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The presence of multiple distinct ornamental triaitdhe same species is frequently explained
by context-specificity and different informationrtdent. However, the expression of multiple
ornaments is often correlated, and such traits imenefore function as a single, integrated
signal. Delayed use of an integrated signal regaiivproduction requires temporal stability in
integration, which has seldom been examined. Wd asaumn and spring reflectance data
from the breast, breast stripe and crown of gitsaRarus majoy to assess the stability and
mating implications of colour signal integratios, \aell as the repeatability of any integrated
colour trait and its correlation with condition thg moult. We found high levels of stability
between seasons, years, sexes and ages in thiatonrpatterns of colour measures across
the three plumage areas. The first principal corepbnolour axis described joint variation of
UV reflectance on the crown and the breast stthexeby representing an among-trait UV
chroma axis. However, only breast yellow chromansftbcondition-dependence, while
temporally consistent and significant assortatiing was restricted to crown UV chroma.
Our results therefore do not support the ideastheabverall UV chroma of the breast stripe
and the crown is special in condition-dependencerapeatability, or it plays a specific role

in mutual sexual selection as an integrated sigbat.results show that stable association
between display traits is an existing phenomendeyTalso indicate that even in the presence

of correlated traits, functional trait integratiamong these requires further scrutiny.

ADDITIONAL KEYWORDS: body condition — feather abraa — moult — plumage colour —

redundant signal — sexual selection.



33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

INTRODUCTION

Research of sexually selected ornamental traitalhesys been at the forefront of
evolutionary ecology studies (Darwin, 1871; Andergsl994; Hill & McGraw, 2006). With
the exploration of an increasing number of différeexual traits, recent studies increasingly
emphasize the variety of sexual signals and thierdnt information content, even within a
single species. This focus on signal variety id vlaktrated by the recent introduction of the
concept of within-species ornament diversity (Cheal.,2012). Regarding colour traits,
classically used categories include pigment-baSedr{sson & Wong, 2011) and structurally
based ornaments (Srinivasarao, 1999). Both of theser in bird feathers (Gray, 1996;
Badyaev & Hill, 2003). On the other hand, some mé@eork indicated that many colours (in
birds nearly all plumage colours) in fact combimgnpent- and structurally based mechanisms
(Rutowskiet al, 2005; Douceet al.,2006; Kuriyamaet al, 2006; Shawkewgt al.,2006;

Wilts et al, 2012), and highlighted similarities in informatioontent among classical
categories of colour (Blest al.,2006; Griffith, Parker & Olson, 2006). This indiea that
seemingly distinct ornamental traits of the sanmec®s may not behave independently at the
developmental and functional levels.

Multiple sexual traits may function in the samesaselection process, either
conveying different information or reinforcing eaather (Mgller & Pomiankowski, 1993;
Johnstone, 1996), but they can also be used ierdiif contexts (Pryket al, 2001; Dunret
al., 2010). The concept of composite sexual signaksrged relatively early, but classical
studies of this phenomenon examined the separdatenation content and role of multiple
aspects of the same conspicuous trait (Badgaal,,2001; Mgller & Petrie, 2002). By
contrast, if the same species apparently displaytipte traits indicating phenotypic quality,
these may actually indicate one or few common daspgaquality (Badyaev, 2004; Martin &

Lépez, 2009). For example, multiple ornaments mepedd on the overall physiological state
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or body condition of the individual (Rowe & HoulE)96) and thereby share some of their
genetic and environmental background (Tomlanhal.,2004). This raises the possibility that
even perceptually distinct traits of different deygmental origins, for example, patches of
different pigmentary basis in the same plumage, coaselate in their expression and may
even constitute a single integrated signal (He&e®apaj, 2005). A much more
straightforward case is when multiple distincttgaif similar developmental origin convey
similar information (Peterst al, 2008). Functional integration among these mawiocc
simply due to a shared sensory processing pathveagensory exploitation (Partan &
Marler, 2005), although this will not happen if thassibility to assess the individual traits is
different or context-specific (Hebets & Papaj, 2006 sum, multiple processes may cause
developmental integration, functional integrationpoth, among some components of a
system of multiple display traits.

An increasing number of studies investigate mudtganspicuous traits in the same
species (Candolin, 2003). Some studies have estihaahong-trait correlations and treated
multiple unrelated ornaments as separate signaisdiRket al.,2009), while others pooled
correlated ornaments into a single trait (Merilaeon & Lindstrom, 1999) or examined
them separately despite their interrelation (Guwerdarkeret al.,2013). However, many
authors do not even consider the possibility aitrehships among multiple traits of different
developmental origins. Therefore, there are orttardful of studies that suggested sexual
selection on complexes of multiple distinct but ertheless integrated ornaments. Examples
for such integration include pairs of structurdlgsed and melanin-based (Siefferman & Hill
2003), depigmented white and melanin-based (Letcal.,2011), and carotenoid- and
melanin-based plumage colour traits (Hegtyal.,2008). Likewise, in general, investigations

of possible adaptive mate choice for the parabeiation or occurrence of conspicuous
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character states are still relatively rare (Madieal.,1998; McGlothlinet al.,2005;
Lancaster, Hipsley & Sinervo, 2009).

A fundamental but seldom examined question conegrsignal integration is whether
it is sufficiently consistent (among contexts) atable (in time) to permit receivers to pay
special attention to the signal complex rather tin@univariate traitper se Recent research
puts particularly strong emphasis on fluctuatinigimation content and fluctuating selection
in multiple signal systems (Bro-Jgrgensen, 2010)thE contrary, there are two cases in
which the evolutionary persistence of sexual selaain an integrated signal as opposed to
multiple independently processed signals requiiasilgy in trait correlation structure and
information content across seasons: when the sagmaplex is used in multiple seasons, and
when the production and the use of the signal cermate temporally separated. Ornaments
produced in a limited time window but maintaine@reound are subject to seasonal wear
and other damages (staining, chemical degradattoh Eor instance, feather abrasion
contributes to the expression of various typedwiage signals (Delhest al.,2010) and it
may therefore also affect correlations among tHesather structures including melanins and
carotenoids presumably reduce and increase, reésggcthe susceptibility of feathers to
abrasion (Bonser, 1995; Bleiweiss, 2004), so abna@nd other processes) may differentially
alter the coloration of such areas across seasogsefola & Senar, 2005; Adamik &
Vanakov4, 2011). Many species replace their orngsnegell before the main period of sexual
displays, while others may use them year-rounsed#isonal wear increases, reduces or
reorganizes developmental integration among meliyphaments, this will have implications
for their functional integration. In the case ofaded ornament use relative to production,
integration at production may be completely différer absent at use. In the case of
prolonged use, integration may gradually changh time. This may in turn reduce or

reverse the adaptive value of paying attentiomeédttait complex.



