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Abstract 

The process of reproductive character displacement involves divergence and/or the narrowing of variance in traits involved in species recogni-
tion, driven by interactions between taxa. However, stabilizing sexual selection may favor stasis and species similarity in these same traits if 
signals are optimized for transmission through the prevailing environment. Further, sexual selection may promote increased variability within 
species to facilitate individual recognition. Here we ask how the conflicting selection pressures of species recognition and sexual selection are 
resolved in a genus of Himalayan birds that sing exceptionally similar songs. We experimentally show that small differences in two traits (note 
shape and peak frequency) are both necessary and sufficient for species recognition. Song frequency shows remarkable clinal variation along 
the Himalayan elevational gradient, being most divergent where species co-occur, the classic signature of reproductive character displacement. 
Note shape shows no such clinal variation but varies more between individuals of an allopatric species than it does among individuals within 
species that co-occur. We argue that the different note shapes experience similar transmission constraints, and differences produced through 
species interactions spread back through the entire species range. Our results imply that reproductive character displacement is likely to be 
common.

Keywords: bird song, permissive environments, reproductive character displacement, restrictive environments, species recognition

The achievement of sympatry among sister species generally 
involves three steps (Mayr, 1942; Mayr & Diamond, 2001; 
Price, 2008; Tobias et al., 2020). First, populations diverge 
in allopatry. Second, differentiated populations come into 
parapatric contact, sometimes associated with the formation 
of hybrid zones. Third, populations establish large overlap 
in range (i.e., sympatry), whereby heterospeci!cs are largely 
ignored and hybridization is absent. The presence of allopat-
ric and parapatric forms has enabled many studies of the !rst 
two stages (Anderson et al., 2023; Freeman & Montgomery, 
2017; Price, 2008; Uy et al., 2018; Weir & Price, 2019). The 
third and !nal step of co-existence, that is, the development of 
heterospeci!c recognition in sympatry, has been more dif!cult 
to study, primarily because sympatric species differ in many 
ways. For example, large differences among bird species in 
extreme sexually selected clades have been extensively stud-
ied (e.g., the birds of paradise, Ligon et al., 2018), and sexual 
selection invoked as both a driver of divergence and a con-
tributor to species recognition (Cooney et al., 2019; Lande, 
1981; Snow, 1976; West-Eberhard, 1983), but the extent to 
which divergence and species recognition is completed in allo-
patry or results from interactions between taxa in sympatry is 
unclear (Coyne & Orr, 2004; Hudson & Price, 2014).

While emphasis has been on the study of striking sexually 
selected differences between related bird species, many sister 
species are very similar to each other in both color (Fišer et 
al., 2018; Marcondes & Brum!eld, 2019; Mayr, 1942; Weir 
et al., 2015) and vocalizations (Anderson & Weir, 2022; 

McEntee et al., 2021; O’Loghlen et al., 2011). Given that this 
similarity is often retained over millions of years of separa-
tion, stasis is attributed to !tness costs for individuals with 
deviant phenotypes, as has been regularly invoked for sta-
sis in morphological traits (Anderson & Weir, 2021, 2022; 
Charlesworth et al., 1982; Davis et al., 2014; Estes & Arnold, 
2007; Lynch, 1990). Stasis may be imposed if social selection 
against deviants is frequency-dependent, whereby the com-
mon type is favored because it is more readily recognized. 
For example, in many territorial bird species, male compe-
tition for high quality territories is likely to be an import-
ant component of sexual selection (Scordato, 2018). In such 
cases, sexual selection maintaining song stasis across species 
arises if deviants are less easily recognized during competi-
tion for territories, leading to escalated aggressive interactions 
(Derryberry, 2007; Rohwer, 1973). Stabilizing selection may 
arise in non-frequency dependent ways as well. For example, 
long-distance signals are expected to be adapted for effective 
transmission through the prevailing environment (Endler, 
1992; Fuller & Endler, 2018), resulting in the penalization of 
deviant songs that travel less well.

Fuller and Endler (2018) introduced the concept of a per-
missive environment, across which a diversity of different sig-
nals can be effectively transmitted and sexual selection can 
rapidly drive diversi!cation. In this case, different signals may 
be effectively interchangeable, producing similar responses 
in distant receivers. At the other extreme of permissive envi-
ronments, in restrictive environments, trait exaggeration is 
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1648 Singh and Price

limited and only a few variants can effectively be transmitted. 
The classic example of a restrictive environment is the narrow 
band wavelength of light at lower depths in the ocean, mak-
ing diversi!cation in color signals irrelevant. Note that envi-
ronments may be permissive for one sensory modality (e.g., 
sound) while being restrictive for another (e.g., color). In this 
paper, we examine the consequences of a restrictive terrestrial 
environment for the evolution of vocalizations used in species 
recognition.

During the allopatric phase of speciation, if different popu-
lations remain in the same restrictive environment, stabilizing 
selection should result in signals remaining at the single opti-
mum that maximizes transmission and minimizes degrada-
tion (Endler, 1992). Such stabilizing selection promotes not 
only uniformity in mean values but also low variation around 
the optimum, yet other forces may favor an increase in vari-
ability. For example, signals often transmit individual identity 
to conspeci!cs, and large within-species variation facilitates 
rapid recognition of familiar individuals (Dale et al., 2001; 
Whit!eld, 1987). Hence, at least in territorial vertebrate sys-
tems, we expect a balance between forces acting to promote 
and reduce variability (Figure 1A, top panel). Together, low 

divergence and high variability result in overlap between allo-
patric taxa; the traits will not be diagnostically different when 
populations come into contact, so members of one taxon are 
expected to respond to the signals of the other.

