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SUMMARY

In this study, yellow carotenoid-based plumage w@bon of a cardueline finch,
European serirBerinus serinus, was studied by laboratory manipulations and field
work. Carotenoid-based plumage colouration is widesd in birds and a sexually
selected trait in many passerines, as in this mgpieties. The aim of this study was to
investigate the factors that affected the productibthe yellow patch in males, namely
diet, hormones, parasites and immunocompetenceyinorg laboratory manipulations
and field work. | further explored the functiontbg trait in females.

With a diet laboratory manipulation, modifying thetake of a non-pigmentary
carotenoid during moult, | found that plumage codoaould be a signal of general
condition and antioxidant status. Carotenoid suppleted males had higher levels of
plasma carotenoids and higher immune response imiamune challenge. Moreover,
supplemented males were colourful and selectednata choice experiment. This way,
high quality males were colourful males, possillirgy direct and indirect advantages
to females.

If colourful males are selected by females, what e@ouration signalling? | wanted
to explore the predictors of plumage colouratioa iireld study, with free wild birds. In
a four years study, in the beginning of the bregdieason, | took morphometric and
colorimetric measurements. The statistical modelsaled that colouration could be
predicted by age and ectoparasite load. Then | namad®mparison between two
different colorimetric approaches, the human ogdrtristimulus colour variables and
the avian visual models, based on the physiologgvain eyes. | found that these two
colorimetric approaches were highly correlated.

Extrinsic factors, as diet and parasites, had atg#ect on colouration, and intrinsic
factors, as age, could also affect the expresdidimectrait. There are other mechanisms
that could control secondary sexual traits, anchates, androgens, are assumed to have
a role on it. It was expected that testosteroree nihin male hormone, had an effect on

this trait. In order to test this prediction, | fiemed a testosterone manipulation on
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males’ serins during moult and found that testasterhad a limited and negative
effect on the expression of the carotenoid-basédvygatch.

Finally, as females also present some variatiothercolouration of the breast, |
wanted to explore this signal in females. The digoald be used in inter or intra-
sexual contexts, and | wanted to test both. Thesefoperformed male mate choice
trials and competition between females over foodnt€ary to my expectations, |
found that female colouration in this species it sexually selected neither used in
intra-sexual competition. | concluded that, in féesa this trait could be result of

genetic correlation of the males’ trait.

Keyword: European serinSerinus serinus; colouration; plumage; carotenoids;

diet; testosterone; mate choice; parasites.



RESuUMO

Neste trabalho estudou-se, através de manipulagiesatoriais e trabalho de
campo, a coloracdo da plumagem baseada em cangsrae um tentilhdo carduelino,
a Milheirinha Serinus serinus. A coloracdo baseada em carotendides esta bem
distribuida em aves e é um traco seleccionado berute em passeriformes, como é o
caso da nossa espécie modelo. O objectivo destdoekii o de investigar os factores
que afectam a producéo do sinal amarelo em maobosgadamente a dieta, hormonas,
parasitas e imunocompeténcia, combinando manipegatg@boratoriais e trabalho de
campo. A mensagem do sinal nas fémeas tambémgmraga.

Com uma manipulagdo laboratorial da dieta, altevamthgestdo de um carotenoide
nao pigmentario durante a muda, descobri que da@liumagem pode ser um sinal da
condicdo geral e da capacidade antioxidante doviohth. Os machos com o
suplemento de carotendides tinham niveis de canoles no plasma e respostas a
desafios imunitarios mais altos. Além disso, os hmaccom o suplemento de
carotendides eram mais coloridos e foram selecdmmnauma experiéncia de seleccéo
de par. Deste modo, individuos de alta qualidadenanais coloridos, provavelmente
fornecendo vantagens directas e indirectas as £mea

Se 0s machos mais coloridos sdo seleccionados fgetass, o que esta a coloracdo
a sinalizar? Foram explorados os preditores daragho da plumagem em aves
silvestres, num estudo de campo ao longo de quatos. No inicio da época de
reproducdo, foram recolhidas medidas morfométrieade coloracdo. Os modelos
estatisticos revelaram que a coloracdo pode serzioal pela idade e carga de
ectoparasitas dos individuos. Posteriormente fitd fema comparacédo entre os dois
modos de analisar a coloracdo, as variawressmulus baseadas na visdo humana e os
modelos visuais de aves, baseados na fisiologi@ltilos de aves. Descobri que as duas
formas de colorimetria estdo altamente correlaciasa

Factores extrinsecos, como dieta e parasitasativem grande efeito na coloracéao,
e factores intrinsecos, como a idade, podem tamdéctar a expressdo do traco.

Existem outros mecanismos que podem controlar agodr sexuais secundarios. Em



machos, assume-se que os androgénios sao um dessasismos, e é previsivel
que a testosterona, a principal hormona mascuter@ha um efeito sobre esta
caracteristica. De modo a testar esta hipotedegeaieama manipulacdo dos niveis de
testosterona no sangue dos machos durante a niedz@bri que a testosterona tem
um efeito limitado e negativo sobre a expressdmdacha amarela com base em
carotenoides.

Finalmente, como as fémeas também apresentam algamagdo da coloracéo
do peito, eu queria explorar este sinal nas fém@asinal pode ser usado em
contextos inter- ou intrasexuais, e eu queria rtestabos. Deste modo, realizei
experiéncias de seleccao de par dos machos e dagagpbr alimento entre fémeas.
Ao contrario do esperado, a coloracdo femininaanespécie ndo € sexualmente
seleccionada nem usada em competicdo intrasexaatI@ que, nas fémeas, essa

caracteristica pode ser resultado da correlacagtigarda caracteristica dos machos.

Palavras-chave Milheirinha; Serinus serinus, coloragcdo; plumagem;

carotendides; dieta; testosterona; escolha depeasitas.
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Introduction

The focus of this thesis was on the evolution, mad@ms, functions and information
content of one of the most conspicuous secondawyasdraits of Birds: the plumage
colouration. | address these questions using asdeina cardueline finch, the European
Serin, Serinus serinus, in laboratory tests, with dietary and hormonalnipalations,
mate choice trials and analysis of field datahis tnitial chapter, | present a theoretical
framework and knowledge about sexual selected ksigoa how they evolved, what
information they provide and how they are formeg@nssented. The following chapters
are organized in the form of complete independampeps. Finally, | present the main

conclusions in a concluding chapter.

1. SEXUAL AND SOCIAL SELECTION

The presence of conspicuous ornaments, appareeifynéntal to the survival of
animals, posed a problem to the theory of evolubpmatural selection, developed by
Charles Darwin. To overcome this, Darwin proposerwa concept, sexual selection as
being “the advantage which certain individuals haver others of the same sex and
species solely in respect of reproduction” (Dard@71). Sexual selection occurs when
individuals differ in their reproductive successlahis difference could occur between
individuals of the same sex that compete for acd¢esmates, and in this case is
designated as intra-sexual selection; or it carunbetween individuals of different
sexes, when one sex exerts a mating choice overbarsnof the opposite sex, and in
that case is called inter-sexual selection. Thesestlective processes are non-mutually
exclusive, and can even be reinforced (Berglural. €996).

Usually, females are the choosy sex due to fundtahdifferences between males
and females, namely, gamete size and differencparental care (Kokko and Jennions
2003). There is now abundant evidence that largdesnwith bigger weapons or more

colourful ornaments achieve the highest mating esscBy choosing, females may
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acquire some direct benefits, like increased fettyngarental care or nuptial gifts
(Trivers 1972) or acquire indirect benefits or gagmhes (Johnstone 1995). According
to the good genes model, secondary sexual chasaarer likely to be condition
dependent in their expression (Jennions et al. 2001

The evolution of female preferences could be erpldiby several mechanisms,
probably with some acting simultaneously (Anders$884). Individuals could receive
direct benefits from their mates, as increased rféity or increased number of
offspring. This mechanism of evolution is commord amell supported in empirical
studies (Mgller 1994). Female preference for maimsld also be a by-product of
natural selection on sensory systems. This senb@y model of sexual selection
assumes that natural selection is the predominasititionary mechanism that affects
preference (Fuller et al. 2005). Ornament prefezesiould evolve when they honestly
signal genetic advantage or direct benefits fordiesn Besides, female preference and
male ornamentation might evolve together, a prodesswn as runaway sexual
selection, with several genetic evidences for theshanism (Mead and Arnold 2004).
The selected traits could also be indicator sigragmalling overall good condition of
individuals, with associated costs. Only high-gyalindividuals could afford to
maintain the signal. There are several mechanistpkaieing the honesty of sexual
signals, one of the most accepted is the handicagehproposed by Zahavi (1975).
Zahavi's handicap model states that the honesty signal is measured by its costs,
which can be physiological, energetic, social tveot In order to be evolutionary stable,
a signal must honestly signal the trait and therestnhave a cost (Grafen 1990).
Hamilton and Zuk (1982) proposed that sexual ormasare indicators of parasite and
disease resistance. Parasites could affect thelogenent of ornamental traits, and
females prefer males who are not infected, suppprtine idea that parasites are an
important factor in sexual selection. Besides, fesiamay choose genetically

compatible mates, in a way to obtain optimal ffspfing.
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2.CAROTENOID -BASED PLUMAGE COLOURATION AS A HONEST SIGNAL

Physiological costs and limitations could constridi@ evolution of colouration, and
in this way colouration could honesty signal indival quality. Bright plumage
colouration of birds is an example of evolution todits by sexual selection and
frequently signals physical condition, health orgs#te resistance (Andersson 1994;
McGraw and Ardia 2003). In particular, carotenoadociration of male passerine birds
is thought to be used by female mate choice (Hil6b) and sexual selection should be
stronger for carotenoid-based rather than melaaset colouration (Badyaev and Hill
2000). Carotenoid-based plumage colouration is mpbtex trait, which could be
signalling multiple quality aspects and could bdeetd by different individual
parameters.

Carotenoids are responsible for the red, orangeyatidw colouration of sexual
ornaments (McGraw 2006) and are a common traiemed by females (Peters 2007).
Carotenoids cannot be synthetized by vertebratescan only be acquired in their diet
(McGraw 2006), which can limit their expression piumage. Besides acting as
colorants, carotenoids have a variety of physiaaliroles in birds. One of the
recognised functions of carotenoids is at the lefetells protection from oxidative
damage (Burton 1989) and boosting of the immun&sygChew 1993; McGraw and
Ardia 2003). However, at very high concentratioresotenoids can have a pro-oxidant
action (Young and Lowe 2001).

Identifying the limit factors in the pathway betweenutritional access and
colouration is essential to understand how caratebased ornaments evolved and are
maintained as honest signals (McGraw 2006). Compieteractions between
carotenoids, testosterone, parasites and immureeitggould be crucial to the role of
honesty in carotenoid-based signals (McGraw andaA2803), which have not been

tested yet (Blas et al. 2006).
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2.1. Carotenoids

Carotenoids are molecules that can be divided im t¥asses accordingly to the
presence or absence of oxygen. Carotenes }faarotene) are non-oxygenised
carotenoids, non-polar and lipid soluble, whereastixophylls (as zeaxanthin, lutein)

contain oxygen and are much more polar (McGraw R0eigure 1).

. Wm

HGA"A"

Figure 1 Chemical structure of carotenoids common in bidists: (A)B-

carotene and (B) lutein.

Vertebrates can obtain carotenoids by consumingealdungi and plants or by
ingesting animal preys rich in carotenoids. Aftke tingestion, carotenoids must be
absorbed. In vertebrates, carotenoids diffuse tirothe intestine along with some
lipids into bloodstream. They can after be modifietd different forms (Brush 1990)
(Figure 2). The main dietary carotenoids in birdslatein, zeaxanthin, the carotenes (
andp), and the cryptoxanthing @ndf) (McGraw 2006). Carotenoids could be present
in birds’ serum in a very variable range of concatndns (Tella et al. 2004) and plasma
carotenoid concentration is related to integumen{@icGraw and Gregory 2004;
Negro et al. 1998) and plumage colouration (Hillakt1994). In feathers, carotenoid
pigments can protect from UV radiation (Bortolotl006), have a role on

thermoregulation and protect from bacterial degiadgdGrande et al. 2004).
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Carotenoid Metabolism
M [ipar) i3}
Location ,. Ingestien Absorption __ Transpont ___ Deposition ____ d‘;l Eeather
{envinonment) {bally {intesfine) (blood) (follicle) ]
1
Acquisition Utilization

Figure 2 Pathway of carotenoids from acquisition throughas$ition in the
integument of the birds. In parentheses is theirsitehich each stage occurs.

Adapted from McGraw and Hill 2001.

Yellow to red carotenoid-based plumage also refle¢he UV part of the spectrum.
Recent research has shown that in feathers alliobre produced by an interaction of
pigments and feather structure (Fitzpatrick 199&nP 2006; Shawkey et al. 2006;
Shawkey and Hill 2005). The typical reflectanceveuof serins yellow plumage, with
canary xanthophyll A and B (Stradi et al. 1995, @)9% represented in Figure 3, with

one peak in the UV part of the spectrum and a alagtarting proximally at 550 nm.
20
15 A

10 1

% Reflectance

300 400 500 600 700
Wavelength (nm)

Figure 3 Reflectance spectrum from the yellow carotenoiseldaplumage

of European serinSerinus serinus. Raw data from the breast of a male.
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2.2. Hormonal control of colouration

Hormones regulate several behavioural, physioldgiod morphological processes
in animals, and are thought to mediate trade-offsabse they produce antagonistic
effects on different body components (Ketterson &lulan 1992). Colouration of
plumage and bare parts in birds are under hormandl nonhormonal regulation
(Kimball 2006). The hormonal regulation of coloumatincludes oestrogens, androgens
and the peptide hormone, luteinizing hormone (LKimball 2006). Testosterone, a
steroid androgen hormone produced by the testabeisnain male hormone (Peters
2007) and its effects are well known on severa fifocesses, including reproduction
and development of secondary sexual traits. Testwst has also been associated with
physiological and behavioural costs on individu&sngfield et al. 2001). These costs
can be increased basic metabolic rate (Buchanah 2001), increased level of stress
hormones (Ketterson and Nolan 1992) or decreasedumity (Casto et al. 2001,
Mougeot et al. 2004; Verhulst et al. 1999). Thusstdsterone could provide a
mechanism for reinforcing the honesty of ornamegriads.

Two hypotheses have been formulated to explairogestone effect on honesty
signal reinforcement mechanism. The immunosuppessi testosterone leads to the
formulation of the immunocompetence handicap hygsith (ICHH), suggesting that
ornaments and immune system compete for resoufodstdd and Karter 1992). Only
individuals with good immune systems could withdréne costs of high testosterone
levels and develop elaborate ornaments. More riggetite oxidation handicap
hypothesis (OHH) suggests that high testosteroreddeénduce oxidative stress, and the
ornament signals the trade-off between expressmuhrasistance to oxidative stress
(Alonso-Alvarez et al. 2007; Alonso-Alvarez et 2008).

In birds, testosterone is involved in developmehtsang, sexual ornaments and
behaviour (Alatalo et al. 1996; Ball et al. 2003%&tterson and Nolan 1992; Wingfield et
al. 2001; Zuk et al. 1995). Testosterone contratd bolouration based on melanin
(Békony et al. 2008). It increases the bib sizehofise sparrow®asser domesticus

(Buchanan et al. 2001; Evans et al. 2000; Gonzstle#. 2001) and is involved in the
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development of nuptial plumage in males superlyfairensMalurus cyaneus (Peters

et al. 2000). Carotenoids used in ornaments cam lads modulated by testosterone
(Andersson 1994; McGraw et al. 2006), but to dat influence of testosterone has
been seen mainly in bare parts and the skin. The dieidies that investigate the
relationship between carotenoid-based plumage cation and testosterone found
contradictory results. In blue tiSyanistes caeruleus, testosterone enhances structural
carotenoid colouration (Roberts et al. 2009); Inuteid-legged partridgeMectoris rufa

the presence of an effect was dependent on agagédAlvarez et al. 2009).

2.3. Parasites and colouration

Birds could have a variety of parasites with difgly ways of affecting
ornamentation. Hamilton and Zuk (1982) proposed #grondary sexual characters
evolved because they honestly signal resistanpartasites and disease. Accordingly to
this hypothesis most carotenoid-based colouratiboulsl be sensitive to parasite
infection (Lozano 1994) and indeed, parasites Hzeen shown to negatively affect
expression of carotenoid-based ornamentation (Baeth 2008; Mougeot et al. 2007).

Coccidia (phylum Apicomplexa, sub-order Eimeriojirere protozoan parasites,
whose oocysts are present in the faeces of animhése infections are very common
in wild birds, and in most birds, coccidian causm4fiatal chronic infections. When
coccidia encyst in the gut line, cause a thickemmhthe epithelium, which inhibits the
absorption and transport of carotenoids (Hill 2Q0®%egative relationships between
coccidian infection and carotenoid-based colourati@re found in different passerine
species; house finches (Brawner et al. 2000), AcaarigoldfinchesCarduelis tristis
(McGraw and Hill 2000) and greenfinch€arduelis chloris (Horak et al. 2004).

