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ABSTRACT

Animal colouration is subject to various selection pressures, which often result in the phenomena of sexual dichromatism and
gradual colour development. Despite extensive knowledge about adult colouration, the significance of nestling or fledgling plum-
age colouration in birds remains understudied. Focusing on the collared flycatcher (Ficedula albicollis), this explorative study
investigated colour variation in the pre-fledgling stage of nestlings. We collected reflectance spectra from the brown primary
coverts and the yellow tip of these coverts of the nestlings from 71 nests and applied DNA-based sex determination. We revealed
significant sex differences in offspring colour: females had brown coverts with higher brightness and lower UV chroma, and
their yellow stripe had lower brightness, UV chroma and saturation. We detected significant but low repeatability of colouration
between nestlings in the same broods. Nestlings did not show phenotypic integration between the colour variables of coverts and
those of the terminal stripe, suggesting that these could be independent traits. The results also suggested that the yellow colour-
ation of the stripe was probably caused by a white structural background and porphyrin pigmentation. Based on our results, we
offer testable hypotheses on the potential adaptive functions of early-life sex-specific colouration patterns in birds for different
contexts, including parent-offspring communication or hiding from predators.

ABSZTRAKT

Az allatok szinezetét kiilonféle szelekciés nyomdsok formaljék, és ez gyakran az ivari dikromatizmus, illetve az egyedfejl6dés
soran bekovetkezd szinezetbeli valtozas jelenségét eredményezi. Az ivarérett allatok szinezetére vonatkozo széles korti ismeretekkel
szemben a madaraknal a fiékéak tollazatdnak szinezetét nem vizsgaltdk kell6képpen. Feltdr6 tanulmanyunk az 6rvos légykapdra
(Ficedula albicollis) 6sszpontositva elemezte a kirepiilés el6tt allo fiokak szinezetét. 71 fészekalj fiokainal a tollazat egy-egy barna
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és sdrga részérdl gyjtottiink reflektanciaspektrumokat, valamint DNS-alapti ivarmeghatarozast is alkalmaztunk. A fiékak szin-

ezetében szignifikans ivari kiilonbségeket mutattunk ki: a néstényeknél a barna fedétollak vilagosabbak és egyben és alacsonyabb
UV-telitettségtiek voltak, a fed6k sarga csikja pedig sotétebb és alacsonyabb UV-telitettségti volt, mint a himeknél. A fészekaljon
beliil a fiokak szignifikdnsan jobban hasonlitottak egymasra, mint a fészekaljak k6zott, am e hasonl6sag kis mértéktinek mutat-

kozott. A kiilonbozd testtajak szinjellemz6i kozott nem talaltunk fenotipusos integraciot. Az eredmények azt sejtetik, hogy a sarga

szint valészintileg a tollszerkezetbdl eredé fehér fényvisszaverés és a porfirinek altali fényelnyelés okozta. Eredményeink alapjan

tesztelhet6 hipotéziseket kinalunk a madarak korai életkori ivarspecifikus szinmintdzatainak a kiilonb6zé kontextusokban betoltott

lehetséges adaptiv funkcidirol, beleértve a sziil6-utéd kommunikaciét vagy a ragadozok el6l vald elrejtézést.

1 | Introduction

Animal colouration serves many pivotal functions, primarily
entwined with species recognition (Saetre et al. 1997; Santana
et al. 2012), camouflage (Théry et al. 2005; Mason et al. 2023),
warning (Stevens and Ruxton 2012; Briolat et al. 2019), mim-
icry (Motyka et al. 2021; Londofio et al. 2022; Chatelain
et al. 2023), thermoregulation (Geen and Johnston 2014; Rogalla
et al. 2022), protection against ectoparasites (Gunderson 2008)
and frequently becomes a canvas on which sexual selection
unfolds (Maan et al. 2010; Cooney et al. 2019). Multiple selec-
tion pressures can lead to sexual dichromatism (Badyaev and
Hill 2003; Stuart-Fox and Ord 2004; Allen et al. 2011; Bell and
Zamudio 2012; Delhey et al. 2023). Furthermore, other selec-
tion pressures can also cause individuals to have distinct colour
patterns at different life stages (e.g., juvenile vs. adult coloura-
tion), leading to, for example, developmental dichromatism
(Rodriguez-Martinez and Galvan 2020; Caro et al. 2022).

