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Abstract

Avian plumage colors and ornaments are excellent models to study the endocrine mechanisms linking sexually selected traits and
individual parameters of quality and condition. Insulin-like growth factor 1 (IGF-1) is an evolutionarily highly conserved peptide
hormone. Its regulatory role in cell proliferation and differentiation and its high sensitivity to the nutritional state of individuals
suggest it as an interesting candidate, possibly providing a link between body condition and individual capacity to grow
elaborated ornamental features. We investigated whether IGF-1 levels during molting correlate with the expression of multiple
ornaments in a sexually dichromatic passerine species, the bearded reedling (Panurus biarmicus). We collected blood samples of
males and females shortly before the molting completed and measured the size and colors of ornamental traits. Our results
indicate that in males, structural plumage colors, the size of the melanin-based ornament (beard), and tail length are independent
traits. IGF-1 levels are associated with the length of the tail and the expression of male structural plumage components (UV
coloration), but not the melanin-based ornament. In females, plumage color and tail length were independent traits, which were
not related to IGF-1 levels. To the best of our knowledge, this study provides the first evidence that IGF-1 could play a role in the
development of secondary sexual characters in a bird species.

Significance statement

IGF-1 is an evolutionarily highly conserved peptide hormone, which recently entered the center stage of research enquiry in
evolutionary biology. It is considered as one of the key factors shaping individual life histories, but little is known about its effects
on sexually selected traits. We investigated whether IGF-1 levels during molting predict the elaboration of multiple ornamental
plumage traits in male and female bearded reedlings (Panurus biarmicus). Our results indicate that higher IGF-1 levels had
positive effects on male structural plumage colors and tail feather length. This is the first study, bringing indication for a potential
role of IGF-1 in the expression of plumage ornaments in a bird species. Our findings suggest that IGF-1 might serve as an ideal
candidate to study the mechanisms linking condition and the capacity to develop sexually selected ornaments.
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Introduction

The physiological processes shaping the relationships be-
tween showy ornaments and individual parameters of quality
and condition have been investigated intensively over the past
decades. In that respect, hormones and their pleiotropic effects
present one of the key mechanisms, linking individual physi-
ology and the capacity to develop elaborated sexually selected
traits (Nolan et al. 1992; Peters et al. 2006; Roberts et al. 2009;
Flatt and Heyland 2011; Laucht and Dale 2012; Hudson and
Wilcoxen 2018). The best studied examples are androgens,
which orchestrate the investment into behaviors related to re-
production and stimulate the growth of secondary sexual char-
acters (Andrew 1969; Alonso-Alvarez 2001; Peters et al.
2006; Roberts et al. 2009; Flatt and Heyland 2011). Their
effects, however, come along with costs, which result in the
suppression of the immune system and an increase in oxida-
tive stress, which force the bearer of an ornament into a trade-
off between the differential allocation of resources into orna-
mental features or self-maintenance (e.g., growth, immune-
competence) (Nolan et al. 1992; Ketterson and Nolan 1999;
Hau 2007; Flatt and Heyland 2011). The capacity of individ-
uals to cope with these trade-offs might constitute one of the
key factors linking condition and ornament expression in
many vertebrate species.

There is a phylogenetically ancient hormonal pathway, the
insulin/insulin-like growth factor 1 (IGF-1), which has been
less investigated than sex steroids but plays a crucial role in
the mediation of life-history trade-offs (Zera and Harshman
2001; Barbieri et al. 2003; Harshman and Zera 2007;
Sparkman et al. 2009; Dantzer and Swanson 2012; Shit et al.
2014). IGF-1 is an evolutionarily conserved polypeptide meta-
bolic hormone, which serves as the main mediator of the
growth hormone (GH). Its expression is regulated along the
hypothalamic—pituitary—somatotropic axis (HPS axis). After
stimulation (through GH) of the production in the liver, IGF-1
is released to the bloodstream. It is an organism-wide integrator
regulating development, growth, and reproduction and more-
over life span in vertebrates by stimulating cell proliferation,
migration, and differentiation and protein synthesis in almost
every cell of the body (Liu et al. 1993; Doublier et al. 2000;
Dantzer and Swanson 2012). Stress, infection, and nutritional
status (e.g., malnutrition) affect IGF-1 secretion and its effects
on individual physiology (Dantzer and Swanson 2012; Emlen
et al. 2012; Lodjak et al. 2016; Toth et al. 2018). There is a
compelling body of evidence that environmental factors and
external stimuli (Ciucci et al. 2007), as for example resource
limitation or ambient temperature (Gabillard et al. 2003), have
effects of IGF-1 expression and secretion in vertebrates
(Dantzer and Swanson 2012). The high responsiveness of the
IGF-1 system towards external stimuli and its regulatory func-
tions give it an important role in shaping life history traits,
which also involve the development of sexually selected
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characters (Suttie et al. 1985; Ditchkoff et al. 2001; Emlen
et al. 2012; Lewin et al. 2017).

