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ABSTRAKT

Pohlavni ornamenty hrajici u mnoha druht dilezitou roli pfi vybéru partnera se
mohly vyvinout jako kondi¢né zavislé signaly kvality jedince. Exprese ornament muze
asociovana s vékem a pfezivinim, a tim fungovat jako indikétor Zivotaschopnosti jedince.
V predklddané prici jsme testovali vyznam délky krajnich ocasnich per u vlastovky
obecné evropské (Hirundo rustica rustica) pro vnitroparovy a mimopérovy fertilizacni
uspéch a zda tento sekunddrni pohlavni znak signalizuje Zivotaschopnost jedince. Nase
vysledky na rozdil o pfedchozich studii naznacuji, Ze délka ocasnich per nemai na
tertilizacni dspéch samce zddny vliv. Nejvyznaméjsim prediktorem schopnosti samce
opatfit si mimopdrovou partnerku byl jeho vék a pfitomnost mimopdarovych mlidat v
hnizdé nejlépe predikoval vék jeho socidlni partnerky. Délka ocasnich per se u samci i
samic prodluzovala s vékem, coz podporuje jejich funkei jako signdlu Zivotaschopnosti
jedince. Nezaznamenali jsem zadny vliv stirnuti na tento znak. Signaliza¢ni funkci dile
naznacuje lepsi prezivini samci s del$imi ocasy.

Bylo navrzeno nékolik mechanizmi, jak by mohla byt zajisténa Cestnost takové
signalizace. Jednim z nejvice studovanych mechanizmi je oxida¢ni stres vyvolany
volnymi radikdly a dal$imi reaktivnimi ¢asticemi. Vzhledem k tomu, Ze nutnost branit
se oxida¢nimu stresu mize byt jednim z hlavnich omezeni ovliviiujicich Zivotni strategie,
byl oxida¢ni stres navrzen jako mozny univerzdlni mechanizmus zajistujici Cestnost
pohlavnich signdla. V této praci jsme studovali vztahy mezi redoxnim stavem a expresi
ornamentd u evropského a severoamerického (H. 7. erythrogaster) poddruhu vlastovky
obecné, u kterych je znama odlisna preference pro délku ocasu a tmavé pheomelaninové
zbarveni ventralni ¢asti téla. Vysledky naznacuji, Ze vztah mezi ornamentaci a oxida¢nim
stresem muzZe mit u nékterych znakd souvislost s odlisnymi preferencemi (ocasni pera),
zatimco u jinych muZe souviset spiSe s typem ornamentu (zbarveni bficha). Dale jsme
studovali roli oxida¢niho stresu, jako mechanizmu zajistujicim ¢estnost karotenoidnich
signali. Ukazali jsme, Ze vystaveni samca zeb¥icky pestré (7ueniopygia guttata) oxidaéni
z4téZi ma negativni vliv na karotenoidni zbarveni zobdku. To podporuje hypotézy, které
navrhuji, Ze nutnost udrzovat redoxni homeostizu je mechanizmus zajistujici cestnost
karotneoidnich signali. Pouziti nové metody na méfeni lipofilni antioxida¢ni kapacity
poskytlo nepfimy dikaz pro antioxida¢ni funkci karotenoidu in vive, coz umoziuje
vyloucit nékteré z navrzenych mechanizmu zajistujicich Cestnost signalizace. Nase data
dale naznacuji trade-off mezi expresi karotenoidnich ornamenti a odolnosti spermii k
oxidalni zdtézi. Tato price naznacuje existenci rozdila v signalizaéni funkci ornamentd
a s ni spojenych trade-off jak mezi populacemi, tak mezi riznymi ornamenty, jejichz
objasnéni je vyzvou pro budouci studie.



