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ABSTRACT
Plumage coloration is widely recognized as an important component in intraspecific communication across different life stages. 
Although coloration received a lot of attention within the field of visual communication, we have little information on whether 
the oxidative state influences plumage coloration during early life. Our aim was to examine the variation of oxidative parameters 
and their associations with coloration of two different nestling plumage traits in collared flycatchers (Ficedula albicollis). We 
conducted spectrophotometric measurements on the nestlings' melanin-based wing coverts and porphyrin-based wing covert 
stripe and evaluated oxidative state by measuring the amount of reactive oxygen metabolites (ROM) and the plasma antioxidant 
capacity (OXY). At the nest level, oxidative state parameters differed in repeatability: ROM showed low repeatability, whereas 
OXY was not repeatable. This pattern suggests that variation in diet and other unknown factors in the study population may 
influence these measures, and that the two parameters may be affected to different extents by these underlying factors. We re-
vealed that the oxidative state deteriorated with the progression of the breeding season. Individuals that hatched in late nests had 
a greater amount of ROM. Furthermore, oxidative state deteriorated with brood size, as ROM levels, but only in female nestlings, 
increased with the number of nestlings in the brood. Considering reflectance measures, we found that when low OXY was asso-
ciated with high ROM, wing covert UV chroma increased. This may suggest that individuals who experienced worse oxidative 
state exhibited a shift toward higher eumelanin proportion in their melanin-based wing coloration. These findings underline 
the importance of oxidative balance for plumage color traits with diverse proximate backgrounds, and may encourage further 
investigations in the field of nestling visual traits.

1   |   Introduction

In birds, plumage coloration can function as a visual signal that 
often reflects different individual attributes, providing infor-
mation to conspecifics and helping to guide decision-making 
in social interactions (Roulin et  al.  2001; Kingma et  al.  2008; 
de Zwaan et  al.  2019). A large body of evidence suggests that 

variation in plumage coloration can be linked to distinct as-
pects of individual quality, such as condition (Guindre-Parker 
and Love  2014), nutritional state and diet quality (McGraw 
et  al.  2002; McGlothlin et  al.  2007), immune state (Pardal 
et al. 2018), and oxidative state (Marton et al. 2022). Honesty in 
visual signaling can be maintained by the costs associated with 
the production and maintenance of these traits (Zahavi  1977; 
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Számadó 2011). For instance, visual signals may associate with 
energy and resource allocation costs (Hõrak et al. 2010; Pardal 
et al. 2018).

Plumage coloration can arise by two major mechanisms: it can 
be based on pigment deposition (pigment-based coloration) or 
on the structural elements of feathers (structural coloration). But 
these two, in most cases, form the coloration together (Shawkey 
and Hill 2005; Laczi et al. 2019) as pigments are embedded in 
structural elements and light interacts with both (Shawkey and 
D'Alba 2017). Pigments, such as melanins and porphyrins, con-
tribute to coloration mainly by absorbing incident light. Melanins 
are among the most common integumental pigments, and their 
two main forms are eu- and pheomelanin, which have different 
absorption properties. Different ratios of eu- and pheomelanin 
together with feather microstructure create a range of brown, 
chestnut, and rusty colors (Galván et  al.  2011; Shawkey and 
D'Alba 2017). Melanins are synthesized de novo, and the expres-
sion of these pigment-based coloration traits can signal individ-
ual quality, such as condition (Griffith et al. 2006; McGraw 2008) 
or oxidative state (Galván and Alonso-Alvarez 2008), which can 
facilitate intraspecific interactions in social situations, for exam-
ple during mate choice (Roulin et al. 2001; de Zwaan et al. 2019). 
In contrast to melanins, porphyrin-based coloration, which cre-
ates yellow, reddish-brown, rust-brown, purple, pink and ochre 
integumental coloration, received less attention in studies which 
focus on visual signals (Galván et  al.  2018; Laczi et  al.  2025, 
2026). Compared to pigment-based colors, which are based on 
light absorption, the formation of structural colors are generated 
through light scattering and interference. In this case, incident 
light can create broad-spectrum, reflectance through disordered 
structures (e.g., in unpigmented feathers), noniridescent, con-
stant shades, such as UV-blue through quasi-ordered structures, 
or iridescence (angle-dependent reflectance) through laminar 
and crystal-like arrays of keratin and melanosomes (Shawkey 
and D'Alba 2017).

Importantly, both pigment-based and structural coloration are 
dynamic traits that can change over time due to various biotic 
and abiotic factors such as ectoparasites (Kose and Møller 1999), 
diet quality (McGraw 2007; Galván et al. 2018), dirt and abrasion 
(Surmacki and Nowakowski 2007; Surmacki et al. 2011), brood 
size (Hegyi et al. 2023), and UV irradiation (Surmacki 2008). In 
parallel, plumage coloration has been reported to correlate with 
individual oxidative physiology (Henschen et al. 2016; Marton 
et  al.  2022; but see Isaksson and Andersson  2008), although 
studies examining this association in early life stages have 
yielded inconsistent results (Galván et al. 2010, 2018; Larcombe 
et al. 2010; Koivula et al. 2011; Arai et al. 2017). Most research 
has focused on carotenoid-based coloration, for which the links 
with oxidative physiology are relatively well understood (e.g., 
Larcombe et al. 2010; Koivula et al. 2011). In contrast, substan-
tially less is known about other coloration types, for example, 
melanin- and porphyrin-based traits. In melanin-based color-
ation, mechanisms underlying associations with oxidative state 
may arise through multiple, distinct pathways. One potential 
mechanism is genetic pleiotropy, in which shared genes can 
influence both pigmentation and oxidative balance, which re-
quires a substantial genetic contribution to these traits (Ducrest 
et al. 2008). In parallel, coloration may be indirectly linked to 
oxidative state via a mechanistic pathway involving glutathione 

