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ABSTRACT

THE DRIVERS AND MECHANISMS OF PLUMAGE
COLOUR EVOLUTION

CNIyYyS .10l NRDBAD

School of Biosciences, The University of Sheffield, 2022

Birds are one of the most colourful groups of animals on the plafeeir colouration has
understandablyfascinated scientistfor decadesand tis diversityprovides opportunities
for exploring some fundamental evolutionary questions. In this thelsisfocusing on
particularbird groups, eimto broaden our understanding efie mechanisms and drivers
plumage colour evolution. In the first part of my thesis, | expltsehavioural and
environmental factors that shape plumage colour evolution in the clade Coraciifotried.
that, in this clade,the majority of plumage colour variatiors explained by variationn
environmental light conditions among species while belavioural traits have limited
influence. In the second part of my thesigiest apreviously described hypothesier an
evolutionary pathway between grey and blue plumage colouratiosing phylogenetic
models of trait evolution] find support for this lgpothesis, confirming enacroevolutionary
pathway towards colour blue from colour grey via colour slate in the clade Thraupidae.
Finally, in the last part of my thesistudiedvariation infeather nanostructure [specifically
the keratin and air matrix (ongy layer) within feathetsto identify structural elements
underpinningthe described evolutionary transitiobetween grey and blueln the case of
blue colourin Tanagersl, find that it isvariation in many elements of the spongy layer that
explains colour variation, rather than the presence or absence of any itsf elements.
Together, te results of this thesisighlight the importance of environmental factors in
driving plumage colour evolution as well asmechanistic changes (and associated

developmental constraint¥involved in theevolution of novel colour phenotype.
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CHAPTER 1
General introduction

1.1. General overview of the topics of this thesis

Birds are one of the most colourful groups of animals on the pléGethill et al., 2017)To the

human eye, their plumage covers almost every colour on Earth. Yet for birds the range of colours
detectable is even wider and expanidso the UV rangéHunt et al., 1998Stoddard & Prum, 2011).

CKAA A& 0SOlFdzaS AG A& y20G 2dzal o AddRplegty hufator 3S O
GKSANI gAadzZf ae2adisSyd ¢KS KdzSa 6S 20aSNBS Ay LI
stimulation of four cones in their retina, in contrast to three in humans. These four cones have peak
sensitivities in the UV, short, mediy and long wavelengths of light respectivéButhill, 2006) The

other observable component of plumage colouratignits brightness, or how much light across all
wavelengths reflects towards the observer. In birds, this characteristic of plumage colouration is
RSGSOGlIofS o6& R2dzofS 02ySa Ay Maa BRI Q165T@S8a& 6! YR
phenotypic characteristics, i.e. a complex visual system and diverse plumage colouration, have been
fruitful researchtopics enough to maintain the interest of scientists for many years and still leave

many questions unanswerduthill et al., 2017)

One of the central questions in evolutionary biology is trying to explain the diversity ofespeci
LKSy208LSs 620K LINROSaasa akKFLAY3I Ad FYyR GKS T
1944; Simpson, 1953). For both, research into plumage colouration can give insight. Plumage
colouration plays a critical role in the life of birds, rangingm intraspecific and interspecific
signalling, camouflaging to avoid predation rigktevens et al., 2017Troscianko et al., 2016)
resistance to bacterial degdation of feathergBurtt et al., 2011,Burtt & Ichida, 2004Goldstein et

al., 2004) and thermoregulation(Delhey et al., 2021)Due to many potential drivers, plumage
colouration has proven to be an ideal phenotype to study and understand processes shaping
phenotypic evolution on a macroevolutionary scale (Cooney et al., ZDd®hey et al., 202Dale et

al., 2015; Dun et al.,, 2015). From a mechanistic perspective, the diversity of cplmaucing
mechanisms involved in the production of the avian colouration makes plumage colour and ideal
phenotype to study factors influencing phenotypic divergitill & McGraw, 2006 Namely, colour is
produced in feathers that h& complex internal architecture which is the source of mechanistic
diversity of colour production Rrum, 1999; Shawkey & D'Alba, 2Q1Djiversity in pigments,

structures and combinations of both provides much scopeefmlutionary drivers to act upon and
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ultimately given rise to the plumage colour diversity we see today. Therefore, this thesis aims to
tackle both perspectives concerning the evolutionary biology of plumage colouration: first, by
studying the drivers oplumage colour evolution in a specific clade of birds (Coraciiformes; Chapter
2) and second, by examining the mechanisms of plumage colour evolution in a case of a specific

colourg blue (Chapter 3 and Chapter 4).
1.2. Insights into the drivers of colowvolution

In the case of the drivers of colour evolution, both visual and-vienal functions shape highly
complex and multifaceted evolutionary trajectories of plumage colouration. Traditionally, all
possible influences are explored under natural orusgxselection frameworks. In birds, natural
selection should lead to species being less conspicuous and more camouflaged within the
environment, while sexual selection should make them more conspicuous. Due to advances in the
quality of the trait datasets(quantifying biotic and abiotic traits in birds) and comparative methods
(Garamszegi, 202Zobias et al., 2022yVilman et al., 2014)today, we know much more about
drivers of plumage colour evolution. Macroevolutionary approaches that involve detecting
correlates of plumage colour variation usimipylogenetic methods have provided some of the
answers in plumage colour evolution (Cooney et al., 2@WM@ney et al.,, 2022Dale et al., 2015;

Dunn et al., 2015). For example, Dunn et al. (2015) suggested that both natural and sexual selection
can act on plumage colour eion but may do so on a different axis of plumage colour variation.
This research discovered that natural selection may explain the exact colouration that is evolving,
while sexual selection will act on an axis of colour differences between the sp€xies et al.,

2015) In contrast, Cooney et al 2019 quantified the convergent evolutionary response of
ornamental traits under sexual selection, i.e., towards aoled and yellow plumage colouration in
extensive radiation of suboscine passerines (Tyrannidg@yoney et al.,, 2019) Another
macroevolutionary research on plumage colouration discovered that male and female plumage
colouration is differentially relatedo morphological (body size), social (cooperative breeding) and
life-history variables (migratior(Pale et al., 2015While some answers have been given throughout

the years of research, many important questions remaianswered.

Plumage colouration participates in many different visual signalling functions that via natural or
sexual selection shape plumage colour evolutidpfarcondes & Brumfield, 2019,Théry, 2006,
Marchetti, 1993) By using colour ag8 communication trait, birds can participate in mate choice,
social signalling in a broader sense, and predatey dynamics by achieving crypsis or
conspicuousness within the environment. For example, in birds of paradise, a brightly coloured

patch is aghcent to super black plumage, making it even more outstanding and visible during
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courtship(McCoy et al., 2018 his example shows -¢ocalization of colours on bird plumage for the
purpose of greatest exploitation of sensory biases during courtship in the birds of paradise. This
effect has been confirmed as a convergent evolutionary trait across 15 bird fa(Wid€Xoy & Prum,

2019) In 230 species of woodpeckers, a remarkable convergence in plumage paktiasixeen

20 4SNPSR GKIGQa SELXIFIAYSR o6& adNBy3a &aStSOGAzy
the geographic overlagMiller et al., 2019)In this case, an intraspecific social selection has played
role in the plumage colounwlution. Finally, the effects of camouflage can help in the avoidance of
predators and the acquisition of prey. Some grounadting birds actively choose the background
that matches their plumage colouration to avoid predat¢igsoscianko et al., 2016yvhile many
seabirds are cryptic to potential prey Wwithe colouration of their bellieg¢Bretagnolle, 1993)By

using colour in different contexts, birds balance conspicuousness and crypsis in the environment

with their plumage colour.

Conspicuousness and crypsis of plumage cololiaisbd depend on the predominant wavelengths of
the light in the environmentEndler, 1992)In vegetated habitats, the light environment is the
product of the filtration of light through the canopy of the growth coverage above the habitat. By
filtration of speciic wavelengths of light through different canopy thicknesses, predominant
wavelengths of light will differ between different environments. For example, closed habitats with
thick growth will be predominantly populated by green wavelengths, woodland Habftaith a

more open tree canopy) will have predominantly blue wavelengths, and some spots of sunlight on
the forest floor from the patches in the tree canopy will have red wavelengths. Finally, open
environments will have all wavelengths of light equadigresented. This variation is not only spatial
but also temporal, with different balances between predominant wavelengths of light depending on
the time of the day and weather, i.e., how cloudy the dayEsdler, 1993) Birds utilise these
occurrences in the environment by rendering themselves conspicuous diayeod whether their
plumage colouration matches the predominant wavelengths of the light in the light environment.
¢tKA&a NBftlFdA2y KIFa 0SSy SELX 2NBR | yEndeegThenyNl SR
1996, Marchetti, 1993, McNaught & Owens, 2002)For example, foresiwelling manakirspecies
chose lekking spots based on matching their plumage colouration with the light gradient in the
forest, leading their plumage patches to be more prominent to their potential métesindl &
Winkler, 2003) In total, the light environment hypothesis predicts that the conspicuousness or
crypsis of certain species in the environment will not depend just on the colour signal emitted in the
environment and visual system die receiver, but also on the light in the environment through

which the signals travels between the two. This hypothesis also reveals the complexity of influences
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shaping plumage colour evolution and how environmental factors are often related to both

interspecific and intraspecific variation in behavioural factors.

The complexity of plumage colour evolution is also built upon the differences in the involvement of

the body regions in different signalling functions. The belly patch is an obvious exanipke;large

area easily seen by prey if the predator is a hunter. Therefore, matching the background with the
belly colouration would improve hunting success. This effect is observed in se@hirtsark, 1987,
Bretagnolle, 1993)Role of colouration on some other plumage patches have also been confirmed.

For example, wing patches (epaulettes) in -mdged blackbirds have a function in maintaining
territory (intraspecific) but not mate attractiofRgskaft & Rohwer, 1987An additional layer of
complexity comes from the modality @blouration on each patch. Namely, every patch will have

hue, brightness, and saturation, and it has been proven that these different levels of plumage
colouration can act for different purposes. For examplePhylloscopusvarblers, manipulation of

the (NA IKGySaa 2F GKS gAy3a LI GOK gAfft AyTFtdz$SyOoS Gk
1993, JaB A1 A MppcLd ¢KSNEFT2NBEZ Ay (62 RAFFSNBy
elements of plumage colouration were involved in establishimgmaintaining territory. These
occurrences add to layers of complexity in studying ecology and the evolution of plumage

colouration.

Overall, the evolution of plumage colour will depend on many occurrences: 1. Drivers can range

from social and sexuakkection to natural selection; 2. These drivers can affect the chromatic (hue

and saturation) and achromatic (brightness) variation of plumage colouration; 3. The location of the

O2f 2dzNJ 2y GKS O0ANRQAa 02R& &aK?2dzZ Rodpparts @edfferdnR SNBE R
purposes during their intra and interspecific interactions. While tackling these questions and
untangling the influences on colour evolution will help us understand why we see the interspecific
diversity of colours we see today, Will not help us understand how that diversity is produced
mechanistically. To answer these questions, we need to look more closely into the mechanisms of

colour production as well as the developmental biology of the feathers.
1.3. Insights into the mechaistic basics of colour evolution

t fdzYr3S O2f2daNF A2y A& y2G 2dzad Iy SEOAGAY3 LK
Colour is produced and maintained in the feather. A feather is a filamentous appendage protruding
FTNRY GKS 0 AMdRtQfxhe eatlerRsSrdade bfkeapatin, and once fully grown, a feather is a

dead structure. The main parts of the feathers are the central shaft or rachis, with barbs as a primary

filament going out from the rachis and barbules as a secondary filameng gait perpendicularly

14



from the barbs(Prum, 1999,Prum & Brush, 2002)Colour production takes place in internal

structure of the feathe(Prum, 2006 McGraw, 2006)In birds, there are several ws of producing

the colours, either by deposition of pigment molecules within the feathers or by the precise
arrangement of elements of the feather nanostructure to produce conditions for light refractions or

a combination of both (Hill & McGraw, 2008t NXzY S&G | f @ wmdppy T {KIFglSe .
important for this thesis is the possibility of feathers having biological materials of different
refractive indexes in small space, i.e. keratin, air and melanin in barbs and barbules (more in the
structural section)Burg & Parnell, 2018By having the capacity to harbour pigments withimakia

of barbs and barbules and by adjusting the internal anatomy of feathers to light scattering, feathers

are an ideal medium for immense colour diversity observed in birds today.

One class of plumage colours are produced by depositing the pigmetth® ifeather barbs and
barbules, commonly called pigmentary colodirsll & McGraw, 2006Cuthill et al., 2017). Across all
pigmentary colours, a common feature is the dependency of colour production on the chemistry of
the pigment molecules. Pigment molecules will absorb specific wagttsrof light while others will

be reflected towards the observer in the form of colour perceieltgraw et al., 20055aks et al.,
2003y ¢ KS Y2ad O02YY2y LAIYSydGa Ay mdanidsACaR®@eDdSLI dzY | 3
are involved in the production of the red, orange, yellow and pink hues, while melanins are
responsible for the production of grey, black, and brown h(léil & McGraw, 2006)Some more
phylogenetically restricted pigments are psittacofulvine found in parrots (order: Psittaciformes)
producing similar colours to carotenoids and turacoverdins found in Turacos (order: Musophagidae),
involved in the production of green colo(Hill & McGraw, 2006 Birds harvest carotenoids through
their diet, and they have often been taken as an example of the conditional dependence of plumage
colouration (Saks et al., 200Rrum et al., 2014)On the other hand, melanins are endogenously
produced and stored in discretely categorised organelles called melanos@vtesraw, 2006)
Melanosomes are places of production, transport and storage of melanins, and they are injected
into the growing feathers by melanocytédcGraw, 2006 Maia et al., 2012Prum et al., 2009)
There are two types of melanins and two types of melanosomes, accordibigheonelanosomes

are responsible for reddish to brown hues production and are stored in the spherical melanosomes.
In contrast, eumelanin is stored in the eumelanosomes which are elongated andhaped
(McGraw, 2006Yinther, 2020) Eumelanosomes patrticipate in the production of black and grey, and
both melanosome types produce colours by broad range absorpbiofight (McGraw, 2006)
Melanosome shape is discrete, and distinct melanosome types can be found across different
melaninbased plumage colourationgli et al., 2012;. | 6 | N2 @A 6 .SRlack lplurdaBie H n M0

colouration has characteristic thin and elongated melanosomes, while melanosomes from grey
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plumage colouration are more prominent and bulkier. Melanosomes can also participate in the
production of structural colouration, albeit not with the specificity of their chemistry, but because of

their physical properties, i.e. refractive index that Eeatient from keratin and ai(Prum, 2006)