We propose that the capacity of IGF-1 in mediating the effects
of environmental factors on individual life-history traits makes it
an interesting candidate to link parameters of body condition and
the expression of avian plumage ornaments. Ornamental plum-
age traits appear in different forms like, for example, elongated
feather structures, striking colors, or ornamental patterns
(Andersson 1994b; Andersson et al. 2002; Hill and McGraw
2006b; Hill and McGraw 2006a; LaFountain et al. 2015;
Roulin 2016). Despite their remarkable diversity, they share the
same characteristics: they serve as “quality indicators” (pheno-
typic and genetic) and hence correlate with individual access to
resources and future reproductive success (Andersson 1994a;
McGraw et al. 2002; Delhey and Kempenaers 2006; Hill and
McGraw 2006a, b; Jacot and Kempenaers 2006; McGlothlin
et al. 2007, Murphy and Pham 2012; Musgrove and Wiebe
2016; Hudson and Wilcoxen 2018). Intensity, size, and elabora-
tion of plumage colors and ornaments are determined during
molt, and certain types of ornamentation are regarded as costly
to produce. The development of plumage colors (e.g.,
carotenoid-based colors) and feather structures (e.g., tail length),
for example, was shown to be negatively affected by malnutrition
or physiological stress, which makes these ornamental traits
highly sensitive towards parameters of condition during molting
(Svensson and Merild 1996; McGraw et al. 2002; Loyau et al.
2005; Griggio et al. 2009; Hudson and Wilcoxen 2018). The
renewal and growth of feathers is a long and energy-
demanding process, which requires major changes in the meta-
bolic rate, a vast increase in cell proliferation rate, cell differenti-
ation, and body protein synthesis (Kuenzel 2003). Considering
that IGF-1 (i) regulates all of the aforementioned processes,
which are tightly linked to the physiological requirements of
molting, (ii) is highly sensitive towards the nutritional status
(Gunnell et al. 2003; Mazzuco et al. 2005; Clemmons 2012;
Dantzer and Swanson 2012), and (iii) signals the availability of
resources (Bartke et al. 2003; Mattson et al. 2004), it might also
affect the individual capacity to grow condition-dependent orna-
mental features. Whereas the role of IGF-1 in growth and devel-
opment of avian species has been investigated (McMurtry et al.
1997; Beccavin et al. 2001; Lodjak et al. 2014, 2016, 2017), to
the best of our knowledge, the relationship between plumage
ornaments, body condition, and IGF-1 concentrations during
the molt has yet not been studied.

Conspecifics often evaluate individuals based on several
cues and signals, rather than one single trait, and in many
species, males and females display multiple ornaments
(Andersson 1994a; Andersson et al. 2002; Candolin 2003;
Alonso et al. 2005; Mahr et al. 2016). These different traits
can provide redundant information and/or amplify a signal,
provide different information, or have no further informational
content (“unreliable” signal) (Andersson et al. 2002; Candolin
2003; Ornelas et al. 2009; Griggio et al. 2016). Therefore, in
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order to gain insight into the role of IGF-1 as a possible link
between parameters of condition and ornament expressions,
we investigated multiple ornamental plumage traits. Our mod-
el species is a free-living European passerine, the bearded
reedling (Panurus biarmicus). While displaying a strong sex-
ual dichromatism, males and females carry multiple ornamen-
tal features (Surmacki et al. 2015), with different characteris-
tics, which might affect the information these traits convey to
receivers (Hill and McGraw 2006a) (Fig. 1). Male bearded
reedlings display a distinct melanin-based ornament, the black
beard, which is an honest signal and underlies inter- and
intrasexual selection. It was shown, for example, that males
with larger beards are more dominant and, further, females
display a preference for males with a more elaborated beard
(Hoi and Griggio 2008). Previous studies on this species also
demonstrated that the length of the tail is a sexually selected
trait in males and females (Romero-Pujante et al. 2002; Peird
et al. 2006; Hoi and Griggio 2008; Griggio et al. 2016).
Moreover, males are characterized by a conspicuous blue head
and a rose/pink flank region and both males and females pos-
sess an achromatic bright chin (Fig. 1). These plumage regions