Ectoparasites have also been proposed to affeatiecenid colour expression. Feather
mites abundance during moult negatively affectspilaenage colouration in a series of

species: house finche€arpodacus mexicanus (Thompson et al. 1997), wren
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Troglodytes troglodytes, dunnockPrunella modularis, robin Erithacus rubecula, blue

tit, great titP. major, chaffinchFringilla coelebs, greenfinch, linneC. cannabina, and
yellowhammerEmberiza citronella (Harper 1999). In serins, the abundance of feather
mites during moult was negatively correlated whle plumage colouration developed
(Figuerola et al. 2003). Also, feather-degradingtéaa could change the appearance of
colouration, presumably by affecting structuralocol (Shawkey et al. 2007). Although
results are not clear, with some authors findingrelation (Cristol et al. 2005) and
others finding positive relations (Shawkey et 8l0?2).

Despite these results and due to the lack of kraydeabout the real host—parasites
interactions, some authors indicate that thereoievidence of all of these parasites
having a negative effect on host condition andeBs Colouration could reflect the
overall intensity of parasite infection rather tithe individual parasite load or absolute

parasite burden (Biard et al. 2010).

2.4. Immunocompetence and colouration

The immune system of vertebrates comprises thrgelsleof defence, acting
altogether. The first is physical barriers thattpcod the entry of infectious agents into
the body, like skin and mucous secretions (Delveal.e2009). The second level is
provided by the innate immune system, a generahist effective system. Although
being highly efficient, the innate immune respors@snot always enough to cope with
infectious agents. So, the immune system has aieldael of defence, the specific
acquired immune system, i.e. the adaptive elemdihis.acquired immune responses
take a few days to be active but they are spettifan infectious agent. This response is
mediated primarily by T- and B-lymphocytes, thatagnize the antigen (Delves et al.
2009).

The complexity of the immune system could only bseased by an array of assays,

and the majority of studies of immunocompetencéehavioural ecology have used

10
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only one or two immunological assays (GaramszegleR004; Horak et al. 2006;
Roberts and Peters 2009; Saks et al. 2006). Wesehimouse two of the mostly used
immune challenges in bird studies: the phytohaeméigg-P (PHA-P) and sheep red
blood cells (SRBC).

The PHA-P injection assay is used to evaluate tbbf@ration of multiple immune
cells and involves both the innate and adaptivenetds of the immune system (Martin
et al. 2006). The relationship between this immuegponse and colouration is not
clear, with positive (McGraw and Ardia 2003; Zukdadohnsen 2000), negative
(Karadas et al. 2005) and null results (Biard eR@D9; Navara and Hill 2003; Saks et
al. 2003; Svobodova et al. 2013).

The SRBC challenge mimics a challenge to an indafid immune system by a
novel pathogen and, in that way, controls for peaposure, acquired immunity or
differences in susceptibility, and involves the @dae immune system. SRBC
immunization triggers T- and B-cell responses,udaig initial antigen recognition and
presentation and production of specific antibodiess et al. 2008), and for that reason
SRBC immune challenge is considered to be an esirafthe acquired immune
system. SRBC responses positively relate with oerdation in some species (McGraw
and Ardia 2003; Saks et al. 2003), but have natiogleon others (Navara and Hill
2003).

2.5. Female colouration and sexual selection

Traditionally, the elaboration of ornamental traltas been generally described
focusing on males while the evolution of femaleocwation has been neglected
(Amundsen 2000). Females have a higher parentasiment, for gametes or after
fertilization, so receptive females are rarer (Kokdnd Jennions 2003). Males have a
higher potential reproduction rate, due to the pobidn of small low cost gametes and

to a more reduced parental investment. Also, varidah operational reproductive ratio

11
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may render receptive reproductive females scaftan reproductive males so that,
typically, males compete for access to females.féksales have a lower potential
reproductive rate, mate choice became much impraaa females carefully choose a
mate in order to get the best survival descend¢oitKo and Jennions 2003). However,
conspicuous female colouration is widespread ambinds (Clutton-Brock 2009;
Kraaijeveld et al. 2007) and there are three maplamations for female colouration:
the genetic correlation (Kraaijeveld et al. 200@ntde 1980), the mutual mate choice
(Clutton-Brock 2007; Johnstone et al. 1996) andadselection (West-Eberhard 1983).
The genetic correlation hypothesis explains fersaleuration as non-functional by-
products of sexual selection over male traits (Hesald et al. 2007; Lande 1980). The
mutual mate choice hypothesis states that althawgles are normally the most
competitive sex, females could be similarly contpetiand be chosen (Johnstone et al.
1996). This should occur when males make a largéribation to parental investment.
And the social selection hypothesis explains taatdle colouration could have evolved
due to interactions between individuals outside dbetext of reproduction, involving
sexual and nonsexual competitions (Lyon and Montg@2012). Social competition
could be over some ecological resources, like fabelter or nesting material (West-
Eberhard 1983) and influences the evolution of weapornaments and behaviour in

both males and females.

2.6. Status signalling

There is some evidence that avian ornamental cabplumage and bare parts also
have a role in status signalling, besides sexggladiing (Kraaijeveld et al. 2004). In
conflict situations, males try to evaluate fightiability of opponents, avoiding direct
confrontation (Maynard Smith and Harper 1988). Agéabody of empirical support for
status signalling came from studies with passeriRsmage colours could be used to

assess individual fighting ability, establishingndpance in contests and acting as a
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badge of status. Plumage status signalling is ofiesociated with melanin (Senar
2006), nevertheless, carotenoid-based status signalpresent in different bird species,
as yellow warblersDendroica petechia (Studd and Robertson 1985), red-collared
widowbirds Euplectes ardens (Pryke et al. 2001), red-shouldered widowbirls
axillaris (Pryke and Andersson 2003) and rock sparRatvonia petronia (Griggio et

al. 2007).

3. MEASURING PLUMAGE COLOURATION

Different animals perceive colours in different wayrhe eyes of most vertebrates
have several cone photoreceptors cells that arsitsento different parts of the
spectrum. In the photoreceptor cells there areuretboil droplets that function as light
filters, changing the sensitivity of those coned ahus, changing colour vision
(Vorobyev 2003). Birds perceive colours in a difier way than humans, due to three
main differences between human and avian colouorvi@~igure 4). The first is that
birds have a broader spectral range than humaaslother limit of the spectrum is
about 400 nm for humans and about 300 nm for Ki@ashill et al. 2000; Hart 2001).
The second difference between humans and birdstigei number of cone types in the
retina, humans have three and birds had four calone types (Maier and Bowmaker
1993). Birds have long (LWS), medium (MWS), sh@WS) and ultraviolet (UVS) or
violet (VS) waves (Cuthill 2006) possessing tetragmtic vision. And the last
difference between avian and human vision is tHedwmplets that filter the light
entering the cones (Cuthill 2006) and increasesucdliscrimination (Vorobyev, 2003)
(Figure 4). Due to these differences, specific nézdd methods are needed to access
avian colouration considering their sensorial cépmsc Nowadays, the most common

method to quantitatively measure bird colouratien to determine a reflectance
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spectrum in the 300 nm to 700 nm using a portapkctsophotometer and then to

calculate some variables from those data (Montg@2£06).

Biue Blue-Graern Yellow-Grean
A (420) (534) (564) B e i
5 3 R £ } '
; ;
& &
4 2
:
£ i
g 2
3 3 -
Wavelangth (nanomatars) Wavalength (nanomelars)
300 350 400 450 500 S50 BO0 650 700 300 350 400 450 500 S50 600 650 700

Violet Blue Cyan Green Yelow Red Violel Blue Cyan Green Yellow Red

Figure 4 Spectral sensitivities of visual pigments in thiegk cones of

humans (A) and a bird (B) (adapted from www.diyaétor.com).

One of the most common colour descriptions usethénstudy of birds has been
tristimulus variables: hue, saturation and brighgtn@HSB) (Table 1), that correspond to
the three major axes of colour variation perceibgdhumans. Hue represents “colour”,
saturation is the “purity” of colour and brightnesghe “intensity”, an index that can be

used to compare individuals and species (MontgaT#06).

Table 1 Tristimulus colour variables (Montgomerie 2006)edsin the
analyses of birds’ colour®;; represents the percentage of reflectandg at

(wavelength) anat,, the number of wavelengths intervals used.

Colour variable Formula
Hue (H) H = ARmid = (Rmax + Rmin)/2
Saturation (S) S = (Rmax — Rmin)/B
700 R
Brightness (B) B = Z Yn,,
320
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The popularity of the HSB tristimulus model is bésen the easy human
visualization and interpretation. However thesealdes do not represent exactly the
birds’ ability to perceive colours.

Just recently, researchers have started to inastigvian signals from the avian
perspective, with some authors’ recommendations® instead avian visual models,
based on the birds’ physiology and perception @t al. 2011). These models are the
only ones that closely assess what birds percaivesstimate of photon catch of each
birds’ single cone receptor is calculated, basedhenirradiance spectra of incident
light, the reflectance properties of feathers, titasmission properties of air and the
birds’ ocular media and the spectral sensitivitiEthe birds’ retinal cones (Vorobyev et
al. 1998). Since the data for all species is it kmbwn, commonly is used a close
species as estimate. There are several approaohésedse models, but the most
commonly used is the tetrachromatic visual model \lrobyev and colleagues
(Vorobyev and Osorio 1998; Vorobyev et al. 1998)isTtype of visual model describes
colour by chromatic and brightness variables, t@gkiito account feather reflectance,

ambient illumination, and background colour.

4. M ODEL SPECIES

European serins are small cardueline finches, kpecreonogamous and gregarious.
Males sing virtually all year round, although margensively during reproductive
season, stimulating nest-building behaviour (MA8% Mota and Depraz 2004). Male
European serins exhibit bright yellow colouratianguced by carotenoids (Stradi et al.
1995) on forehead, supracilium, throat, breast,laog@ygium. On the back they present
green-brownish colour with grey-brownish strikesisTspecies is sexually dimorphic,

with females being drabber than males (Figure®)ediles are more similar to females,
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and moult their plumage into adult plumage durimg &autumn of the first year (Cramp
and Perrins 1994).

European male serins use canary xanthophylls A Biras major carotenoids in
feather colouration (Stradi et al. 1995), which ayathesised at feather follicle from
lutein and zeaxanthin acquired from diet (McGraw &regory 2004). The serin diet is
almost composed by Brassica seeds, with some ooesmall invertebrates (Cramp

and Perrins 1994).

Figure 5 Representation of European seri@ainus serinus). A: adult male;
B: adult female; C: Juvenile; D: adult male in fiigAdapted from Clement
et al. 1993.

The reproductive season takes place between ldirudg and July, with males
singing intensively during the entire breeding seasThis species is socially
monogamous with semi-colonial breeding grounds é@vand Hoi-Leitner 2003).
During breeding season, male serins guard theiesnamd perform intense extra pair
behaviour, however with low (Hoi-Leitner et al. Bd%®r no extrapair paternity detected

(Mota and Hoi-Leitner 2003). In the serins the péakcare is high and shared by males
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and females (Mota and Hoi-Leitner 2003). In this@es, vocal communication is vital
and high vocal interaction is present between iddiais (Mota 1999; Mota and Depraz

2004).

5. OBJECTIVES AND OUTLINE OF THE THESIS

With this research | wanted to investigate the rma@ms and factors acting on the
expression of the European serin plumage colouradind determine if this trait is an
honest signal. | wanted to study if there is ati@hship between sexual ornamentation
with physical condition, parasite load, immunocotepee, hormones, and diet.

High quality individuals should be able to foragedametabolise food better,
enhancing their ornamentation. Therefore, diet maation of males allowed me to test
if carotenoid-based ornamentation is nutrition delemt. In order to determine what
were females choosing, males were measured in dégering of the reproductive
season and a relationship between colouration, @ggsical condition, and parasites
was investigated. Another objective was to testiyothesis of testosterone-dependent
carotenoid-based ornaments, with more colourfulesiéleing able to cope with higher
testosterone levels. Moreover, | wanted to disclbf&male plumage colouration could
function as a signal, used in intra or inter sexaedéction, or could be only a genetic

correlative trait.

In more detail, my objectives were:

1. Experimentally modify the access to carotenoids iamdstigate its effect on
immune response, plasma carotenoid levels and Xpeession of plumage
colouration;

2. Quantify the relationship between morphometric phgsiological variables

and colouration expression;
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3. Experimentally modify the plasma androgen leveld iavestigate the effects
on physical condition and the expression of plumageuration;

4. Investigate the function of plumage colouratiorierhales.

5.1. Chapter 2: Nutritional control of the signal

In chapter 2, | experimentally modified the birdgt and investigated the effects on
blood carotenoid concentration, immune respongesphysical condition. Moreover, it
was observed the effect on plumage colourationfamale preference.

An honest signal should be costly to produce, aexlia selection favours the
evolution of honest signals, as carotenoid-basdducation. These pigments have
several physiological functions, besides actingasrants, so a trade-off for carotenoid
availability has been suggested. Recently, it hasnbproposed that carotenoid
colouration could signal the overall anti-oxidaniafity of an individual (Hartley and
Kennedy 2004). The antioxidant machinery is modualaty vitamins, namely vitamin
A; animals can’t synthetize vitamin A, but couldtaib it from diet or metabolize from
vitamin A precursors, such fiscarotene (Hill and Johnson 2012). | wanted to @&l
if the availably of dietary-carotene could affect the condition, colouratiapression
and female preference in this species. Throughng lexperiment, | found thdi-
carotene effectively enhanced immune responsesmgga colour and female
preference, supporting the possibility of an inclireole of diet in yellow carotenoid

colouration.

5.2. Chapter 3: Colouration, age, body condition ash parasites

In chapter 3 | wanted to study if there was a ligtween colouration, age, parasite

load, and morphometric variables in male seringugh a field work with free living
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birds. Due to the condition-dependence of carotebaised colours, it is expected that
older, high-quality males are more colourful.

In a four year period, during pair formation ancduing season, | captured and
measured male serins in the wild. | found that golplumage expression could be
predicted by age and ectoparasite load. | alsouated two different colorimetric
techniques, tristimulus variables and models o&mawolour vision, and found that they

were highly correlated.

5.3. Chapter 4: Hormones and signal expression

In this chapter | experimentally manipulated thenmane concentration of males
during moult in order to access the effects on hayscondition and plumage
colouration expression.

Androgens regulate several physiological functiohsndividuals and many male
secondary traits, as well as reproductive behaviplaugeot et al. 2003). Carotenoid-
based colouration is a common sexual trait in badd could also be modulated by
testosterone (Blas et al. 2006; Peters 2007). lamed serin males with testosterone
before plumage moult and evaluated the effectslomgge colouration and physical
condition, during and after moult. | found thatttsserone levels during moult had only
a negative effect on the size of the yellow plumpgteh, revealing a limited effect of
testosterone on a carotenoid-based plumage calmuradlthough not significantly
different between groups, testosterone treatmegatinely affected UV-chroma and
nearly saturation. Besides, contrary to expectestosterone did not decrease males’

physical condition.
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5.4. Chapter 5: Female signal colouration

In chapter 5, | wanted to disclose if the colounatof the plumage of females could
be a signal used in sexual or social contextsmyrafunctional by-product of selection
on male ornaments.

In this species, females also present plumage rion, although they are drabber
than males. | wanted to test if this ornament hssxaial function or a social function by
performing respectively, a male mate choice trald a test of social competition for
access to limited food. | also studied a possiile between plumage colouration and
physical condition, age and parasites, and founten@/ith the male mate choice trials
| found no evidence for sexual selection on camteébased ornamentation. Males
prefer females that were available, independentheif colouration. Further, in social
competition tests, although females formed steegpralthies, dominance was not
associated with ornamentation. These joint ressiiggest that in this species, the
variation on female plumage colouration is a resiltgenetic correlation with the

males’ trait.

5.5. Chapter 6: Conclusions

In this chapter | briefly discuss the main resdiftsm all the previous chapters. |

present general conclusions and possible resaaeshfbr future studies.
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What is the value of a yellow patch?

ABSTRACT

Sexual selection promotes the evolution of sigmany of which can reliably
indicate condition, health, or good genes of indlinals. In order to be evolutionarily
stable, indicator signals must be costly to prod@arotenoid colouration evolved in
many species by sexual selection. Carotenoids égsdting as pigments have been
implicated in immune defence and anti-oxidation ckhmakes them likely candidates
for honest signalling. A trade-off for carotenoidadability was proposed as the basis
for signal honesty. Alternatively it was suggestbdt carotenoid colouration is not
advertising the presence of the pigmpat se, but the quality of anti-oxidant resources
which then affect carotenoid concentration. Onesiiilgy is that carotenoid-based
colouration could signal colourless antioxidant hesdsms, which are partially
regulated by vitaming3-carotene is one of the most common precursorstafmin A,
and although present in birds diet, is not avaddbt feather colouration. If an indirect
association exists between carotenoid signal amdlitton then manipulation of-
carotene concentration could reveal that this ignikdirect.