(GSH). GSH is a key antioxidant involved in both melanin syn-
thesis and antioxidant defense (Galván et al. 2012; Galván and 
Solano 2016) which can be influenced by external factors, such 
as diet (Wan et  al.  2019). This proposed mechanistic link be-
tween coloration and individual condition involves oxidative 
balance. When there is an imbalance between reactive oxygen 
species and the antioxidant defense system, in favor of the for-
mer (i.e., oxidative stress occurs), it could affect plumage col-
oration traits (reviewed in Metcalfe and Alonso-Alvarez 2010) 
because only high-quality individuals with better oxidative state 
may be able to cope with elevated free radical levels (via anti-
oxidant capacity) and develop or maintain costly visual signals 
at the same time (Galván and Alonso-Alvarez  2008; Garratt 
and Brooks  2012). Despite these proposed mechanisms, stud-
ies addressing how melanin-based coloration links to oxidative 
state (particularly in early life stages) remain scarce (Galván 
et  al.  2010; Roulin et  al.  2011; Arai et  al.  2017; Galván  2017; 
Rodríguez-Martínez et al. 2019; Emaresi et al. 2022).

The association between porphyrin-based coloration and oxida-
tive physiology remains a particularly poorly understood topic. 
Porphyrin production is linked to heme synthesis (Goldberg 
et al. 1956), during which porphyrins act as intermediates and 
serve as prosthetic groups in a range of different proteins. Thus, 
this is a fundamentally different biosynthetic pathway com-
pared to melanin production. However, certain types of porphy-
rins may be associated with oxidative processes involving free 
radicals. For example, Galván et  al.  (2018) found that feather 
coproporphyrin III concentration was positively associated with 
body mass and breeding site quality in Eurasian eagle owl (Bubo 
bubo) fledglings. As this porphyrin form can be produced under 
oxidative stress, they suggest that coproporphyrin III may sig-
nal breeding site-mediated capacity to cope with oxidative stress 
to conspecifics. A potential relationship may therefore exist be-
tween porphyrin-based coloration and oxidative state through 
free-radical-mediated processes, whereby the expression of col-
oration may reflect the individual's ability to cope with oxidative 
stress.

Various aspects of plumage coloration are known to be 
shaped by sexual selection in adult birds (Andersson  1994), 
and accordingly, the vast majority of studies have focused 
on adult individuals. However, plumage coloration also var-
ies among individuals in early life stages (Hõrak et al. 2000; 
García-Campa et al. 2023). Generally, nestlings show cryptic 
coloration, which can provide fitness advantages in the nest 
(reviewed by Kilner 2006), but individual variation in color-
ation and its function has gained less attention. Nevertheless, 
variation in nestling coloration can be driven by different se-
lection processes, such as parental favoritism (Lessells 2002; 
Romano et  al.  2016; Costanzo et  al.  2017). Previous studies 
suggested that plumage coloration developed in the nestling 
stage can signal the individual's sex (Siefferman et al.  2008; 
Kapun et al. 2011), condition (Johnsen et al. 2003; Jacot and 
Kempenaers  2007), and resistance to parasites (Surmacki 
et  al.  2015). In addition, experiments revealed that differ-
ent aspects of the rearing environment, such as brood size, 
the amount of parental care, and resource availability can 
have a substantial effect on plumage coloration in nestlings 
(Siefferman and Hill  2007; Jacot and Kempenaers  2007; 
Musgrove and Wiebe  2016), and on oxidative state also 
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(Costantini and Dell'Omo 2006a; Losdat et al. 2010; Bourgeon 
et al. 2011; López-Arrabé et al. 2016). For example, in collared 
flycatcher nestlings, previous results revealed sex differences 
in both melanin- and porphyrin-pigmented plumage parts 
(Laczi et al. 2025). Both pigment types were also found to be 
associated with environmental conditions, although they dif-
fer in their production pathways and sensitivity to environ-
mental factors (Laczi et al. 2026). These results suggest that 
plumage coloration may play a role in communication during 
this early life stage.

Studying the function of plumage color variation in the nestling 
stage can be highly relevant for understanding parent–offspring 
communication and social interactions among siblings. As an 
adaptive visual signal, nestling coloration may mediate compe-
tition for parental care among nestlings, simultaneously allow-
ing parents to adjust their allocation strategies among offspring, 
as coloration may reflect individual differences, for instance in 
future survival prospects. By responding to such cues, parents 
may direct a greater degree of parental investment toward more 
valuable offspring (i.e., more intensely colored ones) to increase 
their own fitness (Lyon et  al.  1994; Lessells  2002; Krebs and 
Putland 2004; Romano et al. 2016; Costanzo et al. 2017).

Here, our aim was to investigate the information content of 
nestling wing coverts coloration with respect to oxidative state 
parameters (i.e., antioxidant capacity and oxidative damage) in 
a natural population of collared flycatchers. The relationship 
between reflectance and oxidative state has not previously been 
investigated during the early life stages of this species, thus it 
remains unknown whether oxidative state may contribute to 
information conveyed by plumage traits during social interac-
tions with parents or siblings. In addition, in the wing coverts, 
most of the feathers developed in the nestling period remain 
until the first breeding attempt (Demongin 2016), although the 
yellow porphyrin-based pigmentation is lost in yearlings, with 
the feathers appearing white due to photodegradation of the 
originally deposited porphyrin compounds, suggesting a role 
in communication not only in early life stages, but also during 
the first breeding. In our study, we analyzed coloration traits of 
two plumage parts, namely nestlings' wing coverts, which are 
pigmented by melanin, and the wing covert stripe, which is pig-
mented by porphyrin (Laczi et al. 2026). We also aimed to inves-
tigate the effects of rearing environment and sex on nestlings' 
oxidative state, and whether the oxidative state is an individual-
specific trait or characteristic to the entire brood.

