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Abstract 
The structural condition of feathers may generally have a decisive role in shaping the color properties of the plumage. How-
ever, the information content of structurally mediated color differences is poorly known. This makes it particularly hard 
to determine the meaning of color variation in pigment-free white plumage patches. The white wing patch of the collared 
flycatcher (Ficedula albicollis) is an important sexual trait, and changes in its reflectance are partly due to macrostructural 
condition. We used 2 years of macrostructural, reflectance, and breeding data from both sexes to examine whether wing patch 
macrostructure lends information content to actual reflectance in terms of reproductive effort and success. Macrostructure 
strongly predicted actual reflectance in males but only weakly in females. Furthermore, in males, feather vane width was 
related positively to current year reproductive effort, and negatively to previous year reproductive effort. This indicates that 
macrostructurally mediated reflectance attributes may inform the receiver not only of actual reproductive capacity but also 
of individual quality via reproductive costs.

Significance statement
Coloration of animals takes a central place in their communication and in advertising reproductive abilities. Although white 
plumage is widespread among animals, usually we have little knowledge on how its structure is linked to reproduction. We 
investigated this link in a wild population of collared flycatchers. We demonstrated that white feather structure was related to 
coloration and with current year and previous year reproductive capabilities in males. Our results suggest that white feather 
structure has the potential to connect reproductive costs with coloration.

Keywords  Ficedula albicollis · Macrostructure · Reflectance · Reproductive investment · White patch

Introduction

The expression of plumage color traits can be the target of 
sexual selection and convey information about individual 
quality (Hill 2006). Although the presence of white patches 
is immensely widespread among birds, in contrast to the 
more detailed knowledge on colored plumage, we still have 
scant information on how white plumage conveys informa-
tion about the bearer’s quality or condition.

Animal colors result from two different basic mechanisms. 
Structurally based colors arise from microstructures scattering 
the incident light, while pigment-based colors are the result 
of light absorption, but these two mechanisms oftentimes 
produce colors jointly together (Shawkey and D'Alba 2017). 
Considering structural chromatic colors (i.e., the reflectance 
curves have at least one peak and/or plateau), it is suggested 
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that the presence of pigments is necessary for creating the 
observed iridescent (angle-dependent) or non-iridescent color 
(Shawkey and D'Alba 2017). Additionally, in these cases, the 
microstructures are highly organized, resulting in coherent 
scattering of light and constructive interference of certain 
wavelengths (e.g., Prum and Torres 2003).

With a few exceptions (e.g., Insausti and Casas 2008), 
reflectance of achromatic white integuments is purely struc-
turally based, which means that the reflectance character-
istics are determined without the contribution of pigment 
molecules. In most of these cases, we observe incoherent 
(i.e., not wavelength-selective) light scattering originating 
from disordered tissue structures (Shawkey and Hill 2005; 
Wiersma 2013). In birds, recent findings have started to 
open a broader view on how the feather structures at both 
the micro- and macroscale levels modify the reflectance 
curves of white feathers. Macrostructure is mostly the mesh 
topology of hierarchically branched feather units (barbs and 
barbules) that tailors the visible feather shape, while micro-
structure is characterized by the inner and surface features 
of the above units. At the among-species level (including 
61 species), Igic et al. (2018) showed that substantial dif-
ferences in reflectance of white body contour feathers were 
positively related to the density and thickness of barbs and 
barbules, barbule length, and barb roundedness. Stuart-Fox 
et al. (2018) comparatively investigated 50 bird species and 
found that higher brightness in white body contour feathers 
between species was associated with more densely packed 
barbules and rounder barbs. Within species, at the indi-
vidual level, it was found that short-term temporal changes 
in brightness and relative UV reflectance of white feathers 
could be related to changes in barb angle and vane width 
respectively (Laczi et al. 2021). These results highlight 
that macrostructure could play an important role in shaping 
white feather reflectance.