Fig. 1 Female and male bearded reedlings display a strong sexual
dichromatism. The conspicuous blue head and rose flank region of the
males as well as the achromatic bright chin reflect in the UV range
(original artwork provided by G. Rédai, Department of Evolutionary
Zoology and Human Biology, University of Debrecen, Debrecen,
Hungary)

are characterized by reflection in the UV range (Fig. 2), which
indicates the presence of structural plumage components (Osorio
and Ham 2002; Mays et al. 2004; Shawkey and Hill 2005).
Structural plumage colors are the result of keratin structures
and air spaces embedded in the spongy medullary layer of the
feather (Hill and McGraw 2006a, b). Their regularity, which is
highly sensitive towards parameters of individual condition dur-
ing the molt, predicts the degree of UV reflectance in the feathers
(Keyser and Hill 1999; Griggio et al. 2009, 2010b). We therefore
examined structural plumage components, by measuring UV
chroma in addition to the melanin-based plumage colors of the
body feathers in both sexes.

In order to explore whether IGF-1 serves as possible link
between body condition and plumage traits, we captured free-
living bearded reedlings at the final stage of their molt and
measured their baseline IGF-1 levels. The timing of the study
was based on findings in other species, showing that IGF-1
secretion increases strongly towards the end of the molt
(Mazzuco et al. 2005) and circulating levels are significantly
higher in comparison to non-molted birds. We brought the birds
into a spacious aviary under semi-natural conditions, and after
completion of the molt, we measured plumage traits in both
sexes. We then tested for a relationship between the multiple
ornamental traits and parameters of body size and condition
(Hoi and Griggio 2008; Griggio et al. 2016) and investigated
whether baseline IGF-1 levels collected during late molting
stages predicted the expression of plumage characteristics. We
expected that ornamental features, which are sensitive towards
body condition during molt, would be related to condition pa-
rameters. If IGF-1 increases individual capacity to invest into
the development of sexually selected characters, we expected to
observe a positive relationship between IGF-1 plasma concen-
trations and parameters of plumage quality.

Methods
General methods

Free-living bearded reedlings were captured at Lake Neusiedl
(47° 46’ 10.5" N, 16° 45’ 20.1" E, Burgenland, Austria) in
September and October 2016. During this time of the year,
bearded reedlings have almost finished their molt and have
moved through the area in large flocks (HH, OV, and KM
personal observations).

Mist netting was conducted between 0700 and 1600.
Immediately after the capture, we collected blood samples
(70-140 pl) by puncturing the brachial vein. The blood sam-
ples were drawn within 3 min (mean + SD, 138.65 £ 59.67 s)
from the time when the bird hit the net, and therefore, these
samples are considered as baseline measurements (Wingfield
and Romero 2001; Romero and Reed 2005; Toth et al. 2018).
Immediately after sampling, we transferred the blood into 0.5-
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Fig.2 The average spectral curves based on 23 male (blue) and 20 female
(red) bearded reedlings. Note that the head, flank, chin, and cheek (panels
a—d) indicate reflectance in the UV range (320-400 nm), while the brown

ml microcentrifuge tubes, which were stored in a cooling box
until further processing in the laboratory. The plasma was
separated from red blood cells, by centrifuging the sample
for 5 min at 2000g and removing the plasma with a
Hamilton syringe (50 pl). After each sample, the Hamilton
syringe was flushed 5 times by drawing up 50 pl of distilled
water. We stored the samples in a —20 °C freezer until they
were assayed for IGF-1 by enzyme-linked immunosorbent
assay (ELISA; see details below).