Factors, such as hatching date (López-Arrabé et al. 2016), brood 
size and sibling competition (Bourgeon et al. 2011), can influ-
ence the quantity and quality of available resources, and con-
sequently individuals' oxidative state (Giordano et  al.  2015). 
Dietary intake provides components with antioxidant properties 
as well as nutrients that can be used to build various antioxi-
dant molecules (Catoni et al. 2008; Lee et al. 2013). We predicted 
that hatching date would influence oxidative state, with later-
hatched nestlings expected to have poorer oxidative state. This 
is because food availability typically changes throughout the 
season and declines after the peak period (Buse et al. 1999) and 
this reduced availability may constrain nestlings' development 
(Fargallo et al. 2007; Garrido-Bautista et al. 2021) and oxidative 
state (López-Arrabé et al. 2016). Similarly, we assume that brood 

size would affect oxidative state. Nestlings from larger broods 
are expected to have worse oxidative state as increased sibling 
competition can also reduce available resources (Bourgeon 
et al. 2011). In our population, we previously found that broods 
that miss the food peak are disadvantaged in terms of growth 
(Hegyi et al. 2013), thus it is plausible that this may have a neg-
ative effect on oxidative state as well, as individuals may be un-
able to acquire sufficient quantity and quality of food to support 
an adequate antioxidant defense system.

Nestling wing coloration has previously been shown to be re-
lated to the rearing environment, with less favorable condi-
tions (bigger brood size, mismatch with food peak) associated 
with less developed wing coloration (i.e., brown plumage part 
was less brown and brighter, while yellow part was less yellow 
and less bright, Laczi et  al.  2026). We also expected an asso-
ciation between oxidative state and coloration, for both mela-
nin and porphyrin-based traits. For melanin-based coloration, 
a potential link with oxidative state can be mediated by GSH 
availability or pleiotropic effects (see above); therefore, we pre-
dicted that nestlings in better oxidative state would exhibit more 
pronounced wing coloration with lower UV chroma and bright-
ness. In contrast, the relationship between porphyrin-based 
coloration and oxidative state is less understood; however, the 
production of certain porphyrin forms are involved in oxida-
tive processes related to free radicals (Woods and Calas 1989; 
Galván et al. 2018). Accordingly, we expected porphyrin-based 
coloration at this stage to be associated with the bearer's oxi-
dative state, which is influenced by environmental conditions. 
We expected more pronounced yellow coloration, characterized 
by higher saturation and brightness, in individuals with a better 
oxidative state.

2   |   Materials and Methods

2.1   |   Study Site and Species

This study was carried out in 2023 in a long-term study plot 
in the Pilis-Visegrádi Mountains, near Pilisszentlászló (Duna-
Ipoly National Park, Hungary, 47.725 N, 19.006 E). The nest box 
plots are situated in a deciduous oak-hornbeam woodland, and 
they cover approximately 38 ha. The study area contained 441 
B-type nest boxes arranged in a grid system at the time of the 
study, which are mainly used by collared flycatchers, and to a 
lesser extent by great tits (Parus major) and blue tits (Cyanistes 
caeruleus). The average distance between nest boxes is 30.7 m. 
The collared flycatcher is an insectivorous, hole-nesting, long-
distance migratory passerine. Females lay and incubate 3–8 
(mostly 5–7) eggs. Both parents participate in the caretaking of 
nestlings, which are fed a diverse diet in which folivorous cat-
erpillars represent a major component (Chaplyhina et al. 2022). 
Young birds leave the nest after the age of 13–14 days. Nestlings' 
abdominal plumage is characterized by whitish coloration with 
melanin pigmented brown patterns. Their dorsal part is pre-
dominately brown with distinct yellow spots on the head and 
along the back. In addition, nestlings are ornamented with 
yellow tips on their brown greater coverts, which form a con-
tinuous stripe in their wings. It has been shown that this yel-
low stripe coloration is produced by porphyrin pigments in the 
feathers (Laczi et al. 2026). Additionally, sex-related differences 
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were found in the brightness and UV chroma of the primary co-
verts, as well as in wing covert stripe coloration. The first molt 
occurs in the breeding site, prior to the migration to Africa and 
involves the replacement of body feathers only. This is followed 
by a prebreeding molt during the winter in Africa; however, the 
primaries and some of the greater coverts are not included in 
this molt either, being retained until the first breeding attempt 
(Demongin 2016). In yearlings, previously yellow plumage parts 
are already white, most likely due to photobleaching, as porphy-
rins are highly photodegradable (Bezdetnaya et al. 1996).

2.2   |   Field Methods

We checked all nest boxes every fifth day to record breeding 
parameters, including hatching date (date of the first nestling 
hatching in the nest, relative to April 1) and the number of nest-
lings that hatched in the nest (hereafter, brood size). Nestlings 
were taken from the nest boxes on two different occasions, 
with handling time minimized as much as possible. Prior to all 
measurements, nestlings were kept in a containment bag. At 
the age of 8 days, corresponding to the peak period of feather 
growth (Järvinen and Ylimaunu 1984), we ringed nestlings and 
collected blood samples from the brachial vein. It is this peak 
growth time when oxidative processes are most informative of 
feather development, as rapid feather growth can be energeti-
cally demanding, thereby elevating metabolic rate and influ-
encing individuals' oxidative state (López-Arrabé et  al.  2016). 
Thus, the oxidative state measured at this time well reflects the 
physiological constraints affecting feather formation. Blood was 
collected into two Na-heparinised microcapillary-hematocrit 
tubes (for molecular sexing and oxidative state determination) 
for each individual. For molecular sexing, blood was stored in 
absolute ethanol at −20°C until DNA extraction (see below). The 
tubes for oxidative state determination were stored at 0°C–5°C 
and centrifuged within 2 h (10,000 rpm for 10 min) to separate 
plasma from blood cells, after which plasma samples were 
stored at −20°C until analysis. At the nestling age of 13 days, we 
measured body mass using a Pesola spring balance (with a preci-
sion of 0.1 g) and tarsus length with a caliper (with a precision of 
0.1 mm) and also performed spectrophotometric measurements.