The above studies might be the first steps towards dig-
ging out the hidden direct links between the reflectance of 
white ornaments and their information content. In parallel 
with this, the information content of white plumage has been 
tested only in a few cases yet. According to the available 
studies, spectral properties of white feathers can be asso-
ciated with hormone levels (Cantarero et al. 2017) in the 
pied flycatcher (Ficedula hypoleuca), eggshell pigmentation 
(Badás et al. 2017) in the blue tit (Cyanistes caeruleus), 
immune state and body mass change (Hanssen et al. 2006) in 
the common eider (Somateria mollissima), hematocrit level 
(Bettega et al. 2013) in the Eurasian eagle-owl (Bubo bubo), 
cell-mediated immune response (Zanollo et al. 2012) in the 
diamond firetail (Stagonopleura guttata), stress resilience 
and social interaction frequency (Taff et al. 2019) in the 
tree swallow (Tachycineta bicolor), and mate preference, 
social dominance (Woodcock et al. 2005), and reproductive 
success (Doucet et al. 2005) in the black-capped chickadee 

(Poecile atricapillus). Furthermore, it has been experimen-
tally demonstrated in the dark-eyed junco (Junco hyema-
lis) that white feather brightness can be negatively affected 
by nutritional stress before/during molt and molting speed 
(McGlothlin et al. 2007).

Feather quality, which is generally one of the principal 
determinants of the actual plumage coloration, can be neg-
atively affected by hurried and/or overlapping molt (e.g., 
Dawson et al. 2000; Echeverry-Galvis and Hau 2013; Møller 
and Nielsen 2018). It is known that there could be trade-
offs between the costly reproductive effort before molt and 
future color ornament expression (developed during molt) 
in the next breeding attempt long after molt, for example in 
the case of the melanin-based black badge size in the house 
sparrow (Passer domesticus) and in the structural-based UV-
blue brightness in the eastern bluebird (Sialia sialis) (Griffith 
2000; Siefferman and Hill 2005, respectively). Considering 
the reflectance determining mechanisms described above, 
these trade-offs could be mediated by feather macrostruc-
tural quality. However, the potential effects of reproduction 
on the macrostructural component of feather coloration have 
not been investigated previously. Furthermore, the ornamen-
tation of an individual may affect the parental investment of 
its social mate as it has been demonstrated, for example, in 
blue tits, where males showed reduced feeding trip numbers 
and prey size when mated with experimentally UV-reduced 
(i.e., less attractive) females (Mahr et al. 2012), or in col-
lared flycatchers (Ficedula albicollis), where male feeding 
rate was negatively related to the structurally based plumage 
brightness of the partner (Laczi et al. 2017). Structurally 
based reflectance may signal past reproduction or physical 
state (reproductive capacity) via either the quality of the 
feathers grown at molt or their abrasion since molt. There-
fore, the state of the macrostructure of the feather which 
affects reflectance may also correlate with measures of the 
current reproductive bout due either to their own or their 
partner’s reproductive investment. In other words, feather 
macrostructural parameters may also link plumage reflec-
tance to current reproductive success.

In this study, we aimed to explore the relationship 
between past and current reproductive effort in connection 
with current feather macrostructure and reflectance in a wild 
population of collared flycatchers. This species is sexu-
ally dichromatic, and exhibits a melanin pigmented black 
(male) and brown (female) plumage with pigment-free white 
patches (forehead patch mostly in males, wing patch in both 
sexes). Previous research in the studied population has indi-
cated that sexual selection might play a role in driving the 
expression of across-plumage reflectance properties in both 
sexes as these were related to mating patterns, condition, 
and past and current reproductive effort (Laczi et al. 2011, 
2013, 2017). Additionally, not only reflectance properties, 
but the extent of white unpigmented plumage patches could 
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also reflect previous or current reproductive parameters. For 
example, patch size could be negatively related to past repro-
ductive investment, and positively to current reproductive 
investment (e.g., Gustafsson et al. 1995; Hegyi et al. 2008; 
Kötél et al. 2016). Additionally, in females, a strong associa-
tion was recently detected between the short-term (within-
season) changes of reflectance properties (brightness, UV 
chroma) and feather macrostructure in the white wing patch 
(Laczi et al. 2021).