We tested this by conditioning the availability pfcarotene in the diet of a
cardueline finch with yellow carotenoid colouratigitcarotene-supplemented males
had higher plasma carotenoid concentration andehigksponse to a cellular immunity
challenge (PHA) than control maleg-carotene-supplemented males also had more
saturated plumage colouration and were preferre@ioales in a mate choice test. Our

results support the possibility of an indirect rfeyellow carotenoid colouration.

Keywords: carotenoid-based ornamentation; immune respaasegration; sexual

signals; sexual selection.
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| NTRODUCTION

Sexual selection is an evolutionary process thaiues the evolution of a class of
signals which are indicators of quality (Andersd®94). The evolution of these signals
is dependent on the existence of costs for thedywstion and maintenance, since only
signals that are costly can be ‘honest’ indicatdrguality (Zahavi 1975; Grafen 1990;
Searcy and Nowicki 2005). Carotenoid colouratiorwidespread among vertebrates
and is frequently involved in sexual signalling $&h and Owens 1998; Mgller et al.
2000), including most of the yellow, orange and cetburation of the integuments of
birds, reptiles and fishes (Olson and Owens 1998) & widely accepted to be
condition dependent, linked to individual abilitg acquire, assimilate and process
carotenoids (Hill 1990; Hill 1999). The conspicuqulemage colouration of birds is a
main example of signal evolution by sexual select{McGraw 2006). Carotenoid
colouration is one of the most widespread typeoafad signals in birds and, one of the
best studied kind of ornamental traits, being imedlin sexual communication, nestling
signalling and mate choice (H6rak and Saks 2008). &xample, it was shown that
females prefer to mate with males that display motense carotenoid colouration in
house finche<arpodacus mexicanus (Hill 1990; Hill 1994; Hill et al. 1999; Toomey
and McGraw 2012), American goldfinch€arduelis tristis (Johnson et al. 1993),
yellowhammersEmberiza citronella (Sundberg 1995), zebra finché&eniopygia
guttata (Simons and Verhulst 2011) and sersiesinus serinus (Leitdo et al. 2014).

Carotenoids act as pigmentary molecules of brigjinhpge, fleshy tissues and other
bare parts, but they can also be stored in the, lorefat depots from which they might
be mobilised (Ninni et al. 2004). According to tpeggment allocation hypothesis
(Lozano 1994), the maintenance of honesty of segigalals is assured by two non-
mutually exclusive factors: 1) dietary carotenaads a limiting resource (Endler 1983)
and 2) carotenoids have antioxidant functions andutate immune responses. A trade-
off was assumed to exist between the use of cavimt®mn ornamental colouration and
in several physiological functions, which would agsthe honesty of the signal (Blount

2004). These pigments are not synthesized by vatet) so they have to be acquired
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through their diet as intact macromolecules (Goodi@84; McGraw 2006), which can
be a limiting factor through pigment availabilitgnd can contribute to the signal
reliability of the animal’s foraging capacity andnalition. Other costs could contribute
to the honesty of the signal such as those retatathintaining physical condition or to
other fitness related traits (Lozano 1994; McGrawl &rdia 2003; Blas et al. 2006;

Pérez-Rodriguez et al. 2010). It is known that ¢h@sgments are health-related,
enhancing immune function and antioxidant actiyltpzano 1994; Olson and Owens
1998; Blount et al. 2003; Faivre et al. 2003; rexd in Blount 2004). This was

recently supported in a meta-analysis by Simored.R012). Carotenoids are thought
to be responsible for enhancing immunity mediatgadils, antibody production, gene
expression, and for enabling protection to celld assues from oxidation (Chew and
Park 2004). They can also inhibit mutagenesis aawk ha role in photoprotection

(Bendich and Olson 1989; Krinsky 1989).

There is clear evidence that carotenoid availgb#itfects colour expression and
immune response. In several species of birds, eaoad-supplemented males had
higher immune responses than non-supplemented ifi@asglio et al. 2002; McGraw
and Ardia 2003; McGraw and Ardia 2005; Aguilera ahahat 2007), and improved
growth and survival (Saino et al. 2003; Biard et2806). Also, more colourful birds
had higher immune responses (Saks et al. 2003; &UP08) and experienced less
oxidative stress (Pérez-Rodriguez et al. 2010).v€mely, immune activation caused a
decrease in colouration and plasma carotenoid deg#®lonso-Alvarez et al. 2004;
Peters et al. 2004; Baeta et al. 2008; Pérez-Raelriget al. 2008). However, other
studies have failed to find a relationship betwearotenoids and oxidative streiss
vivo (EI-Agamey et al. 2004; Hartley and Kennedy 2004 )addition, in high dosages,
carotenoids could even have a pro-oxidant actifitgrtrand et al. 2006a; Costantini
and Moller 2008; Huggins et al. 2010).

Countering the trade-off hypothesis for the honedtgarotenoid signalling Hartley
and Kennedy (2004) suggested that carotenoids mighsignal directly the carotenoid

antioxidant capacity, but instead signal the qualitother antioxidant resources of the
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animal. Antioxidants are molecules that scavengee fradicals, thus preventing
oxidative stress to damage cells (Surai 2002; Mertiet al. 2008), and these
antioxidant molecules include vitamins C, E andaAd antioxidant enzymes (Hartley
and Kennedy 2004). Vitamin A has a variety of fumas on basic life processes such as
vision, reproduction, growth and development, als @n redox homeostasis, and is
obtained from animal tissues or derived frghatarotene and other pro-vitamin A
carotenoids (Biesalski et al. 2007). Thus, if theailability of carotenoids which do not
take part in colouration was increased, and thexe both an increase in health related
functions and in colouration, then this would cdnst a proof for the indirect
signalling role of carotenoid colouratiofrcarotene is a powerful antioxidant molecule
(Bendich 1989; Krinsky 1989; Chew 1993), possessenunoregulatory activities
(Bendich 1989; Chew 1993; Cucco et al. 2006) and bne of the most important
vitamin A precursors (Chew 1993), and also is n@bived in feather colouration. [
carotene can protect pigmentary carotenoids froiation, it is possible that it also
affects carotenoid uptake into feather colouratemy signal expression in an indirect
way.

In order to test this we conducted a full year-ewtudy, manipulating-carotene
availability for male European serinSinus serinus) during moult, testing its effect on
immune and physical condition, on plumage expressand lastly testing its effect on
female choice over these males in the followingetireg season. The European serin is
a small social sexually dichromatic seed-eaterhfifCramp and Perrins 1994) with
males exhibiting a carotenoid-based yellow plumésteadi et al. 1995a) which goes
through a single post reproductive moult (Paganiiédu and Senar 2012). The
colouration of serin feathers is the result of defen of canary xanthophylls A and B
(Stradi et al. 1995b), resulting from oxidizatiohdietary lutein (McGraw et al. 2001).
Carotenoid colouration has been shown to be sgxsalbcted in serins (Leitdo et al.
2014) and related to survival in the wild (Paganifz and Senar 2012). Thus we
predict that: 1)3-carotene-supplementation will enhance the plasanatenoid levels,

immune system and physical condition of malesp-2protene-supplementation will
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enhance the colouration of males and3®)arotene-supplemented males are preferred

by females in mate choice experiments.

METHODS

Subjects and housing

Males were captured in the winter (months 1 - 2Fig. 1), with mist nets in
agricultural fields nearby Coimbra, Portugal. Birdere ringed and housed at the
Department of Life Sciences, University Coimbrailutiie end of the experiments
(month 17 in Fig. 1), in wired cages, under natlighit and ventilation, witkad libitum
access to a commercial food mixture (European [escRrestige, Versele-Laga,
composition: canary seed 46%, rapeseed 22%, nagel 8%, linseed 7%, peeled oats
6%, hempseed 5%, wild seeds 5%, radish seed 1%panach seed 1%), tap water and
commercial mix grit with oyster shell. All maleschad libitum access to the same seed
mixture and had a supplement of glucose two timegek. These conditions allowed
males to moult on a natural light regime. A subidfethose birds was subject to mate

choice tests in the spring of 2010.

Morphometric and coloration measurements,

blpod collection and immunity challgnges
Male Female  Female

capture | capture  mate choice

N R B R A N
I

¥ |
| f e I I N
1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17118

Carotenoid supplementation Bird release

Figure 1 Experimental timeline. Numbers are months (Month January
2009).
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Morphometric and colouration measurements, blootlectiion and immunity
challenges were made before and after the caratesnpplementation (months 3 and 11
in Fig. 1).

Physical condition was calculated as the residofas regression of body mass over
tarsus length, a reliable and the most used ediofatondition (Jakob et al. 1996; Ots
et al. 1998). The relationship between the twoaldeis was linear, with residuals over
tarsus having an even distribution (Schulte-Hostegtchl. 2005). Ectoparasite mite load
on wing feathers was assessed by an estimatingochédliowing Behnke et al. (1995;

1999).

Carotenoid supplementation

Males were randomly assigned to two treatment ¢mmdi before moult$-carotene-
supplementationp¢supplemented-males) that received daily 0.23¢gfhrotene diluted
in water as a substitute for water, and control-sgpplemented males (control), which
only received water. This carotenoid dosage wasnatéd by comparison with other
studies (e.g. Navara and Hill 2003) and by a previexperiment in our laboratory. The

carotenoid supplementation lasted for the entiraltrperiod (months 7 to 11 in Fig. 1).

Measurement of carotenoid plasma concentration

Plasma carotenoid concentration was determinedangmission spectrophotometry,
following a protocol that provides good estimatet mlasma total carotenoid
concentration, which are highly correlated withutes from high-performance liquid
chromatography (Alonso-Alvarez et al. 2004; Agulend Amat 2007). Carotenoids
were quantified by diluting the plasma into 100%tace (1:10), vortexed for 5 s and

centrifuged, at 1000 rpm for 10 min, to precipitatee flocculent protein. The
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absorbance of the supernatant was measured withnamission spectrophotometer
Shimadsu UV-1601, at 476 nm. The total plasma eamtls concentration (ug/ml) was

calculated using a standard curve of Lutehtarotene-3,3'-diol’ (Sigma-Aldrich).

Tests of immunity response

Two immunity challenges were performed: the Sheepl Blood Cells (SRBC)
haemagglutination assay and the Phytohaemagglyiii-P) wing web assay. SRBC
antigens challenges T-dependent humoral immunitg @ al. 2001; Hasselquist and
Nilsson 2012) and PHA-P wing web challenges the umity mediated by cells,
involving both innate and adaptive responses ofrtlraune system (Martin et al. 2006;
Tella et al. 2008). For the SRBC assay, males weareulated, intra-abdominally, with
20 pl of 2% SRBC in PBS (phosphate buffered saliAejveek later about 100 pl of
blood was collected from birds, centrifuged, and pghasma was preserved in —20°C.
Plasma was used to perform a haemagglutinatiory assag a base 2 serial dilution.
The trite of the antibody was given by the lastlweth agglutination. For the PHA-P
wing web test we used a protocol following Smitalet(1999) by measuring the wing
web of males twice (with values being averagedpigefnoculation. Birds were then
injected in the wing web with a suspension of 20RHA-P (Sigma-Aldrich L-8754,
USA) in 20 ul PBS, and the wing was measured agher 24 h, following the same
procedure. The intensity of response was asseblsedgh wing swallowing between
the two measurement days. We used a calliper tagheest 0.01 mm to measure wing
web thickness at the injection point. All measurateewere made by the same

researcher (PGM), who was unaware of birds’ treatroendition.
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Colouration measurements

We measured the plumage colouration of males widpectrophotometer Ocean
Optics USB4000 (Ocean Optics, Dunedin, FL, USA}hvdeuterium and halogen light
source (Mikropack Mini-DT-2-GS, UV-VIS-NIR), emittg light between 300 nm and
700 nm, and an optical fibre reflectance probe @c®ptics R400-7 UV/VIS), held
vertically, attached to a rigid black holder torgtardise the distance between probe and
sample (3 mm), providing a sampling area of 28°mAll measurements of the
spectrum were expressed as the proportion of figlative to a white standard (Ocean
Optics, WS-1-SS White Standard). We took measuré&nin four different areas:
forehead, throat, breast and belly, making thredirgs from each sampled area which
was averaged. For each area, we calculated tristsraolour variables from spectral
reflectance data between 320 and 700 nm, incluttiedJV region (320 to 415 nm), to
which birds are sensitive (Cuthill 2006): brightee&)V-brightness, saturation, UV-

chroma and hue (Montgomerie 2006). Brightness veaspated ag 2299 R;/n,, (1),

UV-brightness  as zﬁg;g R;/n, (2), saturation was computed as
(Rimax — Rmin)/brightness (3), UV-chroma as(Rpyuxuv — Rmin)/brightness (4)
and Hue adR,,;; = (Rax + Rmin)/2 (5); whereR,; is the percentage of reflectance
at A; (wavelength)n, is the number of wavelengths intervals used (Momgyrie
2006). For data reduction, we performed three RraicComponent Analysis (PCA) for
saturation and UV-chroma (hereafter designatechasation), for brightness and UV-
brightness (hereafter designated as brightnessfartiue, before and after treatment.
1% factor of PCA for saturation explained 46.7% ofiation, before treatment, and
39.1% of variation, after treatment. For brightndssfore treatment, the’factor of
PCA explained 39.9% of variation and, after treatin83.3% of variation. Finally, for
hue, before treatment, thé' factor explained 53.9% and, after treatment, 58&%
variation. All variables had positive loads on tifé factor. The area of the yellow
patches of forehead and chest were measured byapperg transparent grids and

counting the number of squares covering these .areas
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Mate choice experiment

Females were captured during the winter (months IBin Fig. 1) and were housed
In separate cages in the same facilities, but matlvisual contact with males. The mate
choice experiments were performed in a test rooith, three compartments (main: 155
X 272 x 220 cm; smaller: 112 x 136 x 220 cm) (detia Leitdo et al. 2014). This two-
way apparatus has the best performance in this dfindst, with low estimation errors
(Bruzzone and Corley 2011). The aviary apparatasfalrspectrum fluorescent lights
(Philips TL950 Full Spectrum Fluorescent). Durimgnls, a female was placed in the
main compartment, facing the two males and semhfaben them by a glass. The two
males were in adjacent compartments separated mpague wall. Twelve females
were used in the tests performed in early springr(id 17 in Fig. 1). Each female was
tested only once against a pair of males, one feach treatment group. Males were
randomly assigned to each of the two compartmemtsrder to eliminate possible
female positional preferences. No combination ab twales was repeated. The trials
lasted 45 min, being the first 15 min consideretitoation time. Tests were video-
recorded and the analysis was performed with thee@er 5 software (Noldus,
Wageningen, The Netherlands). The closest areatb enale’s compartment in the
female’s compartment was designated as female@i¢eharea” (see Fig. 1 in Leitdo et
al. 2014). We used time spent by females in theragtion area of males as a

measurement of female preference (Nolan and HO#2&nd wherein references).

Statistical analysis

We performed a one-way ANOVA before and after thet dxperiment, to test for
differences between the two groups. The female nchtice tests were analysed
through a Generalised Linear Model (GLMs) with rejeel measures (with normal error
distribution), having individual female as subjestd the female time spent in the

choice area as dependent variable and male typétlis subject factor for pairwise
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comparisons. To control for male behaviour we idelli male treatment group and time
spent by male in the female interaction area asdfieffects. The Walg® statistic was
used to test for significance in the GLMs. Samjzeswas not equal for all measured
variables, due to problems with blood collectionrmufficient plasma volume. So we
report sample sizes in all analysis. All statidtianalyses were performed with IBM

SPSS Statistics 19.0.

RESULTS

There was no initial difference in colour expressi@tween the two groups of males
(Table 1), as well as in plasma carotenoid levélg(= 1.097, P = 0.320) and physical
condition (k 17=0.599, P = 0.450). Also, there were no diffeemnin the responses to
the two immunity challenges: SRBC;(l = 2.157, P = 0.176) and PHA-P(f =
2.847, P =0.122), and in ectoparasite load{E 0.119, P = 0.734).

Table 1 Differences between control arfdsupplemented-males for colouration

variables, before and after supplementation. N = 18

Before treatment After treatment
F P F P
Saturation 0.001 0.955 4.869 0.042
Brightness 0.003 0.872 0.546 0471
Hue 0.027 0.872 1.392 0.255

Forehead patch 1.928 0.184 0.411 0.532

Chest patch 0.172 0.684 0.000 0.996
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Carotenoid plasma level, immune responses and phgai condition

The B-carotene-supplementation experiment successfulhated a difference in
carotenoid levels, ag-supplemented-males had higher levels of plasmaterawid
concentration than control males, after the treatrt@ntrol males: 1.20 + 0.446 pg/mi;
B-supplemented-males: 7.22 £ 2.192 pug/ml; F1,11253,.P = 0.023)3-supplemented-
males showed a higher response in the PHA-P imnesha#lenge than control males
(F1,11 = 8.949, P = 0.014) (Fig. 2A), but there eveio differences in the SRBC
immune test (F1,10 = 0.567, P = 0.469) (Fig. 2B).
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Figure 2 Control andp-supplemented-males responses to the two immune
challenges: PHA-P and SRBC. (A) males responseéii®d-P (F;, 1; = 8.949,

p = 0.014); B) males response to SRBg {f= 0.567, p = 0.469). Results

are presented as mean + standard error.
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After the treatment, the two groups of males presgkno differences in ectoparasites

load (F1,11 = 1.000, P = 0.341) or in physical ¢6on (F1,11 = 1.856, P = 0.203).