2.3   |   Spectrophotometric Measurements

We measured the reflectance spectra of the nestlings' wing co-
verts and wing covert stripes. We used a USB2000 spectropho-
tometer with a DH2000 light source and an R400-7 bifurcated 
fiber optic probe (Ocean Optics Europe). For each bird, we took 
two reflectance samplings within a plumage part, primarily 
for ethical and logistical reasons. The probe was removed and 
repositioned between the two measurements. To standardize 
distance and keep out ambient light, the probe had a black plas-
tic cover, and it was positioned perpendicularly to the feather 
surface. Reflectance was calculated relative to a white WS-1 dif-
fuse reflectance standard (Ocean Optics Europe) and a dark ref-
erence (no light reached the detector). Reflectance values were 
recorded with the OOIBase32 software (Ocean Optics Europe). 
Using these spectra, we quantified different color traits. For the 
melanin-based wing coverts, we used brightness, which defines 
the average reflectance in the bird-visible range (320–700 nm), 

and UV chroma (mean reflectance from 320 to 400 nm divided by 
brightness). Even though UV chroma is often used as a variable 
for structurally-based and glossy feathers, variation in relative 
UV reflectance may be associated with melanin composition, 
feather structure and condition (Siitari and Huhta 2002; Mennill 
et al. 2003; McKinnon and Robertson 2008; D'Alba et al. 2014). 
In addition, in our study population, we previously found that 
variation in wing covert UV chroma can be linked to sex-
specific differences in nestlings (Laczi et al. 2025), and that the 
rearing environment also predicts this spectral variable (Laczi 
et al. 2026). Additionally, we also calculated brown chroma, de-
fined as the average intensity between 500 and 700 nm, divided 
by brightness. Given the strong correlation between UV chroma 
and brown chroma after controlling for sex (r = −0.963), and 
the high similarity of model results between the two color vari-
ables, results for brown chroma are reported in the Table S1. For 
the yellow stripe, we calculated brightness and relative height 
([maximum reflectance − minimum reflectance]/average inten-
sity) (Örnborg et al. 2002; Szigeti et al. 2007), which reflects the 
saturation of this color (hereafter referred to as saturation). We 
used Microsoft Excel to manage reflectance curves and to calcu-
late the above detailed spectral traits.

2.4   |   Blood Sample Processing

2.4.1   |   Molecular Sex Determination

For molecular sex determination, DNA was extracted by an 
ammonium-acetate method (Nicholls et  al.  2000). We used 
primers 2550F and 2718R (Fridolfsson and Ellegren 1999) and 
followed the PCR protocol described in Rosivall et  al.  (2004). 
PCR products were visualized by gel electrophoresis on pre-
stained (GelGreen) 2% agarose gels to determine sex.

2.4.2   |   Oxidative State Determination

We define two parameters connected to the oxidative state of 
individuals, namely the amount of reactive oxygen metabolites 
(hereafter, ROM) and plasma antioxidant capacity (hereafter, 
OXY). ROM measures hydroperoxides, the early products of re-
active oxygen species-driven peroxidation of macromolecules, 
such as proteins. OXY indicates the capability of the antioxidant 
defense system to cope with the effects of free radicals by quan-
tifying the amount of hypochlorous acid neutralized by the sys-
tem (Costantini 2010; Galván 2022). We used the d-ROMs test 
and OXY-Adsorbent test respectively (Diacron International, 
Grosseto, Italy) to measure these physiological traits (with 
modifications, based on Costantini et al. 2006; Costantini and 
Dell'Omo 2006b; Markó et al. 2011).

In d-ROMs test, we diluted 5 μL plasma with 200 μL of a solution 
containing 0.01 M acetic acid/sodium acetate buffer (pH-value 
4.8) and N,N-diethyl-p-phenylenediamine as chromogen, and 
incubated it at 37°C for 75 min. The amount of a colored (pink) 
reaction product is proportional to the amount of ROMs in the 
sample. Absorbance was measured with a BioTek ELX808 mi-
croplate reader at 490 nm, and the concentration was estimated 
based on a standard solution's absorbance curve (Costantini and 
Dell'Omo 2006b).
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In the OXY-Adsorbent test, contrary to the prescribed proto-
col, we used 2 μL plasma instead of 5 μL due to the insufficient 
amount of blood samples from nestlings. First, we diluted 2 μL 
plasma with distilled water in the ratio of 1:100. Then, 2 μL 
from the diluted plasma was incubated with 200 μL aliquot of 
HOCL-titrated solution for 10 min at 37°C. After the incuba-
tion period, we added 2 μL chromogen (it was the same com-
pound that we used in the d-ROMs test). Here, the intensity of 
the pink color is inversely related to the plasma antioxidant 
capacity. Absorbance was measured with the same instru-
ment at 540 nm.

2.5   |   Statistical Methods

For statistical analyses, we only included data from nests 
where at least half of the nestlings had oxidative state sam-
ples, and used only those individuals from which all oxidative 
parameters were available. This resulted in a final dataset of 
217 individuals from 44 nests. All of the individuals having 
complete oxidative state data also had spectrophotometric 
measurements. Individuals were not included in the analyses 
if both oxidative parameters (194 nestlings), or either ROM (9 
nestlings) or OXY (21 nestlings) could not be measured be-
cause the available blood samples were insufficient in quan-
tity or quality to allow reliable assay.