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

In addition, year-specific environmental conditionay exert major influences on
sexual signal expression (Saieioal.,2004; Scordato, Bontrager & Price, 2012; Molnar,
Bajer & Torok, 2012), and there may be differerdaryspecific effects on different ornaments
of the same species (Heggtial.,2007a). This may cause among-year variation in the
magnitude and pattern of integration among multgpleamental traits. Sexual ornamentation
often drastically changes with age and this maglwer shifts in information content (Hegyi
et al, 2006; Grunst, Rotenberry & Grunst, 2014). Wittiedtential delayed maturation of
different ornamental components (Hawkins, Hill & Madante, 2012) relationships among
these components may also undergo an age-relasedehFinally, the proximate
determination of homologous sexual traits in maksus females is sometimes similar
(Doutrelantet al.,2012) but in other cases very different (MurphyBam, 2012), which may
cause sex differences in signal interrelationhdf brnamentation of the two sexes is
qualitatively similar, the degree of similarityamnament integration between males and
females is informative regarding the evolution ofament integration and it is therefore
relevant to the stability of integration. For exdeppntegration may have evolved similarly or
differently in the two sexes, and the evolutionmiégration may have preceded or followed
the evolution of sexual dichromatism.

Here we use a long-term spectral dataset from gitegParus majoy to examine the
integration of plumage colouration and the abovetioaed four aspects of signal
consistency. Some components of the plumage orrtatr@nof great tits have been
abundantly studied (see e.g. Fitze & Richner, 2@eiar, Figuerola & Doménech, 2003;
Jacotet al.,2010; Romero-Diaet al.,2013). However, despite suggestions of similanty i
information content among multiple traits (Galva6,10), their correlation structure and
especially the temporal stability of this corradatistructure have not yet been explored (but

see Hegyet al.,2008 for a partial attempt; see also Senar & Qiees2009). We analyze the
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autumn and spring reflectance descriptors of liedgyht in seven year-specific moult cycles
(autumn or the following spring). This species hasngle complete moult in summer
(Gosler, 1993; see also Methods) and shows strathgwndividual changes in plumage
colour expression across seasons (Figuerola & S2d@s; Adamik & Vanakova, 2011), so it
is ideal for testing the relative importance of tt@md plumage abrasion for signal
expression and integration. We assess reflectaamation and spectral integration among
three ornamental plumage areas: the melanisedtlste@as (Norris, 1993) and crown (Hegyi
et al.,2007b), and the carotenoid containing breast §Ra&ttal.,1987). The reflectance of
melanised traits has very scarcely been studigdeat tits (this is the first study of breast
stripe reflectance and the second study of crofleatance), while studies of the yellow
breast principally involved nestlings (reviewedHagyiet al.,2007b). The role of these traits
in signalling is unknown at present. The seasooasistency of colour integration in this
system would be important if some integrated corepbof reflectance had a role in mate
choice (which occurs many months after moult) aodld be especially important if the
integrated component had a signalling role botlhiwiand outside the breeding season, as
previously observed for breast stripe area in #messpecies (Norris, 1990; Lemel & Wallin,
1993).

Here we first compare signal integration pattergisveen the sexes and between
yearling and older birds. Second, we quantify clearig trait interrelation from autumn to
spring due to abrasion. Third, we compare the &ira®f trait correlation matrices among
years. Fourth, we define composite colour traits i@st the within-individual repeatability of
univariate and composite traits in the face ofed#ht combinations of moult and abrasion, as
well as their relationship with body condition chgimoult. Finally, we assess assortative
mating patterns (the degree of correlation in colmtween pair members) to compare one

potential indicator of sexual selection betweemglermand composite plumage colour traits. If
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univariate colour traits are developmentally integd as an ancestral character state and
functionally integrated throughout the year in beéixes, we predict similar colour trait
interrelation patterns across sexes, ages, seaadngars. If the costly assessment of
composite traits is adaptive, we also predict thatdominant composite colour axis will
provide additional or more reliable information quemned to the univariate traits, and

accordingly show stronger or more consistent aggeet mating than the univariate traits.

MATERIAL AND METHODS

FIELD METHODS
Great tit feather samples were collected in outhwesplots near Szentendre, Hungary (T6rok
& Toth, 1999). The time span of our present datgea from autumn 2006 to spring 2013.
For comparability, we consider seven pairs of seaselonging to the same summer moult
(e.g. autumn 2006 and spring 2007). Therefore, ave Iseven ‘moult years’ from 2006 to
2012 (hereatfter, ‘year’). In the autumn and eairiiyter (6 October to 28 January in this
dataset), great tits were caught using mist netis@ateeders baited with sunflower seed. In
spring (5 May to 26 June), parents feeding 8- taldy old nestlings were caught in the nest
box. All birds received numbered aluminium ringsl &émeir age (yearling or older) and sex
were determined based on wing covert contrast egakbstripe size respectively (Svensson,
1992). The category “yearling” refers to first-yedtY) in autumn and second-years (2Y) in
spring. The plumage of both “yearling” categoriessvgrown at the post-juvenile summer
moult. The category “older” refers to second-ydah) and after-second-years (2Y+) in
autumn and 2Y+ in spring, both of which have plumggpwn at a post-breeding summer
moult. Body mass was measured using a Pesola dmiagce (nearest 0.1g) and tarsus

length using callipers (nearest 0.1mm). Feathepgzswere collected from the black crown,
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yellow breast and black breast stripe. We colleejgoroximately ten feathers from each area,
which is at the lower threshold of sample sizertsuee reliable spectrometric results
(Quesada & Senar, 2006). Ten feathers are a snagibion of the plumage in each area.
The location of feather collection is hardly vigladfter sampling and the feathers are regrown
in a few weeks (our pers. obs.). The total numibéirds sampled wal = 425 in autumn

