broadcast broadly and readily evaluated by
potential mates and competitors, and thus
have the potential to be behavioral barriers
to gene flow (Collins 2004, Coyne and Orr
2004). Most birds produce structurally
unique songs and typically respond strongest
to songs of their own species, supporting the
hypothesis that song contributes to behavioral
isolation among species (Andersson 1994).
Reproductive isolation and diversification
through song differentiation are hypothesized
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[Correction added on June 7, 2021, after first
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to have contributed to the species diversity
exhibited by oscine songbirds (Nottebohm
1972, Fitzpatrick 1988, Edwards et al.
2005). Oscine birds learn their songs, and
the greater phenotypic plasticity allowed by
learning has been argued to lead to the evo-
lution of reproductive barriers based on song
more rapidly in this group through a process
of cultural evolution (West-Eberhard 1983,
Verzijden et al. 2012, Yeh and Servedio
2015). Recently, however, a test of this
hypothesis revealed that several species of
suboscines, where songs are innate, showed
higher rates of divergence through song dis-
crimination than their oscine counterparts
(Freeman et al. 2017).
Tyrannid flycatchers in the genus Empi-

donax are suboscines where songs have been
found to be an important reproductive isolat-
ing mechanism at the species level. Plumage
of tyrannid flycatchers is evolutionarily con-
servative (Zink and Johnson 1984, Rheindt
et al. 2008) and morphologically similar spe-
cies have been differentiated by differences in
song (Stein 1963, Johnson and Cicero 2002,
Rheindt et al. 2008). For example, Alder
(Empidonax alnorum) and Willow (Empidonax
traillii) flycatchers were considered con-
specifics based on plumage pattern, morphol-
ogy, and ecology (Stein 1958, Johnson and
Cicero 2002), but song analyses revealed
structural differences and reciprocal playback
experiments showed that birds recognized
those song differences (Stein 1963).
A similar phenomenon may be occurring at

the subspecific level for Willow Flycatchers.
Four subspecies of Willow Flycatchers are
currently recognized by the USFWS (1995),
including E. t. traillii in the eastern United
States, E. t. brewsteri in the northwestern
United States, E. t. adastus in much of the
interior western United States, and E. t. exti-
mus in riparian areas in the southwestern
United States. Original subspecies designa-
tions were based on qualitative plumage
assessments (Phillips 1948, Aldrich 1951,
Unitt 1987, Browning 1993) and subsequent
quantitative studies of plumage of birds in
the hand have revealed significant differences
in mean plumage coloration values of the
four subspecies, but with considerable overlap
(Paxton et al. 2010). Although models
including both plumage and morphological
measurements were better able to correctly

classify subspecies (Paxton et al. 2011), exam-
ination of color differences of museum speci-
mens using models that account for avian
visual systems (i.e., tetrahedral colorspace,
Stoddard and Prum 2008) revealed few con-
sistent differences in plumage among sub-
species (Mahoney et al. 2020).
In terms of song, comparison of two west-

ern subspecies revealed that the main adver-
tisement songs of E. t. adastus and E. t.
extimus differed, with the songs of E. t. exti-
mus having longer notes and phrases at overall
lower frequencies (Sedgwick 2001). Compar-
ison of the songs of all four subspecies
revealed that the songs of E. t. extimus were
lower in frequency with fewer terminal fre-
quency modulations than songs of the other
three subspecies (Mahoney et al. 2020). Hier-
archical clustering identified two song groups,
one containing E. t. extimus songs and the
other containing songs of the other three sub-
species (Mahoney et al. 2020). These differ-
ences in the songs of the four subspecies
mirrored earlier studies of variation in
mtDNA that revealed less divergence among
the three northern subspecies, but significant
differences between those subspecies and the
southwestern subspecies (Paxton 2000, Paxton
et al. 2008). The possibility that differences
in the songs of these four subspecies are rec-
ognized by the birds, potentially acting as an
isolating mechanism contributing to genetic
differentiation, has not been tested.
Identifying the mechanisms contributing to

