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The effects of life history and sexual selection on
male and female plumage colouration

James Dale!, Cody J. Dey?, Kaspar Delhey>*, Bart Kempenaers® & Mihai Valcu®

Classical sexual selection theory!™ provides a well-supported
conceptual framework for understanding the evolution and
signalling function of male ornaments. It predicts that males
obtain greater fitness benefits than females through multiple
mating because sperm are cheaper to produce than eggs. Sexual
selection should therefore lead to the evolution of male-biased
secondary sexual characters. However, females of many species are
also highly ornamented®~’. The view that this is due to a correlated
genetic response to selection on males'® was widely accepted
as an explanation for female ornamentation for over 100 years®
and current theoretical®!? and empirical'!~!* evidence suggests
that genetic constraints can limit sex-specific trait evolution.
Alternatively, female ornamentation can be the outcome of direct
selection for signalling needs”"'. Since few studies have explored
interspecific patterns of both male and female elaboration, our
understanding of the evolution of animal ornamentation remains
incomplete, especially over broad taxonomic scales. Here we use
a new method to quantify plumage colour of all ~6,000 species
of passerine birds to determine the main evolutionary drivers of
ornamental colouration in both sexes. We found that conspecific
male and female colour elaboration are strongly correlated,
suggesting that evolutionary changes in one sex are constrained
by changes in the other sex. Both sexes are more ornamented in
larger species and in species living in tropical environments.
Ornamentation in females (but not males) is increased in
cooperative breeders—species in which female-female competition
for reproductive opportunities and other resources related to
breeding may be high®. Finally, strong sexual selection on males has
antagonistic effects, causing an increase in male colouration but a
considerably more pronounced reduction in female ornamentation.
Our results indicate that although there may be genetic constraints
to sexually independent colour evolution, both female and male
ornamentation are strongly and often differentially related to
morphological, social and life-history variables.

The extraordinary interspecific variation in bird colouration has
provided model studies on animal ornamentation (Fig. 1). The many
striking cases of sexual dichromatism in birds illustrate the power of
sexual selection because such species often have highly polygynous
mating systems"*. However, other factors besides sexual selection can
influence colour elaboration!>!® and there is growing evidence that
many female ornaments are adaptive and subject to direct selection®’.
Females often compete for ecological resources, and may use ornamen-
tal traits to mediate competitive interactions. Since male ornaments
are also used during competition for non-sexual resources (for exam-
ple, food, territories), ornament evolution in both sexes may be better
understood through the concept of social selection', which encom-
passes both traditional sexual selection, and selection on non-sexual
interactions”!”. Under this framework, male and female ornamentation
should correlate with both sexual selection and life-history traits that

potentially influence the level of competition for resources. To date,
the life-history traits associated with ornamentation in both males and
females remain poorly understood.

A fundamental challenge in resolving these issues is the quan-
tification of colour ornamentation in a way that allows meaningful
interspecific comparisons. We developed a method to quantify colour
elaboration by determining how ‘male-like’ a focal plumage is (Fig. 2).
This approach, which can be used with any colour quantification tech-
nique (see Methods and Extended Data Fig. 1), has the important prop-
erty of quantifying diverse colours using a single metric (that is, how
male-like it is). Thus, birds with dramatically different appearances
and of different sex can have similar scores (for example, Fig. 1a, d).

Figure 1 | Interspecific variation in avian plumage colouration.

a-d, Birds display an astonishing variety of colour patterns. The intense
blue plumage of male Hainan blue flycatchers (Cyornis hainanus) (a) is
dramatically more colourful than female plumage (b) in this strongly
sexually dichromatic species. In contrast, pale flycatchers (Bradornis
pallidus) are sexually monochromatic and both males (c) and females (not
shown) are drab coloured. Other monochromatic species, however, can be
highly ornamented, for example, female red warblers (Cardellina ruber)
(d) have a degree of plumage colouration that rivals male Hainan blue
flycatchers (plumage scores: 71.3 and 71.7, respectively). The evolutionary
causes of this diversity are not well understood. Credits: a, S. Kongwithtaya;
b, M. & P. Wong; ¢, M. Goodey; d, S. Colenutt.
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Figure 2 | The method used for quantifying plumage colouration.

a—f, For each sex of each species we identified similarly coloured plumage
patches in all other species and calculated the proportion of those patches
that are male. We illustrate this for the male red-billed quelea Quelea quelea
(image from Lynx Edicions used with permission). a, Digitally scanned
images of all passerine birds from the Handbook of the Birds of the World'®
(N=15,983) were processed in the R package ‘colorZapper’ (see Methods).
b, Red, green, blue (RGB) values in three dorsal (nape, crown, forehead)
and three ventral (throat, upper breast, lower breast) patches were measured
(RGB values for male upper breast shown). ¢, For each plumage patch,
colour values for both sexes in all species were pooled. The panel depicts
upper breast patch scores visualized in RGB colour space, N= 11,966 points
(that is, 2 points for each species, point colour is determined from actual
RGB values). d, e, For each sex in each species the nearest 1% (N=120)

of data points (in Euclidian space) were identified (coloured data points)
(d) and the percentage of males (blue points) was determined and used as a
‘patch score’ (e). f, The average of the six patch scores was used as the final
‘plumage score’ for each sex (male and female red-billed quelea illustrated).
Plumage scores thus reflect how ‘male-like’ or female-like’ a plumage

is, but are determined independently of the sex of each focal data point.
There is a high correlation between scores determined as described here
versus analogous scores determined with ultraviolet-to-visible reflectance
spectra from museum specimens (Extended Data Fig. 1). The overall
patterns reported in this paper are highly robust to different cut-offs used to
calculate plumage scores (Extended Data Fig. 3).