Birds are perhaps one of the most popular models for studies of
colouration. The evolution and functions of colouration have
been extensively studied in adult (i.e., sexually mature) birds (e.g.,
Delhey et al. 2023), while the significance of the often ephemeral
plumage colouration of immature young (here: nestling, fledg-
ling, juvenile) birds has gained less attention. Their colouration
is often characterised by the adult plumage's duller tones and a
lack of conspicuous ornamentation (Kilner 2006). Nevertheless, a
handful of studies on birds suggested that plumage colouration of
young exhibits a wide range of adaptive functions including, for
example, mitigating predation risk, mediating social interactions
(e.g., Kilner 2006; Moreno and Soler 2011; Rodriguez-Martinez
and Galvan 2020), and in certain cases, the potential to signal the
individual's sex (Johnsen et al. 2003; Kapun et al. 2011; Fargallo
et al. 2014). The presence of a quality indicator function or sexual
dichromatism in young birds suggests that colouration in certain
species may play a role in a signalling context even before individ-
uals reach sexual maturity, which may impinge on fitness-related
traits well into later life stages (for non-avian species, see, for ex-
ample, Fox et al. 2020).

The functions of some types of colouration are better understood
than those of others. The proximal sources of the stunning diver-
sity of bird and other animal colouration are light reflection by
bio-optical integumental microstructures, light absorption by pig-
ments and interactions between these mechanisms (e.g., Shawkey
and D'Alba 2017). Structural, melanin- and carotenoid-based co-
lourations have received deeper consideration concerning function
and selection (e.g., Koneru and Caro 2022). However, the informa-
tion content of the reflectance properties of the pigment-free white

colouration, despite its wide taxonomic distribution, is poorly
explored (e.g., Doucet et al. 2005; Cantarero et al. 2017; Laczi
et al. 2022). Similarly, although natural porphyrin pigments con-
tribute to, for example, more saturated reddish or yellowish-brown
colour in many bird species (e.g., With 1978; Negro et al. 2009),
their roles remain poorly understood with regard to their potential
signalling functions (Holt et al. 2016; Camacho et al. 2019).

The collared flycatcher (Ficedula albicollis) is a model species for
understanding avian colouration. In this species, adults show
striking sexual dichromatism. Females have dull white and
brown plumage, while males exhibit a more contrasting plumage
with black and white parts. Juvenile birds before their first sum-
mer moult are brown, yellow and white. We hypothesised that
fledgling colour may differ by sex in a way that males have more
pronounced colour. Hence, we examined sex-related variation in
colouration. We also predicted nest-specific variation in offspring
colouration, due to either genetic or rearing effects. Lastly, we
aimed to explore the proximate background of any detected colour
variation, and in connection with this, whether the colour char-
acteristics of different plumage parts are independent or pheno-
typically integrated traits. For these purposes, using a correlative
approach, we analysed the nature of colour variations of two nest-
ling plumage parts with different colours (i.e., brown and yellow).

2 | Methods
2.1 | Study System

We collected data during the breeding season of 2023 in the
Pilis-Visegrad Mountains, Duna-Ipoly National Park, Hungary
(47.725 N, 19.006 E) in a well-established collared flycatcher
population breeding mainly in a nest box plot system (Torok
and Téth 1988). The study site is covered by oak-dominated de-
ciduous forest. To minimise handling time for ethical reasons,
the nestling birds were taken for spectral measurements only
from the subplots surrounding the research station (of these,
N=109 were occupied by collared flycatchers, and N=92 of
these broods were still alive at 13 days of nestling age).

The broods of the collared flycatcher typically consist of five
to seven nestlings. The age of fledging is usually reached
14-16days after hatching. The abdominal plumage of nest-
lings has a whitish appearance with fine, pigmented, brown-
ish patterns (Figure 1a), while the dorsal part is brown with
yellow spots on the head and the back (Figure 1b), resulting
in a camouflage pattern (Figure 1d). Notably, yellow tips on
the greater coverts form a continuous stripe. We focused our
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FIGURE1 | Fledglings of the collared flycatcher. The figures show the abdominal (a) and dorsal (b) parts of the chicks, the yellowness of the wing
patch (c), which becomes visible after the primaries have fully emerged and the possible function of the whole plumage in camouflage (d). (Photo

credits: M.L.).

