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Closely related species often differ in coloration. Understanding the mechanistic bases of such differences can reveal 
whether evolutionary changes in colour are driven by single key mechanisms or changes in multiple pathways. Non-
iridescent structural plumage colours in birds are a good model in which to test these questions. These colours result 
from light absorption by pigments, light scattering by the medullary spongy layer (a nanostructure found within 
barbs) and contributions from other structural elements. Fairy-wrens (Malurus spp.) are a small clade of closely 
related birds that display a large diversity of ornamental structural colours. Using spectrometry, electron microscopy 
and Fourier analysis, we show that 30 structural colours, varying from ultraviolet to blue and purple, share a 
similar barb morphology. Despite this similarity, we find that at the microscopic scale, variation across multiple 
structural elements, including the size and density of the keratin cortex, spongy layer and melanin, explains colour 
diversity. These independent axes of morphological variation together account for sizeable amounts of structural 
colour variability (R2 = 0.21–0.65). The coexistence of many independent, evolutionarily labile mechanisms that 
generate colour variation suggests that the diversity of structural colours in this clade could be mediated by many 
independent genetic and environmental factors.

ADDITIONAL KEYWORDS:   avian visual space – colour evolution – feather nanostructure – Fourier analysis 
– Malurus – ornamental plumage.

INTRODUCTION

Ornamental coloration features prominently in animal 
communication, sexual selection and speciation 
(Darwin, 1871; Andersson, 1994). In many animal 
clades, closely related species differ considerably 
in the colours they display, and understanding 
the mechanistic changes behind these differences 
can provide insights into the evolution of colour 
divergence. Bird plumages constitute some of the most 
diverse colour displays and have served as a classic 
model system to study the evolution of ornaments 

(Hill & McGraw, 2006). Feather coloration can be 
produced by two main mechanisms: the deposition 
of pigments (e.g. melanins and carotenoids) that 
selectively absorb some wavelengths of light while 
allowing others to be reflected (McGraw, 2006), or 
the physical interaction between light and biological 
tissues that vary periodically in refractive index at 
the nanometre scale (i.e. structural coloration; Prum, 
2006). Structural colours include most blue, violet and 
ultraviolet (UV) hues and iridescent colours (Prum, 
2006). Although these two mechanisms are often 
studied in isolation, many colours are created by the 
interactions of pigmentary and structural components, 
and variations in either mechanism can cause changes 
in the resulting coloration (Shawkey & Hill, 2005, 
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2006; Prum, 2006; Driskell et al., 2010; Shawkey & 
Alba, 2017).

Structural colours are inherently linked to the 
nanostructural characteristics of the underlying 
morphology. Non-iridescent blue, violet and UV colours 
primarily result from arrays of keratin and air within 
feather barbs that form the medullary ‘spongy layer’ 
(Prum, 2006; Prum et al., 2009; Saranathan et al., 2012). 
Many studies on such colours have therefore focused 
on the role of the spongy layer, which constitutes the 
main colour-producing element in the barb (Prum, 
2006). Nevertheless, the morphology of the feather 
barb is complex, with many other structural elements 
that may vary and interact with the spongy layer. To 
date, how this morphological complexity generates 
interspecific colour variation, through changes in many 
structural elements, has rarely been investigated in 
non-iridescent structural colours (for an example for 
iridescent structural colours that are produced by 
arrays of melanin granules, see Eliason et al., 2015). 
As far as we know, only one study has established a 
link between non-iridescent UV–blue coloration and 

the keratin cortex (Shawkey et al., 2005). Moreover, 
although the presence of melanin beneath the spongy 
layer is essential, because it absorbs incoherently 
scattered white light that would otherwise wash out 
the coherently scattered colour (Prum, 2006; Shawkey 
& Hill, 2006; Shawkey & Alba, 2017), whether its 
arrangement (organization, spacing) or density affects 
non-iridescent structural coloration remains unclear.

Male fairy-wrens in the genus Malurus display a 
great variety of brightly coloured plumages, often 
rich in short-wavelength reflectance, including blue, 
indigo and almost pure UV hues (Fig. 1). Most of 
these colourful plumages are seasonal (nuptial), 
and in several species they serve sexually selected 
functions, through female choice or male–male 
competition (Cockburn et al., 2008; Peters et al., 2013; 
Fan et al., 2018). Although studies have confirmed 
the contribution of the medullary spongy layer to 
the production of structural colours in fairy-wrens 
(Doucet et al., 2004; Driskell et al., 2010; Saranathan 
et al., 2012), the contribution of the different aspects 
of feather morphological variation to explaining colour 

Figure 1.  Male fairy-wrens (Malurus spp.) display a great diversity of nuptial plumages, including various structural 
colours. Shown are photographs of a male M. cyaneus (A), M. splendens (B), M. alboscapulatus (C), M. lamberti (D), 
M. coronatus (E) and M. cyanocephalus (F), in nuptial plumage. Photographs: A, B, D, K. Delhey; C, F, E. Enbody; and E, 
L. Lermusiaux.
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diversity has not been assessed. Here, we investigate 
the mechanistic causes of the variability in structural 
plumage coloration in this genus to identify the key 
aspects of morphological variation that underpin it.

MATERIAL AND METHODS

Study species

To investigate how feather barb structure influences 
the expression of structural colours, we selected all nine 
species of Malurus in which males display structural 
colours, i.e. blue, indigo and purple plumage patches 
(Malurus cyanocephalus, Malurus coronatus, Malurus 
elegans, Malurus pulcherrimus, Malurus amabilis, 
Malurus lamberti,  Malurus cyaneus, Malurus 
splendens and Malurus leucopterus; Supporting 
Information, Fig. S1). Some species included multiple 
subspecies with varying structural colours, and in those 
cases we included samples for the different subspecies. 
For each taxon, we sampled between one and five 
differently coloured structural plumage patches 
(full details are provided in Supporting Information, 
Appendix S1; Table S1). Feathers were pulled from 
living birds and museum specimens using tweezers 
and stored in small manila envelopes at ambient 
temperature until the time of analysis. Hereafter, we 
use the term ‘unique patch’ to refer to a single plumage 
patch of a given taxon (e.g. the blue throat of Malurus 
splendens splendens).

In addition, we compared these structurally 
coloured plumages with two other nuptial colours 
displayed in the genus, black and rufous, by examining 
the barb structure of rufous feathers from M. elegans, 
M. pulcherrimus, M. amabilis and M. lamberti, and 
black feathers from M. coronatus, M. lamberti and 
M. splendens, in addition to Malurus alboscapulatus 
and Malurus melanocephalus (Supporting Information, 
Fig. S1). These black and rufous feathers were sampled 
only to describe their microstructure, because previous 
work revealed that black plumage in other fairy-wren 
species presented microstructural elements consistent 
with structural UV/blue colours whose contribution 
had been obliterated by high melanin deposition 
(Doucet et al., 2004; Driskell et al., 2010).