In the present study, we expected a decreased investment 
in feather production of the white wing patch after higher 
reproductive investment (clutch size, fledging number) in the 
previous year. In parallel with this, we also predicted nega-
tive relationships between current reproductive investment 
and feather quality due to the presumed trade-off between 
reproductive activities and self-maintenance (Cucco and 
Malacarne 1997), taking into account the temporal and ener-
getic costs of maintenance (e.g., Walther and Clayton 2005; 
Viblanc et al. 2011).

Methods

Data collection

The collared flycatcher is a long-distance migratory, cavity-
nesting passerine species, molting twice a year, in summer 
and in winter. Only the summer molt between breeding and 
migration includes the replacement of the primary feathers. 
Hence, these feathers are not re-grown during the partial 
winter molt in Africa (Demongin 2016), which means that 
they can be measured during the reproductive season in the 
following year.

We collected breeding data from 2019 to 2021 and also 
took reflectance and photographic records of breeding 
birds in 2020 and 2021 in our artificial nest-box plots in 
the Pilis-Visegrádi Mountains, Duna–Ipoly National Park, 
Hungary (47°43′N, 19°01′E; Török and Tóth 1999), during 
the nestling-feeding period of this species (late May-early 
June). We checked nest boxes regularly (every 5 days) in 
order to determine the date of clutch initiation (i.e., laying 
date of the first egg relative to the yearly median laying 
date). We distinguished three measures of reproductive 
investment: early, late, and total reproductive investment. 
We characterized the early reproductive investment with 
clutch size (i.e., the number of eggs laid), for multiple 
reasons. First, there is minimal hatching failure and early 
nestling mortality in our population, so the number of eggs 
strongly correlates with the number of nestlings reared in 
the early nestling stage (clutch size-hatching number for 
the current year data set of females: Spearman correlation 
rs = 0.80, p < 0.001, N = 270; males: rs = 0.80, p < 0.001, 
N = 227; note that slightly fewer males than females were 

caught due to logistic reasons). Hence, clutch size gives an 
adequate approximation of hatched nestling number even 
in case we do not know the exact number (current year 
data set, females: N = 30, males: N = 22; previous year data 
set, females: N = 4, males: N = 7). Second, in altricial bird 
species, typically, males do most of the feeding work in 
the early nestling stage because females are still exclu-
sively brooding the ectothermic young (e.g., Perrins 1979; 
Jenkins et al. 2021). Brooding continues up to 6 days of 
nestling age in the collared flycatcher. Additionally, it is 
likely that a greater number of offspring does not increase 
the energy loss of the brooding female as much as that of 
the male that performs most of the feeding in this period 
when chicks are ectothermic and cannot regulate their own 
temperature. Therefore, in our context, clutch size may 
specifically indicate the reproductive investment of males 
in the early nestling stage. The number of fledglings was 
used as a measure of total reproductive investment, i.e., the 
number of young raised from hatching to near independ-
ence. Unsuccessful nests were omitted from the coding of 
this variable because total nest failure was in most cases 
due to reasons other than reproductive investment (typi-
cally predation), and such failure also occurred relatively 
late when males had already made much of their parental 
investment. Finally, the number of fledglings corrected for 
clutch size was used to quantify late reproductive invest-
ment. This mainly indicates the additional pressure placed 
on the parents in the second half of the nestling period (in 
accordance with this, more than two-third of the events 
of non-predation-related reduction in nestling number 
detected in the relevant years occurred in the late nestling 
stage; our unpublished data). After omitting the unsuc-
cessful nests, fledgling number was corrected for clutch 
size using the year-corrected values of both variables.