All birds were banded with a unique combination of darvic
color rings. Only individuals in adult plumage, which have
molted more than two thirds of their plumage, entered the
study (n =42 birds; 11 birds were excluded at this point); the
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coloration of the back (panel ) does not reflect in the UV range. The lines
show the average reflectance, and the shaded areas show the correspond-
ing 95% confidence intervals

stage of the molting was estimated by looking at the number
of feather quills in proportion to newly grown feathers at the
given time (following the protocol provided by the
Vogelwarte Radolfzell). The sex was determined by plumage
coloration (Svensson 1992). Subsequently, we measured body
mass (to the nearest 0.01 g), tarsus length (to the nearest
0.01 mm), and tail length (to the nearest 0.5 mm).
Immediately after the measurements, we transferred the birds
to individual cages. Bearded reedlings usually adapt to captive
conditions very fast, but some individuals may be unusually
stressed by the captive conditions. This was tested by provid-
ing each bird with 5 mealworms, and after 2 h, we counted the
remaining mealworms. Only birds that resumed feeding



Behav Ecol Sociobiol (2020) 74: 39

Page50f12 39

within 2 h after capture were regarded as capable to cope with
the captive situation (80% of all birds tested), and were trans-
ferred to the housing facilities of the Konrad Lorenz Institute
of Ethology, University of Veterinary Medicine, Vienna,
Austria. The birds were kept in a mixed-sex flock in a large
outdoor aviary (10 X 5 x 4 m), under natural light regime and
conditions simulating their natural environment. The aviary
contained dense vegetation of naturally growing Sambucus
nigra; we also provided reed bundles and papyrus plants
(Cyperus papyrus). The birds received water, a mixed diet of
commercial insectivorous food (protein mash, apples, quark,
egg, carrots), seeds (canary seeds, millet, hemp seeds), and
mealworms ad libitum. Taking the birds into captivity was
necessary because recapturing all the sampled birds in the
field, once they completed molting, would not have been pos-
sible. Furthermore, all individuals finished molting under the
same standardized conditions, although effects of captivity on
wild-caught birds cannot be excluded.

Characterization of plumage traits

We characterized plumage traits in male and female bearded
reedlings after all individuals had finished molting. To deter-
mine the end of the molt, we controlled the progress of the molt
weekly; after 6 weeks, no growing feather quills were visible.
The freshly molted plumage coloration was measured using a
USB-2000 spectrometer and a DHS-2000-FHS deuterium hal-
ogen lamp, connected through a bifurcated fiber-optic probe
(Ocean Optics, Eerbeek, Netherlands). By fitting a black rubber
cylinder on the top of the probe, we minimized disturbance by
outer light sources and ensured a standardized distance and
angle (90°). Prior to each measurement, the spectrophotometer
was recalibrated. For the calibration of white, we used a white
standard (Avantes, Eerbeek, Netherlands); for black, we re-
moved the probe from the light source and closed the cap of
the plug (Griggio et al. 2009; Mahr et al. 2012, 2016).

We obtained 3 measurements from distinct regions of the
plumage in males (head, flank, back, chin) and females (chin,
cheek, back) (Fig. 1). Based on the obtained spectral curves
(Fig. 2) and the literature (McGraw et al. 2005; Hill and
McGraw 2006a, b), we decided to focus on two standard
descriptors of reflectance variables, which were generated
from the raw reflectance data: brightness and UV chroma.
We used brightness to estimate the degree of melanization of
the brown back of males and females (Fig. 2), which we cal-
culated as the average percent reflectance in the 320-700-nm
range. Brightness was previously shown to reflect the melanin
content of plumage features, with low brightness indicating
higher pigmentation (McGraw et al. 2005). The spectral
curves of the head, flank, and chin of males and the chin and
cheek of females, respectively, revealed the presence of plum-
age components facilitating the reflectance in the UV range
(here defined between 320 and 400 nm) (Fig. 2). In order to

quantify UV reflectance of the feathers, we calculated UV
chroma, which is the proportion of reflectance in the UV range
compared to the total reflectance (320—700 nm) (Hill and
McGraw 2006b; Griggio et al. 2010a; Mahr et al. 2012).
Spectral measurements were restricted to a range between
320 and 700 nm, which reflects the avian color vision spec-
trum (Hill and McGraw 2006b).

In addition to the colorimetric variables, we measured the
tail length for both sexes and quantified the length of the black
male beard, which were previously shown to be sexually se-
lected traits in this species (Romero-Pujante et al. 2002; Hoi
and Griggio 2008; Griggio et al. 2016). Tail length was mea-
sured using a ruler (to the nearest 0.5 mm). To measure the
beard length (to the nearest 0.01 mm), three photographs
(left/right side and front) of each male individual were taken
by placing the birds in front of a millimeter paper at a stan-
dardized distance (25 cm) from the camera (Nikon D 60,
Nikon Corporation, Tokyo, Japan) mounted on a tripod
(Manfrotto, Vitec Imaging Solutions Spa, Cassola, Italy). All
pictures were taken without a flash; to standardize conditions,
the ambient light was only provided by artificial light under
laboratory conditions. We used the software ImageJ (Rueden
et al. 2017) to determine the beard length, by measuring a
known distance on the millimeter paper as a scale (10 mm
on each picture) and calculating the distance between the low-
est and highest point of the beard in millimeters. For the anal-
yses, we calculated the average beard length (in mm). All
measurements were conducted by the same person to mini-
mize variation through measurement errors. To minimize ob-
server bias, blinded methods were applied during all measure-
ment procedures in the field and the laboratory and the subse-
quent analyses of the data.