We quantified male and female plumage colouration in all passerine
birds (Order: Passeriformes) illustrated in the Handbook of the Birds of
the World'8. Passerines represent the most derived and largest avian radi-
ation (N=5,983 species, 61% of all birds). Figure 3a illustrates the basic
patterns of colour variation in this group: in many species males are more
colourful than females, but there are also many sexually monochromatic
species with extensive variation in colour elaboration (Extended Data
Fig. 2 shows the colours and associated scores for different patches).

Across the passerines, male and female plumage scores were highly
correlated (Fig. 3a, phylogenetically controlled reduced major axis
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Figure 3 | Plumage scores and plumage dichromatism in relation to

key predictors in passerine birds. a, Male plumage score versus female
plumage score (N = 5,983 species). b—f, Contour maps depicting the average
of the (scaled) predictor values overlaid within the 99.8% volume contour of
the male versus female plumage score distribution. Note that the strength of
the relationship between predictor values and plumage colouration varies
between plots (as reflected by varying ranges in the contour legends). Values
within the plots were calculated by superimposing a 300 x 300 grid over the
scatter occurring between 30 and 80 and then calculating at each grid point
the mean predictor value of the closest 3% of species.

regression, R*=0.299, T=5.96, P < 0.0001). Multivariate Ornstein—
Uhlenbeck evolutionary models indicate that plumage colour evolution
is subject to cross-sex constraints that partially restrict independent
trait evolution (Extended Data Table 1). Cross-sex constraints, however,
do not imply that ornamentation cannot also be directly selected for
signalling needs'.

To investigate colour diversity among species, we first tested for
correlations between sexual dichromatism and ten predictor varia-
bles. Sexual dichromatism decreased with body mass and wing length,
increased with latitude, more seasonal environments and clutch size,
increased with social polygyny, sexual size dimorphism and female-
only parental care, decreased with cooperative breeding and increased
with migratory behaviour (Extended Data Table 2a).

Because many of the ten predictor variables are strongly intercorre-
lated, we next consolidated variation to five main predictors (Extended
Data Table 3): (1) species with large ‘body size’ values were heavier and
had longer wings; (2) species with high ‘tropical life history’ values were
more likely to breed in the tropics, inhabit areas with year-long envi-
ronmental stability and lay small clutches; (3) species with high ‘sexual
selection’ scores tended to be socially polygynous, show male-biased
sexual size dimorphism and lack paternal care; (4) ‘cooperative breed-
ing’ was defined as present or absent; and (5) ‘migration’ as no, partial
or complete migration between breeding and non-breeding ranges.
Multiple predictor models (Extended Data Table 2b), which control
for the confounding effects of the predictors, showed sexual selection
to be the strongest predictor of dichromatism (followed by migration
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Figure 4 | Coefficient estimates and model lines of linear mixed models
predicting plumage scores in 2,471 species of passerines. a, Coefficients
plot of the effect sizes for each of the five key predictor variables (scaled)
and their respective interactions with sex. The centre point denotes the
mean, the thick bar denotes the posterior standard deviations (akin to

the standard errors) and the thin bars denote the 95% lower and upper
confidence limits as calculated by model-averaging 100 separate Markov
chain Monte Carlo generalized linear mixed models using the package
MCMCglmm? in R and 100 different phylogenetic trees from
http://birdtree.org®. b-f, Model predictions of the effect sizes keeping the
effects of other predictors constant (males, blue; females, pink). Solid black
lines denote the mean effect size of the 100 separate MCMCglmm runs and
coloured areas illustrate the full range of regression line estimates

across all models.

and body size) while tropical life history did not have a significant
effect. These results are difficult to interpret, however, because dichro-
matism can vary through evolutionary changes in males, females or
both sexes'®. Therefore, to resolve the evolutionary drivers associated
with colour elaboration itself, we analysed male and female plumage
phenotypes concurrently.

Phylogenetically informed linear mixed models*® on complete data
from 2,471 species (Fig. 4 and Extended Data Table 4) showed that
the five predictor variables explained more interspecific variation in
female than in male colouration. Female colouration was elaborated
(more male-like) in larger species, in species with tropical life histories
and in cooperative breeders. In males, larger species and species with
tropical life histories also had more colour-elaborated plumage, but the
effect of body size was smaller (Fig. 4b). As expected, in species with
strong male-biased sexual selection, male colours were significantly
more elaborated. However, sexual selection had a much larger and
opposite effect on females: in species with strong male-biased sexual
selection, females had greatly reduced colour elaboration (Fig. 4d).
Plumage dichromatism therefore increased in species with strong
sexual selection, as reported in numerous other studies'®, but our
results show that the principal driver of this pattern is evolutionary
change in female, not male, colour elaboration.

Because our predictor variables might interact in complex ways,
we used phylogenetic path analysis?! to disentangle cause and effect
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Figure 5 | Relationships among ecological variables and plumage
colouration, as determined by phylogenetic controlled d separation
path analysis?!. Arrows indicate direct effects; the strength of the effect
is indicated with numeric values and by line thickness. Arrow colour
indicates the direction of the effect (black, positive; red, negative).

relationships. This supported the analysis described earlier, demon-
strating that sexual selection has a strong direct negative effect on
female colouration, and a weaker direct positive effect on male colour-
ation (Fig. 5). Additionally, female colouration was directly influenced
by all predictor variables. Models that included a correlated response
to male colour were generally favoured, but models in which female
colour was only directly influenced by male colour and not by other
variables performed poorly (Extended Data Fig. 4 and Extended Data
Table 5). Thus, our results suggest that female colouration is not merely
a by-product of strong selection on males, but is an adaptive response
to various social and life-history factors.

