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Pronounced sexual dimorphism is generally assumed to evolve through sexual
selection for elaborate male traits. However, there is increasing evidence that
sexual dimorphism in traits such as birdsong may also evolve through loss of
elaboration in females, but the evolutionary drivers underlying this process are
obscure. Here we analyse ecological and natural history traits for over 1300
songbird species and show that increased female song incidence and ela-
boration are most directly associated with year-round territoriality, biparental
care, and large body size. Phylogenetic path analysis indicates that mating
system and breeding latitude primarily have indirect effects on female song
evolution. Stable, tropical life histories and mating systems with biparental
care promote female song, whereas evolutionary transitions to migration,
reduced territoriality, and loss of male care led to losses or reductions of
female song incidence. Our analyses provide a comprehensive framework for
studying the drivers of sex differences and similarities in birdsong and reveal
novel interactions among natural history and sexual selection pressures that
have been hypothesized to independently shape elaborate traits.

Classic sexual selection theory posits that elaborate secondary sex-
ual characteristics evolve if there is positive selection on traits that
increase male mating success by attracting and competing for access
to females'. Conversely, females are not generally considered to be
under positive selection for ornaments, and many female ornaments
are traditionally thought to result from correlated genetic evolution
with male secondary sexual characteristics>>. However, female

ornaments are more common than previously thought*’. Both
females and males use elaborate traits not only for sexual but also for
social signalling®®, and in many species, elaborate female traits
evolve concurrently with male traits’ . Birdsong is one example of
this: ancestral state reconstruction indicates that this important
signalling trait in songbirds (Passeri) evolved initially in both sexes"
and that current patterns of sexual dimorphism result from multiple
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Fig. 1| Framework for the three main hypotheses used to explain evolutionary
gains and losses of female birdsong. Arrows represent possible causal pathways
among predictor variables and how each predictor variable is associated with
female song incidence. Predicted associations are labeled as positive (+) or
negative (-).

repeated losses of song in females, rather than predominantly from
gains in males” ™. In contrast to the many theoretical attempts to
explain how evolutionary gains and losses of elaboration in males
have led to sexual dimorphism'®%, only a few large-scale studies have
quantified factors associated with such evolutionary gains and losses
in females (e.g., ).

Currently, three main suites of non-mutually exclusive hypotheses
have been proposed to explain how transitions in female singing
behaviour have led to the existing sex differences in birdsong (Fig. 1):
(1) tropical natural history favours similar sex roles and signals in males
and females®'>?, (2) polygynous mating systems and sexual selection
promote exaggerated male traits and reduced signalling in females'®?,
and (3) natural selection reduces female ornamentation and elabora-
tion when female signals pose costs to reproduction by attracting
predators to the nest”*. To assess support for each hypothesis, we
examined associations between female song incidence and elabora-
tion and multiple predictor variables tied to each hypothesis (Fig. 1).
Under the first hypothesis, reduced seasonality in tropical breeding
latitudes leads to sedentary populations, increased competition for
resources, and year-round territoriality”®”. Under such conditions,
elaborate songs by both sexes appear to facilitate competition for
year-round resources’®. Conversely, in many migratory, temperate
breeding species males compete intensely at the start of each breeding
season for short-term breeding territories and mates, resulting in
strong selection for elaborate song in males, but reduced selection for
song in females that breed at higher latitudes?®*. The second
hypothesis, the sexual selection hypothesis, predicts that in species
where males compete intensely for females, such as in polygynous or
lek-mating species without male care, sexual selection will result in
strong sexual dimorphism, favouring elaborate song in males"**?. In
such species, female competition, and therefore song, may also be
reduced because females compete less. By contrast, when both sexes
compete, song is selected for in both sexes’®. Third, the nest predation
hypothesis posits that female song should be selected against in spe-
cies with high daily nest predation because of the cost to
reproduction'”?*, We also assessed an association between female
song and body size, as it is an important variable to account for in
phylogenetic analyses. A similar study found plumage elaboration in
both sexes is associated with large body size in passerine birds". We
imagine female song could similarly be associated with larger body
size through direct or indirect mechanisms if larger body size and
female song both confer advantages.