Birds were captured in their nest box at 8–10-day-old 
offspring age and marked with individually numbered rings 
(Aranea, Poland, standard rings of the Hungarian Bird Ring-
ing Centre). For ethical reasons and to prevent unnecessary 
disturbance to the birds and to avoid potential effects caused 
by wet plumage (e.g., Shawkey et al. 2011), we did not cap-
ture or handle birds in rainy weather. We measured reflectance 
of the wing patch using a USB2000 spectrometer, DH-2000 
light source, R400-7 bifurcated micron fiber-optic probe detec-
tor (perpendicular to the measured surface, at a distance of 
3 mm, with a black sheath to exclude ambient light), WS-1-SS 
white standard, and the OOIBase32 software (all from Ocean 
Optics Europe). From these spectra (see Fig. 1), we later cal-
culated brightness (average intensity between 320 and 700 nm, 
R320–700) and ultraviolet (UV) chroma (relative UV intensity, 
R320–400/R320–700). For more details of wing patch spectral 
measurements, see Laczi et al. (2021).

After spectrometric measurements, we took photographs 
of the white patch of the sixth primary, using a Nikon D5600 
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camera with a Sigma 105 mm 1:2.8 DG Macro HSM lens 
with a fixed distance between the front lens and wing sur-
face. Later, using RawTherapee v5.6 (http://​www.​rawth​
erapee.​com/), we converted RAW files without any image 
correction into jpg which is an analyzable file format. We 
used the Scanning Probe Image Processor (Image Metrology 
Inc.) software to quantify macrostructural variables (Fig. 2). 
We measured average barb angle to the nearest 0.01 degree 
as determined relative to the rachis, alongside the proximal, 
uncurved, longer section of the barb, averaged from meas-
ures of five consecutive barbs. Average outer vane width was 
used to estimate the reflective surface size. This variable was 

calculated as the perpendicular distance between the rachis 
and the vane edge (to the nearest 0.01 mm), averaged from 
three separate measurements within the patch. Since the 
width and angle measurements in the same measurement 
points showed very high repeatability in a previous study on 
this population (Laczi et al. 2021) and taking into account 
that the same person (ML) measured the samples to avoid 
the interobserver error in the previous and the present study, 
only one set of measures were taken for each sample in this 
study. As vane width and barb angle correlated very strongly 
in the present data set (females: r = 0.68, p < 0.001, N = 301; 
males: r = 0.72, p < 0.001, N = 250), we used only vane width 
for the analyses as it reflects multiple different aspects of the 
vane structure, including angle (see, e.g., Feo et al. 2016). 
We collected the spectrometric and patch morphological data 
from the same wing in each bird.

We quantified the visible feather wear (damage) on the 
outer vane on the white part of the most worn primary of 
the wing patch (in most cases, this was the fourth primary) 
as a binary variable. A feather was assigned as undamaged 
if the white outer vane width was not narrower than the 
half-width of the melanized feather segment immediately 
above the white patch, while otherwise it was assigned 
as damaged. To minimize observer bias, reflectance and 
macrostructure measures were taken without knowing the 
exact identity (ring number) of the birds; however, it was 
not possible to record spectral data blind with regard to 
sex because our study involved focal animals in the field. 
All measurements were performed without knowledge of 
the reproductive performance of individuals.

Statistical analysis

From the analyses, we excluded yearling males because 
they were represented in low numbers in our data set, and in 

Fig. 1   Mean reflectance spectra of the white wing patch of the col-
lared flycatcher. Data were collected in 2020–2021. Solid line, 
females; dashed line, males. Shaded areas represent SD. The figure 
was made using the Pavo R package (Maia et al. 2019)

Fig. 2   A photograph of the 6th 
primary of a female collared 
flycatcher for illustrating the 
measurements of wing patch 
macrostructure. The narrower, 
outer vane with the visible 
white wing patch is at the bot-
tom. Letters indicate the meas-
urements of (a) vane width, (b) 
barb angle to the rachis, and (c) 
barb length. For more details, 
see the text
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parallel with this, their wing patch size and reflectance mark-
edly differs from older males (Laczi et al. 2021). Besides, 
we excluded birds engaged in a socially polygynous relation-
ship (i.e., males that were trapped at two nest boxes with 
overlapping nestling-rearing phases, and their mates, see 
Herényi et al. 2014), with re-nesting events, or if involved 
in experiments. In the case of birds measured in both years, 
we used their spectral and macrostructural measures only 
from the second year, in order to avoid pseudoreplication. 
For the analyses of fledging numbers, we used only those 
individuals whose nest was not subject to predation or nest 
abandonment.