ABSTRACT

Sexual ornaments important for mating success in many species are often assumed to
evolve as condition-dependent signals of individual quality. Ornament expression can
be associated with age and survival, thereby signalling individual viability. Here, we have
tested viability signalling function of tail streamers and their importance for within-pair
and extra-pair fertilisation success in the European barn swallow (Hirundo rustica
rustica). In contrast to previous studies on this subspecies, our data suggest that tail
length is not associated with fertilisation success in our population. Instead, the most
important predictors of within-pair and extra-pair fertilisation success were female and
male age, respectively. Our data supported viability signalling function of male tail
streamers, as documented by age-related within-individual increase in their length.
There was no evidence for senescence in this trait. Contrary to some previous studies,
the viability signalling function of tail streamers was further supported by observed
selective disappearance of males with shorter tails.

Several physiological mechanisms have been proposed as maintaining signalling
honesty. Among them, oxidative stress from highly reactive species (RS), including free
radicals, attracted a considerable attention. Given that oxidative stress may be a major
constraint in life history, it has been put forward as a universal mechanism maintaining
signalling honesty. We analysed association between oxidative stress and ornament
expression in both European and North American (H. 7. erythrogaster) barn swallows
with divergent female preference for tail length and dark pheomelanin-based ventral
colouration, respectively. The results suggest that the association with oxidative state
may relate to divergence in preference in some traits (tail length) and to ornament type
in others (ventral colouration). We further tested the role of oxidative stress in
carotenoid-based sexual signalling. We demonstrated an adverse effect of oxidative
challenge on carotenoid-based beak pigmentation in male zebra finches (Zaeniopygia
guttata), providing support for redox-based hypotheses of carotenoid-based signalling
honesty maintenance. Using a novel measure of lipophilic antioxidant capacity, we
found support for in vive antioxidant function of carotenoids (that has recently been
called into question), thereby challenging several proposed mechanisms of carotenoid-
based signalling honesty maintenance. Lastly, we revealed a trade-off between
expression of carotenoid-based ornamentation and sperm resistance to oxidative
damage. Considerable challenges remain to be addressed in future studies, such as
population- and ornament-type-related differences in signalling content and associated
trade-offs, as suggested by contrasting results of our and many former studies.



INTRODUCTION

Individuals with more elaborate sexual ornaments are often reported to be preferred
as mates in both social and extra-pair mate-choice and enjoying higher reproductive
success (Andersson 1994). Indicator mechanism models of sexual selection, also known
as good-genes models, assume that ornamental traits are expressed in a condition-
dependent manner and as such can honestly signal individual quality (Zahavi 1975; Hill
2011). In general, positive correlation between expression of ornamental traits and
survival is predicted by these models (Jennions ez a/. 2001), though it can be confounded
by a trade-off between these two fitness components as ornamental traits are usually
assumed to be costly (Zahavi 1975). The resultant direction of correlation may depend
on resource acquisition (Van Noordwijk & de Jong 1986) or strength of the sexual
selection (Kokko ez a/. 2002). The costs of ornament elaboration have been put forward
as a mechanism preventing cheating and maintaining signalling honesty (Zahavi 1975).
This so called handicap principle assumes that the costs of trait elaboration are higher
for the low quality males and thus only high quality individuals in a good body condition
can afford elaborate ornament expression (Grafen 1990). The existence and nature of
the costs associated with ornament elaboration has been subject to intense research.
Despite this effort, a broad consensus has not been reached and this topic remains to be
intensely debated (Kotiaho 2001). It is highly likely that various types of ornamentation
are subject to very different costs and trade-offs. For example, exaggerated traits my
render individuals more conspicuous to the predators or to their prey, or may impose
mechanical costs due to being heavy, increasing aerodynamic or hydrodynamic drag or
impairing manoeuvrability (Kotiaho 2001; Oufiero & Garland 2007). Costs may be also
mediated through social interactions, as individuals with more elaborate signals usually
experience more frequent and more aggressive agonistic behaviour by their conspecifics
(Vitousek ez al. 2014).