Here we used a dataset of over 1300 songbird (Passeri) species to
evaluate how variables associated with these three hypotheses are tied
to three metrics of female song: incidence, elaboration, and length. We
scored female song incidence, elaboration, and length ordinally, rela-
tive to male song, based on published descriptions in global, regional
and taxon-specific species accounts (e.g.,”” see Supplementary Meth-
ods for full list of references). We used ordinal categories because
recordings and quantitative descriptions of female song and especially
song incidence still do not exist for most species®. Female song inci-
dence, an estimate of how often females sing, was scored as absent,
rare, occasional, regular (but less than male song), of similar incidence
to male song, or more common than male song. Female song ela-
boration and length were scored using similar ordinal scales. In addi-
tion, we examined broad associations among species with and without
female song (present/absent), since we did not have ordinal scores for
all species. To evaluate the relationship between these song traits and
the three hypotheses detailed above, we compared our scores to the
predictor variables, that are hypothesized to be directly or indirectly
associated with female song evolution and sexual dimorphism in song
as outlined in Fig. 1: body size (mass), breeding latitude, mating sys-
tem, sexual size dimorphism, biparental care, cooperative breeding,
migratory behaviour, and extent of year-round territoriality. Because
vocal duets may be evolutionarily and functionally a subset of female
singing behaviour?**°, we also compared female song incidence to the
presence or absence of duets. Phylogenetic path analysis allowed us to
go beyond traditional mixed model approaches to assess how pre-
dictor variables associated with each hypothesis might be inter-related
(Fig. 1), thereby reconciling existing theories for sexual dimorphism
in song.

Results

We found that female song is common and widespread in songbirds
(Fig. 2), consistent with previous studies™">*"*2, Among species with
sex-specific information (1309 Passeri species), females were repor-
ted to sing in 59% of species. Of the 774 species in our study with
female song, species with similar female and male song incidence
were most common (25%; 15% of all 1309 species), followed by spe-
cies with occasional female song (18.5%; 11% of all species) and then
species with regular female song (15.5%; 9% of all species), while
species in which female song was rare were uncommon (<6%; 3% of
all species). Only a few species have been documented with higher
female song incidences than males (<1%; Fig. 2). The remaining spe-
cies with female song lacked information on incidence (35% of spe-
cies with female song; 21% of all 1309 species). Female song
elaboration and song length showed similar trends: female song
length and elaboration were similar to males in the majority of spe-
cies (Fig. S1). Female song had a low phylogenetic signal under
Brownian motion when we compared species with and without
female song (present/absent: K=0.19). Similarly, all three ordinal
female song metrics also had low phylogenetic signal (song inci-
dence: K= 0.24, song elaboration: K= 0.26, song length: K= 0.23, also
under Brownian motion models), confirming that this is a highly
labile trait that varies readily across closely related species.

We found evidence that tropical natural history (Hypothesis 1)
and sexual selection (Hypothesis 2), but not daily nest predation
(Hypothesis 3), shaped patterns of sexual dimorphism in song (Fig. 3,
S2 & S3). Hypotheses 1 and 2 were supported by two independent
phylogenetic Bayesian regression models (brms and MCMCglmm;
Fig. 3)*** and phylogenetic path analysis (Fig. 4; with PhyloPath)®>°,
The brms and best MCMCglmm models both revealed biparental care,
year-round territoriality, lack of migration, and large body size as main
predictors of increased female song incidence (Table 1 & S1, Fig. 3). In
line with the sexual selection hypothesis (Fig. 1), species with female
song most often had biparental care, whereas species without bipar-
ental care usually lacked female song (Table 1 & S1, Fig. 3). As predicted
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Fig. 2 | Female song incidence overlaid on a phylogenetic tree of 1309 song-
birds (passeri). This includes all species for which we have sex-specific vocal
information. The bar chart shows the number and percentage of species with each
degree of female song, including species with female song but no song incidence
data in grey. Bird illustrations depict representative species of each song incidence
level. In order, they are zebra finch (Taeniopygia castanotis), great reed-warbler
(Acrocephalus arundinaceus), house wren (Troglodytes aedon), eastern bluebird

(Sialia sialis), crimson-breasted shrike (Laniarius atrococcineus), streak-backed
oriole (Icterus pustulatus), and Eurasian magpie (Pica pica). Only terminal branch
colors are accurate; internal branch colors are not an ancestral state reconstruc-
tion. Figure illustration by Jillian Ditner. Bird illustrations are reused with permis-
sion by Lynx Edicions | Birds of the World, Cornell Lab of Ornithology. Source data

are provided as a Source Data file.