Reflectance spectrometry and visual models

The reflectance of each unique patch was measured 
on museum specimens and living birds (N = 8–717 for 
each patch; for details see Supporting Information, 
Table S2; average spectra in Supporting Information, 
Figs S2, S3) using an AvaSpec-2048 spectrometer 
connected to an AvaLight-XE xenon pulsed light 
source (Avantes) with a bifurcated fibre-optic cable 

fitted at the end with a cylindrical plastic probe (6 mm 
diameter) to standardize measuring distance (5 mm) 
and angle (90°) and exclude ambient light. We held the 
probe perpendicular to the surface of the plumage, and 
collected up to five reflectance spectra per plumage 
patch. Reflectance between 300 and 700 nm was 
calculated relative to a WS-2 white standard using the 
software AVASOFT v.7.5 (Avantes; Fig. 2; Supporting 
Information, Figs S2, S3).

To summarize spectral information, we used 
psychophysical models of avian colour vision (Vorobyev 
et al., 1998), following the methods described by Delhey 
et al. (2015). The main advantage of using visual 
models is that, unlike other descriptors of spectral 
shape variation, which are often tailored to a specific 
type of reflectance spectrum, their output can be 
directly compared across different types of colours (see 
further discussion by Delhey & Peters, 2008; Delhey 
et al., 2015). Moreover, the second advantage is that 
visual models bring us closer to the perceptual world 
of receivers, hence they can provide information on 
the putative biological relevance of colour differences. 
However, this also constitutes their main weakness, 
because often we do not have detailed information on 
all required visual parameters for our study species, 
and we need to use information from other species.

Visual models require knowledge of the visual 
sensitivity functions of the four types of cones used 
by birds in colour vision, the relative abundance of 
each of these cones in the retina and the spectrum of 
illuminating light. Colour vision in birds is mediated 
by four types of single cones sensitive to very short 
(VS), short (S), medium (M) and long (L) wavelengths 
of light (Vorobyev et al., 1998). Variation in visual 
sensitivity between species is mainly restricted to the 
VS and S cones, and birds can generally be classified 
into two groups: ultraviolet-sensitive (U-type) and 
violet-sensitive (V-type) species, where U-type species 
have VS cones with the peak sensitivity shifted 
towards shorter wavelengths (Hart & Hunt, 2007). 
Fairy-wrens are unique in that within the genus 
Malurus there are species with V-type and species 
with U-type visual sensitivities (Odeen et al., 2012). 
Therefore, we modelled both sensitivity types to see 
whether it affected the results (Bitton et al., 2017) 
(visual sensitivity functions obtained from Endler & 
Mielke, 2005).

Visual models also require knowledge of the noise-
to-signal ratios for each of the four different cone types, 
which can be approximated by knowing the relative 
amounts of each cone type in the retina. Given that 
the relative abundance of the four cones in the retina 
does not differ consistently between U- and V-type 
species (Hart, 2001), and we have no data for any 
Malurus species, we used average cone proportions 
computed from Hart (2001) (0.38:0.69:1.14:1.00 for 
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VS:S:M:L). Cone proportions were combined with 
behavioural estimates of the Weber fraction (0.1; 
Olsson et al., 2017), using formula (10) of Vorobyev 
et al. (1998) to obtain the noise-to-signal ratios (ν) 
for each cone type (ν VS = 0.162, ν S = 0.120, ν M = 0.094, 
ν L = 0.1). Although data on relative cone proportions 
are scarce, in general birds have similar amounts of L 
and M cones, fewer S cones and even fewer VS cones, 
and variation is relatively limited (Hart, 2001). This 
is why systematically running visual models using 
all known cone proportions generally yields similar 
results (see supplementary material of Delhey et al., 
2013), except for outlier species, such as the little pied 
cormorant (Phalacrocorax varius), with extremely 
high proportions of VS cones (Hart, 2001). Finally, we 
used the spectrum of standard daylight (D65, open 
habitats) as illuminant (Vorobyev et al., 1998). This 
is representative of the light environment for most 
species of fairy-wren, which are found in open habitats. 

Moreover, the choice of irradiance has minimal effects 
on the outcome of visual models, as shown for fairy-
wrens (Delhey et al., 2013) and other species (Delhey 
& Peters, 2008).

Visual models yield a set of quantum catches for 
the four types of single cones (i.e. how much each 
type of cone is stimulated by a specific combination 
of reflectance spectrum and irradiance) that can be 
transformed into three coordinates, x, y and z, that 
define the position of each spectrum in the visual 
space of birds (Fig. 2; Supporting Information, Fig. S4). 
This visual space takes the shape of a tetrahedron, 
where each apex represents the sole stimulation of 
one cone type (Burkhardt, 1989; Goldsmith, 1990). 
Using the formulae of Cassey et al. (2008), distances 
between points in visual space are measured in ‘just-
noticeable differences’ (jnd), whereby distances >1 jnd 
are considered to be discriminable by birds. For each 
unique structurally coloured patch (i.e. excluding 

Figure 2.  Linking reflectance spectra with chromatic coordinates. The central panel depicts the positions of the studied 
structurally coloured patches in the visual space of U-type eyes, where sphere colours correspond approximately to the 
feather colour perceived by the human eye. The surrounding panels show examples of average (smoothed) plumage 
reflectance spectra matched with their position in visual space (dotted lines). Taxon abbreviations: ama., Malurus 
amabilis; cor., Malurus coronatus (coronatus); cya., Malurus cyaneus (cyaneus); cyano., Malurus cyanocephalus (bonapartii); 
ele., Malurus elegans; lam. ass., Malurus lamberti assimilis; lam. lam., Malurus lamberti lamberti; leu., Malurus leucopterus 
(leuconotus); pul., Malurus pulcherrimus; spl. cal., Malurus splendens callainus; spl. mel., Malurus splendens melanotus; 
spl. spl., Malurus splendens splendens. Plumage patch abbreviations: all, the whole body except the wings and tail for 
M. leucopterus; ch, cheek; cr, crown; fl, flank, ru, rump; sh, shoulder; th, throat.
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black and rufous patches), we computed the average 
position, or centroid, of the patch in the visual space 
(Fig. 2; Supporting Information, Fig. S4), in addition 
to the standard error (SE) around each chromatic 
coordinate (x, y and z). Likewise, for each spectrum 
we computed achromatic variability (i.e. ‘perceived 
brightness’ or luminance variation, measured in just-
noticeable differences) based on cone quantum catch of 
double cones (which mediate perception of achromatic 
cues in birds; Cuthill, 2006) as described by Delhey 
et al. (2015), using formula (7) of Siddiqi et al. (2004) 
and a noise-to-signal ratio of 0.2 (Olsson et al., 2017), 
and subsequently, computed the average perceived 
brightness and SE for each unique patch.

Additionally, to provide a set of spectral shape 
variables that are independent of visual models and 
can be compared with results from previous studies, 
we also computed: (1) hue (the wavelength of peak 
reflectance) as an index of spectral location; (2) UV 
chroma (the summed reflectance of light in the range 
of 300–400 nm divided by the summed reflectance in 
the range 300–700 nm); (3) spectral saturation (the 
proportion of light reflected around the reflectance 
peak with reflectance equal to or larger to half of that 
of the peak) both as indices of colour purity (Andersson 
et al., 1998); and (4) brightness (mean reflectance) as 
an index of achromatic variation, using the package 
‘pavo’ (Maia et al., 2013) in R v.3.4.0 (R Development 
Core Team, 2014).

