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One of the most extensively investigated sexually selected phenotypic characters is coloration. A knowledge of 
individual variation in the anatomical basis of coloration is essential for better understanding of the link between 
colour expression and its information content. We investigated the association of great tit (Parus major) black crown 
feather structure and coloration [brightness, ultraviolet (UV) chroma] at the individual level, using transmission 
electron microscopic, photographic and spectrometric techniques. We quantified feather structure at three different 
levels of spatial organization [feather macrostructure (barb and barbule density), barb nanostructure (melanin density 
and cortex thickness) and barbule nanostructure (melanin discontinuity, melanin density and cortex thickness)]. 
Macrostructure and barbule and barb nanostructure explained sex differences in reflectance. Regardless of sex, 
brightness changed with barb density, and UV chroma changed with barbule melanin density and macrostructure. 
Only among males, brightness was related to barbule melanin density and barb cortex thickness, and UV chroma 
was associated with melanin discontinuity, barbule cortex thickness and barb melanin density. Our results show 
that individual differences in plumage colour are determined at multiple hierarchical levels of feather structural 
organization.

ADDITIONAL KEYWORDS: barb structure – barbule structure – great tit – melanin – reflectance – structural 
colour.

INTRODUCTION

One of the most question-provoking traits from the 
perspective of sexual selection and communication is 
the coloration of the integument. These colours can 
often advertise certain aspects of the bearer’s quality 
owing to the various costs and limitations that are 
connected to the development and wearing of these 
kinds of traits (Andersson, 1994). The information 
conveyed by the different types of colours and the 
different physical characteristics (i.e. hue, saturation 
and brightness) of the same colour could be different 
(e.g. Hill & Brawner, 1998; McGraw et al., 2002; 

Siefferman & Hill, 2005) or similar (e.g. Doucet et al., 
2005; Galván, 2011; Roulin et al., 2011), depending on 
differences in their production pathways (e.g. Olson & 
Owens, 1998; Jawor & Breitwisch, 2003; Prum et al., 
2009).

The great diversity in the optical properties of fur, 
feathers, scales and cuticle are basically produced 
through two distinct mechanisms, structures and 
pigments, and it is possible to produce colours by 
combining different pigments (Stephen et al., 2011), 
different structures (Kinoshita & Yoshioka, 2005) or 
structure and pigment (Wilts et al., 2012; Shawkey & 
D’Alba, 2017). On the one hand, pigments, such as the 
endogenously synthesized melanins, or the carotenoids, 
which are acquired through diet, play a key role in 
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colour production by broadband or selective absorption 
of incident light (Prum, 2006). The most widespread 
pigments in the animal kingdom are the melanins 
(eumelanin and pheomelanin), which are, in the case 
of birds, deposited into the feather β-keratin matrix as 
melanosome granules (e.g. Brink & van der Berg, 2004; 
Eliason et al., 2012). A greater absolute concentration 
of melanins, regardless of their spatial arrangement 
in the colour producing tissue, typically leads to lower 
total reflectance (see, e.g. McGraw et al., 2005). On 
the other hand, two-dimensional layers, anisotropic 
three-dimensional photonic crystals or isotropic 
photonic glass structures (at scales comparable 
to optical wavelengths) of reflective surfaces with 
different refractive indices scatter the ambient light 
waves, producing the so-called structural colours 
(Prum, 2006). In this category, not only the quantity, 
but also the spatial variation of the components of 
the tissue has a crucial influence on the reflectance 
properties observed (Prum, 2006). It has been 
widely described that production of angle-dependent 
(iridescent and glossy) coloration is associated with 
the nanostructural elements in the barbules (e.g. Maia 
et al., 2010; Eliason et al., 2012; but see Igic et al., 
2016), whereas the structures within barbs are the 
origin of weakly iridescent or non-iridescent structural 
colours (Shawkey et al., 2005; Noh et al., 2010; D’Alba 
et al., 2011; Parnell et al., 2015).