When two diverged allopatric taxa come into contact, 
various maladaptive consequences associated with repro-
duction are often observed. They include wasteful aggressive 
responses over competition for territories or mates, signal 
jamming, and hybridization associated with the production 
of un!t hybrids. Collectively, these negative interactions are 
termed reproductive interference (Gröning & Hochkirch, 
2008). They generate selection pressures that favor (1) diver-
gence in mean trait value and a reduction in within-taxon 
variability (Brown & Wilson, 1956) and (2) receivers that 
narrow their “window of recognition” so that they respond 
only to members of their own taxon (Hudson & Price, 2014; 
Irwin & Price, 1999; Seddon & Tobias, 2010) (Figure 1A, 
lower panel). Together, these processes are termed repro-
ductive character displacement, here de!ned as evolution of 
traits or trait recognition driven by reproductive interfer-
ence. Finally, species recognition may be completed through 
the employment of multiple traits in assessment (Figure 

Figure 1. Conceptual view of divergence of signals in a restrictive environment in allopatry (above), followed by sympatry (below). (A) Frequency 

distributions of signal (solid lines) and response to signal (dashed lines) for individuals in two populations signified by different colors. Responses 

are expected to cover a wider range of signal trait values than signal itself to account for degradation in noise (Luther & Wiley, 2009). In allopatry, 

populations show little divergence, and variance within each population is a balance between forces favoring variability, such as individual recognition, 

and those favoring a single optimum, notably transmission through the environment. In sympatry, an additional selective force of species recognition 

is achieved by trait divergence (compromising transmission), and a reduction in trait variance (compromising individual recognition), accompanied by a 

shift in the mean and narrowing of the response curve, respectively. (B) Contour plot of trait and response curves for two traits. If divergence in a single 

trait is limited, species recognition can be completed through assessment of more than one trait.
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1B), which is especially to be expected in restrictive envi-
ronments, if divergence in any particular trait is limited by 
transmission constraints. The predictions that arise out of 
this framework, and form the basis for our study, are that 
entry into sympatry in restrictive environments leads to (1) 
limited divergence in mean, (2) reduced variability in signal 
and signal response, and (3) potentially the use of multiple 
traits (Figure 1).

We study the four species of Himalayan Cyanoderma bab-
blers (Figures 2 and 3). In their !eld guide to the birds of 
the Indian subcontinent, Rasmussen and Anderton (2005, p. 
438) stated: “All four [Indian] species have extraordinarily 
similar vocalizations that can hardly be distinguished, if at 
all (even on sonagrams!).” While species do differ in color 
(Figure 2), song is the only means of long-distance com-
munication in the thick undergrowth the species occupy. 
In Figure 4, we show that individuals of two species which 
do not co-occur, Cyanoderma ru!ceps and Cyanoderma 
ambiguum, have extremely similar songs, and in Figure 
2C we show they respond to each other essentially as if 
they were conspeci!c, despite more than 2 million years of 
separation.

Using a combination of ancestral reconstruction, song 
analyses, and playback experiments, we assess the framework 
outlined in Figure 1. Our goals are to:

(1) Infer the factors that have led to extraordinary song 
stasis.

(2) Experimentally assess recognition of different compo-
nents of the songs given the song similarity.

(3) Evaluate the role of reproductive character displace-
ment as the driver of species differences in song.

Character displacement has previously been inferred using 
two approaches: !rst through comparisons between spe-
cies (allopatric species should differ less from each other 
than sympatric species (e.g., Yukilevich, 2021), and second 
through studies of geographical variation within a pair of 
species, with the expectation that species should show dis-
placement in regions of overlap (Goldberg & Lande, 2006; 
Grant, 1972; Kirschel et al., 2009). A major issue with the 
!rst approach is controlling for time (sympatric species are 
often older, Hudson & Price, 2014). A major issue with both 
approaches is that other factors that differ between zones of 

Figure 2. Along the elevational gradient in the east Himalaya the High and Low species do not encounter each other and treat their songs as essentially 

conspecific, whereas the overlapping pairs of species readily distinguish each other’s songs. (A) Schematic of the four Himalayan Cyanoderma species 

distributions, based on Birdlife range maps (birdlife.org), eBird records (eBird.org), and personal observations. Observations from lower elevations in 

east Nepal are few and distributions unclear (for range maps, see Supplementary Figure S1). (B) Phylogenetic relationships (from Moyle et al., 2012), 

paintings by Ren Hathway (Lynx Edicions). (C) Responses to playbacks in the east Himalayan forms and conspecific controls (means ± SE). Color 

along the x-axis gives the taxon of the tape played, and color of the vertical bar gives the taxon of the receiving male, with standard errors. Sample 

sizes are, from left to right: 11, 15, 12, 25, 12, 27 and for conspecific playbacks 31, 37, 35, 14, 25. In pairwise comparisons, responses of species that 

overlap in elevational distribution (Low-Middle, Middle-High) are not significantly different from each other but differ significantly from the Low-High 

and conspecific controls (all p < 0.001, based on mixed models with Poisson errors and the specific individual tape played included as a random effect, 

see Supplementary Material: “Mixed model assessment of responses”). Low-High and conspecific controls do not differ significantly from each other 

(p > 0.05).
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1650 Singh and Price

allopatry and sympatry that affect evolution (Grant, 1972; 
Kirschel et al., 2009). For example, if two species occupy dif-
ferent heights in the tree, and height affects song frequency, 
frequency may vary into zones of sympatry associated with 
available tree height variation, and this may sometimes result 
in larger differences in sympatry than allopatry.