After examining the raw distributions of ROM and OXY val-
ues, we log-transformed these parameters to approach normal 
distributions. We tested the repeatability of the oxidative state 
parameters, adding sex as a fixed correction variable and nest 
ID as a random factor. Repeatability was assessed using the 
“rpt” function of the “rptR” package (Stoffel et al. 2017). We 
conducted linear mixed-effect models with nest ID as a random 
factor using the “lmer” function from the “lmerTest” pack-
age that applies Satterthwaite correction for the estimation of 
error df 's (Kuznetsova et al. 2017). In all models, we applied 
backward stepwise model simplification, excluding nonsignif-
icant terms from the full model (which contained all variables 
and interaction terms) in decreasing order of statistical signif-
icance, with significance assessed based on p-values (p > 0.05 
were removed). In the final models (which contain only the 
significant variables and the nonsignificant component vari-
ables of significant interactions), we reentered nonsignificant 
terms to check their nonsignificance in the environment of 
the reduced model (characterized by lower statistical noise) 
and to enable the calculation of parameter estimates for these 
terms in future meta-analyses. After this validation, only sta-
tistically significant variables were retained in the models. 
The statistical significance of interactions represented a spe-
cial problem in this analysis. As we described above, the sam-
ple size of actual statistical tests was affected by missing data. 
Moreover, the calculation of error degrees of freedom in mixed 
models with the Satterthwaite method depends on differences 
in the number of data and ratios of within- and among-brood 
variances, and the variance explained by brood (used as a ran-
dom effect here) is generally small for nestling color variables 
(Laczi et al. 2025). With a weak random factor, the correction 
of error df 's is less predictable, making the exact significance 
level uncertain. Therefore, when encountering marginally 
nonsignificant interactions (0.05 < p < 0.1), we calculated 

effect sizes (Pearson r) following McNeil et al. (1996), and in 
case of nonnegligible effect size, we ran follow-up analyses for 
groups of the corresponding fixed factor as for a significant 
interaction. For comparison, we also tell the effect size for sig-
nificant interactions. Standard model diagnostics (histogram 
plotting and simple linear models) were performed to ensure 
that assumptions of normality, homoscedasticity and inde-
pendence were met. All analyses were performed in R 4.3.2 
(R Core Team 2023). Data visualization was performed using 
“ggplot” from the “ggplot2” package (Wickham  2016) and 
base R function “persp” (R Core Team 2023).

In both the oxidative state and the plumage coloration models, 
sex and hatching date were included as correction variables 
due to their previously reported effects on color traits (Laczi 
et al. 2025, 2026). In the models of oxidative state, the dependent 
variable was log-transformed ROM or OXY, and explanatory 
variables were sex, hatching date, and brood size. In addition, 
we included the interactions of hatching date with sex and brood 
size with sex. For color variables, we ran four separate mod-
els. In each model, one of the four plumage color traits (covert 
brightness, covert UV chroma, stripe brightness, stripe satura-
tion) was included as a dependent variable. In all four models, 
explanatory variables were sex, hatching date, oxidative state 
parameters (OXY, mean ROM and ROM deviation), and the in-
teractions of oxidative parameters with sex. In addition, three-
way interactions among sex, OXY, and ROM were also tested. 
We used a within-subject centering approach for ROM (Van de 
Pol and Wright 2009) because nest explained a significant part 
of the variance. We included both nest-level mean values and 
individual deviations from the mean (hereafter, mean ROM and 
ROM deviation, respectively) as explanatory variables. With 
regard to wing covert stripe saturation, one individual was ex-
cluded from the model because visual inspection and Cook's dis-
tance indicated that it was an influential point, namely a male 
nestling with extremely low saturation (results for the model in-
cluding the individual are provided in Table S2).

3   |   Results

We found differences in the nest-level repeatability of oxidative 
state parameters, more specifically ROM had low repeatabil-
ity (intraclass correlation (R); R = 0.206, 95% CI = 0.061–0.345, 
p < 0.001), while OXY values were not repeatable (R = 0.03, 
CI = 0–0.127, p = 0.287).

We found that ROM increased with hatching date, indicating 
that nestlings from later-hatching broods had worse oxidative 
state (see Table 1 and Figure 1). In addition, brood size had a 
significant main effect, while results revealed a marginal inter-
action with sex (p = 0.0504) with an effect size of r = 0.139. We 
performed separate exploratory follow-up analyses for males and 
females. We found that ROM increased with brood size, in female 
nestlings (β ± SE = 0.065 ± 0.016, df1 = 1, df2 = 39.73, F = 16.65, 
p < 0.001, Figure 2.), whereas no such association was detected 
in males: (β ± SE = 0.021 ± 0.021, df1 = 1, df2 = 42.77, F = 0.96, 
p = 0.332). Results showed no significant association between 
OXY and any of the investigated variables (see Table 1), only a 
marginal interaction between sex and hatching date (p = 0.061) 
with an effect size of r = 0.130. We conducted follow-up analyses 
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6 of 13 Ecology and Evolution, 2026

for males and females separately to explore the aforementioned 
tendency, but there were no significant effects of hatching date 
in either sex (females: β ± SE = −0.007 ± 0.006, df1 = 1, df2 = 102, 
F = 1.74, p = 0.19; males: β ± SE = 0.008 ± 0.006, df1 = 1, df2 = 111, 
F = 1.81, p = 0.182).