Nowadays, there is a large body of knowledge 
about feather macrostructure or morphology (e.g. 
feather area, feather length, barb density, barbule 
density, barb angle, distance between barbules and 
orientation of feather elements) from a wide range of 
interests, such as taxonomical diagnostics (Fadeeva 
& Chernova, 2011), thermoregulation (Dawson et al., 
2000), water repellence (Rijke & Jesser, 2010) and sex 
differences (Lee et al., 2009). On the contrary, there is 
a remarkable lack of studies concerning the impact 
of feather macrostructure on reflectance (e.g. Harvey 
et al., 2013; Roulin et al., 2013). Furthermore, the 
simultaneous investigation of the multiple structural 
levels generating colour has been largely ignored (but 
see Galván, 2011; D’Alba et al., 2014; Hegyi et al., 
2018).

Finally, most studies aimed to characterize the 
anatomical background behind a given colour type 
precisely from the point of view of optical physics 
or an evolutionary perspective [e.g. macrostructure 
(Harvey et al., 2013); nanostructure (Brink & van 
der Berg, 2004; Doucet et al., 2004; Maia et al., 2010; 
Noh et al., 2010; D’Alba et al., 2011; Saranathan 
et al., 2012; Eliason et al., 2012; Stavenga et al., 
2015); and both macro- and nanostructure (Igic et al., 
2018)]. In contrast to this, there are fewer studies 
on the relationships between feather colour and 
feather structure at the level of differences among 

individuals [e.g. macrostructure (Roulin et al., 2013; 
Gamero et al., 2015); nanostructure (Shawkey et al., 
2003, 2005, Doucet et al., 2006); and both macro- and 
nanostructure (Galván, 2011; D’Alba et al., 2014)]. 
These inter-individual comparisons revealed various 
roles for different structural components of feathers in 
colour modulation, providing potential links between 
coloration and its information content, which is an 
important issue because coloration as an honest sexual 
trait could provide information about the quality of 
the signaller in the context of inter- and intrasexual 
selection (Johnstone, 1995; Candolin, 2003; Jawor & 
Breitwisch, 2003).

Here, we explore the coloration of black crown 
feathers in great tits (Parus major) in relationship to 
macro- and nanostructure. The focal colour ornaments 
of this species have traditionally been viewed as the 
yellow breast (e.g. Evans & Sheldon, 2013; Matrková & 
Remeš, 2012; Gamero et al., 2015) and the black breast 
stripe (e.g. Galván, 2011). However, previous studies 
of our population found that crown reflectance was 
sexually dichromatic and possibly condition dependent 
(Hegyi et al., 2007), and it was the only colour trait that 
specifically predicted mating patterns (Hegyi et al., 
2015). In addition to the background of individual 
variation in reflectance, the sexual dichromatism 
of this trait [dull greyish black in females vs. glossy 
dark black with high ultraviolet (UV) reflectance in 
males] suggests pronounced sex differences in feather 
structure, which we also explore here.

MATERIAL AND METHODS

Field methods

Feather samples (from 35 yearling females, 22 older 
females, 34 yearling males and 21 older males) were 
collected in our study plots in the Pilis-Visegrádi 
Mountains (Török & Tóth, 1999), Hungary (47°43′N, 
19°01′E), in the spring of 2009. Birds were captured in 
their nest boxes during the breeding period when their 
nestlings were 8–10 days old. Given that moulting 
starts in late summer at our study sites (G. Hegyi and 
M. Laczi, unpublished data), during the period of data 
collection the birds had not yet started their moult. 
Sex and age (yearling and older) were determined 
from the plumage characteristics (Demongin, 2016). 
We collected ten crown feathers because at least 
this quantity is necessary to measure reflectance 
reliably (Quesada & Senar, 2006). Until spectral 
measurements, we stored the feathers in envelopes in 
a cool and dry place in order to prevent the samples 
from changing their reflectance properties (Armenta 
et al., 2008). From the sampled birds, we chose 32 
individuals for analyses of feather structure, with a 
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criterion of an equal number (i.e. eight) of samples 
for all combinations of sex and age classes; otherwise, 
the samples were chosen blindly with regard to their 
reflectance within each group.