population divergence requires an understand-
ing of the degree of character divergence and
the strength of behavioral responses to the
diverged traits (Seddon and Tobias 2010,
Hudson and Price 2014). Reciprocal playback
experiments with territorial males serve as use-
ful tests of the strength of behavioral responses
to vocalizations that have diverged in structure
(e.g., Catchpole 1978, Prescott 1987, Lipshutz
et al. 2017). Our objective was to quantify
aggressive responses during reciprocal playback
experiments to determine if differences in the
songs of the four subspecies of Willow Fly-
catchers potentially contribute to behavioral
isolation. We predicted that birds would
respond more aggressively to the songs of their
own subspecies and those of subspecies with
songs that were similar in structure, and less
aggressively to songs of subspecies that differed
in structure from their own songs.
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METHODS

We searched areas on state and federal pub-
lic lands for singing flycatchers in the ranges
of E. t. adastus and E. t. brewsteri during June
and July 2018, and in the ranges of E. t.
adastus, E. t. extimus, and E. t. traillii during
June and July 2019 (Fig. 1, Table S1). Sub-
species ranges were those delineated in Paxton
(2000, Fig. 1) based on Unitt (1987) and
Browning (1993). We determined approxi-
mate territory boundaries for each singing
bird by identifying at least three perches that
the individual used at least three times and
then placed a speaker (Bose Soundlink II)
1.5-2-m high in a tree or shrub approxi-
mately equidistant from the three perches.
Territories of focal individuals were separated
by a minimum of 150 m.

At each site, we randomly presented five
treatments to 2-8 focal individuals: (1) E. t.
adastus song, (2) E. t. brewsteri song, (3) E. t.
extimus song, (4) E. t. trailii song, and (5) a
white-noise control. Thus, each focal individ-
ual received stimuli from its own subspecies,
all other subspecies, and a control treatment.
To minimize the effects of pseudoreplication
(Kroodsma 1989, McGregor et al. 1992), we
randomly selected stimulus files for each trial
from a library of 60 songs (one song from 60
different individuals) (Table S2, 15 each of
E. t. adastus, E. t. brewsteri, E. t. extimus, and
E. t. traillii). We used white noise (i.e., ran-
dom noise with equal energy at all frequen-
cies) as our control because it covers the
frequency bandwidth of Willow Flycatcher
song (~ 1–7 kHz, Mahoney et al. 2020) and
experiments have shown that birds respond

Fig. 1. (A) Locations and number of trials of playback experiments to test subspecific song discrimina-
tion by Willow Flycatchers. Dot color refers to putative subspecies and subspecies ranges are indicated
by dashed lines. Dots are scaled to trial sample sizes at a particular location. (B) Representative spectro-
grams of song stimuli of putative subspecies of Willow Flycatchers used in playback experiments. Dot
color refers to subspecies from panel A.
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similarly to white noise and heterospecific
songs (Blumstein et al. 2017) so it is a robust
stimulus to use as a baseline for responses to
playback. Most focal birds received all treat-
ments on the same day (N = 116 of 119),
with at least 30 min between successive trials
(Prescott 1987). Most trials (N = 550 of
564) were conducted between 05:00 and
12:30 (Demko et al. 2019). However, we
included time as a fixed effect and playback
treatment order as a random effect in our
models because birds may respond differently
to territorial intrusions throughout the day
(see below).
Our trials consisted of a 2.5-min pre-