measurements on this stripe and the brown parts of the same
coverts right before fledging. The first moult of the juveniles
precedes their migration to Africa. This is a partial moult (in
contrast to adults, which undergo a complete moult). This
means that, during this post-juvenile summer moult, they
replace their body feathers, most large and medium coverts,
and the 0-4 inner greater coverts, but their primaries, pri-
mary coverts, and the outer greater coverts are not included
in the moult. During the subsequent prebreeding winter par-
tial moult (that happens in Africa), the young birds regrow
the body feathers again, but the primaries, primary coverts,
and the outermost two to three greater coverts are again not
involved (Hellstrém 2015; Demongin 2016). This means that
there are parts of the plumage in the 1-year-old birds during
breeding that were grown in their nestling age (e.g., the pri-
mary coverts, primaries and therefore the wing patch and
also the outermost greater coverts). Our focus on the primary
coverts and the greater covert stripe, therefore, allowed us
to capture variation in both brown ‘background’ and lighter
‘pattern’ colour on the dorsal side, and to draw conclusions
on the fate of colouration in plumage areas retained long after
fledging.

2.2 | Measurements

We conducted plumage spectrometry when nestlings were
13-14days old, that is, at their pre-fledging age, when their
plumage is sufficiently developed for spectral measurements.
We measured the reflectance of the brown primary coverts
and the yellow stripe of the outermost greater coverts. The
yellow tips on the greater coverts form a continuous stripe
in closed wing position, which makes the spectral sampling
feasible. We took into consideration these plumage regions

since they are not replaced during the first two moults and
can be sampled spectrophotometrically. We used an R400-7
sensor, oriented perpendicular to the plumage surface, cou-
pled with a USB2000 spectrometer and a DH-2000 light
source (Ocean Optics Europe). The diameter of the optical
fibre bundle (1.4 mm) was appropriately sized to ensure that
measurements of the yellow stripe did not include adjacent
brown areas. We used a black plastic sheath at the tip of the
sensor to exclude ambient light and to standardise measuring
distance from the plumage surface. WS-1-SS (Ocean Optics
Europe) was used as a white reference. After switching on
the light source, we waited until the white reference had sta-
bilised (this was checked by measuring the white reference
every few min): depending on the outside temperature and
the time since the lamp was switched off, this was between 5
and 20min, during which period no plumage measurements
were taken. The stability of the reference was then checked,
and the system was calibrated if necessary, every 15-20 min.
Plumage parts were measured twice in succession, remov-
ing and repositioning the sensor in between. The OOIBase32
software (Ocean Optics Europe) was used to record spectral
data. To achieve a better signal-to-noise ratio, the ‘Boxcar’
function was set to 10, and 10 consecutive scans were taken
per measurement (with an integration time of 10 msec for each
scan) and automatically averaged before saving the spectral
record. We calculated objective spectral variables from the
reflectance spectra (Montgomerie 2006). For each plumage
part, brightness (average intensity of the reflectance (R) curve
between 320 and 700 nm, R,,, ,,.; €.8., Delhey et al. 2003)
and UV chroma (R3,, 400/R320.7005 €-E- Ornborg et al. 2002)
were calculated, as reflectance curves did not contain peaks
or plateaus (see Figure 2 for nestling spectra). In the case of
the stripe, we also calculated the minimum and maximum

reflectance values and saturation (R, .. /R .. . e.g.,
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FIGURE 2 | Reflectance spectra (mean+SE) of the brown covert
(top) and the yellow covert stripe (right) in the female (N=207) and
male (N=206) collared flycatcher nestlings.

Andersson 1999) in order to better explore the characteristics
of the specific curve shape. A higher brightness means that
the average height of the reflectance curve is also greater,
making the feather lighter. A higher UV chroma in the ex-
amined plumage parts indicates that, due to the shape of the
curves increasing from lower to higher wavelengths, the curve
more closely approximates a state where it is uniformly high
across its entire range, making the feather duller (i.e., less in-
tense brown or yellow, tending more towards greyish-brown
or whitish-yellow). Higher saturation means that the yellow
colour is more intense. The values derived from the consecu-
tive measurements were averaged before the analyses. As we
were particularly interested in characterising various proper-
ties of spectral curves, we avoided using visual models. The ef-
fectiveness of the most widely used receptor noise models has
also been criticised recently (e.g., Garcia et al. 2021). In the
case of nestling discrimination, it has been suggested to treat
the output of these models with strong caution (Avilés 2020),
especially if we do not know the required parameters, as im-
proper model parameterisation can erroneously influence the
results (Olsson et al. 2018), including the judgement of sexual
dichromatism itself (Bitton et al. 2017).