andN = 433 in spring (sample sizes for autumn and gmespectively; 2006: 91+25; 2007:
48+36; 2008: 49+94; 2009: 90+65, 2010: 59+41; 2@P*121; 2012: 59+51), and they were
alsoN = 90 recaptured\(= 21 in autumn anbl = 69 in spring). In autumn, we also collected
the two second outermost rectrices to estimate bodgition during moult from the width of
daily feather growth bars (see below). It is impattto state here that, in line with some
southern populations of the species (Svensson 1882y nearly all juvenile birds in our

area replace their rectrices at the post-juvendelb{see Supplementary Methods Part 1 for
details). Yearling rectrices therefore reflect badydition at the post-juvenile moult when

the rest of the plumage was grown, so they are ecabfe with the rectrices of older birds.
Collected feathers were stored in envelopes inrlaalad dry place until processing in the
laboratory. Breast stripe area (Figuerola & Se®®02 was measured in a subset of our birds
but it was weakly correlated with plumage reflecem our population and showed very
weak assortative mating so it was omitted fromanalysis to preserve sample size. We also
did not measure the reflectance of another ornaahtrait, the cheek patch (Ferns & Hinsley,
2004) in this study. Inserting additional, possibhknown ornamental traits could rearrange
the results we report here, although this is #$télmost comprehensive study of great tit
plumage reflectance we are aware of. Note thatdieds are recaptured between seasons and
years in our population (see above). (These werd testest repeatability, see below.) Our
comparisons of seasons and years may therefoeetrdile fact that we have partly different

great tit individuals present in different seasfresidents in spring while residents plus
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vagrants in autumn). However, absolute differemeeserage colour among seasons and
years were removed from our data before analyseshslow), while any sampling-related

differences in colour correlation structure make m@sults conservative.

SPECTRAL MEASUREMENTS
Reflectance was measured with an Ocean Optics UBB&@ectrometer, using a bifurcated
fibre-optic probe and Ocean Optics deuterium-tuergstalogen light source DH2000. A
black plastic tube was fixed on the probe to stasida measurement distance and exclude
ambient light. The probe was held perpendiculahéosample. Feathers were placed on top
of one another on a piece of black velvet. Thremsavere taken for each set of feathers, with
frequent calibration using a WS-1 white reflectsiandard (Ocean Optics Europe) and a
black reference (no incoming light to the sensarjrdy the measurements. Reflectance
curves were stored using OOIBase software (Ocedic<purope). The repeatability of
spectral data acquisition in this system is higlréiclass correlation coefficient= 0.761 to
0.969,N = 948, allP < 0.001; Becker, 1984). Spectral data acquisitvas done within a few
years of feather collection. As feather samplesvetored in a dry, cool and dark place and
were not treated with any chemicals, the reflecast@aracteristics of our samples are
unlikely to have substantially changed during teequ between collection and
measurements (Armenta, Dunn & Whittingham, 200&aMreflectance spectra for males

and females of each plumage area are shown irLFig.

BODY CONDITION DURING MOULT
Body condition (i.e. nutritional condition) durimgoult was estimated from the growth rate of
tail feathers, that is, ptilochronology (Grubb, $98ee Hill & Montgomerie, 1994; Keyser &

Hill, 1999; Hargitai, Hegyi & T6rok, 2012 for appations to plumage ornamentation). We

10
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restricted these measurements to the autumn datsstoe that we measure the post-moult
state of plumage colour, minimizing the confoundeéfigct of differential abrasion. In
addition, abrasion also hampers the readabilifather growth bars. The method adapted to
the great tit by Senaat al. (2003) was used here (also see Hegyil.,2007b, 2008). The

total width of the first ten visible growth bargyfit and dark) from the distal end of the
feather was measured by calliper (nearest 0.1 mnaler intense direct illumination. Ten bars
indicate body condition over ten days of mouliprag period relative to the total duration of
moult. The left and right feathers of the sameuvittlial were measured separately in time,
and measurer experience bias was avoided by ditegrizetween the sides after every eight
samples. The repeatability of growth rate betwéerntwo temporally separate measurements
of an individual was highr(= 0.699 + 0.030SEN = 302 in juveniles and = 0.617 *
0.067SEN = 87 in older birds). The mean of the two sides wsed as growth rate in the
analyses, except for the case of damaged or missatigers on one side. Overall 410 of the
425 autumn birds could be measured for ptilochragyl 21 of these on one side of the tail
only. The two sides did not differ systematicajppaifedtsgss = 1.208,P = 0.228) so using one

side does not cause bias.

STATISTICAL ANALYSIS
We calculated two measures from the spectral dagaah plumage area, using the ‘tit-
visible’ range (320 to 700 nm) of the spectra (Harl.,2000). The first measure was
average reflectance (brightness,;Rog. The second was a measure of the dominant directi
of changes in spectral shape in the respectiveaayenarea: UV chroma §R-40dR320-709 for
the crown and the breast stripe, and yellow chrffRagrR4s50)/R700) for the yellow breast.
These spectral shape measures have previouslywbkéated using principal components

analyses (PCA) of raw spectral bands (Hexjyal.,2007b). Here we calculated derived

11
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colour descriptors rather than using a PCA of rpecial bands. A recent study showed that
derived colour variables showed higher correspocel@ith other colour quantification
methods (tristimulus variables, two avian visualdels) than spectral band PCs (Evanal.,
2010). We refrained from calculating estimateshefdvian visual stimulus (Vorobye¥ al,
1998) because great tits use an extreme varidighdfenvironments (from completely open
sunlight to forest shade) and the light environnpofoundly affects visual stimulus values,
thereby making any one of them a misleading esérafitolour in our present case.
Correlations between single light environment visianulus estimates and raw brightness
and chroma of the given plumage area are extremeghy(see Supplementary Methods Part 2
for details; see also Delhey & Peters, 2008; Erad., 2010).