Feathers carrying structural colours contain nanoscale arrangements in their internal anatomy that
participate in colour productioPrum, 2006) The colour is produced by the refraction of light at the
interface between two materials with different refractive indices. Feathers have many combinations
of keratin, air, and melanin that faitdtes production of a wide range of colour. Depending on the
angle dependence of the produced colour after the interaction of the incident light with the
nanostructure, structural colours could be iridescent (there is a change in the hue with the ctfange o
the viewing angle) or noeiridescent (no change in the hue with the change of the viewing angle)
(Prum, 2006; Shawkeys 5 Q! f 0. linAridescem colours, colour change with viewing angle is
achieved by the layering of melanosomes within the keratin mgRPpum, 2006;Burg & Parnell,
2018) This layering facilitates two materials with different refractive ingibeing adjacent and as

the light passes through the two materials it gets refracted on their interfloeertouwer et al.,
2011; Burg & Parnell 2018) Experimental results indicate a steady increase in the maximum
reflectance of refracted light with increases in the number of melanosomes layers with steady
decrease from five layers onwards and plateaus at nine la§gusy & Parnell, 2018)The further
utilisation of differences in the refractive indices of feather materials is achieved by introducing
hollow melanosomes filled with a{fPrum, 2006 Nordén et al., 2021)Therefore, a second interface
between different refractive indices is introduced, i.e. thee between melanin and air alongside
melanin and keratin. Furthermore, lwarying the shape and size of melanosomes, a great diversity
of colour is achieved with this coloproducing mechanism. Iridescent structural colours are located
in the barbules b the feathers and have been traditionally explored extensively under the

framework of sexual selectigffPrum, 2006)

In contrast to iridescent colours, neridescent structural colars are produced in the barbs of the
feathers and do not change in hue with change in viewing aiRgiem, 2006) The light refraction in
these colours is achieved by a keratin and air matrix or "spdager” in the medullary cells of
feather barbs(Prum et al., 1998Prum et al., 2009Saranathan et al., 2012). When looking at the
internal architecture of the spongy layer, two conformations can be achieved: "channel type" and
"sphere type"(Saranathan et al., 2012The "channel type" nanostructure consists of long keratin
shafts separated by twisted air channels. In contrast, "sphere type" nanostructures consist of air
compounds wh a spherical shape built by keratin bars of various thicknesses. The effect producing

nor-iridescent structural colours is coherent scatterifiyum, 2006) Coherent scattering refe to
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selective reinforcement of the scattered wavelengths of the light from a certain scattering object
that are in the phase. Scattering objects in the feather barb spongy layer are air and keratin
organised in one of the two conformations described iearl Hue produced in this way is
predominated by short wavelengths, i.e. UV hue, blue and puflgnara et al.,, 200Burg &
Parnell, 2018Stoddard & Prum, 2011). There are also wavelengths of inclagrtthat do not get
scattered by the spongy layer and are absorbed by the melanin layer (packed in melanosomes)
placed underneath medullary cells in feather ba(Bsum, 2006)In the case of the absence of this
melanin layer, as in the case of amelanotic Steller's Jay, the appearance of the feather is white with
slight bluish tinge (Shawkey & Hill, 2006). The last anatomical element in the feather barbs involved
in producing norridescent structural colours is the unstructured keratin cortex placed above the
spongy layer towards the edges of the barbs. Although this layer is not structured, its thickness will
affect the chromatic variation, i.e., hues of the colour produ¢gdn et al., 2019)n general, it has

been shown that it is continuous variation in many elements of the feather barb camgaivon
iridescent structural colour rather than binary presence or absence of some of its elements is
responsible for variation in hue producéBan et al., 2019)This could indicate at the considerable
potential for selection (both natural and sexual) to act on the many axes of nanostructural variation

exhibited in the norridescent structural colours.

In order to urderstand mechanisms of colour evolution fully, their development should also be
considered since developmental constraints and evolutionary history can both play a role in the
colour evolution(Nordén & Price, 2018Both types of structural colours are sae¥sembled in bird
feathers during feather developmer{Prum et al., 2009Maia et al., 2012)In both cases, the
physical consequences of polymer interactions are used to generate energetically undegiandi
events leading to the final positioning of the anatomical elements (keratin, air and melanosomes)
building the nanostructur¢Prum, 2006Burg & Parnell, 2018)n iridescent colours, as mentioned in

the previous paragraph, melanosomes are embedaethe keratin matrix and pushed towards the
edges of the barbule structurgNordén et al., 2021) The forcedeading them there are depletion
attraction forces(Asakura & Oosawa, 1958They are formed in a mixture of ndmteracting
polymers (keratin) and particles (melanosomes) and depend on the size of the particle, the
concentration of the particle and the shape thle compartment where the process is taking place
(Maia etal., 2012) In noniridescent structural colours, a repulsion property between two different
molecules will favour their unmixing, a process called phase separfiiafresne et al., 2009;
Saranathan et al., 2012)n medullary feather cells, thesaolecules are air and keratin, and the
process depends on the mixture's temperature, composition, and interaction strength between the

molecules. Phase separation can proceed through two possible pathways, i.e. nucleation and growth
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or spinodal decomposith (Prum et al., 2009)In nucleation and growth, a structure consisting of
spherical structures of mority phase is formed, i.e. sphere type porous struct(frenes, 2002)in
spinodal decomposition, the structure formed consists of air channels, i.e. channel type
nanostructure(Hashimoto et al., 991) The pathway by which phase separation will proceed will be
determined by additional interaction with the remainder of the cytoplasm of the medullary cells
where these processes occur. The process of phase separation (in both cases) can proceed
limitlessly; it's essential to put a halt to it at the moment when precise sizes of the porous structures
are achieved(Prum et al., 2009)This is important because, in structural colours, the colour
produced will directly depend on the orientation and sizes of the elements that are their
constituents (Prum, 2006;Fan et al.,, 2019) While phase separation is happening, another
irreversible process is taking plagghe polymerization of keratin molecules that also participate in
the phase separationBrush, 1983) Therefore, it has been hypothesized that a halt at the
appropriate scale will emerge as the outcome tbé competition between the rates of phase
separation of keratin and air and polymerization of the kergdBnum et al., 2009)In total, in both
structures that produce iridescent colouration and, in the structures, producinginaescent
colouration, no cellular activity has been observed during the development of these structures, and
therefore an enegetically active process has been deemed unlikBlum, 2006, Burg & Parnell,
2018) Since structural colours are inherently linked to the underlying architectures of the feathers
where they are positioned (barbs and barbules), it is important to idengheir development to
understand colour evolution. For example, besides importance ofassEémbly processes we know
little about how these processes are initiated and terminated during the development. The reliance
on the physical and chemical setjirof the feathers themselves are overarching processes guiding
feather development, but to fully understand how developmental constraints influence evolution of
the feather colouration, a further study into the localization of these processes and thitiom

and halt should be researched.

An evolutionary mechanism of transitions between colours should also be considered to understand
the plumage colour evolution fully. The mechanistic basis of transitions between colours has been
observed previousl{Driskell et al., 201Moucet et al., 2004; Shawkey et al., 2006). In many cases, a
rearrangement of already existing elentsrof feathers has been employed to produce a new colour
phenotype rather than the appearance of an entirely novel struc{@®ieawkey et al., 20067 his is a
process standard in nature and is commonly called evolutionary tinkédexpb, 1977Bockaert &

Pin, 1999;Saraste & Castresana, 199&pr example, the transition from matte black to iridescent
plumage colouration in grackles and allies (Ida€) is hypothesized to proceed through the

organization of melanosomes scattered in the feather barbules in matte black colour into a thin layer
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near the edges of barbules in iridescent colourati@hawkey et al2006) Since the production of
colour in structural colours is intimately linked to the underlying nanostructure, a shift in the
anatomical component will result in a change in the colour produced. This trend can also be seen in
the evolution of blackplumage colour in the island species of faigens, where a significant
deposition of melanosomes above and within the colpurducing spongy layer is covering the
production of blue colour and the observed colour is finally black. In the next stagelaafrc
evolution, the medullary layer degrades or completely vanishes due to a lack of selective pressure
for the perseverance of blue colo@boucet et al., 2004) Ly o6ANRaQ LJ dzyl 3S3Z RS
availability of the components present for the colour evolution sometimes extends beyond the
feather type where the colour evolutivis happeningNordén & Price, 2018b)n manakins, a hybrid
species has been detected with a brigtallow crown patch when neither of the parent species has
carotenoidbased colouration in their crowrn®arreraGuzman et al., 2018YJpon closer look at the
crown feather nanostructures of the hybrid, it has been detected that it has nanostructure, but also
deposition of the carotenoidsvhere both contribute to bright yellow colour production. Parental
phenotypes ofLepidotrhrix vilasboasionsist of an iridescent crown patch liepidothrix irisand a

white crown inLepidotrhrix nattererilt has been proposed that the first produced pbgrpe after

the hybridization is dull grey, but due to selective pressure to maintain a bright crown patch, a
sequestering of carotenoids from the belly patch took place to maintain the brightness of the crown
patch (BarreraGuzman et al., 201&ordén & Price, 2018)n total, mechanistic shifts necessary for
plumage colour evolution have been detectedseveral instances (Driskell et al., 2010; Doucet et
al., 2004; Shawkey et al., 2006). It seems that evolutionary response to selective pressures on
plumage colour evolution typically involve rearrangements of existing feather anatomy or usage of

the already existing genetic basis for certain pigments.

Historically, colouproducing nanostructures, both iridescent and Aoidescent, were challenging
subjects of colour research because of their development, evolution, and colour production (Maia et
al., 2012; Nordén et al., 2021; Prum et al., 1998; Prum, 2006; Prum et al., 2009)idé¢sent
structural colours have been heavily observed in developmental contexts, with promising results
describing an energy undemanding and sglfded process of phasseparation leading to the
arrangement of the colour producing nanostructure (Prum et al., 2009). Colour production has been
heavily debated, with Prum et al. (1998) resolving the issue with mechanisms of coherent scattering
from the interface of two matedls with different refractive indices. Finally, the evolution of ©ion
iridescent structural colours has been comparatively less well studied, and the only examples that
we have quantified so far are the evolution of black colour from blue in the islandrenland

populations of the fairywrens (Doucet et al., 2004; Driskell et al., 2010). Also, in that case, a
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mechanism leading to loss of blue, rather than gain, is explained. Therefore, despite the fact of rich

history of investigation of noiridescent stuctural colours, a knowledge of their evolution is lacking.
1.4. Thesis overview

In this thesis, | examine three core topics of the evolutionary biology of plumage colouration: 1)
ecological and behavioural drivers of the interspecific plumag®ur diversity (Chapter 2); 2)
evolutionary pathway between pigmentary and structural colour (Chapter 3); and 3) mechanistic
basis of the evolutionary pathway between the pigmentary and structural colour (Chapfeo 4p

this, | used species behaviolir@nd ecological data, plumage colour measurements from digitally
calibrated photography, spectroscopy measurements and measurements of nanostructure from

scattering experiment to give insight into the mentioned topics.

In the first data chapter (Chapté&), to give insight into ecological and behavioural drivers of the
interspecific plumage colour variation | have focused on the clade Coraciiformes which involves
kingfishers (Alcedinidae), the beaters (Meropidae), the rollers (Coraciidae), the motmots
(Momotidae), and the todies (Todidae). By quantifying their plumage colour from digitally calibrated
images and scoring a broad set of their behavioural and ecological data, | was able to tast for
variables correlatingplumage colourvariation and theefore reveal the drivers of its evolution.
Results of this chapter suggest that the main driver of plumage colour evolution is ecological, i.e.
light in the environment, while behavioural traits have more limited influence on the colour

evolution in this tade.

In the data second chapter (Chapter 3), | tested whether there is an evolutionary relationship
0SG6SSy 3INBE FyR oftdzS L) dzvYl3S gAGK WwWatl adSQ o0SAy
upon the discovery of melanosome shape overlap between pigmergegy and norridescent
A0NHz2OGdzNI £ O2ft2dzNBE A ¢Sttt a GKSoatohS2oR206 2 &N
2019; (Saranathan et al., 2012)sing phylogenetic comparative approaches, | found evidence that

blue colour evolves from grey via slate colour across all Tanagers, and that transitions towards blue
colour from any other colour than slate were deemed as unlikely. | further showed that blue colour

could subsequently evolve further into a range of othelours.

In the third data chapter (Chapter 4), | examined the mechanistic basis of the evolutionary
transitions uncovered in the chapter two. The focus of the research was the spongy layer in the
YSRdzZ t F NBE OStfa 27F GKS swstural &énddt edpdddibie Jor thelcglodrS A § Q2
production in the colour blue. For this purpose, | quantified several elements of the spongy layer and

found that the elements of the nanostructure responsible for hue variation within each colour
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category (i.e within slate and blue), are not the same as the elements of the nanostructure
responsible for the hue variation across colour categories (between grey, slate and blue colours).
This indicates the division between developmentally constrained elementseaidnostructure that

are responsible for evolution across the gidgte-blue colour categories and variation in the hue

within each category.