For molecular sex determination, blood samples (ca. 10-15uL)
were collected from the brachial vein at 8days of age when the
nestlings were also marked with individually numbered rings
(Aranea, Poland). Blood samples were stored in absolute eth-
anol at —20°C until DNA extraction by an ammonium-acetate
method (for details, see Nicholls et al. 2000). For the PCR, we
used primers 2550F and 2718R (Fridolfsson and Ellegren 1999)
and applied the protocol described in Rosivall et al. (2004). Sex
was determined visually after agarose gel electrophoresis on 2%
agarose gels pre-stained with GelGreen.

For statistical analyses, we used data only from nests with no
signs of predation, that is, where both parents were captured,

the nest material was undisturbed and the nestlings were not
injured (207 female and 206 male nestlings from 71 broods).
We did not detect any extreme values among our measure-
ments that would have justified the exclusion of any individual.

2.3 | Statistical Methods

We analysed the sexual differences of nestling colour variables
detailed above with Welch's two-sample ¢-tests using the t.test()
function in R (R Core Team 2022) and Levene's tests to compare
variances, using the leveneTest() function from the ‘car’ pack-
age (Fox and Weisberg 2018). We reduced the rate of spurious
significance by adjusting p values in the p.adjust() function of
R, applying the Benjamini-Hochberg correction (Benjamini and
Hochberg 2000) for false discovery rate (FDR).

We tested the repeatability of the colour of nestlings within the
nest using the Lessells-Boag repeatability estimate for nest iden-
tity, as calculated with the ‘rptR’ package (Stoffel et al. 2017), in-
cluding sex as a fixed factor to control for potential sex-dependent
effects. To estimate repeatability, we used 1000 bootstraps and
permutations.

We conducted principal component analyses (PCAs) with
varimax rotation on the colour descriptors, separately for
sexes, to explore the potential phenotypic integration be-
tween patches and also to get an idea of what each colour
variable means from a proximate perspective, based on the
way the variables move together with respect to their asso-
ciations with principal axes. For this purpose, we used the
principal function from the ‘psych’ package (Revelle 2015).
Before running the PCAs, we assessed the suitability of the
data for PCA by applying the Kaiser-Meyer-Olkin (KMO)
index (see e.g., Dziuban and Shirkey 1974; Budaev 2010),
using the KMO() function from the ‘psych’ package
(Revelle 2015). According to the KMO indices, the data were
suitable for PCAs (overall index: 0.66 and 0.64 for females and
males respectively). All analyses were performed in R 4.2.1
(R Core Team 2022).

3 | Results

We found differences between female and male nestlings in
the mean expression of all colour variables except for the stripe
maximum reflectance, but not in their variances (see Table 1).
In short, covert brightness and stripe saturation were higher in
females, while all other variables were higher in males. After
correction for FDR, the differences between sexes remained sig-
nificant (q=0.043).

The repeatability of colouration at the level of nests was sig-
nificant (all p <0.0001), but relatively low (intraclass correla-
tions [R] with lower and upper 95% confidence intervals in
parentheses: covert brightness: R=0.18 [0.09-0.27]; covert
UV chroma: R=0.19 [0.09-0.30]; stripe brightness: R=0.20
[0.10-0.30]; stripe UV chroma: R=0.22 [0.12-0.32]; stripe
maximum reflectance: R=0.24 [0.14-0.34]; stripe minimum
reflectance: R=0.19 [0.09-0.28]; stripe saturation: R=0.19
[0.09-0.28]).
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TABLE1 | Differences in plumage colour between female and male collared flycatcher nestlings.

Mean
female Mean male t P Lower CI Upper CI Levene's F  Levene's p

Covert

Brightness 8.02 7.18 —5.66 <0.00001 -1.14 —0.55 1.01 0.32

UV chroma 0.93 0.95 5.30 <0.00001 0.01 0.03 0.11 0.74
Stripe

Brightness 27.34 28.90 3.95 0.00009 0.78 2.33 0.06 0.81

UV chroma 0.61 0.64 3.65 0.0003 0.01 0.04 0.79 0.38

Maximum 39.29 40.36 1.70 0.090 -0.17 2.31 0.29 0.59

Minimum 15.43 17.03 5.30 <0.00001 1,00 2.19 1.11 0.29

Saturation 2.61 2.43 -3.51 0.0005 -0.28 —0.08 0.27 0.60

TABLE 2 | Principal component loadings of the plumage colour variables of the female and male collared flycatcher nestlings (principal

component analyses were performed separately for sexes).