In many types of sexual signals, the signalling honesty has been proposed to be
maintained, at least to some extent, through indirect physiological costs associated with
signal production or maintenance. Among these, oxidative stress from highly reactive
species (RS), including free radicals, attracted a considerable attention for several
reasons: RS are continuously generated as by-products of oxidative metabolism; their
production increases during energy demanding states; and dysregulated redox signalling
and RS-induced oxidative damage are causally involved in many pathologies and
senescence. Therefore, oxidative stress may be a major constraint in life history and has
been proposed as a universal mechanism maintaining signalling honesty. Based on the
handicap principle, it has been proposed that sexual signal expression entails oxidative
costs, either increasing generation of RS or reducing antioxidant capacity (von Schantz

et al. 1999; Galvan & Solano 2009; Garratt & Brooks 2012). Oxidative costs can be



associated with increased energy demands associated with bearing exaggerated traits or
can result from social stress from aggressive encounters by conspecifics. Synthesis of
natural pigment pheomelanin consumes an important antioxidant glutathione, hence
pheomelanin-based colouration may be traded-off against antioxidant capacity (Galvin
& Solano 2009). Honesty of yellow-to-red colour traits pigmented by carotenoids has
most commonly been hypothesised as being maintained through oxidative stress and
redox homeostasis. Several specific mechanisms of honesty maintenance have been
proposed and these assume that carotenoids are either antioxidants (allocation trade-off
between colouration and antioxidant defence; von Schantz ez al. 1999), pro-oxidants
(direct physiological handicap of high carotenoid concentrations; Vinkler & Albrecht
2010) or have no effect on redox state (but lose colour when oxidised by RS; Hartley &
Kennedy 2004). Recently, several alternative hypotheses have proposed that expression
of carotenoid-based sexual signals need not to be costly (Hill & Johnson 2012; Johnson
& Hill 2013). Instead, these hypotheses assume that carotenoid uptake and metabolism
may depend on metabolic or signalling pathways involved in mitochondrial regulation
and redox homeostasis maintenance, thereby signalling their functionality without
entailing costs.

Carotenoid-based ornaments have been hypothesised to signal sperm quality and
male fertility, predicting positive correlation between pre- and post-copulatory sexual
traits (phenotype-linked fertility hypothesis; Sheldon 1994; Blount ez a/ 2001). In
contrast, the sperm competition theory, predicts a negative relationship based on the
assumption that the amount of resources (for example antioxidants) is limited.

In this study, we tested signalling function and the importance of tail streamer length
in the European barn swallow (Hirundo rustica rustica) for male within-pair and extra-
pair fertilisation success. We also explored associations between ornamentation and
oxidative state in North American (. r. erythrogaster) and European barn swallow
subspecies, known to diverge in female preferences for ventral colouration and tail
streamer length, respectively. Using zebra finch (Taeniopygia guttata) as a model species
we tested two fundamental assumptions of redox-based mechanisms of signalling
honesty: the adverse effect of oxidative challenge on carotenoid-based ornamentation
and in vive antioxidant function of carotenoids. We also tested whether carotenoid-
based beak ornamentation signals (phenotype-linked fertility hypothesis), or is traded

off against, sperm resistance to oxidative challenge.



AIMS OF THE STUDY

The general aim of the thesis was to study patterns and mechanisms of condition-

dependent expression of sexual signals. The specific aims were as follows:

T

to test the importance of a classical textbook example of sexually selected trait,
tail streamer length in the European barn swallow, for male within-pair and

extra-pair fertilisation success

to evaluate viability signalling function of tail streamer length in two populations
of this subspecies by testing association of tail streamer length with individual
survival and analysing age-related within-individual changes in tail streamer

length
to analyse senescence in tail streamer length in the European barn swallow

to explore oxidative-stress related signalling content of two ornamental traits,
tail streamer length and pheomelanin-based ventral colouration, by analysing
their associations with oxidative stress in both the European and North