We analyzed females and males separately because of 
their qualitatively different reflectance (Laczi et al. 2011). 
We used Pearson’s correlations for checking collinearity 
between vane width and barb angle (see above), and bright-
ness and UV chroma. For the comparisons of sexes, we used 
Student’s t tests in the cases of macrostructure and reflec-
tance, whereas feather wear was analyzed by binary logit 
regression model using feather wear as the dependent vari-
able, and sex as categorical predictor. Before the following 
analyses, vane width, barb angle, current and previous clutch 
size, and fledging success in both sexes were standardized to 
a mean of zero and a standard deviation of one within each 
year. As proxies of the previous year and the current year 
late reproductive investment, we used the regression residu-
als of fledging number on clutch size. Association of mac-
rostructure with feather wear was analyzed using Student’s 
t tests, and its associations with reflectance and reproductive 
investment were checked by Pearson’s correlations. Laying 
date was log-transformed in order to achieve normality. 
Analyses were performed in Statistica v5.5 (StatSoft Inc., 
Dell, Rock Round, TX, USA). We applied false discovery 
rate (FDR) correction for controlling the number of tests 
performed under the same hypothesis (Benjamini and Hoch-
berg 1995; Pike 2011).

Results

Brightness and UV chroma were not correlated with each 
other (females: r =  − 0.09, p = 0.13, N = 299; males: r = 0.05, 
p = 0.47, N = 239).

Females expressed narrower vane width (t = 3.85, 
df = 549, p = 0.0001, effect size r = 0.15; mean ± SD females: 
1.15 ± 0.21; males: 1.22 ± 0.21), and less pronounced bright-
ness than males (t = 19.10, df = 536, p < 0.0001, effect size 
r = 0.63; females: 31.66 ± 4.41; males: 39.27 ± 4.81) and 
UV croma (t = 2.64, df = 536, p = 0.008, effect size r = 0.11; 
females: 0.83 ± 0.06; males: 0.84 ± 0.05). Visible feather 
wear did not differ between sexes (Wald χ2 = 0.003, df = 508, 
p = 0.95, effect size r = 0.002; number of undamaged/dam-
aged individuals in females: 196/77; in males: 170/66).

Vane width was negatively associated with binary feather 
wear in both females (t = 5.35, df = 1271, p < 0.0001, 
effect size r = 0.56; mean ± SD undamaged: 0.20 ± 0.95, 
damaged: − 0.50 ± 1.00) and males (t = 3.38, df = 1234, 
p = 0.0008, effect size r = 0.46; undamaged: 0.14 ± 1.00, 
damaged: − 0.35 ± 0.97) (Fig. 3). However, in females, vane 
width correlated weakly with brightness (r = 0.12, p = 0.042, 
N = 299) and there was no correlation with UV chroma 
(r = 0.05, p = 0.37, N = 299), whereas in males reflectance 
variables showed stronger positive connections with vane 
width (brightness: r = 0.24, p < 0.001, N = 239; UV chroma: 
r = 0.39, p < 0.001, N = 239) (Fig. 4). As macrostructure in 
females predicted reflectance properties only slightly at the 
individual level, here we did not present the correlations of 
macrostructure with reproductive effort in females (see for 
Supplementary Information on these results).

In males, vane width positively correlated with current 
fledging number (r = 0.18, p = 0.010, N = 209) (Fig. 5) and 
corrected fledging number (r = 0.15, p = 0.021, N = 209). 
The other relationships were not significant (laying date: 
r =  − 0.12, p = 0.051, N = 249, this is far from significant 
after FDR-correction (adjusted significance threshold 
q = 0.025); clutch size: r = 0.06, p = 0.33, N = 249).