The six colour variables (brightness and chromaémh plumage area) were first
transformed to improve normality of the model resid (breast stripe brightness log
transformed, breast yellow chroma square transfdyni®epeated measurements of a given
colour variable were then averaged within individuend the averaged values were compared
between sexes, binary ages (yearling or olderysy@#06 to 2012, see above) and seasons
(autumn vs. spring) in separate general linear isdde each colour variable, using all
possible interactions (except the three-way intesas of age; General Linear Model module
of Statistica 5.5). We used stepwise backward sfiogtion with reintroduction of the
removed terms to the final model one by one (H&g@aramszegi, 2011). The results are
shown in Table 1. We then extracted standardizedwals (mean of zero, SD of 1) from the
final models and used these residuals as areadelalr variables in the following analyses.
Using residuals was necessary because differentictohits showed different among-group
patterns (Table 1). Therefore, the pooled cormfatnatrix of raw, uncorrected colour traits
does not represent the consistent within-groupetations we detected, and using this matrix

to fit overall colour axes would accordingly produmonsensical results. Residuals were also
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necessary in the models of assortative mating epeatability to exclude confounding factors
such as year or age. Finally, we used residualseimnalysis of body condition to facilitate
comparability with other parts of the paper.

We did not correct our spectral data for date wigeason. When doing a correction
for capture date in the autumn data using secodérqrolynomials (Delhegt al.,2010), we
obtained very similar results to those presentéoMoéNe report the uncorrected data here
because a similar date-correction in spring woatdave a component of individual quality
(breeding date) and would therefore confound osulte with respect to the information
content of coloration.

In the following steps, we compared the correlatimatrices of the six standardized
(i.e. standard residual) colour traits between seages, seasons and then yddrs 425 in
autumn andN = 433 in spring, see details above under Fielchods). Matrix comparisons
were done using the common principal component (GR&hod developed by Flury (1988)
as implemented in the program CPC (Phillips & Athdl999). This method evaluates a
hierarchy of models that represent different deggematrix similarity, looking for the
number of dominant PC axes (first, first two, fillstee etc.) that are shared between two data
sets. Very small degrees of similarity are termedumrelated structure”. Increasing
similarity levels correspond to different numbef€oammon PCs (CPQo CPG., where k is
the number of input variables). The highest sniydavels are when all PCs are similar in
direction (full CPC), direction and relative impamce (matrix proportionality) or direction
and absolute importance (matrix equality). The progcalculates the Akaike Information
Criterion (AIC) as a measure of the relative suliigtof these different similarity scenarios
(models) given the data. To choose the model hggiasted by our data, we looked for the
simplest model within a difference of AIC = 2 frahre model with the lowest AIC. Note that

this is not necessarily the model with the lowekE AThis approach was used consistently
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when comparing the colour trait correlation masiog sexes, ages, autumn and spring, or the
seven different years. Note that the PCA approaay miss information lying outside the
orthogonal axis structure (i.e. among-trait conr@s our case) but variation outside the axis
structure is by definition responsible for a snpaicent of trait covariation. The PCA
approach may also fail if receivers use multipllaotraits hierarchically, but we have no
information to build trait hierarchies into our nesl

The focus of the present work was on quantifyirggdbrrelation structure of colour
among plumage areas of the same individuals. iffieplumage areas of the same
individual, belonging to the same sample, are atfice measured consecutively. Inadvertent
fluctuations in measurement quality due to varifaesors (changing attention levels of
measurers, light source drift etc.) necessarilyseawutocorrelation among neighbouring
measurements, and this autocorrelation may inflateelations among plumage areas or
create artefacts in the correlation matrix. To oarfor this, we re-measured the samples of
100 randomly chosen breeding individuals (50 mates50 females) from six different years
so that plumage areas were measured separately diifitrent, completely randomized
orders. In this sample, the effect of temporal eoteelation on the correlations of spectral
variables was completely eliminated. We then use@ @ compare the correlation structure
in this randomized sample to that in the originelasurement order in the same 100 samples.

Based on the results of the matrix comparisongheme calculated the PCA of
individual colour trait residuals using Varimaxabon in the Factor Analysis module of
Statistica 5.5 (StatSoft, Inc.). To check the dftdanathematical interdependence, we also
ran separate PCAs for brightness and chroma tifditsresulting PC scores (when handling
all plumage traits together) were used in threth&rranalyses. First, the within-individual
repeatability of univariate colour trait residuatsd the PCs was calculated. We had four

different types of repeated measurements: frormgga the next spring\(= 41; two
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measurements separated by moult but involving amadiégrees of plumage abrasion); from
autumn to the next sprinfl & 19; two measurements separated by a periocuofaaie

abrasion but no moult), between autumn and sprittyamoult in between\ = 19; both

moult and abrasion), and between two auturidrs {1; moult but no abrasion). We have
unfortunately too few within-season recaptures taedefore no information on within-season
repeatability. Within-individual data were analyaeging general linear models with second
measurement as the dependent variable, first measut as a covariate, and repeat type as a
factor, also including their interaction. Sexeseavpooled due to the high similarity of their
trait correlation matrices (see Results).

Second, relationships with body condition duringuth¢mean growth bar width) were
estimated for univariate residual and compositewnairaits in the autumn data. This analysis
avoided repeated measures from the same indivitlLral268 for males anil = 142 for
females). We calculated standard residual conditimm a model with binary age, year and
sex as factors (binary age 401 = 4.73,P = 0.030; yeaF¢ 401 = 10.48,P < 0.001; seX¥; 401 =
29.26,P < 0.001; year x sex interaction was non-signifiard removed) and tested the
residuals against the residual colour variablesgiBiearson correlations (age and sex
differences in condition-dependence were alwayssignificant when tested in general
linear models; age x conditidfi 406< 2.92,P > 0.089; sex x conditioR; 406< 2.43,P >
0.120). Year comparisons were not done for conditiependence because the statistical
power to detect such patterns was low.

Finally, univariate colour trait residuals and RiEEsnembers of breeding pairs with
complete spectral data (only spring d&tas 175) were used to estimate assortative mating as
one possible measure of sexual selection (Peamsoslations, Basic Statistics module of
Statistica 5.5). We also examined the among-yeasistency of assortative mating by formal

meta-analysis with a ‘random effects model’ thauases heterogeneity in effect size among
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samples (Lipsey & Wilson, 2001). Weighted meanaffzes and their confidence intervals
were calculated using Comprehensive Meta-Analysisidn 2 (http://www.meta-

analysis.com).