Three main conclusions follow from our study. First, although body
size is rarely considered in interspecific studies of animal colouration
(but see ref. 22), it strongly predicted colour elaboration in both sexes,
and more strongly in females than in males. Larger species are both
more colour elaborated and less dichromatic (Fig. 4b), consistent with
the hypothesis that being larger reduces predation risk®*, thereby poten-
tially weakening selection for crypsis. The result refutes the argument
that large body size itself is an evolutionary constraint on colouration*
(at least for passerines).

Second, both sexes of species with tropical life histories, typified by
equatorial breeding ranges, low seasonality and small clutch sizes*,
were more elaborated than temperate breeding species (Fig. 4¢c), a
robust verification of the hypothesis that tropical species are more
colourful®. The strength of this effect rivals the strength of the effect
of sexual selection on colouration (at least for males). These patterns
are consistent with two non-mutually exclusive hypotheses. First,
colourful plumage functions in mate choice and mutual sexual selection
is stronger in tropical species; and second, colourful plumage functions
in an aggressive context and resource competition is stronger in tropi-
cal species. Indeed, tropical species are thought to be under increased
competition for breeding vacancies and resources, have longer-term
pair bonds, more common year-round territoriality and increased con-
vergence of male and female reproductive roles?*. Moreover, there is
an obvious convergence between visual and vocal signalling in tropical
birds. Female song is more common in tropical species®* and experi-
mental evidence suggests that song in tropical species has dual func-
tionality as both advertisement for mates as well as an ‘armament’ in
competitive interactions®.

Third, the intensity of sexual selection strongly predicted varia-
tion in plumage colouration (Fig. 4d): more elaborated males and
increased sexual dichromatism are found in species with male-biased
sexual selection. Increased sexual dichromatism, however, was driven
mainly by a strong negative relationship between the intensity of sexual
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selection and female colouration. A similar pattern was observed in
New World blackbirds (Icteridae)?’, but our study demonstrates its
generality within the passerines. This finding is consistent with two
hypotheses. First, it can reflect increased sexual selection on females in
monogamous species, supporting a game-theoretic model that predicts
stable mutual mate choice in species with extensive parental investment
in both sexes?®. Second, selection for social signalling may be reduced
in females of species with strong male-biased sexual selection”’. Indeed,
ecological factors that favour social polygyny? (for example, spa-
tially clumped resources) may also be associated with reduced social
competition between females, at least in the absence of paternal care.
Additionally, high levels of male-biased sexual selection seem to break
the correlation between male and female ornamentation (Fig. 4d). Here,
the divergent parental roles of males and females may facilitate the evo-
lution of sex-specific developmental modifiers (for example, hormones)
that limit the expression of ornamental plumage in females'®.

Traditionally, studies have focused on male colour elaboration, par-
ticularly in species with extreme sexual selection. This has left much
of the interspecific variation in colouration unexplained. Our results
demonstrate clearly that the immense diversity in avian plumage col-
ouration is the outcome of selection acting additively and often dif-
ferentially between the sexes (Fig. 3). The patterns presented here for
the passerines can be tested in other taxa and provide a rich arena for
future hypothesis testing on the function of ornamentation in males
and females.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Passerine classification and species list. Plumage scores were calculated on each
of the 5,983 species of passerines (Order: Passeriformes) included in the Handbook
of the Birds of the World (volumes 8-16)'®. Phylogenetically controlled statistical
analyses were restricted to the 5,831 of these species that are also included in the
avian phylogenies at http://www.birdtree.org™. No statistical methods were used
to predetermine sample size.

Plumage scores. We digitally scanned images of each passerine species from the
plates in the Handbook of the Birds of the World"® into 300 dpi JPEGs using a Fuji
Xerox ApeosPort-IV C5575 set to default scan settings. Each species was cropped
out of the scans and used to measure the RGB (red, green, blue) values for six
patches (nape, crown, forehead, throat, upper breast, and lower breast) on each
sex of each species using the R package ‘colorZapper™!. We scored these regions
because (1) they are consistently illustrated clearly for each species in the plates
(rumps are often not shown for instance), and (2) the anterior body region is unar-
guably a very important signalling region for birds in general. For each plumage
patch, a polygon was subjectively selected that encompassed the typical colouration
evident in that area of the bird’s plumage (see Fig. 2a for an example with red-
billed quelea®?). We excluded any obvious areas of glare added by the plate artists.
colorZapper then calculated the mean values for R, G and B (on scales of 0 to 255)
for 400 randomly chosen pixels within the selected polygon. In cases where multi-
ple subspecies were illustrated, we scored colouration in the nominate subspecies.

Males and females are usually illustrated with the same image in the Handbook
of the Birds of the World'® when they are sexually monochromatic (N= 3,822 spe-
cies). In these cases, the same image was measured independently twice, once to
obtain male RGB values and once to obtain female RGB values. This was required
to maintain similar measuring error between both dichromatic and monochro-
matic species. We confirmed that within-species measuring error was consistent
between species scored with two different images versus species scored with the
same image twice. In 63 of the 2,161 species where we used separate images for
males and female colour measurements, females differed from males in ways other
than the colour of the six plumage patches used in this study (for example, they
had shorter tails or a different coloured iris). The correlation between male and
female plumage scores from this sample (R*=0.905, N= 63) was similar to the
correlation between male and female plumage scores measured separately from
the same image (R*=0.913, N=3,822).