Regarding plumage coloration, wing covert UV chroma was 
higher specifically in individuals with low OXY and high ROM 
deviation (significant OXY × devROM interaction with an effect 
size of r = 0.142, see Table 2, Figure 3). The interaction between 
sex and ROM deviation, on the other hand, had a marginal ef-
fect (p = 0.070 with an effect size of r = 0.125) on covert stripe 
saturation (see Table 2). We again conducted follow-up explor-
atory analyses by sex and found a marginal negative association 
in females, while the result was far from significant in males 
(females: β ± SE = −0.337 ± 0.176, df1 = 1, df2 = 96.93, F = 3.68, 
p = 0.058; males: β ± SE = 0.120 ± 0.143, df1 = 1, df2 = 84.51, 

F = 0.71, p = 0.403). Oxidative state measures, however, showed 
no relationship with either covert brightness or stripe bright-
ness, and the interaction terms were likewise nonsignificant.

4   |   Discussion

In this study, we investigated the relationship between oxida-
tive state parameters and plumage coloration in nestling col-
lared flycatchers. We also examined whether certain aspects of 
the rearing environment were associated with oxidative state 
during early life stages. Our results indicate that oxidative state 
parameters are associated with wing covert UV chroma, while 
various components of the rearing environment (such as hatch-
ing date in both sexes and brood size in females) were linked 
to oxidative state in early life stages. Our findings suggest that 
some aspects of early-life environment affect oxidative state and 

TABLE 1    |    Results of the analyses of nestlings' oxidative state.

ROM OXY

β (SE) df1 df2 F β (SE) df1 df2 F

Sex −0.011 (0.014) 1 192.05 0.63 0.029 (0.020) 1 215 2.09

Hatching date 0.016 (0.004) 1 40.94 18.96*** 0.000 (0.004) 1 47.48 0.00

Brood size 0.043 (0.014) 1 43.74 9.11** 0.013 (0.016) 1 52.82 0.67

Sex × hatching date 0.000 (0.006) 1 194.92 0.00 −0.015 (0.008) 1 206.33 3.54†

Sex × brood size 0.043 (0.022) 1 196.11 3.88† 0.025 (0.031) 1 213 0.68

Note: ROM defines the amount of reactive oxygen molecules, whereas OXY expresses plasma antioxidant capacity. Both ROM and OXY values were log-transformed 
prior to the analyses. Effects included in the final models are highlighted in bold.
†p < 0.10, *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 1    |    Association between ROM and hatching date. ROM de-
fines the amount of reactive oxygen molecules. Hatching date was ex-
pressed as the number of days passed since 1 April. Log-transformed 
ROM values are presented in this figure. Shading represents the 95% 
confidence interval around the fitted line.

FIGURE 2    |    Association between ROM and brood size in females. 
ROM defines the amount of reactive oxygen molecules. Brood size rep-
resents the number of individuals hatched in the nests. Log-transformed 
ROM values are presented in this figure. Shading represents the 95% 
confidence interval around the fitted line.
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that plumage coloration may convey information about individ-
ual oxidative state.

We found that oxidative-state-related parameters differed in 
terms of nest-level repeatability. Namely, ROM showed low re-
peatability, while OXY was not significantly repeatable. These 
patterns suggest that siblings were weakly similar to each other 
with respect to ROM, but in contrast to this, there were no signs 
of such similarity in the case of OXY. There are several possi-
ble explanations for the low or nonsignificant repeatability ob-
served for the oxidative parameters. First, oxidative state can be 
strongly influenced by diet; thus, if nestlings within the same 
brood receive qualitatively or quantitatively different food in-
take from parents, this dietary heterogeneity could reduce nest-
level repeatability. For example, dietary vitamin intake has been 
shown to affect the antioxidant defense system of great tit (Parus 
major) nestlings (Marri and Richner 2014), while in nestling pi-
geons (Columba livia) food quality influenced both serum hy-
droperoxide levels and antioxidant responses (Costantini 2010). 
Second, a common environment effect of brood size-related 
competition may tend to homogenize nestlings within broods in 
terms of stress and therefore potentially ROM. Indeed, physio-
logical stress was found to increase with manipulated brood size 
in the sister species pied flycatcher (Ilmonen et al. 2003). A par-
tial support for this effect is provided by the association of brood 
size and ROM in female nestlings in our study. Competition-
related stress may specifically increase repeatability for ROM 
(more stress-dependent) but not for OXY (more nutritionally de-
pendent), thereby potentially explaining our results. Previously, 
Costantini and Dell'Omo (2006a), using a cross-fostering exper-
iment in Eurasian kestrel (Falco tinnunculus) nestlings, found 
that different factors influenced the variance of the two oxida-
tive parameters. Their results suggest that variation in ROM lev-
els appears to show stronger genetic effects, whereas variation 

in OXY values may predominantly reflect environmental fac-
tors, such as dietary differences. In contrast, Losdat et al. (2014) 
found that oxidative state parameters had a low additive genetic 
basis and were highly influenced by common environmental ef-
fects. Thus, taken previous findings together, our results may 
suggest that ROM and OXY may be differently shaped by genetic 
and varying level environmental factors. While ROM values 
may be more strongly affected by shared genetic or maternal ef-
fects, OXY may reflect individual-specific effects. Importantly, 
similar genetic influences as in ROM may also be present for 
OXY, but these could be masked at the nest level due to stronger 
environmental effects, resulting in low repeatability. The mech-
anistic background of these differences therefore needs further 
studies.