by the tropical natural history hypothesis, females sang more in spe-
cies with increased territoriality, particularly year-round territoriality,
and females sang less or not at all in migratory species (Table 1 & S1,
Fig. 3). Species in which females sing to a similar extent as males also
had the largest body sizes, whereas species in which females rarely sing
had the smallest body sizes (Table 1 & S1, Fig. 3). Lastly, MCMCglmm,

but not brms models, indicated that species with the highest female
song incidence were more likely to breed at low latitudes and breed
cooperatively (Table 1 & S1, Fig. 3). These patterns were largely cor-
roborated by phylogenetic regression analyses comparing species
with and without female song (present/absent): the presence of female
song was associated with large body size and territorial behaviour,
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phylogenetically informed Bayesian multivariate regression models. a Effect

size plot of female song incidence showing the scaled effect size with 95% con-

fidence intervals and direction of association with each predictor variable based on
brms results. The effect size plot colours match hypotheses in Fig. 1. Significant
predictor variables are bolded. Sample sizes equal the totals for each variable in b.
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b Distributions, mean, and standard error plotted for variables that were found to
be associated with female song incidence based on brms and MCMCglmm. Pos-
terior means and confidence interval values are presented in Table 1. For defini-
tions of the predictor variables, see the Supplementary Material. Source data are
provided as a Source Data file.
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especially year-round territoriality, whereas female song was largely
absent in migratory species (Fig. S3, Table S2). This shows that broadly
categorizing female song as present/absent confirms our strongest
results but also illustrates the power of the ordinal categories to detect
more nuanced signals.

Phylogenetic path analysis corroborated the phylogenetic
regression results and uncovered a complex network of effects shap-
ing female song evolution and consequently sexual dimorphism in
birdsong (Fig. 4). This analysis suggested that biparental care,
increased territoriality, and increased body size were the most direct
predictors of increased female song incidence (Fig. 4). In addition,
path analysis reconciled causal pathways among these three variables
and the other factors (Figs. 3 & 4). Specifically, breeding latitude was
indirectly associated with female song via associations with year-round
territoriality and migratory behaviour: species at lower breeding lati-
tudes were more likely to be year-round territorial and have female
song. Conversely, migratory species with temperate breeding latitudes
had reduced (lower) incidence of female song. However, latitude itself
did not appear to directly impact song evolution (Fig. 4). Female song
was also indirectly associated with mating system via biparental care:
highly polygynous species often lacked biparental care and, in turn,
had reduced or no female song (Fig. 4). Conversely, mating system
appears to also interact with sexual size dimorphism, having an inverse
effect on female song incidence: highly polygynous species had higher
sexual size dimorphism and lower incidence of female song.

Phylogenetic path analysis also revealed three possible causal
pathways from tropical natural history and mating system to body
mass and thus female song (Fig. 4). First, we found support for a direct
path indicating that increased territoriality led to increased body size,
with both associated with increased female song incidence. An alter-
native supported path suggests that migratory species have less sexual
size dimorphism, and species with sexual size dimorphism had larger
body sizes and more female song, resulting in associations among all
three traits. We also found support for an association between
increased polygyny and increased sexual size dimorphism®”*%, This led
to overall larger body sizes and thereby indirectly increased female
song incidence. However, this last pathway is inconsistent with our
other findings that increased sexual size dimorphism and higher rates
of polygyny are each independently associated with lower incidences
of female song (Figs. 3 & 4). The latter result agrees with predictions of

sexual selection theory: female song incidence should be lower in
polygynous species with greater sexual size dimorphism. We found
evidence for this relationship, but it becomes more complex when all
variables in the path analysis interact. The same best phylogenetic path
model was supported when we compared species with and without
female song (present/absent: Fig. S4), indicating that our findings are
robust and also explain broad patterns of female song evolution.

Phylogenetic regression model results for song elaboration and
length were similar to those of song incidence (Table 1 & S1, Figs. S1 &
S2). Species with any length of female song were likely to have bipar-
ental care and year-round territoriality. Species with longer female
songs were more likely to be larger and non-migratory (Table 1 & S1,
Fig. S2). MCMCglmm, but not brms, also suggests that species with
longer female songs were more likely to breed at lower, tropical lati-
tudes, to breed cooperatively, and to be larger (Table 1, Fig. S2). Spe-
cies with more elaborate female songs also bred at lower latitudes,
were territorial year-round, and were larger (Table 1 & S1, Fig. S2).
MCMCgImm results suggested that female song elaboration, unlike
incidence and song length, was correlated directly with mating system,
such that species with the most elaborate female songs were mono-
gamous or had low levels of polygyny (Table S1). Path analysis recov-
ered similar pathways among the predictor variables and all three
metrics of female song (Fig. S4 & S5). Therefore, the underlying causal
associations among these predictor variables appear to be similar for
song incidence, elaboration, and length.