American barn swallow subspecies with divergent preferences for these traits

to assess plausibility of hypotheses proposing oxidative stress to be a mechanism
maintaining honesty of carotenoid-based sexual ornamentation by
experimentally testing their most fundamental assumption: an adverse effect of
oxidative challenge on carotenoid-based ornament expression; using the zebra

finch (Taeniopygia guttata) as a model species

to test several proposed mechanisms of oxidative-stress mediated honesty of
carotenoid-based signalling by evaluating iz wvivo antioxidant function of

carotenoids using a novel lipophilic measure of iz vivo antioxidant capacity

to evaluate redox-based phenotype-linked fertility hypothesis predicting
positive correlation between carotenoid-based ornamentation and sperm

resistance to oxidative damage

to test trade-off between carotenoid-based ornamentation and sperm resistance
to oxidative damage



MATERIAL AND METHODS

The barn swallow project has been carried out on two populations of the European
barn swallow in the Czech Republic (Paper 1-3) and Romania (Paper 2) and one
population of the North American barn swallow in Colorado, USA (Paper 3). During
the last three decades, the barn swallow has become one of the most prominent model
species in the research of sexual selection; the European subspecies and the North
American subspecies being the two most studied subspecies (Meller 1994b; Romano ez
al. 2017a). The breeding system of the barn swallow is social monogamy but sexual
promiscuity and extra-pair paternity are common (Laskemoen ez a/. 2013). Males with
longer outermost tail feathers (also referred to as tail streamers) have been reported as
preferred in both social and extra-pair mating in the European subspecies (Moller 1988,
1994b), whereas males with darker pheomelanin-based rusty brown ventral colouration
and shorter tail streamers have been shown to be preferred as extra-pair mates by females
in the North American subspecies (Safran e a/. 2005, 2016; but see Kleven ¢z a/. 2006).
Given the extremely high breeding site fidelity and because we captured and marked the
vast majority of adult individuals at our study sites every year, the age and survival of
adult birds could be reliably estimated (Saino ez a/ 1999). Upon capture, we took
biometric measurements including tail streamer length and collected blood samples for
genetic parentage analysis and feather samples from the throat and the ventral body
region for colour analysis and photograph the tails for measurement of the area of white
tail spots (a sexually dimorphic trait). In the Czech population, we manipulated tail
streamer length by swapping tail streamers between males (Safran ez a/. 2016). We also
darkened ventral colouration in some males using permanent marker (Prismacolor, light
walnut Safran ez a/. 2016). The parentage assignment was done based on six highly
polymorphic microsatellite autosomal loci using Cervus 3.0.3 and Colony software.
Feather reflectance between 300-700 nm was measured using AvaSpec 2048
spectrometer with an AvalLight-XE light source (Avantes, Netherlands) and tristimulus
colour scores (hue, saturation, brightness) and avian visual model based colour scores
were calculated using pavo R package (Maia ez a/. 2013). Linear models, linear mixed-
effect models (LMM), generalised linear models, generalised linear-mixed effect models
implemented in R (R Core Team 2017) were used for the statistical analysis. For age-
related changes in tail length, we used LMM approach separating the within-individual
age-related phenotypic change and selective disappearance of individuals with a
particular phenotype.