playback period (pre-stimulus behavior) and a
2.5-min playback period (treatment behavior).
Trials began when a focal bird was observed
singing ~ 20 m away. One observer sat 8–
10 m from the speaker to record bird behav-
ior. During trials, the observer recorded
behavior documented in other playback stud-
ies of Willow Flycatchers (Prescott 1987,
Lovell and Lein 2005), including latency to
approach to 8 m from the speaker, time spent
within 3 m of the speaker, closest approach
distance to the speaker, number of fitz-bew
songs, and number of wheeo, churr, breet,
breet-bew, whitt, and pip vocalizations.
Although the function of breets, breet-bews,
and pips is unknown, whitts, wheeos, and
churrs are thought to indicate increasing agi-
tation (Stein 1958, 1963, Prescott 1987). We
only recorded behaviors from the putative
male of any pair, as identified by territorial
behavior (mainly singing and chasing con-
specifics). We defined more aggressive
responses as shorter latency to 8 m from the
speaker, more time spent within 3 m of the
speaker, and closer approach distances to the
speaker. Observers (N = 1 in 2018 and
N = 2 in 2019) were not blind to the stimu-
lus type, and trials were videotaped when pos-
sible to provide a permanent record.

Playback stimuli. Playback stimuli con-
sisted of a Willow Flycatcher song repeated at
the natural rate of 10 songs/min (Prescott
1987). Stimuli consisted of songs we either
recorded in the field or obtained from pub-
licly available sources (Table S2). To ensure
that song files had high signal-to-noise ratios,
we used AviSoft SASLab Pro (v. 5.2.12) to
remove all background noise. The white-
noise control was generated using Audacity

(v. 2.1.3) and was 0.5 s in duration (the
approximate mean duration of Willow Fly-
catcher songs across all subspecies; Mahoney
et al. 2020) and played at a rate of 10 per
minute. All stimuli were normalized to a peak
amplitude value of 1 in MATLAB (version
2018a) prior to use in playback experiments.

Statistical analyses. To assess the behav-
ioral responses of Willow Flycatchers to sub-
specific songs, we used principal components
analysis (PCA) to reduce the behavioral vari-
ables to an uncorrelated behavioral response
variable (using R; R Core Development Team
2019) for all subspecies in one model for the
pre-stimulus and another for the treatment
period (pre-stimulus behavior PCA and treat-
ment behavior PCA). To meet assumptions
of linearity, we used logarithmic transforma-
tions via log(x + 1) of all data prior to the
PCA. To assist in interpretation of the PCA
results, we multiplied PCA scores by �1
(Vehrencamp et al. 2003). We then tested for
differences in the pre-stimulus PC1 and treat-
ment behavior PC1, which explains the most
variation in the data, using separate linear
mixed effects models for each subspecies. We
used PC1 as the response variable, playback
treatment (E. t. adastus, E. t. brewsteri, E. t.
extimus, E. t. traillii, and control), site, ordi-
nal date (day of year), time of day, observer,
and the interaction between treatment and
site as fixed effects, and bird identity and
playback treatment order as random effects.
We assessed assumptions of linearity and
homoscedasticity by visually assessing model
QQ and residual plots. We then assessed post
hoc pairwise comparisons using the lsmeans
package in R (Lenth and Love 2018). We
treated playback experiments in each sub-
species range as separate hypotheses. To mini-
mize type I error risk, we evaluated our
hypotheses using a Bonferroni-corrected
alpha-level for within-species post hoc com-
parisons (N = 10 post hoc tests for each sub-
species). Therefore, our corrected alpha was
0.005.

RESULTS

From our pre-stimulus behavior PCA, PC1
(Table 1, 56% of variation, eigenvalue =
2.69) was associated with more fitz-bew,
breet-bew, and breet vocalizations. Pre-
stimulus PC2 (Table 1, 15%, eigenvalue =
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0.71) was associated with fewer whitt vocal-
izations. Pre-stimulus behavior did not vary
with playback treatment type (Fig. S1,
F5,373.55 = 0.4, P = 0.85), indicating that
focal birds returned to pre-stimulus behavior
between trials, regardless of the stimulus pre-
viously received. Pre-stimulus behavior varied
by site (Fig. S2, F19, 101.03 = 3.6,
P < 0.0001) and time of day (F1,
444.2 = 133.2, P < 0.0001). We found no
observer effect (F1, 91.87 = 0.1, P = 0.82), no
treatment x site interaction (F76, 365.91 = 0.8,
P = 0.93), and no date effect (F1,
227.78 = 2.0, P = 0.16). Playback treatment
order and individual explained little variation
in pre-stimulus behavior (treatment order r2