Here we adopt both approaches, comparing vocaliza-
tions between species in sympatry and allopatry, and study-
ing within-species along the elevational gradient. Especially, 
along the elevational gradient, co-occurring individuals from 
the two species are exposed to a similar acoustic environment, 
but populations outside the zone of overlap occupy quite 
different acoustic environments (Singh & Price, 2015, their 
Supplementary Figure S5). Hence, greater differences between 
populations where the two species are found together are not 
expected to result from independent adaptation to different 
aspects of the acoustic environment. Instead, independent 
adaptation predicts convergence in zones of overlap. This 
implies that the assessment of character displacement through 
comparisons of differences between populations outside and 
within the zone of overlap is a relatively robust test of repro-
ductive character displacement.

Methods

Study system

The four Cyanoderma babblers found on the Indian subcon-
tinent are small (7.5–10.5 g), skulking, undergrowth species. 
Three of the four species form elevational replacements in 
the east Himalaya (Figure 2A, Supplementary Figure S1). The 

low elevation (approximately 150–1,100 m) and high eleva-
tion (1,500–2,900 m) species are not found together, but each 
extensively overlaps the mid-elevation species (800—2,300 
m; Figure 2A, Supplementary Figure S1). An allopatric species 
is found in the west Himalaya, and an allopatric population 
of the low-elevation east Himalayan species (C. ambiguum) in 
Peninsular India in the Eastern Ghats (Supplementary Figure 
S1). We studied the Peninsular population of C. ambiguum in 
2018 and con!rmed its close relationship to the Himalayan 
population by sequencing two mitochondrial genes and two 
nuclear genes from two birds (see Supplementary Material 
“Relatedness of Peninsular and Himalayan Cyanoderma 
ambiguum”). Henceforth, for clarity we call these taxa the 
Low, Middle, High, West, and Peninsular taxa, rather than by 
species names (however, in several !gures both species names 
and the nicknames are given for easy cross-reference).

Only males sing, and they do so prominently during the 
breeding season, which is from mid-February to July. Through 
the years 2011–2021, we visited Himalayan localities as indi-
cated in Supplementary Figure S1 between 1 and 10 times 
during these months.

History

We analyzed the history of the four species using the phy-
logeny constructed by Moyle et al. (2012), which includes 
Asian Cyanoderma and close outgroups. We !rst combined 
the allospecies C. ambiguum and C. ru!frons (depicted in the 
!gures as Low). We used the simplest Dispersal-Extinction-
Cladogenesis model (Ree & Smith, 2008) implemented in 
BioGeoBEARS (Matzke, 2013) to infer regions of origination 

Figure 3. Each male sings just one song type, consisting of repeated notes over a narrow bandwidth and at a frequency optimal for transmission in 

near ground forest with dense undergrowth. (A) Representative spectrograms from each species. Three different males are shown in the top three 

rows and four in the bottom row. (B) Mean maximum and mean minimum frequencies averaged within individual songs, and then across individuals 

for all species combined, placed under the sound transmission window estimated by Morton (1975) for dense undergrowth. (C) Scatter plot of peak 

frequency against body mass for 1,750 passerine bird species with masses between 5 and 15 g (from Mikula et al., 2021). The filled points mark the 

four Himalayan Cyanoderma species.
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1651

and timing of invasion of the Himalaya. This method esti-
mates probabilities based on global maximization of the like-
lihood of transition rates. We initially assigned four regions 
(Himalaya, Peninsular India, Indonesia/Philippines, Southeast 
Asia), leading us to a two-region model (Himalaya, Indonesia/
Philippines, de!ned by the ellipses in Figure 5), which gave 
more interpretable results. Pie diagrams give probabilities of 
ancestral states (Himalaya, Indonesia/Philippines, or both).

We also attempted to estimate ancestral song traits using 
the ACE function in APE (Paradis et al., 2004), which assumes 
a Brownian motion model of evolution, and BayesTraits 
(Venditti et al., 2011), which modi!es branch lengths accord-
ing to estimated rates of evolution along the branch before 
!tting the Brownian model, and hence gives better inference 
when rates vary greatly. Rates of evolution are inferred to be 
so high in some outgroups that under both methods, ances-
tral trait reconstructions become very uncertain, as described 
further in Supplementary Figure S2. Much evolution in the 
outgroups serves to emphasize the strong stasis within the 
Cyanoderma.

Song recordings

P.S. conducted all !eldwork. We recorded successive songs in a 
bout of singing using a Telinga Twin Science microphone with 

a Sony PCM-D50 solid state recorder, or later with a Sound 
Devices Mixpre3 digital audio tape recorder. Recordings were 
made in.wav !le format with 16-bit resolution and 44.1 kHz 
sampling rate, or later with 24-bit resolution and 48 kHz sam-
pling rate. For each recording, we noted altitude, date, and 
locality. Whenever possible, we made recordings up to 5 min 
long and avoided individuals where there was a great deal of 
background noise. Most recordings were made between 0500 
and 0900 hr. For song analysis, recordings with little back-
ground noise were selected.

Playback experiments

Tapes for playback were made from clean recordings (date 
and location of recordings, including xeno-canto (xeno-
canto.org/) downloads, which we used for some playbacks 
are listed in the table “Recordings Source” in Supplementary 
Material). A few tapes contained noisy portions (sound 
louder in the background than the focal song), which were 
removed. Recordings used for playback contained from three 
songs from one individual to more than 30 songs from one 
individual (note each male repeats a very similar song each 
time it sings, for example, Supplementary Figure S4). Songs 
standardized in Audacity use a method that sets the largest 
amplitude in a sound equal to the maximal value and scales 
other amplitudes proportionately. Speakers for playback used 
were the SME-AFS Portable Field Speaker (Saul Mineroff 
Electronics) in earlier years and the Ahuja NBA-15 Portable 
Rechargeable Speaker (https://www.ahujaradios.com/porta-
ble-pa/neckband-pa-systems/nba-15.html) in later years. In 
the !eld, we adjusted the volume each time based on assess-
ment by ear. For a 5-min playback, gaps between songs were 
approximately the same as natural gaps. Methods follow 
those commonly used in such experiments (e.g., Freeman 
et al., 2023). We located a singing male, placed the speaker 
10–25 m distant from the bird, and ran the playback on 
repeat for 5 min.