The zebra finch experiment (Papers 4 and 5) was carried out at an indoor facility at
the Institute for Vertebrate Biology of The Czech Academy of Sciences (Studenec,
Czech Republic). Zebra finch is another popular model in sexual selection research. The
intense red colouration of male beaks has been reported to be a trait preferred by females
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in this species (Simons & Verhulst 2011; but see Wang ez a/. 2017) and has been
reported to be positively correlated with immune response and antioxidant capacity
(Simons ez al. 2012b). The condition-dependence of this sexual trait has also been
supported by higher survival observed in individuals with redder beaks (Simons e .
2012a). We manipulated the level of oxidative burden and carotenoid intake in a fully
factorial design (2 x 2), with two levels (low and high) for each factor. We used diquat
dibromide administered in drinking water to expose males to oxidative challenge.
Diquat dibromide, a redox-cycling agent known to generate superoxide radical iz vivo,
has recently been recognised as a convenient oxidative stress inducer in ecological studies
(Horak & Cohen 2010; Alonso-Alvarez & Galvin 2011). For the increase in carotenoid
intake, males were provided with hulled millet seed mixed with 200 pg of carotenoids
per g (lutein and zeaxanthin; FloraGLO Lutein 20% SAF, Kemin/DSM, France).
Blood sampling, sperm sampling and measurements were done prior to and after the
experiment. Colour analysis of the red beak colouration was carried out using the same
methodology as in barn swallows. Total carotenoid concentration in blood plasma have
been quantified using absorbance measurement at 450 nm (local absorption maximum
of the plasma extracts) on an Infinite M200 microplate-reader (Tecan, Austria) after
extraction with a mixture of ethanol and hexane:zers-buthyl methyl ether. Plasma
hydrophilic-based antioxidant capacity was determined using OXY-Adsorbent assay kit
(Diacron, Italy). The oxidative stress marker (8-iso-prostaglandin F»;) and the marker
of antioxidant capacity in lipophilic cellular compartments (the ratio of HODE
stereoisomeric forms; ZE/EE-HODE; Yoshida ez a/. 2007) was quantified using
HPLC-ESI-MS/MS methods. Ejaculate samples (approx. 0.5 ml) were obtained by
gentle cloacal massage sperm and sperm movement was recorded using Leja slides (Leja,
The Netherlands) and an Olympus CX41 light microscope equipped with a heating
table at 40°C. Sperm velocity was later analysed using the CEROS computer-assisted
sperm analysis system (Hamilton Thorne, USA). Sperm morphometric traits (length of
head, mid-pieace, tail and total sperm length) and abnormal sperm proportion were
measured in samples stored in formalin using Olympus QuickPHOTO Industrial 2.3
imaging software. Linear model implemented in R were used for statistical analysis.



RESULTS AND DISCUSSION

We found no support for either tail streamer length or ventral colouration being
important predictors of within-pair (probability of paternity loss) or extra-pair (ability
to obtain an extra-pair partner) fertilisation success in our population (Paper 1). Based
on pairwise comparison, there was also no difference between cuckolded and cuckolding
males with respect to tail length. No association between ventral colouration and extra-
pair fertilisation success is not surprising and is in agreement with previous studies in
the European barn swallow (Romano e a/ 2017a). Interestingly, our results suggest
that, in contrast to previous studies on the European subspecies, tail length also does
not play an important role in extra-pair mating in our population. Is it still possible,
however, that tail streamer length is a sexual trait important in social mating (Meller
1988, 1994b), which is supported by the fact that long-tailed males start breeding earlier
in the season in our population (Wilkins ez a/. 2016). Nevertheless, given that important
role of tail streamer length in extra-pair mating has previously been reported from other
populations, our data suggest between-population differences in sexual selection (Kokko
et al. 2002; Whittingham & Dunn 2014). The only significant predictor of extra-pair
fertilisation success was male’s age, indicating that older birds sire more extra-pair
offspring. The importance of male age in extra-pair mating is in accordance with similar
results from the North American subspecies (Lifjeld ez @/ 2011) and with recent meta-
analysis based on multiple species and secondary sexual traits, indicating that age is more
important predictor of extra-pair mating success than sexual traits in general (Hsu e# a/.
2015).