IGF-1 plasma concentrations

Plasma IGF-1 levels were measured in duplicates by a com-
petitive ELISA developed in our laboratory at University of
Debrecen (AZL et al. unpublished data). Ninety-six-well
NUNC microplates were coated overnight at 4 °C with
100 pl of an antibody raised against IGF-1 in rabbits. The
capture antibody was incubated for 2 h at room temperature
(24 °C) with 20 pl known concentrations (in serial dilutions
starting at 500 ng/ml) of synthetic chicken IGF-1 or 20 ul of
sample and 100 pl biotinylated IGF-1. After incubation, the
microplate was washed three times with 250 pl of PBS buffer
(8 gNaCl, 0.2 g KCl, 1.44 g Na,HPO,, and 0.24 g KH,PO, in
1000 ml ddH20, pH 7.4) containing 0.025% Tween 20. After
washing, 100 pl of streptavidin-horseradish peroxidase con-
jugate was added to all wells and incubated at room tempera-
ture for 30 min during which the enzyme conjugate bind to the
biotinylated IGF-1. The incubation was followed by another
washing cycle (3 times), and then, 100 ul of tetra-methyl-
benzidine was added to the wells and incubated at room
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temperature for 30 min. The enzymatic reaction was stopped
by adding 100 ul of 1 M H,SO,, and optical density was
measured at 450 nm (reference at 620 nm). The calibration
curve was fitted using a 4-parametric log-logistic curve, and
concentrations of unknown samples were read off from this
curve. We used a chicken plasma in quadruplicate to deter-
mine intra- and inter-assay coefficient of variation (4.8% and
9.7% respectively). In this assay, we did not use any extraction
protocol on our samples. This assay was validated for bearded
reedlings by showing that serial dilutions of plasma (pooled
from 5 individuals) ran parallel to the standard curve (Fig. S1).
Samples were only analyzed on a single plate, so we could not
calculate inter-assay CV specifically for the reedling samples
(repeatability of samples was 94.1%). However, including the
plate number as a random factor in the analyses did not change
the conclusions.

Statistical analysis

In total, n =23 males and n=19 females were sampled.
However, we excluded one female from the analyses of the
plumage coloration, because we did not succeed in gathering
reliable spectral measurements from more than one sample
point, which would not be sufficient to provide reliable data
for further analyses. We further excluded one male from the
analyses of the beard length because the quality of the picture
did not allow precise measurements of the beard length.

Statistical analyses were conducted using Statistica 7.1
(Statsoft Inc., Tulsa). All data were tested for normal distribu-
tion and no data transformations were required. To test the
relationship between the different ornamental features in
males and females, we conducted principal component anal-
yses (PCAs) for each sex separately. Therefore, we combined
male tail length, beard length, and the spectral variables
(brightness and UV chroma), describing the coloration of the
head, chin, flank, and back into a PCA. We applied the same
procedure to females using tail length and colorimetric vari-
ables describing the coloration of the female cheek, chin, and
back. We applied “varimax” rotations and normalized the da-
ta. The factor scores of the consecutive PCs explaining the
highest variation within the chosen variables were extracted
using the Kaiser criterion (eigenvalues higher than 1). Based
on the findings of the PCA (see “Results” section), we con-
ducted a second PCA on the UV chroma variables of different
body parts to produce a single variable representing the struc-
tural plumage coloration (males: eigenvalue =2.62, variance
explained = 87.46%; females: eigenvalue = 1.51, variance ex-
plained = 75.28%) for further analyses. We refer to this vari-
able as “overall UV chroma.”