spectral measurements

We measured normal directional reflectance of feathers 
using a portable spectrometer set (Ocean Optics 
Europe; an USB2000 spectrometer with a DH-2000 
light source and a R400-7 bifurcated micron fibre-optic 
probe detector oriented perpendicular to the surface). 
Feathers were arranged like tiles (imitating their 
natural arrangement on the head) on black velvet. 
Reflectance was calibrated relative to a white WS-1-SS 
standard and a dark reference (excluding incoming light 
from the sensor). From each sample, we recorded three 
consecutive spectra, removing the sensor between each 
recording, and configured the software (OOIBase32) to 
average ten subsequent 15 ms measurements for each 
recording. We calculated two spectral parameters: 
brightness (average intensity between 320–700 nm, 
R320-700) and UV chroma (R320-400/R320-700), because we 
found previously that these are the two main axes of 
individual variation in crown reflectance curves (Hegyi 
et al., 2008). Furthermore, we useda visual system-
independent methodological approach, because we 
aimed to describe how the physical characteristics of 
the reflectance spectra change with certain aspects of 
feather structure, independently of the visual system. 
We averaged the measurements for each individual for 
the subsequent analyses because our measurement 
repeatabilities were high [for brightness, r = 0.64, 
P < 0.0001; and for UV chroma, r = 0.90, P < 0.0001; 
repeatability was tested using the rptGaussian 
function of rptR (Nakagawa & Schielzeth, 2011) in 
R (https://www.r-project.org/), using default settings: 
adjusted repeatability calculation, 1000 bootstraps, no 
permutation].

Feather macrostructure

To analyse feather macrostructure, we used two crown 
feathers from each individual. Each crown feather 
was placed alone on a white piece of paper alongside a 
millimetre scale paper for size calibration. The feather 
was pressed down with a microscope slide. For taking 
photographs in RAW format, we used a Nikon D70 
camera with an AF Micro-Nikkor 60 mm f/2.8D lens, 
under diffuse natural illumination, from a standard 
distance and with a fixed aperture (f = 13). We 
adjusted and converted RAW files into jpeg using the 
free, open-source software RawTherapee v.3.0.1 (http://
www.rawtherapee.com/). We quantified morphological 
properties using Scanning Probe Image Processor 
(SPIP; Image Metrology, Inc.). Based on previous 

studies, we measured barb and barbule density to 
characterize feather macrostructure (Galván, 2011; 
Roulin et al., 2013; Gamero et al., 2015). To quantify 
barb density, we counted the total number of barbs 
with barbules on both vanes of the feather separately 
and, after averaging the values from the two sides, 
we divided the result by the feather length (calamus 
not included). We estimated barbule density as the 
number of barbules along a 1-mm-long transect in the 
middle section of four randomly selected barbs (two on 
each vane of the feather).

To test the reliability of our data, we estimated 
repeatability (see previous subsection for methods) 
between the two measurements of length (r = 0.89, 
P < 0.0001). Consecutive counts of barb number 
and barbule density were identical to each other. 
Averaged values of the former measurements were 
also repeatable between the two feathers of the same 
individual (for length, r = 0.83, P < 0.0001; for barb 
number, r = 0.63, P < 0.0001; for barb density, r = 0.59, 
P = 0.004; and for barbule density, r = 0.35, P = 0.03). 
For further analyses, we used the averaged values of 
the measurements from the two feathers.

Feather nanostructure

From each individual, two feathers were transferred 
to the transmission electron microscopy (TEM). Barbs 
were cut from the distal end of feathers. These barbs 
were incubated in 0.25 M sodium hydroxide and 0.1% 
Tween-20 for 30 min on a bench-top shaker. After 
this, we changed the barbs into 2:3 (v/v) formic acid 
and ethanol for 2.5 h. We dehydrated the samples by 
incubating them in 100% ethanol for 2 × 15 min and 
100% propylene oxide for 2 × 15 min, and infiltrated 
them with Spurr’s low-viscosity resin (Sigma EM0300) 
at successive concentrations of 25, 50, 75, 90 and 100%. 
The infiltration steps were performed for 24–48 h except 
the last one, which was performed for only 6 h. Barbs 
were placed into moulds, and these blocks were cured 
in an oven at 80 °C for 48 h. Using a diamond knife on 
an Ultracut E (Reichert-Jung) ultramicrotome, we cut 
sections of 80 nm thickness oriented perpendicular to 
the longitudinal axis of the barbs. Sections were placed 
on a 150 mesh copper grid with Formvar support, post-
stained in 2.5% water-based uranyl acetate for 10 min 
and Reynold’s lead citrate for 3 min, and examined and 
photographed in a Jeol JEM-1011 electron microscope, 
operating at 60 kV, equipped with an Olympus Morada 
CCD camera using Olympus iTEM (TEM imaging 
platform) software.