Responses were scored on a 4-point scale based on 
approach to the speaker. Speci!cally, a value of 0 was assigned 
if the male showed no directional movement or interest in the 
speaker. Interest was scored as follows: (1) weak response: 
approach not closer than 5 m to the speaker; (2) approach 
between 3 and 5 m (typically this occurred at least two times 
with retreats in between); and (3) approach <3 m (typically 
the male stayed close to the speaker for more than 10 s and/
or repeatedly visited). In total, we conducted 550 playback 
experiments on 306 males of the four species. In all, 195 
experiments were assigned a value of 0, 43 a value of 1, 80 
a value of 2, and 232 a value of 3 (159 [68%] of the “3” 
responses were controls, played to conspeci!c males). Some 
males were tested sequentially with different tapes, usually 
once by the playing of conspeci!c song after a trial with no 
response to the !rst tape, to con!rm a bird’s interest. On a 
few occasions, three or four tapes were played sequentially 
(also following no earlier responses), with a maximum of four 
sequential trials to 10 males. Further details are available in 
the deposited data !les.
For the experimental analysis of frequency, we manipulated 
songs using the “Change Pitch” function in Audacity (audac-
ityteam.org/), which does not affect temporal parameters (see 
Supplementary Figure S3). We increased or decreased fre-
quency by 10% or 20%. In 45 experiments, we played the 
altered tapes to the same species as the tape was derived from 
(Nelson, 1988). We conducted these experiments for three 

Figure 4. Scatter plot of peak frequency in a song against frequency 

contour for the three species along the elevational gradient in the east 

Himalaya. Song features are similar in the Low and High species, but 

differ from the Middle species, especially when two traits are considered 

together. Peak frequency is the average of all songs measured for an 

individual (N songs [individuals]) = 290 (27), 233 (21), 150 (19), for the 

Low, Middle, and High species, respectively. Frequency contour is PC1 

of note quartiles, averaged within a song (Supplementary Figure S4, 

one song per individual recording, N = 397, 320, 338 notes per species). 

Illustrations are of notes with PC1 values of −1, 1, and 3, respectively; 

arrows point to the corresponding position on the x-axis.

Evolution (2024), Vol. 78, No. 10
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1652 Singh and Price

species (High, Middle, West): 37 involved frequency changes 
of 10% and 8, all of which were played to the West spe-
cies, involved frequency changes of 20%. We also examined 
responses between different taxa to 10% manipulations in 
the direction of the taxon receiving the playback (32 experi-
ments in total to !ve species or population pairs [altered High 
to Middle, altered Middle to High, and altered West to High, 
Middle, and Peninsular]).

Song measurements

We analyzed spectrograms from 112 recordings (27 Low, 11 
Peninsular, 21 Middle, 19 High, and 34 West). For further 
evaluation of song similarity, we also analyzed an allopat-
ric population of the High species (C. ru!ceps) from Taiwan 
taken from xeno-canto. Complete information on source and 
location for all recordings is available in the online data sets.

From these recordings, we compiled four sets of measure-
ments. First, we measured characteristics of entire songs (an 
average of 9.4 consecutive songs per individual recording, 
range 1–33). For each song, we measured minimum and max-
imum frequency, center frequency (the frequency that divides 
the selected sound spectrum into two frequency intervals of 
equal energy), bandwidth 90% (the difference in frequencies 
separating the spectrogram into 5% and 95% energy quan-
tiles), and peak frequency (the frequency with highest energy), 
with a Hann Window size of 1,024 samples. We measured 
song length with a window size of 256 samples. We visually 
assessed and counted the number of distinct notes in each song 
and the total number of notes. We scored songs for whether 
they contained an introductory note (or on occasion two 
introductory notes), which we de!ne as at least 50% greater 
time between this note (or pair of notes) than the other notes. 
Introductory notes may be identical to the following notes in 
the song, or different.

Second, taking a single clear song from each bout, we mea-
sured all notes in the song for frequency parameters, note 
length, and qualitatively recorded note shape, as upsweep, 
downsweep, dome, saucer, or #at, according to whether fre-
quency monotonically increased, monotonically decreased, 
showed an intermediate peak, an intermediate minimum, or 
did not change (reported for each song in the data depos-
itory). Third, we devised a quantitative measure to capture 
variation in frequency contour (Supplementary Figure S5). 
We split each note into four equal time intervals and recorded 
the center frequency of each interval. We then took the devi-
ation of each center frequency from the average of the four 
frequencies (for example for a #at note, the deviations would 
be 0, 0, 0, 0). We then extracted principal components from 
the correlation matrix derived from 1,921 rows (each row 
corresponds to a note; all notes are included) × the four col-
umns of deviations (Supplementary Figure S5). Correlations 
of the !rst principal component with the four center fre-
quency residuals are: 0.94, 0.41, −0.84, −0.9, implying notes 
with large negative scores upsweeps and those with large pos-
itive scores are downsweeps (Figure 4). Finally, for our fourth 
measurement, we computed a measure of amplitude variation 
across a single note. Using the waveform, we divided the note 
into 0.0002 s intervals and computed the root mean square of 
amplitudes within each interval. Although average amplitude 
is not meaningful, given the varying distances and directions 
of recordings, we asked if amplitude variation across a note 
differs consistently between individuals and species. Further 
details are presented in Supplementary Figure S6.