Using these variables provides indicators of spectral 
shape that are free from some of the complexities and 
uncertainties of visual models, but they also have 
limitations. The most important one is that they cannot 
fully capture the complexity of spectral variability. For 
example, the results for hue and spectral saturation 
should be interpreted with caution, given that many 
of the measured spectra display multiple peaks, with 
substantial variation in the height and location of 
the primary and secondary peaks (Fig. 2; Supporting 
Information, Fig. S2). Likewise, UV chroma is a rather 
arbitrary variable that focuses on a specific part of the 
spectrum of particular interest owing to its human-
invisible nature but that might not be especially 
important for avian colour signalling (Stevens & 
Cuthill, 2007).

Transmission electron microscopy

To characterize the feather micro- and nanostructural 
elements responsible for the colours of the different 
studied patches, we used transmission electron 
microscopy (TEM). We prepared samples following 
a protocol similar to that of Shawkey et al. (2003). 
Briefly, we cut feather barbs from the upper 5 mm of 
contour feathers, washed them in 100% ethanol (twice, 
for 20 min each time) and infiltrated them with Epon 

in successive concentrations of 15, 50, 70 and 100% 
(24 h each time). Barbs were then placed into moulds 
and, after curing the blocks at 60 °C for 16 h in an oven, 
we trimmed them with a Leica S6 EM Trim2 (Leica 
Microsystems) and cut 100 nm thin sections using a 
Leica EM UC6 ultramicrotome (Leica Microsystems) 
equipped with a MT14878 DiATOME diamond knife 
(DiATOME). Sections were transferred with a loop 
to copper grids, stained with uranyl acetate and lead 
citrate and viewed on a Jeol JEM-1010 transmission 
electronic microscope (Jeol Ltd). Micrographs were 
taken at magnifications between ×800 and ×30 000 
(Fig. 3; Supporting Information, Appendix S2).

Our study focuses on the role of the barb structure; 
therefore, we did not investigate the role of barbules, 
which were present only in very dark blue and indigo 
feathers (N = 6 of 30 structurally coloured feathers), 
and in black and rufous feathers (Supporting 
Information, Fig. S3). We measured the reflectance 
of individual barbs at normal incidence using a 
Craic AX10 UV–visible microspectrophotometer 
(Craic Technologies, Inc., San Dimas, CA, USA) with 
a ×15 glass objective lens, and the spectra were very 
similar to those of the corresponding plumage patches 
(Supporting Information, Fig. S5). This suggests that 
the effect of barbules on the overall plumage colour 
is probably not affecting our conclusions (for further 
discussion on the effects of barbules in this genus, see 
Enbody et al., 2017).

Microstructural variation

We used ImageJ v.1.51 (Schneider et al., 2012) to 
measure the thickness of the keratin cortex and spongy 
layer (the latter for structurally coloured patches only, 
because black and rufous barbs have little, degraded 
or no spongy layer; Fig. 3F, G) at six different evenly 
spaced points around the barb. Given that black and 
rufous feathers have a pointed shape (and not an 
oval or round shape), we avoided the pointed area 
to measure the cortex thickness. Using both ImageJ 
v.1.51 and MATLAB, we also measured the cross-
sectional area of the spongy layer and of the melanin 
granules underneath to estimate the ratio of melanin 
to spongy layer (for structurally coloured patches 
only). These parameters may affect the amount and/
or range of wavelengths of light absorbed by the barb 
(Shawkey et al., 2006; Shawkey & Hill, 2006; D’Alba 
et al., 2012) and therefore the reflected colour.

Fourier analysis

For all structurally coloured patches, we performed a 
two-dimensional Fourier analysis on TEM images of 
feather barbs using the two-dimensional fast Fourier 
transform tool of ImageJ v.1.51. This analysis allows us 
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Figure 3.  A, feather barb microstructure from a structurally coloured plumage patch. Shown is a transmission electron 
microscopy (TEM) image of a cross-section of a feather barb collected from the blue crown of a male Malurus elegans. Scale 
bar: 5 μm. B–E, spongy layer characteristics. Shown are TEM images of the spongy layer found in the feather barbs collected 
from the throat of a male Malurus cyaneus cyaneus (B), the crown of a male Malurus coronatus coronatus (C), the throat 
of a male Malurus splendens melanotus (D) and the crown of a male Malurus elegans (E). Scale bars: 1 μm. Also shown are 
the corresponding two-dimensional profile plots representing spatial fluctuations in dark (keratin) and light (air) areas in 
the spongy layer and the coefficient of variation (CV) in the spacing between wave peaks (as an index of nanostructural 
regularity), in addition to the two-dimensional Fourier power spectra and associated spatial frequencies (r) given by the 
internal radius of the rings. F, G, also shown, for comparison, are TEM images of a cross-section of a feather barb collected 
from the black throat of a male Malurus lamberti lamberti (F) and the rufous shoulder of a male Malurus amabilis (G). 
Scale bars: 4 μm. Abbreviations: C, cortex; M, melanin granule; SL, spongy layer; V, vacuole.
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to determine whether nanostructures are sufficiently 
organized at an appropriate scale to produce colour 
by coherent light scattering alone (Prum et  al., 
1999; Shawkey et  al., 2003). For all images, the 
largest available square portion of keratin and air 
uninterrupted by melanin granules, cell boundaries 
or keratin cortex (280–1940 pixels2) was selected (Fig. 
3). We then created two-dimensional Fourier power 
spectra for each selected portion. All structurally 
coloured feather barbs showed discrete rings in the 
Fourier power spectra (Fig. 3B–E). For each ring, we 
took five measurements of the internal radius (in 
nanometres per cycle) to estimate the characteristic 
spatial frequency of the spongy layer (with small 
values of spatial frequency being associated with small 
scattering elements).

Nanostructural variation

Both the size and the regularity of the scattering 
elements in the spongy layer may affect aspects of the 
reflected colour (Shawkey et al., 2003, 2005; D’Alba 
et al., 2012). Therefore, for all structurally coloured 
patches, we measured the diameter of 15 keratin rods 
and 15 circular air spaces on each TEM image (Fig. 
3B–E). The diameters of keratin rods and air spaces 
were not correlated (|r| = 0.02); therefore, we summed 
the average diameters of keratin rods and air spaces 
to obtain the distance between scatterers (Prum et al., 
2003; Shawkey et al., 2005). In addition, we used ImageJ 
v.1.51 to produce profile plots of barb TEM images. We 
used the same selected square portions corresponding to 
entire areas of the spongy layers from the TEM images 
as above in the Fourier analysis. The profile plot shows 
a two-dimensional waveform, representing the spatial 
density fluctuation in the intensity of pixels (i.e. proxy 
for spatial variation in refractive index of keratin and 
air) within the selected area (Fig. 3B–E). Specifically, it 
displays a ‘column average plot’, where the x-axis in the 
waveform represents the horizontal distance through 
the selection and the y-axis the vertically averaged pixel 
intensity. We took 15 measurements of the distance 
between the peaks in the waveform and then calculated 
the coefficient of variation (CV) of the inter-peak distance 
as a measure of nanostructural regularity. This method 
has been used in previous studies investigating spatial 
regularity of spongy layer channels (D’Alba et al., 2012).