To quantify barb structure, we used one cross-section 
from each of two feathers from each individual. On the 
TEM photographs of barb cross-sections (at ×3000 
magnification), using SPIP, we measured the mean 
cortex thickness as the distance between the outer and 
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the inner edge of the compact keratin matrix, at five 
randomly selected points opposite to the basal cortical 
ridge, and then averaged the five values. Furthermore, 
we measured barb melanin density in the cortex 
(total area of the melanin granules divided by the 
whole area of the cortex). From each individual, we 
took TEM photographs of two barbules cut from two 
different feathers. Given that barbule cross-section 
sizes could change along their longitudinal axis (Igic 
et al., 2018), we chose the barbules in the second or 
the third position from the barb on the barb cross-
section photographs. From the barbule images (at 
×15 000 magnification), we measured, using SPIP, the 
melanin density (total area of the melanin granules 
divided by the whole area of the barbule cross-section), 
mean cortex thickness (distance between the barbule 
edge and the edge of the outermost melanin granule, 
averaged from 12 measurements at different points), 
and subcortical melanin discontinuity (number of 
gaps between melanin granules on the transect drawn 
by connecting the outermost granules immediately 
beneath the cortex). Measurements of distance were 
recorded to the nearest 0.01 nm.

We took two separate measurements of the variables 
at the cross-section level in order to estimate the 
reliability of these. All the variables were measured 
repeatably (for barb cortex thickness, r = 0.79, 
P < 0.0001; for barb melanin density, r = 0.80, P < 0.0001; 
for barbule cortex thickness, r = 0.51, P < 0.0001; and 
for barbule melanin density, r = 0.85, P < 0.0001). 
For melanin discontinuity, the results of the two 
counts were identical to each other. For the analyses, 
we used the averaged values from each barbule. 
Between the two barbules of the same individual, the 
measurements of the three variables were repeatable 
(for barbule melanin density, r = 0.78, P < 0.0001; for 
barbule cortex thickness, r = 0.66, P = 0.002; and for 
melanin discontinuity, r = 0.70, P < 0.0001). Between 
two barbs of the same individual, melanin density 
measurement was repeatable (r = 0.88, P < 0.0001), 
as was cortex thickness (r = 0.43, P < 0.0001). Based 
on these findings, we averaged the measurements of 
the two barbs and barbules for each individual for the 
subsequent analyses.

statistical analysis

In order to achieve normality and homoscedasticity of 
variables, we log10-transformed brightness, UV chroma, 
barbule melanin density, melanin discontinuity 
and barb cortex thickness. Given that a preliminary 
correlation analysis revealed a very strong association 
between barbule melanin density and barbule cortex 
thickness (r = −0.79, P < 0.001, N = 32), and this 
could be a causal relationship, we regressed the latter 
variable on the former, and we used the residuals as 

barbule cortex thickness for the further analyses. We 
investigated the differences of spectral and structural 
variables between sexes and ages by Levene tests 
and general linear models (GLMs), using sex and 
age as categorical predictors. The initial models did 
not include interaction of the predictors because we 
did not assume different effects of age within sexes. 
Based on the results of these GLMs, we standardized 
the structural variables for sex and/or age for the 
further analyses, if necessary. After this, we checked 
for potential robust correlations and collinearities 
among these variables using Pearson correlations. 
We then ran GLMs to examine the patterns of feather 
structural variables with feather brightness and UV 
chroma. In these models, sex and age were categorical 
predictors, the structural variables were continuous 
predictors, and we investigated the interaction of sex 
with the continuous predictors. In each GLM, we used 
a backward stepwise model simplification method. 
Model residuals were normally distributed. All 
analyses were performed in Statistica v.7.0 (StatSoft, 
Inc.).