Carotenoid-based colouration

After the food-supplementation experiment, the wodtion of B-supplemented-
males was more saturated than that of the contatésn(Fig. 3) (Table 1). There were

no differences in brightness and hue, or in the sizthe colouration patch both in the

forehead and the chest (Table 1).
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Figure 3 Plumage saturation for control afiésupplemented-males after
moult. Values of saturation are given by the fifattor of a principal
component analysis for saturation. Results arecpted as mean + standard
error. * Indicates significant differences (p <B®.0l = 18)
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Mate choice experiment

The two treatment-groups of males were submitted female choice test in the
following breeding season in order to assess tteetedf colour change in mate choice.
Females clearly preferrefl-supplemented-males, spending significantly moreeti
facing them (Walg(* = 5.434; d.f. = 1; p = 0.02) (Fig. 4) than conmeéles. This was

not affected by the time males spent in front f fbmale (Walg* = 0.102; d.f. = 1; p
= 0.750).
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Figure 4 Time spent by females in association witsupplemented-males
and control males (N = 12), in the following spring

DiscuUssION

Our experiments revealed that by increagirgarotene availability in the diet of
male serins we also observed an increase in theatenoid plasma concentration and
in their immune response. Our treatment also ateglumage ornament expression
and attractiveness to females, since males givea [@xarotene became more colourful

and were preferred by females over control malas. tBree initial predictions were
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confirmed, which supports and indirect role foratanoid colouration as signal of
condition. Serins undergo a single post-reprodactivoult, which takes place long
before the signal is relevant for sexual display, $arotenoid-based plumage
colouration in this species should, most likelyegict long-term aspects of individual

quality.

Carotenoid plasma level, immune responses and phgai condition

First we wanted to determine if the addition Btarotene to the diet of males
affected their immune response. Indegagupplemented-males showed an increase in
plasma carotenoid concentration and a stronger memrasponse. Other experiments
showed that an enhanced diet promoted a highempl&stein circulation on great tits
Parus major (Peters et al. 2011) and a nutritional deprivattbminished plasma
carotenoids in male goldfinches (McGraw et al. 20(5scarotene is a carotenoid
particularly linked to an antioxidant role and i3 enmunoenhance{Bendich 1989;
Chew1993), and it also serves as vitamin A precunstich is involved in several
basic metabolic processes, including growth, dearaknt, vision, immune system and
reproduction (D’Ambrosio et al. 2011).

Our results revealed that tiflecarotene-supplementation affected particularly the
cellular immunity since the immune response of malas only significant in the PHA-

P test, which measures the immunity mediated bis,celvolving both innate and
adaptive responses of the immune system (Martial.e2006; Tella et al. 2008). No
differences were found between supplemented anttatomales in the SRBC test,
which measures T-dependent humoral immunity. Inemtmatl grouséd.agopus lagopus
scoticus, comb colour and condition predicted the PHA-Proese (Mougeot 2008),
and in red-legged partridgeslectoris rufa colouration, plasma carotenoids and cell-
mediated immune response were positively correl@itez-Rodriguez et al. 2008).
Also, in a diet experiment during moult of greats ticarotenoid supplementation

increased PHA-P response, but not SRBC responsergRs al. 2011). And in a recent
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meta-analysis, Simons et al. (2012) found that Ri&& the only measure of immune
function that was associated with carotenoid levéls®e immune challenge response
seems to be species-specific however, as conigastsults can be found in different
species. Navara and Hill (2003) reported no diffees in immune responses to
increasing doses of carotenoid supplementation mercan goldfinches. But, in
another study, carotenoid supplementations incdebsgh cell-mediated and humoral
immune responses in zebra finches (McGraw and A20@3). While in some other
studies p-carotene was responsible for the increase in adhiktitres in cockerels
(McWhinney and Bailey 1989) and wild gulls (Blouat al. 2001). One possible
mechanism for the action d¥-carotene on immune stimulation could be through
mitochondrial function on the immune system. Mitoctria have well known roles in
cellular metabolism, generating energy for phygjalal processes, regulating stress
responses and signalling for apoptotic cell dedtbgt et al. 2011; Galluzzi et al. 2012).
Besides, mitochondria could have a central rolehm innate immunity (West et al.
2011). As several mitochondrial functions are raged by vitamin A (Stillwell and
Nahmias 1983), an indirect actionfBtarotene and vitamin A on immune system could
occur.

Although there was an increase in immune respohd@eop-supplemented-male
serins, we found no differences in physical cooditor in ectoparasite load between
these and control males. Ectoparasite load waslacteery similar between the two
treatment groups, which is probably due to moultiogurring in the nearly aseptic

aviary environment.

Carotenoid-based colouration as a signal

We also wanted to determine if supplementation \Bitarotene could affect the

yellow colour expression of males, which could ootgur through an indirect effect, as

48



What is the value of a yellow patch?

B-carotene is not in the metabolic pathway to predine pigments to be deposited in
the birds’ feathers (McGraw 2006).

Under natural conditions, birds have a limited ascéo carotenoids due to
environmental constrains or experience. A critieasumption for the evolution of
sexually selected signals is that they have to dme$t about the traits they signal,
which depends on them being costly (Grafen 199@rc&eand Nowiki 2005). A trade-
off between using carotenoids for immune defencd for colour signalling was
suggested as being the main cause for the mairdenainthe honesty of the signal
(Blount 2004). Similarly, carotenoid colouration svassociated with antioxidant
function (Chew and Park 2004). However, this traffehypothesis was questioned in
the sense that, most likely, carotenoids are nar@mmentally limiting. Instead, it was
proposed that carotenoid colouration was not acbuegt their direct antioxidant
function but was acting as an indirect indicator usfcoloured resources including
antioxidant molecules which could protect carotdeoirom oxidation (Hartley and
Kennedy 2004). In accordance with this hypothesstrBnd et al. (2006b) found an
additive effect of carotenoids and melatonin, whigla free radical scavenger in bill
colour in zebra finches. If the concentration ofot@noids in feathers is not directly
related to their availability for this and otherrpases, but is instead a signal of general
health of individuals, then improving the individsiacondition, e.g. by making other
carotenoids available, should also affect the esgpo@ of the signal. By supplementing
male serins witl-carotene we assessed the indirect effects thatdogcentration of
carotenoid may have as antioxidants, immune enhgngeas acting in other metabolic
processes which ultimately affect the transfornmatad lutein and zeaxanthin into
canary xanthophylls A and B that are mobilized ifgathers. Our results agree with
carotenoid colouration being an indirect indicatdr condition-associated resources
which can also be carotenoid dependent and subtepfiimprovement by carotenoid
availability in serins.

More recently a vitamin A-redox hypothesis was sgd by Hill and Johnson
(2012) linking carotenoid colouration and indiviluaxidative state and immune

function, through the cellular pathways that argutated by vitamin A, which is an

49



Chapter lI

essential micronutrient and plays a major roleewesal basic life processes, as redox
homeostasis. The hypothesis was advanced to exgt&nsignalling role of red
colouration in birds, since carotenoids can actigamin A precursors and also be
deposited in feathers after modification. In yello@loured birds the process is different
since the main carotenoids in feathers, canaryhaogiylls A and B, are obtained from
oxidation of lutein and zeaxanthin, while pro-viianA carotenoids follow a different
pathway, and are either transported to the livecleaved into retinal (Debier and
Larondelle 2005; von Lintig 2010). The authors ¢desthat their hypothesis can also
apply to species with yellow colouration, albeitardifferent way, since vitamin A not
only regulates carotenoid uptake and transportalaat acts as antioxidant maintaining
redox levels. Although we do not know by which meaism g-carotene is affecting
these birds colouration, our results are in acawdawith this hypothesis, since the
increase of the main vitamin A precursor availépilhad an effect in the colour
saturation of males. The vitamin A-redox hypothesstablishes a detailed set of
possible connections between carotenoid colouratnohthe biochemical and molecular
processes of vitamin A homeostasis and oxidatiage sOne possibility to explain our
results is that carotenoid ornamentation signatividual oxidative state, which is
highly mediated by vitamin A; hereby the ingestaf3-carotene could affect the trait.
Another possibility is that besides its role agwitn A precursorf-carotene could have
a role on the immune system or on individual hortesis, thus affecting immune
responses and plumage colouration. Finer testingthen mechanisms that relate
condition with signal expression in species witlotanoid colouration is needed. There
are only a few examples linking non-pigmentary sases and colouration of a
carotenoid-based sexual trait. Beak colour wasceestsal with carotenoid and vitamin
A concentration in spotless starlingduf nus unicolor) (Navarro et al. 2010) and a non-

pigmentary antioxidant enhanced bill colour in zefanches (Bertrand et al. 2006b).
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Female choice for more colourful males

Since carotenoid supplemented males had more taducalouration, we expected
that females would prefer them. As predicted, f@mapent significantly more time in
association witlg-supplemented-males than control males, indicatimgyeference for
more colourful males. This is in accordance witfew previous studies performed in
species with carotenoid-based plumage colouratitih X990; Johnson et al. 1993; Hill
1994; Sundberg 1995; reviewed in Hill 2006; LeitA@l. 2014). Mate choice based on
carotenoid ornaments could provide both direct amtirect benefits to females. It
makes evolutionary sense if colouration signalsdggenes or healthy males. Good
genes models propose that females gain indirectefileroy choosing males by an
indicator of quality (Evans et al. 2004), improvitigeir offspring fithess. Females can
also have direct benefits, through parental caretier benefit with both a direct and
indirect component is that they could choose toemaith less parasitized males
(Figuerola et al. 2003), or which are healthierolr study, females would benefit by

choosing more colourful males which had a highenime condition.

In conclusion, our results support the hypothesésit tcarotenoid-based
ornamentation is an honest sexual signal, encodiiegmation about pigment access,
nutritional condition and health. These resultspsup an indirect signalling role for
yellow carotenoid colouration, in accordance witleMious suggestions (Hartley and
Kennedy 2004). They also agree with the vitaminedlox hypothesis, through an
indirect way (Hill and Johnson 2012). Further wakould try to understand the

mechanisms than maintain this association.
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Colouration, age and parasites

ABSTRACT

A fundamental assumption of theories on the evotutif sexual signals is that they
should be costly to produce and honestly signal dbelity of the sender. The
expression of carotenoid-based plumage signalshargght to be condition-dependent
traits, due to carotenoids function as pigmentshaalth modulators.

We explored carotenoid-based plumage colouratioa free living population of
male European serin§erinus serinus during the breeding season. Male serins were
trapped for morphometric and colorimetric measurgsieduring a four-year field
study, in order to evaluate the signalling valuecofouration in relation to body
condition and level of parasites. We started byluatag two different types of
colorimetric measurements: the most commonly usstihtulus colour variables, based
on human colour perception, and the physiologicatl@ehs of avian colour vision, and
found that they were highly correlated. Secondly imvestigated which factors
influenced the expression of plumage colour and faend that plumage colour
expression was influenced by age and ectoparamte Our results indicated that the
colour expression of the plumage of the serin isage dependent trait and an honest

signal of the ability to cope with parasitic infiect.

Keywords: parasites; condition; carotenoid-based ornamienteferinus serinus.
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| NTRODUCTION

Over the past decades a central theme of researchgabehavioural ecologists has
been the mechanism, function and evolution of déxiselected traits in animals
(Andersson 1994). It is well known that many spgcehoose mates with well-
developed ornaments, and that from this choice ttey obtain direct or indirect
benefits. One of the most studied sexually seledtads in birds is the colour
conspicuousness. Birds could show colouration iffedint body parts. Plumage
colouration is particularly widespread and can Iteduvom structural colours,
interference in reflection and the deposition oflana, carotenoids or other pigments
(Hill and McGraw 2006).

In animals, bright yellow to red carotenoid-basealoaration is a common
ornamentation and these colours are good candidmtiescondition-dependence
ornamentation, since carotenoids are mostly acgjuine ingestion (Goodwin 1984).
Condition could be defined as the property thatf@ogreat fithess to individuals and it
can have genetic and environmental components 20il; lwasa and Pomiankowski
1999) and honest signalling may be maintained lscanly high-quality individuals
can pay the costs of producing and maintainingridié (Zahavi 1975). A positive link
between the expression of the ornament and indite®ndition is assumed, such as
body condition or immunocompetence. Since carotendnave antioxidant and
immunoregulatory functions, more colourful indivads may signal their health through
this signalling (McGraw 2006; Peters 2007). Chogsgimore ornamented mates could
be advantageous due to some heritable componenrtability, providing indirect
benefits or good genes. Mates could also beneiih fdirect advantages, like access to
resources or parental care. Bright colouration iimsbcould also reliably indicate
genetic resistance to parasites (Hamilton and 2A82). Parasites can increase the risk
of infestation of the mate (Hillgarth 1996; Milinsknd Bakker 1990) and might affect

production of ornamental colouration. The Hamili@uk hypothesis proposes that
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coloured traits function as reliable indicatorsresistance to parasites (Hamilton and
Zuk 1982), as parasitized males will show decreasgdession of the secondary sexual
traits preferred by female. Previous work show sawamlences for this hypothesis
(Brawner et al. 2000; Hamilton and Zuk 1982; Harp@99; McGraw and Hill 2000b;
Mgller, Christe and Lux 1999; Thompson et al. 1997)

We conducted a field study to investigate whettoetytcondition, parasite load, and
age affected carotenoid-based plumage colouratiothé European serirSerinus
serinus. We assess the individual colour variation of reerin a natural population,
during pair formation and breeding. The serin $r&ll sexually dichromatic cardueline
finch, with males’ displaying yellow carotenoid-ledspatches on crown and breast,
which is sexually selected (Leitdo et al. 2014). Wredicted that carotenoid-based
plumage is condition dependent, i.e., less parasitmales and in better body condition
should be more ornamented. We also predicted t&r onales would have greater
ornament expression than younger males.

An important factor in studies of sexually colourtdits is to accurately assess
colour as birds perceive it. Avian vision is difat from human vision in three main
features: birds have a broader spectral range ibarans (300-700nm for birds, 400-
700nm for humans) (Cuthill et al. 2000; Hart 200&yjan colour cones contain
coloured oil droplets, not found in humans; andaaveyes have four colour cones,
whereas human eyes only have three colour conegfdsence of a fourth cone allows
birds to perceive UV wavelengths) (Cuthill 2006)a khe past, quantitative
measurements of plumage colouration have beenrpetbusing a tristimulus score,
based on human vision, described as hue, chronsatoration and brightness (HSB).
The use of tristimulus human vision based variab&s raised some concerns about the
signficicance of these measurements. One criticismthat frequently the UV-
component of the bird visible spectrum is neglectthough UV plumage colours are
taxonomically widespread in birds (Eaton and Lang®93; Hausmann et al. 2003).
Besides, as birds are tetrachromatic, trichromatitour variables could not fully

explain variation. Birds can see a greater divemsitcolours than humans, because of
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their higher capacity to discriminate colours (Mayev 2003). Therefore, analyses of
avian colouration should consider the full exteindwian visual capabilities. We wanted
to assess if these two different modes of quaatific provided different classifications
of the individual colouration. We used the tristiosicolour variables (Montgomerie
2006) and avian visual models derived from quantome catches (Stoddard and Prum

2008), taking into account the avian visual sevisjti

METHODS

Morphometric measurements

We captured 100 male serins with mist-nets in agjucal fields nearby Coimbra,
Portugal, from 2008 to 2012, between February amuiilABirds were classified
according to their age: 35 aged as 1st year, 6& agend year or older and three with
unknown age. Males were trapped with mist nets wolbanded for individual
identification, and measured. When a male was cagtmore than once in the same
year, we averaged the recorded measurements. Wauradabody mass with a pesola
balance (accuracy of 0.5 g) and tarsus length wittalliper (accuracy of 0.5 mm).
Descriptive statistics for the morphometric measwaets are given in Table S1
(Supplementary material).

As a measure of body size we used the score oheial component (PC) that best
represents body size, from a principal componeyars (PCA) of untransformed
morphological measurements. The PCA for morpholdgiceasurements revealed one
PC with eigenvalues larger than one, charactefsepositive loadings of all variables
and explaining 38% of total variation (trait loage wing length 0.751; tarsus length
0.292; mass 0.702).
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Parasite load

Our model species, the serin, is infected by tla¢ghker miteProctophyllodes serini.
We inspected the primaries of both wings for featmiées by holding the extended
wing up to the ambient light. The number of featines on the primary feathers was
recorded based on a four-point scale developeddhnkEe et al. (1999; 1995): 0 (no
parasites), 1 (few parasites along rachis), 2 (ewasites around rachis and some on
barbs) and 3 (parasites cover all rachis and soméanbs). Ectoparasite load was
calculated as the average of the two wings, dfiestim of the scores for each primary.