In the last chapter of this thesis (Chapter 5), | have discussed the results of each chapter within a
broader cantext of the field as well as several further research ideas that emerged as the next steps

in the exploration of the topics | have addressed.
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CHAPTER 2

The effects of ecology and behaviour on the evolution
of colouration in Coraciiformes

2.1. Abstract

What drives the evolution of plumage colour in birds? Bird colour is likely to be undembairel

and sexual selection where natural selection may favour evolution towards crypsis or camouflage
whereas sexual selection may favour evolution towards conspicuousness. The responses to selection
FNBE LINBRAOGSR G2 NBf I G,%ndiife histohydKeyhpateseSiake forusedl > 06 S|
on habitat and light environment, breeding strategy, territoriality, and hunting behaviour. We tested
these potential causes of colour variation in the Coraciiformes, a colourful clade gfasserine
birds,using phylogenetic comparative methods and data on chromatic and achromatic properties of
plumage colouration measured from museum specimens. We found that correlates of colour
evolution in Coraciiformes vary across body regions and depend on the fdcair qroperty
(chromatic or achromatic properties of plumage colouration). While the light environment showed
widespread effects on colouration in multiple body regions for both colour properties, selection
pressures related to behavioural characteristiegl more spatially localized effects (e.g. territoriality

on achromatic properties of wing feathers and hunting strategy on chromatic properties of belly
feathers). Our results reveal both general patterns that may hold across other bird clades and more
nuanced effects of selection that are likely to be mediated through the visual ecology of the signaller

and receiver and the behavioural characteristics of Coraciiform species.
2.2. Introduction

Birds are one of the most colourful groups of animals on thengt (Cuthill et al., 2017; Hill &
McGraw, 2006; Stoddard & Prum, 201The range of avian vision and the avian colour gamut spans
the entire humanvisible light spectrum and extends into the ultraviolet (UV) spect(Bennett &
Cuthill, 1994; Hunt et al., 1998)his variation in colouration has many functions in the life of birds,
from attracting a mate (conspicuongss) to camouflage from predators (crypsis). Conspicuousness
has been broadly attributed to sexual and social selection, while concealment (camouflage and
crypsis) is often attributed to natural selection for predator avoidance or for successfully gatchin

prey (RuizRodriguez et al., 2013; Troscianko et al., 2016). The evolution of bird plumage colouration
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is therefore multifaceted, with many environmental, ecological, behavioural and life history traits
potentially interacting to drive evolutionary divgence in colour(Dale et al., 2015; Dunn et al.,
2015) The detectability of a plumage patch (or body p#&tdhe combination of chromatic [hue (the
dominant wavelength of light) and saturation (the colour intensity)] and achromatic (relative
brightness) properties of the signal itself, the visual system of the receiver, and the light
environment in which theignal is transmittedBennett & Cuthill, 1994; Cuthill et al., 2017; Stoddard

& Prum, 2011, Endler, 1993toddard & Prum, 2008y ariation in selection pressures may to lead to
different responses in chromatic and achromatic colour properties, particularly across different parts
of the birds bodye.g.McNaught & Owens, 2005omez & Théry, 200Andersson & Prager, 2006)

How and why each of these components evolve has been tackled previously, but our understanding
of how they evolve in response to different selection pressures on diffepenly parts remains
unresolved(Delhey, 2020; Dunn et al., 2015; Gomez & Théry, 2004; Maia et al., 2016; Marcondes &
Brumfield, 2019; McNaugi& Owens, 2002; Shultz & Burns, 2013Various ecological, behavioural

and life history traits have been proposed to influence colour evolufidae et al., 2015; Dunn et

al., 2015) First, relative conspicuousness or crypsis may be contingent on the light environment (the
light environment hypothesisEndler, 1992,1993; Endler & Thery, 1996; Espmark et al., 2000;
Marchetti, 1993) Under this hypothesis, signal detectability is affected by aspects of the signalling
environment, such as light intensity, canopy thickness, time of day, and the amount of cloudncover
the sky(Endler, 1993)Second, several studies argue that body siae restrict colour evolution
(Cooney et al., 2022; Endler, 1992; Galvan et al., 2013; Hagman & Forsman, 2003; Igic et al., 2018;
Winebarger et al., 2018)'he sensory and ecological constraints hypothesis predictsbtiay size
determines detectability of the animal in the habitat and mediates its predation risk. Specifically,
being large is expected to reduce predation risk and therefore facilitate increased signal intensity,
whereas being small is expected to ingse predation risk and therefore constrain signalling
capacity (regardless of its chromatic varian@le et al.2015; Hagman & Forsman, 2003; Hossie et
al., 2015) Second, hunting strategy is predicted to influence colour evolution. For example, if
hunting success is increased with more cryptic colouration that reduces detectability by prey
(Bretagnolle, 1993; Gotmark, 1987; Tate et al., 20IR)ird,the establishment or maintenance of a
territory has been suggested to affect colour evolution and its distribution on the fRdgkaft &
Rohwer, 1987)Among other behavioural traits, presence or absence of cooperative breeding could
mediate intersexual and intrasexual contact leading to the evolution of conspicuous dajouira

both males and females for signalling purpofRabenstein & Lovette, 2009)

The opposing effects of selection for crypsis or conspicuousness on colouration may also be
reflected inO2 f 2 dzNJ @ NR | (A 2y (DoOddtPed al., 200K; SSonted &IRNErRD 2002 R &
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Marcondes & Brumfield, 2019; Shultz & Burns, 20BBcause of variation in the exteto which

body regions are exposed to predators, prey, or conspecific competitors, different body parts are
likely to experience different levels of selection for crypsis relative to conspicuousness. For example,
countershading is a common way for animisachieve concealment within the environment that
involves gradual shading of the entire body from darker to lighter across dorsal to ventral body parts
(Allen et al., 2012; Edmunds & Dewhirst, 1994; Rowland et al., 2b0&pntrast, fronffacing body
regions that can be directed at the potential signal receiver arengsonty used in intraspecific
communication(Andersson & Amundsen, 1997; Keyser & Hill, 2000; Pryke & Griffith, 2007; Stein &
Uy, 2®6). Overall, ventral body parts are thought to be under stronger selection for
conspicuousness than dorsal body parts which are easily seen by predators, while ventral body parts
are often concealed from the predators view, making evolution of thdmwation less constrained,

at least in birddMarcondes & Brumfield, 2019; Shultz & Burns, 20T égether, this suggests that
understanding the evolution of avian colouratisequires consideration of effects of its proximate

drivers on each body part separately.

To explore key factors influencing the evolution of plumage colouration, we focused on the non
passerine order Coraciiformes (beaters, ground rollers, rollerspdies, motmots and kingfishers).
Coraciiform species (Fig. 2.1) have diverse plumage colouration including pigmentary and structural
colours, live in a range of different environments, show variable levels of territoriality, variability in
the presence ombsence of cooperative breeding (but with near uniform social monogamy), and
different types of hunting strategf{Eliason et al., 2019; Fry et,d1992; Stavenga et al., 201his
diversity makes them an ideal study system for addressing the significance of life history traits on the
evolution of colouration, as well as disentangling the interaction between light environment and
plumage colourand how it affects conspicuousness and concealment. We measured plumage
colouration from digital images of museum specimens and quantified several proxies for factors that
could play a key role in the evolution of colouration including sex, body siz¢ingustrategy,
habitat light environment, territoriality, and social mating system. This information allows us to (i)
disentangle different possible biotic and abiotic factors affecting the evolution of Coraciiform
colouration, and (ii) test how chromatiend achromatic properties of plumage colouration have
evolved in response to these variables and whether they have evolved for the same or different

purposes.
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Figure 2.1 A collage showing some of the plumage colour diversity in the Coraciiformes. a) Forest
kingfisher Todiramphus macleayjiAlcedinidae; b) Common kingfishéddedo atthi¥, Alcedinidae;

c) Whitefronted beeeater (Merops bullockoidgs Meropidae; d) Retiearded beeeater (Nyctyornis
amictug, Meropidae; e) European rolleCéracias garrulys Coraciidae; f) Lildareasted roller
(Coracias caudat)s Coraciidae; g) Brodullled tody {Todus subulatys Todidae; h) Narrovilled

tody (Todus angustirostrjsTodidae.All photos© Daniel J. Field, University of Cambridge. Used with

permission.
2.3. Materials and methods:
2.3.1. Specimen selection:

To collect data on plumage colouration, we used study skins of 135 species of Coraciiformes (families
Meropidae, Bachypteraciidae, Coraciidae, Todidae, Momotidae, Alcedinidae) from the bird
collections of the Natural History Museum at Tring, UK. We aimed to sample three male and three
female study skins per species. For most patdipaéches are distinct body regionsore details

further down in 2.3.2. section: Plumage colqurle had 135 species sampled, except for tail (134)

and tail underside (122) due to these patches being obscured in some speciypgendix 1Table

S1). The number of species in subsequent analysis depends on the availability of museum specimens
and data from the literature on predictor variables traits. We included a total of 117 species for

males for every patch other than tail (116 species) &il underside (113 species), and 114 species
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for females for every patch but tail underside (110). Across all analysis this ranges from ~75% to
~80% of the entire order when compared to the 146 species in the phylogeny of Jetz et al., (2012;
Appendix 1 Table S1.).

2.3.2. Plumage Colour:

Calibrated digital images of study skins were taken using methods described in Cooney et al. (2019)
and were used to quantify both chromatic (hue and saturation) and achromatic (brightness)
components of colour. Brigfl a Nikon D7000 digital singkens reflex camera with two filters
(permitting human visible and UV wavelengths) was used for imaging of study skins and each bird
specimen was photographed six times: from three different angles (dorsal, lateral, vemtdalyith

each filter. For full details regarding the technical specificity of camera, lens filters and illumination,

see Cooney et al. (2019).

Digital images were then linearized and converted to .TIFF files using DCRAW (Coffin, 2016). Each
linearized phod was normalized by comparison of pixel values of five grey standards with known
reflectance, as suggested byoscianko & Stevens (201%)n each image, a series of polygons were
drawn in IMAGE(@Rueden et al., 2010)singcustom scripts to demark 11 body regions for colour
measurement. The selected body regions were: crown, nape, mantle, rump, tail, wing coverts, wing
primaries and secondaries, throat, breast, belly, and tail underside. By measuring the colour of these
11regions, thorough coverage of whgidumage colour variability was achiev@daia et al., 2016)

For each of these polygons, RGB values were extracted for both the higible and UV range.

To convert mean RGB values toiaav colourspace values we used a method developed by
Troscianko and Stevens (2015) to generate mapping functions that convert RGB colour values into
conecatch values adjusted to avian colour vision (see Cooney et al. 2019 for full details). We based
our analysis on UVS avian visual system since genomic sequencing of the UV/violet SWS1 cone opsin
gene indicated presence of amino acid residues signifying UV sensitivity in CoraciifOuees &
Hastad, 2013) Mapping functions were used to convert RGB values for each patch on each
specimen into raw cone catch values. We then calculated average patch values (separatalhf

sex) as a specidsvel measure for each body patch. These values were then projected into avian
tetrahedral colourspace, using methods froBtoddard & Prum (2008)mplemented in the R
package pavfMaia et al., 2019)This method generated relative cosgmulation values (ultraviolet

cone¢ u, shortwavelength cone; s, mediumwavelength cone; m, longwavelength cone I) that

were used in subsequent analyses.
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In addition to chromatic variation, we also quantified achromatic colour variation as tinelation
values of double cones, with higher values indicating a brighter p@ifieha et al., 2016)The full
dataset is provided iAdditional table I(https://figshare.com/s/1110fce894e65a69c3R9

2.3.3. Predictor variables

We compiled data on sex, light environment, body size, territoriality, hunting strategy, and

cooperative breedingAppendix 1Table S3.).

(i) Sex of each specimen was recorded from specimen labels during the collection of calibrated

digital images.
(i) Body size data were taken from the EltonTraits datalfesibnan et al., 2014)

(i) We quantified light environment using habitat preference as a proxy. Data on habitat
preferences were collected from Fry et al. (1992). First, we assigned each species to one of three
habitat types: forest, woodland, and open. Categories represerjpmight environment types that

differ according to the dominant canopy geome(ndler, 1992, Fig. ) ¢ KS aF2NBald aKt
environment occurs when the light is filtered thugh the thick forest canopy, and this can be

further divided into canopy and understorey light conditions. These two differ in the distance from

the tree top and thus the resulting filtered wavelengths. The tree canopy is rich in blue and UV light

(peak waelength ~470 nm) while the understorey is predominately rich in green light (peak
wavelength ~550 nm), generating a light gradient from the canopy to the gr@mdler, 1993)The

forest shade category includes forest understory, dense undergrowth and shruby habitats, but
SEOft dzRSa G(KS GNBS OF y2L®2 BKIAIOKR ¢3K I ARySE (a6 | Rz 2@(RI 4
dominated by bluish or blugrey light with peak wavelength ~470 nm and is similar to light
conditions in tree canopies (see above). These conditions are produced when light coming from the

sky is filtered through a dd32 y G Ay dz2dza Ol y2Lk ¢AGK I NBS 3 LJkd
environment has a spatially uniform distribution of bluish light and is found in habitats including
woodlands, sparsely aggregated shrubs and, as mentioned, upper forest canopy and forest edge

hh oAGFGdad CAylffesr a2LSyé fAIKG SYBANRYYSyida f1IC
F2dzyR AYy KFoAGlFGA AyOfdzRAY3I NAOBSNEARSaAZ 2Ly LI
wavelengths come directly from the sky without filtiai through the canopy, and light intensity is

more evenly distributed all wavelengths, albeit with a distinct peak in blue part of the spectrum

(below ~470 nm]Théry, 2006)Species were assigned to a single light environment category based

on their habitat preferences, with fore ¢ St f Ay3d &aLISOASa RAGARSR Ayi(2

32



Go22Rf YR &KI R $liag odWwhetSeR BirtBpred®i@indStly live in the understorey or
upper levels of the forest, respectivglgndler, 1992, 1993; Gomez & Théry, 2004; Marchetti, 1993)

(iv) Data on hunting strategies were collected from thieds of the Worldand a monogram on
CoraciiformegBillerman et al., 2022Fry et al., 1992)We assigned each species in our dataset to
one of the following hunting strategies: aerial catcher, ground dweller, ground catcher and water
diver. The hunting strategy provides a proxy for which body part is most exposed to potential prey
during hunting. Br example, fish catchingehaviour that involves underwater diving, has been
shown to be related to the evolution of belly colouration in seabifsetagnolle, 1993; Gétmark,
1987) We assigned species to one the following hunting strategies: water diver (which submerge
under the water), groundiweller (digging in the soil for worms, following ant trails, lifting leaves for
insects), aerial catcher (perching on a branch and flying above and ahead to catch prey in the air)
and ground catchers (species that perch on a tree and fly down to thendrtucatch food low in

the understorey or on the ground).

(v) Territoriality was assigned for each species using descriptions in Fry et al. (1992). Territoriality

was coded as the presence or absence of both intraspecific and/or interspecific aggressive
behaviours. For exampleTanysiptera danae the Brownheaded Paradise Kingfisher, shows

AYGNI ALISOATAO GSNNRG2NARAFEAGE 6aadNRy3Ite GSNNRG2N
0 NI y OK ¢ 0 ZDacélK §ahdichagd the Rufousbellied Kingsher shows both intra and
AYGSNBLSOAFTFAO GSNNRUG2NRFfAGE o0aliKSe FTNBX aidNRy3a
F3aINBaargdS (261 NRa a2YS 20KSNR£UL O

(vi) Cooperative breeding was coded for each species in our dataset based on a larger ddteset of

modes of parental care of bird€ockburn, 2006)We coded for the presence and absence of pair

breeding and coopetave breeding. Each species was assigned to one of these two categories.
2.4. Analysis

Relative conecatch values (u, s, m, I) represent the relative stimulation of four avian colour cones
and together describe avian tetrahedral colourspace, a sensory equivalent of morphospace where
the distance between two colours is comparable to theirikinty (Stoddard & Prum, 2008\We
estimated both chromatic properties of colour (hue and saturation) via cone catch values and
reduced the dimensionality of the colourspace using Principal Component An@hs#s Jolliffe,
2002)applied to the entire database, covering colour valuesdth measured colour patches. Our
measurement of colour does not allow us to separate hue and saturation. Instead, the principal

components that we use (PC1 and PC2) capture both elements of chromatic variation.
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To asses sex differences in colouration, evcompared colour variables between sexes using
phylogenetic reduced major axis regression (phyloRMA) as implemented in the function phyl.RMA
0afl YORI & YSiK2 PackaggRevallK2812)uith &alugsFdr malesvasvariable and

values for females aswariable.