Sometimes, when there is only a small difference between male and female
plumages, the same image is used to illustrate both sexes of a species and the dif-
ference between the sexes is described in the text. In 372 species (6.22% of total)
we noted a described difference in the text that was not illustrated in the plates.
Many of these descriptions noted that females were “similar to males” but “duller”
(N=65), “slightly duller” (N=44), “paler” (N=46), or “slightly paler” (N=29).
Most of the rest of the described differences related to specific colour differences
(for example, females described as “browner”, “more rufous”, “less blue”, and so
on) or to specific colour patches (for example, “coronal patch absent or small”).
To estimate the magnitude of the measurement error associated with this issue,
we identified 100 species for which the described difference between the sexes
was similar to those described earlier (that is, “duller”, “slightly duller”, “paler”, or
“slightly paler”) but for which we scored male and female colouration from separate
images. In these species, the average difference between male and female plumage
scores was 3.82 (N'=100 species, P < 0.001).

Because these described differences occur in a small percentage of species and
reflect relatively small differences between the sexes, we expected them only neg-
ligibly to affect our general results. To confirm that our main results are robust to
the error generated by these species, we repeated the main MCMCglmm analysis in
two different ways: (1) with these species removed entirely from the data set (note
that these species affected 168 of the 2,471 species (6.8%) in the MCMCglmm);
and (2) with these species’ plumage scores adjusted by subtracting the mean male-
female difference calculated as described earlier (that is, 3.82) from the female
scores. Both of these analyses yielded essentially identical results to the analysis
reported in the paper (the R* between the effects of these analyses and the effects
reported in Extended Data Table 4 was 0.998 and 0.999, respectively).

Scoring colouration with handbook plates represents a valid alternative to meas-
uring colour on all the world’s passerines using museum specimens and/or live
individuals. Indeed, the objective of handbook plates is to reflect as accurately as
possible the typical colouration and patterning of a species such that the image is a
suitable reference for field identification. As such, special care is taken to reproduce
colouration accurately and the plates in the Handbooks of the Birds of the World
are highly regarded as superb in quality and consistency (for example, see ref. 33).
Moreover, previous studies have found that colouration in plates is highly corre-
lated with colouration in museum specimens (as measured by spectrometry®*),
and several previous comparative studies have used colouration in plates to test
hypotheses about avian colour evolution (for example, see refs 35-38). Finally,
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we validated that plumage scores generated with handbook plates were highly
correlated with plumage scores generated with ultraviolet-to-visible (UV-Vis)
spectrometry (see later and Extended Data Fig. 1).

Plumage scores validation analysis. We validated that plumage scores are con-
sistent between different colour-measuring methodologies. We used UV-Vis
spectrometry to measure the reflectance of 8 plumage patches (upper back,
dorsal neck, crown, forehead, throat, ventral neck, upper breast and lower breast)
of up to 3 male and 3 female museum specimens for 534 species of Australian
terrestrial birds (229 non-passerines and 305 passerines). Museum specimens
were obtained from Melbourne Museum (Museum Victoria) and the Australian
National Wildlife Collection (CSIRO). Reflectance spectra were collected using a
spectrometer (Avaspec 2048, Avantes) connected to a xenon pulsed light source
(Avalight-XE) through a fibre optics cable fitted at the end with a plastic cylinder
to exclude ambient light and standardize measuring distance. Reflectance spectra
were expressed relative to a WS-2 white standard using Avasoft software. For each
species we calculated mean reflectance spectra per patch separately for males and
females. To compute plumage scores we pooled together all male and female mean
spectra for each patch (N =1,068 spectra for each patch). We matched each spec-
trum in the pool to the 120 most similar spectra as determined by minimizing the
squared-differences between spectra at 5nm wavelength intervals, summed across
300-700 nm. We then quantified the percentage of those 120 ‘closest matches’
that corresponded to male spectra. For each species, male and female UV-Vis
plumage scores were calculated as the mean ‘percentage male’ values across all of
the eight patches measured in each sex of each species. For these same 534 species
we also quantified patch colour using handbook plates digitally scanned from
those published previously'® and then scoring them in RGB colour space using
the R-package colorZapper?! (see earlier and Fig. 2). The 120 closest matching
colour patches to any focal patch were determined by minimizing the Euclidian
distance in RGB space, and then the proportion males in those closest matches
was quantified. Note that this method of quantifying colouration is sample-size
dependent: larger samples of species will provide more accurate measures of how
‘male-like’ any kind of colour is. Nevertheless, despite having only 534 species in
this sample (contrasting with 5,983 species in the main analysis), both ‘male-like’
indices were strongly positively correlated (R?=0.67, P < 0.0001; Extended Data
Fig. 1a), indicating that using handbook plates to estimate bird colours is a suitable
alternative to the use of reflectance spectrometry.

To demonstrate further that plumage scores calculated with handbook plate
measurements are suitably interchangeable with plumage scores calculated with
UV-Vis spectra, we repeated statistical analyses presented in the paper with the
subset of passerine species for which spectral data were collected. If handbook
plates provide a suitable surrogate measure then conclusions drawn from spectral
data on the 305 species should be similar to conclusions drawn from the same
305 species based on plate data. First, we compared effect size estimates for single
predictor PGLS models run on each of the ten predictor traits in Extended Data
Table 2a. We ran models predicting female scores, male scores and dichroma-
tism scores (N = 30 effects in total). Our analysis showed a very strong correla-
tion between RGB effect sizes versus UV-Vis effect sizes (Extended Data Fig. 1b).
Second, we compared effect size estimates (including sex—predictor interactions)
for MCMCglmm models run with our five main predictors in Fig. 4. For each
plumage score type we ran five models using a different phylogenetic tree® in each
model. This analysis showed a very strong correlation between RGB effect sizes
versus UV-Vis effect sizes (Extended Data Fig. 1¢). In combination, these analyses
strongly indicate that the biological patterns reported in the main analysis would
not have been different if we had used plumage scores based on UV-Vis spectra.
These results thus provide critical validation of our method because although
human and avian vision have considerable overlap'?, birds can also see UV light
not visible to humans*.