In Paper 2, we studied age-related changes in tail streamer length in the European
barn swallow, thereby assessing the possibility that tail streamers can signal individual
age. We also evaluated whether tail streamer length can signal potential viability by
testing its association with survival. We used longitudinal data from two populations
from the Czech Republic and Romania that has been followed since 2010 and 2011,
respectively. Our data provided support for both functions. First, we found that tail
streamer length increases with age in both sexes, the change being highest at young age
with subsequent slowdown and levelling-off in old age. An increase in pre-senescent
ornament expression has commonly been observed in many species (e.g. Nussey ez a/.
2009; Balbontin ez al. 2011; Evans ez al. 2011) and supports the hypothesis that
individuals can signal their age, and thus the proven ability to survive (Manning 1985;
Kokko 1998). We found no evidence for senescence in tail length in our data and
demonstrated that previous reports of senescence in this trait (Balbontin ez a/. 2011) may
have resulted from significant quadratic age effect falsely interpreted as senescence when
age-related change plateaus in old age (Bouwhuis ez a/ 2009). Second, we found tail
streamer length to be positively correlated with lifespan in males, but not females,
indicating selective disappearance of short-tailed males. This further supports viability
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signalling function of this ornament in males. Previous studies in different European
barn swallow populations provided contrasting results, reporting either positive (Meller
1991, 1994a; Saino e al. 1997; Romano ez al. 2017b) or negative (Meller & Szep 2002;
Balbontin ez al. 2011) correlation. Together with our results, such a discrepancy suggests
that the direction of correlation between tail streamer length and survival may differ
between populations, resulting, for example, from differences in resource availability
(Van Noordwijk & de Jong 1986) or intensity of sexual selection (Kokko ez a/. 2002). In
addition, we used a second approach to test how tail length measured in the first year of
life predict lifelong survival, the logistic discrete-time hazard models, which enable to
test for stabilising or disruptive selection in the phenotypic trait that is included as a
predictor of mortality. In the Czech population, we indeed found a non-linear
relationship between first-year tail length and probability of mortality, with males
having first-year tail length about 5 mm above the population median being the best
survivors. This supported overall directional selection for longer tails, though combined
with stabilising selection acting on males with extremely long tails.

In the Czech population, we used experimental manipulation of male tail streamer
length to test for the costs associated with this trait (Paper 2). In contrast to previous
studies (Meoller & de Lope 1994; Saino ez al. 1997), experimental manipulation affected
neither survival nor length of tail streamers grown during subsequent moult in our study.
There was also no evidence for differential effect of ornament manipulation on naturally
short-tailed and long-tailed males. The discrepancy between our results and results of
previous studies (Moller & de Lope 1994; Saino ez al. 1997) may relate to differences in
methods used for tail length manipulation (see Paper 2 for a detailed discussion).
Nevertheless, our results indicate that the costs associated with tail streamers are at best
mild in our population and may only be significant in males with extremely long tails,
as evidenced by non-linear relationship between tail length and survival in the
correlational analysis (Paper 2). This suggests that handicap principle may not be the
major mechanism mediating condition-dependence of tail streamers and alternative
cost-free mechanisms may be involved (Hill 2011; Emlen ez a/. 2012).

In Paper 3, we explored associations between redox state and expression of tail
streamers and pheomelanin-based ventral colouration in the European barn swallow and
the North American barn swallow that show divergent female preferences for tail length
and ventral colouration, respectively (Scordato & Safran 2014; Romano ez al. 2017a).
We tested whether ornament expression can signal redox state and whether prospective
redox state signalling may be related to ornament type or to differences in ornament
preference between these two subspecies. The results showed quite a complex pattern,
suggesting that relationship between tail length and redox state differs between
subspecies and sexes, whereas relationship between ventral colouration and redox state
is stable across subspecies but differs between sexes. In North American males, tail
length was negatively correlated with antioxidant capacity and there was also negative
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trend with oxidative damage, indicating lower oxidative burden in long-tailed males. In
European males, tail length was not related to antioxidant capacity and there was a
positive trend with oxidative damage, though it lost its significance when one outlier
was removed. Contrary to North American males, this suggests that long-tailed males
may experience slightly higher oxidative burden or there may be no relationship in
European males. This is in accord with results from Paper 2, suggesting that costs of
male tail streamers are at best mild in our population and may only be significant in
males with extremely long tails. The differences in association between tail length and
oxidative state between subspecies may be related to divergent ornament preference and
may be mediated through social interactions (Vitousek ez a/. 2014). Female tail length
showed no relationship with redox state in any of the subspecies. Ventral colouration
was correlated with oxidative damage and the direction of this correlation was the same
in both populations but differed between sexes, such that higher oxidative damage has
been observed in darker males and paler females. In contrast, antioxidant capacity was
no related to ventral colouration. The differing direction of correlation between the sexes
indicate sex-specific differences in trade-offs and costs associated with expression of
ventral colouration. Given to the correlational nature, our study merely described the
pattern and further studies using experimental manipulations are needed to elucidate
underlying mechanisms and trade-offs.