= 0.0, individual r2 = 0.83).
Based on our treatment behavior PCA,

PC1 (Table 1, 43% of variation, eigenvalue =
3.96) was associated with more time spent
within 3 m of the speaker, closer approach
distances to the speaker, and shorter latency
to approach within 8 m of the speaker. Treat-
ment behavior PC2 (Table 1, 21% of varia-
tion, eigenvalue = 1.96) was associated with
fewer fitz-bew, breet, and breet-bew vocaliza-
tions. We found no effect of site (F19,
98.35 = 1.1, P = 0.41), date (F1, 119.57 = 0.1,
P = 0.74), time of day (F1, 29.75 = 0.3,
P = 0.59), or observer (F1,90.87 = 0.4,
P = 0.53) on behavior PC1 (Table 2). Indi-
vidual and treatment order explained little
variation in treatment behavior (Table 2,

individual r2 = 0.84, treatment order r2 =
0.03). We found a significant effect of treat-
ment (F4, 369.66 = 24.7, P < 0.0001;
Table 2), suggesting that subspecies
responded differently based on subspecific
stimuli, and an interaction between site and
treatment (F76, 367.93 = 2.0, P < 0.0001)
(Table 2, Fig. S3). This interaction was dri-
ven primarily by the fact that sites were asso-
ciated with different subspecies, and responses
at sites in the range of E. t. extimus differed
from those at sites in the ranges of the other
three subspecies (Fig. S3).
Individuals generally responded more

aggressively to the song of their own sub-
species and to heterosubspecific songs that
were similar in structure than to songs of sub-
species with a different song structure
(Fig. 2A-D). For three subspecies, E. t. adas-
tus, E. t. brewsteri, and E. t. traillii, aggressive
responses to their own songs and those of the
other two heterosubspecifics with songs simi-
lar in structure, as reflected in PC1 scores,
did not differ (Fig. 2A-C, Table 2, all post
hoc comparisons P > 0.05). However, all
three of these subspecies responded signifi-
cantly less aggressively to the song of the sub-
species with a more different structure (E. t.
extimus) (Fig. 2A-C, Table 2, all post hoc
comparisons P < 0.005). The subspecies E. t.
extimus responded significantly more aggres-
sively to the song of their own subspecies
than to the songs of the other three

Table 1. Factor loadings for the first two principal components derived from behavioral responses of Wil-
low Flycatchers during playback experiments. Loadings > 0.25 are shown. Vocalizations are indicated in
italics, and movements in ordinary text.

Trial period Behavior PC1 PC2

Pre-stimulus Fitz-bew 0.69 –
breet-bew 0.51 –
breet 0.46 –
whitt – �0.96
Variation 56% 15%
Eigenvalue 2.69 0.71

Treatment Time within 3 m 0.84 –
Latency to 8 m �0.28 –
Closest distance �0.39 –
Fitz-bew – �0.62
breet – �0.49
breet-bew – �0.46
Variation 43% 21%
Eigenvalue 3.96 1.96
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Table 2. Results of the full mixed effects model of male Willow Flycatcher behavior PC1 in response to
subspecific songs and white-noise playback. Post hoc comparisons between two treatment stimuli presented
to focal individuals are shown below. Bold indicates within-subspecies Bonferroni-corrected significant dif-
ferences between two trial stimuli (playback stimulus comparison, a = 0.005).