Coccidians of the genus Isospora are common enasiges of wild birds. These
protozoans are intestinal parasites transmitted Eaecal-oral route. Intestinal parasite
load was estimated by counting in faecal sampldeated from birds (Mougeot et al.
2004). Birds were kept individually in a small pafmag for up to 30 min to collect
faecal samples and were then released. The drapmiragduced by each bird were
collected and stored in Eppendorf tubes at -20°@ analysis. Each Eppendorf tube
was filled with distilled water, mixed, and the dpings dissolved. The mixture was
then placed in a MacMaster slide and let sit fomfutes before scanning under a
microscope for coccidian eggs count. The numbeyoaf/sts present on each coverslip
was recorded on a scale from 0 to 5: 0 (no oocy&t¢) to 10 oocysts), 2 (11 to 100
oocysts), 3 (101 to 1000 oocysts), 4 (1001 to 1086Eysts), and 5 (more than 10000
oocysts) (Brawner et al. 2000). We calculated thmevagdence (number of birds
infected/number of birds examined) and severity gménfection score for infected

birds only) of ectoparasite load.

Colour measurements

European serins are sexually dichromatic carduelinehes with males being

yellow-bright and females’ drabber (Cramp and PRerd994). The yellow patches are
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due to canary xanthophylls A and B, presumed todéeved from lutein through

dehydrogenation (McGraw 2006; Stradi et al 1995)d88undergo one annual moult
between July and November when their entire plumageeplaced before the
reproductive season which occurs between late Bepand June.

We measured carotenoid-based colouration in foutybgarts: forehead, throat,
breast and belly. Colour measurements were madhg @i Ocean Optics USB4000
spectrophotometer with a deuterium-halogen lightre® (DT-Mini-2-GS, Ocean
Optics) and a Y-shaped probe (Ocean Optics, Dun&dinUSA) mounted in a holder
that kept it at 3 mm from the feathers (28 frmeasuring area), from 300 to 700 nm.
Measurements were taken perpendicular to the fesatearface and were calibrated
against a white standard (Ocean Optics, WS-1-SSeA8tandard) that was scanned
before measuring each bird. We measured each badytlpee times to account for
possible heterogeneity of the colouration. We aselyspectral data using two different
methods: colorimetric variables and avian visiordeis.

Each bird's plumage reflectance data was summabgedalculating tristimulus
scores — hue, saturation and brightness. Hue wézilaed as the wavelength
reflection halfway between the minimum and maxinnaftection values, saturation as
the total reflectance in a region divided by th&altaoeflectance, and brightness was
calculated as the mean reflectance of the enteetsp (Montgomerie 2006) (Table 1).
The mean colour variables were then averaged thrtheyfour areas. We used R studio

to calculate these variables (R Development Coenilr2013).
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Table 1 Colour variables used in the analyses of birddours. R;;
represents the percentage of reflectanckg éwavelength)n,, the number

of wavelengths intervals used.

Colour variable Formula

Hue (H) H = Agmia = (Rmax + Rmin)/2

Saturation (S) S = (Rjax — Rmin)/B

700 .
Brightness (B) B = z Yn,
320

With visual modelling, colouration scores incorgerathe receiver’'s visual
sensitivity. The spectral data was summarized ifdor quantum cone catches,
corresponding to the four single cones found in #wan retina (Cuthill 2006):
ultraviolet (UVS), short (SWS), medium (MWS), amhdy wavelength sensitive (LWS)
and the double-cone (DC). Following Vorobyev et @998), we calculated cone
guantum catch for each of the four avian coneshasstmmed product of plumage
reflectance, the ambient illuminant, and the abmock spectrum of the cone across the
wavelengths of the avian visual spectrum (300 1@ M@; equation 1 in Vorobyev et al.
1998). The model included standard daylight (D&fgal (white) background, and the
visual bird model. Since visual model for our spsds not available, we used the blue
tit Cyanistes caeruleus system (Hart et al. 2000), which is commonly taken a
representative of birds UVS vision (Hastad et @D%). SWS ratio was calculated as the
ratio between the SWS cone and the mean of ther aihree catches. To achieve
normality, we used the natural logarithm of SW$oralumage colouration was scored
by two independent variables: SWS ratio and doublee, representing chromatic and
achromatic indices of plumage reflectance (Evaral.e2010; Osorio et al. 1999). We
used the software package PAVO, running in R (Reblmpment Core Team 2013),
developed by Maia et al. (2013).
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In addition, we measured the size of the yellowclpdiy overlaying a transparent
square grid over the patch and counting square$ 1P92). The grid was vertically
positioned over the area and grid squares (%)mith yellow coloration were counted.
We further converted number of squares irf,camd present the results as’cill the

measurements were performed by the same reseé&HRer

Descriptive statistics for the colouration measwerta are given in Table S2
(Supplementary Material). We used generalized timaadels (GLM) to test which
factors were predictors of plumage colourationngsplumage ornament variables:
achromaticity (double cone), chromaticity (SWS agptand patch size as response
variables, assuming normal distribution of erramtePredictors in the models were
age, ectoparasite load and body size (PCA of bodysmwing and tarsus length). We
report Waldy2 with respective p-values for significance. WethHer repeated this
analysis with intestinal parasite load in a segal&LM, due to smaller sample size (n
= 20).

Statistical analyses were performed by using IBNM6SR21.

RESULTS

We found that the two colour metrics were highlyretated. In male serins,
plumage achromaticity is highly positively correldt with brightness (Table 2).
Plumage chromaticity is highly positively correldtevith saturation and hue and
negatively with brightness (Table 2). Patch sizpdasitively correlated with hue (Table
2). There is considerable agreement between thetypas of measurements for this

species coloration.
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Table 2 Pearson correlations between tristimulus and avianal model
colour variables, whit the coefficient of corretatiand significance. * P <
0.05; * P < 0.001; *** P < 0.0001.

SWSratio Saturation Hue Brightness Patch size

Double-cone -0.202* -0.165 0.077 0.988*** -0.041

SWS ratio 0.868*** 0.279* -0.319**  0.078
Saturation 0.141 -0.284* -0.007
Hue 0.083 0.215*
Brightness -0.039

The prevalence of ectoparasites (82%) and intdstramasites (100%) was
widespread, although the severity of infection Veag (ectoparasites =6.85; maximum
possible = 54; intestinal parasites =2.05; maxinpassible = 5).

We detected that ectoparasite load and age wemadire predictors for colouration
variables. Plumage achromaticity was predicted loyoparasite load, plumage
chromaticity and patch size were predicted by extagite load and age (Fig. 1d and 1e)
(Table 3). Plumage achromaticity decreased witbpastsite load as well as patch size,
but chromaticity varied positively with ectoparadivad (Fig. 1a to 1c).

Body size PC and intestinal parasite load weresigstificant predictors for any of
the models. GLM’s with hue, saturation and brigktgield similar results (Table 3 of

Supplementary Material).
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Table 3 Generalised linear models showing the predictdrscaour

variables of plumage colouration, presenting theldNVg’ result and

respective p-values for significance. d. f. staioislegrees of freedong; for

estimate of the model.

B Wald x? P
Plumage achromaticity
Age -0.001 0.01 0.92
Ectoparasite load -0.003  23.88<0.001
Body size PC -0.002 0.22 0.64
Intestinal parasite load -0.003 0.33 0.57
Plumage chromaticity
Age -0.032 495 0.03
Ectoparasite load 0.005 13.96< 0.001
Body size PC -0.001 0.01 0.92
Intestinal parasite load 0.027 1.30 0.25
Patch size
Age -0.464 4.29 0.04
Ectoparasite load -0.063 8.96 0.003
Body size PC -0.024 0.05 0.83
Intestinal parasite load -0.095 0.06 0.81
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DiscuUssION

Our results show that the tristimulus variablesirgdaion and brightness were highly
positively correlated with avian visual models ahies (DC and SWS ratio). We found
that plumage colouration could be predicted by gantasite load and age class, with less
parasitized males presenting more achromatic ageérn@lumages patches. Older males
had higher values of plumage chromaticity and haer plumages patches than
younger males. However, more parasitized males dlad higher values of

chromaticity.

Comparison between guantitative colorimetric models

Human and bird eyes have fundamental differenceayen retinas have four cone
types, which leads to the assumption that birddetrachromatic and a three dimension
explanation of colour is not accurate (Cuthill 2pO&vian visual models had been
developed in recent years in order to accounthferalvian vision discrimination (Endler
and Mielke 2005; Vorobyev et al. 1998). We foundttthese models were highly
correlated with the human perceived tristimulusialdes in the case of the yellow
carotenoid coloration of male serins. In line witieoretical assumptions, achromatic
variables are represented by brightness, whichasntean of the light reflected by a
surface (Campenhausen and Kirschfeld 1998; Osdrial.e1999), and chromatic
variables are represented by chroma (or saturatom) hue (Evans et al. 2010).
Tristimulus colour variables seem to capture tHewovariation perceived by birds and
it was demonstrated that the tristimulus colouraldes are significantly correlated with
carotenoid contents in mallardnas platyrhynchos and house finchCarpodacus
mexicanus feathers (Shawkey et al. 2006; Butler et al. 204d)they seem to be a good
human perceptive measurement.

We also found a positive correlation between paizh and hue, which points to a

multiple component message. Patch width and col@ue also positively correlated in
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rock sparrowPetronia petronia (Griggio et al. 2007). Patch size is expressedheay

number of follicle cells that are receptive to thgtake of carotenoid pigments during
feather growth (Brush 1990) and can be affecteddieyary carotenoid access (Hill
1992). Access to carotenoid pigments can influgheeuptake of carotenoids into the
follicle as well as the number of follicles thattalke the pigment, which result in a
positive correlation between carotenoid expresaiwh patch size (Badyaev et al. 2001;
Hill 1992). This way, in a single trait, birds cdube given information about two

different mechanisms.

Trait value

Our results support the prediction that the abuodaof parasites modifies the
expression of sexual ornaments. Carotenoid-basathgge colouration should be
particularly sensitive to parasite infections (Dawsand Bortolotti 2006; Horak et al.
2004; Lozano 1994; Mougeot et al. 2009) and birith wiore mites tended to grow
duller plumage (Harper 1999; Thompson et al. 128d) have smaller patches (Vergara
et al. 2012). Figuerola and colleagues (2003) Hemlved that in serin, ectoparasites
load during moult affect negatively the plumageocohtion after moult, specifically
brightness and saturation. In our study, the measents were taken in the beginning
of reproductive season, several months before #iadtae next moult, and it was also
found a negative relationship with chromaticity asmchromaticity. Consequently, by
choosing to mate with a highly ornamented male,alesymay get indirect benefits, in
the form of parasite-resistance genes for her offggand direct benefits, in the form of
reduced risk of infestation.

Intestinal parasites did not predict any of theoacdtion variables, contrary to what
we expected, since they could directly inhibit tingtake of carotenoids and other
essential dietary components by damaging the dgitheells of the host’s intestine

(Allen 1987; Horak et al. 2004). In other speceesgegative effect of intestinal parasites
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was observed on plumage colouration of house fs¢Beawner et al. 2000), American
goldfinchesCarduelis tristis (McGraw and Hill 2000b) and greenfinch€arduelis
chloris (HOrak et al. 2004). The lack of relationship e tpresent study could be a
result of a bias in our sampling protocol, since eadlected faeces samples in the
morning, which give estimates of both coccidianvptence and load significantly
different from afternoon in serin (Lopez et al. ZDOCounting oocysts in host faeces is
the only non-invasive method of determination destinal parasite load (Watve and
Sukumar 1995). However, this method could be inateufor field studies due to the
limitation of one sample per individual and circaavariation in oocyst shedding.

If the carotenoid-based plumage is an honest sigihguality, one may expect age
and condition to predict saturation (Andersson 198duye et al. 2001). This is indeed
the case for age, with older males having high&resof plumage chromaticity, which
is highly correlated with saturation. In other dpecornamental colouration increase
with age (Siefferman et al. 2005) and in a metdyasisg Evans et al. (2010) found that
age is a highly significant predictor of all thre@estimulus colour variables. Female
preference for older males is a common occurrefieh@rdson and Burke 1999;
Sundberg and Dixon 1996) and mating success i®lated to age (Johnstone 1995).
By choosing a more colourful male, females may électing older and experience
males (Budden and Dickinson 2009). Females may gaad genes from older males
(Manning 1985) or better resources (Marchetti andeP1989). Nevertheless, older
males being more colourful could result from aeafiéint process, as a higher mortality
of less colourful animals (Horak et al. 2001), aligh Figuerola et al. (2007) have
found a higher survival of intermediate colouredrse

Additionally, we found that individuals with highgalues of plumage chromaticity
had more ectoparasites. This result is surprissigce we expected that plumage
chromaticity revealed the ability to cope with atia infection. We know that females
choose males which have more saturated plumag&g_et al 2014) and have results
from a lab experiment (Chapter 2 on this thesisjciwhndicate that males that

developed more saturated plumage had a higheritapacimmune response. Thus, if

77



Chapter llI

more colourful males are healthier, why do theyspre more ectoparasites in the wild?
There are some possible explanations for thishénfitst place, our result indicates that
ectoparasite load does not affect colour intensityge the correlation was not positive.
Secondly, we can assume that ectoparasite loadtigparticularly damaging to the
health and physiological condition of individuadéthough it affects the condition of the
feathers, which is well expressed in the effectrothee achromatic component of
colouration. If so, males would not suffer muchesébn on avoiding ectoparasites. We
know that females choose males based on colourasiat, but we do not know
whether the achromatic condition of feathers iseceld. Thirdly, because more
colourful males are healthier they may be capalflesupporting higher levels of
ectoparasitism without being affected as much adaés colourful males. And fourthly,
it is even possible that some of the lifestylesnoire and less colourful males differ in
aspects that make the more colourful males moreeptible to acquire ectoparasites.
Variation in carotenoid colouration is mostly deenton-genetic factors (eg. Evans and
Sheldon 2012), with condition and experience armcksg to food sources playing the
major roles. So, individual differences in colouxpeession also reflect different
abilities of individuals to find and process food.

We found that older and less parasitized malesédalger plumage patch size,
which can indicate that patch size could also bepmdition-dependent trait in this
species. In birds, the colour of the plumage padbkeusually sexually selected (Hill
2002) however the size of the patches may alsaniperitant (Badyaev et al. 2001).
There are some species where the size of the patthe main selected trait, as in
males’ rock sparrowPetronia petronia (Griggio et al. 2007) and collared flycatchers
Ficedula albicollis (Sheldon et al. 1997). Nevertheless, patch sizesuslly associated
with signalling status. For example, in red-colthrevidowbird Euplectes ardens,
redness and size of carotenoid ornament indicate d@minance status (Pryke et al.
2001; 2002).

Carotenoid-based plumage colouration signals arergdy considered as being

condition-dependent in many species. However, &atignals are formed several
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months prior to mate choice, which leads to thestjoe of maintenance of the honesty
of this trait. The honesty of the signal could adleomaintained by another mechanism
demanding condition-dependency, male-male comeetitCarotenoid-based plumage
colouration is thought to be sexually selected,thatrole in male-male competition is
not so clear, with contradictory results (McGravd &fill 2000a; Pryke et al. 2001). Our
results support the hypothesis that carotenoidebaiegmage colouration is condition-
dependent, with high-quality individuals being ma@nspicuous. Besides, carotenoid

ornamentation reflects capacity to cope with péasifection.
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SUPPLEMENTARY MATERIAL

Table S1Descriptive statistics of morphological measuretmemd parasite
load, for males’ serins. SE sands for standard,e@d stands for coefficient
of variation, N = 100.

Mean + SE CV (%)
Wing length (mm) 70.55+£0.168 2.4
Tarsus length (mm) 15.18 £ 0.143 9.4
Mass (g) 11.53 £ 0.092 7.9
Ectoparasite load 5.68 £0.513 89.8
Intestinal parasite load 2.05+0.129 28.8
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Table S2 Descriptive statistics of colouration measuremefots males’

serins. SE sands for standard error, CV for caefficof variation. N = 100.

Mean + SE CV (%)
Plumage achromaticity 0.191 £ 0.003 18.0
Plumage chromaticity 0.53 £ 0.007 13.7
Brightness 15.67 £ 0.300 19.1
Hue 495.65 + 2.758 5.6
Saturation 1.49 £0.013 9.0
Patch size (cA) 8.22+0.131 13.8
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Table S3 Generalised linear models showing the predictdrscalour

variables of plumage colouration, presenting theldNVg’ result and

respective p-values for significance. d. f. staioislegrees of freedong; for

estimate of the model.

df. P Wald x? P
Hue
Age 93 -4.328 0.565 0.452
Ectoparasite load 93 -0.870 2.590 0.108
Body size PC 93 -4.192 2.222 0.136
Intestinal parasite load 18 0.952 0.009 0.925
Saturation
Age 93 -0.064 6.097 0.014
Ectoparasite load 93 0.010 15.854 < 0.0001
Body size PC 93 -0.009 0.519 0.471
Intestinal parasite load 18 0.060 1.686 0.194
Brightness
Age 93 0.186 0.111 0.739
Ectoparasite load 93 -0.289 30.439 < 0.0001
Body size PC 93 -0.132 0.234 0.629
Intestinal parasite load 18 -0.397 0.629 0.428
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A test of the effect of testosterone

ABSTRACT

A great number of secondary sexual traits are asdum have evolved as honest
signals of individual quality. It is known that andens regulate many male secondary
traits as well as reproductive behaviour. The esgiam of melanin-based colouration is
modulated by androgens, particularly testoster@mel there is some evidence that
carotenoid-based colouration may also be underogedr control. In the European
serin,Serinus serinus, male carotenoid-based plumage colouration isxaadky selected
trait, subjected to female choice. In this expenmeave investigated if testosterone
influences the expression of this trait by manipotatestosterone levels during moult
and assessing how it affected plumage colour egnmesafter moult. We found that
testosterone had only a negative effect on the eifz¢he yellow ornament. Our
experiment shows that testosterone had a limiteattedbn carotenoid-based colouration

of a cardueline finch.