RESULTS

Cross-sections of barbs (Fig. 1A) showed a keratin 
cortex containing irregularly spaced melanin granules. 
Under the cortex, there were large air vacuoles and a 
rudimentary spongy layer around the vacuoles with a 
few, dispersed melanin granules in it. Barbule cross-
sections (Fig. 1B) showed an outermost keratin cortex. 
A quasi-contiguous layer of melanin granules was 
present under the cortex, and melanin granules were 
irregularly spaced in the inner keratin matrix.

In females, means of barb melanin density and 
barbule melanin density were lower, means of barb 
density and melanin discontinuity were higher, and 
the variance of barb cortex thickness was lower than in 
males (for details, see Table 1). Only barb density was 
related to age, and it was lower in older birds (F = 4.52, 
d.f. = 1,29, P = 0.042). All the remaining differences 
were not significant (all P > 0.06). According to these, 
for the further analyses, in the case of barb density, 
barb melanin density, barbule melanin density and 
melanin discontinuity we calculated model residuals 
as a correction for sex and/or age. Given that barb 
cortex thickness did not differ in the group mean but 
in variance, we standardized it to a mean of zero and 
an SD of one.

We found that the structural variables were weakly 
correlated with each other, except for barbule melanin 
density and barb cortex thickness (for details, see 
Table 2). However, as we did not presume any causal 
relationship between these two, we did not correct any 
of the structural variables for each other as in the case 
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Figure 1. Example cross-sections of barbs (A) and barbules (B) of great tit crown feathers (left side, females; right side, 
males). Scale bars: 2 µm.

Table 1. Sex differences in colour and structural descriptors of great tit crown plumage

Descriptor Female Male    

 Mean SD Mean SD F d.f. F-ratio variances

Barbule melanin density −0.42 0.06 −0.30 0.05 37.47*** 30 1.60
Melanin discontinuity −0.16 0.14 −0.45 0.17 25.64*** 30 1.43
Barbule cortex thickness 0.00 0.01 0.00 0.01 0.92 30 1.52
Barb cortex thickness 3.19 0.11 3.19 0.04 0.00 30 7.23***
Barb melanin density 0.10 0.03 0.19 0.04 60.66*** 30 1.21
Barb density 0.93 0.12 0.86 0.10 4.65* 29 1.51
Barbule density 24.04 1.80 22.63 2.50 3.34 30 1.93

Barbule cortex thickness was corrected for barbule melanin density.
*P < 0.05, ***P < 0.001.
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of the raw measures of barbule melanin density and 
barbule cortex thickness (see above).

We also found sex differences with regard to colour, 
in that both brightness and UV chroma were lower 
in females, and we detected several relationships 
between coloration and feather structure (see Table 
3). Brightness and UV chroma were negatively 
related to barb density (Fig. 2A, B), and only UV 
chroma was related (positively) to barbule density and 
barbule melanin density (Fig. 2C, D). Some structural 
variables showed sex-dependent effects on inter-
individual colour expression (see sex interactions in 
Table 3). According to this, only in males, brightness 
was negatively correlated with barbule melanin 
density (F = 5.13, d.f. = 1,12, P = 0.041; Fig. 3A) and 

barb cortex thickness (F = 11.78, d.f. = 1,12, P = 0.005; 
Fig. 3B), and also in males, UV chroma was negatively 
correlated with melanin discontinuity (F = 9.58, 
d.f. = 1,11, P = 0.010; Fig. 4A) and barb melanin density 
(F = 9.17, d.f. = 1,11, P = 0.012; Fig. 4B), and positively 
with barbule cortex thickness (F = 7.29, d.f. = 1,11, 
P = 0.021; Fig. 4C). All these relationships were non-
significant in females (all P > 0.10).

DISCUSSION

T r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  a n d 
macrophotography observations revealed that 
sexually dichromatic females and males are different 

Table 3. Relationships between the colour and the structural descriptors of great tit crown plumage

Descriptor Brightness UV chroma

 F d.f. F d.f.