Several recent hypotheses consider oxidative stress to be a primary constraint ensuring
honesty of condition-dependent carotenoid-based signalling. The fundamental
assumption of such hypotheses is an adverse effect of oxidative burden on signal
expression. We tested this assumption using experimental exposure of adult zebra finch
males to controlled free radical attack induced by redox-cycling agent diquat dibromide
(Paper 4). Diquat exposure resulted in a decrease in both beak redness (sexually selected
trait; Simons & Verhulst 2011; but see; Forstmeier & Birkhead 2004) and carotenoids
circulating in blood plasma, demonstrating the adverse effect of oxidative challenge on
ornament expression and carotenoid concentrations. This result provides direct
experimental support for the hypotheses proposing redox homeostasis maintenance to
be the mechanism ensuring honesty of carotenoid-based signalling. Similar previous
studies on adult birds found no effect of elevated oxidative burden on carotenoid-based
ornamentation (Isaksson & Andersson 2008; Hoérak ez a/ 2010; Giraudeau ez a/ 2015).
Given that those studies analysed plumage traits, we suggest that the contrasting results
of different studies could stem from differences in sensitivity to oxidative stress between
semi-static plumage ornaments and more dynamic bare parts, which can change colour
over a period of just a few weeks (Faivre ez a/. 2003; Alonso-Alvarez & Galvan 2011).

Using novel measure of antioxidant capacity in lipophilic cellular compartments, we
found support for iz vivo antioxidant function of carotenoids. Such a function has been
called into question recently (Hartley & Kennedy 2004; Costantini & Meller 2008;
Koch ez al. 2018). We demonstrated that carotenoids have no effect on hydrophilic
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measure of antioxidant capacity that is commonly used in ecological studies, while
having strong effect on lipophilic antioxidant capacity. This suggest that the lack of
evidence for in vivo carotenoid antioxidant function in previous studies (e.g. Costantini
& Moller 2008; Koch ez al. 2018) could stem from using improper methods when
assessing antioxidant activity of lipophilic carotenoids. The antioxidant properties of
carotenoids observed in our study are inconsistent with the carotenoid maintenance
handicap hypothesis, which assumes carotenoids to be pro-oxidant in high
concentrations. Moreover, antioxidant capacity is inconsistent with the pure version of
carotenoid protection hypothesis, assuming no antioxidant properties of carotenoids
and, instead, proposing that carotenoids needs to be protected by other antioxidants
from oxidation to prevent loss of their colouration (Hartley & Kennedy 2004). In
contrast, carotenoid antioxidant function is in accord with the carotenoid allocation
trade-off hypothesis, which assumes carotenoids to be traded off between their use in
ornamentation and antioxidant defence. Antioxidant carotenoids are also consistent
with the recent hypothesis assuming that metabolism of red carotenoids takes place in
the inner mitochondrial membrane, where it shares metabolic pathways with another
antioxidant coenzyme Q, thereby signalling redox state and mitochondrial functionality
in a cost-free manner (Johnson & Hill 2013).