Keywords: testosterone; carotenoid; ornamentation; Europsann; carotenoid-

based colouration.
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| NTRODUCTION

Males frequently have elaborated secondary sexads,t which are used both in
mate attraction or male-male competition, and fesmaften select males using these
exaggerated traits (Andersson 1994). Conspicuonanoents can signal individual
quality (Hamilton and Zuk 1982; Zahavi 1975) or diion and health (Barron et al.
2013; Griggio et al. 2010; Svobodova et al. 20k8)d they are assumed to have
evolved due to direct or indirect benefits for féasaby mating with better quality or
fitter males. In order to be maintained as sigrdlguality, these traits have to be
evolutionarily honest, that is, they should be lgott produce (Zahavi 1975) and these
costs may result from mechanisms that mediate almt strategies, or are a
consequence of trade-offs between different funstigMuehlenbein and Bribiescas
2005). Hormones, such as testosterone (T), have teesidered to be mediators of
those trade-offs in male vertebrates (Hau 2007telkstn and Nolan 1992), since the
production of some secondary sexual traits coulalire the costs associated with
higher T levels. These costs can be the increabasit metabolic rate (Buchanan et al.
2001), level of stress hormones (Ketterson and mNdf92) or the decrease of
immunity (Casto et al. 2001; Mougeot et al. 200&rhlst et al. 1999). Thus, T has
been considered a key factor in the concept of $stgrod sexually selected signals.

The immunocompetence handicap hypothesis (ICHH)gestg that sexually
selected ornaments and immune system compete Jounees, meaning that while T
controls for the expression of an ornament it hasegative effect on the immune
system (Folstad and Karter 1992). There is soméeece supporting this assumption
(Muehlenbein and Bribiescas 2005; Owen-Ashley eP@D4; Roberts et al. 2004). An
alternative hypothesis, the oxidation handicap kbypsis (OHH), proposes that T
mediates the trade-off between the ornament expressd the resistance to oxidative
stress (Alonso-Alvarez et al. 2007; Alonso-Alvarerz al. 2008). Experimentally

elevated T levels affects red blood cell resistandeee radicals, indicating that high T
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levels required for the expression of secondaryualexraits can cause increased
oxidative stress (Alonso-Alvarez et al. 2007).

In birds, androgens, such as testosteroamstrol song, sexual ornaments and sexual
and social behaviour (Mougeot et al. 2003; Zuklei@95). In particular, it is known
that T affects several aspects of the behaviowirofs, such as parental care, singing
behaviour and aggressiveness, as well as phystalogspects such as metabolic rate,
lipid storage and moult (reviewed in Ketterson addlan 1992). While sexual
dimorphism in plumage is generally not modulatedTbyKimball 2006; Owens and
Short 1995), the strength of the signal can be @Rebet al. 2004), existing
experimental evidence that T is responsible foulegg individual differences in the
expression of secondary sexual traits in birds. Bxpression of melanin-based
colouration is mediated by androgens (Bokony et 28l08), for example, T is
responsible for the bib size of male house spafasser domesticus (Buchanan et al.
2001; Evans et al. 2000; Gonzalez et al. 2001).,Ahdcan also play a role in
carotenoid-based colouration. Male birds treateth wi had increased circulating
lipoproteins, which are plasma carriers for carotés, and increased bio-availability of
carotenoids (Blas et al. 2006; McGraw et al. 20068Graw and Parker 2006). This
result points to an integrative mechanism for aahitrg sexual traits. Carotenoids are
responsible for the bright red, yellow and orang®uaration of integuments in birds
(Hill 1991; McGraw and Ardia 2003; Olson and Owdr®98), and they also enhance
the immune response and have antioxidant functiBtmunt et al. 2003; Faivre et al.
2003; Olson and Owens 1998). It was thus hypotkdsihat both androgens and
carotenoids have a major function in the expressibimonest signals of individual
quality (Blas et al. 2006; Peters 2007), relevanthbin sexual and social contexts
(Blount et al. 2003; Faivre et al. 2003; Hill 199®91; Lyon and Montgomerie 2012;
McGraw and Ardia 2003; Zuk et al., 1995). T affette comb size of red grouse
Lagopus lagopus scoticus (Mougeot et al. 2004), the development of nugilaimage in
superb fairy-wrendalurus cyaneus (Peters et al. 2000), as well as of the red-backed

fairy-wren Malurus melanocephalus (Lindsay et al. 2011). However, no effect of T was
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found on carotenoid-based plumage colouration wé ks Cyanistes caeruleus (Peters
et al. 2012) and old males of red-legged partridgdestoris rufa (Alonso-Alvarez et al.
2009).

European serin&erinus serinus are dichromatic monogamous cardueline finches,
with carotenoid-based ornamentation. Male serinve fadistinct yellow patch which is
sexually selected (Leitdo et al. 2014). It is nobwn whether this trait which is
produced during the single annual post-breedinglimeumodulated by T. Moult is an
challenging period for a bird, with high physiologl costs: the daily energy
expenditure at the peak of moult could be two tedhtimes the basal metabolic rate
(Lindstrom et al. 1993); thermoregulatory abilitgaleases due to impaired feather
insulation (Klaassen 1995); and predation riskeases due to impaired flight abilities
(Swaddle and Witter 1997). In this demanding pereaen small differences in T levels
could affect signal expression on plumage. Fromféve studies done so far on the
relationship between T and carotenoid-based cdiouat is unclear whether an effect
of T does exist on this type of colouration. We teanto determine if there was one in
relation to the carotenoid-based colouration of emaerins. Therefore, we
experimentally tested if T-levels affect the exgres of carotenoid-based plumage
colouration by manipulating T in males undergoimpwal moult. T should enhance
sexual ornamentation with a concomitant decreasmday condition. If that is the case
in the serin, we expect that higher plasma T levelk contribute to an increase in

carotenoid-based yellow patch and to a decreaghyisical condition.
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METHODS

Experimental design

We captured 32 male serins during January 2012gncwdtural fields nearby
Coimbra, Portugal (40° 19’; -8° 58’). Birds werepkén groups of 4, in 8 cages (90 x 50
X 40 cm), in an indoor aviary at the DepartmentLdé Sciences of University of
Coimbra and released at the end of the experinidovgmber 2012). They had ad
libitum access to a commercial seed mixture, waiter grit. The aviary had natural light
and ventilation, allowing the birds to be exposethe natural photoperiod and moult in
natural conditions. We banded birds with a numbdyledk ring and measured their
morphometry and plumage colouration both afterw&pand after moult. We also took
blood samples to assess plasma T levels at thifeeedit times: before, during and after
moult (February, August and October 2012). Body snaas measured with a pesola
balance (accuracy of 0.5 g) and tarsus length avithlliper (accuracy of 0.5 mm).

We collected blood samples from brachial vein; flasma was centrifuged,
extracted, and kept at -20°C until used for hormanalyses by radioimmunoassay
(RIA). All samples were analysed in duplicate. draissay variation was 2.4% and
4.5%. The inter-assay variation was of 11.5%. T wasdetectable in 11% of 90
samples. Blood plasma steroid extraction was dsimggla previously described method
(Canario and Scott 1989). Steroid residues werdssslved in phosphate buffer 0.1 M,
pH 7.6, containing gelatine (1 g/L), and storedimgs -20°C until assayed for T.
Radioimmunoassay were conducted using a T reactieeker from Amersham
Biosciences (specific label ([1,2,6,7-3H] Testoster, ref. TRK402-250mCi) and T
antibody from Research Diagnostics Inc. (ref: WI30D3). Total androgen

concentrations are reported as ng/ml.
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Colouration measurements

We took measures of the plumage colouration of reatas in four different areas:
forehead, throat, breast and belly, before and afiteult. Reflectance (R) of each area
was measured by sampling three times in each regmohaveraging them, with an
Ocean Optics USB4000 spectrophotometer attacheddeuterium and halogen light
source (Mikropack Mini-DT-2-GS, UV-VIS—-NIR), emitiy between 300 and 700 nm
(Figure 1). All measurements were taken relativa ¥&WS-1-SS white standard (Ocean
Optics). The probe (Ocean Optics R400-7 UV-VIS) wsald vertically at a
standardized distance, using a holder that providesmpling area of 28 nfimwe
summarized plumage colouration in four colour nestin visible (420-700 nm) and
UV wavelengths (320-420 nm): 1) Brightnes8 £ Y3997 R/n); 2) Hue H =
Armax )» 3) Saturation (S = R3z0-700nm/B ) and 4) UV-Chroma UVC =
R350-400nm/B) (Montgomerie 2006). The mean colour variables ewawveraged

through the four areas.
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Figure 1: Reflectance spectrum from the yellow carotenoicedgsiumage
of European serinSerinus serinus. Mean + standard error of raw data from
the breast of males (N = 27).
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Colour patch size was measured by overlaying apaent grid over the patch and
counting the number of squares (9 freach) that overlaid the yellow colouration. We
then converted the number of squares into an arehpresent the results in tnfFor
the breast, the transparency was vertically pogtioin a way that the central line was
centred with the bird and the top was positioneiti@tase of the lower mandible of the
bird (Hill 1992). For crown, the transparency wasifioned over the head centred with

beak. All the measurements were performed by theegasearcher (ST).

Hormone assays

For this experiment we choose to perform hormonglantation, without gonadal
removal. We estimated implant sizes (5 mm Silabtibes, i.d.= 0.76 mm, o.d.= 1.65
mm Dow Corning) based on studies in other passeapeeies (Fusani 2008; Roberts
and Peters 2009; Soma et al. 2000; Tramontin @083; Van Hout et al. 2011).

On T August 2012, 32 males were randomly assigneddon&rol group (control
males), and were implanted with an empty tube oa {d implanted group (T-treated
males), and were implanted with a T-filled tube. the day before, we washed the
silastic tubes with ethanol, filled half of themtiwvil (T, product number 86500, Sigma-
Aldrich) and closed both ends of the tubes witlrilstesilicone. The tubes stayed
overnight embedded in PBS. For the implantatiorg person held the bird while
another person made a small incision in the uppgrlof the skin on the back, on the
neck, inserted the tube and closed the incisiom wéterinary glue (Vetbond, 3M,
USA). Birds received local anaesthesia (Nexcarddi@a Cold Spray, 3M) before the
surgery. Following implantation, birds were immaeédig released into their housing
aviary. We observed birds in the next few hours #m@ugh the following day,
revealing normal activity and behaviour. Twenty sl#ater we collected blood samples

to measure plasma T levels. The 32 males were nalgdwused in 8 cages

98



A test of the effect of testosterone

Statistical analysis

Physical condition was estimated as the unstarwEtdresiduals of a linear
regression of weight on tarsus. The relationshipvéen the two variables was linear,
with residuals over tarsus having an even distidbu{Schulte-Hostedde et al. 2005).
Before treatment there was no difference betweentito groups in plasma T levels,

physical condition, plumage colouration, and paicie (Table 1).

Table 1: Descriptive values (mean + standard error) of mkasl levels
(ng/ml), physical condition and colouration varibland F values for the
ANOVA for differences between the two groups (Tatexl males and
Control males) before treatment (N = 27) and re$pecp-values for

significance.
Control males T-treated males F P

Plasma T level 0.32 £0.043 0.40+£0.047 120 0.29
Brightness 16.18 + 0.524 16.06 £ 0.602 0.02 0.88
Hue 531.88 + 3.657 538.09 £+ 2.507 190 0.18
Saturation 1.33+0.015 1.34+0.022 044 0.51
UV-Chroma 0.62 £ 0.015 0.66 +£+0.0144 3.16 0.09
Patch size 7.48 £0.225 7.63+0.361 0.13 0.72

Physical cond. 0.008 + 0.223 -0.009 £0.259 0.00: 0.96

For the analysis of the effect of T manipulation plasma T levels, plumage
colouration and physical condition we performedepeated measures ANOVA. The
data was normally distributed (Kolmogorov-Smirnosstt p> 0.05) for the three
moments. There was an effect of time on plasmavélde(F o, 265 11.440, p< 0.001,
Observed power= 0.986). However, neither the efiédreatment nor the interaction

between treatment and time was significant (TreatmE (1, 13= 0.170, p= 0.687,
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Observed power= 0.067; time x treatmen{; ks= 0.228, p = 0.798, Observed power=

0.082). This was due to the fact that T levels @soeased in the control group during

moult (Fig. 2).
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Figure 2: Comparison of plasma T levels between control japecles) and
T-treated males (closed circles) before, during aftedr moult (values are

mean + standard error).

Therefore, since the treatment and control groughsat differ significantly in T we
performed generalized linear mixed models, withivinial T-levels as independent
predictors, while also including treatment (T imykd and control) and cage as factor.
We used general linear mixed models using maximiusiihood (ML) to conduct F
tests for the effects of plasma T levels on physicadition and plumage expression.
Cage number where the birds were kept was incladeslrandom factor. The variables
were normally distributed and homogenous and thersrof regressions were

independent. All analyses were performed using IBWSS Statistics® 21.0 for

Windows.
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RESULTS

Individuals with higher plasma T levels moultedoimiumages with smaller yellow

patches (p= 0.033) (Table 2 and Fig. 3).

Table 2: Results of F tests of general linear mixed modessing for an
effect of plasma T levels on plumage colouratiomaldes and physical
condition, after moult. Models included cage numagra random effect. T
treatment (T implanted and control) was included dactor. Values are F
values (F) and probabilities (P).

Intercept Plasma T level Treatment
F P F P F P
Brightness 11486 <0.001 0.18 0.68 1.71 0.21
Hue 111404 <0.001 0.70 0.41 0.70 0.41
Saturation 3040.1 <0.001 0.54 0.47 3.57 0.07

UV-Chroma 1512.3 <0.001 286 0.10 15.070.001
Patch size 983.8 <0.001 5.15 0.033 0.15 0.70

Physical cond. 1.292 0.267 142 0.24 0.10 0.76

Although there were no differences in plasma T lebetween the two treatments,
treatment had a negative effect on UV-Chroma (@bmrales= 0.67 = 0.015; T-treated
males= 0.61 + 0.018; p= 0.001) and revealed a goifgiant tendency for lower
saturation in T-treated males (Control males= ®22.016; T-treated males= 1.16 *
0.026; p= 0.071). The other colouration parametbrightness and hue, as well as

physical condition were not dependent on the plaSnexels or T treatment (Table 2).
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Figure 3: Negative relation between post-moult patch sing@nd plasma

T level during moult for control (close circles)dai-treated males (open

circles).

DiscuUsSsION

We found that when comparing the T levels of alliwduals, males with higher T
values moulted into plumages with smaller yellovichas and T-treated males moulted
into plumage with lower values of UV-Chroma. As egfed there was a plasma T peak
during moult in the T-treated males. However, oomntml males also experienced an
increase in T levels which was unexpected. Maldsbirormally present relatively low
levels of circulating T outside the breeding seadaswvson 1983; Hirschenhauser et al.
1999; Potter and Cockrem 1992; Wingfield 1984). Timgrease in T in non-treated
males may be a consequence of the conditions dfvitgp Roberts and colleagues
(2009) also observed a similar peak in moultingldin aviary, and they speculate that

it was an artefact of captivity. However, the irase was so significant in our untreated
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males that we favour a different explanation. ltgigte likely that T-treated males
became more aggressive due to the increase oféls|eand since non-treated males
were housed in groups with T-treated males, thig heve caused an elevation of T
levels in the control males as a response to itre&se in aggressiveness in their group.
There are several sources of variability of T Ieveahong male birds: individual mating
opportunities, social status, aggressive encoungerd other social interactions
(including male—female interactions) (Kempenaers aét 2008). The challenge
hypothesis predicts that T levels will increase asconsequence of male-male
competition (Wingfield et al. 1990). In laboratori,levels of males increased when
challenged by intruders (Wingfield and Wada 1988) & could be influenced by social
environment (Lacava et al. 2011).