Statistical analyses

All analyses were done in R v.3.4.0. Given that black 
and rufous feathers have little, degraded or no spongy 
layer, the analyses described below were performed 
on structurally coloured patches only. We used a 
meta-analytical approach to the study of variation 
(Hadfield & Nakagawa, 2010), which accounts for 

sampling error, multiple measurements per species 
and phylogenetic relatedness, implemented using the 
package ‘MCMCglmm’ (Hadfield, 2010).

First, to determine which morphological variables 
or combinations thereof represented independent 
axes of variation, we performed a principal component 
analysis (PCA) on the six morphological variables: (1) 
the thickness of the keratin cortex; (2) the thickness 
of the spongy layer; (3) the ratio of melanin to spongy 
layer; (4) the spatial frequency of the spongy layer 
provided by the Fourier analysis; (5) the distance 
between scatterers (calculated as the sum of the 
diameters of keratin rods and air spaces); and (6) the 
nanostructural regularity (for details, see Supporting 
Information, Appendix S3). Some of these variables are 
strongly intercorrelated, and PCA removed issues of 
collinearity between explanatory variables. The PCA 
indicated that the first four principal components, 
PC1–PC4, explain 88% of variation all together (see 
Supporting Information, Appendix S3 and Results).

We  then  tes ted  whether  these  pr inc ipa l 
components are correlated with chromatic and 
achromatic variation. To do this, for each colorimetric 
variable, i.e. x, y, z (computed using either U- or 
V-type visual sensitivity functions) and perceived 
brightness, we fitted the colorimetric variable as the 
response variable and PC1–PC4 as (independent, 
uncorrelated) explanatory variables. Random effects 
included phylogenetic relatedness (as the inverse 
of the phylogenetic covariance matrix; Hadfield 
& Nakagawa, 2010; using the phylogeny of Marki 
et al., 2017; Supporting Information, Fig. S1) and 
species identity, because in some species more 
than one plumage patch was measured. Sampling 
error variances (i.e. squared SE for each unique 
patch) for each chromatic coordinate or perceived 
brightness estimate were also included in the models 
to account for this uncertainty. We used a relatively 
uninformative inverse gamma prior for the residuals 
and Cauchy priors for random effects to improve 
model convergence when random effect variances 
are close to zero, and normal distributions centred 
on zero with large variances as fixed effects priors. 
We ran 101 000 iterations per model, from which 
we discarded the initial 1000 (burn-in period). Each 
chain was sampled at an interval of 100 iterations, 
meaning that the effective sample size was 1000.

Model convergence was assessed using trace 
graphs and autocorrelation plots. For each model, 
we computed marginal (fixed effects) and conditional 
(fixed +  random effects) R2 values (Nakagawa & 
Schielzeth, 2013). Chiefly, we computed total variance 
as the sum of the variances from fixed effects (‘Sol’ 
components in an MCMCglmm model), random 
effects and residual variance (‘VCV’ components in 
an MCMCglmm model, in this case species identity, 
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phylogenetic relatedness and residuals). Marginal R2 
values were obtained by dividing fixed effect variance 
by total variance, whereas conditional R2 was obtained 
by dividing fixed effect variance plus random effect 
variance by total variance.

We then used the same Bayesian phylogenetic 
mixed model approach, fitting hue, UV chroma, 
spectral saturation or brightness as the response 
variable instead. We also analysed the separate effects 
of each of the six morphological variables on chromatic 
and achromatic variation by using the same Bayesian 
phylogenetic mixed model approach as above, i.e. 
fitting each colorimetric variable as the response 
variable, but with each morphological variable as a 
single explanatory variable (centred and scaled) in 
separate models. Data for all models can be found in 
the Supporting Information (Appendix S4).

Moreover, we assessed the degree of phylogenetic 
effects on each colorimetric and morphological 
variable, again using a Bayesian phylogenetic 
mixed model approach. We fitted each colorimetric 
or morphological variable as the response variable 
in separate models. In all models, we fitted a simple 
intercept as the explanatory variable, and the same 
random effects as above. We then determined the 
phylogenetic signal λ (i.e. the proportion of variation 
accounted for by phylogenetic relatedness relative to 
the total variation accounted by the random effects; 
Hadfield & Nakagawa, 2010).

RESULTS

Male nuptial plumage in fairy-wrens

Structurally coloured patches of the nuptial plumages 
of male fairy-wrens included various blue (light 
blue, azure, cobalt blue, navy blue, etc.) and indigo 
plumages, in addition to one case of purple plumage 
(in male M. coronatus; Figs 1, 2). Only the distal barbs 
of the feathers displayed the structural colour and had 
generally few or no barbules, whereas the proximal 
barbs displayed either a black (for blue and indigo 
feathers) or rufous (for purple feathers) coloration. In 
contrast, black and rufous feathers had both barbs and 
barbules, and rufous feathers also displayed a black 
coloration in their proximal part.

Reflectance spectrometry and avian visual 
model

Reflectance spectra of all blue and indigo patches were 
characterized by the presence of one or two discrete 
peaks in the UV and/or blue range (Fig. 2; Supporting 
Information, Fig. S2). The main peak was located between 
360 and 540 nm, i.e. in most cases in the blue range, but in 

a few cases in the UV or green range (Fig. 2; Supporting 
Information, Fig. S2). In contrast, the second peak, when 
present, was always found between 325 and 375 nm, 
i.e. in the UV range, and in many cases it appeared as a 
‘shoulder’ (i.e. not a distinct peak) or almost fully merged 
with the main peak (Fig. 2; Supporting Information, Fig. 
S2). In particular, spectra of very dark blue and indigo 
patches (i.e. the throat of M. cyaneus, M. elegans and 
M. pulcherrimus, and the rump of M. cyanocephalus) 
peaked in the UV range at a low reflectance value 
(< 15%; Fig. 2; Supporting Information, S2). Likewise, the 
reflectance spectrum of the purple crown of M. coronatus 
was characterized by two discrete peaks, the smaller one 
being in the UV range (at 340 nm) and the higher one in 
the blue range (at 460 nm); however, it also exhibited a 
steep increase between 550 and 700 nm, i.e. towards the 
red range, unlike other spectra (Fig. 2).

Plotting spectra in the bird visual space showed a 
relatively large colour span in the visual space of both U- 
and V-type species (Fig. 2; Supporting Information, Fig. 
S4). In this representation, the main axes of chromatic 
variation were z (range: U-type eyes, 11.5 jnd; V-type 
eyes, 11.1 jnd) and y (range: U-type eyes, 11.3 jnd; 
V-type eyes, 10.4 jnd), whereas variation along x was 
less marked (range: U-type eyes, 4.5 jnd; V-type eyes, 
5.1 jnd). Achromatic variation was also high among the 
studied colours, with a range of 17.4 jnd.