In Paper 5, we measured beak colouration and various morphological and functional
sperm traits in male zebra finches in order to tested phenotype-linked fertility
hypothesis. We found beak ornamentation to be associated only with total sperm length
and flagellum length, but not with sperm mid-piece length (the middle part of the sperm
containing mitochondria), velocity or abnormal sperm proportion. Therefore, our data
provide only weak support for phenotype-linked fertility hypothesis. Subsequently, we
exposed males to oxidative challenge induced by diquat dibromide and found support
for a trade-off between carotenoid-based ornamentation and sperm resistance to
oxidative challenge. This was evidenced by males with initially (pre-experiment) more
intense beak colouration enjoying increase in sperm velocity under control conditions,
but suffering a decline in sperm velocity following oxidative challenge. Interestingly, the
change in sperm velocity was not related to the change in beak colouration, indicating
that there is no direct resource allocation trade-off between these two traits. Instead, our
results suggest a long-term trade-off between carotenoid-based ornament expression
and sperm resistance to oxidative damage. This could imply a possible negative carry-
over effect of investment in ornamentation on sperm resistance and/or life history
differences (cf. Costantini ez a/. 2014) among less and more ornamented males, with
males investing more in ornamentation being adapted for low-stress environments and
vice versa. In conclusion, our results support the role of redox homeostasis in carotenoid-
based ornament maintenance and that suggest that redox homeostasis may also underlie
a trade-off between expression of sexual ornamentation and sperm competitive ability.
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CONCLUSIONS

l

In contrast to previous studies in the European barn swallow, tail streamer length
does not seem to play an important role in within-pair and extra-pair fertilisation

success in our population.

Male age and age of his social female partner were the main predictors of extra-

pair and within-pair fertilisation success, respectively.

In two populations of European barn swallows, individual tail length increased
with age in a non-linear manner, such that higher increase occurred between first
and second year of adult life with subsequent slowdown and levelling-off in late

age. Hence, tail streamer length may signal individual age.

Contrary to some previous studies on this subspecies, we found selective
disappearance of short-tailed males and extremely long-tailed males, with the
males having tail streamers 5 mm longer that population median being the best

survivors. These findings support the viability signalling function of tail streamers.

We found no evidence for senescence in barn swallow tail length. We showed that
previous reports of senescence may have resulted from significant quadratic age
effect as a predictor in the model, which can be falsely interpreted as senescence
when age-related change plateaus in old age.

Experimental manipulation of tail streamer length had no effect on survival or tail
streamer length in the following year. This suggests that costs associated with tail
streamers are at best mild and only significant in extremely long-tailed males, as
indicated by non-linear relationship between tail length and survival.

We found a negative correlation between plasma oxidative stress and tail streamer
length in North American barn swallow males and a positive trend (non-
significant when one outlier was removed) in European barn swallow males. The
direction of correlation between plasma oxidative stress and intensity of
pheomelanin-based ventral colouration did not differ between subspecies, but
differed between sexes, being positive in males and negative in females. Given that
these two subspecies show divergent preferences for these two ornamental traits,
the results suggest that the association with oxidative state may relate to divergence
in preference in some traits (tail length) and to ornament type in others (ventral
colouration).

Oxidative challenge showed an adverse effect on carotenoid-based beak
pigmentation in zebra finch males, evidenced as a decrease in its redness. This
provides support for hypotheses proposing oxidative stress to be a constraint on
signal expression, thereby ensuring signalling honesty.
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In addition, we found indirect evidence for iz wvivo antioxidant function of
carotenoids (called into question recently), which is inconsistent with some of the

aforesaid hypotheses.

We demonstrated that the lack of evidence for in vive antioxidant function of
carotenoids probably stem from using inappropriate measures (antioxidant
capacity in aqueous media) when assessing antioxidant activity of lipophilic

carotenoids.

Expression of carotenoid-based beak pigmentation of zebra finch males has only
been positively correlated with total sperm length and flagellum length, but not
with sperm velocity or abnormal sperm proportion. This provides only weak

support for phenotype-linked fertility hypothesis.

Males with more intense pre-experiment beak colouration experienced an increase
in sperm velocity under control treatment and a decrease in this functional sperm
trait following oxidative challenge. This supports long-term trade-off between

carotenoid-based ornament expression and sperm resistance to oxidative challenge.
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