Predictor variables. Body size (mass and wing length) was tested because it is a
known confound of sexual size dimorphism?! and life-history traits*2. In addi-
tion, based on a previous study?* we predicted a negative relationship between
body size and colour elaboration. Tropical life history (latitude, seasonality and
clutch size) was tested to evaluate the prediction that characteristics associated
with tropical breeding—in particular, density-dependent or ‘K-selected™* factors
such as increased competition for limited breeding vacancies**—were associated
with increased plumage colour elaboration. Sexual selection (social mating system,
sexual size dimorphism, and paternal care) was tested because the prevailing view
in the literature is that sexual selection on males is the fundamental evolutionary
driver of male colour elaboration and sexual dimorphism. However, recent studies
on New World blackbirds®”#44° (Icteridae), tanagers*® (Thraupidae) and fairy-
wrens®” (Maluridae) have demonstrated rapid evolutionary transitions in female
colouration (also see ref. 48). Therefore we also expected sexual selection on males
to potentially have a strong effect on female colouration. Cooperative breeding
species were predicted to be more colour elaborated because of increased social
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competition among group members and this effect was predicted to be stronger
in females than in males®*°. Migration was tested to evaluate two opposing pre-
dictions. On the one hand, it has been argued® that species with long-distance
migration should be less colourful as a result of increased predation associated
with long-distance movements (also see ref. 51). In contrast, other researchers'*>>
have argued that migratory species should be more colourful because migration
imposes a short mate sampling period and enhances selection on signals related
to migration ability.

Body mass data was taken from that described previously™. When more than
one body mass entry was available for a species, we computed the mean weighted
by sample size. Log-transformed values were used in the statistical analysis.

Wing length data was taken from that described previously*!. Up to 7 different
sets (average = 2.5) of wing measurements were recorded per species. Each set
comprised the means (or mid-ranges when only a range was provided) for both
males and females measured in a single population, and we took the means of these
for final species values. Log-transformed values were used in the statistical analysis.

For latitude data, species’ geographical location was computed based on the
breeding range maps of all species®. First, breeding range polygons were trans-
formed from an unprojected coordinate system (latitude, longitude) to an equal-
area projected coordinate system (cylindrical equal-area, latitude of the origin: 0°).
Species” geographical location was then computed as the latitude (degrees from
equator) of the breeding range centroid.

For seasonality, Moderate Resolution Imaging Spectroradiometer (MODIS)
land surface temperature rasters (code name MOD11C2) were obtained through
the http://reverb.echo.nasa.gov gateway at a 0.05° spatial resolution and an 8-day
temporal resolution (time span: 2000-2012)>. All the raster files were then super-
posed and a temperature time series was obtained for each pixel. A coefficient of
variation (CV%) of temperature was computed for each pixel**. For each spe-
cies the CV% for all pixels within its breeding range were extracted. A species
‘seasonality’ score was defined as the median CV% score within its breeding
range (log transformed).

Clutch size was compiled from standard references, in particular'®**-%°, Up to
five different reports of clutch sizes were recorded for each species, with the mean
of these taken as the final clutch size of a species. Clutch size was recorded as the
mean clutch size or, when only range data was provided, as the mid-range value.
Log-transformed values were used in the statistical analysis.

Sexual size dimorphism was calculated as log(male wing length) — log(female
wing length)*!, providing a proportional index of relative sizes of the sexes. Positive
values reflect species where males are larger than females.

Social polygyny was scored on a four-point scale®, with 0 = strict social monog-
amy (for example, zebra finch Taeniopygia guttata), 1 = monogamy with infre-
quent instances of polygyny observed (<5% of males, for example, lazuli bunting
Passerina amoena), 2 =mostly social monogamy with regular occurrences of facul-
tative social polygyny (5 to 20% of males, for example, American redstart Setophaga
ruticilla), and 3 = obligate resource defence polygyny (>20% of males, for exam-
ple, red-winged blackbird Agelaius phoeniceus) or lek polygyny (for example,
lance-tailed manakin Chiroxiphia lanceolata). Assignments were made based on
standard references, in particular!$4°6-62, There are a small number of passerine
species with polygynandrous mating systems (for example, the dunnock Prunella
modularis, Smith’s longspur Calcarius pictus and sickle-billed vanga Falculea
palliata) and these species were pooled with the monogamous species. We reasoned
that sexual selection would be more similar in each sex in polygynandrous species
compared with polygynous species, and our social polygyny scores were intended
to specifically quantify male-biased sexual selection.

Paternal care was scored as absent (0) or present (1) primarily based on the
data provided in ref. 63, including both the known and inferred data categories.
For species in our data set not present in ref. 63, we used standard references, in
particular ref. 18, to obtain the additional parental care scores.

Cooperative breeding was scored as absent (0), suspected (0.5), or present (1)
primarily based on the data provided in ref. 63, including both the known and
inferred data categories. For species in our data set not present in ref. 63, we used
standard references, in particular ref. 18, to obtain the additional cooperative
breeding scores.

Migration was scored on a scale from 0 to 2, with 0 =resident (that is, breeding
and non-breeding ranges identical), 1 = partial migration (that is, some overlap
between breeding and non-breeding ranges), 2 = complete migration (that is, no
overlap between breeding and non-breeding ranges). Assignments were made
based on the range maps published previously'®. The migratory behaviour of one
species, the Red Sea Swallow Hirundo perdita, is unknown.