The finding that T-treated males moulted into plgesmwith lower values of UV-
chroma and that males with higher T values mouhém plumages with smaller yellow
patches indicates that probably there is a costfmntaining higher levels of T during
moult. This is also supported by the non-signiftcmdency for reduced saturation in
the T treated males. Our results suggest that malesrder to compensate for the
negative effect of higher T concentration were édr¢o reduce the extension of their
plumage signal. We know that in this species malloy plumage saturation, which is
an indicator of carotenoid concentration, is seyuslected (Leitdo et al. 2014). Also,
saturation is not naturally correlated with theesiaf yellow patch (Table S1
Supplementary Material). If the size of the pa&at sexually selected or is in a much
lesser degree, males could strategically reducsiggeof the signal while maintaining
its intensity (saturation), which would counterlvada the costs of higher T-levels by
affecting the least the expression of the signal.other species no effects were found
of T concentration on the expression of colourabansexually selected plumage traits
or bare parts. In zebra finches, no effect of T Watected on the expression of beak
colour (Alonso-Alvarez et al. 2007); in male goldmilared manakinsVianacus
vitellinus T treatment increased display behaviours but dod affect feathers

colouration (Day et al. 2006). In other cases ttfecewas only manifested in the long
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term: in blue tits a positive relation was obserbetiveen crown UV reflectance and T,
but only in the following spring, while no effecf @ implantation was observed
immediately after moult (Roberts et al. 2009).

The reduction of patch size in male serins withhbigT values could also result
from increased social competition, due to the Heglels of testosterone during moult
(Fig. 1) which would impose costs in the developtmanthe signal. It is known that
higher levels of intra-sexual competition can cimtie to reduce the expression of
secondary sexual traits (Martinez-Padilla et all40 probably due to individuals
adjusting the signal to their competitive abilitih red grouse,Lagopus lagopus
scoticus, Vergara et al. (2012) found that comb size neghti correlated with
population density, parasite infection levels, alwhate conditions.

Although there were no differences in plasma T Iebetween the two treatments
groups, when we included treatment in the analsidound that T-treated males had
lower values of UV-chroma and a tendency form lowaturation. The reduction in
UV-chroma could be explained by a decrease of thality of the feathers. UV
reflectance depends mostly of the structural prtogeeof the feathers (Shawkey and Hill
2005). An additional effect of T on the depositmincarotenoids in feathers may exist,
but as the effect was not significant only furtteralysis would allow determining
whether that is the case or not.

We did not detect an effect of T on males’ physicahdition. A decrease in
physical condition was expected since it is geherabnsidered that T acts as a
mediator for trade-offs between physiological fumes and signal production (Hau
2007; Ketterson and Nolan 1992). It is possible thee to aviary maintenance, all birds
were in relatively good conditions, so that no efffef T was visible. We used a simple
measure of condition which does not cover the maspects in which condition can be
impaired or decreased, although it was used witddgesults in other studies (Mougeot
et al. 2004). The lack of visible effect of T omdaion was reported in other studies: in

red-winged blackbirds (Weatherhead et al. 1993)k-dged juncosunco hyemalis
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(Casagrande et al. 2011), blue #arus caeruleus (Foerster et al. 2002) and yellow-
legged gulld_arus cachinnans (Alonso-Alvarez et al. 2002).

In conclusion, we show that T decreases the argalloiwv carotenoid patch in male
serins, and the T treatment decreases the structflactive properties of feathers.
However, T levels do not appear to affect male may<ondition. Our results do not
support any of the predictions derived from both i BHH and OHH hypotheses, since
higher T levels had no effect on physical conditton had a negative effect on the size
of the colouration signal and the quality of thethers. We additionally raise the
possibility that males reduce their investmentdssl costly components of the signal,

such as it's’ extension in order to compensatetfercosts of increased T levels.
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SUPPLEMENTARY MATERIAL

Table S1 Pearson correlations and significance values tfra@on with
UV-Chroma and patch size assessed in a sample l&f seains, caught
between 2007 and 2011, at agricultural fields ne&bimbra, Portugal (n =

113).
UV-Chroma Patch size
Saturation 0.893 (< 0.0001) -0.106 (0.263)
UV-Chroma -0.062 (0.516)
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Female plumage colouration

ABSTRACT

In species with male sexually selected colouratisgnot immediately obvious why
female ornamentation is also present. It couldhleerésult of sexual selection action on
females, or due to social selection on those ssgmalresulting from natural selection,
or be a non-functional by-product of selection oalerornaments. Examples for some
of these possibilities were found in birds. In @age, the function of this kind of female
ornaments can only be determined through investigatEuropean serins have
dichromatic carotenoid-based plumages, with makésbéing a large yellow patch in
throat, breast and belly. Females present a muahbdr colouration than males, but
still exhibit some in yellow colouration, which caary considerably. We tested for a
possible function of female plumage colouration ggrforming a male mate choice
experiment and a social competition experimentfaress to limited food. None of the
predictors for plumage colouration that we con®deaevealed any effect. We found no
evidence for sexual discrimination by males basefemale colouration. Furthermore,
although female groups established steep hieraclkieminance over food was not
related to colouration. These results suggest ihathis species, female plumage

colouration is probably the result of genetic clatien with the males’ selected trait.

Keywords: carotenoid-based colouration; female ornamemtatimate choice;

social dominance; sexual selection; social selectio

117






Female plumage colouration

| NTRODUCTION

The extraordinary traits that males of many speeidsibit have been extensively
studied (Andersson 1994; Darwin 1871), and a seauabcial signalling function had
been attributed to them (Kraaijeveld et al. 2004)s has been particularly the case of
colouration and song in male bird species. By @astirffemale elaborate ornamentation
has received much less attention although it isnmaom its occurrence in females
(Amundsen 2000; Cain and Ketterson 2012; Jone$danter 1993).

The evolution of female ornaments was initially kexped by the Genetic correlation
hypothesis, which states that female ornamentatweson-functional by-products of
selection over male traits and kept in females bgegjc correlation (Lande 1980).
Other hypotheses suggest that female ornamentedioldl evolve as a result of sexual
selection (Amundsen 2000) or broadly due to saaéction (Tobias et al. 2012; West-
Eberhard 1979; West-Eberhard 1983). The Mutualctele hypothesis states that
female traits could result from similar processeghbse working on males (Amundsen
2000; Johnstone et al. 1996; Kraaijeveld et al.7200e. males may also select for
partners, and thus females compete for the attendifo males (Amundsen 2000).
Kraaijeveld and colleagues (2007), restated tha mttvanced by Trivers (1972), that
mutual mate choice may be common, particularlyoithbsexes provide parental care.
The sex with more parental investment should beemsetective than the less investing
sex (Burley 1977). But when both sexes perform mtatecare, even the less investor
sex is expected to exert some degree of mate cfBateson 1983). In birds, males are
commonly the most ornamented sex (Andersson 138&)ipiting exaggerated traits
while females are often much less conspicuous,tdude fact that females are the
choosing sex. But, males could also choose feniglekeir ornamental colour traits.
Males of several species have been shown to prejez ornamented females, e.g., rock
sparrow Petronia petronia (Griggio et al. 2005), burrowing parrotSyanoliseus
patagonus (Masello and Quillfeldt 2003), blue titBarus caeruleus (Andersson et

al.1998; Hunt et al. 1999), starlin§surnus vulgaris (Komdeur et al. 2005), blue-footed
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booby Sula nebouxii (Torres and Velando 2005), northern cardin@mrdinalis
cardinalis (Jawor et al.2003), bluethroat malagscinia s. svecica (Amundsen et al.
1997) and house finch&sarpodacus mexicanus (Hill 1993). As it happens with
females, males could choose females by qualitgfedlphysical attributes or by the
outcome of female-female competition (Jones e2@0.1). However, in other species
there was no signal that mutual mate choice waseptefor the ornaments tested
(Murphy 2008; Tella et al. 1997; Van Rooij and @tfif 2012).

A third hypothesis to explain the evolution of fdmarnamentation is the Social
selection hypothesis, that states that female oengation main function is as
aggressive signal in social competition or for egaial resources rather than for
mating (Tobias et al 2012; West-Eberhard 1979, 198B8ose ecological resources
could be food, territories, nesting material, psakoare or a place to sleep. In this
sense, social selection includes any social intieraavhether it is sexual or non-
sexual. In group-living species, where individuaégularly interact, traits like
colouration could serve as status signals, prormgadcial stability (Murphy et al.
2009a; West-Eberhard 1983). Status signals areceeghéo evolve in both males and
females, when ornament evolution is due to soakdcsion (West-Eberhard 1983),
and both sexes compete for mating and non-matisgurees. Status signalling is
widely recognised to have evolved in males of mamian species (reviewed in
Senar 2006). However, only a few studies have s the possible function of
female ornaments such as in aggressive behaviousignalling fighting ability
(Griggio et al. 2010; Midamegbe et al. 2011; Murgdtyal. 2009a; Murphy et al.
2009b; Swaddle and Witter 1995). In addition, a fstudies have shown the
existence of a possible dual function of femaleaarantation (Griggio et al. 2010;
Kraaijeveld et al. 2004).

Carotenoid-based plumage colouration is a sexietteel trait in many male bird
species and it is thought to be an honest condaépendent signal (review in Olson
and Owens 1998). It has also the potential to sigoaninance status or fighting

ability, with empirical works describing it but nmdy in males (Griggio et al. 2007,
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Murphy et al. 2009a; Murphy et al. 2009b; Pryke amlersson 2003; Pryke et al.
2001). Female carotenoid ornamentation has alspdtential to signal in mate choice
choice context as well as competition for matesitéeies, and other limiting resources
(reviewed in Amundsen 2000; Kraaijeveld et al., Z20Dobias et al., 2012).

The European serinssdrinus serinus) is a dichromatic species where individuals
have a carotenoid-based plumage colouration, wigttesnexhibiting a large yellow
breast patch which is a sexually selected ornar(lezitédo et al. 2014) and is also a
status signal among males, along with plasma tiestose levels (Leitdo, unpublished
data). Females also present a yellow patch whidless defined and visible than in
males, and which can be quite variable among fesnaleis patch is absent in juveniles
(Cramp and Perrins 1994).

In this study we wanted to determine the possiltetion of plumage colouration in
female serins, both as a sexual or as a sociadlsigrihe context of mate choice and in
a social contest over food. We performed a males rolabice experiment in a laboratory
setup where males were able to choose between e cotwurful or a drabber female.
We also tested for intrasexual competition functidy creating a context of
competition for access to limited food in newly rfeed groups of females. We
attempted to test four hypotheses: 1) if femaleowaltion is a sexual and a social
signal, more colourful females will be preferredrbgles and colourful females will be
more dominant; 2) if female colouration is a sexsighal, more colourful females will
be preferred by males, but will not be discriminlaite intrasexual context; 3) if female
colouration is a social signal, more colourful féesawill not be discriminated by males
but the signal will determine the outcome in conipet situations; 4) if female
colouration is derived by genetic correlation o thales’ trait, more colourful females
will not be discriminated by males and will not belated with the outcomes of

competitive situations.
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METHODS

We captured 40 individuals (20 females and 20 malggh mistnets in
agricultural fields nearby Coimbra, Portugal, bedawelanuary and March of 2012,
and transported immediately to an indoor aviaryhg Department of Life Sciences
of the University Coimbra where they were kept lutite end of the experiments.
Birds were aged (first year or older) and sexedezzribed by Svensson (1992), and
received a numbered black plastic ring. Individuaése kept in same-sex groups of
4 per cage (118 x 50 x 50 cm), under natural lgynd ventilation, with several
feeders and ad libitum access to a commercial foadure (European Finches
Prestige, Versele-Laga), tap water and sand gtiit gvushed shell oyster.

Birds’ status was checked daily to ensure theifaveland health. The veterinary
also checked for birds’ general state and housimgditions. In July, after the
experiments, the birds were transferred to a laogen (2.72 x 1.55 x 2.20 m) for
flight training for 7 days. Individuals were theeleased at their respective capture
sites where they joined groups of conspecifics.

We measured birds’ body mass (with a scale), taasuwswing lengths (with a
calliper). Ectoparasite mite load on wing feathesss assessed by an estimating
method following Behnke et al. (1999; 1995). Wefpened a principal component
analysis (PCA) on untransformed morphological messents (body mass, tarsus
and wing lengths), for the twenty females to usedtore of the principal component
(PC) as a measure of body size. The PCA revealed@n characterized for positive
loadings for the three variables, explaining 49%taifl variation (trait loadings:

body mass 0.561, tarsus 0.792 and wing length®©.72

122



Female plumage colouration

Colouration measurements

Females are less colourful than males, being almasurless in the forehead and
exhibiting a yellow patch in the breast which isdevell defined and interspersed by
some brownish-grey lines along it (Cramp and Psrt®94). The female’s yellow patch
was measured with an Ocean Optics USB4000 spectiapieter (Dunedin, FL, USA),
with a deuterium and halogen light source (Mikrdp&ini-DT-2-GS, UV-VIS-NIR),
emitting light covering the 300nm to 700nm intervaihd an optical fibre reflectance
probe (Ocean Optics R400-7 UV/VIS), held verticalijtached to a rigid black holder
to standardize the distance between probe and saf@pinm), providing a sampling
area of 28 mm All measurements of the spectrum were expregséaki proportion of
light relative to a white standard (Ocean Optics5-I¥SS White Standard). We took
three readings for each of the sampled areas:titheast and belly. We then averaged
the three areas for data reduction. We calculaddaration according to Leitdo et al.
(2014), from spectral reflectance data between &2 700nm, extending to the UV
region, to which birds are sensitive (Cuthill 2008Je used saturation to discriminate
individuals as this is positively correlated withrotenoid content of the feathers (Butler
et al. 2011; Saks et al. 2003) and is the chosgrakin males is carotenoid saturation

(Leitdo et al. 2014).

Male mate choice

The first experiment was conducted between Apritl dday 2014. Based on
saturation, females were allocated to a more clbgroup or a drabber group (more
colourful group n= 10; less colourful group n= 1@airs of females were formed
selecting one from each group to maximize the wifiees between ranked females.
The pairs of females had no differences in bodg #NOVA F; 10= 1.442 P = 0.245)
or parasite load (F19= 0.062 P = 0.807). Males (n= 20) were presentita avunique
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pair of females. The mate choice experiments wertopmed from 8h to 12h a.m.,
with birds exhibiting the species typical breedb@haviour in their cages. The mate
choice experiments were performed in a T shaped tesm with three
compartments: a larger one (155 x 272 X 220 cmheoted to two smaller ones
(112 x 136 x 220 cm;(See Figure 1 of Leitdo et2@l14). The closest area to the
glass was considered as the choice area and tiem# bgp males in the interaction
area of females was used as a measure of malegredée(Nolan and Hill 2004 and
wherein references). The females were randomlgmasdito each of the two smaller
compartments and the male was placed in the lagapartment. Females could see
the male but not each other, and all birds had Ivooatact. The trials lasted 60
minutes, being the first 30 minutes consideredimatization period. Each trial was
video-recorded for subsequent analysis with ObseXE 10 software (Noldus,
Wageningen, The Netherlands). We performed 20, teatshree were discarded due
to lack of interaction between birds. We measuhedtime spent in the choice area

and number of hops in the perches.

Social competition

We conducted a second experiment, in June 2018g u$ of the females that
were tested in the mate choice experiment, to ftesintrasexual competition. A
context of competition for access to a limited famlirce in new formed groups of
females was created. Initially 4 groups, each c¢anet of 4 randomly chosen
females that had not been housed together wheraptivity, were formed. The
groups were formed 2 days before the experimealsirhoused in cages similar to
the housing cages with water and food in ad libitungividuals were coloured-
ringed (green, light blue, dark blue and red) Misual identification. The experiment
consisted in filming social interactions betweediwiduals in a feeding context. In

each trial the animals were deprived of food fdro2irs (12h00) and then one feeder
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was placed inside and in the middle of the cagé@ % which would allow for just
only one animal to feed at a time. Trials lastedriButes. Each group was subjected to
to 5 trials that took place in consecutive daysis @xperiment never caused physical
injury.

Video tests were analysed by performing focal olzg@rns of each individual, using
the software Observer XT 10 (Noldus Information HAremogy). Intrasexual
competition was analysed through aggressivenessnandpolisation of the feeder. We
registered the number of attacks and displays raadethe identity of the receivers of
this behaviours, being attacks a physical conftomtards the opponent and display
being threatening another bird with head down apenobeak, with or without rapid
wings movement. "Aggressiveness” was calculatethasum of number of attacks and
displays made by each individual. A dominance scaws calculated for each
individual in each group using the data of the ¥ysdalaking into account that the
interactions were dyadic we used normalized Dawsd®e (David 1987) for each bird,
with the correction for different interaction frespcies between individuals (de Vries et
al. 2006). David's score quantifies an individuabserall success by considering
wining interactions weighted by its opponents’ wensd losses in the group (David
1987). Higher scores are indicative of higher damoe. After calculating the
dominance score we examined the dominance relaijprietween members of each
group calculating the steepness of the dominaneeatthy (de Vries et al. 2006).
Steepness measures the range of individual diffeseim dyadic interactions (values
close to 1 indicate strong dominance hierarchiestidr values close to O indicate a
shallow hierarchy (de Vries et al. 2006)). We akmmalysed the activity of each
individual as the total number of hops in the pescland in the feeder. We had to
interrupt one of the group experiments since omaafe became sick, so that the

analysis was restricted to 3 groups of 4 females.
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Statistical procedures

In order to understand the signal content of pluensgturation of females, we
performed a Generalised Linear Model (GLM), withusation as a dependent
variable. Female age entered as factor, body sizk parasite load entered as
covariates in the model. For the analysis of maéfgpence we built a GLM with
repeated measures, with male association timeeaddpendent variable. We used a
Linear Model defining the number of the trial as #Bubject for pairwise comparison.
Female age entered as factor, female saturationthentdime females spent in the
response area of male, number of female hops ayl 9ipe entered as covariates in
the model.