To investigate possible interactions among the tropical natural
history and sexual selection hypotheses, we also looked at interactions
between territoriality and mating system for all three song metrics. We
found that species with moderate levels of polygyny (5-20%) and
seasonal or weak territoriality were more likely to have female song
than other non-monogamous species (Fig. S6). Specifically, species
with moderate levels of polygyny (5-20%) and seasonal territoriality
had higher incidences of occasional and regular female song (see
mating system mosaic plot in Fig. 3, Table S3). There were no other
significant interactions.

We found no associations between daily nest predation rates and
female song incidence, elaboration, or length using brms (Table 2 & S4;
Figs. S7 & S8). MCMCglmm results suggested that species with much
shorter female than male songs had lower daily nest predation rates
than other species (p = 0.004; Table S4). This could be an artefact of
small sample size, which was especially low for very short female songs
in this analysis (n = 3). However, if true, this result suggests that species
with shorter female songs potentially experience lower nest predation.

Unsurprisingly, high incidence of female song and duetting were
strongly correlated and shared similar predictors (Tables 3, S5 & S6,
Fig. S9). Duetting species specifically had the largest body sizes, nearly
always occupied year-round territories, and were monogamous
(Table S6, Figs. S9). Duetting species were also generally non-
migratory and bred at tropical latitudes (MCMCglmm results only;
Table Sé6, Fig. S9). Conversely, species with female song but that do not
duet were generally intermediately sized, bred at higher, temperate
latitudes, were more likely to be seasonally territorial or migratory, and
had higher rates of polygyny compared to species that duet (Tables 4 &
Sé6, Fig. S9).

Discussion

Our analysis of over 1300 songbird species indicates that the global
incidence of female song is strongly predicted by year-round terri-
toriality and biparental care. Conversely, migration, reduced or sea-
sonal territoriality, and loss of male care appear to have led to
widespread loss of female song. These traits are, in turn, strongly
influenced by latitude and mating system. Our findings are consistent
with previous studies showing that sexual dimorphism in song and
plumage are most common in the tropics and strongly associated with
monogamous, sedentary, territorial nesting species™**?*°, However,
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Table 1| Association of predictor variables with female birdsong

Response variable Predictor variable (category) Posterior mean Lower 95% ClI Upper 95% CI R Effective sample size
Incidence Breeding latitude -0.090 -0.302 0.117 1.012 4615
Log mass 0.490 0.258 0.752 1.03 1796
Sexual size dimorphism -0.110 -0.316 0.086 1.018 3017
Mating sys. (<5% polygyny) 0.061 -0.468 0.591 1.003 24602
Mating sys. (5-20% polygyny) -0.074 -0.593 0.440 1.006 9109
Mating sys. (>20% polygyny) -0.565 -1.434 0.280 1.006 10884
Biparental care (yes) 1.268 0.265 2.31 1.012 4583
Cooperative breeding (yes) 0.143 -0.199 0.488 1.008 7463
Migration (partial) 0.487 0.049 0.950 1.008 6842
Migration (full) 0.262 -0.289 0.831 1.007 8957
Territoriality (seasonal) 0.736 0.125 1.406 1.012 4969
Territoriality (year-round) 2.375 1.628 3.255 1.025 2197
Elaboration Breeding latitude -0.030 -0.252 0.186 1.015 3818
Log mass 0.446 0.188 0.775 1.045 1256
Sexual size dimorphism -0.128 -0.355 0.077 1.016 3393
Mating sys. (<5% polygyny) 0.197 -0.385 0.801 1.008 7552
Mating sys. (5-20% polygyny)  -0.261 -0.871 0.311 1.007 8624
Mating sys. (>20% polygyny) -0.971 -2.070 0.005 1.014 3898
Biparental care (yes) 1.026 -0.025 2.165 1.020 2750
Cooperative breeding (yes) 0.038 -0.354 0.423 1.007 9275
Migration (partial) 0.452 -0.015 0.983 1.017 3216
Migration (full) 0.079 -0.521 0.7/ 1.009 6585
Territoriality (seasonal) 0.574 -0.036 1.259 1.014 3959
Territoriality (year-round) 1.799 1.063 2772 1.043 1318
Length Breeding latitude -0.009 -0.219 0.204 1.008 6937
Log mass 0.390 0.163 0.661 1.031 1745
Sexual size dimorphism -0.114 -0.320 0.076 1.017 3145
Mating sys. (<5% polygyny) 0.187 -0.416 0.789 1.003 25356
Mating sys. (5-20% polygyny) 0.056 -0.518 0.625 1.004 18725
Mating sys. (>20% polygyny) -0.130 -1.050 0.770 1.004 16160
Biparental care (yes) 1.587 0.523 2.737 1.009 6590
Cooperative breeding (yes) 0.162 -0.198 0.536 1.008 7506
Migration (partial) 0.478 0.030 0.97 1.013 444
Migration (full) -0.027 -0.626 0.571 1.004 13879
Territoriality (seasonal) 0.214 -0.338 0.804 1.008 7279
Territoriality (year-round) 1.355 0.710 2.120 1.027 2059