We used GLMs to explore the relationship between base-
line IGF-1 levels, structural components of the plumage col-
oration (overall UV chroma), brightness, beard length, and the
morphological plumage trait (tail length). Each of these
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variables was tested separately, with each plumage trait enter-
ing the initial model as dependent variable and IGF-1 being
the explanatory variable. Tarsus length and body mass were
incorporated as covariates. Since IGF-1 might be linked to the
nutritional state of individuals, we also included an interaction
between body mass and IGF-1 levels.

Model selection was conducted using stepwise elimination
and re-introduction of terms. Starting with the interaction, the
non-significant terms were eliminated step by step from the mod-
el. Only significant variables were retained in the final model,
and each removed variable was re-entered separately into the
final model to test their effects (Grafen and Hails 2002;
Engqvist 2005; Mahr et al. 2016) (for the list of all models, see
Supplementary Material Tables S1-S7). Model assumptions
were verified by graphically checking the distribution of resid-
uals. The variance inflation factor was calculated to assess pos-
sible multicollinearity, but none was detected. We provide param-
eter estimates + SE and two-tailed tests throughout.

Results
Integration of multiple plumage ornaments

PC1 and PC2 capture the most variation in plumage coloration
of the colorimetric variables (PC1: eigenvalue = 3.39, total
variance = 56.57%; PC2: eigenvalue = 1.13, total variance =
18.86%). Brightness of the back loads negatively, whereas
UV chroma of the same areas loads strongly positively on
PC1, suggesting that high reflectance of structurally based
components of the plumage indicates low brightness
(Table 1). The three UV chroma variables show very similar
loadings. PC2 explains the most variation in the beard length
(Table 1), whereas tail length loadings differ from both color-
imetric variables and beard length.

Female coloration showed a similar pattern to male color-
ation: PC1 (eigenvalue =1.57, total variance =39.3%) and
PC2 (eigenvalue = 1.18, total variance =29.45%). Similar to
males, the two UV chroma variables show very similar load-
ings, which is perpendicular to the brightness of the back and
opposite from tail length, indicating that brightness of the back
and UV chroma of the structural plumage components might

Table 1 Loadings of
PC1 and PC2 and in PC1 PC2
male bearded reedlings

Tail length 0.34 0.59
Beard length -0.24 0.79
UV chroma head 0.89 0.17
UV chroma flank 0.89 0.16
UV chroma chin 0.94 -0.04
Back brightness —0.84 0.31
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be independent traits, whereas tail length is negatively related
to brightness in females (Table 2).

Do IGF-1 levels predict plumage colors, tail length,
and ornamental patterns?

Male tail length was positively related to IGF-1 (£ 5, = 6.65,
£5=0.49 £ 0.19, p=0.02, Fig. 3a). In contrast, female tail
length was not related to IGF-1 or tarsus length (tarsus length:
Fy17=1.65, p=0.22; IGF-1 levels: F}17=0.23, p=0.64).
However, after stepwise elimination of non-significant terms
and the re-introduction of single terms, a trend, indicating a
positive relationship between tail length and body mass, be-
came apparent (<, 17=3.87, p=0.07).

Beard length was not related to any of the variables mea-
sured during the molt (tarsus length: F 50=0.51, p=0.48;
body mass: F 50=1.36, p=0.26; IGF-1 levels: F; ,o=0.26,
p=0.62). The brightness of the male back plumage was also
unrelated to tarsus length (¥, =0.003, p =0.95), body mass
(F1721 = 079, pP= 039), or IGF-1 levels (Fl,21 = 153, pP=
0.23). However, we found a positive relationship between
IGF-1 levels and overall UV chroma in males (F;,; =5.09,
£5=0.44 £0.19, p=0.03; Fig. 3b).

In females, the brightness of the back showed a complex
relationship with body mass and IGF-1 levels. While increasing
levels of IGF-1 were associated with darker coloration in birds
with low body mass, heavy birds showed the opposite pattern
(body mass: F14=28.90, 5=—2.89 + 0.97, p<0.01; IGF-1:
F114=9.28, 3=—10.67 £ 3.5, p<0.01; body mass * IGF-1
interaction: F 14 =38.84, 5=10.06 £+ 3.39, p=0.01; Fig. S2).

Overall female UV chroma was not related to either IGF-1
(F116=0.532, p=0.48), body mass (I} j4=2.84, p=0.11),
or tarsus length (£} 16=1.78, p=0.20).