In the social dominance experiment we first tested group differences in
aggressiveness, mean time spent in the feederciindya with an ANOVA with the
average score for each individual as the dependerdble and group as a random
factor. We estimated within-individual repeatalyilof aggressiveness, mean time
spent in the feeder and activity, as well as chamgehese across the 5 days from a
ANOVA (Lessells and Boag 1987). We then examinegl tblationship between
aggressiveness, dominance score, mean time spehe ifeeder and activity. We
used a GLMM to test if dominance score (averageesper individual across the
five days) were related with body size, age (fysar old versus older), parasites or
saturation. Group was used as a random factor dieroto control for possible
differences in aggressiveness between groupsstitatianalyses were performed

with software IBM SPSS Statistics ® 20.0 for Window
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Ethical note

This study was conducted in accordance with legaluguese agencies Instituto de
Conservacdo da Natureza e Florestas and Direccéal @& Veterinaria, and under

ICNF permits 48 / 2012 / CAPT for animal capture amaintenance.

RESULTS

None of the factors considered — age, body sizepanasite load - were significant

predictors for saturation of female plumage (Table

Table 1 General linear model for female saturation, witle,dapdy size and
parasite load as independent variables. N = 2egabf the estimates and
standard error (SE); Wajd test and probability (P).

Explanatory Variables Estimates + SE Waldx® P

(Intercept) 0.957 £ 0.037 902.506 0.000
Age -0.051 £ 0.035 2.16 0.142

Body size 0.008 + 0.020 0.172 0.678
Parasite load -0.002 £ 0.012 0.041 0.840

Male mate choice

In the mate choice trails, males were clearly nadgd having spent 83.4 + 22.5% of

trial time in the response area of females. Howewales did not show any preference
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for female colouration (Table 2). Instead, time @satkpent in the response area was
associated with time females spent in their respamsas, so males seemed to respond
to female presence. Other factors as females’ ag@hgsical condition did not

significantly affect the time males’ spent on thehoice area (Table 2).

Table 2 Generalized linear model, with repeated measufas, male
preference in mate choice trials. N = 17; valuethefestimates and standard
error (SE); Wald® test and probability (P).

Explanatory Variables Estimates + SE Wald x* P

(Intercept) 695.897 + 805.76¢ 0.696 0.404
Saturation -426.311 + 818.98 0.271 0.603
Time in response arei 0.393 £ 0.120 10.720 0.001
Number of hop -2.541 + 1.527 2.769 0.096
Age -68.577 + 137.21¢ 0.250 0.617
Body size -82.715 + 68.364 1.464 0.226

Social competition

The groups did not differ in social behaviour (aggiveness: J1;= 0.289, p=
0.756; mean time spent in the feedeyiF 1.066, p= 0.384) and general activity (E
0.309, p= 0.742). The within-individual repeatailin aggressiveness was significant

across days (r= 0.480;:42+4 5.624, P< 0.001), as the time that individualensp
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monopolizing the feeder (r=0.276;i:R4+~ 2.909, P= 0.006). In the same way, moderate
within-individual repeatability was found in actiyi(r= 0.184; k1 4= 2.134, P= 0.037).
Aggressiveness was strongly related with the tingividuals spent monopolizing
the feeder (rs= 0.592, df= 12, P= 0.043) but ndhvaictivity (rs= 0.91, df= 12, P=
0.778). Dominance score was also highly relatedh wggressiveness (rs= 0.757, df=
12, P= 0.004), and with time in the feeder (rs=9@,6df= 12, P=0.013) but not with
activity (rs = -0.417, df= 12, P= 0.178). Individsidnigher in dominance were more
aggressive and were also the ones that contrdieddod container for longer. The
steepness of dominance relationships was high (X#60+ 0.123, Figure 1), which is
indicative of strong hierarchies. Although more @ggive individual are socially
dominant, we did not find any characteristic eitphysical (saturation and body size),

of condition (parasite load) or age, that was iathi@ of female status (Table 3).
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Figure 1 Dominance hierarchy steepness. Relation betweetdBascore
(normalised) and the rank of each individual witkach group (3 groups).
The absolute value of the slope for each group nreashe steepness of the

hierarchy. Each symbol represents different indigld within-groups.
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Table 3 Generalized linear mixed model for the social dwance score,
group number was used as random factor. N = 12tegabf the estimates
and standard error (SE); F test and probability (P)

Explanatory Variable Estimates+SE F P
Intercept

Saturation 0.889+17.273 0.003 0.961
Age 3.670 £ 4.245 0.747 0.427
Body size -1.080 = 2.428 0.198 0.675
Parasites 0.553 + 1.775 0.097 0.768

DiscuUssION

Through a series of experiments, we found thatteamd-based plumage of female
serins was not sexually discriminated by malesvaasl not related to social dominance
over food. Our results suggest that, in the Euroein female colouration seems to
be a result of genetic correlation, as it is naddugn mate choice neither in social

competition for food.

Male mate choice

In the mate choice experiments, we found that whales had to choose between a
colourful and a drabber female, they did not egechoice. Instead, the most relevant

aspect was that male association time was cleadgcated with female association
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time. That is, males preferred females that sperertime closer to them. Apparently,
males were just being responsive to the interef#roéles rather than choosing between
them. These results do not support our first amdrse hypotheses and support the idea
that female colouration is not a sexual signal. offpeassumes that in species with
conventional sex roles, males do not discriminagteiad they try to fertilize as many
females as possible (Jones et al. 2002; Triver2)LHowever, in species with high
male reproductive investment, males may becomestbig@nd there can be variance of
investment with male condition: scorpion flies’ mslin poor condition invest more
when mating with high-quality females (Engqvist a®duer 2001). In monogamous
species with high bi-parental care, mutual mateicghas expected occur, because
female quality could have a great impact in majf@aductive success (Amundsen and
Péarn 2006).

From field observations it is known that male serare keen on courting every
female they find if not mate-guarded, and extra-papulation attempts are extremely
common, albeit rarely successful (Mota and Hoi+@it 2003). It agrees with this
behaviour in natural settings the fact that in @periment males were more responsive
to females that they were exerting any choice. Malmply approached and courted the
females that revealed interest in them, which caailder be for pair-bonding or for
extra-pair behaviour.

In previous studies the possibility for male mateice in birds yield mixed results.
Amundsen and co-workers (1997) found that maleocis®d more with more
colourful females ofLuscinia s. svecica. In Parus caeruleus, males preferred UV
reflecting females over no UV reflecting femalesu@tiet al. 1999). Hill (1993) showed
that Carpodacus mexicanus males preferred brighter females, although female
colouration was not related to condition, reprodigctsuccess or winter survival. If
female colouration is not an indicator of indivitlgaality, male selection for brighter
females may have evolved as a correlated respotibd 993). On other cases such as
the slightly dimorphicHirundo rustica Cuervo and colleagues (1996) were unable to

find mutual mate choice based on tail length. AisoAgelaius phoeniceus, the red
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epaulets displayed by females revealed no fundtiosexual selection or dominance
interactions and the authors concluded that this évolved as a correlated response to
selection for male colouration (Muma and Weatheie:89).

The serin is a sexually dichromatic species wityebow patch that is selected on
males by females (Leitdo et al. 2014). It has bemmnelated with survival (Figuerola
and Senar 2007) and condition during moult (Figizeet al. 2003). This patch is
carotenoid-dependent, which may be a signal indicat good foraging ability, since
carotenoids have to be incorporated in the dieé Jadme reasoning applies to females.
And if males are choosy on their prospective méatesy should pay attention to traits
that could indicate their foraging ability, as thellow patch. This means that sexual
selection on ornaments by males should occur pdaitiy when the ornament is related
to female quality. However, we were unable to fenctorrelation between plumage
colouration and female quality in this species. W& considered some measures of
female condition and we cannot dismiss that fentaleration may be related with
other quality traits.

There are several possible explanations for theraes of choice by males in a
species with high paternal investment. One possibd that males have no advantage
in being choosy. The cost of selecting a pair mayhigher than not choosing at all.
There is a risk of remaining unmated; the time andrgy of sampling could be too
high for males; the cost of predation could inceeasile sampling for a mate; nest or
young predation could be higher in more conspicunates (reviewed in Jennions and
Petrie 1997). For example, female plumage colowumais negatively correlated with
nest predation in wood warblerBafulinae) and finches Qarduelinae) (Martin and
Badyaev 1996). Another possible explanation is thale choice could be less obvious
(Engqvist and Sauer 2001), and males simply infesstin low-quality females (Roulin
1999). This differential investment is a less extee strategy (Cunningham and
Birkhead 1998) and it is possible that differentnis of selection operate on the
ornaments of sexes (Heinsohn et al. 2005; LeBa&)2@&lection criteria in both sexes

could be different and males may select femalegdas other traits (Hill 1993).
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Another explanation is that ornamentation is cosihd if there is a trade-off between
ornamentation and reproduction, males should natlveva preference for more
colourful females, which could have reduced fectyndFitzpatrick et al. 1995) or
offspring with lower survival (Clutton-Brock 2007emales invest directly in their

offspring instead of in ornaments.

Social competition

The social competition experiment showed that fenyallow colouration does not
function as a status signalling during competition access over food. Although
experimental groups formed steep hierarchiesthiere were strong difference between
individuals in their dominance rank, we could nwotdf any signal mediating female
disputes. Using the same experimental protocol useitie present study for social
competition, we found that in male serins yellowotanoid-based colouration is a
reliable predictor of social status (Leitdo et apublished), while in this study female
colouration did not relate to social dominance. réf@e, we show that the same trait
may function differently in females and males.

This intra-specific variation between signal funatiin females and males could be
due distinct life history strategies while foragimRrevious work with this species in the
field has shown that while foraging, male serindniyadirected aggressions towards
females (Senar and Doménech 2011), suggestingnilas are dominant over females.
As serins colouration is carotenoid-based and digrerof diet, this signal could be an
indicator of good foraging ability that is linked tood monopolisation which males are
more efficient than females.

Research made in the function of traits as staiysaking in both sexes is still
limited, as most of it was performed only in mal8sme studies have described this
comparison in monochromatic species: in the AmargaldfinchSpinus tristis, female

carotenoid-based bill functions as a signal ofustéih contests over food (Murphy et al.
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2009b), while in males it doesn’'t (Murphy et al.12). In the rock sparrowetronia
petronia, male patch size was correlated with access td (Gwiggio et al. 2007), and
the same was also true in females (Griggio et@Gl02 Although female serins present
a reduced signal by comparison with males, it whsissible that the trait has similar
functions in both sexes, which is not the case.dvitudies are needed to understand if
status signalling can function on both males anabfes.

In general terms, colouration may function in stagignalling in social interactions
over mating resources or other nonsexual resoufloesides food), like territories
(West-Eberhard 1983; Amundsen 2000, LeBas 2006ijerzeld et al. 2007). Here, we
tested this signalling function over access to feod we did not find any effect of
colouration in mediating the disputes. However,caanot exclude that female yellow
colouration may function in other contexts beyondess to food. Future studies should
take into account other contexts to assess if feroahaments do function in social

status signalling.

Conclusion

In summary our results show that female plumageuration is not a signal in mate
choice and in social competition over food. Als® eid not find a correlation between
individual quality (physical condition or parasitead) and plumage colouration in
females. While these results are based on lackideerce, previous results using the
same experimental design both in mate choice (beid al 2014, Trigo et al
unpublished) and in social competition (Leitdo lairgublished), have shown effects of
male yellow colouration in female mate choice andmale competition over food.
Thus, this reinforces the idea that colorationeméle serins is not involved in social or
sexual signalling.

Taken together, these results indicate that feroaleration in this species is not

sexually or socially selected as a sexual or s@galal. Most likely it is the result of
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genetic correlation over male selected coloratidmnus, female ornaments seem to be

by-products of sexual selection on males’ ornaments
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Conclusions

This study provided information about the honestgssage and mechanism of
carotenoid-based plumage ornamentation in malesfeameles of the European serin

Serinus serinus.

In chapter 2, | show that the availability of a igmentary carotenoig-carotene,
affected the total plasma carotenoids concentraBesides, it enhances the response to
a cellular immunity challenge and saturation of pglemage colouration. Finally, in
chapter 2 it is also demonstrated that this traitsexually selected. The main
conclusions of this chapter are that yellow caroigiibased colouration may be an
indirect indicator of general condition, which calso be dependent on carotenoids.
This result is in accordance with new theories siéivig the mechanism by which
carotenoids modulate colouration (Hartley and Kelyn2004). Traditionally, it was
supposed that there was a trade-off for carotenbate/een colouration and health
(Lozano 1994), with several supporting evidenceloyBt et al. 2003; McGraw and
Ardia 2003). Recently, some authors argumentsahadlternative to this hypothesis is
that colouration is an indirect indicator of gendnaalth, linked to the biochemical

efficiency of vital cellular processes (Hill anchison 2012).

In chapter 3, | wanted to explore the messageetthour signal in a field work by
relating colouration with several parameters. Witfour year study, with 100 birds, |
found that plumage colouration of males serins @obké predicted by age and
ectoparasite load. Older birds had bigger yellowclpes and with higher values of
plumage chromaticity; birds less parasitized hadmglges with bigger patches and
higher values of achromaticity, however had lowalues of plumage chromaticity.
These results suggest that this sexual selectédntiggy signal direct and indirect
benefits for females. Females may benefit of oldet experienced males and with less
risk of parasitic infection and offspring may bahef higher resistance to parasites.

Since there are fundamental differences betweesnaand human vision (Cuthill

2006), and in order to accurately quantify whatesceived by birds, special measuring
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techniques are required. In this work | compareeint colour metrics: tristimulus

and tetrachromatic visual models. | found thattitrislus colour variables and avian
visual models were highly correlated. With thessuls | established that carotenoid-
based plumage colouration is a condition-depenttaitit(Simons et al. 2012; Romero-
Diaz et al. 2013) and is predicted by age (Evamk Stmeldon 2012; Laucht and Dale
2012; Grunst et al. 2014) and parasites (Biard.2(4.0; Martinez-Padilla et al. 2010;
Mougeot et al. 2009).

Many male secondary sexual traits are regulatednoyogens (Hau 2007). In birds,
androgens modulate the expression of melanin-beskedration (Békony et al. 2008;
Muck and Goymann 2011), and some carotenoid-bagkediration of bare parts and
skin. However, the androgen-dependence of caratgolamage colour is not yet well
established. | investigated the role of androgarthe development of the expression of
plumage colours in serins during moult (chapter 4pund a negative effect of plasma
testosterone levels on the size of the yellow oeraml also found that testosterone
treatment negatively affected the UV-chroma andurséibn. Neither plasma
testosterone levels nor testosterone treatmenttaffeother colouration variables
neither physical condition, revealing a limitedeeff of this androgen in colouration and
general condition. These results are surprisingesih was expected that testosterone
modulate males ornamentation in some manner. Tiessdts do not agree with both
the hypothesis proposed to explain the testostaemdation of secondary sexual traits:
the immunocompetence handicap hypothesis (ICHHs{&® and Karter 1992) and the
oxidation handicap hypothesis (OHH) (Alonso-Alvarerz al. 2007). Accordingly,
examples of carotenoid-based plumage colouratiodutated by androgens are scarce
and generally linked to species with pre-nuptiabth@_indsay et al 2009; Lindsay et al
2011) or to beaks, bare parts and skins (Casagetrale2011; Pham et al. 2014).

In chapter 5 | explored the function of the yellowhamentation in the plumage of

female serins. Female ornamentation can functiomrasdaptive and non-adaptive
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signal: sexual or social function or genetic cate$ of selection on males. A few
studies had shown the possible dual function ofaterornamentation (Kraaijeveld
2004, Griggio 2010). However, | did not find a sakuunction for plumage

ornamentation, instead males prefer females thetaoted more with them. | couldn’t
also find a social function of this trait in serfamales, as female formed steep
dominance hierarchies in a food context; it wasratsited to colouration. These results
point to a genetic correlation of the males’ tram carotenoid-based plumage

colouration of female European serins.

The main conclusions of this thesis were that esrmitd-based plumage colouration
in males European serin is a sexually selectedittonelependent trait. This trait is an
honest signal, giving information about carotenplidsma levels, immune responses,
age, and ability to cope with parasite infectiorowdver, | found no evidence that
plumage colouration was androgen-dependent. ledptored the function and message
of carotenoid-based plumage colouration in femades] | found that the signal in
females is not condition-dependent, nor sexualliecsed, nor social selected. |
concluded that the expression of the signal in fem#& a genetic correlation with

males’ trait.

A further direction of work should be on the fulctiof the signal as a status signal
in males and study of the mechanisms leading tthéegpigmentation. The specific
mechanisms leading the dietary carotenoids to eaoad pools and to the utilization in
different physiological functions, including col@tion, immunity, antioxidation,
should be investigated. Furthermore, a researchtabe reproductive success of males

and females related with colouration could disclessome unanswered questions.
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