Reflectance spectra of black and rufous patches 
displayed no discrete peaks; spectra measured on black 
patches were flat across the entire avian visual range 
(very low reflectance), whereas rufous spectra exhibited 
low reflectance between 300 and 525 nm, and a gradual 
and steep increase between 525 and 700 nm, i.e. towards 
the red range (Supporting Information, Fig. S3).

Feather structure

All 30 structurally coloured feather barbs we examined 
had an oval or round shape and were characterized 
by the presence of a medullary spongy layer located 
beneath a keratin cortex and on top of a layer of 
melanin granules surrounding large, hollow central 
vacuoles (Fig. 3A; Supporting Information, Appendix 
S2). The spongy layer was typically composed of a 
matrix of irregularly shaped keratin channels and air 
spaces (Fig. 3B–E), forming a ‘quasi-ordered array’ 
(Prum et al., 2003). The dimensions of these various 
components showed substantial variation among the 
barbs examined (Table 1; Fig. 3). In particular, all 
feather barbs showed discrete rings in the Fourier 
power spectra (Fig. 3), indicating high levels of 
nanostructural uniformity and organization (Prum 
et al., 1998, 1999) and allowing the production of colour 
by coherent light scattering alone.

In contrast, black and rufous feather barbs 
exhibited a pointed shape and were characterized by 
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the presence of numerous melanin granules within a 
thicker keratin cortex (mean ± SE = 3.04 ± 0.22 μm, 
vs. 2.53 ± 0.16 μm for structurally coloured barbs) 
surrounding little or no spongy layer (N = 3 black 
samples out of eight had no spongy layer, and all 
five rufous samples had extremely degraded spongy 
layers) and hollow central vacuoles (Fig. 3F, G). In 
particular, rufous barbs displayed a large amount 
of relatively small and round melanin granules, 
suggesting that they mainly contained phaeomelanin 
(Liu et al., 2003). Additionally, when a spongy layer 
was present, it was notably degraded by holes 
(absence of keratin) and often interrupted by melanin 
granules (Fig. 3F, G).

Variation in feather structure and colour

We report results for colour variability as computed 
using U-type visual sensitivity functions; results using 
V-type functions were generally similar see Supporting 
Information (Tables S3–S12). Analyses were run with 
the main principal components provided by the PCA 
performed on the six morphological variables and for 
each morphological variable separately.

The PCA performed on the six morphological 
variables showed that 88% of morphological variation 
could be summarized by four principal components 
(Supporting Information, Appendix S3). Specifically, 
PC1 has negative loadings for the spatial frequency of 
the spongy layer, the distance between scatterers and 
the spongy layer irregularity (Supporting Information, 
Appendix S3), indicating that spongy layers of large 
spatial frequency also have more distant scattering 
elements and are more irregular. PC1 therefore 
represents the negative spatial frequency of the 
spongy layer. In contrast, PC2, PC3 and PC4 have 
a moderately to substantially strong loading for, 
respectively, the thickness of the spongy layer 
(positive), the thickness of the keratin cortex (positive) 
and the ratio of melanin to spongy layer (negative; 
Supporting Information, Appendix S3), indicating 
that each of these morphological variables tends to 
vary independently. Hence, PC2 mainly represents 
the thickness of the spongy layer, PC3 the thickness 
of the cortex and PC4 the negative ratio of melanin to 
spongy layer.

Variation along the x-axis (i.e. stimulation of the VS 
cone relative to the S cone) was affected by the spatial 
frequency of the spongy layer [PC1, marginal R2 (U-/V-
type) = 0.21/0.25; Fig. 4; Supporting Information, 
Tables S3 and S9]; reflectance spectra richer in shorter 
wavelengths were the result of spongy layers of lower 
spatial frequency. This correlation was confirmed by the 
analysis of the separate effects of each morphological 
variable (Tables S5 and S10).

Variation along the z-axis (i.e. stimulation of the L 
cone relative to VS + S + M cones) was predicted by 
the spatial frequency (PC1) and thickness (PC2) of 
the spongy layer and the thickness of the cortex [PC3, 
marginal R2 (U-/V-type) = 0.63/0.65; Fig. 4; Supporting 
Information, Tables S3 and S9]. Feathers relatively 
poor in short- and middle-wavelength reflectance 
(UV–green) had barbs with a spongy layer of lower 
spatial frequency, a thinner spongy layer and/or a 
thicker cortex. In addition, analysis of the separate 
effects of each morphological variable indicated that 
such feathers also tend to have a spongy layer sitting 
above a relatively larger amount of melanin granules 
(Supporting Information, Tables S7 and S12; Fig. S6).

No morphological variable was correlated in a 
statistically significant manner with variation along 
the y-axis (i.e. stimulation of the M cone relative to 
VS + S cones; Fig. 4) based on the full model including 
PC1–PC4 [marginal R2 (U-/V-type)  =  0.28/0.26; 
Supporting Information, Tables S3 and S9]. 
However, analysis of the separate effects of each 
morphological variable indicated a possible influence 
of nanostructural regularity (when using U-type 
functions only; Supporting Information, Tables S6 
and S11; Fig. S6). More irregular spongy layers tend 
to be associated with a higher stimulation of the M 
(green-sensitive) cone relative to the VS and S cones 
(UV and blue).

Achromatic variation (perceived brightness) was 
associated with the spatial frequency of the spongy layer 
(PC1) and the thickness of the cortex (PC3, marginal 
R2 = 0.65; Fig. 4; Supporting Information, Table S3; 
Fig. S6). Barbs with a spongy layer of larger spatial 
frequency or a thinner cortex were brighter. Moreover, 
analysis of the separate effects of each morphological 
variable indicated that barbs with a thicker spongy 
layer or a spongy layer sitting above a relatively smaller 
amount of melanin granules also tend to be brighter 
(Supporting Information, Table S8; Fig. S6).

Additionally, results indicated that the spatial 
frequency of the spongy layer was positively correlated 
with hue (marginal R2 = 0.46; Supporting Information, 
Table S4; Fig. S7) and negatively correlated with UV 
chroma (marginal R2 = 0.20; Supporting Information, 
Table S4; Fig. S7). No morphological variable was 
correlated with spectral saturation (Supporting 
Information, Table S4). Brightness (average 
reflectance) was mainly correlated with the spatial 
frequency of the spongy layer (PC1; Supporting 
Information, Table S4; Fig. S7).

Finally, we assessed the degree of phylogenetic 
constraint on each colorimetric and morphological 
variable. Phylogenetic effects appeared relatively weak 
for all variables (λ ≤ 0.34; Supporting Information, 
Table S13).
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DISCUSSION

We show that differences in 30 patches of male 
structural plumage colours across nine species of 
fairy-wrens are caused by differences in the amount, 
dimensions and arrangement of many structural 
elements of feather barb. More specifically, we found 
that: (1) chromatic variation is primarily related to the 
spatial frequency and thickness of the spongy layer, 
the relative amounts of spongy layer and melanin, 
and the thickness of the cortex; and (2) achromatic 

variation is correlated with the spatial frequency of 
the spongy layer and the thickness of the cortex. Our 
results therefore indicate that many independent 
characteristics of feather microstructure, rather than 
a single mechanism, contribute to chromatic and 
achromatic variation in non-iridescent structural 
colours as perceived by birds (see summary in Fig. 5).