To test hypotheses regarding the predictors of coleariation we used Phylogenetic Generalized
Least Squares (PGLS) regresfidrafen & Hamilton, 1989s implemented in the R package caper
(Orme et al., 2018)Using multipredictor models, we tested the influence of the predictor variables
(light environment, body size, huntinstrategy, territoriality, and parental care) separately for PC1,
PC2 and achromatic variation and for each body patch. We analysed data for each sex separately. To
provide a phylogenetic framework for our analyses, we used molecular phylogenies for
Coradiformes available from birdtree.or@etz et al., 2012)Ne downloaded 1000 randotrees and
extracted the maximum clade credibility tree in R using maxCladeCred function from phangorn
packaggSchliep, 2011)

Finally, we tested for the predictability of colour between different patches and sexes with Bayesia
phylogenetic mixed models in the R package MCMCglmm (Hadfield, 2010). We ran models with PC1,
PC2, and the achromatic property of plumage colour as dependent variables with sex, patch and
their interaction as predictors. We used a flat prior and randach model for 220000 iterations,

sampled every 20 iterations with the first 20 000 iterations taken as a burnin and removed.
2.5. Results
2.5.1.Coraciiform colour space

The first two principal components explained 96.27% of the variance icoagcatch values (u, s,

m, 1)(PC1 90.21% and PC2 16.07%) and were used in further analysis to describe chromatic variation
(Appendix 1Table S2). Lower values on PC1 indicated greater stimulation of m and | cones (green
and red colouration), while highevalues of PC1 indicated greater stimulation of s and u cones (blue
and UV coluration). Lower PC2 values indicated stimulation of the m cone (green colouration) while
higher PC2 values indicated simulation of the | cone (red colouration) (Fig. 2.2neldtenship

between raw cone catch values and PC scores are shappiendix 1HguresSL0-S12.
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Figure 2.2 Principal components (PC) of cone catch values (u, s, m, I) for all body patches across all
species. Each point in the plot represents one of 11 body patches for one species, with point colour

providing an indication of patch colour in the visible speetr PC1 explains 80.2 % of the variation

of colour scores. Higher PC1 value indicates a tendency toward blue and UV colour, while lower PC1
scores indicates a tendency toward red and green colour. PC2 explains 16.1% of variation in colour.

Higher PC2 valgeare ascribed to red hues, while lower PC2 scores are indicative of green and blue

hues.
2.5.2.Sex

Colour variation (PC1, PC2, achromatic) between the sexes was analysed with phyloRMA regression
(Appendix 1:Table S4), with slopes and intercepts thaffati significantly from one and zero

respectively indicating differences in colouration between the sexes (plots showppandix 1:
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Figure S7-9). In total, significant differences in plumage colouration between the sexes were
detected in four bodypatches for achromatic variation, one body patch for PC1, and seven body
patches for PC2. Regression of female against male PC1 values showed slopes significantly different
from one for crown Appendix 1l:Table S4.1). For crown, slope values of <1 sughestmale
plumage has more bluglV reflectance than female plumage but that this difference decreases as
PC1 values increases. Analysis of the relationship between male and female PC2 values revealed
significant betweersex variation for crown, nape, wingpverts, wing primaries and secondaries,
throat, breast, and bellyAppendix 1Table S4.1:54.13, S4.1%4.21). Slope values significantly <1

and negative intercepts for crown, nape, wing coverts, and belly indicated that males are generally
redder in these patches than females, but that the difference reduces as PC2 values increase. A slope
value significantly <1 and a positive intercept for wing primaries and secondaries and throat
indicated that males become redder than females as PC2 value increasgsai@&on of achromatic
variation between the sexes revealed a slope significantly <1 and a positive intercept in wing coverts,
wing primaries and secondaries, and tail. For these patches, this suggests that as species become
brighter, males tend to be ratively more bright than femaledAppendix 1 Table S4.2564.29). For

the nape patch, however, a slope <1 and a negative intercept indicate that males tend to be brighter
than females, but that this difference reduces as achromatic intensity increAgger(dix 1:Table

S4.24). Overall, this suggests that there are significant differences between the sexes in colour

variation for some body patches.
2.5.3.Multipredictor model results summary

We present an overview of our results here and in Figure 2ldwed by key results in relation to
each predictor variable in turn below and in Figuresc2.4. We report full detailspfvalues,

parameter estimates anB values) iMAppendix 1Table and Appendix 1: Figure Sb

In total, light environment showed a significant association with colour variables in ten body patches
for PC1 (four in males and six in females) (Fig. 203, fave body patches for PC2 (three in males and
two in females) (Fig. 2.3;d), and thirteen lady patches for achromatic property (six in males and
seven in females) (Fig. 2.3f)e In nine instances, colour variables were correlated with body size,
including one patch for PC1, three patches with PC2 (one in males and two in females) (Fd) 2.3, c
and five patches with achromatic property (one in males and four in females) (Fig.-B.3, e
Territoriality correlated with PC1 in one body patch (only in females) (Fig. 2.3, b) and with
achromatic variation in four body patches (two in males and twéeimales) (Fig. 2.3;® Hunting
strategy had a significant effect in two body patches with PC1 (one in males and two in females) (Fig.

2.3, ab), two patches with PC2 (both in males) (Fig. 2.3, ¢), and one patch with achromatic variation
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(only in male¥ (Fig. 2.3, e). Cooperative breeding is associated with achromatic variation in one body
patch (in males) only (Fig. 2.3, e). Overall, the explanatory poRferw@as greater for models
describing achromatic variation in colour across species than foerefitincipal component (PC1

and PC2) describing chromatic variatidyppendix 1Table S5).
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Figure 2.3 Multipredictor model results summary. Paneld aepresent results for PC1, panelsi ¢
represent results for PC2 and panel$ epresent results fo brightness. Panels on left hand side
represent results for males and panels on right hand side represent results for females. Predictor
variables are represented as rows with their names indicated further left. Body patches are
represented as a column thi each one represented on top of the column. White squares are non
significant results, light blue squares represent p<0.05 level of significance, darker blue represent

p<0.01 level of significance and dark blue represent p<0.001 level of significance.
2.5.4.Light environment

We found lower values on PC1 among forest species and higher PC1 values for woodland and open
environment species for several patches, namely the mantle and wing primaries/secondaries in
females, and the rump, throabreast and tail underside in both females and males. This suggests a
tendency towards reds and greens in forest light environments antluds in open and woodland

shade light environments (Fig. 2.4f)a

We found that the crown (males arfdmales), nape (females) and throat (males) have higher PC2
scores for forest species, while open and woodland shade species show lower and comparable
values indicating a tendency towards reddish plumage colour in forest species and greens-and UV
blues inwoodland and open environment species. For PC2 tail underside scores, forest and
woodland environment species have higher and similar values when compared to open species. (Fig.

2.4, ad).

37



Values for achromatic (brightness) variation are higher in opdn &gvironments (for both males

and females) for the nape, mantle, wing coverts, wing primaries/secondaries and tail underside (Fig.
2.6, ad, g). For male and female throat patches, species living in forest light environments have
lower average achromatiscores compared to woodland and open light environment species (Fig.
2.5, e), while for female belly patches, species living in forest light environments have higher average

achromatic scores (Fig. 2.6, f).
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Figure 2.4.Predictors of PC1. Only body pla¢s for which at least one independent variable
indicated significant result are shown. Within each panel, each point represents a species, and the
colour of each point represents the approximate reflectance of that body patch in visible spectrum.
Data repesented across all panels is raw data, i.e. not controlled for phylodertie title of each

panel, a patch and for which sex a significance has been detected is indicated. Plaregdseaent
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variation in PC1 across different light environment catéggr (xaxis on each panel for light
environment variable have abbreviations for light environment categories that represent following:
F¢ forest, W¢ woodland, and @& open.) Panel g shows the relationship between PC1 and body size.
Panel h shows the rafionship between PC1 and territoriality. -gxis on each panel for territoriality
variable have abbreviations for territoriality categories that represent following:aBAsent, and P
present.) Panel i shows the relationship between PC1 and huntiagegir. (xaxis on each panel for
hunting strategy variable have abbreviations for hunting strategy categories that represent

following: GDx, ground dweller, WL, water diver, A aerial catcher, and GCground catcher.)
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Figure 2.5.Predictors of PC20nly body patches for which at least one independent variable
indicated significant result are shown. Within each panel, each point represents a species, and the
colour of each point represents the approximate reflectance of that body patch in visiblewspec

Data represented across all panels is raw data, i.e. not controlled for phylogetine title of each

panel, a patch and for which sex a significance has been detected is indicated. Pémefgesent
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2.5.5.Body size

For PC1, tail of larger bodied males is weakly associated with the blue part of the colour spectrum
(Fig. 2.5, p Larger bodied species are also associated with higher PC2 values for the crown (females)
and mantle (males and females) indicating a shift towards the red part of the colour spectrum (Fig.
2.5, ef). We also found that larger size was correlated witigher plumage for the crown and
mantle in females, and nape in both males and females (Figc)/,Ror the belly patch (in females),

larger body size is associated with reduced achromatic values (Fig. 2.5, d).
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2.5.6.Territoriality

Territorial species have higher PC1 valder tail underside in females, indicating a tendency
towards increased Ulue colouration compared to neterritorial species (Fig. 2.4, h). Territorial
species also have higher achromatic values on wing coverts and wing primaries/secondaries in both

males and females when compared to Rtmritorial species (Fig. 2.6;ih
2.5.7.Hunting strategy

We found significant associations between PC1 values and hunting strategy for the belly in both
males and females (Fig. 2.4, i). For the belly patch, ground dwelling and water diving species have
the lowest (and similar) values, aerial catching specie® Hagher values and ground catching
species have the highest values. This reflects ground dwelling and water diving species having a
tendency towards duller brownish plumage, aerial catching species a tendency towatolsidsy

while ground catching speadending towards green colouration.

For the belly patch (only in males) mean values on PC2 across hunting strategies are lowest and
similar for aerial catching species and ground catching species, and increases for ground dwelling
species, and have thedhest mean values among water diving species (Fig. 2.5, h). This indicates a
tendency towards green for aerial and ground catching species, while ground dwelling and water
diving species tend more towards brown and duller colours in general. For the thaitzh (only in
males), we found opposing trend than for the belly patch with aerial catching species having the
highest values and ground dwelling, ground catching and water diving species having lower values
for PC2 (Fig. 2.5, g).

Males of water divingpecies have the highest average achromatic values for rumps, followed by
ground catching species and aerial catching species, while ground dwelling species have the lowest

mean values (Fig. 7, e).
2.5.8.Cooperative breeding

In cooperative breeders, maehave higher average achromatic values for tails than pair breeding
species (Fig. 7, i). The same effect was not detected for females, where both cooperative breeders

and pair breeders exhibit no difference in achromatic values in the tail.
2.5.9. Bayesan phylogenetic mixed models

Analyses with MCMCglmm confirm that colour varies greatly among patches but not, on average,

between the sexesAppendix 1Table S6 anAppendix 1Figure SL3.).
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2.6. Discussion

Our results show that among multipkxological and behavioural indices, light environment is the
dominant correlate of plumage colour in the order Coraciiformes. Importantly, however, there is
nuanced variation dependent on the specific property of colour variation (chromatic or achromatic)
FYR GKS f20FiA2y 2F (GKS 02f2dz2NJ 2y (GKS O6ANRQA
environment on both chromatic and achromatic properties of plumage colour across multiple body
regions. Other variables capturing variation in Coragiifdife history indicated more idiosyncratic
effects on colouration and only for subsets of body patches. We also find some divergence in
colouration between the sexes, particularly in patches associated with signalling (e.g. ventral body
regions), with mas having more U¥lue for certain body patches but more red reflectance for
other body patches. Achromatic variation between the sexes is also significant for certain body
patches and, together, this could be indicative of the influence of sexual sele@ieerall, these
results may indicate both the generality of light environment as a consistent predictor of colouration

but also more nuanced roles for other selection pressures.

Whether colours appear conspicuous or cryptic will depend on the environthegtare found in.
Conspicuousness is achieved by utilising colours that overlap in peak wavelength with the
predominant wavelengths of the light environment and that do not overlap with the colour of the
background (Endler, 1992). In contrast, cryptianphge colours should not overlap with the
predominant light wavelength and should match the background colndler, 1992) The
prevailing wavelengths of light in woodland are blue (peak wavelendg##® nm, Endler, 1992, Fig.

3.), which overlaps with our observed tendency towards increaseeblUd/ reflectance among
woodland species (Fig. 2.4f)aconsistent with selection for conspicuousness and a possible role of
UV as a signdlGomez & Théry, 20045 pecies that live inpen light environments also showed a
tendency towards U¥lue reflectance, which is predicted to have a signalling function in these
localities. However, when compared to the effect of the same colour in woodlands, it is likely to be
less optimal for adeving conspicuousness. Forest shade produces light environments that peak at
~550 nm (green) with small spots of direct sunlight rich in longer wavelengths appearing-yellow
orange, against a green backgroufithdler, 1990, Fig. 3.; Théry, 200Bheefore, our observed red

and green plumage patches in forest shade could locally achieve both conspicuousness and crypsis.
Our result differed slightly for PC2 with a trend toward more green plumage in woodland and open
environments when compared to PCIig(R2.5, ad). In woodlands, green would indicate a mismatch
with the predominant light in the environment (blue), and therefore lesser potential for
conspicuousness. In open light environments, green is amongst a set of possible colours that could

theoretically achieve conspicuousness (alongside blue, grey, yghean and red plumage colours),
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but less so than in a greadominated light environment (e.g. forest shade with no gajs)dler,

1990, 1992)Forest species have similar results for particular plumage patches with PC2 as with PC1,
i.e. redder plumage patcheslaken together, our results suggest that selection for dignga
purposes plays an important role in shaping chromatic colour variation in Coraciiformes, with a
tendency towards the evolution of colours that are likely to be highly conspicuous within particular

light environments (e.g. Ublue in woodland).