Considering past reproductive investment, in males, we 
found a negative correlation between current year vane 
width and previous year clutch size (r =  − 0.25, p = 0.007, 
N = 117) (Fig.  6) but no other significant relationships 
emerged (laying date: r = 0.11, p = 0.22, N = 117; fledging 
number: r =  − 0.15, p = 0.13, N = 106; corrected fledging 
number: r =  − 0.02, p = 0.82, N = 106). After FDR correction 
(q = 0.0125), the significant relationships indicated above 
remained significant.

Discussion

In this study on collared flycatchers, we explored associa-
tions of white wing patch macrostructure with feather wear, 
reflectance, and sex, and in males with current and past 
reproductive effort.

When considering feather wear, it is important to high-
light its strong association with vane width, which means 
that the measured white vane width is not exclusively an 
inherent attribute of the intact feather. In other words, a nar-
rower white vane is partly the consequence of feather wear 
which probably causes vane narrowing because damages in 
the interlocking structures increase overlaps between barbs 
(see later). Another mechanism could be the breakage of 
barb tips, like in primaries of the barn owl (Tyto alba) (Pie-
drahita et al. 2021), but in collared flycatchers this happens 
very rarely and involves only a few non-adjacent, single 
barbs on the investigated segment of the primary vane (our 
unpublished data).
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Vane width was greater in males, which is in concordance 
with the more pronounced coloration in this sex, as the vane 
functions as a reflective surface area (Laczi et al. 2021). The 
greater vane width of males can be caused by actually larger 
barb length through more keratin intake and/or by the barbs 
starting to curve more distally as the curved paths could 
have an influence on vane width (Feo et al. 2016). Between 
sexes, feather wear probably could not be the principal rea-
son for the described difference as visible wear did not dif-
fer between the two groups. In parallel with this, between 
individuals within sexes, barb angle and vane width showed 
a positive correlation. Thus, similar to the long-billed curlew 
(Numenius americanus), a species with the same barb curva-
ture type as in our species, the vane width could be partially 
and positively determined by the angle of the straight barb 
section, but there may also be a contribution by the angle 
of the curved section we did not measure (Feo et al. 2016).

Within sexes, the brightness and the UV chroma of the 
white patch were strongly positively correlated with vane 
width in males, but in females, we found a weak connec-
tion and only for brightness. This means that a wider wing 

patch was associated with higher brightness in both sexes 
and higher UV chroma in males, possibly because a larger 
surface area could increase the overlapping white feather 
layers between adjacent primaries. However, as the vane 
width was narrower in females, this phenomenon may be 
more modest, leading to weaker relationships between the 
macrostructure and reflectance. Additionally, in a previous 
study (Laczi et al. 2021) on collared flycatcher females, there 
were correlations between short-term reflectance changes 
and macrostructural changes only in the early breeding 
period (from incubation to 2-day-old nestling age), and these 
were absent in a later stage, when we collected data for the 
present study (8–10-day-old nestling age). Hence, there 
could be stage-specific abrasion effects that cause the weak-
ening of the dependence of color expression on the meas-
ured macrostructural components in females. In addition, the 
female primary may be more sensitive to certain damages, 
for example, suffering from more pronounced barbule loss 
through time (although this is more pronounced and visible 
at the distal part of the primaries, our personal observations), 
which could have stronger effects on reflectance variance in 

Fig. 3   Association of vane 
width in the white part of the 
sixth primary with visible 
binary feather wear in collared 
flycatchers (mean ± SE). Vane 
width was standardized for year, 
separately for the two sexes
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later periods than the large-scale structural components we 
measured here.

In males, considering the apparent effects of previous 
year reproductive investment, there was a negative relation-
ship between current vane width and previous year early 
investment. The effect was in the same direction but non-sig-
nificant for total investment, and even weaker for late invest-
ment. The detected correlation may be the consequence of 
a trade-off between the early investment and the investi-
gated phenotypic character. This picture is highly logical 

as males do most of the feeding work in the early nestling 
stage, when clutch size adequately depicts investment, but 
they contribute a much smaller proportion of work compared 
to the female in the late stage, when fledgling number has 
additional explanatory value due to late nestling mortality.