Statistical analysis. Because closely related species tend to be more similar to each
other than distantly related species, we used phylogenetically informed compara-
tive analyses to account for potential non-independence among species owing to
common ancestry. More specifically, the error structure of the statistical model

incorporates the degree of non-independence between species as estimated from
the phylogeny. Phylogenetically informed methods are unlike ordinary statistical
models (where data points are assumed to be independent) because they explicitly
model how the covariance between species declines as they become more distantly
related® . We used the Hackett®” backbone phylogenetic trees available at http://
birdtree.org® to estimate phylogenetic separation in our statistical models.

The relationships between the ten predictor variables listed earlier and sexual
dichromatism (Extended Data Table 2) were modelled with phylogenetic general-
ized least-squares®*%8 (PGLS) using the R-packages ‘ape’® and ‘nlme”’.

To calculate phylogenetic reduced major axis regression’" and the phylogenetic
principal components’? used in the multiple predictor PGLS, MCMCglmm and
paths analysis we used the R-package ‘phytools™.

All data were analysed in R™ version 3.1.0. To improve the interpretability of
regression coefficients’, predictor variables were centred and standardized to a
mean =0 and standard deviation = 1.

Phylogenetically informed generalized linear mixed models. Monte Carlo
Markov chain generalized linear mixed models (Fig. 4 and Extended Data Table 4)
were generated with the R-package MCMCglmm'*. MCMCglmm is a Markov
chain Monte Carlo sampler for multivariate mixed models that enables the inclu-
sion of a phylogeny as a design matrix in a Bayesian generalized linear modelling
framework. The design matrix for phylogenetic effects was based on 100 trees from
http://birdtree.org®®. We then used MCMCglmm to fit male and female plumage
scores as the response and the five predictor variables as continuous predictors.
Phylogenetic effects were considered a random effect, sex was fit as a dummy var-
iable and species was fit as an observation level random effect. We used the prior:
[list(R=list(V =1, nu=0.002), G =list(G1 =list(V =1, nu=0.002)))] and model
outcomes were insensitive to prior parameterization. We let the MCMC algorithm
run for 10,000,000 iterations, with a burn in period of 3,000 and a sampling interval
of 10,000. Each model generated ~1,000 independent samples of model parame-
ters (Extended Data Table 4). Independency of samples in the Markov chain was
assessed by graphic diagnostics and testing for autocorrelation between samples.

Multivariate Ornstein-Uhlenbeck evolutionary models. Ornstein-Uhlenbeck
(OU) models are powerful tools for analysing the evolution of traits, and are well
suited to studies of correlated evolution®. These models are a generalization of
Brownian motion (BM) models”’, in that they incorporate stochastic trait evo-
lution (defined by a drift parameter o), but also allow trait values to be attracted
towards optima, at a rate that is dependent on the value of « (the strength of selec-
tion towards the optima). When a =0, the process reduces to Brownian motion;
however, many patterns of trait evolution are better fit by OU models, because
trait evolution is often subject to stabilizing selection, at least over evolutionary
time scales’®. Additionally, the development of multivariate OU (mvOU) models
has allowed trait evolution to be influenced by interactions with other trait values.
Indeed, trait evolution is often thought of as a multivariate process, and mvOU
models allow researchers to explore the influence of co-adaptive or limiting forces
on trait evolution.

We used mvOU models to test whether the evolution of plumage ornamenta-
tion was subject to cross-sex constraints. Using the mvVMORPH”? package in R,
we constructed five evolutionary models of the potential relationship between
male and female ornamentation (using the plumage scores described in the main
text (N= 5,831 species)) and compared their fit with AIC’®. In model 1, male
and female ornamentation evolved completely independently (that is, both the
a and ¢ matrix were restricted to be diagonal) under OU processes, simulating
no evolutionary relationship between male and female plumage colour. In model
2, male and female plumage scores evolved independently towards their optima
(a diagonal & matrix); however, we allowed covariation in the stochastic element
(that is, drift) of the OU process. This model might reflect a situation where male
and female ornamentation respond similarly to some environmental parameter,
but are not directly constrained by one another. In model 3, the evolution of male
and female plumage ornamentation was influenced by an interaction with the
other sex’s trait value (a symmetric positive « matrix), and we allowed covariance
in the stochastic element of trait evolution. Such a model represents cross-sex con-
straints in plumage colour evolution. Models 4 and 5 were BM models including
independent and covarying drift matrices, respectively.

Model 3 was the clear best model (Extended Data Table 1a), demonstrating that
male and female plumage colour do not evolve independently. Positive off-diagonal
elements in the & matrix of this model (Extended Data Table 1b) suggest that male
and female plumage values are pulled towards one another, consistent with cross-
sex constraints against independent trait evolution, and the correlated response
hypothesis. Models of fully independent trait evolution performed poorly (model
1 and 4), and models including covariation in drift performed better than those
with independent drift. This suggests that in addition to an interaction in selection
on male and female plumage colour, the sexes generally have a correlated response
to ecological conditions.
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Phylogenetic path analysis. Confirmatory path analysis is a special case of struc-
tural equation modelling used to build models of causal relationships among a
suite of variables and test how the data conform with those causal models**8!.
When conducted in a phylogenetic framework?"#, this approach can infer the
most likely evolutionary pathways by simultaneously considering both indirect
and direct effects among variables, as well as the magnitude of these effects. This
technique is advantageous in that it better reflects the true nature of evolutionary
processes because factors do interact in complex ways (for example, by acting as
both causal parents and causal children) to create evolutionary outcomes (that is,
phenotypes). Here, we used the d-separation®"*#2 method to test for the most
likely relationships among seven variables related to plumage colouration. The
variables used were the five principal components derived from the phylogenetic
principle components analysis (Extended Data Table 3), as well as male plumage
score and female plumage score. First, we built 14 biologically relevant models of
the relationships among these variables (Extended Data Fig. 4). These models are
constructed as directed acyclic graphs, which are required for this type of analysis.
Model construction was based on the hypothesized relationships among variables
that had been suggested in previous studies (for example, see refs 19, 27, 28) and
from exploratory analysis of correlations among variables. Each model is then
converted to a set of conditional independencies of the form (X1, X2) {X3}, where
variables X1 and X2 are independent conditional on variable X3 (see elsewhere®*%2
for details). We then tested the set of conditional independencies in each model
using phylogenetic generalized least squares (GLS) models (using the nlme”® pack-
age in R*) and a single tree that was randomly selected from the tree pool at http://
birdtree.org®. Using these GLS models, we calculated Fisher’s C-statistic (which is
equivalent to a maximum-likelihood estimate®?) and the C-statistic information
criterion (CICc) for each conceptual model®253,