Our results in relation to light environment also highlight potentially different explanations for the
chromatic and achromatic properties of plumage colourat{@ndler, 1992, 1993; Marcondes &
Brumfield, 2019) Several studies indicate a general trend for matching achromatic attributes of
plumage colour to the environment to facilitate crypgidunn et al., 2015; Gomez & Théry, 2004;
Maia et al., 2016; McNaught &wens, 2002; Shultz & Burns, 201B) contrast, Marchetti (1993)
inferred conspicuousness because of increased achromatic brightness in closed light environments in
Phylloscopusvarblers. Our results show increased brightness of plumage in lighter (i.e. open)
environments relative to darker (forest and woodland) environments in most cases. Thus, in
Coraciiformes this suggests selection for crypsis rather than conspicuousnesssnoff achromatic

colour properties, at least for the nape, mantle, wing coverts, wing primaries and secondaries and
tail underside (Fig. 2.6,-ad, g). Our results therefore suggest that variation in chromatic properties

of plumage colouration is assatéd with increasing conspicuousness, whereas variation in
achromatic property of plumage colouration is associated with reducing conspicuousness. This could
indicate at a compromise between intraspecific signalling and avoidance of detection by predators
(Endler, 1992). This is similar to the private channel hypothesis which suggests that due to visual
system variation across the animal kingdom, certain animals can use particular colours for signalling
purposes while also avoiding detection from predatorsprey (Endler, 1992; Hastaelt al., 2005;
Stevens & Cuthill, 2007)

In contrast to light environment, we found localised and variable effects of life history and
behaviour. We recognize that our analytical approach might suffer from multiple comparisons issue
due to large numbemf analyses and while the results for light environment are consistent and
widespread across our analyses, we are more cautious in individually interpreting other, often patch
and predictor specific, results. Nonetheless, some results are tentativelyestieg. For example,
hunting strategy was associated with chromatic variation for the ventral body parts (throat and
belly) and with achromatic variation (but only in the rump). This is consistent with previous research
suggesting that successful hunting birds is associated with ventral body parts that are
camouflaged against their natural backgrouftetagnolle, 1993; Gétmark, 198¥ghnson & Brush,

1972; Preston, 1980)Our results suggest that the belly would be camouflaged to some extent
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against the likely background, potentially aiding hunting success in this group that contains many
aerial hunters. We also found that territati species have higher achromatic values for wings
(coverts, primaries, and secondaries) than #emritorial species, in both males and females (Fig.
2.6, hi). Wing colour is important for establishing and maintaining territories in warblers (Marchetti,
1993; Marchetti & Price, 1997) and our results are consistent with the prediction that territorial
species are showier (lighter/brighter) than nterritorial species (Rgskaft & Rohwer, 1987; Peek,
1972; Marchetti & Price, 1997). We also found that bodg siffects both achromatic and chromatic
properties of plumage colouration on some patches, but the results make generalisation difficult.
.2Re &aATS A& NBEFGSR G2 FyAYFIfaQ RSGSOGIoAf Al
theoretically achieving gater signal to background noise ratio for the receiver because of the
greater signal intensity. The increase of achromatic values in the crown and nape with body size
could improve their signalling capacity (Endler, 1992) (Big, ac). However, the redced
achromatic values for the belly patch could be related to the hunting strategy and need for lesser

visibility from the prey (Fig2.7, d) (Bretagnolle, 1993; Goétmark, 1987). We found a link to

cooperative breeding only to tail colouration in maleg(Bi7, i).

Taken together, our results suggest that colour evolution in Coraciiformes is dominated by light
environment and the contrasting need for both crypsis and conspicuousness. Properties of plumage
colouration, i.e. chromatic and achromatic variancshowed differential response to light
environment, with achromatic properties indicating camouflage with adjacent environment and
chromatic properties conspicuousness. However, while selection imposed by the light environment
may drive evolution of colaration on most body regions, some regions do not follow this pattern
and are more strongly affected by other factors. These include the belly patch that varies with
hunting strategy, and the wings that vary with territorial defence. Our results are énwlith the
interpretation that the evolution of avian colouration is shaped by a set of interacting general

ecological selection pressures and clade specific, idiosyncratic, life history traits.
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CHAPTER 3

Evolutionary dynamics of pigmentary grey and non
iridescent structural blue colouration in Tanagers
(family: Thraupidae)

3.1. Abstract

Birds are one of the most colourful animal groups in the world and there are multiple ways by which
they achieve this feature. Mechanisms of colour production range from pigmentary (pigment
deposition) to structural (nanostructural arrangementsy, the combination of both. Despite the
huge breadth of colour gamut, the basic components of feathers are shared across all of them
(keratin, air and presence of pigments in accordance with the colour produced). It has been shown
that in some instances, colour evolution between pigmentary and structutalice® can proceed by
rearrangement of the nanstructural elements of feathers. Here, we investigated evolutionary
transitions between pigmentary grey and noidescent structural blue. We focus on the
Thraupidae (tanagers and allies) that display a warad blues and greys including a potential
transition state that we refer to as slate. We used digitally calibrated images of birds to quantify
colour and determine the distinctiveness of slate colour in colourspace. Following, we identify the
most likelypathway for the evolution of the colour blue: from grey via slate colour. Our research

reveals a new pathway in the evolution of blue colour.
3.2. Introduction:

¢CKS FTNN}¥e 2F O2f2dz2NE Ay | O0ANRQa LI dzYl dnsagel NB LINJ
(pigmentary colours), precisely arranged structural elements of feathers (structural colours) or as a
combination of botnd | Af £ 3 aODNI ¢ H A c.Th mel&intaded gigmentary Q! £ 6 | 3
colour, the pigment melanin is producetiansported, and stored in organelles called melanosomes

65Q! fol g {.AMelanindasad coloaratignvincludes black, brown, and grey hues with

each one having a characteristic melanosome shapel 6 I N2 @A & Stial., REIGPE HAMPT
structural colours, precisely arranged elements of feather nanostructure are responsible for colour
production (Hill & McGraw, 2006)Noniridescent structural colours in birds are produced by a

keratin and air matrix (spongy layer) placed within the feather latii & McGraw, 2006; Prum et

al., 1998; Shawkey & Hill, 2008) melanosomes layer beneath the colour producing nanostructure
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is essential in colour production by absorption of all backscattered (@jewkey & Hill, 2006Non
iridescent structural colours encompass blue, violet and ultraviolet (UV) tB&snathan et al.,

HAMHT {KlFé1S@& 9 5Q!folX HAMTO

Evolutionary transitions betweehJA 3Y Sy G NB |y R a0 NHzOG dzNI £ O2f 2 dzNA
described previouslyDoucet et al., 2004; Driskell et al., 2010; Shawkey et al., 2006} to the
similarity of elements involveth the production of each colour, i.e. keratin, melanin and air gaps, it
has been proposed that evolutionary transitions happen through rearrangements of feather
nanostructure(Prum, 2@6). This hypothesis has been demonstrated in the case of the transition
between matte black and iridescent colouration in grackles and allies (lcteridae), where light
scattering melanosomes are organized in an ordered layer on the edges of the bdfhdeskey et

al., 2006) Other structural similarities between certain pigmentary and structural colours exist that
indicate their potential transitions. For example, the black plumage of some fairy wrens has been
found to have a spongy layer indicative of Addescent structural colours, but with additional
melanosomes incorporated into the feather barb. These addilionalanosomes prevent colour

production by the spongy layer, leading to a black co{@aucet et al., 2004; Driskell et al. 2010)

Recently, it has been suggested that Fiddescent structural blue colours evolve via a transition

from grey, based on the similarity in the structural components of the feather 6 N2 @A 6 Sii
2019) The investigion of melanosome shape showed an overlap between those involved in grey

colour production and melanosomes placed underneath the colour producing nanostructures in
norriridescent structural colour. The mechanistic shift needed for this colour evolutionldwo

involve the rearrangement of melanosomes from grey colouration around the central feather shaft

and subsequent development of the spongy layer. The potential mechanism for this transition is also
supported by evidence from research into the colour proidg spongy layer in feather barbs
(Saranathan et al., 2012\ broad analysis of naridescent structural colours across different bird

clades indicated that a colour category broadly defined as -bQheg (or slate) possesses
GNHZRAYSYGIFINE 2N 6SIF{1fteé yIy2aidNdz0GdzNBRéE TSI GKSNA
colour state has a poorly developed spongy layer and could potentially be a transition between grey

and noniridescent structural blueD2 f 2 dzNJ 6 4 KA OK Kl & GKS alLkRy3e €I @&

plumage.

To explore the evolutionary dynamics and potential transition between pigmentary grey colour and
the noniridescent structural blue colour, we focused on the passerine family Thraypttiae
tanagers. Thraupidae have diverse plumage including pigmentary greyiridescent structural

blue as well as a wide range of slate (birey) colours. This diversity of colour distribution across

54



the phylogeny makes them an ideal study systemaiftdressing the origins and potential dynamics
that lead to the proliferation of blue colours among birds. We collected data from handbook
descriptions of bird colouration as well as using quantitative measure of colour (cone catch values)
from digital imags of birds from museum specimens. We tested: 1) whether slate is an intermediate
colour state between pigmentary grey and nidescent structural blue using visual modelling in
avian colourspace, and 2) whether an evolutionary pathway to-indascentstructural blue in

Tanagers started with grey and proceeded through slate.
3.3. Materials and methods:
3.3.1. Data collection:

We collected plumage colouration data from written descriptions of the plumage colour from Birds
of the World(Billerman, et al. 20229nd from digitally calibrated images of study skins from the bird

collection from Natural History Mesim at Tring.
3.3.2. Plumage Colour descriptions:

We classified colour in ten patches (crown, nape, mantle, rump, throat, breast, belly, tail, wing
coverts and wing primaries/secondaries) for both males and females for 174 species based on verbal
descriptons from the Identification paragraph in the Birds of the Worggendix 2: Table $1

Using these descriptions, we coded each plumage patch as blue, slate and\gpendix 2: Table
S1).Due to human induced bias in recognising each colour, we vetliiedrerbal description of
colour from both the available images and video recordings from Birds of the \(Billietman, et al.

2022) Full colour descriptions and the subsequent assigned colour categories are reported in the
Additiond table 2. (Males scoring) and Additional table 3. (Females scoring)
(https://ffigshare.com/s/1110fce894e65a69c3R9An the Appendix 2(Table Slis the abbreviated

version of these tables with only plumage patches that have either grey, slate or blu¢epor
3.3.3. Plumage Colour measurements:

To quantify chromatic variation of colour (hue and saturation), calibrated digital images of study
skins from Cooney et al. (2022) were used and colour was quantified from them. Briefly, each bird
species was photographed six times: from dorsal, laterad,\&ntral angel and with two filters (one
permitting UV wavelengths and human visible wavelengths). An average of three male and three
female study skins were photographed per species. For all imaging, a Nikon D7000 digitdsengle

reflex camera wasaed (for details of all technical specificity, see Cooney et al. (2019)).
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Next, all digital images were linearized and converted to .TIFF(@leffin, D., 2016)The images

were normalized by reference to grey standards with wnoreflectance(Troscianko & Stevens,
2015) Plumage colouration was measured for seven selected body regions: crown, nape, mantle,
rump, throat, breast, and belly. On thesegions a predominance of a single colour is more likely
than in other plumage patches. On every photo, polygons used to mark plumage patches with a
custom IMAGE J script and RGB values were extracted for both the husifsle and UV range
(Rueden et al., 2017)

Finally, by using already available tools e iMAGE J Calibration and Analysis Toolbox (version
1.22), mapping functions were applied using methods described in Troscianko and Stevens (2015) to
convert all RGB values to raw cecegtch values (u, s, m, |) adjusted to avian colour vision. We used

u, s, m and | values for further analysis because they account for avian spectral sensitivities to
ultraviolet (u), shortwave (s), mediumwave (m), and longwave (l) (Staddard & Prum, 2011For

each sex, average patch values were dated across all specimens as a spetggsl

measurements.
3.4. Analysis
3.4.1. Distinctiveness analysis

The extracted data from digital images were filtered for only those plumage patches that scored
either blue, slate or grey in our written descriptidiataset and for seven plumage patches (crown,
nape, mantle, rump, throat, breast and bell3ppendix 2: Table $1We focused on these seven
patches because the marked regions on the digital image data for other patches typically included
only a small psportion of the focal colour resulting in patch colour measurements that would
provide inconsistent and unreliable measures of the presence of grey, slate, and blue. These values
were then visualised in an avian tetrahedral colourspace, using methods $toadard & Prum
(2008) implemented in the R package pdMnia et al., 2019R Core Team, 202{fig. 3.1, ab, c).

In tetrahedral colourspace every data point is represented by four values (ultravioleigagrehort
wavelength cone, s, mediumwavelendgh cone¢ m, longwavelength cone |) that are equivalent to
K2g YdzOK SIFOK O2f2dz2NJ atAydzZ I iSa SIFOK 02yS Ay
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Figure 3.1. Overview of plumage colouration across three colour categories (blue, slate and grey) in
tetrahedral colourspace. Panel a) is a tetrahedral colourspace with examples of blue data points,
with panel e) (Blue dacnifacnis cayanaan example oblue plumage colouration in living birds.
Panel b) is tetrahedral colourspace with examples of slate data points, with panel f) (Slaty
flowerpiercer; Diglossa plumbégabeing an example of slate plumage colouration in living birds.
Panel g) is a tetrahedrablourspace with examples of grey data points, with panel i) (Bladk

rufous warbling finchPoospiza nigrorufysan example of grey plumage colouration in living birds.
Panel d) represents the average reflectance data of blue, slate and grey plumtdepdas
indicated on the legend within the panel) with an average value shown with a line and standard

error as the shaded area around the average for each colour. The data for panel d) are taken from
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Chapter 4 (section 4.3.2. Reflectance data with sgelisted in details in Appendix 3: Table S1.). All

photos © Daniel J. Field, University of Cambridge. Used with permission.

First, we tested for how different the blue, slate and grey colour categories are and whether the
proposed intermediate colour cat@ry, i.e. slate, could be considered distinct from either blue or
grey or both in avian colour space. For this purpose, we calculated the orthogonal projection of
every data point onto the vector constructed in the colourspadk constructed a vector tlough

the colourspace that goes from one side of the tetrahedral colourspace (cone catch values: u=0, s =
1/3, m = 1/3, | = 1/3) to its opposite side, i.e., u cone (cone catch values: s =0, u=1, m =Thé= 0).

vectord is defined with two sets afoordinates:

0
1/3
1/3
1/3

|
I
cocor

Since most of the data points have strong reflectance in the u part of the spectrum, the vector is
constructed to capture the orientation of our data within the colourspace. Every data point in the
colourspace, defined by the fowoordinates that correspond to four cone catch valgess, m, 1)

can be represented as the vector itself:

x|
I
—3wvc

Projection is a linear transformation of any data point in the morphospace (in our case, tetrahedral
colourspace), defined by four coordinatés ¢ur case: u, s, m and | values) by orthogonal praecti

of that data point to a vector defined by two sets of coordinates. In the following step, an orthogonal

projection of the data poinb to a vectord is calculated by:

.