Bayesian phylogenetic mixed model results fitted with the R package brms. The predictor variables that are associated with each of the three female song metrics are bolded (these are variables

whose posterior distributions, including 95% confidence intervals, do not cross zero).

Table 2 | Association of nest predation with female birdsong

Predictor variable Response variable Posterior mean Lower 95% CI Upper 95% CI R Effective sample size
Daily nest predation Incidence 0.052 -0.289 0.435 1.005 22273

Elaboration 0.013 -0.260 0.278 1.008 9265

Length -0.146 -1.128 0.484 1.025 13224

Bayesian phylogenetic model results produced in brms did not reveal any associations between daily nest predation rate and female song (measured in three ways). Associations were assessed
based on posterior distributions, with variables for which their 95% confidence intervals that do not cross zero in bold.

we provide evidence that it is not tropical latitude per se that favours
female song, but rather year-round territoriality, which is exhibited by
many tropical and sub-tropical breeding species. Under the tropical
natural history hypothesis, warm, stable tropical climates favour year-
round residence, territoriality, similar sex roles, and care by both
parents over long breeding seasons?. Consistent with this hypothesis,
we see female song under conditions that favour year-round terri-
toriality, joint territory defence, and biparental care, whereas losses of

female song result from transitions to migratory or seasonally terri-
torial natural histories with reduced male care. Our path analyses
provide statistical support for the long-standing observation that
biogeographic patterns influence natural history and signal evolution.

Our results are also consistent with birdsong originating in both
sexes in Australasia in the Late Eocene, when the Earth was warmer,
and that sex differences in song incidence emerged when songbirds
spread around the globe™*°. The incidence of female song is highest in
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Table 3 | Association of female birdsong with duetting

Predictor variable Response variable Posterior mean Lower 95% CI Upper 95% CI R Effective sample size
Duet (yes) Incidence 2.685 2.178 3.355 1.067 863

Elaboration 1.885 1.495 2.374 1.033 1684

Length 2.685 2.178 3.355 1.067 863

Bayesian phylogenetic model results produced in brms show that duet presence/absence is associated with each of the three female song metrics. Associations were assessed based on posterior
distributions, with variables for which their 95% confidence intervals that do not cross zero in bold.

Table 4 | Association of duetting with predictor variables

Response variable Predictor variable Posterior mean Lower 95% Cl  Upper95%Cl R Effective sample size
(category)

No female song vs Female solo song vs  Breeding latitude -0.075 -0.310 0.156 1.015 3828

Duetting
Log mass 0.433 0.170 0.735 1.033 1700
Sexual size dimorphism -0.107 -0.327 0.108 1.018 3155
Mating sys. (< 5% polygyny) 0.295 -0.298 0.910 1.011 5351
Mating sys. (5-20% polygyny) -0.039 -0.618 0.538 1.008 7893
Mating sys. (>20% polygyny) -0.877 -1.800 -0.022 1.017 3360
Biparental care (yes) 0.566 -0.434 1.578 1.028 2007
Cooperative breeding (yes) 0.022 -0.352 0.409 1.011 5107
Migration (partial) 0.377 -0.091 0.873 1.01 5476
Migration (full) 0.073 -0.535 0.691 1.009 6601
Territoriality (seasonal) 0.530 -0.092 1196 1.012 5110
Territoriality (year-round) 2.925 2.092 3.972 1.050 1143

Bayesian phylogenetic model results produced in brms show associations with female song and duets (scored ordinally) and the natural history predictor variables in bold (these are variables whose

posterior distributions, including 95% confidence intervals, do not cross zero).

tropical, year-round territorial, monogamous species with biparental
care. Together with other comparative research, a plausible evolu-
tionary scenario is that the ancestral songbird was non-migratory with
biparental care and song in both sexes***?, and then female song was
lost in lineages that evolved seasonal migration, reduced territoriality,
and/or female-only care. We suggest that birdsong initially evolved in
both sexes to defend year-round territories and resources and to
coordinate breeding activities among monogamous mates’***, com-
mon functions of female and male song today****°, Later, birdsong
may have become sexually selected in males to help certain species
compete for mates.