Song analysis

To identify variables potentially important to species recogni-
tion, we constructed a discriminant function of the song and 
note measurements for the three species in the east Himalaya, 

Figure 5. The buildup of the three east Himalayan Cyanoderma species with most support resulted from two ancestral species emerging in Indonesia 

and separately colonizing the Himalaya (filled  arrows). One lineage led to the Middle species and the other to speciation within the Himalaya leading to 

the Low and High species. Present-day locations are assigned based on a species presence in the two ellipses indicated in the right panel. Large circles 

in the reconstruction highlight critical ancestral state assessments. Ancestral reconstructions (A) and (B) assign the highest probability to a speciation 

event in Indonesia that led to the two ancestral lineages. Note, however, that a Himalayan (green in [A])/Indonesian split (blue in [B]) has reasonable 

probability.
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after averaging songs within an individual (Supplementary 
Figure S6 gives the loadings). Amplitude modulation was not 
included in this function because it was measured on fewer 
songs. For playbacks, because we used the same tape on aver-
age two times in each of the comparisons, which may generate 
pseudoreplicates (Kroodsma et al., 2001), we used general-
ized linear models with tape as a random effect, and mod-
eled the response (values 0, 1, 2, 3) with Poisson errors (Bates 
et al., 2015), having con!rmed data were not overdispersed. 
However, in all signi!cant cases, variance due to tape was esti-
mated as 0, implying pseudoreplication is not a problem, and 
a general linear model without including tape as a random 
effect gave the same p value as one which included tape. More 
details, the code, and an example are given in Supplementary 
Material: “Mixed model assessment of responses.”

Results

History

The initial speciation event separating the four species 
occurred as long as 5–6 million years ago (Moyle et al., 
2012; Price et al., 2014), with one lineage leading to the 
mid- elevation species in the east (C. chrysaeum), and the sec-
ond to the other three Himalayan species, which diversi!ed 
simultaneously about 2.5 million years ago (Figures 2 and 
5). Biogeographical reconstructions imply that the four spe-
cies’ common ancestor lived in Indonesia, with the most likely 
ancestral speciation event occurring in Indonesia itself, or pos-
sibly between Indonesia and the Himalaya (Figure 5). As the 
two species representing the basal lineages evolved away from 
their Indonesian ancestor they may have evolved to smaller 
size and higher song frequency in parallel, although ancestral 
reconstructions are uncertain (Supplementary Figure S2).

Song similarity

When species come into sympatry, signal similarity or even 
convergence can be favored under sexual selection, notably 
when males of different species defend territories against each 
other (Drury et al., 2020; Grether et al., 2009; Tobias et al., 
2014). However, in our case, song similarity is not a result 
of interspeci!c territoriality. Where two species are present 
together (Middle elevations in the east) they generally do not 
respond to each other’s songs (Figure 1). Further, we observed 
that sequential playbacks from the same speaker of the two 
species often brings in each species to the conspeci!c song, 
and the other departs with no interactions (~10 times noted) 
implying overlapping territories (see Supplementary Figure 
S4 for an example of simultaneous singing of two species). 
Finally, species that occur alone in which species interactions 
are precluded (West, Peninsular, and the Taiwan population) 
also sing very similar songs (Supplementary Figure S8).

Stasis in the songs of these babblers is particularly surpris-
ing because they are oscines (songbirds), which learn their 
songs from conspeci!cs. Songbirds have a high cultural muta-
tion rate (Lynch, 1996), many species have song dialects 
(Mundinger, 1982), and contemporary change in song traits is 
common (Derryberry et al., 2020; Grant & Grant, 2010; Otter 
et al., 2020), all suggesting possibilities for rapid cultural evo-
lution. Four lines of evidence imply that in this group, stasis 
is maintained because stabilizing selection pressures are inten-
si!ed by requirements for ef!cient transmission in the under-
growth the species occupy. First, males sing a single song type 
(cf. many other species in which males have a repertoire), and 

the song itself consists of a single repeated note (Figure 3A). 
Repetition of both notes and songs facilitates rapid identi!ca-
tion of the signaler (Wiley, 2006), implying selection pressures 
for ef!cient transmission of message override advantages of 
song diversity. Second, the frequency bandwidth of all species 
lies between 2 and 2.5 kHz, matching the optimal transmis-
sion window in forest undergrowth (Morton, 1975) (Figure 
3B). Third, the bandwidth is narrow (Figure 3A and B, 
Supplementary Figure S7) and expected to reduce distortion 
due to differences in degradation across frequencies (Wiley & 
Richards, 1978). Fourth, the species sing at exceptionally low 
frequencies for their body size (Figure 3C). Given the ener-
getic costs of singing at low frequencies for a given body size, 
the extremely low frequencies in Cyanoderma imply selection 
pressures beyond energy have driven song evolution (Francis 
& Wilkins, 2021). Maximization of transmission is the plau-
sible pressure (Figure 3B).

Species recognition

Despite song similarity, the co-occurring eastern species 
(Middle/Low and Middle/High) essentially ignore each oth-
er’s songs (Figure 2). To identify the traits that form the basis 
for this recognition, we constructed a discriminant function of 
several song measurements (loadings, plus a separate analysis 
of amplitude modulation are given in Supplementary Figure 
S6). Song duration, note curvature, within song variety, and 
amplitude modulation are similar across species, but peak 
frequency and frequency contour (measured as the extent to 
which frequency declines or increases across the note) sep-
arate the mid-elevation species from the other two species 
(3% of individuals misclassi!ed in the discriminant function 
of these two traits, N = 66), with weaker separation when 
a single trait is considered (peak frequency [12%] and note 
angle [9%]). By contrast, the High and Low elevation spe-
cies have near identical songs (Figure 4, misclassi!cations of 
23%, 33%, and 41%, for the discriminant function, peak fre-
quency, and frequency contour, respectively). The similarity 
of the songs of the High and Low species is especially striking 
because the High elevation species is 20% heavier than the 
Middle and Low elevation species, which are of similar size 
(Supplementary Figure S7).