Al =——
18]

With || & || being the norm (lengths)of thé . The norm was calculated for every data point in our

dataset, and we named them projection values and used them for further analysis. (Fig. 3.2, a;

Appendix 2: Table S1, projection valuesiter the data point inthe colourspace is orthogonally

projected on the predefined vectorl KS RA &Gl yOS FTNRY (GKS @39002NRa

calculated and called projection value.
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We used the projection values to calculate the Bhattacharyya coefficient which qadnttie
overlap between the distributions of projection values between two colour categories, i.e.¢blue
slate, greyc slate and blueg grey. Higher value of Bhattacharyya coefficient will indicate greater
overlap between two distributions and thereforeskeer distinctiveness. The calculation of both the
projection values and the Battacharyya coefficient were performed using the R package dispRity
(Guillerme, 2018)

a) U ® second end of the vector
(u=1,5s=0,m=0,1=0)

Blue (b)
pv =0.28

Projection
value

Grey (d)
pv=0.23

First end of the vector
(u=0,s=1/3, m=1/3,1=1/3)

“©we
—®

0.
Projection values

Figure 3.2.Distinctiveness analysis. Panel a) shows tetrahedral colourspace with the examples of

grey, slate and blue data points. On an example of blue data point, a calculation of the projection

value is shown. Blue, slate and grey data points are from the cratchpblue is from Golden

chevroned tanagerThraupis ornata (panel b), slate is from the Grapoded siera finchRhygilus

gay) (panel c) and in grey is for Whitellied SeedeaterSporophila leucoptejapanel d). A vector

is constructed throughout th colourspace that goes from one side of the tetrahedral colourspace
602yS OIGOK @l tdzSaYy dz T n & I' mkoX Y I wmMkoxX f
2112 aA0S aARSI A0Sos dz O02yS 602y Sy RIATOKI KB { @S2
the figure). On the example of the blue data point, we showed how is the projection value
calculated, i.e. once data point is projected on the vector how far away that new data point is from

0KS @SOG2NRA n SyR @FTANBI FTAWR JIAB 0 PK S SO 8D EHSINE |
for that data point is indicated. Panel e) shows distribution of the grey, slate and blue data points

with the Battacharayya coefficient (BC) indicated for each colour par on thehdgttt side.All

photos © Daniel J. Field, University of Cambridge. Used with permission.
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3.4.2. Multistate analysis

To test for the evolutionary sequence from grey through slate to blue (grejate-> blue) we used
Reverse Jump Multistate model in BayesTré@isirrie & Meade, 2014; Pagel et al., 200%his
analysis allows testing a range of models with all possible combinations of transitions among
character states (all possible pathways arestiated inan Appendix 2 Fig. S1.) The model that is

best fit to our data is visited during the analysis most frequently. For our evolutionary hypothesis,
this would translate to pathway that leads from any colour to grey, grey to slate, and slateeto blu
being more visited in comparison to any other model or have higher transition rates than the rest of
parameters in our model. We used molecular phylogenies for Tanagers available from birdtree.org
(Jetz et al., 2012yith 1000 random trees downloaded. From a previously collected dataset of
presence and absence of blue, slate and grey colour in Tanagers, we developed a new database used
for the RJ MCMC Multistate analységppendix 2: Table SZable SR We coded each species in our
dataset for presence/absence of each colour category shahthe colour is treated as present if

the bird has it on at least one body patch (crown, nape, mantle, rump, throat, breast, belly, tail, wing
coverts and wing primaries/secondaries). Therefore, 0 is coded absence of the colour of interest, 1
for presence of grey colour, 2 for presence of slate colour (also if slatgccars with grey colour in

the same bird species: two species in both males and females) and 3 for presence of blue colour
(also if blue cebccurs with grey in the same species: four sagemales and nine cases in females;

or slate in the same species: five species in males and four species in females). This coding scheme
implicitly assumes that if a species has the ability to produce the subsequent colour in the proposed
evolutionary pghway, it also can produce the preceding colour in the evolutionary pathway. A
separate dataset was made for males and femalggpéndix 2: Table S2; Table) Sthich were
analysed separately due to notable differences in the plumage colouration. We reptestesame
analysis for males and females, but without species that exhibitcooirrence of two colours of our
interest (Appendix 2: Table S2; Table S3, in both dataset, species marked with red have double
scoring and were not included in the second as@y By excluding these species we avoid the
assumption of a specific evolutionary pathway. We report the results of the latter analysis, that are
gualitatively similar to the maianalysis, irthe Appendix 2Table S6; Table FFor each analysis we
appied Reverse Jump (RJ) MCMC which considers all possible models of evolution with
proportionally visiting the best fitting one. Models were run for 220000000 iterations with Burnin
2000000 and exponential prior of value 10. Each analysis was run 3 tirnesfion the consistency

in our results.
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3.5. Results
3.5.1. Distinctiveness analysis

First, we plotted grey, slate and blue colour categories in tetrahedral colourspace (Fig. 3.1, a, d, Q).
Our measure ofhe overlapbetween probability distributions @tacharayya coefficient, BC) of the
projection values for grey, blue and slate colour indicated that the categories are neither distinct nor
completely overlapping (BC for slate and blue = 0.82, BC for slate and grey = 0.78, and BC for grey
and blue = 0.6) (Fig. 3.2, e). A Battacharayya coefficient greater than 0.95 would indicate overlap
and less than 0.05 would indicate distinctivenéGsiillerme & Cooper, 2016These results can be
interpreted as evidence that grey and blue are opposite ends of continuum in which slate is an

intermediate stde.
3.5.2. Multistate

Our RJ MCMC Multistate analyses revealed that a pathway from any other colour to grey through
slate leading to blue is present. While other evolutionary transitions among the coded characters are

possible in both males and females, ather pathways led towards blue colour.

In females, the 95% credible set consists of only one model (Fig. 3.3, b). The modelsshggest
transition from any other colour to slate (q02), any other colour to blue (q03), grey to blue (q13),
blue to grey(q31) and blue to slate (q32) are very unlikely to happen. This is indicated by low
percentage of models that estimate these transition rates to not be zero (0-8132%) (Fig. 3.3, d).

On the other hand, transition from any other colour to grey ane wiersa (q01, g10), grey to slate

and vice versa (gq12 and g21), slate to any other colour (g20), slate to blue (g23) and blue to any
other colour (g30) are likely to happen. These parameters are estimated agemorin a very high
percentage of all modelg99.4%- 100%) (Fig. 3.3, d). All the transitions that do happen have the
same mean values of 0.06 indicating that when the transitions do happen, their average rate is equal
(Fig. 3.3, c). Full results are reported in thppendix 2: Tale SHRResults whout double scoring

species are reported in théppendix 2: Table S7
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Figure 3.3The evolution of blue, slate and grey colour in the plumage of female Tan&geml a
shows the phylogeny of 319 Tanagers species with the plotting of blue, slate and grey on tips of the
phylogeny. The first circle indicates the presence of blue colour, the second circle indicates the
presence of slate colour, the third circle inalies the presence of grey colour and the fourth circle
represents the coding of colours used for the analysis. The presence of colour in the plumage of
species is indicated with the presence of the bar, while the lack of it is represented with the iack of
for each circle. Panel b shows schematics of the evolutionary pathway between coded colour states.
Transition rates that are present are represented with thicker lines, while those that are not
detected are represented with thinner lines. Panel ¢ shpasterior densities of the transition rates

from the RJ Multistate model. Panel d shows the percentage of models from 220 000 000 iterations

where transition rates are not estimated as zero. A high percentage indicates that the transition is
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happening (q01q10, 12, g20, 921, 923, g30). A low percentage indicates that the transitions are
not happening (q02, q03, q13, g31, g32). Transition rates on panels ¢ and d indicate the following
transition rates: q01 is any other colour to grey, q02 is any otherucdim slate, g03 is any other
colour to blue, 10 is grey to any other colour, gq12 is grey to slate, q13 is grey to blue, g20 is slate to
any other colour, g21 is slate to grey, 23 is slate to blue, 30 is blue to any other colour, q31 is blue

to grey, q2 is blue to slate.

In males, the 95% credible set of all models visited during the analysis consists of three possible
models. Below we focus on the most frequently visited model (144,398 times out of 218,000) (Fig.
3.4, b). In this model, transitionsofn any other colour to blue (q03), grey to blue (q13), blue to grey
(931) and blue to slate (q32) are very unlikely to happen. This is indicated by low percentage of
models that include these transitions at a nparo rate (0.1% 1.9%) (Fig. 3.4, d). Coary to that,
transitions from any other colour to grey (and reverse) (q01, q10), grey to slate (and reverse) (gl2,
g21), slate to blue (q23) and blue to any other colour (q30), are frequently estimated to bzenon
(99.999 ¢ 100%) indicating that thewre likely to happen (Fig. 3.4, d). In between these two
extremes, both the gain of slate from any other colour and vice versa (q02, q20) occur in an
intermediate percentage of models at a naaro rate (93.45% and 70.45% respectfully) (Fig. 3.4, d).
Thiswould indicate that these transitions occur, but are not as likely as those with a very low
percentage of models that estimate them to be zero. The most favoured model sets atermn
transition rates to be equal with a rate of 0.4 transitions per lirepgr million years (Fig. 3.4, c).

The other two models in the 96% credible set are visited less frequently (57,610 and 8,357 times
respectively). They differ from the most visited model only in two parameters: in the second most
visited model the parameteq20 = 0 whereas in the third most visited model g02 = 0. These
parameters relate to transitions between any other colour and slate. The presence or absence of
these specific transitions does not qualitatively alter our main conclusions on the most likely
pathways in greyslate-blue colourspace. Full results are reported in thppendix 2: Table S4

Results without double scoring species are reported inXppendix 2: Table S6
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Figure 3.4The evolution of blue, slate and grey colour in the plumage alenTanagerd?anel a
shows the phylogeny of 319 Tanagers species with the plotting of blue, slate and grey on tips of the
phylogeny. The first circle represent the blue colour, the second circle represents slate colour, the
third circle represents the gyecolour and the fourth circle represents the coding of colours used for
the analysis. The presence of colour in the plumage of species is indicated with the presence of the
bar, while the lack of it is represented with the lack of it for each circle. IRaskows schematics of

the evolutionary pathway between coded colour states. Transition rates that are present are
represented with ticker lines, while those that are not detected are represented with tinner lines.
Panel ¢ shows posterior densities of tin@nsition rates from the RJ Multistate model. Panel d shows
the percentage of models from 220 000 000 iterations where transition rates are not estimated as

zero. A high percentage indicates that the transition is happening (q01, q10, g12, g20, g21, 923,
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g30). A low percentage indicates that the transitions are not happening (q02, q03, q13, g31, g32).
Transition rates on panels ¢ and d indicate the following transition rates: 01 is any other colour to
grey, q02 is any other colour to slate, 03 is areotcolour to blue, q10 is grey to any other colour,

gl2 is grey to slate, q13 is grey to blue, 20 is slate to any other colour, g21 is slate to grey, 923 is

slate to blue, 930 is blue to any other colour, q31 is blue to grey, q32 is blue to slate.

Multistate analysis also allows us to estimate ancestral state in the basal node of the entire clade for
the categorical variables that we use for the analysis (i.e. any other colour, grey, slate, and blue). The
model output provides a probability estimate ol&h state in the basal node of the Tanagers. In
males, the highest probability of the ancestral estimate for the basal node is for the slate colour
(P(slate) = 0.587), the lower and equivalent probability is for the grey colour, and any other category
colour (P(grey) = 0.175, P(any other colour)=0.188) and the lowest probability is for the blue colour
(P(blue) = 0.05). In females, the highest probability of the ancestral estimate for the basal node is
slate colour (P(slate) = 0.49), followed by grey col@®(grey) = 0.37), while blue and any other
colour category has the lowest and similar probabilities (P(blue) = 0.07 and P(any other colour) =
0.06). The full results are reported in Additional table 5,;
(https:/ffigshare.com/s/1110fce894e65a69c329)

3.6. Dscussion

Our results showed that slate colour is an intermediate colour with blue colour on one and grey on
the other side of the area occupied by these three colours in the tetrahedral colourspace of Tanager
plumage colouration. Furthermore, analysis alf possible evolutionary pathways between grey,
slate and blue indicated that the most likely pathway for the evolution of the blue colour is the route
from grey colour and through the slate colour. Blue colour can equally likely evolve to other parts of
the colourspace and we propose white and black colour as the most likely candidates of this
transition. Interestingly, slate colour could have an independent evolutionary origin in males
suggesting that discovered evolutionary pathway towards blue catoght be rare and hard to

achieve.

5dzS (2 GKS F2d2NIK O2yS Ay GKSANI NBOGAYIl I 06ANRAQ
spectrum, making analysis of plumage colouration within the tetrahedral colourspace a crucial part

of the framework ér understanding colour evolutio(Endler & Mielke Jr, 2005; Stoddard & Prum,

2008) We confirm that, as expected, slate is part of a continuum in tetrahedral colourspace
between grey and bluaihile grey and blue are distinct from one another, the slate colour category

overlaps with both grey and ¢ colour equally (Fig. 3.2, e) suggesting that slate colour shares
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properties both of grey colour and blue colour. To what extent the observed overlap in tetrahedral
colourspace translates to overlap in the nanostructures of these colours is yet to beagesome
general assumptions based on what we know about these nanostructures can be made. Slate colour
was previously described to be weakly nanostructured, implying that the feather barbs have at least
a partially developed medullary spongy layer thabuld produce what seems to be blue
wavelengths in this colou(Saranathan et al., 20125ince thickness of the medullary layer is
important for hue variance in nemidescent structural colourgFan et al., 2019)it might be that
observed the hue of slate is due to the lack of the sufficient thickness of rudimentaryllargdu
spongy layer. Alternatively, we suggest that melanin deposition masks the blue colour produced by
the medullary layer nanostructure as this effect has previously been observed in the case of blue
colour (Doucet et al., 2004)n the case of slate, melanosomes characteristic of grey colour could be

involved inthisprocess . | 6 NB @A d Sl | f P HAMPO

We tested tle macroevolutionary origins and dynamics of Andescent structural colours in
Tanagers. Our results revealed that the most common pathway for the evolution of blue colour in
Tanagers is from slate colour (Fig. 3.3, b; Fig. 3.4, b). Any other evolytipadrway to non
iridescent structural blue is highly unlikely (Fig. 3.3, b; Fig. 3.4, b). Evolution from pigmentary to
structural colour has been recorded previously and explained as a process of evolutionary tinkering
(Shawkey et al.,, 2006)This process would involve the evolution of a new phenotype by
rearrangements of elements of an already existing phenotfiekaert & Pin, 1999, 1999)n the

case of the evolution from pigmentary grey to nwitiescent structural colour blue this would
involve a twestage process: 1) arrangement of melanosomes in a layer next to the central shaft, and
2) development of a katin and air nanostructure in medullary cells of the feather barbs responsible
to produce the colour. Due to the lack of information of the internal anatomy of slate feather barbs,
the precise sequence and extent of these processes remains to be testedexi$ience of the
intermediary stage is vital for the emergence of the blue colouration since direct pathways from
Grye 20KSNJ O2f2dzNh G2 ofdzsS KF@S y24 o6SSy RSGS
Nevertheless, the requirement for an intermiady stage indicates that the process of evolution of

blue colour via this route is likely hard to achieve and rare.