While our results suggest that high incidence of female song is
predominantly associated with year-round territoriality, biparental
care, and monogamous mating systems (especially in the tropics), this
does not exclude that female song can also be a sexually selected
mating signal in females®*”. Our results also uncover patterns that may
explain the persistence of female song in certain temperate species.
We found that intermediate female song incidence (rare or occasional)
in seasonally or weakly territorial species is associated with low levels
of polygyny. This result may capture seasonally breeding, facultatively
polygynous species. If males in these species provide care or con-
tinued defence of the territory, females may compete with other
females for the male’s presence and the direct benefits that he
provides**®*°. This is consistent with evidence that competition
between females for paternal care can select for female song****°. Our
data also show that female solo song is most common in seasonally or
weakly territorial species, whereas duets are more common in year-
round territorial species, in line with previous studies**”. Therefore,
female solo song may be selected for in temperate regions when
females need to compete for resources, such as nest sites or direct
benefits from mates*.

We did not find associations between daily nest predation rates
and female song (Hypothesis 3). A field study by Kleindorfer et al.*
found that Superb Fairy-wrens (Malurus cyaneus) that sing near or

inside their nests experience significantly higher rates of egg and
nestling predation than do females that sing less near the nest, prob-
ably because song attracts predators to the nest>. However, field
studies® and phylogenetic comparative analyses of elaborate female
plumage and nest predation rates provide mixed support for the idea
that nest predation has driven the evolution of dull female plumage in
some lineages??**>*¢, The sample sizes for our current analyses of nest
predation were small. We encourage ongoing evaluation of this
question with larger datasets and experimental field studies.

Several of our analyses confirmed that female song is more
common and more elaborate in large-bodied songbirds. Interestingly,
large-bodied birds also tend to have more elaborate male and female
plumage®. We found that larger body size is associated with greater
territoriality and in turn, increased female song. Both song and body
size can reliably indicate female fitness, making both traits potential
targets of strong social (including sexual) selection®*"’. Larger body
size might also aid in territory defence and therefore, like female song,
might be favored in more territorial species®®. Conversely, we found
that increased migration is associated with the evolution of smaller
body sizes. Therefore, the correlation of female song and body size
could be the result of parallel evolution for reductions in body size and
female song with migration®.

We found that species with the highest incidence of female song
also duet. This suggests that female song and duetting are under
similar selection pressures, suggesting targeted research is needed to
separate factors driving duet evolution from high female song
incidence”. A recent study on southern African songbirds*® found that
duetting species typically had higher incidences of female song and
were also large-bodied and year-round territorial. Consistent with
Mikula et al.’°, we also found that female solo song was strongly
associated with seasonal territoriality compared to duetting (Table S6,
Fig. S9), whereas duetting species were territorial year-round (Fig. S9).
Furthermore, the mating system was not associated with female song
incidence but was associated with duetting; most duetting species are
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monogamous. Lastly, species with female song but not duets had low
levels of polygyny (Fig. S9). Future work should seek to identify more
non-duetting species with female song for species-specific and com-
parative research. Such species are probably under-represented due to
female song being more detectable in duetting species.

We still lack information on sex-specific singing behaviour for
most songbird species®**°, For nearly half of the species in which
female song was reported, we were unable to score incidence, ela-
boration, and length. Historical and biogeographical biases mean that
male song and songbirds from Northern temperate zones are over-
represented in the literature and sound archives®. Female songs of
duetting species may also be over-represented in this dataset, as
female and male song can be readily observed during duets, whereas
species with female song that do not duet may be overlooked***".
These can be rare, occasional, or regular female singers. Our research
also suggests that female song may be overlooked in monomorphic,
tropical species, even though female song is particularly common in
monomorphic species with elaborate female plumage®. Recent stu-
dies confirm that female song is regularly overlooked and under-
estimated, even in well-studied temperate breeding birds (e.g., barn
swallows, Hirundo rustica®; blue tits, Cyanistes caeruleus®). This might
occur in part because female song can take place at different times of
the day®’ or year*’, or may occur in only some populations®® or in
different contexts®* from male song.