Age 0.33 24 2.50 20
Sex 16.70*** 25 139.08*** 21
Barbule melanin density 1.56 25 4.71* 21
Melanin discontinuity 0.01 24 18.62*** 21
Barbule cortex thickness 1.48 24 8.24** 21
Barb cortex thickness 8.05** 25 1.85 20
Barb melanin density 0.76 24 0.04 21
Barbule density 11.74** 25 24.29*** 21
Barb density 0.11 24 6.07* 21
Sex × barbule melanin density 7.67* 25 3.98 20
Sex × melanin discontinuity 0.48 23 7.62* 21
Sex × barbule cortex thickness 0.7 23 5.60* 21
Sex × barb cortex thickness 8.60** 25 4.11 19
Sex × barb melanin density 1.99 23 18.89*** 21
Sex × barbule density 1.20 24 1.50 20
Sex × barb density 0.94 23 0.00 20

Variables were corrected or standardized for sex and age if necessary, and barbule cortex thickness was corrected for barbule melanin density. F-values 
of variables in the final models are indicated with italics.
*P < 0.05, **P < 0.01, ***P < 0.001.

Table 2. Correlations among structural components in great tit crown feathers

 Melanin 
discontinuity

Barbule cortex 
thickness

Barb cortex 
thickness

Barb melanin 
density

Barbule 
density

Barb 
density

Barbule melanin density 0.00 −0.19 −0.49** −0.04 −0.05 −0.07
Melanin discontinuity   0.26  0.00  0.15  0.17  0.37*
Barbule cortex thickness   −0.05  0.18  0.26 −0.10
Barb cortex thickness     0.07  0.14 −0.04
Barb melanin density      0.38* 0.00
Barbule density       0.37*

Variables were corrected or standardized for sex and age if necessary, and barbule cortex thickness was corrected for barbule melanin density.
*P < 0.05, **P < 0.01.
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in their three structural levels of crown feather 
(macrostructure, barb and barbule). At the individual 
level, it also seems that coloration could be controlled 
jointly by all three structural levels.

In males, the sex with the brighter and more 
saturated crown, we described more melanin granules 
in the barbule than in the females, and we found a 
similar pattern at the individual level, in that males 
(the more UV sex) that expressed higher UV chroma 
(but not brightness) presented higher barbule melanin 
content. Despite the broad absorbance spectrum of 
melanin (Meredith & Sarna, 2006; Riesz, 2007), its 
denser deposition can increase average intensity 
throughout the visible spectrum of the reflected light 
from the feather if melanin forms a regular single layer 
beneath a pure keratin cortex, thereby creating thin-
film specular reflectance, and also a shiny appearance 
or ‘glossiness’ of these feathers, such as in the black 
feathers in crows, for example (Lee et al., 2009; Maia 
et al., 2010). In great tits, the male crown is visibly 
glossier than the female crown, thereby supporting 
the above explanation, because barbules contained 
more melanin granules in males. Owing to the higher 

melanin granule density, the barbule morphology of 
the great tit crown feathers in males is similar to 
the suboptimal thin-film reflector structure of other 
species with glossy black plumage parts (see, e.g. Maia 
et al., 2010), and similar sex differences in glossiness 
and the presence of an ordered outer melanin layer 
in the barbule have been described in the Japanese 
jungle crow (Corvus macrorhynchos; Lee et al., 2009). 
In great tit females, the outer melanin layer is rather 
disordered, with more gaps, fewer melanin granules 
and less uniformity of barbule cortex thickness (i.e. 
the SD of barbule cortex thickness within individuals 
was lower in females: d.f. = −2.88, P = 0.007, N = 32). 
We found that males with more discontinuity in 
this optical interface seemed to show reduced 
expression of UV chroma. Maia et al. (2010) also 
found an identical relationship in their comparative 
study on different plumage parts of 16 bird species. 
In females, we failed to find a similar relationship, 
the reason for which might be the lack of sufficient 
continuity in the outermost melanin layer to act as 
a thin-film reflector. Owing to this, the exact value 
of discontinuity no longer affects the shape of the 

Figure 2. Relationships of brightness with barb density (A) and of UV chroma with barb density (B), barbule density (C) 
and barbule melanin density (D) in female and male great tit crown feathers. Brightness and UV chroma came from model 
residuals of general linear models; barb density was corrected for age and sex, and barbule melanin density was corrected 
for sex.
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reflectance spectrum. Based on the above-mentioned 
scenario, a greater number of melanin granules in the 
outermost melanin layer results in a larger (i.e. more 
continuous) reflective surface area, and this, in turn, 
can increase the intensity and UV chroma of males 
relative to females.