Interestingly, slate colour is the most likely ancestral state estimate for the plumage colour out of
the colours we have investigated. This could further indicate the dynamics of the evolutionary
processes we observe in this analysis. Namely, while isldtee most likely ancestral state, and we
know that transitions between slate and grey aredbiectional and common, we suggest that these

transitions happened early in the evolutionary history of this clade. This also suggests that the
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evolutionary seqgance we observe is not hierarchical for grey and slate colours, while blue can
evolve only from slate colourThe observedoutcome could depend on the ecological and
behavioural characteristics of the species having these colours in the modern clade end th

hypothesized ancestral species to modern Tanagers.

¢KS GNIyaaaGaAz2y FTNRY o0fdzS G2 dalye 20KSNI O2f 2 dzNE
evolution model (Fig. 3.3, b; Fig. 3.4, b). Transitions from blue colour to other colours have been
detectetR LINB @A 2dzat e Ay O0ANRAQ LI dzYTaSifadiridl ahid Bl | YLIX S
feathers have a slight blugreen wash on the tips of the distant barbs (Bazzano et al., 2021).
Production of that colour was assigned to the keratin and air matthich was like that of blue

feathers. The rest of the plumage of swallow tanager is gtdaa produced by the keratin and air
nanostructure in medullary cells of feather barbs with an underlying melanosome layer. This
common nanostructural component giit indicate a potential evolutionary transition between

white colour and norridescent structural colours. Furthermore, the black plumage of two island
subspecies of the Whiteiinged fairywrenMalurus leucopteruéM. |. leucopteruandM. I. edouardi

has been confirmed by genetic and nanostructural analysis to have evolved from blue plumage
colouration of mainland subspecids. |. leuconotugDoucet et al., 2004). The black plumage of the

two island subspecies has a rudimentary spongy layer embeddedneitinosomes that cloud blue

colour production resulting in black. These examples are consistent with our finding that blue can

evolve into multiple other colours.

The existence of the intermediary stage could also indicate that slate colour could lsmpaate
SO2ft23A0!I 2NJ aA3dylffAy3a Ldz2N1LI2&S GAGKAY | 0 A NF
phenotype. Due to the lack of information on the nanostructural basis of slate colour, it is impossible

to predict from which colour this transition mightappen. Both blue and grey colour have
predictions of their signalling capacities in their adjacent light environments. While blue colour
achieves increased conspicuousness in woodland light environment, grey colour does the same in

the open light environrant. It would be interesting to test experimentally the signalling capacity of

slate colour in the different light environments andhether slate colour contains tradeff between

signalling properties of blue and grey colour.
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CHAPTER 4

The mechanistic basis of evolutionary transitions
between grey, slate, and blue colour in Tanagers
(Thraupidae)

4.1 Abstract

Both pigmentary and structural colours share many common elements of their feather anatomy, i.e.
keratin, airand melanin packed in the melanosomes, despite utilizing different mechanisms of the
colour production This means that evolutionary transitions between pigmentary and structural
colours can be achieved through a simple adjustment of these elements. Recently, an evolutionary
hypothesis for the transition between pigmentary grey, through slate and finaltrtwtural blue
colour has been proposed and confirmed in the clade Tanagers on a macroevolutionary level
(chapterthree of this thesis). Here, we investigate mechanistic basis of this evolutionary pathway. By
using SAXS (smalhgle Xray scattering) weénave quantified important elements of spongy layer in
medullary cells that is crucial for colour production by coherent scattering of light wavelengths. We
have gquantifiedfive elements of the spongy layer: nanostructure complexity, average hard block
thickness, average soft block thickness, filling fraction andlue Table 4.1). We report that across
different categories of feather colour, i.e. blue, slate and grey, nanostructure complexity, filling
fraction and J value explained variation in the awmatic component of the colour (between the
three colour categories). Chromatic variation within the colour category was explained by filling
fraction in the case of slate colour and by nanostructure complexity and average hard block
thickness in the casef blue colour. We propose that variation in different elements or combination

of elements of the spongy nanostructure has been utilised in feather colour evolution, both within
and between colour categories, to overcome developmental constraints impogextlbassembly

processes.
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4.2. Introduction

Birds are one of the most colourful groups of anin{@asthill et al., 2017)The mechanisms by which
they achieve their full colour gamut range from structural to pigmentary asaselhe combination

of bothd { Kl 61 S@& 9 Staddardod PrumH20M)FHE breadth of the plumage colour
spectrum relies on the internal architecture of feathers (either variation in feather nanosteictur
and/or pigment composition) in both types of colour producing mechanigtnsm, 2006 McGraw,
2006) Therefore, to understand the evolution of plumage colouration, it is critical to study the

elements of feather nanostructure that participate in colour productiptaia et al., 2013)

Pigmentary colours are produced by selective absorption and reflection of certain wavelengths of

light from the pigments deposited in feathers artftetcolour produced will depend on the chemical
composition of the pigments themselvébicGraw, 2008p ¢ KS Y2 ad O02YY2y LAY
plumage are melanins (brown, grey and black colour) and carotenoids. In mbksed plumage

colouration, melanin is stored within melanosomes, which are organelles that producsptd

and store melanin pigmentMarks & Seabra, 20015 Q! t 6 I 9 { K It Ba} Ke@nsshowm m 0

that different melanosome shapes are characteristic of different melaased fumage colouration

0. o6l NB DA GLi & al., 2010;8ctdérHen ah,8019)For exam, grey plumage colouration

has characteristic melanosomes that are larger than any other melanosomes in pigmentary melanin
colourationé . | 6 F NR @A S Si I f ®JXhe woneenprdtion] ok mebribsorhes 8 XlsoH 1 M 0
important for melanirbased pigmentary colours with increasing concentration contributing to

darker colourqField et al., 2013)

In structural colour, the colour is produced by coherent scattering of light as it intenattisthe
interface of nanoscale structures within the feathers, normally biopolymer (chitin andKeztdin)

and air that possess different refractive indi¢Bsirg & Parnell, 2018rum, 2006) In iridescent
structural colours in feathers, the colour producing nanostructure consists of a periodical
arrangement of melanosomes embedded in keratin on the peripbétye feather barbulegPrum,
2006) Colours produced in this way are angle dependent (changing hue vetbhinging viewing
angle)(Kinoshita et al., 2008\Nordén et al., 2021)In contrast, norridescent structural colours in
feathers, are independent of viewing angle, and are often purple, blue and bive (Prum, 2006

Fan et al. 2019) In these instances, the colours are produced by coherent scattering of light by the
nanoscale arrangement of keratin and air in the medullary cells of feather barbs. A keratin matrix is
placed above this nanostructure (towards the edge of thlatlier barbs) while a layer of
melanosomes is located below it (i.e. towards the central shaft of feather béfas) et al., 2019;

Prum, 2006; Shawkey et al., 2003Shawkey & Hill, 2006)Iin addition, characteristics of the
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melanosomes (size and shape) are alsoadated with structural colour$ . I 6 F NE @A S Sid | f @
et al., 2010) For example, melanosomes found in Addescent structural colours are bigger than in
most other colour categories and they owaglin shape with melanosomes characteristic for grey

pigmentary coloud . + 6 F N2 @A a S It ®X Hampo

In norviridescent structural colour production, keratin and air are structured in the medullary cells
and this an be ordered in two possible ways to produce coherent scattering and ultimately colour
production (Prum, 2006 Saranatlan et al., 2012)Sphere type nanostructure consists of numerous
spherical air cavities uniform in their length scale and interconnected by small air passages that are
embedded in the keratin matrix. Channel type nanostructure consists of elongateoftamdrotated

air channels embedded in a keratin matrix that creates keratin bars around them. In both
nanostructure architectures, there is a periodicity between the two different refractive indices, with

a length scale on the order of the wavelength ddible light which produces coherent scattering
(Prum, 2006; Prum et al., 2008aranathan et al., 2012) In this type of scattering, colour is
produced as a sum of the interactions among scattered wéResm et al., 1998)Variation in the
physical parameters of the nanostructure, as well of the other components of the barb (the
thickness of the keratin matrix as well as melanosomes layer), will influence the hue of the produced
colou. Namely, uniformity of the diameter of keratin rods strongly predicts spectral saturation while
chromatic variation is related to the spatial frequency and thickness of the spongy layer, the ratio of
the amount of spongy layer to melanin and the thicka@d keratin layer above the spongy layer
(Fan et al., 2019; Shawkey et al. 200Bherefore, colounariation in noniridescent structural
colours is not produced by absence or presence of any of these structural elements, but rather by

the difference in their properties.

Despite the differences in colour production mechanisms, feathers exhibiting nmddased

pigmentary colours and structural colours in many cases have similar building materials, i.e. keratin

and melanin packed in melanosom@dcGraw, 2006Prum, 2006; Shawkey & D'Alba, 201This

similarity in structural components has led to the hypothesis that evolutionary transitions between
pigmentary andi (0 NHzO G dzNJF £ O2ft 2dz2NBR Ay O0ANRAQ LX dzyl 3S Ol y
of already preexisting elements within the feathers, rather than evolution of a completely novel
phenotype (Prum, 2006, Shawkey et al., 2006) ¢ KA & A& NBFSNNBR (2 | a W
reflect the idea that modifications of an existing phenotype can lead to a novel phen(Bgokaert

& Pin, 1999;Jacob, 1977 Saraste & Castresana, 1994his type of evolutionary transition has

areeRe 0SSy RSSO0 S @havkgy edal, NRBOBDGIskel dt alzY20Boucet et al.,

2004) For example, evolutionary transitions between matte black plumage and iridescent plumage
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colouration in grackles and allies depend on rearrangement of melanosomes (Shawkey et al., 2006).
In feathers with matte black plumage, melanosomes are scatteredlgwaound barbules while in
iridescent feathersnelanosomes are arranged in layers near the edges of the barbules (Shawkey et
al., 2006). This ordering of melanosomes creates interfaces with beta keratin and is responsible for

coherent scattering and thefore colour production.

Recently, it has been proposed that grey (a pigmentary colour) and blue {&idescent structural
colour) are evolutionarily linked . | 6 I N @A 6 . Ferila phylogedetically1 widp orange of
feathers, a investigation of theshgpe of the melanosomeglacedunderneath the spongy layer
revealed that they overlap in shape with the melanosomes characteristic of grey pigmentary
feathers 6 . I 6 N2 @A 6 . Firtheimbra) BEudimantany dspongy nanostructurewhose
colouraion has been described as slate (gld#ye or bluegrey) was proposed to be an
intermediary link between pigmentary grey and structural blue colferanathan et al., 2012)
Finally, in the chaptethree of this thesis, a macroevolutionary transition between these colours has
been confirmed in the Tanager clade (Aves: Thraupidae). In Tanagers, transitions between grey and
slate were found to be common, but blue colour was found to evolve only tr@slate colour.
Nevertheless, a mechanical basis of these evolutionary transitions has not been tackled previously.
Specifically, we do not know what structural elements of the spongy structure in feather barbs are

changing to enable this transition.

Here, we inestigated the nanostructural characteristics of elements of the medullary (or spongy)
layer in blue, slate and grey feathers, i.e. air and keratin matrices, in Tanagers (Aves: Thraupidae).
Our research is focused on the chromatic variation of the colairhue and brightness, across blue,

slate and grey colour categories. The Tanagers are large radiation of birds with a primarily
Neotropical distribution and a diverse array of plumage colours including many species with blue,
slate, and grey plumage aalr. We used small angleray scattering (SAXS) to assess several
nanostructural elements of grey, slate and blue feathers in Tanagers to understand: i) what
structural elements are responsible for the colour differences between these three colour
categaies? and ii) what structural elements account for colour variance within slate and blue colour

categories?
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4.3. Materials and methods
4.3.1. Feather sampling

We sampled feathers at the Zoological Museum, Natural History Museum of Dendmavkysity of
Copenhagen. We sampled 10 species for grey feathers, 16 species for slate feathers and 11 species
for blue feathersAcross all speciesve sampledrom following patcheswing covert, breast, nape,

rump, throat, andmantle. We aimed at sampig one feather from three different bird skins from

the same plumage patch. In total, 117 feather samples were collected (30 grey feathers, 48 slate and
33 blue feathers)(Full report on sampling details are Appendix 3Table S1)-eather sampling was
designed to ensure coverage of a wide range of the grey, slate and blue colour gamut and was
informed by analysis of colour categorization from written descriptions of plumage colouration from
Birds of the World and digitally calibratémages of plumage colours in Tanagers (Babarovic, chapter

three: Distinctiveness analysi@illerman et al., 2022)
4.3.2. Reflectance data

The reflectance of each collected feather was measured using an Ocean Optics USB2000+
spectiometer with UV transmissive fibre optic cable. Ahaped cable was connected to the light
source, spectrometer and a third opening was mounted to the sample. The light source used was A
DT-MINI2-GS (Ocean Optics) Deuterium Tungsten HalogeNiENIR lidnt source with wavelength

range from 218500 nm. The probe was placed 5 mm from the feather sample at 90 degrees to
produce a small spot of light (~ 1 mm in diameter). To maximise the reflectance signal as much as
possible, we populated the ~1 mm lightatpvith as many distal and coloured contour feather barbs

as possible (~3 barbs). The measurements were acquired with the Spectra Suite (Ocean Optics)
software with an integration time of 300 ns, 3 scans to average and 3 nm boxcar width. The
collected reféctance spectra were then normalized by dividing the results by the spectra collected
from a white standard (a Polytetrafluoroethylene (PTFE) diffuse white standard (Labsphere))

measured under the same instrumental conditions.