Considering the determinants of oxidative state, no associa-
tion was revealed between antioxidant defense strength (OXY) 
and any of the investigated explanatory parameters. On the 
other hand, individuals that hatched in late nests had a greater 
amount of ROM. The increase of ROM implies that oxidative 
state significantly deteriorated with hatching date. In addition, 
brood size also had a significant association with nestlings' oxi-
dative state in females, as ROM levels of this sex increased with 
the number of individuals hatched in the nest. In the postnatal 
stage, nestlings have an immature antioxidant defense system; 
hence, development and fast growth can be highly demanding 
to them (López-Arrabé et al. 2016). In this period, the antioxi-
dant defense system can be improved by adequate nutritional 
care (Blount et al. 2003). However, if nutritional requirements 
are not fulfilled in terms of quality or quantity (due to the deteri-
orating environmental factors by the end of the breeding season 
or because of high levels of sibling competition such as in a large 
brood), an imbalance may occur between the amount of free rad-
icals and the antioxidant defense system, which can ultimately 
lead to oxidative stress. For example, in the closely related pied 
flycatcher (Ficedula hypoleuca), associations have been found 
between antioxidant defenses of nestlings and hatching date 
(López-Arrabé et al. 2016), while in European starlings (Sturnus 
vulgaris), brood size negatively affected antioxidant capacity 
in one of two study years (Bourgeon et al. 2011). In our study 
population, previous results suggested that asynchrony with the 
caterpillar peak had a negative effect on nestlings' development 
(Hegyi et al. 2013), as well as on their plumage coloration (Laczi 
et  al.  2026). Thus, it is plausible that conditions experienced 
during early life can also affect nestlings' oxidative state in this 
species. On the other hand, sex-specific differences also exist in 
how nestlings respond to environmental conditions. Although 
previous studies have primarily documented sex-related dif-
ferences in antioxidant capacity, for instance in great tit (De 
Coster et al. 2012) or pied flycatcher (López-Arrabé et al. 2016) 
nestlings, it is possible that such differences may also appear in 
other components of oxidative state. In this species, females may 
therefore be more susceptible to the negative effects of increased 
brood size, potentially leading to elevated levels of ROM.

We found an association between oxidative state and plum-
age coloration in collared flycatcher nestlings, indicating that 
correlation between certain plumage traits and oxidative state 
is not only present in adults (Markó et al. 2011), but a similar 
association could already be found in nestlings. UV chroma of 
the brown wing coverts increased with ROM, particularly in 

FIGURE 3    |    Association between wing covert UV chroma and oxi-
dative state parameters. OXY represents plasma antioxidant capacity, 
while ROM deviation indicates the deviation from the nest-level mean 
of reactive oxygen metabolites. Log-transformed ROM and OXY values 
are presented in this figure.
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nestlings with low OXY. Therefore, nestlings experiencing ox-
idative stress exhibited wing coverts with higher UV chroma. 
Nestlings' brown coloration is likely the result of two types of 
melanin pigments, namely eu- and pheomelanin, which are 
present together in most of the melanin-colored plumage patches 
(McGraw et al. 2005). Melanins exhibit broad wavelength range 
absorbance (Tran et al. 2006; Galván and Solano 2016), but phe-
omelanin may be more prone to absorb in the UV-A range (Tran 
et al. 2006; Riesz 2007). Accordingly, UV chroma may provide 
information about the ratio of eumelanin to pheomelanin, with 
higher values potentially indicating a greater proportion of eu-
melanin. Indirect support for our predictions may be provided 
by the study of Calhim et al. (2014), who investigated plumage 
coloration in adult pied flycatchers. In that study, males and 
females differed not only in melanin composition but also in 
UV chroma values, with higher UV chroma being associated 
with a higher relative contribution of eumelanin. Alongside the 
distinct absorption properties of different melanin pigments 
(Galván  2022), structural properties of feathers, independent 
of pigment composition, can also influence UV chroma values 
(Laczi et al. 2019). Consequently, given that our knowledge on 
how UV chroma is precisely related to pigment composition is 
currently limited in our study population, further studies are 
required to clarify the mechanisms underlying this association.

The pattern we detected between plumage coloration and ox-
idative state can arise due to multiple, mutually nonexclusive 
reasons. The link between melanogenesis and oxidative state 
can itself be mediated by multiple physiological processes. First, 
a possible mechanism is genetic pleiotropy, as some genes may 
influence both oxidative balance and plumage pigmentation 
(Wu et al. 2004; Galván et al. 2017; San-Jose and Roulin 2018). 
For example, the Slc7a11 gene encodes a protein that mediates 
cysteine transport into melanocytes, which is essential for phe-
omelanin synthesis. As cysteine is a key precursor of GSH, this 
allocation may reduce GSH availability for the antioxidant de-
fense system (Galván et  al.  2017; San-Jose and Roulin  2018). 
Additionally, a biochemical connection is also possible between 
melanin synthesis and antioxidant defense through GSH. For 
eumelanogenesis to occur, high tyrosinase activity and low cys-
teine levels are required, whereas high cysteine levels and low 
tyrosinase activity lead to the production of pheomelanin. GSH 
is one of the most important intracellular antioxidants and it 
also regulates melanogenesis (Galván et al. 2010). As GSH can 
indirectly inhibit tyrosinase enzyme activity and raise cysteine 
level, a high level of GSH can shift the process toward pheome-
lanin production (Galván et al. 2010, 2012). In our case, higher 
oxidative stress may be associated with higher eumelanin con-
tent, which could reflect a trade-off between the antioxidant-
defense system and plumage coloration. When antioxidant 
capacity is low, higher ROM is associated with increased UV 
chroma, which indicates an increase in the proportion of eumel-
anin. It is plausible that limitations in the quality or quantity 
of available resources within broods may reduce the availability 
of GSH. Given the limited availability of GSH, a negative shift 
in oxidative state may direct the available GSH to reinforce an-
tioxidant defenses, while pigment production shifts toward the 
less GSH-demanding pathway, that is, eumelanogenesis (Galván 
and Alonso-Alvarez 2008). We have previously shown that nest-
lings reared under relatively unfavorable conditions developed 
brown wing coverts with higher UV chroma (Laczi et al. 2026). 

Thus, melanin-based wing coverts may reflect individual qual-
ity and potentially also the ability to cope with oxidative stress. 
Only high-quality individuals may be able to invest in increased 
mobilization of other antioxidants and develop plumage with 
higher pheomelanin content simultaneously, while GSH levels 
are low. In contrast, individuals with a more limited capacity 
to cope with oxidative stress may rely on the production of less 
costly melanin-based coloration, that is, eumelanin-based plum-
age, thereby conserving GSH for its role in antioxidant defense. 
However, further studies are necessary to investigate the exact 
mechanism.