The larger number of melanin granules immediately 
beneath the barbule cortex also implies more melanin 
granules in the barbule interior, and both between 
sexes and among individuals of the same sex, greater 
barbule melanin density was associated with elevated 
UV chroma. The irregularly positioned inner melanin 
granules may modify reflectance by absorbing light 
(Maia et al., 2010) and thereby reducing backscattering 
and increasing the spectral purity or chromaticity of 
the reflectance generated by the outer layer, as it was 
supposed in the non-iridescent blue feathers of Steller’s 

jays (Cyanocitta stelleri; Shawkey & Hill, 2006). The 
importance of the disordered inner pigment granules 
as an optical filter in suppressing reflectance from 
backscattering and thereby increasing chromaticity 
has also been described for non-avian species, for 
example in Morpho butterflies (Kinoshita et al., 2002). 
In the Steller’s jay, the absence of basal melanin 
led to more uniform intensity among the different 
wavelengths (i.e. reduced chromaticity), in contrast to 
the low intensity and highly UV chromatic reflectance 

Figure 4. Relationships of UV chroma with melanin 
discontinuity (A), barb melanin density (B) and barbule 
cortex thickness (C) in male great tit crown feathers. The 
UV chroma came from model residuals of general linear 
models; melanin discontinuity and barb melanin density 
were corrected for sex, and barbule cortex thickness was 
corrected for barbule melanin density.

Figure 3. Relationships of brightness with barbule 
melanin density (A) and barb cortex thickness (B) in male 
great tit crown feathers. Brightness came from model 
residuals of general linear models; barbule melanin density 
was corrected for sex, and barb cortex thickness was 
standardized for sex.
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curve in the presence of melanin (Shawkey & Hill, 
2006). In the glossy, iridescent UV–blue rump feathers 
of the male velvet satin bowerbird (Ptilonorhynchus 
violaceus minor), Doucet et al. (2006) also found 
a positive relationship of outer and inner layer 
melanosome density with UV chroma.

In contrast to the barbule, melanin granules 
in the barb cortex of the great tit crown show no 
regular spacing at all; therefore, these might function 
predominantly as light absorbers that potentially 
reduce both brightness and UV chroma at the individual 
level. Barb melanin density was associated with UV 
chroma, and only in males specifically, perhaps because 
within this group, the variance among individuals 
was higher. However, the picture is a bit trickier in 
the case of barbule melanin density, which may carry 
apparently controversial effects on brightness. On 
the one hand, higher barbule melanin density could 
lead to more densely spaced melanin granules and, 
consequently, a lower level of melanin discontinuity 
(i.e. more continuous outer melanin layer) in males. 
This could cause higher surface reflectance with 
pronounced gloss (producing the qualitative colour 
difference between sexes), but on the other hand, 
in males only, higher barbule melanin density was 
associated with lower brightness among individuals 
(quantitative difference), which could be attributable 
to the higher number of inner, disorderedly spaced 
melanin granules, which act as absorbers.

In our study population, we found that males with 
thicker barbule cortex (when controlled for barbule 
melanin density) expressed higher UV chroma. 
A thicker cortex layer at this scale may coincide with 
the path length of light waves in a way that leads to 
constructive interference, particularly in the UV range. 
In contrast, we found no such relationship in females, 
the sex with lower UV chroma. In females, owing 
to lower barbule melanin density, the raw barbule 
cortex (not controlled for melanin density) was thicker 
by 22% than in males (t = −2.99, P = 0.006, N = 32). 
These structural and colour differences are in perfect 
concordance with findings on the non-iridescent UV–
blue rump coloration and barb structure of eastern 
bluebirds (Sialia sialis; Shawkey et al., 2005). In 
contrast to the barbule, barb cortex thickness showed 
no sign of sex difference at all, but its variance was 
clearly higher in males, and in this sex it was negatively 
correlated with brightness but not with UV chroma. 
This result is not surprising, because in great tits the 
barb cortex is thicker by about an order of magnitude 
than the barbule cortex, and it also contains highly 
disordered melanin granules. These attributes prevent 
the selective amplification of UV waves but facilitate 
broad-band absorbance (thick keratin absorbs light; 
see Woodin, 1955; Finger, 1995; Brink & van der Berg, 
2004).