RESULTS

STABILITY OF COLOUR INTEGRATION
In the first step, we compared the correlation roasrof univariate colour trait residuals (i.e.
group-standardized colour traits) between the sardsage groups using CPC. This program
uses an information theoretic approach to compéeenative models representing varying
numbers of common PC axes (with the remaining, taweer axes being different). The CPC
comparison of sexes (Table 2) indicated matrix propnality, which implies that all PC axes
have similar directions and similar relative imamte. Concerning age, the first four PC axes
of the colour correlation structure were shareavbeh yearling and older birds (Table 2). We
then assessed the effect of plumage abrasion antdggation of coloration by comparing the
correlation matrices of autumn (little abrasiondl apring (substantial abrasion). The strict
sense best model of this CPC comparison indicatdihiree PCs were shared between the
seasons, although the model with one shared PGrpedl only slightly less well in
suitability than the best model (Table 2). This aubus result occurred because the first
three PCs of the two colour traits were the sanaitnmn versus spring but PC2 and PC3
“changed places”, although differences in theirlexgd variances were small (results not
shown). Our final CPC comparisons focused on anmyaag-differences in trait integration.
The ratio of autumn data to spring data was drabfidifferent among years, with the
proportion of autumn data among all data of a giyesr ranging from 19% to 78% (see

Methods). Therefore, an among-year comparison t@f While pooling autumn and spring
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would confuse year differences with between-sea#terences. Consequently, we assessed
among-year variation in the correlation matricgzasately for autumn and spring (Table 2).
The results indicated that correlation patternsaveensistent among years, with all PCs
shared in both autumn and spring. Among-year maadsonfidence intervals of
correlations for univariate trait pairs (from adam effect meta-analysis) can be seen in Fig.
2 for the two seasons separately.

Finally, to examine possible measurement ordeceffeve compared in the 100
samples with randomized measurement order thelabore structure of (residual) colour
traits to that obtained in the same 100 samplds thé original measurement protocol. This
revealed a situation very close to matrix equaligy, nearly perfect matching (matrix equality
AIC = 25.977; matrix proportionality AIC = 27.97fyll CPC AIC = 28.112; all other models
AIC > 30). Furthermore, using the original protqdbke sample of these 100 data yielded a
similar correlation matrix to that in the whole gaen(N = 858 after eliminating within-
individual repeats), again being close to matridadiy (matrix equality AIC = 10.174;
matrix proportionality AIC = 12.127; all other mdd\IC > 17). The latter result shows that
the small sample was representative of the whakesdaconcerning its correlation structure.
We can therefore conclude that the effect of temlpautocorrelation on our correlation

matrices was negligible and our results on matekisity are not measurement artifacts.

MAIN COLOUR AXES
The component loadings of the main PC axes foptided dataset (again using residual
colour traits) are summarized in Table 3. The f€tlinked two plumage areas, correlating
positively with the UV chroma of both melanisedioeg (crown and breast stripe). The
second PC described yellow breast coloration, tainng positively with yellow chroma and

negatively with brightness. Finally, the third P@sapositively related to the brightness of
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both melanised plumage areas. The proportionsranee explained by the three PCs were
very similar and together accounted for 61% oflteé@iance. This PCA included the within-
individual repeats for the sake of later repeaitgitiesting. Using one data point per
individual yielded almost quantitatively identicgalsults (not shown here).

A separate PCA of brightness and chroma traitydodatheir mathematical
interdependence also yielded the same plumageaseaiations. For both brightness and
chroma, the crown and the breast stripe were joametthe breast was treated separately
(Supplementary Table 2). This indicates that altfnoRBC2 in the pooled PCA (yellow
brightness and yellow chroma) could possibly bea#d by mathematical dependence and
should be viewed as such, other PC axes are ramttedf by this issue. As PC2 can also be
explained by a biological mechanism (lutein absoceancreases chroma and reduces

brightness), we use the output of the pooled PCierfollowing.

REPEATABILITY AND CONDITION DURING MOULT
In the analysis of within-individual repeatabilithere was no significant difference among
repeat types in any residual colour trait or PQi(fdifferent combinations of abrasion and
moult; repeat type x previous valbeg, < 1.943 P > 0.129). Pearson correlations indicated
that repeatability was relatively strong in bregdtow chroma and crown UV chroma, but
generally low for the remaining individual traifBaple 4). PC1 had a marginally non-
significant repeatability, while the other two P@sre very weakly repeatable.

The only colour traits (residuals or PCs) relatedesidual body condition during
moult in the autumn data (Table 4) were breasbyetthroma and the corresponding PC
(PC2). The UV chroma of the two melanized plumagas showed little trace of condition-
dependence. Colour PC1, an indicator of the pa@ienges of these two UV chroma traits,

was similarly independent of condition.
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MATING PATTERNS
Assortative mating for univariate colour trait ihsils and colour PCs (spring data only) was
generally weak (Table 4). Crown UV chroma and ové&fs chroma (PC1) showed the
strongest relationships. We also examined withait;tamong-year variation in assortative
mating estimates (Fig. 3). The weighted mean estirsignificantly differed from zero,
indicating consistent positive assortative matfngcrown UV chroma but not for any other
individual or composite trait. Overall UV chromadP) gave a combined assortative mating
estimate in between those of its two constitueitsr This was not significantly different

from zero.

DISCUSSION

Here we examined the stability of phenotypic inatigin in a system of multiple plumage
colour traits. For each of the three plumage aneasonsidered, we used overall brightness
and the single dominant direction of spectral shegration. This ensured a representative
analysis of colour with a reasonable complexityil@fthree plumage areas considered here,
our PCAs revealed correlations in brightness andcbidma between the melanised crown
and breast stripe, while the carotenoid contaihiregst plumage varied independently of the
other two areas. Among our PC axes, PC1 and PE¥ likflect the structural regularity and
melanin content of the two melanised areas, whil@ Riay mirror the carotenoid content of
breast feathers (Bleiweiss, 2004). Notably, a pnevistudy of the same population detected
an axis of parallel variation between breast yeltlwwoma and crown UV chroma (Heggfi

al., 2008). Differences from the present findings rpagcipally stem from the lack of breast

stripe reflectance from the previous study, anddifferent statistical method (spectral band
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PCA). As the correlation structure we report hees statistically similar across seven years
(see below), we consider our results robust anceseptative.