Concerning the wing covert stripe, in female nestlings we de-
tected a weak negative association between saturation and ROM 
deviation, which means that individuals with poorer oxidative 
state relative to the brood mean tended to develop paler yellow 
color. These findings may have resulted from reduced pigment 
content, leading to lower saturation. In collared flycatcher nest-
lings, the temporary yellowish color of the wing stripe is created 
by porphyrin pigment deposition, which has now been demon-
strated based on the combination of the reflectance curve shape 
and the presence of UV-induced fluorescence in this plumage 
area (Laczi et al. 2026). Porphyrins are common pigments pro-
duced during the synthesis of heme (Goldberg et al. 1956) that 
can contribute to plumage coloration in birds. Despite the con-
tribution and potential function of these pigments (Galván 
et al. 2016), the information content of such color traits remains 
poorly investigated. However, a few studies have previously sug-
gested that feather porphyrin content may function as a visual 
signal in young birds. In Eurasian eagle owl fledglings, amount 
of one of the porphyrin forms detected from body feathers was 
positively associated with body mass and breeding site quality 
(Galván et al. 2018). Another example is provided by Camacho 
et al. (2019), where variation in porphyrin-based coloration was 
associated with body condition in juvenile red-necked nightjars 
(Caprimulgus ruficollis). However, the link between porphy-
rin content and oxidative state remains unclear. While possible 
pathways involving heme synthesis have been proposed, current 
evidence is primarily limited to cellular-level mechanisms (e.g., 
nonenzymatic oxidation by free radicals, Woods and Calas 1989; 
Galván et al. 2018) rather than direct links to plumage. In addi-
tion, it is important to emphasize that this pigment type is highly 
photodegradable (Moan 1988; Ericson et al. 2003). Consequently, 
the plumage area may turn into white (when porphyrin is the 
only pigment present), which might be why porphyrin-based yel-
low color in feathers is present only in the postnatal period in our 
species. We hypothesized that this transitional color trait may not 
only have a role in signaling nestlings' sex (Laczi et al. 2025), but 
also in signaling quality. In our former study in this study popu-
lation, we found that nestlings' wing stripe coloration was associ-
ated with the rearing environment (Laczi et al. 2026). Specifically, 
under adverse conditions (i.e., under higher asynchrony with 
food peak), nestlings developed less yellow wing stripes. The re-
sults suggest that variation in porphyrin-based wings stripe col-
oration may reflect individual quality. Based on both the present 
and previous findings, it could be speculated that lower amount 
of porphyrin pigments may be associated with a worse oxidative 
state, supporting the signaling value of yellowness. Under these 
circumstances, the temporary yellowness of the stripe may have 
at least two functions. First, it is plausible that it can fine-tune the 
parental allocation strategy through quality signaling (Romano 
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et al. 2016), and second, it may play roles in other social contexts 
as well, by signaling sex and immature state (see Laczi et al. 2025 
for details). Given the limited knowledge on porphyrin pigments, 
our conclusions are largely speculative, and further studies are 
needed to explore the link between porphyrin-based plumage 
coloration and oxidative state.

Contrary to our expectations, no association was found between 
the plumage brightness of any body region and the individu-
als' oxidative state. This may indicate that the relationship be-
tween this color trait and oxidative state is context-dependent, 
as demonstrated in Himalayan black bulbuls (Hypsipetes leu-
cocephalus nigerrimus), where an association was only detect-
able in one of the two sampling years, specifically during the 
year in which individuals with higher oxidative stress exhib-
ited brighter plumage (Hung and Li  2015). Alternatively, it is 
possible that the mechanistic link between reflectance and 
oxidative state involves processes that have a greater effect on 
wavelength-dependent spectral shape (e.g., chroma) rather than 
overall reflectance intensity.

In conclusion, our results revealed an environmental sensitivity 
of oxidative state, and associations of varying strength between 
nestling plumage coloration and oxidative state. The above-
mentioned relationships concerning coloration are consistent 
with previous findings in nestlings of our population, and the 
patterns altogether suggest that certain aspects of coloration 
may convey information about individual quality by reflecting 
the environmental conditions experienced after hatching (Laczi 
et al. 2026). In addition, in line with earlier results, our current 
study indicates that these factors may affect the sexes to differ-
ent extents. Nevertheless, the exact underlying mechanism and 
the function of these plumage color traits remain unknown and 
require further investigations. The specific role of these traits 
could be revealed by investigating parental allocation strategy 
in the nest or by conducting studies across different life stages. 
This could include, for example, analyses extending up to year-
ling individuals, as certain wing feathers originating from the 
nestling stage remain until the first breeding period. Finally, 
further studies should investigate the functional significance of 
eumelanin to pheomelanin ratios, and especially examine the 
information content of porphyrin concentrations.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Table  S1: Results of the analysis of 
nestlings' wing covert brown chroma. OXY represents plasma antiox-
idant capacity. Mean ROM was defined as the nest-level mean amount 
of reactive oxygen metabolites, whereas ROM deviation indicates the 
within-nest deviation from this mean. Both ROM and OXY values were 
log-transformed prior to analyses. Effects included in the final models 
are highlighted in bold. Table S2: Results of the wing stripe saturation 
(relative height) model after including one influential individual. OXY 
represents plasma antioxidant capacity. Mean ROM was defined as the 
nest-level mean amount of reactive oxygen metabolites, whereas ROM 
deviation indicates the within-nest deviation from this mean. Both 
ROM and OXY values were log-transformed prior to analyses. Effects 
included in the final models are highlighted in bold. 
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