Song frequency

We assessed the independent contributions of frequency and 
frequency contour to species recognition among the three sym-
patric east Himalayan species. First, we manipulated sound 
!les to alter the frequency of songs by 10% (~200 Hz), thereby 
bringing them into rough correspondence with heterospeci!cs 
(illustrated in Supplementary Figure S3). Responses of play-
backs of manipulated songs between the pair of co-occurring 
species (Middle/High) in the east Himalaya are shown in 
Figure 6A (right two panels). Three allopatric comparisons of 
responses to manipulated tapes are shown in Supplementary 
Figure S3. In all !ve cases, male heterospeci!cs responded 
to altered songs, which in one comparison reached 50% the 
response of that shown by conspeci!cs. Combined, the !ve 
responses were all in the expected direction, with an average 
change in response = 0.99 ± 0.2 SE (one sample t test for the 
!ve comparisons against μ = 0, t

4
 = 3.1, p = 0.004).

The results in the preceding paragraph imply that song 
frequency is an important trait used in species recognition, 
but also that frequency differences between co-occurring 
species are insuf!cient to eliminate all responses. Two lines 
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1654 Singh and Price

of evidence indicate a difference of 400 Hz would be suf!-
cient. First, experimental alterations of song by about 400 
Hz eliminated conspeci!c responses (Figure 6A, left panel). 
Second, playbacks of unmanipulated tapes between allopatric 
forms show that songs that differ by ~200 Hz result in some 
responses, whereas those that differ by ~400 Hz result in no 
responses (Figure 7). We conclude that species recognition 
could be achieved by divergence of 400 Hz, which approx-
imately spans the range of songs within a species (and songs 
just outside the frequency range have been shown to be suf-
!cient to eliminate responses in other species, Nelson, 1988), 
yet the average difference between species that overlap in ele-
vational range is 200 Hz and some individuals of one species 
sing songs at the same frequency as some individuals of the 
other species (Figure 4).

Frequency contour

To evaluate the role of frequency contour, we took advan-
tage of the fact that some males of the West species sing 

with upsweep notes in which the frequency monotoni-
cally increases, and others with downsweep notes in which 
the frequency monotonically decreases (Figure 3A). After 
conducting playback experiments where the experimenter 
was blind to note shape (we were unaware of its signi!-
cance at the time), we split responses to West songs accord-
ing to whether the eastern males were played upsweep or 
downsweep songs. The mid-elevation species responded more 
strongly to downsweeps than upsweeps, corresponding to its 
use of downsweeps in its songs. The High elevation species 
responded more to upsweeps than downsweeps, correspond-
ing to use of upsweeps in its songs (Figure 6B).

Reproductive character displacement

As noted in the introduction, patterns supporting the process 
of reproductive character displacement include both between 
and within species comparisons. First, in comparisons of a 
solitary species with two or more other species that are found 
in the same place, the solitary species is expected to be more 

Figure 6. Responses are affected by both frequency and frequency contour. The responder is indicated by the color of the bar. Means ± SE are for 

guidance, p values (in gray) are based on mixed models with Poisson errors and tape included as a random effect (see Supplementary Material, “Mixed 

model assessment of responses”). (A) Effects of experimental manipulations of frequency. Sample sizes are left 3, 6, 37, 10, 5; center 31, 12, 25, 11; 

right 35, 9, 12, 8. (B) Playback of songs of the allopatric west species to the eastern species, separated according to whether the notes in the song 

were downsweeps or upsweeps, sample sizes are 9, 5, 13, 7, 26, 10.
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variable and/or with a mean value intermediate to that of the 
co-occurring species. Second, the phenotype of a species is 
expected to vary geographically to produce a pattern consis-
tent with displacement when it is found together with the pos-
tulated interacting species. As also noted in the introduction, 
a number of processes may lead to these patterns even in the 
absence of competition, notably independent adaptation to an 
environment that varies geographically (Goldberg & Lande, 
2006; Grant, 1972; Kirschel et al., 2009). Conversely, the his-
tory of reproductive character displacement may be obscured 
if species are found together throughout their mutual ranges, 
or gene #ow from zones of co-occurrence causes any differ-
ences generated between species to spread to zones where 
only one species is found (Liou & Price, 1994; Walker, 1974). 
We consider these issues while assessing song frequency, fre-
quency contour, and song discrimination, and conclude that 
all three traits show some evidence of reproductive character 
displacement.

First, with respect to peak frequency, the mean value for 
the West form lies between that of the Low and Middle spe-
cies (Figure 8A), as expected if the Low and Middle elevation 
species are experiencing character displacement. Frequency 
also shows remarkable clinal variation within species over 
short distances along the east Himalayan elevational gradi-
ent (Figure 8A). Notably, mean peak frequency difference 
between the Low and Middle species where they co-occur is 
displaced by ~400 Hz, whereas populations outside the zone 
of overlap differ by ~100 Hz (Figure 8A). Signal jamming by 
species in other genera may contribute to setting an upper 
bound on frequency (Supplementary Figure S5), and the High 
elevation species in particular coexists with smaller diver-
sity of other bird species than the Middle and Low species 
(Schumm et al., 2020), but in locations where the two species 
co-occur they must experience the same soundscape, making 
it probable that direct interactions between the species drive 
frequency differences between them. Hence, we conclude that 
the pattern of frequency variation within the Low and Middle 
species provides strong evidence in support of reproductive 
character displacement.