Full model F df P value Individual r2 Playback order r2

Treatment 26.7 4, 369.66 < 0.0001 0.84 0.03
Site 1.1 19, 98.35 0.41
Date 0.1 1, 119.57 0.74
Time 0.3 1, 29.75 0.59
Observer 0.4 1, 90.87 0.53
Treatment 9 site 2.0 76, 367.93 < 0.0001

Focal subspecies Playback stimulus comparison Estimate SE df t P value

E. t. adastus adastus – brewsteri �0.30 0.47 67.61 �0.6 0.97
adastus – control �2.78 0.52 72.78 �5.3 < 0.0001
adastus – extimus �2.69 0.45 70.57 �5.9 < 0.0001
adastus – traillii �0.56 0.45 70.52 �1.2 0.73
brewsteri – control �2.48 0.54 72.48 �4.6 0.0002
brewsteri – extimus �2.38 0.45 70.92 �5.3 < 0.0001
brewsteri – traillii �0.26 0.46 70.74 �0.6 0.98
control – extimus 0.10 0.53 73.55 0.2 0.99
control – traillii 2.22 0.53 72.40 4.2 0.0006
extimus – traillii 2.12 0.45 70.90 4.7 0.0001

E. t. brewsteri adastus – brewsteri 0.69 0.33 139.25 2.1 0.23
adastus – control �2.06 0.43 154.64 �4.8 < 0.0001
adastus – extimus �1.24 0.34 141.51 �3.7 0.003
adastus – traillii 0.26 0.33 140.75 0.8 0.94
brewsteri – control �2.75 0.43 154.47 �6.4 < 0.0001
brewsteri – extimus �1.93 0.34 139.88 �5.7 < 0.0001
brewsteri – traillii �0.43 0.33 141.81 �1.3 0.69
control – extimus 0.82 0.44 153.86 1.9 0.33
control – traillii 2.32 0.44 148.18 5.3 < 0.0001
extimus – traillii 1.50 0.33 141.85 4.5 0.0001

E. t. extimus adastus – brewsteri �0.02 0.50 92.90 �0.04 1.00
adastus – control �0.92 0.54 96.10 �1.7 0.45
adastus – extimus 2.34 0.51 93.90 4.6 0.0001
adastus – traillii �0.26 0.50 91.75 �0.5 0.98
brewsteri – control �0.90 0.55 96.80 �1.6 0.49
brewsteri – extimus 2.36 0.52 94.20 4.6 0.0002
brewsteri – traillii �0.24 0.51 93.70 �0.5 0.99
control – extimus 3.25 0.54 95.40 6.1 < 0.0001
control – traillii 0.65 0.54 95.40 1.2 0.74
extimus – traillii �2.60 0.51 94.0 �5.1 < 0.0001

E. t. traillii adastus – brewsteri �0.13 0.57 56.86 �0.2 1.00
adastus – control �1.77 0.61 56.74 �2.9 0.04
adastus – extimus �1.53 0.57 56.39 �2.7 0.07
adastus – traillii 0.85 0.57 56.57 1.5 0.58
brewsteri – control �1.64 0.62 57.66 �2.7 0.07
brewsteri – extimus �1.41 0.54 55.02 �2.6 0.09
brewsteri – traillii 0.97 0.53 53.91 1.9 0.36
control – extimus 0.24 0.60 56.39 0.4 0.99
control – traillii 2.62 0.62 57.60 4.2 0.0008
extimus – traillii 2.38 0.55 55.17 4.4 0.0005
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subspecies (Fig. 2D, Table 2, all post hoc
comparisons P < 0.0001).