In conclusion, birdsong has long been a model system for
understanding the evolution of elaborate signalling traits and sexual
dimorphism. With the revised understanding that losses of female
song drive much song dimorphism, we sought to disentangle the
factors that shape birdsong in both sexes. Our results are consistent
with previous clade- and region-specific findings that year-round ter-
ritoriality and residency is a major predictor of female
birdsong®***%5'%_ In addition, we provide strong evidence that both
males and females sing in species with biparental care and large body
sizes. Furthermore, breeding latitude and mating system were not
direct predictors of female song, but rather contributors to overall
patterns of natural history that, in turn, influence female song inci-
dence and elaboration. Our findings in combination with the current
understanding of avian natural history and evolution, suggest that
female song has become reduced or lost with evolutionary transitions
to migration, seasonal or reduced territoriality, and loss of male care.
These results are consistent with song in both sexes being selected for
and maintained to compete for territories, mates, and the resources
that both provide. Thus, we provide continued evidence that sexual
dimorphism in birdsong evolves not only through sexual selection on
males but through combined natural, social, and sexual selection
pressures on both sexes. Moreover, we conclude that the incidence of
female birdsong is not perfectly explained by any single hypothesis;
rather, morphological, behavioural, and life-history traits all interact to
shape sex differences in avian vocal signalling.

Methods

Ordinal scoring of female song (song dimorphism)

To investigate which natural history traits are associated with female
birdsong, we scored three aspects of female song: (1) song incidence,
(2) song quality or elaboration, and (3) song length. The species
included in the current study were compiled from previous studies on
female song” ™%, particularly Webb et al.*>. We also included evi-
dence of female song from recording collections (Macaulay Library
and xeno-canto). Together, we evaluated evidence for the presence or
absence of female song in over 5200 songbird species (Passeri, Bird-
Life taxonomy), making this the most comprehensive estimate yet of
female song in songbirds. Following criteria established by Odom
et al."*, we excluded species in which neither sex sings (songless spe-
cies) or species without enough sex-specific vocal information to
score. Note that we still do not have information about which sex sings

for most songbird species”. This resulted in a final dataset of
1309 songbird species, including 774 species (59%) in which both
males and females are known to sing and 535 species (41%) in which
only males have been reported to sing. We used Birds of the World and
regional species accounts and field guides to score female song (e.g.”,
see Supplementary Methods for full reference list). Most of these
sources describe female songs in relation to male songs, meaning that
our ordinal scores are a comparison of the song quality or output of
females as compared to males, i.e., song dimorphism. We used ordinal
categories because recordings and detailed descriptions of female
song structure and especially song incidence still do not exist for many
species®. We scored the female song as follows:

Song incidence. How often or to what extent do females sing com-
pared to males? O = female song absent, 1 = female song rare (most
individuals do not sing; female song has only been observed in a few
individuals or certain populations some years), 2 = female song occurs
occasionally (it is observed periodically in some individuals but occurs
noticeably less than male song or only during truncated parts of the
year), 3 = female song occurs regularly (it can be reliably observed in
many or most individuals but is somewhat less obvious than male
song), 4 = female song occurs to the same extent as male song, 5 =
females sing more than males.

Elaboration. To what extent are female songs described as ‘elaborate’
compared to male songs? This often included qualitative descriptions
of song complexity, amplitude, or strength (e.g., female songs were
often described as softer or weaker than male song). O = female song
absent, 1 =female song is substantially less elaborate than male song, 2
= female song is somewhat less elaborate than male song, 3 = female
song is similarly elaborate to male song, 4 = female song is more ela-
borate than male song. Because length was scored independently of
elaboration, we did not include information on song length in this
elaboration score.

Length. How does the duration of female songs compare to male
song? O = female song absent, 1 = female song is substantially shorter
than male song, 2 = female song is somewhat shorter than male song, 3
= female song is similar in length to male song, or 4 = female song is
longer than male song.

We could not score female song ordinally for all species in the
study due to insufficient species information. Species with female
song but without more detailed ordinal data were removed from the
ordinal analyses. Therefore, we assessed if our results were robust to
missing data by repeating the analysis with all species that we were
able to classify as female song present vs absent. Female song pre-
sence vs absence was scored according to the criteria outlined by
Odom et al.”® and used by Webb et al.*>. Fig S10 shows the natural
history attributes of these species, missing incidence data. Addi-
tionally, sample sizes were small for species with greater female song
incidence than males (incidence score = 5, n=3) and species in which
females sing more elaborate songs than males (elaboration score = 4,
n=7). To preserve statistical power and promote model con-
vergence, we removed these instances of rare behaviour prior to
statistical analysis. This resulted in slightly different samples sizes for
each female song metric.