Patterns for frequency contour differ from peak fre-
quency (Figure 8B). First, the mean value for the West form 
is not intermediate between the Low and Middle species, but 
instead is identical to the High and the Low species, with 
which it shares a common ancestor. Second, unlike peak 
frequency, frequency contour shows no cline across the ele-
vational gradient. These patterns are not predicted under a 
naive hypothesis of character displacement. Nevertheless, 
variation in frequency contour is 2–4× greater in the West 
species than any of the coexisting Himalayan species (Figure 
8B, Supplementary Figure S8; pairwise comparisons of vari-
ance: p < 0.001 for West to High, p < 0.001 for West to Low, 
and p = 0.1 for West to Middle, see Supplementary Figure S8). 
The higher variability in the west species is direct evidence 
for reproductive character displacement in this trait. In the 
discussion, we consider further the possibility that the mean 
differences in frequency contour did indeed diverge because 
of species interactions, but the process has been obscured by 
subsequent spread out of the zone of co-occurrence.

Finally, song recognition shows a pattern consistent with 
reproductive character displacement. Individuals of the west 
species respond to the entire variety of songs sung by this 
species (Figure 2). Males of all three eastern species have 
narrower windows of recognition, responding only to the 
restricted range of variation each species sings (Figure 2).

Discussion

In contrast to studies of diversi!cation in strongly sexually 
selected groups, we have focused on related species that show 
extreme similarity. We attribute stasis in songs to stabiliz-
ing sexual selection for ef!cient transmission in a restrictive 
environment. Song similarity across species has enabled us to 
evaluate consequences for the evolution of species recogni-
tion, as only a few traits differ between the species and hence 
are eligible to be targets of recognition. We demonstrate lim-
ited divergence in mean values, reduction in variance, and 
the requirement that co-occurring species differ in two traits. 
Taken in combination, these three factors result in diagnostic 

Figure 7. (A) Experiments comparing responses between allopatric forms to unmanipulated tapes (mean ± SE). Sample sizes are given below the 

figure. (B) Peak frequencies (in kHz). Note the absence of response when frequency differs by ~400 Hz.
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1656 Singh and Price

differences between species that are found together, and a 
lack of response to heterospeci!cs, thereby matching the con-
ceptual framework in the lower right panel of Figure 1. Our 
results have implications for how species recognition evolves 
in the face of opposing sexual selection pressures, such as 
competition between males to maintain a territory, the role 
of interactions in sympatry in driving divergence (reproduc-
tive character displacement), and identi!es how differences in 
transmission constraints of different traits affect their role in 
diversi!cation. We consider each in turn.

Species recognition

A restrictive environment for sexual selection need not be 
a restrictive environment for species recognition, because in 
principle any species-diagnostic trait should be suf!cient. For 
example, in birds many species have a distinctive introduc-
tory note, while the rest of the song is similar (Singh & Price, 
2015) and in white-crowned sparrows, Zonotrichia leuco-
phrys, the introductory note has been experimentally shown 
to be both necessary and suf!cient for species recognition 
(Soha & Marler, 2000). Cyanoderma babblers have not taken 
this route but have instead diverged in two continuously 
varying traits, apparently using standing (cultural) variation 
to produce diagnostic differences in combination, and only in 
the locations where two species co-occur (Figure 4). One of 
the traits, note shape, shows reduced variation in comparison 
with an allopatric species (Figure 8, Supplementary Figure 
S8), and this reduction in variation is accompanied by a nar-
rowing of the range of songs to which males respond (Figure 
2). It is straightforward to understand how signal jamming 
could favor trait divergence and narrowing of variance in 
places where the two species co-occur. Establishment of the 

species-speci!c characteristics is likely to re#ect learning from 
conspeci!cs by generalizing from diagnostic cues, perhaps 
including color and call notes (Gill & Murray, 1972; Irwin 
& Price, 1999).

Reproductive character displacement

Along the elevational gradient in the east Himalaya, peak 
frequency is most displaced where species co-occur, and 
converges on a mean value of about 2.2 kHz in locations 
where only a single species is found (Figure 8). Ascribing 
the cline to interactions between co-occurring species does 
require that other causes of variation can be ruled out (Grant, 
1972; Kirschel et al., 2009). For example, different habitats 
affect transmission (Derryberry, 2009; Morton, 1975), and 
other vocalizing species the soundscape (Grant & Grant, 
2010; Weir et al., 2012). Such differences can be rejected for 
Cyanoderma babblers, because where they co-occur individ-
uals of each species are surely experiencing similar transmis-
sion constraints, whereas isolated populations of each species 
are separated along the elevational gradient by >1,000 m in 
elevation, experiencing different climates and habitats (Price 
et al., 2011), communities of other species (Schumm et al., 
2020), and soundscapes (Singh & Price, 2015). Patterns con-
sistent with reproductive character displacement have been 
regularly documented based on clinal variation within species 
(Higgie & Blows, 2007; Howard, 1993), including over short 
distances (Higgie & Blows, 2007; Matute, 2010), and in birds 
(Dingle et al., 2010; Irwin & Price, 1999).

The evidence for character displacement based on the 
within- species pattern for frequency relies on a cline, where, 
in the absence of another species, frequency becomes tuned to 
an optimal transmission window. Frequency contour shows 

Figure 8. Evidence for reproductive character displacement along the elevational gradient. (A) Song peak frequency against elevation. Regression 

slopes: Low β = −0.23 Hz/m, p = 0.0003, N = 27; Middle β = −0.16 Hz/m, p = 0.02, N = 21; High: β = 0.06 Hz/m, p = 0.16, N = 19; Allopatric β = −0.11 

Hz/m, p = 0.0001, N = 34; Peninsular β = −0.23 Hz/m, p = 0.11, N = 13; (B) frequency contour against elevation. In this case, after accounting for 

elevation in a linear model, a posteriori pairwise comparisons of the least-squares means revealed highly significant differences between the Middle 

species and the others (all p < 0.001).
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no such cline. In this case, reproductive character displace-
ment may still have occurred, but the differences in frequency 
contour have spread back through the entire range of each 
species (Liou & Price, 1994). We suggest that this is indeed 
the case. If the different shapes of syllables (downsweeps and 
upsweeps) are equally effective as a signal, no opposing force 
prevents their spread out of zones of co-occurrence. The pos-
sibility of spreading back to zones outside of the locations of 
overlap was long ago proposed as one reason why the process 
of reproductive character displacement has been dif!cult to 
detect through pattern analysis (Walker, 1974), but has not 
been discussed more recently.