The great tit is qualitatively sexually monochromatvith the basic outline of the
ornament complex being the same in the two sexgghb expression of especially melanin-
based coloration clearly differing between maled f@males (Norris, 1993; Heggt al.,
2007Db). In our data, all colour variables exceptoyechroma (see Evaret al.,2010 for a
different result) were sexually dichromatic beftre calculation of residuals (Fig. 1). Our
present analysis nevertheless indicated that tlongstrait correlation structure of colour was
very similar between males and females. The prai@ges of colour variation agreed in both
direction and relative importance, suggesting thatgenetic or permanent environmental
background of colour integration is similar in the sexes (Price, 1996; Potti & Canal,
2011). Likewise, yearling and older great tits superficially similar but there are significant
changes in some colour variables with age (Tableldyvever, the correlation structure of
colour was still similar between the two age groups

Seasonal changes in colour integration may béattble to two processes: moult and
abrasion. Plumage colour traits may diverge inrteepression and lose their correlated
variation due to different condition-dependencemrironmental effects during moult
(McGrawet al.,2002; Hill, Doucet & Buchholz, 2005; Hill, Hood Bluggins, 2009; Vagasi
et al.,2012) or differential abrasion or fading of coldyoes (Bonser, 1995; Surmacki,
Siefferman & Yuan, 2011), plumage regions (Delbewl.,2010) and even different parts of
the same region (Pagt al.,2007). We found that the first three colour axeseashared
between autumn and spring, suggesting between+ssstaaility in colour trait interrelation.
Sexual ornaments are often used in both mate &attnaa the breeding season and
competitive contexts outside the breeding seasatG{islw, 2004; Reudingt al.,2009). Our

results in great tits indicate that paying attemtio the same overall aspect of plumage
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ornamentation throughout the year could be a vistoigegy for receivers, either males or
females, in this population.

Finally, non-directional among-year variation dttriable to environmental conditions
is widespread among sexual ornaments (Mgller, 19&iseret al.,2006; Evans & Sheldon
2012; Molnaret al, 2012), but among-year variation has rarely béediesd for multiple
ornaments simultaneously (Chaine & Lyon, 2008alfee@nt ornamental traits are often
affected by different year-specific environmentaitbrs (Hegyet al.,2007a), and this may in
turn limit their utility as components of an intaggd signal system. Despite drastic among-
year variation in food availability and phenologyaur study area (Torédt al.,2004; Hegyi,
Nagy & Torok, 2013), the correlation patterns oocwo traits remained nearly identical across
years. This stability existed despite the fact thatbasic determinants of the different colour
traits (effects of year, age, season and theirant®ns) were different. These results indicate
robust integration between the brightness and ¥etwoma traits of the two melanised,
black plumage areas, while the carotenoid-contgibmeast plumage did not take part in this
integration, perhaps due to its different developtalbackground. This partial colour
integration in the plumage opens a possibilitygiaat tits to use the parallel colour variation
of the two melanised areas as a single sexuallsi§llaough this cannot be definitively
assessed without experiments, we could neverthedetsively examine whether these
potential composite signals (and particularly thé ¢hroma PC which is the dominant axis of
colour trait covariation) could confer specificanfnation on some aspects of individual
quality, and whether they could specifically explaariation in assortative mating patterns
when compared to the univariate colour traits éedent plumage areas.

We first examined within-individual repeatabilityhich indicates whether a trait can
signal stable aspects of individual quality (Tonse al.,2004, Wilson & Nussey, 2010). We

could not detect significant differences in repbdity between different combinations of
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moult and abrasion, although the small sample siaeted the power of this comparison.
Overall repeatability was significant only for bs¢gellow chroma and crown UV chroma.
Breast stripe UV chroma had a much smaller repéiyabkely due to looser feather
structure and more frequent physical contact wattdisurfaces like tree bark or hole
entrance, leading to stronger abrasion switing than on the crown. For the composite of
crown and stripe UV chroma (PC1), repeatability weais similar to the average of the two
constituent traits. It therefore seems that comsigehe two areas together does not provide
more reliable information to the receiver in trespect.

We also examined the relationship between bodyitondiuring moult and
subsequent colour expression. Breast yellow chnasathe only trait for which this
correlation was significant, likely due to a retetship between carotenoid availability and
body condition during moult (Partadt al.,1987). Note that despite its indicator value, gl
chroma was not subject to significant assortatia#img in our population, in contrast to a
previous study in Spain (Quesada & Senar, 2009)amnite-based traits, on the other hand, do
not depend so directly on nutritional limitatiodsi{ see Talloen, Van Dyck & Lens, 2004;
Postoret al.,2005; Bizeet al.,2006; Punzalaet al, 2008). Indeed, crown and breast
brightness, and their composite (PC3) were largehglated to condition during moult.
Finally, the condition-dependence of structurahphige colour in birds is debated due to the
lack of a clear mechanism (Prum, 2006). Althouddotatory experiments suggest nutritional
effects on structural colour, these effects largelycerned total reflectance (Siefferman &
Hill, 2005a, 2007; Jacat al.,2010) and only rarely relative UV reflectance (&ahan &

Hill, 2005b; for condition-dependence in non-avsiuctural colours, see Kemp & Rutowski,
2007; Lim & Li, 2007). In a recent study in bluest{Cyanistes caeruleyist was further
suggested that experimental condition-dependenstuftural colour may arise via stress

and not body condition (Petezsal.,2011). In our great tits, in agreement with thesitimer
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the UV chroma of black areas, nor the compositeuwraxis they formed (PC1) correlated
with natural body condition during moult to any alole extent. It is important to stress that
the UV reflectance of the crown likely has a diffier developmental mechanism in blue and
great tits (involving different feather microstrugs), and this mechanism is unknown in
detail in both species. Therefore, comparisons ieshade with caution.