Comparison of models based on CICc values indicated that model K was the
best model (Extended Data Table 5). Model L appears to also be a competitive
model, however, visual comparison of models K and L show that they suggest the
same causal relationships among variables, except model L contains one additional
causal link (between life history and sexual selection). The addition of a single,
uninformative variable often causes marginal changes in CIC and can therefore
appear to create competitive models, although in such a case the simpler model
should be preferred®%. Models including a direct effect of male colour on female
colour performed better than those that did not include this effect (G, I) and those
in which there was a direct effect of female colour on male colour (M, N). However,
amodel in which female colour was only directly influenced by male colour and
not by other variables (C) also performed poorly. This suggests that female coloura-
tion is not simply a genetically correlated response to selection on male colouration,
and is instead affected by other variables. The best model (K) generally supports
the results of the MCMCglmm analysis (Fig. 4 and Extended Data Table 4).
This model (Fig. 5) suggests that body size, cooperative breeding, migration,
tropical life history, sexual selection and male colour all directly influence female
colouration, while only sexual selection, tropical life history and body size directly
influence male colouration. The magnitude and direction of the standardized
regression coefficients (Fig. 5) suggest that there is a strong role of social selection
on female colouration. Females become more colourful with increasing body size,
more tropical life histories and cooperative breeding, factors that are predicted
to increase the intensity of competition (see main text). Also consistent with our
MCMCglmm analysis, the path analysis shows that sexual selection has direct,
but antagonistic effects on both male and female colouration. Interestingly, the
negative effect of sexual selection on female colouration is larger than the positive
effect on male colouration. This pattern supports the finding that sexual selection
has an overall negative effect on passerine colouration.

Code availability. Scripts of analyses and code used for figure production are
available upon request from J.D.
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Extended Data Figure 1 | Comparison of plumage scores determined model had 305 Australian passerine species in it and black, red and
with handbook plates in RGB colour space with plumage scores green points reflect models predicting female scores, male scores and
determined with study skins using UV-Vis spectrometry. a, RGB versus  dichromatism scores, respectively). c, MCMCglmm model effect sizes
UV-Vis scores calculated with 534 Australian bird species (reduced (including interaction effects) determined with RGB versus UV-Vis
major axis (RMA) regression: y = 0.965x + 2.025, N= 1068, R*=0.670, scores (RMA regression: y=0.991x — 0.028, R*=0.930, P < 0.0001, N=11
P <0.0001). b, PGLS model effect sizes determined with RGB scores effects, the model had 305 Australian passerine species in it and each point
versus effect sizes determined with UV-Vis scores (RMA regression: reflects the mean effect size calculated from five models using a separate
y=10.878x — 0.042, N= 30 model effects, R* = 0.809, P < 0.0001, each phylogenetic tree from http://birdtree.org each).
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Extended Data Figure 2 | Basic patterns of plumage colouration in the
order Passeriformes (N = 5,983 species). a, Male versus female patch
scores (upper breast shown as an example). Data points are coloured

by the male RGB values scored from handbook plates. b, As in a, only
points are coloured with female RGB scores. c-h, The colours associated
with different plumage scores differentiated by patch type. The y axis is

Lower-breast score

a normally distributed random number used to spread out variation and
improve visualization. The figure reflects patterns that agree with our
intuition: dull greens, olives and browns have low plumage scores

(are female-like), while richer or high contrasting colours (blacks, purples,
blues, reds and yellows) have high scores (are male-like).
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Extended Data Figure 3 | MCMCglmm results are robust to various
cut-offs used to determine plumage scores. a, b, Main effects (a) and
interaction (b) with sex effects. Filled circles: estimates where P < 0.001;
open circles: estimates where 0.05 > P > 0.001. The vertical line represents
the cut-off value used in the main analysis. To reduce processing time

for this analysis each MCMCglmm model ran for 10,000 iterations with

a sampling interval of 100. Parameter estimates from the shortened runs

were highly similar to the parameter estimates reported in the main
MCMCglmm analysis (see Extended Data Table 4). Note that the observed
decline in effect sizes as the cut-off size increases is the automatic outcome
of how plumage scores are calculated. As the cut-off size approaches 100%
the variance in plumage scores necessarily approaches 0 and so the effect
sizes will inevitably also approach 0.
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Extended Data Table 1 | Comparison of multivariate co-evolutionary
models of male and female plumage
ornamentation

a
log
Model a o ikelihood AlC AAIC
3 correlated correlated -39068 78153 -
independent correlated -39101 78217 64
1 independent  independent -40140 80292 2139
5 - correlated -43481 86973 8820
4 - independent -45156 90321 12168
b
Parameter Estimate
o female = 47.52
male = 51.02
2.30 0.90
a
0.90 1.22
290.55 216.50
o