Female Male
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Covert

Brightness 0.01 0.09 -0.04 0.99 —-0.03 0.08 -0.04 1.00

UV chroma —-0.01 0.00 1.00 —0.04 0.08 0.01 1.00 —0.04
Stripe

Brightness 0.02 1.00 —0.01 0.06 0.09 0.99 0.02 0.06

UV chroma 0.98 —-0.11 -0.02 —-0.00 0.98 -0.13 0.05 —-0.04

Maximum —-0.36 0.93 0.01 0.07 -0.36 0.93 —-0.02 0.07

Minimum 0.68 0.73 —0.00 0.05 0.78 0.61 0.05 0.02

Saturation -0.99 0.09 —0.00 —0.00 -0.97 0.17 —0.06 0.03

Eigenvalue 2.53 2.41 1.00 1.00 2.66 2.28 1.00 1.00

Expl. variance 0.36 0.34 0.14 0.14 0.38 0.33 0.14 0.14

The PCAs (Table 2) revealed no phenotypic integration between
the brown coverts and the yellow stripe, as the reflectance de-
scriptors of the two plumage areas were represented with strong
loadings in different PC axes. In more detail, in the PC1 axis, the
stripe UV chroma and the stripe minimum reflectance loaded
positively and strongly, while the stripe saturation and the max-
imum reflectance loaded negatively with strong and medium
loadings. The stripe brightness, maximum reflectance and min-
imum reflectance positively and strongly loaded with the PC2.
The covert UV chroma and covert brightness loaded separately
and strongly in PC3 and PC4, respectively, and very weakly in
the PC1 and PC2 axes. These mean that the individuals with
higher UV chroma of the yellow stripe had lower saturation and
lower maximum reflectance, that is, they were less intensely
yellow, but duller and whitish yellow instead. The height of the
reflectance curve of the yellow stripe (captured by brightness,
and the minimum and maximum reflectance values) varied in-
dependently of the former axis among individuals. Finally, both

aspects of the brown covert colouration (brightness and UV
chroma) varied between individuals largely independently of
each other and of the stripe colouration.

4 | Discussion

4.1 | Functional Perspectives of Nestling Plumage
Colouration

We looked at the reflectance properties of two plumage colour
types in collared flycatcher nestlings at pre-fledging age. We
discerned that male nestlings exhibited brown coverts with
lower brightness and higher relative UV chroma, and a yellow-
ish stripe with higher brightness and UV chroma than females.
While the revealed differences between female and male nest-
lings in the measured colour traits were relatively small (2%-6%)
and exhibited a considerable overlap, this does not necessarily
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preclude the possibility of an adaptive significance of this sexual
difference. Even subtle differences can be subject to selection if
they confer a functional advantage in specific ecological or so-
cial contexts.

Overall, the observed differences can lead to a higher within-
plumage contrast in male nestlings (just like in adults), which
could potentially play a role in nestling detectability (Avilés
et al. 2008). Hence, there is a possibility that sexual colour
differences have an influence on parental behaviour (Barrios-
Miller and Siefferman 2013; Romano et al. 2016), and collared
flycatchers could take context-dependent decisions based selec-
tively on the chick sex or the overall brood sex ratio, similarly
to other species, and partly independently of nestling size, beg-
ging or position (Stamps et al. 1987; Ridley and Huyvaert 2007;
Mainwaring et al. 2011; Lees et al. 2018). However, it is import-
ant to note that, even if this is possible, it is likely to occur only
at a chick age close to (or after) fledging, because at 10-11days
of age, food allocation was not affected by offspring sex (Rosivall
et al. 2005), and at 8-9 days of age, the offspring sex ratio had no
effect on the feeding rate of the parents (Gyarmathy et al. 2024)
in this population. Indeed, the chicks' plumage becomes suffi-
ciently developed only in the last few days before fledging.