Male fairy-wrens display structural colours that 
vary widely, including UV, indigo, various blue and 
purple hues (Figs 1, 2; Supporting Information, Figs 

Figure 4.  Chromatic and achromatic variation among structural colours in male fairy-wrens is related to different 
structural elements of feather barbs. The first row depicts the effect size estimates [posterior means and 95% credible 
intervals (CI); based on the full models presented in Supporting Information, Table S3] of principal component (PC)1, PC2, 
PC3 and PC4, on the response variables: chromatic coordinates (x, y and z, computed using U-type visual sensitivities) 
and perceived brightness (all N = 30). Rows below depict scatterplots between each PC and all response variables, where 
PCs are identified by colour and shape. Higher values of PC1 represent mainly smaller spatial frequencies of the spongy 
layer, higher values of PC2 a thicker spongy layer, higher values of PC3 a thicker cortex, and higher values of PC4 a higher 
relative amount of spongy layer compared with melanin. The x-coordinate represents stimulation of the VS cone relative 
to the S cone. Higher values of the y-coordinate represent higher stimulation of the M cone relative to VS and S cones. The 
z-coordinate represents higher relative stimulation of the L cone compared with the other three. Marginal and conditional 
R2 values (R2

m and R2
c, respectively) are also presented. *P < 0.05, **P < 0.01, ***P < 0.001.
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S2–S4). Transmission electron microscopy revealed 
that the barb microstructure of all sampled feathers is 
organized in a very similar way, with an outer keratin 
cortex above a medullary spongy layer, composed of 
a matrix of irregularly shaped keratin channels and 
air spaces, and a basal layer of melanin granules 
surrounding large, hollow central vacuoles (Fig. 3). 
This similarity suggests that the observed colour 
variation among the sampled feathers is not caused by 
the presence or absence of certain structural elements, 
but primarily by differences in the characteristics 
(size, density, etc.) of one or more of these elements. 
The discrete rings observed in the Fourier power 
spectra of all spongy layers showed that the colours 
are primarily produced by coherent light scattering 
owing to a nanostructural arrangement of keratin 
and air (uniform in all directions and highly ordered) 

in the feather barbs (Prum, 2006). This confirms the 
crucial role played by the medullary spongy layer in 
the production of structural colours (Shawkey et al., 
2003; Prum, 2006; D’Alba et al., 2012; Saranathan 
et al., 2012).

Variation in relative reflectance at short and 
medium wavelengths is generated by changes in 
the characteristics of the spongy layer. We found 
that lower spatial frequencies and smaller distances 
between scattering elements were responsible for 
reflectance spectra richer in shorter wavelengths 
(Fig. 4); tighter arrays of keratin and air are thus 
responsible for colours richer in UV. Additionally, we 
found some evidence, albeit limited, that more regular 
spongy layers tend to create colours that are richer in 
shorter wavelengths relative to medium wavelengths 
(Supporting Information, Fig. S6). As suggested by 

Figure 5.  Schematic summary of the effects of multiple structural elements of feather barb on plumage reflectance. Barb 
morphology may affect plumage colour through changes in the spatial frequency and thickness of the spongy layer (SL), 
in the thickness of the cortex (C) and in the ratio of melanin (M) to spongy layer. For each depicted effect, the associated 
variation in the reflectance spectrum (R, reflectance; W, wavelength) is also schematized.
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Shawkey et al. (2003), increased uniformity in size of 
the scattering elements (i.e. increased regularity) is 
likely to result in a tighter grouping of the reflected 
light around the wavelength of peak reflectance 
(i.e. greater purity of the reflected colour), whereas 
increasing the variation in those elements might 
spread the reflected light over a broader spectrum, 
which in our case occurs mostly across the short- and 
medium-wavelength range. These observations agree 
with results presented by Saranathan et al. (2012), 
which show that across a large range of different 
structural colours (UV–red) the size and regularity of 
the scattering elements in the spongy layer predict the 
position of the reflectance peak and its saturation.

Variation in relative reflectance at long wavelengths 
is the result of changes in the spatial frequency 
and thickness of the spongy layer and the thickness 
of the cortex. Barbs comprising a spongy layer of 
lower spatial frequency, a thinner spongy layer and/
or a thicker cortex generate colours richer in long-
wavelength reflectance (corresponding to darker blue 
and purple feathers in our sample; Fig. 4). Given that 
the spongy layer is the main colour-producing element, 
responsible for the UV and blue hues, a decrease in 
its thickness will be associated with lower reflectance 
across the short-wavelength range. In addition, 
a decrease in the spatial frequency of the spongy 
layer or an increase in the thickness of the cortex 
generates darker blue colours. We also found some 
evidence that a spongy layer sitting on a relatively 
larger amount of melanin granules could account for 
colours richer in long-wavelength reflectance (Fig. 4; 
Supporting Information, Fig. S6). We speculate that 
this effect might be attributable to the fact that the 
light-absorption effect of melanin is going to be mostly 
evident across those wavelengths where coherent 
scattering by the spongy layer is reflecting light back 
(the short-wavelength range) rather than where 
reflectance is already low (in the long-wavelength 
range) and because melanin absorbs more strongly in 
shorter than in longer wavelengths (Xiao et al., 2018).

The importance of melanin to structural colour 
production is also demonstrated by comparing 
structural colours with black and rufous colours. Both 
rufous and purple reflectance spectra exhibit a very 
similar gradual increase in the red range (Supporting 
Information, Figs S2, S3). This suggests that purple 
barbs (of the purple-crowned fairy-wren, M. coronatus) 
contain a basal layer consisting mainly of phaeomelanin, 
as previously proposed by Peters et al. (2013), and that 
phaeo- instead of eumelanin is primarily responsible 
for purple instead of blue plumage. Comparison of 
blue and black plumages confirms previous findings 
(Doucet et al., 2004; Driskell et al., 2010), in that most 
sampled black feather barbs (including those from 
M. splendens, M. lamberti and M. coronatus) contain 

a spongy layer that could produce a structural blue 
colour, but the degraded state of the spongy layer, in 
addition to a higher density of melanin and a thicker 
and more heavily melanized cortex, make them 
appear black. These vestiges of spongy layer suggest 
that evolutionary changes where melanin deposition 
obliterates structural colours might be common within 
this clade.

Feather perceived brightness (achromatic, dark-
to-light variation) in our sample of structural 
colours was predicted by the spatial frequency of the 
spongy layer and the thickness of the keratin cortex, 
with spongy layers of larger spatial frequency and 
thinner cortices producing brighter feathers (Fig. 4; 
Supporting Information, Fig. S6). Previous studies of 
non-iridescent structural plumage colour suggested 
that the cortex acts primarily to absorb light (Finger, 
1995; Shawkey et al., 2005); hence, a thinner cortex 
will increase the amount of light reflected (total 
brightness). Moreover, thicker spongy layers and 
spongy layers sitting on relatively smaller amounts of 
melanin were also associated with brighter feathers 
(Supporting Information, Fig. S6). Both coherent 
(Benedek, 1971) and incoherent (Kerker et al., 1966; 
Finger, 1995) scattering models of colour production 
predict positive associations between the number of 
scattering elements and brightness. In agreement 
with these theoretical predictions, for a given spatial 
frequency, a thicker spongy layer contains a larger 
number of scattering elements and, as a result, 
increases the amount of reflected light. In addition, 
previous research also proposed that the melanin 
density could affect brightness (Shawkey & Hill, 2006; 
but see Shawkey et al., 2005); smaller amounts of 
melanin absorb less light, therefore causing more light 
to be reflected.