216.50 22217

a, Multivariate Ornstein-Uhlenbeck (OU) models are ordered by Akaike information criterion (AIC)
value from best (top) to worst. The « matrix determines the strength of selection and can
incorporate an interaction among traits (‘correlated’) or can model independent selection on each
trait (‘independent’). The ¢ matrix determines the amount of variation (drift) in the stochastic
evolutionary process, which can be independent or correlated among traits. Brownian motion
models (4 and 5) do not contain « parameters. b, Parameter estimates for the best model (Model 3
in a). 0 values are the estimated trait optima towards which male and female plumage colour evolve
under OU processes. The a and o matrices are shown for female-specific values in the top left cell,
male-specific values in the bottom right cell and the interaction between trait values in the
off-diagonal elements.
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Extended Data Table 2 | Phylogenetic generalized least-squares models on predictors of sexual dichromatism in the Passeriformes

Variable N species B Std.Error t-value P

a, Single predictor models Body Mass 5066 -0.76 0.17 -4.39 < 0.0001
Wing Length 2855 -0.66 0.25 -2.66 0.011
Degrees from equator 5831 0.60 0.09 6.77 < 0.0001
Seasonality 5831 0.64 0.09 7.02 < 0.0001
Clutch size 3909 0.51 0.13 4.01 < 0.0001
Social polygyny 3504 1.51 0.15 9.83 < 0.0001
Sexual size dimorphism 2855 0.70 0.15 4.59 < 0.0001
Paternal care 5831 -0.98 0.12 -8.29 < 0.0001
Cooperative Breeding 5831 -0.25 0.09 2.77 0.007
Migration 5830 0.81 0.09 9.37 < 0.0001

b, Multiple predictor model Body size 2471 -0.95 0.25 -3.70 0.0002
Tropical Life History 2471 -0.28 0.20 -1.40 0.16
Sexual Selection 2471 1.76 0.19 9.20 <0.0001
Cooperative Breeding 2471 -0.28 0.14 -2.01 0.04
Migration 2471 0.81 0.19 4.33 <0.0001

To account for phylogenetic non-independence, models included a phylogenetic correlation structure using phylogenetic trees from http://birdtree.org3°. Provided are the model-averaged predictions
of 20 models (each using a different tree), with sexual dichromatism (that is, male plumage score — female plumage score) as the dependent variable. The phylogenetic signal, estimated as Pagel’s A
coefficient, was 1=0.80 (mean; range: 0.76-0.84). Predictor variables were scaled to a mean of O and standard deviation of 1.
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Extended Data Table 3 | Phylogenetic principal component analysis loadings and the variance explained by each component

Component Loadings

Predictor Variable PPC1 PPC2 PPC3
Body size Body mass 0.48 -0.13
Wing length 0.48 0.13
% Variance 93.15 6.85
Tropical life history Clutch size -0.39 0.62 0
Degrees from equator -0.46 -0.27 -0.3
Seasonality -0.46 -0.26 0.3
% Variance 76.59 17.32 6.09
Sexual selection Sexual size dimorphism -0.37 0.85 -0.01
Social polygyny -0.57 -0.27 0.51
Paternal care 0.57 0.28 0.5
% Variance 53.81 20.15 17.05

Provided are the mean values obtained from phylogenetic principal component analysis of 20 separate phylogenetic trees from http://birdtree.org. The first components were used in the main
analysis. PPC, phylogenetic principal component.
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Extended Data Table 4 | Morphological, life-history and social correlates of plumage colour scores in passerine birds (N=2,471 species)

Predictor Posterior mean Lower 95% C.1. Upper 95% C.I. N pMCMC
(Intercept) 45.91 40.64 51.33 987 < 0.001
sex 4.24 3.95 4.53 1018 < 0.001
body size 2.60 2.16 3.06 1023 < 0.001
life history 0.91 0.53 1.30 1024 < 0.001
sexual selection -1.95 -2.30 -1.61 1009 < 0.001
cooperative breeding 0.40 0.13 0.68 1045 0.005

migration -0.35 -0.72 0.01 1015 0.063

sex : body size -1.14 -1.44 -0.86 1024 < 0.001
sex : life history 0.29 -0.09 0.67 1016 0.14

sex : sexual selection 2.70 241 3.00 1007 < 0.001
sex : cooperative breeding -0.50 -0.80 -0.21 1018 0.0015
sex : migration 0.70 0.32 1.07 1015 0.0011

Shown are posterior estimates of the effect size in the full model (plus the 95% credibility intervals, the effective sample size (N), and the probability that the effect is different from the null hypothesis).
The full model was the deviance information criterion (DIC) favoured model out of all possible additive models (N =243 models) that include sex as well as all possible combinations of the five
predictor variables and their respective interactions with sex. Values are means of 100 separate runs on each of 100 separate phylogenetic trees from http://birdtree.org.

© 2015 Macmillan Publishers Limited. All rights reserved


http://birdtree.org

Extended Data Table 5 | Comparison of models used in phylogenetic
confirmatory path analysis

Model o] ClCc ACICc
K 28.81 67.12 0
L 27.90 68.25 1.13
N 43.04 81.35 14.23
M 4213 82.47 15.35
J 169.00 201.23 134.11
E 184.74 214.93 147.81
H 189.26 215.41 148.29
B 207.37 235.54 168.42
D 24417 274.37 207.25
A 277.68 303.83 236.71
F 304.60 330.75 263.63
Cc 377.06 401.19 334.07
| 790.13 820.32 753.20
G 1054.12 1078.24 1011.12

Models are ordered by CICc value from best (top) to worst. C indicates Fisher's C-statistic.
For a visual illustration of the models see Extended Data Fig. 4.
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