Accordingly, wing patch feather condition is apparently 
sensitive to the costs of past reproduction, and this sensitiv-
ity may contribute to the information content of wing patch 
reflectance. We presumed that this pattern could be the result 
of a process whereby males that had raised a larger clutch 

Fig. 4   Relationships of reflec-
tance properties of the white 
wing patch with vane width 
in the white part of the sixth 
primary in collared flycatchers. 
Vane width was standardized 
for year, separately for the two 
sexes
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might not have been able to develop primaries with wider 
outer vanes. During feather replacement, birds face sub-
stantial challenges including costs of energy (e.g., Murphy 
1996), loss of time (Jenni and Winkler 2004), increased pre-
dation vulnerability (Slagsvold and Dale 1996), and reduced 
flight performance (Swaddle and Witter 1997). Hence, in 
many species, molt is more or less separated temporally from 
reproduction to reduce trade-offs between these life-history 
events (Barta et al. 2008). However, even in cases with no or 
moderate overlap with molt, reproductive performance may 
significantly influence the quality of feathers grown in the 
post-breeding molt. For example, delayed breeding schedule 
or larger clutch size could cause deferred molt (Siikamäki 
et al. 1994; Hemborg et al. 2001), from which a major time 
constraint on molting duration could emerge, especially in 

light of the proximity of autumn migration. Individuals with 
overlapping breeding and molt may grow wing feathers with 
lower mass and shorter length (Echeverry-Galvis and Hau 
2013); furthermore, lower food quality may also result in 
the same patterns (Pap et al. 2008). Additionally, a conse-
quence of accelerated feather replacement is the produc-
tion of wing feathers more prone to feather wear (Dawson 
et al. 2000; Møller and Nielsen 2018; Serra 2001). Based on 
these findings, we suggest that male collared flycatchers that 
raised larger clutches in the previous year probably faced 
pronounced energy constraints because of their poorer physi-
cal state. The poor condition could lead to growing feathers 
with lower keratin deposition, resulting in actually narrower 
vane due to the shorter barbs developed. In addition, the 
abrasion proneness of the developed feathers may also have 
been affected by the condition at molt, thereby changing the 
feather structure by the next breeding season. This means 
that breeding performance could have a long-lasting effect 
on vane width or its abrasion so that vane width has the 
potential to signal an individual’s past condition in the long 
term, which could in turn become important in reflectance 
information content during the courtship period.

Vane width of males was not significantly related to early 
reproductive investment in the current year but significantly 
positively related to total and late reproductive investment. 
This suggests that less worn males (and their mates) were 
more successful in nestling rearing to independence. There-
fore, male physiological condition and associated reproduc-
tive capacity in the late nestling stage (possibly also includ-
ing female differential investment) may have influenced both 
final reproductive success and feather wear state of the wing 
patch. That is, it is probably not reproductive investment that 
influenced current year feather wear state but rather the two 
might have had a common external driver. Therefore, wing 
patch abrasion state in the late nestling stage (and indirectly 
wing patch brightness) may indicate physiological state 
and nestling rearing capacity, and it may therefore be used 
by females to adjust their reproductive investment to male 
state. Experimental studies of the contribution of male and 
female parental care to this pattern are needed to draw firmer 
conclusions.

It is unavoidable to take into account some aspects of 
mechanical properties of flight feathers in order to draw a 
comprehensive picture. Studies indicated that the lowest 
level of the macrostructural hierarchy, the barbules, takes a 
substantial share of maintaining simultaneously the robust 
stability and dynamic pliability of the intact flight feath-
ers (Ennos et al. 1995; Chen et al. 2020). Interlocking bow 
barbules and hook barbules provide the adhesion of adja-
cent barbs, and the intact organization of this adhesion is 
essential for preventing irreversible damages to feathers (see 
Kovalev et al. 2014). Additionally, a certain barbule spacing 
is also necessary for appropriate functioning (Sullivan et al. 