In sum, despite the robust and stable interreldigtween the UV chroma of the
crown and the breast stripe in our population, sl no evidence that the “overall” UV
chroma of black plumage areas was especially irdtiu@ when compared to the individual
ornaments. Crown and breast UV chroma belong tedh& proximate determination
pathway as well as the same sensory modality, wii in theory facilitate both
developmental and functional integration betweemtl{Hebets & Papaj, 2005). However, an
ideal composite ornament should provide emergentae reliable information than its
constituent traits. In our case, the UV chroméaheftivo black plumage traits is likely
produced by a similar mechanism and may therefareigle similar information. Moreover,
breast stripe UV chroma seemed to convey lesdtelinformation as judged from its weaker
repeatability. In addition, both UV chroma traitene similarly uninformative with respect to
body condition during moult. The composite traiterall UV chroma was similar in
condition-independence to its component traits, itsepeatability was halfway between
those of the individual traits. Therefore, the @mspects of information content we examined
here did not highlight the composite colour traissparticularly informative over the
univariate traits. Other measures of informationteat (e.g. developmental stability, stress
tolerance) may have given different results.

The sexual selection perspective reinforced ouclosion on information content that
composite traits are “not special”. In the casenatual sexual selection on ornamentation,

specific attention to a composite trait by bothesemay be expected to produce stronger
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assortative mating patterns for this trait thanit®rconstituents. In our population, breast
stripe UV chroma showed weaker mating patterns tihawwn UV chroma, possibly due to its
poorer quality indicator value. Strength of the imgpattern for the composite trait (PC1)
was again halfway between those of the two comsttttraits, suggesting that great tits pay no
special attention to the combined expression ofuletraits, or that this attention is not
mutual (i.e. involves only one sex). Therefore pilesthe stable phenotypic integration
between the two UV chroma traits in both sexescadd not detect functional integration
between them in terms of assortative mating. Orother hand, they supported previous
results in this population on the importance ofaardJV chroma in mutual sexual selection
(Hegyiet al, 2007b).

It is important to stress here that the informationtent and function of sexual signals
often differs among populations (Baird, Fox & McCa@97; Daleet al, 1999; Hegyi, Torok
& Toth, 2002; Mglleret al, 2006). Accordingly, other populations of the grigamay show
different patterns of colour trait integration andy show functional integration between
some of their colour traits. Moreover, testing ottneasures of sexual selection (mate choice
during the winter, territorial competition in eadpring) may have given different results,
potentially indicating selection on composite sadr on yellow chroma, the condition-
dependent aspect of plumage colour in this popariaBreeding dates do not correlate with
either the univariate or the composite colour ¢raitmales or females in our population
(results not shown), which reinforces the noticat gpparent assortative mating on crown
UV chroma was not due to territory quality pattefmst tells little on sexual selection in this
particular species. Further studies are needetisiapic, especially given the painful lack of
evidence for sexual selection on great tit plumageur in general.

The possible existence of functional sexual tramplexes is a largely unexplored

area in sexual selection research (Hebets & Pap@ay). At least three different evolutionary

24



582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

patterns are conceivable with respect to multipkexesting sexual traits. The first is different
information content or function, as discussed abdhe second is temporally and spatially
fluctuating selection on different traits, as enghad by some recent reviews (Bussetre
al., 2008; Cornwallis & Uller, 2009; Bro-Jgrgensen, @D Finally, the third possibility is
developmental and functional linkage among multgrigamental traits (Badyaev, 2004).
There is apparently great among-species variatidhe interrelations and relative roles of
multiple ornamental traits (Candolin 2003). In @k the most comprehensive empirical
study conducted to date, the information contemholtiple display traits in lark buntings
(Calamospiza melanocoryBuctuated among years of different environmentaiditions,

and sexual selection on these traits also fluctLismiéoth strength and direction (Chaine &
Lyon, 2008a). Furthermore, in that signal systeiffieient traits conveyed very different
information about their bearers (Chaine & Lyon, 00 By contrast, in a population of
collared flycatchersHicedula albicollig, mating patterns suggested a special functiothter
plumage-level parallel variation of colour in matmuisition (Laczet al.,2011) and life-
history correlates revealed multiple independemtymosite colour axes with different
information content in the same plumage (Latzl.,2013). In our great tit population, we
found correlated expression between some colois,tkaut no functional integration, at least
in terms of assortative mating. The differencesffiamllared flycatchers could be due to the
fewer proximate determination pathways of plumagleur (carotenoids are lacking), and the
integration of both brightness and chroma traithatwhole plumage level in that species.
Future studies on great tits should pay more attend the hitherto largely unknown role of
plumage reflectance in sexual selection (but sezs@ua & Senar 2009), with special
attention to breast yellow chroma, a highly infotivatrait (Senaet al, 2003; Jacoét al,
2010; this study), and crown UV chroma, a traitwgteat sexual dichromatism and a

possible role in mutual mate choice (Hegyal, 2007b, this study).
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607 Our results convey an important warning for empirgtudies of multiple signals. At
608 present, when researchers encounter significanéletibons among colour traits, the general
609 reaction (if any) is apparently to combine thege amcomposite colour measure (Megela
610 al., 1999; Siefferman & Hill, 2003, 2005b; but see datal.,2010 for an exception). Our
611 results suggest that correlated ornaments requore oareful treatment. In particular, before
612 considering the traits “together”, we must examimether their composite has any special
613 information to provide to the receiver, and alscetifer it plays a special role in sexual

614 selection combined to the individual traits. In #iesence of special information content or
615 function, the optimal solution is probably to idénthe real sexually selected trait “among
616 the trees”, and use this in further analyses. id@stification may need to be done separately
617 for different contexts (Anderssat al.,2002) and different populations (Duanal.,2010)

618 and should ideally be experimental. Any correlatest must pay attention to the statistical
619 problems of multiple testing (Nakagawa & Cuthill@) and collinearity (Graham, 2003).
620 Sexual selection research will greatly benefit fribria proper handling of relationships

621 between multiple ornamental traits (Cornwallis &8€d) 2009).