DISCUSSION

Our results are consistent with the hypoth-
esis that subspecific differences in songs
(Sedgwick 2001, Mahoney et al. 2020) may
act as a behavioral isolating mechanism
between E. t. extimus and the other three sub-
species. Comparison of songs across all four
subspecies revealed that the song of E. t. exti-
mus was most different from those of the
other three subspecies. The songs of E. t. exti-
mus had fewer frequency modulations in the
terminal portion of the song and were gener-
ally lower in frequency; songs of the other
subspecies were higher in frequency with
more terminal frequency modulations (Maho-
ney et al. 2020). The behavioral responses we

documented mirrored that pattern; the sub-
species with the most distinct song (E. t. exti-
mus) responded more strongly to its own
song than to those of the other three sub-
species, and the three subspecies with similar
songs responded to each other’s songs more
strongly than to the song of E. t. extimus.
Willow Flycatchers cannot be sexed in the

field based on plumage and we assumed that
the birds we observed were males, but females
also sing (Seutin 1987, Yard and Brown
2003) and respond aggressively to song
(Sogge et al. 2007). If the responses we
recorded were predominately by males, the
potential for song to act as a behavioral
reproductive isolating mechanism must be
interpreted with caution because it is ulti-
mately the effect on female mate choice that
determines gene flow. Females of several spe-
cies respond differentially to subtle differences

Fig. 2. Boxplots of behavioral response (PC1 [43% of variation], y-axis) to subspecific song stimuli and
white-noise control (x-axis) during playback experiment trials with subspecies of Willow Flycatchers
(Empidonax traillii), including (A) E. t. adastus, (B) E. t. brewsteri, (C) E. t. traillii, and (D) E. t. exti-
mus. Positive PC1 scores represent more aggressive responses to playback as indicated by the arrow.
Boxes are colored based on song structure groups (song group 1 [black] and song group 2 [gray]) from
Mahoney et al. (2020) and lower-case letters represent Bonferroni-corrected differences (P < 0.005).
Subspecies responded more aggressively to songs that were structurally similar to their own subspecies
song (F4, 369.66 = 24.7, P < 0.0001), and the interaction between treatment type and study site was sig-
nificant (F76, 367.93 = 2.0, P < 0.0001). Boxes show 1st and 3rd quartiles, horizontal line represents
median, values within 1.5 times the interquartile range are represented by whiskers and values outside
this range are represented by dots.
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in song when males do not (e.g., Searcy and
Brenowitz 1988, Seddon and Tobias 2010,
Danner et al. 2011). As a result, reproductive
barriers based on song may still exist for those
subspecies where we detected no difference
(e.g., between E. t brewsteri and E. t. adastus)
if responses we recorded were primarily by
males, but females in those areas discriminate
among potential mates based on subtler dif-
ferences in song. Further studies of behavioral
responses to songs of different subspecies in
populations where the sex of banded birds is
known would clarify this issue.
Another factor that could shape responses

to subspecific songs by Willow Flycatchers is
competition in wintering areas. In this spe-
cies, both sexes maintain long-term, mutually
exclusive winter territories and use song to
defend those territories (Koronkiewicz et al.
2006). Playback experiments using songs
recorded in the breeding range of E. t. exti-
mus elicited equally aggressive responses by
both males and females wintering in Costa
Rica (Sogge et al. 2007). Using plumage,
morphological measurements, and genetics to
identify putative subspecies, Paxton et al.
(2011) found that the four subspecies occu-
pied distinct, but overlapping, wintering
areas. The eastern subspecies E. t. traillii win-
tered generally south of the three western sub-
species in southern Central America and
northern South America, whereas E. t. extimus
wintered in Central America (especially Costa
Rica) and E. t. adastus and E. t. brewsteri win-
tered in areas from Mexico to Panama. Based
on those distributions, the potential for sub-
species to compete in wintering areas would
appear to be greater for the three western sub-
species and, given the relative rarity of E. t.
extimus, competition would be more likely
between E. t. brewsteri and E. t adastus (M.
Whitfield, pers. comm.). If so, the greater
behavioral response by the two western sub-
species to each other’s songs in breeding areas
in our study could be due in part to competi-
tion in wintering areas.
One caveat of our study was that we did

not intentionally test different responses to
song among subspecies in areas of sympatry.
Responses to playback of heterospecific songs
may vary based on a receiver’s prior experi-
ence with con- and heterospecifics (Catchpole
1978, Richards 1979), and birds in sympatry
could exhibit a heightened response to both