Discussion

This study provides the first evidence that the IGF-1 signaling
pathway may facilitate the development of sexually selected
plumage traits in birds. Our results show that in male, but not
female, bearded reedlings, IGF-1 levels during molting predict
tail length and UV reflectance of the plumage (Fig. 3). Our
findings are corroborated by previous studies on bearded
reedlings and bring indication that different ornamental fea-
tures, such as plumage colors and tail length, do not correlate.

Table 2 Loadings of
PC1 and PC2 in female PC1 PC2
bearded reedlings

Tail length 0.15 -0.76
UV chroma cheek -0.87 0.07
UV chroma chin -0.85 -0.07
Brightness back 0.07 0.80
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94

© ©
=} N
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o ]
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86
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2.0
1.51
1.0
0.5

0.0

Overall UV-chroma

-0.54

-1.04

-1.54
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IGF-1 levels (ng/ml)
Fig. 3 Baseline IGF-1 levels during molt are related to sexually selected
omaments in male bearded reedlings. Males with higher IGF-1 levels a
have longer tails and b develop plumage with higher reflectance in the
UV range

This raises the idea that they either reveal a different set of
information (rather than amplifying another signal) or carry no
further informational content (Hoi and Griggio 2008; Griggio
et al. 2016). Within this context, the question arises how IGF-
1 can affect the development of ornaments and whether it
provides a causal link between body condition and parameters
of plumage quality.

Molting is an energy-demanding process, with concomi-
tant major metabolic changes and an increased demand for
cell growth, proliferation, and differentiation (Kuenzel
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2003). The corresponding physiological requirements might
be an important factor, linking feather development to param-
eters of individual condition before and during the molt
(Murphy et al. 1988; Jovani and Blas 2004; Pap et al. 2008).
In white crowned sparrows (Zonotrichia leucophrys gambelii)
and house sparrows (Passer domesticus), for example, malnu-
trition had severe effects on the quality of feathers and the
length of flight feathers (Murphy et al. 1988; Pap et al.
2008). In addition, late hatching, late arrival from
overwintering sites, and poor body condition often force indi-
viduals to increase molt speed to keep pace with conspecifics
and to be able to compete for mating partners or resources
(Bojarinova et al. 1999). This compensatory measure has neg-
ative effects on feather length and plumage quality (Dawson
et al. 2000; Vagasi et al. 2012). IGF-1 is highly responsive
towards the availability of environmental resources, due to its
sensitivity to the nutritional status of an individual and to
dietary components (e.g., proteins) (Miura et al. 1992;
Fontana et al. 2008). It can affect whether energy is allocated
into cell proliferation, growth, and protein syntheses
(Blumenthal et al. 2011; Dantzer and Swanson 2012; Tighe
et al. 2016), which might constitute an important adaptive
adjustment to the environmental conditions with long-lasting
effects on individual life history (Holzenberger et al. 2003;
Dantzer and Swanson 2012; Lewin et al. 2017). The same
properties might not only affect growth and life span, as was
shown previously (Dantzer and Swanson 2012), but might
also have the potential to regulate the allocation of energy into
feather growth (Mazzuco et al. 2005). In molting birds, higher
individual levels of IGF-1 might stimulate feather develop-
ment and facilitate the display of more elaborated plumage
features. IGF-1 levels were shown to be negatively affected
by dietary restrictions (e.g., reduction of the diet and/or protein
content) in several vertebrate species, and circulating levels
are suggested to play a role in reflecting the nutritional status
of cells and regulating energy metabolism (Breier 1999;
Regan et al. 2019). Furthermore, IGF-1 promotes protein syn-
thesis in tissues, which might play an important role in the
development and growth of plumage, in particular considering
the high demand for proteins during feather growth (Murphy
and King 1992). Indeed, we show that in bearded reedlings,
IGF-1 correlates with male, but not female, tail feather length
and UV reflectance. The development of structural plumage
components, which are suggested to be responsible for the
coloration in the UV range, is complex and requires the regu-
lation of protein synthesis and breakdown of keratin (Hill and
McGraw 2006a; Hudson and Wilcoxen 2018). There is strong
indication that, similarly to longitudinal growth of feathers,
the growth of the regularity of the nanoscaled structures,
which cause the reflection in the UV range, is linked to pa-
rameters of individual physiological condition during the
molt. This was shown in different species; for instance, in blue
tits (Cyanistes caeruleus), accelerated molt causes a decrease

@ Springer

in the saturation of the UV-blue crown feathers (Griggio et al.
2009). Also, in dark-eyed juncos (Junco hyemalis), the avail-
ability of resources (dietary restrictions) during molting neg-
atively affected the growth of structural plumage components
(McGlothlin et al. 2007).