While character displacement is plausible for frequency 
contour, in the absence of clines, alternative explanations 
for the evolution of syllable shape are plausible. Given the 
>2 million years of separation of the pair of lineages leading 
to the Middle species and the (High, Low, Allopatric west) 
clade, it is possible that song in one or other lineage evolved 
prior to contact, thereby facilitating co-existence, rather than 
evolving subsequent contact as a result of reproductive inter-
ference. While this hypothesis is dif!cult to reject, two lines 
of evidence are consistent with at least some role for species 
interactions. First, the High, Low, and Allopatric west species 
have been long diverged (>2 million years) from each other 
yet retain identical mean values for frequency contour. The 
value for this trait appears to have been carried through from 
the common ancestor, and we argue that all three species are 
subject to frequency-dependent stabilizing selection favoring 
the common form. If this is typical for the group, stasis is 
expected whenever species are allopatric. Second, and more 
directly, solitary populations of two species (west, and less so, 
Taiwan, Supplementary Figure S8) show relatively large dif-
ferences among individuals in syllable shape. The lower vari-
ation among the coexisting east Himalayan species implies 
species interactions have favored a reduction in variance; by 
extension they should affect the mean as well.

Speciation

Our study has been based on male responses. Any inference 
about the extent to which females choose conspeci!cs (i.e., 
the extent to which assortative mating is 100% and specia-
tion complete) requires that male responses correlate strongly 
with female discrimination (Weir & Price, 2019). Several stud-
ies have shown that females may be more discriminating than 
males, all in cases where males from different taxa defend 
territories against each other (Danner et al., 2011; Seddon & 
Tobias, 2010; Wheatcroft & Qvarnström, 2017), which is not 
the case in the present study. Further, we know of no example 
where females have been shown to be less discriminating than 
males. Hence, we consider evolution of male responses to be a 
reasonable guide to the evolution of assortative mating.

Our results are agnostic as to whether reproductive char-
acter displacement has occurred between species that are 
already fully reproductively isolated through postmating 
mechanisms, or hybrids have some low !tness, in which case 
complete reproductive isolation has required evolution of 
premating isolation (Butlin, 1987). While a separation of 5 
million years between the co-occurring forms implies strong 
postmating isolation (Price & Bouvier, 2002), it is possible 
lineages !rst came in contact after about 1 million years of 
divergence or even earlier (Figure 5). After 1 million years, 
some intrinsic postmating isolation is expected, but it is 
likely to be incomplete (Price & Bouvier, 2002). Hence, it is 

possible that strong premating reproductive isolation evolved 
in response to strong, but possibly incomplete, postmating 
isolation, the subset of reproductive character displacement 
known as reinforcement (Butlin, 1987; Liou & Price, 1994). 
In summary, we cannot reject the possibility that postmating 
isolation, and hence speciation, was complete when the taxa 
!rst came into contact, but reinforcement is a possibility.

Cascading reinforcement

Reproductive character displacement can facilitate further 
speciation events. One prominent idea is that geographical 
variation within each species becomes established through 
interactions between species where they co-occur. The differ-
ences between allopatric and sympatric populations can then 
form the basis for further speciation within each species, a 
process commonly termed cascading reinforcement (Comeault 
& Matute, 2016; Hoskin & Higgie, 2010). Whether such 
variation is suf!cient to prevent interbreeding requires fur-
ther assessment, but simulations suggest that in the absence 
of postmating isolation, collapse will be the common outcome 
(Irwin, 2020). Here, we highlight a second contribution to spe-
ciation, which is that differences that have evolved through 
reproductive character displacement can be carried through 
subsequent speciation events. The related Allopatric west, 
Low, and High species have similar songs. A plausible model is 
that reproductive character displacement established between 
a pair of ancestral species (i.e., representing the lineage leading 
to the Middle, and the lineage leading to Low/High/Allopatric 
west) facilitated a second invasion (e.g., to High if the ances-
tral Low/High/Allopatric west species occurred at low eleva-
tions), because the second invader would already show strong 
premating reproductive isolation from the Middle species.

Conclusion

Our study of divergence among species singing “extraor-
dinarily similar” songs (Rasmussen & Anderton, 2005) 
implicates a role for reproductive character displacement in 
sympatry. Two traits are involved in species recognition and 
the way they vary across space offers insights into why repro-
ductive character displacement is likely more widespread than 
presently detected. The species occupy what appears to be a 
restrictive environment (Fuller & Endler, 2018), yet we argue 
that small differences in syllable structure (frequency con-
tour) are equally ef!ciently transmitted, even as differences 
in frequency are not. In more permissive environments, a 
greater diversity of traits is, by de!nition, effectively transmit-
ted (Fuller & Endler, 2018). Consequently, in such environ-
ments, reproductive character displacement between species 
can operate through divergence of alternative traits, and such 
traits should easily spread back into zones of allopatry. Under 
this reasoning, the large diversity and geographical uniformity 
of traits will often obscure a history of reproductive character 
displacement, which we predict to be common.

Supplementary material

Supplementary material is available online at Evolution.

Data availability

All data, including masses, biogeographical distributions, 
songs, and results from song playbacks, are in 11 !les on 
Dryad (https://doi.org/10.5061/dryad.wm37pvmqg).
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