con- and heterospecifics due to resource com-
petition (Orians and Willson 1964). Dimin-
ished responses to songs of heterospecifics in
allopatry have been demonstrated in many
systems, for example, buntings (Passerina,
Emlen et al. 1975), reed warblers (Acro-
cephalus, Catchpole and Leisler 1986) African
tinkerbirds (Pogoniulus, Kirschel et al. 2009),
Rufous-capped Warblers (Basileuterus rufi-
frons, Demko et al. 2019) and closely related
Willow and Alder flycatchers also responded
to the songs of heterospecifics in sympatry
(Prescott 1987), but not in allopatry (Stein
1963). The two western-most E. t. traillii
sites and the E. t. adastus site in Montana in
our study, although within the range of their
respective subspecies as delineated by Paxton
(2000), are areas that have not been exten-
sively studied and subspecies boundaries in
this area may be imprecise. Although
responses of birds at the E. t. adastus site in
Montana were consistent with those of birds
at other sites in the range of E. t. adastus, the
pattern of response to heterosubspecific songs
differed between the two western-most E. t.
trailli sites. At the Wyoming site, birds
responded most strongly to E. t. traillii song
and secondarily to E. t. adastus song whereas,
at the E. t. traillii site in Montana, birds
unexpectedly responded more strongly to the
song of E. t. brewsteri than to any other stim-
ulus. An added complexity in areas of poten-
tial sympatry is the potential for song
structure to change due to hybridization at
subspecies boundaries. Songs of flycatchers
are innate rather than learned (Kroodsma
1984), and Sedgwick (2001) found evidence
of hybrid songs at sites along the boundary
between the ranges of E. t. extimus and E. t.
adastus. More extensive sampling along
boundaries of the ranges of the different sub-
species could clarify both the potential for
changes in behavioral response in areas of
sympatry and the potential for changes in
song structure as the result of hybridization.
Finally, our results are consistent with the

need to continue to recognize the southwest-
ern subspecies under the Endangered Species
Act (USFWS 1995, Zink 2015, Theimer
et al. 2016). Our results demonstrate that dif-
ferences in songs of E. t. extimus and the
other three subspecies (Sedgwick 2001,
Mahoney et al. 2020) are recognized by terri-
torial males in breeding areas and, when
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played back, elicit different behavioral
responses. These results are important given
the current and predicted impacts of climate
change on the southwestern United States
and the implications that will have for Wil-
low Flycatchers in those habitats (Ruegg et al.
2018).
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Table S1. Locations of playback experi-
ments in the United States (locality, county,
state, latitude, and longitude), year of

sampling, number of experimental trials (N),
and putative range of Willow Flycatcher subs-
pecies.
Table S2. Song stimulus metadata used in

playback experiments to test subspecific song
discrimination in Willow Flycatchers.
Fig. S1. Boxplots of pre-stimulus behavio-

ral response (PC1 (56% of variation), y-axis)
observed prior to subspecific song stimuli and
white noise control (x-axis) during playback
experiment trials in male Willow Flycatcher
(Empidonax traillii) subspecies (E. t. adastus,
E. t. brewsteri, E. t. traillii, E. t. extimus).
Fig. S2. Boxplots of pre-stimulus behavio-

ral response in each study site (PC1 (56% of
variation), y-axis) observed prior to subspeci-
fic song stimuli and white noise control (x-
axis) during playback experiment trials in
male Willow Flycatcher (Empidonax traillii)
subspecies (E. t. adastus, E. t. brewsteri, E. t.
traillii, E. t. extimus).
Fig. S3. Boxplots of behavioral responses

in each study site (PC1 (43% of variation), y-
axis) to subspecific song stimuli and white
noise control (x-axis) during playback experi-
ment trials in male Willow Flycatcher (Empi-
donax traillii) subspecies (E. t. adastus, E. t.
brewsteri, E. t. traillii, E. t. extimus).
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