Fig. 5   Relationship between current-year fledging success and vane 
width in the white part of the sixth primary in male collared flycatch-
ers. Vane width was standardized for year

Fig. 6   Relationship between previous-year clutch size and vane width 
in the white part of the sixth primary in male collared flycatchers. 
Vane width and previous clutch size was standardized for year
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2017). Due to the flight feather design, barbules not only 
interlock the adjacent barbs, but also keep those at a certain 
distance from each other. Hence, missing or damaged bar-
bules, or injuries to the interlocking system, potentially lead 
to undesirable overlaps between the barbule surfaces carried 
by individual barbs, which reduces the functionality of the 
flight feather. In many cases, deformations in barb arrange-
ment are reduced due to self-repairing mechanisms of the 
vane structure (Kovalev et al. 2014; Zhang et al. 2018). 
However, even if the damages are reversible, only a good-
quality feather has the potential for self-healing (re-zipping 
the overlapped or separated barbs), and active intervention 
by preening behavior or plumage shaking is probably also 
essential for this (Kovalev et al. 2014). It is highly possible 
that barbules in the periphery of the feather vane in col-
lared flycatcher males are more vulnerable to external dam-
age, especially when they are not in interlocked position. 
These damages could cause more extensive overlaps (along 
longer barb segments) between barbule surfaces at the distal 
part of the barbs (our field observations), which reduces the 
apparent width of the vane, leading to reduced expression in 
reflectance properties. Thus, the narrower vane will be asso-
ciated with less exaggerated brightness and UV chroma (for 
detailed explanation on the relationship of reflectance with 
vane width, see Laczi et al. 2021), which allows conspecifics 
to visually evaluate the structural condition of the plumage.

The revealed pattern, namely that total and late reproduc-
tive investment of the current breeding attempt were posi-
tively related to vane width, is in accordance with the above 
details. This is especially true if we also consider an addi-
tional phenomenon, namely that the behavior which con-
tributes to feather structure maintenance (such as grooming, 
pecking, preening) is a highly time- and energy-consuming 
activity (see Clayton and Cotgreave 1994; Walther and Clay-
ton 2005). Therefore, it requires time and energy freed from 
other activities (e.g., Redpath 1988; Burger 1997; Cucco 
and Malacarne 1997). Hence, only males in good physical 
condition could invest much energy in actively maintaining a 
structurally intact feather while also rearing more offspring, 
which presumably means a greater energetic cost, since in 
our population, nestling feeding rate of parents is higher in 
enlarged broods (Laczi et al. 2017). Additionally, a male 
with the capability of foraging more effectively can save 
time and energy (Norberg 1977), which can be allocated 
to more frequent feather maintenance. According to this, 
vane width could reflect some aspects of the actual condition 
of an individual. Certainly, we cannot exclude alternative, 
mutually not exclusive explanations. It might be possible 
that in larger broods, one sex of the parents takes the direct 
parental duties with relatively more enthusiasm than its 
social pair, as demonstrated, for example, in male mountain 
chickadees (Poecile gambeli) with regard to nestling feeding 
visits (Grundel 1987). In our case when the male of a larger 

brood partly refrains from these duties, leaving them to the 
female, this male could spend more time on other activities 
such as preening, resulting in more intact feathers. However, 
this scenario is probably not applicable in this population 
as we formerly found no such differences in the sharing of 
parental behavior among broods, independently of brood 
size (Laczi et al. 2017; ML et al. unpublished data).

Our study indicates a possible long-term effect of the past 
reproductive event on current feather condition and therefore 
reflectance. In addition, due to the costs of keeping the feath-
ers in good shape, the degree of feather intactness, and the 
color expression affected by this, could honestly indicate the 
bearer’s current condition. Finally, these relationships alto-
gether may suggest a potential causal connection between 
feather reflectance attributes and reproductive effort through 
the contribution of feather macrostructure.
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