In brown-headed cowbirds (Molothrus ater), structural
plumage traits, but not melanin-based plumage coloration,
were shown to be affected by nutritional stress (McGraw
et al. 2002). These findings support our results, which did
not reveal a relationship between the measured melanin-
based ornamental features (beard length and brightness of
the back), IGF-1 levels, body mass, or tarsus length. This is
particularly interesting because the beard of male bearded
reedlings is a melanin-based plumage ornament, which under-
lies strong sexual selection processes. Males with longer
beards are more dominant, and females clearly display a pref-
erence for them as potential mates (Hoi and Griggio 2008,
2012; Griggio et al. 2016). These characteristics raise the idea
that the beard might be costly to produce and serves as an
honest indicator of quality (Andersson 1994b; Hoi and
Griggio 2008; Griggio et al. 2016). Indeed, the degree of mel-
anization and the size of some types of melanin-based orna-
ments can be sensitive towards environmental factors and di-
etary components and hence serve as potential indicators of
condition during the molt (Jawor and Breitwisch 2003; Roulin
2004; Musgrove and Wiebe 2016; Roulin 2016), but this idea
remains controversial as the costs of melanin-based plumage
ornaments are yet not well understood (McGraw et al. 2002;
McGraw 2008; Guindre-Parker and Love 2014). One exam-
ple, which resembles the beard length of the male bearded
reedling, is the black throat badge of the male house sparrow
(Passer domesticus). It is a melanin-based ornament which is
considered to serve as an honest signal and indicates
dominance to conspecifics, but its size was not affected
during a dietary restriction experiment by McGraw et al.
(2002) and McGraw (2008). Similar findings in great tits
(Parus major) also suggest that the black breast band was
not affected by nutritional condition (Senar et al. 2003).
Whereas the growth and the development of feather structures
require high amounts of proteins, the degree of melanization is
not necessarily dependent on the availability of these energy
resources. The modulation of melanin pigmentation is most
likely connected to genetic prerequisites and other physiolog-
ical constraints, such as, for example, the availability of cer-
tain elements and amino acids, and further might underlie the
regulation of androgen levels (Senar et al. 2003; McGraw
2008; Roulin 2016). However, we did not measure the exact
type and ratio of the specific pigment types in our study.
Melanin-based plumage colors result from two specific types
of melanin pigments, namely eu- and phacomelanin, which
differ substantially in their regulation and costs (Hill and
McGraw 2006a, b; Roulin 2016). We suggest that future in-
vestigations should consider these differences.
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In female bearded reedlings, neither of the ornamental fea-
tures were significantly correlated with IGF-1 levels. This is
particularly surprising, because tail length underlies mutual
mate choice in bearded reedlings and we found a weak corre-
lation between tail length and body mass, which corresponds
with the idea that it serves as a potential indicator of quality
(Romero-Pujante et al. 2002). Interestingly, our study indi-
cates that dependent on the body mass, IGF-1 might positively
affect the melanin pigmentation of the brown back in females,
whereas no such relationship became apparent in males.
Heavier females with lower IGF-1 and smaller females with
high IGF-1 displayed darker back plumage than heavy birds
with high IGF-1 or light birds with low IGF-1. One possible
explanation is that this effect is due to different selection pres-
sures acting on males and females (Romero-Pujante et al.
2002). We cannot rule out that IGF-1 might have effects,
which facilitate the growth of more pigmented feathers in
females, but it should be considered that overall, our study
did not reveal a significant relationship between body mass
or size during the molt and any of the plumage ornaments in
both sexes. However, we obtained only one measure of body
condition and molting birds undergo an energetic demanding
period, which was previously demonstrated to significantly
affect parameters of body condition. Muscle score, body fat,
and mass in molting birds are often low (Dolnik and Valery
1979; Swaddle and Witter 1997; Minias et al. 2010) which
may explain why we did not find a relationship between body
mass and the ornamental features.

Overall, our study is the first to report a relationship be-
tween IGF-1 levels during molting and the elaboration of or-
namental feather traits and colors in adult birds. The distinct
properties of IGF-1, namely its sensitivity towards nutrition
and its important role in the mechanisms stimulating growth
and development, make it a potential candidate to further in-
vestigate the mechanisms linking parameters of individual
condition and the capacity to display elaborated ornaments.
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