622
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934

935 backward stepwise model simplification with reimimetion, and adjusted refers to the final model

Breast brightness

Breast yellow chroma  Crown brigtgne

Table 1.Results from general linear models testing theot$f of year, season, sex and age on raw plumége ¢aits. We employed

Crown UV chroma Stripe brightness Stripe UV chroma
F df F df F df F df F df F df
Year 1.90 6, 933 8.43%** 6, 933 26.49%* 6,927 39.99*** 6, 927 11.24*** 6,926 42.88*** 6,926
Season 86.13** 1,933 6.71** 1, 933 41.77*** 1,927 606.14*** 1,927 0.30 1, 926 588.15*** 1, 926
Sex 51.41** 1,933 1.08 1,932 244 29*** 1, 927 1390#9 1, 927 283.53** 1,926 563.59*** 1, 926
Age 0.146 1,932  13.93%* 1, 933 2.35 1, 926 13. 1, 926 2.58 1,925 7.79** 1, 926
Year x season 10.29*** 6,933 4.86*** 6, 933 74.65** 6, 927 9.73%** 6, 927 17.13*** 6,926 32.25%** 6, 926
Year x sex 0.89 6, 927 1.20 6, 926 2.06 6,921 2.21* 6, 927 0.49 6, 920 0.67 6, 920
Year x age 0.89 6, 926 114 6, 927 1.51 6,920 1.24 6, 920 0.60 6, 919 0.54 6, 920
Season x sex 0.00 1,932 1.93 1,931 3.43 1,926 0.29 1, 926 8.85** 1, 926 0.02 1,925
Season x age 0.99 1,931 2.66 1,932 0.01 1,925 0.61 1,925 0.02 1,924 0.54 1,925
Sex x age 2.72 1,931 0.87 1,931 0.02 1,925 1.70 1,925 2.46 1,924 3.62 1,925
Year x season X sex 1.99 6, 927 1.35 6, 926 16¢86* 6, 927 0.87 6, 921 2.65* 6, 926 2.33* @
936 Adjusted modei > 0.188 0.088 0.579 0.764 0.365 0.673

937 * P<0.05;*,P<0.01; ** P<0.001
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938 Table 2AIC values from the common principal component (FPBQalyses to assess the
939 similarity of the correlation matrices of our sndividual colour traits (group-corrected
940 residuals) between sexes, ages (yearling verses)pfkasons (autumn versus spring) and

941 vyears. The selected models are highlighted by bokdlf

Model Sex Age Season Year autunvear spring
Equality 18.45 41.44 76.81 161.34 138.59
Proportionality 20.44 43.05 7845 170.84 149.77
Full CPC 23.94 28.65 40.20 153.66 139.16

4 CPC 25.04 26.27 38.36 160.14 142.55
3CPC 28.36 29.54 36.39 163.15 160.08

2 CPC 31.68 34.62 40.86 188.85 177.54
1CPC 35.98 37.74 38.44 213.76 209.64
Unrelated 42.00 42.00 42.00 252.00 252.00

942
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943 Table 3Component loadings (Pearsgrand explained variances of the main principal
944 component axes of variation among individual colwaits (group-corrected residuals).

945 Correlations larger than 0.5 are shown in bold

PC1 PC2 PC3

Breast brightness -0.177 -0.765 0.112
Breast yellow chroma -0.210 0.770 -0.020
Crown brightness 0.032 -0.024 0.792
Crown UV chroma 0.791 -0.060 -0.013
Breast stripe brightness  -0.079  -0.0960.730
Breast stripe UV chroma 0.765 0.033  -0.037
Explained variance 0.216 0.199 0.196

Eigenvalue 1.294 1.193 1.175

946

42



947 Table 4 Within-individual repeatability (all categoriesged), condition-dependence and assortative métinigpdividual colour traits (group-

948 corrected residuals) and colour PCs. None of heifsctances disappears after Bonferroni correcf®r 3 non-independent variables)

Repeatability Condition Assortative mating
R SE PearsoR Cllower Clupper N PearsoR Cllower Clupper N PearsorR Cllower Clupper N

Breast brightness -0.025 0.106 -0.028 -0.234 0.18090 -0.049 -0.145 0.048 410 0.015 -0.134 0.163 175
Breast yellow chroma 0.280 0.098 0.277* 0.074 .458 90 0.129* 0.032 0.223 410 0.107 -0.042 ».25 175
Crown brightness -0.037 0.106 -0.042 -0.247 0.167 0 90.022 -0.075 0.119 410 -0.060 -0.206 0.089 175
Crown UV chroma 0.275 0.098 0.280** 0.077 0.460 90 0.068 -0.029 0.164 410  0.194* 0.047 0.333 517
Breast stripe brightness 0.020 0.106 0.022 -0.1860.228 90 -0.001 -0.098 0.096 410 0.122 -0.027 6%.2 175
Breast stripe UV chroma 0.131 0.104 0.137 -0.0720.335 90 0.011 -0.086 0.107 410 0.122 -0.027 @.26 175
PC1 0.185 0.102 0.182 -0.026 0.345 90 0.041 5.0 0.138 410 0.188* 0.041 0.327 175
PC2 0.101 0.105 0.100 -0.109 0.301 90 0.120* 024. 0.214 410 0.049 -0.101 0.195 175
PC3 -0.029 0.106 -0.029 -0.235 0.179 90 0.029 68.0 0.126 410 0.046 -0.103 0.193 175

949 ClI, confidence interval;, intraclass correlation coefficient; SE, standamar; *, P < 0.05; **, P < 0.01
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Figure 1. Sexual dichromatism in raw reflectance spectré@d plumage areas; A, crown;
B, breast; C, breast stripe. Circles refer to mg@ies 484) while triangles to femaleN €
374). Mean values are shown. Bars of 95% confiderteevals are smaller than the symbols

so they cannot be shown in this figure

Figure 2. Among-year weighted mean correlations (Pearsv85%CI) of given individual
colour trait pairs (group-corrected residuals)utuann (filled circles) and spring (horizontal
lines). 'AB’ denotes correlation between trait Adamait B. Capital letters refer to breast
brightness (A), breast yellow chroma (B), crowrghtness (C), crown UV chroma (D),
breast stripe brightness (E) and breast stripe hi'droa (F). The dashed line marks zero

correlation

Figure 3. Among-year weighted means of assortative matitigyages (Pearsont 95%Cl)
for individual (residual) and composite plumageocwltraits. Codes of individual colour traits
consist of area (B, breast; C, crown; S, breagtegtand colour variable (BR, brightness; YC,

yellow chroma; UV, UV chroma).The dashed line mar&so correlation
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