After the first moult of chicks (before the migration to Africa),
they become almost identical in their appearance to the
moulted sexually mature birds. One-year-old (with subadult
plumage) and older birds, by the end of the breeding season,
grow primaries and coverts in which the covert stripes and the
primaries’ wing patch too are not yellow but always pure white
(Figure S1). Consequently, only sexually immature individ-
uals express yellow plumage parts, at least for a few months.
Therefore, utilising porphyrin (the pigment which is most
probably responsible for the yellow colour of the stripe, see our
explanation on the proximal backgrounds below) enables the
plumage of chicks to be different from subadults and adults.
Besides, using porphyrins also allows their colouration to fully
develop only later but without energetically costly feather re-
placement, similarly to the nestlings of the black-shouldered
kite (Elanus caeruleus) and the barn swallow (Hirundo rustica)
(Negro et al. 2009; Hasegawa et al. 2024), because of the strong
photodegradation of porphyrin pigments (see e.g., Hasegawa
et al. 2024). From this viewpoint, a possible significant role
of the distinctive, temporarily yellow covert stripe (and wing
patch too) in a social context might be the recognition of the
reproductive immaturity status by conspecifics (e.g., Ligon
and Hill 2013); however, this would be more likely to evolve
in a species that breeds multiple times in a reproductive cycle.
Alternatively, delayed development of plumage colouration
may reduce the frequency of aggressive interactions with adult
conspecifics (e.g., Vergara et al. 2013).

Furthermore, concerning sexual dichromatism, lighter yellow
plumage parts in male chicks may also mean that these de-
posit a lower amount of porphyrin. This probably implies that
their yellow parts, through photodegradation, become white
and adult-like in a shorter time period than those of females.
In brief, the colour characteristics of female nestlings may not
only allow their distinction from males in the nest, but they may
also allow them to ‘hide’ from the aggression of conspecifics for
a longer period than males. A related question that may remain

unanswered due to the inaccessibility of birds in the relevant
period is whether the white, adult-like plumage parts of young
males may function earlier in, for example, agonistic encounters
than those of females.

The sexual dichromatism might also mean that the effectiveness
of the camouflage function of plumage could slightly differ be-
tween sexes (Gotmark and Hohlfdlt 1995) in fledglings, and the
greater conspicuousness could elevate the predation risk of male
fledglings (e.g., birds: Ruiz-Rodriguez et al. 2013; butterflies:
Stobbe and Schaefer 2008). A study on the closely related pied
flycatcher (Ficedula hypoleuca) suggested that more contrasting
(black and white) male plumage implied a higher risk of preda-
tion compared to duller males (Slagsvold et al. 1995). They sug-
gested that predation pressure may contribute to the extent of
sexual dichromatism. Based on these findings, predation pres-
sure may represent a selection force on sexual dichromatism al-
ready at the earlier life stages.

We found that brood identity exerts a significant influence
on nestling colouration, although it accounts for only a small
portion of the total variance. In other words, the siblings re-
semble each other slightly, and the colour variance within the
nest approaches the colour variance between nests. Similarly
to our results, Corti et al. (2017) also observed low, but signif-
icant repeatability (R=0.30) in the colouration of barn swal-
low nestlings in connection with brood identity. The nest-level
repeatability of plumage colour could be affected by a combi-
nation of genetic and environmental factors, as these could all
have effects on young colouration (e.g., Isaksson et al. 2006;
Fargallo et al. 2007; Matrkova and Remes§ 2012; Pagani-Nufez
et al. 2014). Low colour repeatability could be due to a high,
individual-specific environmental variance component (e.g.,
nestling rank), or simply due to the high prevalence of extra-
pair paternity in this population (Michl et al. 2002; Rosivall
et al. 2009). This topic necessitates further investigation (e.g.,
quantitative genetics, paternity tests) to effectively separate
genetic and environmental contributions to the expression
of offspring colouration in this species. Regardless of the un-
derlying causes of high differences among nestlings within
the nest, chick differences may potentially allow individual
identification by parents, thereby enhancing food allocation
efficiency through colour-dependent feeding decisions after
fledging (Ligon and Hill 2010), and these may later affect
fitness. Notably, these traits may be implicated in compet-
itive dynamics over parental food provisioning after fledg-
ing, a factor that could also exhibit sex-specific variation.
Consequently, it is essential to investigate and reveal experi-
mentally in the future how the variation in colour expression
within and between broods is related to the rearing environ-
ment and whether this reflects certain aspects of chick qual-
ity, such as condition, oxidative stress, etc., as our knowledge
of the potential signalling function of juvenile colouration is
currently very limited.