When investigating macrostructure, brightness 
and UV chroma were lower in the sex with the higher 
barb density (females), and individual differences 
in brightness and UV chroma were also negatively 
related to barb density. Barbule density was not 
sex dependent, whereas among individuals it was 
positively correlated with UV chroma, independent 
of barb density. In the mirror of previous findings, 
the roles of barb and barbule density in enhancing 
coloration seem a bit controversial. Shawkey et al. 
(2005) found in the eastern bluebird that the sex (i.e. 
females) with the lower brightness and UV chroma 
of matte blue feathers expressed larger numbers of 
barbules. Similar to this, Galván (2011) detected in the 
great tit that lower brightness of the matte black breast 
stripe was associated with higher barbule density. In 
contrast to these studies, D’Alba et al. (2014) found in 
zebra finches (Taeniopygia guttata) and black-capped 
chickadees (Poecile atricapillus) that individuals with 
brighter melanin-based colour had more barbules, and 
in Japanese jungle crows, males (the brighter sex) also 
had higher barbule density (Lee et al., 2009). In our 
case, given the minimal or no specular reflectance of 
barbs, higher barb density simply leads to more light-
absorbing melanin in a certain area of the crown 
surface, hence greater absorbance. This explains both 
between-sex and inter-individual findings. Maybe this 
is the phenomenon partly responsible for the above-
mentioned findings in the eastern bluebird and great 
tit too, if their barbules function predominantly as 
broad-band absorbers and not as reflectors (like the 
barb structure of the eastern bluebird or the barbules 
here). Alternatively and not exclusively, less densely 
packed barbs might allow more of the reflected light 
from the barbules of feathers below to reach the 
observer. In this way, more sparsely packed feathers 
might create larger total reflective surface area by 
making the low-lying barbules more ‘visible’, which 
can lead to higher UV chroma.

These results suggest that individual differences and 
sex differences in coloration could be organized partly 
by different contributions of the structural traits of 
the feather, because some of the structural variables 
investigated specifically explained sex differences but 
not individual differences in reflectance. This may 
be the case, for example, with barbule nanostructure 
and brightness, where the qualitative nanostructural 
differences between sexes may play important roles in 
creating the qualitative brightness difference, whereas 
barbule nanostructure may not play an important role 
in modulation of brightness within sexes. Furthermore, 
in contrast to the various effects of sex, we found no 
differences in structural components between age 
categories, except for barb density, which was slightly 
lower in older birds. However, coloration itself was not 
related to age, which contrasts with the patterns of 
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structurally based blue and white reflectance described 
in the closely related blue tit (Cyanistes caeruleus) (e.g. 
Delhey et al., 2006; Badás, 2017; Badás et al., 2018). It 
seems that nanostructural variables were associated 
with individual variation in reflectance principally in 
males (in females, we found correlation with only one 
variable, barbule melanin density). Based on these 
results, it seems that inter-individual variation in great 
tit crown feather coloration was associated with nano- 
and macrostructure in males, but predominantly with 
macrostructure in females. Additionally, UV chroma 
seemed to be more affected by barbule nanostructure, 
whereas brightness appeared to be controlled mostly by 
barb nanostructural features. Our study demonstrates 
how fruitful it could be to focus simultaneously on 
multiple organizational levels of feather structure 
that jointly shape reflectance. Furthermore, in future 
studies it might be worth investigating separately the 
macro- and nanostructural basis of inter-individual 
variation in the diffuse and the specular reflectance 
components (for quantifying both components, see, 
e.g. Maia et al., 2010), and examining other potential 
determinants of observed colour variation, such as 
surface roughness (Maia et al., 2010), the concentration 
of melanin in the granules (Jacques, 1991), the 
orientation of macrostructural components (Harvey 
et al., 2013), and behaviour (Bortolotti et al., 2011).
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