Predictor variables

The predictor variables used to test hypotheses associated with female
song were compiled from several sources including: (1) daily nest
predation rates from Unzeta et al.®®, (2) the original individual variables
used to create composite life-history and sexual selection scores from
Dale et al.”?, and (3) territoriality and duet data from Tobias et al.”. We
evaluated associations of our female song scores with the following
predictor variables:
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Daily nest predation rates (estimated from the field and literature),
Breeding latitude (degrees from equator of the breeding range cen-
troid), Body size (log mass), Sexual size dimorphism (log (male wing
length) - log(female wing length)), Biparental care (0O = absent or 1 =
present), Cooperative breeding (0 = absent or 1 = present), Social
mating system (on a four-point scale: O = strict monogamy, 1 =
monogamy with infrequent polygyny (< 5% of males), 2 = monogamy
with 5 to 20% of males facultatively polygynous, and 3 = obligate or lek
polygyny (>20% of males)), Migratory behaviour (scored O to 2, with O
= resident, 1 = partial migration, 2 = complete (full) migration), Terri-
toriality (O = non-territorial, 1 = seasonally or weakly territorial, or 2 =
year-round territorial), Duetting (O = absent or 1 = present). For full
descriptions of the predictor variables, see Supplementary
Information.

Phylogenetic tree

To account for shared phylogenetic history and to incorporate phy-
logenetic uncertainty into our statistical analyses, we downloaded 100
trees with the Hackett backbone from http://birdtree.org®. In order to
include as many species as possible in our statistical analyses, we used
the trees built from all 9993 OTUs (operational taxonomic units), as
opposed to the Jetz et al. trees”” generated from only molecular data.
To ensure that the tree structure did not influence our results, we ran
MCMCgImm phylogenetic mixed models with a consensus tree cre-
ated from 100 Jetz et al. trees®’” with both trees containing only species
with molecular data, as well as trees with all possible OTUs. Both sets of
trees were lacking species for which we had female song data, so we
also evaluated the impact of missing species on our MCMCglmm
results by running phylogenetic mixed models with genus and family
as random effects (rather than incorporating a tree). The same final
predictor variables were recovered in all three analyses, suggesting our
results were robust to tree structure and missing species. We present
the final analyses using a set of 100 trees from Jetz et al.
(birdtree.org)®’. This resulted in a final sample size of up to 1281 species
included in the final phylogenetic regression and path analyses,
depending on the analysis.

Statistical analysis

We conducted the following analyses to compare each female song
metric as the response variable to the following predictor variables:
(1) phylogenetically informed Bayesian univariate regression models
comparing daily nest predation rates, (2) phylogenetically informed
Bayesian multivariate regression models with all remaining predictor
variables, and (3) phylogenetically informed path analyses to evalu-
ate causal pathways or associations among predictor variables using
the R package PhyloPath®. The daily nest predation rate had a much
smaller sample size than the other parameters. Therefore, it was
evaluated in its own model to preserve statistical power in analyses
with the other predictor variables. All statistical analyses were con-
ducted in R®. We built our phylogenetically informed Bayesian
regression models with brms* and MCMCglmm®*. Both analyses
produced similar results (Tables 1, 2, S1 & S4), which were also sup-
ported by path analysis (Fig. 4). For analyses in brms, models were
replicated on the 100 trees generated by birdtree.org using the R
package brmsish® to incorporate phylogenetic uncertainty. Esti-
mates were derived from the combined posterior distributions of the
100 models. Effect sizes are presented as median posterior estimates
and 95% credibility intervals as the highest posterior density interval.
R was kept below 1.05 for all parameter estimates. MCMCglmm and
brms are known to produce nuanced differences in results’. In these
instances, we defer to brms results because we were able to specify a
more appropriate model family for our ordinal response data and
incorporate phylogenetic uncertainty in this package. For a full
description of statistical analyses and parameters, see Supplemen-
tary Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available for download at figshare: 10.6084/m9.fig-
share.26799523. Source data are also provided as a Source Data
file. Source data are provided with this paper.

Code availability
All associated code for statistical analyses is available for download at
figshare: https://doi.org/10.6084/m9.figshare.26799523.
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