4.2 | Proximate Origins of Nestling Plumage
Colouration

Concerning the yellowness of the stripe, the reflectance curve
shape allows us to assume that it is produced probably by
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natural porphyrin pigments, which could be widespread among
birds (With 1978; Galvan et al. 2016, 2018; Camacho et al. 2019;
Okazaki and Imamura 2019; Hasegawa et al. 2024). This is
also suggested by the fact that carotenoid-based yellow feath-
ers exhibit a reflectance curve shape different from the ones
we recorded here (e.g., Shawkey and Hill 2005): yellow feathers
based on light absorption of carotenoids are characterised by a
curve that is not flat in the UV range, but markedly ‘humped
upwards’ and a marked absorbance is present around 450 nm,
which features were absent in our samples (see Figure 2). In ad-
dition, alternatively, pterines can also produce somewhat simi-
lar reflectance curves, but in birds, to our knowledge, these are
typical of penguins only (McGraw et al. 2007). Importantly, in
fledged chicks, the wing patch that has already emerged from
the sheaths is yellow (Figure 1c) with the same reflectance
curve as in the covert stripe (Figure S1). These feathers are
not replaced until after the following year's breeding season
(Demongin 2016), and the relevant feather areas in 1-year-old
birds are white, that is, devoid of pigment. This implies that
the involved pigment must be highly photodegradable, which
is true for both porphyrins (Bezdetnaya et al. 1996) and carot-
enoids (Mortensen and Skibsted 1999). Additionally, carotenoid-
pigmented yellow feathers generally do not whiten completely
over the seasons between two moults, and the change within
individuals is much more modest (see e.g., Delhey et al. 2010).
Direct evidence of the presence of porphyrins could be obtained
in a straightforward way by showing that the yellow stripe (or
other yellow parts) emits fluorescent light under strong UV illu-
mination (see e.g., Galvan et al. 2016); however, this test was not
feasible to carry out under field conditions in this study.

Based on the PC loading patterns, we propose that colour vari-
ation in the yellow stripe had at least two partly independent
sources. The UV chroma (together with the minimum reflec-
tance and the saturation) may indicate the amount of porphyrin
due to the strong absorbance of this pigment at shorter wave-
lengths. The brightness (and the maximum reflectance) could be
predominantly associated with the feather structure that modu-
lates the reflectance curve across the whole spectrum. However,
pigment content can also influence brightness, just as in ca-
rotenoid-structural-based colours (see e.g., Jacot et al. 2010).
Lighter and less saturated stripes (as in males) may contain less
light-absorbing pigment with greater scattering surfaces.

In the brown coverts, the brightness and UV chroma consti-
tuted two independent variance components, suggesting at least
partially independent production mechanisms. We suggest that
the brightness variation is attributable to the total amount of
melanins (McGraw et al. 2005) due to their potent broad-band
light absorption. For the UV chroma variation, the most obvious
explanation is that it was derived partly from the feather struc-
ture, as suggested for adults (Laczi et al. 2011), and partly from
the relative amounts of eumelanin and pheomelanin, as the ab-
sorbance spectrum of the pheomelanin increases more steeply
towards the UV-A range (Tran et al. 2006; Riesz 2007), thereby
potentially influencing the UV chroma specifically.

Since not only pigment content and nanostructure may contrib-
ute to the variance in feather colour attributes, it would be worth-
while to investigate the macrostructure as well (Hegyi et al. 2018;

Laczi et al. 2019), and in the case of the yellow stripe, to assess
whether the width of the stripe differs between the sexes (simi-
larly to the wing patch in older birds). However, note again that
reflectance surface area is unlikely to have affected our present
spectral measurements.

In conclusion, our results suggest that even in bird species that
do not exhibit a sexual difference in size and appearance to the
human eye at the nestling and fledgling age (but show sexual
dichromatism in the adult age), there may be differences in
plumage colour. It is conceivable that, with limited resources
and laboratory infrastructure, it could be possible to tentatively
estimate offspring sex without DNA-based methods in such spe-
cies. Further, the cause of individual colour variation in sexually
immature life stages should be investigated in more depth in the
future, to see whether it conveys information either in this early
life stage or later on, and whether its proximate background en-
ables changes in the adaptive functions of colour without the
costs of moulting.
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