In conclusion, feather barb microstructure can vary 
in several independent ways to generate variation in 
plumage coloration: (1) in the thickness of the keratin 
cortex; (2) in various characteristics of the spongy 
layer, including its spatial frequency and thickness; 
or (3) in the relative amount of melanin sitting 
underneath the spongy layer (Fig. 5). Therefore, it is 
variation in many microstructural elements, rather 
than changes in a single key mechanism, that leads 
to the diversity of structural colours in the nuptial 
plumages of male fairy-wrens. The coexistence of 
several independent, evolutionarily labile (as shown 
by their low phylogenetic signal) parameters is likely 
to facilitate the evolution of a great variability of 
plumage colours.

Further studies should focus on how these 
different mechanisms mediate transitions between 
micro- and macro-evolutionary patterns. Specifically, 
are patterns of intraspecific colour variation (i.e. 
differences in coloration between individuals within a 
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population) generated by the same mechanisms that 
lead to differences in coloration between taxa? Or is 
intraspecific variation in colour restricted to certain 
mechanisms, whereas others are more likely to lead to 
the types of qualitative differences we expect between 
taxa? Understanding these processes will require 
a more sophisticated knowledge of the genetic and 
environmental factors behind variation in feather 
microstructure.

Whether the expression of structural colours is 
sensitive to environmental factors is debated (Prum, 
2006) and empirical evidence mixed (Doucet, 2002; 
Johnsen et al., 2003; Siefferman & Hill, 2005; Griggio 
et al., 2009; Peters et al., 2011). The spongy layer of 
structurally coloured feathers has been shown to 
develop through a self-assembly process that should 
be shielded largely from animal physiology, suggesting 
reduced scope for condition-dependent expression 
(Prum et al., 2009; Parnell et al., 2015). However, as 
we have shown here, the spongy layer itself is not 
the only determinant of colour variation, and other 
mechanisms could be affected by environmental 
variation and its effects on animal physiology. In 
contrast, some of the mechanisms identified here 
have been shown to be under strong genetic control 
(e.g. melanin deposition; Roulin & Ducrest, 2013). Our 
results suggest that, in the same way as fairy-wrens 
have become a model system in which to answer basic 
evolutionary questions from cooperative behaviour to 
sexual selection (Brouwer et al., 2017; Medina et al., 
2017), they might also become a tractable model 
system in which to explore the mechanisms of colour 
evolution.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site:

Appendix S1. Feather sampling.
Appendix S2. Transmission electron microscopy images of feather barb morphology (zip file). Sample numbers 
match ‘sample.number’ variable in the Supporting Information (Appendix S4). Images can be found at: https://
doi.org/10.6084/m9.figshare.8379014
Appendix S3. Principal components analysis (PCA).
Appendix S4. csv file with data used in analysis. Data can be found at: https://doi.org/10.6084/m9.figshare.8379014
Table S1. Feathers sampled from living birds (A) and specimens of male Malurus provided by Museum Victoria (B).
Table S2. Plumage patches of male Malurus measured using reflectance spectrometry. For Malurus leucopterus 
leuconotus, all blue patches (except the tail) were combined; for Malurus melanocephalus, all black patches were included. 
For Malurus coronatus coronatus and Malurus cyaneus cyaneus, both museum specimens and living birds were measured.
Table S3. Effects of morphological variation on chromatic (x, y and z) and achromatic (brightness) variation 
among structural colours in male fairy-wrens. Shown are the results of Bayesian phylogenetic mixed models 
examining the effects of principal component (PC)1, PC2, PC3 and PC4. Dependent variables were chromatic 
coordinates in the avian visual space (x, y and z) computed using U-type visual sensitivities, in addition to 
achromatic brightness (N = 30). Shown are posterior means for fixed effect coefficients and their 95% credible 
intervals (CI) and corresponding P-values (*P < 0.05, **P < 0.01 and ***P < 0.001; in bold), marginal (fixed effects) 
and conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S4. Effects of morphological variation on hue, ultraviolet chroma and spectral saturation among structural 
colours in male fairy-wrens. Shown are the results of Bayesian phylogenetic mixed models examining the effects 
of principal component (PC)1, PC2, PC3 and PC4, on hue, ultraviolet chroma and spectral saturation (N = 30). 
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Shown are posterior means for fixed effect coefficients and their 95% credible intervals (CI) and corresponding 
P-values (*P < 0.05, **P < 0.01 and ***P < 0.001; in bold), marginal (fixed effects) and conditional (fixed + random 
effects) R2 values, and λ (phylogenetic signal).
Table S5. Separate effects of feather barb structural elements on the value of the x-coordinate. Shown are the 
results of Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other 
morphological variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency 
of the SL (from Fourier analysis), distance between scatterers (sum of the diameters of keratin channels and air 
spaces) and SL irregularity on the x-coordinate value of plumage structural colours of male Malurus, computed 
using U-type visual sensitivities (N = 30). Explanatory variables were centred and scaled. Shown are posterior 
means for fixed-effect coefficients and their 95% credible intervals (CI) and corresponding P-values (†P < 0.07, 
*P < 0.05 and ***P < 0.001; in bold), marginal (fixed effects) and conditional (fixed + random effects) R2 values, 
and λ (phylogenetic signal).
Table S6. Separate effects of feather barb structural elements on the value of the y-coordinate. Shown are the 
results of Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other 
morphological variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency 
of the SL (from Fourier analysis), distance between scatterers (sum of the diameters of keratin channels and air 
spaces) and SL irregularity on the y-coordinate value of plumage structural colours of male Malurus, computed 
using U-type visual sensitivities (N = 30). Explanatory variables were centred and scaled. Shown are posterior 
means for fixed effect coefficients and their 95% credible intervals (CI) and corresponding P-values (*P < 0.05; 
in bold), marginal (fixed effects) and conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S7. Separate effects of feather barb structural elements on the value of the z-coordinate. Shown are the 
results of Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other 
morphological variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency 
of the SL (from Fourier analysis), distance between scatterers (sum of the diameters of keratin channels and air 
spaces) and SL irregularity on the z-coordinate value of plumage structural colours of male Malurus, computed 
using U-type visual sensitivities (N = 30). Explanatory variables were centred and scaled. Shown are posterior 
means for fixed effect coefficients and their 95% credible intervals (CI) and corresponding P-values (*P < 0.05, 
**P < 0.01 and ***P < 0.001; in bold), marginal (fixed effects) and conditional (fixed + random effects) R2 values, 
and λ (phylogenetic signal).
Table S8. Separate effects of feather barb structural elements on perceived brightness. Shown are the results of 
Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other morphological 
variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency of the SL 
(from Fourier analysis), distance between scatterers (sum of the diameters of keratin channels and air spaces) and 
SL irregularity on the brightness of plumage structural colours of male Malurus (N = 30). Explanatory variables 
were centred and scaled. Shown are posterior means for fixed effect coefficients and their 95% credible intervals 
(CI) and corresponding P-values (*P < 0.05, **P < 0.01 and ***P < 0.001; in bold), marginal (fixed effects) and 
conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S9. Effects of morphological variation on chromatic (x, y and z) variation among structural colours in male 
fairy-wrens. Shown are the results of Bayesian phylogenetic mixed models examining the effects of principal 
component (PC)1, PC2, PC3 and PC4. Dependent variables were chromatic coordinates in the avian visual space (x, 
y and z) computed using V-type visual sensitivities (N = 30). Shown are posterior means for fixed effect coefficients 
and their 95% credible intervals (CI) and corresponding P-values (†P < 0.07, *P < 0.05 and ***P < 0.001; in bold), 
marginal (fixed effects) and conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S10. Separate effects of feather barb structural elements on the value of the x-coordinate. Shown are the results 
of Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other morphological 
variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency of the SL (from 
Fourier analysis), distance between scatterers (sum of the diameters of keratin channels and air spaces) and SL 
irregularity on the x-coordinate value of plumage structural colours of male Malurus, computed using V-type visual 
sensitivities (N = 30). Explanatory variables were centred and scaled. Shown are posterior means for fixed effect 
coefficients and their 95% credible intervals (CI) and corresponding P-values (†P < 0.07 and *P < 0.05; in bold), 
marginal (fixed effects) and conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S11. Separate effects of feather barb structural elements on the value of the y-coordinate. Shown are 
the results of Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other 
morphological variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency 
of the SL (from Fourier analysis), distance between scatterers (sum of the diameters of keratin channels and air 
spaces) and SL irregularity on the y-coordinate value of plumage structural colours of male Malurus, computed 
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using V-type visual sensitivities (N = 30). Explanatory variables were centred and scaled. Shown are posterior 
means for fixed effect coefficients and their 95% credible intervals (CI) and corresponding P-values, marginal 
(fixed effects) and conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S12. Separate effects of feather barb structural elements on the value of the z-coordinate. Shown are the results 
of Bayesian phylogenetic mixed models examining the separate effects (i.e. not accounting for other morphological 
variables) of cortex thickness, spongy layer (SL) thickness, ratio of melanin to SL, spatial frequency of the SL (from Fourier 
analysis), distance between scatterers (sum of the diameters of keratin channels and air spaces) and SL irregularity 
on the z-coordinate value of plumage structural colours of male Malurus, computed using V-type visual sensitivities 
(N = 30). Explanatory variables were centred and scaled. Shown are posterior means for fixed effect coefficients and 
their 95% credible intervals (CI) and corresponding P-values (†P < 0.07, *P < 0.05, **P < 0.01 and ***P < 0.001; in bold), 
marginal (fixed effects) and conditional (fixed + random effects) R2 values, and λ (phylogenetic signal).
Table S13. Phylogenetic effects on feather colour and morphological variables. Shown are the results of Bayesian 
phylogenetic mixed models examining the degree of phylogenetic constraint on the x-, y- and z-coordinates 
computed using U- and V-type visual sensitivities and brightness (A) and on cortex thickness, spongy layer (SL) 
thickness, ratio of melanin to SL, spatial frequency of the SL (from Fourier analysis), distance between scatterers 
(sum of the diameters of keratin channels and air spaces) and SL irregularity (B) (N = 30). Shown are posterior 
means for λ (phylogenetic signal) and the 95% credible intervals.
Figure S1. Phylogeny for the studied Malurus species based on the supermatrix phylogeny of Marki 
et al. (2017). Patches sampled for barb morphology are indicated (blue represents structural colours, black 
eumelanin black feathers and red phaeomelanin-based rufous feathers).
Figure S2. Average (smoothed) reflectance spectra of plumage patches of male Malurus. Line colours correspond 
approximately to the feather colour perceived by the human eye. Sample sizes for each plumage patch are 
provided in the Supporting Information (Table S2). Taxon abbreviations: ama., Malurus amabilis; cor., Malurus 
coronatus (coronatus); cya., Malurus cyaneus (cyaneus); cyano., Malurus cyanocephalus (bonapartii); ele., Malurus 
elegans; lam. ass., Malurus lamberti assimilis; lam. lam., Malurus lamberti lamberti; leu., Malurus leucopterus 
(leuconotus); pul., Malurus pulcherrimus; spl. cal., Malurus splendens callainus; spl. mel., Malurus splendens 
melanotus; spl. spl., Malurus splendens splendens. Plumage patch abbreviations: all, the whole body except the 
wings and tail for M. leucopterus; ch, cheek; cr, crown; fl, flank; ru, rump; sh, shoulder; th, throat.
Figure S3. Average (smoothed) reflectance spectra of black and rufous plumage patches of male Malurus: A, head 
of Malurus alboscapulatus moretoni; and B, shoulder of Malurus amabilis. Line colours correspond approximately 
to the feather colour perceived by the human eye. Sample sizes for each plumage patch are provided in the 
Supporting Information (Table S2).
Figure S4. Average positions of the studied colour patches in the visual space of V-type species. The x-axis represents 
stimulation of the VS cone relative to the S cone. Higher values on the y-axis represent higher stimulation of the 
M cone relative to VS and S cones. The z-axis represents higher relative stimulation of the L cone compared with 
the other three [units are the just-noticeable difference (jnd)]. Taxon abbreviations: ama., Malurus amabilis; 
cor., Malurus coronatus (coronatus); cya., Malurus cyaneus (cyaneus); cyano., Malurus cyanocephalus (bonapartii); 
ele., Malurus elegans; lam. ass., Malurus lamberti assimilis; lam. lam., Malurus lamberti lamberti; leu., Malurus 
leucopterus (leuconotus); pul., Malurus pulcherrimus; spl. cal., Malurus splendens callainus; spl. mel., Malurus 
splendens melanotus; spl. spl., Malurus splendens splendens. Plumage patch abbreviations: all*, the whole body 
except the wings and tail for M. leucopterus; ch, cheek; cr, crown; fl, flank; ru, rump; sh, shoulder; th, throat. Sphere 
colours correspond approximately to the feather colour perceived by the human eye.
Figure S5. Influence of barbules on feather colour in the studied plumages. Shown are examples of (normalized 
and smoothed) reflectance spectra measured on the whole plumage patch (continuous line) and on a single barb 
(dotted line): A, throat of male Malurus cyaneus cyaneus; B, throat of male Malurus pulcherrimus; and C, flank of 
male Malurus cyanocephalus bonapartii (all three plumage patches are formed by feathers comprising barbules).
Figure S6. Scatterplots depicting the correlations between chromatic coordinates (x, y and z, computed using 
U-type visual sensitivities), perceived brightness and six components of barb morphological variation.
Figure S7. Scatterplots depicting the correlations between colorimetric variables (hue, saturation, ultraviolet 
chroma and brightness) and the first four principal components (PCs) summarizing variation in six components 
of barb morphology.
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