Spectral data were furthenal t @ ASR Ay w dzaAy3a (KSMakedd.l2a18 a LI @2
R Core Team, 20213pectra were first individually smoothed and then averaged on a species level
OYSI &adz2NBYSyidia FTNRY GKNBS FSIFGKSNBR 6SNBE | SN IS
respectively. Next, we estimated the chromatic properties (hue and saturation) of thesumed

spectra by estimating avian cone catch values (u, s, m, I) associated with each spectrum using the
GOAAY2RSt ¢ TFdzyOQuAa2yod ¢KS ! x{ | QALY @Aradzaft aeai:
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sequencing of the UV/violet SWS1 cone opsin gene indidhegresence of amino acid residues

signifying UV sensitivity in Tanagétxleen & Hastad, 2013)
4.3.3. Small Angle-¥ay Scattering (SAXS)

SAXS data for the spongy layer live tmedullary cells of the feather barbs were collected at the
Diamond Light Source (UK) with the beamline 122. Historically, the internal structure of feathers has
been investigated using different microscopy techniques, with Transmission Electron Mjmrosco
(TEM) yielding most detailed results. Limitations, however, do exist with the TEM approach. Namely,
artificial shrinkage of the samples during the sample preparation as well asctinmiming sample
preparation. In contrast, SAXS requires no sample,drepond mounting the sample in the path of

the beam. This allowed us to analyse 10s of intact feathers in a short period ofSan@nathan et

al., 2012;Janas et al., 202@®arnell et al., 2015)

SAXS was performed on the samples mounted over 3mm apertures on an aluminium sample plate
perpendicular to the direction of the-pays. Scattering of the photoraccurs at interfaces in the
biological material, here the electron density contrast produces a diffraction pattern that is detected
by a 2D detector. In the case of colour producing nanostructures in feather barbs, the diffraction
pattern will take a citular form due to the isotropic nature of the structure. The data is reduced to a
1D scattering patter by radially integrating the 2D detector image with | (intensity) on tkexig

and g (scattering vector) on theaxis. Bright rings in the diffractiopattern will correspond to a

peak in the 1D scattering profile. In samples which lack cgdoatlucing nanostructure in the
feather barb, the scattering plot will be featureless with no peaks dete(&adanathan et al., 2012;

Prum et al., 1998)At Diamond, an-kay wavelength of 1.2 A (10 keV) was used with a rectangular
shaped microf®dz& 6 SIY éun >Y E -2M 2D>d¥tectorlplgced ak thet9BA5Imi dz& t «

from the sample. This setup allowed a length scale of 620 nm as an upper resolution.

We aimed to scan the same regions of the feather using SAXS as were measured for the
spectiometer measurements. For each barb scanned (117 in total), either 121 or 49 individual 2D
SAXS images were collected (frames) using a raster scan. For each measured frame a scattering
profile with intensity (1) as a function of q (scattering wavevectorpgirty/| ) was extracted with

the DAWN softwargFilik et al., 2017)Following this, for each feather, we calculated the sum value

in intensity (1) for each scattering profile and selected the top 3 scattering profiles with the highest
summed scattering intensities. This resulted in a total of 351 scattering profiles, i.e. three for each of
the 117 feathers which were carried forwailar 1) peak and shoulder detection analysis and 2)-One

dimensional correlation function analysis (CORFURSEdbl & Schneider, 1980Yhe analysis was
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implemented in the custom pyton code, written by Dr Adam Washington, and modified for the

purpose of this research by Dr Stephanie Burge.
4.4. Analysis
4.4.1. Principal component analysis

We transformed the reflectance spectra measurements into cone catch values (u, s, m and I) which
estimate the chromatic properties of colour (hue and saturation), as birds see (Bémddard &

Prum, 2008) Cone catch values describe a point in the colourspace, a morphospace adjusted to
ultraviolet-sensitive avian visual systerfOdeen & Hastad, 2013Stoddard & Prum, 2008)
Furthermore, we used Principal Component Analy@CA; Jolliffe, 2002) to reduce the
dimensionality of the colourspace. Therefore, the principal components capture both elements of

the chromatic variation (hue and saturation) of the measured colour.
4.4.2. Peak and shoulder detection analysis

Every SAXS profile of a feath@mtaining nanostructure will contain 1) shoulders, 2) peaks or 3)
both (explained further down) (Saranathan et al., 2012). If the nanostructure responsible for the
structural colour is absent, the scattering intensity will decrease with increasing galsipatjuency

of variation in electron density) with no detectable features (Fig. 4.1, a). In the scattering patterns, a
shoulder without any peaks represents a feather with a rudimentary spongy layer in the medullary
cells of the feather barbs, this is &rugeture organized enough to produce coherent scattering and
therefore structural colour, but not sufficiently monodisperse to generate a sharp peak (Fig. 4.1, b).
In contrast, a peak in the scattering pattern represents a feather where the medullanjircétie
feather barbs have shorange periodicity in the spongy layer and a more uniform length scale
distribution resulting in a more wetlefined scattering feature (Fig. 4.d), Furthermore, additional
peaks and/or shoulders detected after the firstgk demonstrates a loagange periodicity in the
nanostructure not present in a nanostructure with just one peak/shoulder (Figc4)1, The number

of higher order features corresponds to the humladrelements following peak or a shoulder (more
than onescattering feature) (Fig. 4.1,d}. Any scattering pattern with just one peak or one peak and
additional shoulders represents chansigpe spongy layer (Fig. 4.4, while patterns with additional
peaks after the first peals representative o$pheretype nanostructuren the spongy layer (Fig. 4.1,

d).
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Figure 4.1 Examples of scattering profiles and feathers where the measurements were.t@ken

each panel first image represents the feather and second an accompanying scattering profile. For
each panelthe SAXS measurement is taken on the spot marked with the black circle on the feather.
Features describing nanostructure components in each scattering panel are marked with arrows:
blue arrow represents lack of the scattering feature, red arrow represehbulder, and green arrow
represents peak. The figure is a visual representation of Table 4.2, and the classification of
combinations of features is explained in the tabl8cattering profiles of other possible
configurations are represented in the Appendix 3: FigurePabel (a) represents céiguration 0,

with a lack of any structural components. Feather where this scattering plot was obtained issfrom
the mantle of Doule-collared seedeater Sporophila caerulescensPanel (b) represents
configuration 1, with a one shoulder detected and is typical for the rudimentary form of the spongy
nanostructure in the medullary feather cellBeather where this scattering plot wabtained is from

is the rump of Blackhroated flowerpiercer Diglossa brunneivent)is Panel (c) represents
configuration 5, with a one peak and one shoulder detected and is typical for the chgpeel
spongy layer. Feather where this scattering plot vedgained is from is the rump of Masked
flowerpiercer Diglossa cyanda Panel (d) represents configuration 11, witiree peaksand one
shoulder detected and is typical for the sphdype spongy layer. Feather where this scattering plot

was obtained is tm is the breast of Blue dacni3dcnis cayana).

To detect and classify these features in the 351 scattering patterns, we developed code in Python to
detect peaks and shoulders. Peaks were defined as a point where the derivative of the 1D curve was
equalto 0 and the second derivize was negativgStewart, 2005)In each instance that a peak was

detected, a Gaussian curve was fitted to tledl peak which returned the peak intensity),(ithe
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peak positon (0 = YR GKS adl yRI NRof Bhé geaK(Abditiangl taBldNd. & 6 A R i K
https://figshare.com/s/1110fce894e65a69c3P@Stewart, 2005). For shoulder detection, we used

0KS G¥YSIRINRIF OK oKAOK &SIFNOKSa FT2NJ I LRAyldG 2F Y
a peak in a calculated detection function based on the sum of the vertical and perpendicular
distance between the function and a straight line (Satopaa et al., 2011)n\Wkealgorithm detects

a shoulder is it is characterized by @ @) value indicating this point of maximum curvature (Table

S4.). The max Walue of the first feature detected in the scattering plots where nanostructure is

present is proportional tohte thickness of the spongy layer in the medullary cell. Theasition

corresponds to the dominate lengthscale or spacing within the nanostructure calculated irfgas 2

We used dfor the further analysis by choosing the value of théot eachspecies of the highest

average values across 3 feathedgpendix:Table S.)

Examining our results, the possible scattering patterns across all the feathers had a limited number
of peak and shoulder configurations. A scoring system for the scatteringrpattvas used to
classify and sort these configurations as follows: i) peak is scored as 3, ii) shoulder after the peak is
scored as 2, and iii) just a shoulder is scored as 1. The highest scoring nanostructure is 13 with three
peaks and two shoulders (Fig.1,d), while the lowest is zero with no nanostructure detected (Fig.
41,a0 @ 2S GSNXYSR GKAa OQOFNARFofS ayly2aidNyzOddzNE O
Nanostructure complexity indicates a lenggbale of periodicity with higher values ingiing
nanostructures with a longer range periodicity than smaller values. Due to our scoring system, some
configurations are not possible, i.e. nanostructure scoring of 4, 7, 9 and 12. The scoring system, all
possible configurations, and their meanings agported in the Table 1 andppendix 1: Figure S1.

The representative of the main configuration and the feathers from which the measurements were
taken areillustrated in the Fig. 4.1. The scores are reportedppendix 3Table S4For pecies level

scae of the nanostructurea highest score of the nanostructure among 9 frames from 3 feathers

was taken(Additional table 4.https://figshare.com/s/1110fce894e65a69c3R9
4.4.3. Onedimensional correlation analysis

To extract length scale values of thanwostructure elements in the medullary cells spongy layer
from the SAXS scattering profiles we used a-din@ensional correlation analysis known as
CORFUN(GStrod & Schneider, 1980)he foundation of this analysis is a Fourier transform of the 1
dimensional scattering profiles with the assumption that the system is apfase system of
different electron densities. In our case this is keratin and air. Thiysisanvolves extrapolating the
low-g scattering data to a zero by fitting it to a Guinier curve and extrapolating thechggiattering

data to infinity using a Porod curve (Strobl & Schneider, 1980). The experimental data together with
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the extrapolateddata across the new g range (from zero to infinity) is then Fourier transformed and
returns the real space correlation function for the feather specimen. Finally, a linear fit together with
the position of the first minimum and first maximum of the cortada function is used to extract

the length scales of elements of the medullary cells spongy layer based ongnase assumption.

Therefore, for further analysis, we have extracted the following values: 1. Average hard block
thicknessg a value of the gerage thickness of the keratin bar in the sample, 2. Average soft block
thicknessg a value of the average thickness of the air bubble (in sphere type nanostructure) or air
channel (in channel type nanostructure) embedded in the keratin. 3. Long periadiistance
between the midpoint of one keratin bar and the nearest neighbouring keratin bar. Long period is
used to calculate average soft block thickness by subtracting average hard block thickness from it
and to calculate filling fraction. 4. Filling éteon - is calculated by dividing average hard block
thickness by long period. It is a value indicating the percent material in the region containing the
nanostructure. All four of the variables extracted from the correlation analysis were averaged for
ead species(Appendix 3: Table S3.The representation of the -B nanostructure and visual

depiction of the variables is represented in the Fig. 4.2.
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Figure 4.2Visualization of the colour producing nanostructure and the variables extracted from the
one-dimensional correlation analysis that describe its properties. P&@)edhows a render of the
channeltype nanostructure involved in the production of the colour bleratin is shaded grey and
unshaded area represents aiPanel (b) shows a-R2 representation of the -® keratin air and
channel nanostructure. On the imagestands for the long period, i.e. length between two keratin
bars; ASBC is an average hard block thickfkesatiny ASBC is an average soft block thickrias}

Panel (c) is a representation of the filling fraction variable where red is the keratiblaads the air.

The length scales of the elements of the nanostructure do not change across the pandlsg but
percentage of the material filling the observed area does. Panel (d) is a representation of the
increase in the length scale of the elementdtwé nanostructure. Black areas are keratin and white

areas are airAcross the panels, an average length scale of these elements is increasing.
4.4.4. Phylogenetic Generalized Least Squares (PGLS)

We used Phylogenetic Generalized Least Squares (PGLBg fihwee analyses described below
(Grafen & Hamilton, 1989s inplemented in the R package cap@rme et al., 2013)In all cases

we used molecular phylogenies of neaers available from birdtree.orgletz etal., 2012) as a
phylogenetic framework. We downloaded 1000 random trees and extracted the maximum clade

credibility tree in R using the maxCladeCred function from the phangorn pat&elgéep, 2011)

In the first analysis to test which variables predict colour variation across blte asld grey colour,

we used a multipredictor model with PC1 (approximating chromatic variation of the feathers, i.e.
hue and saturation) of all three colours as a response variable and variables approximating
nanostructure as a predictor variable (nanogtiure complexity, average soft block thickness,
average hard block thickness, filling fraction, andfitst scattering feature), summarized irable

4.1 Since PC1 represents measurement of chromatic variation across all colour categories, with this
analsis we will investigate which variables approximating nanostructure are important for the

evolution of greyg slate¢ blue transition.
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Variable

Calculation

Description

Analysis

Nanostructure complexity

For each peak and shouldg
detected in the scattering
patterns, a scoring system |
employed and finally, all the
scores are added to give
value of nanostructure
complexity. (Scoring system i
i) peak is scored as 3, |

shoulder after the peak ig

A value indicating a number ¢

higher order features, i.e
features of the nanostructure
showing periodicity on a leve
of a certain range. The
nanostructure complexity goey
from 0 (nanostructure isnot

detected) to 13 (nanostructure|

with the highest order features

Peak and shoulder detectio

analysis

scored as 2, iii) just a shouldq is present).
is scored as ,land iv) lack of
any peaks and shoulders
scored as 0)
Long period Calculated directly from thg A distance between the| Onedimensional correlation
CORFUNC analysis as { midpoint of one keratin bar| analysis
location of the first maximum and the neighbouring keratir|
or 2x the location of the first bar.
minimum
Average soft block thickness| Calculated by subtracting A value of the averagg Onedimensional correlation
average hard block thickneg thicknessof the air bubble (in| analysis
from long period. sphere type nanostructure) ol
air channel (in channel type
nanostructure) embedded i
the keratin.
Average hard block thickness| Calculated directly from theg A value of the averagq Onedimensional correlation
CORFUNC analysis as 1 thickness of the keratin bar il analysis
intersection ofa linear fit to | the sample.
the initial decent with the
tangent line to the first
minimum
Filling fraction Calculated by dividing averag A value indicating the percen| Onedimensional correlation

hard block thickness byong

period.

material in  the region

containing the nanostructure

analysis

Max b value of the first feature
detected (peak or shoulder) i
the scattering plots where

nanostructure is present

Value is proportional to the
thickness of the spongy laye

in the medullary cell

Peak and shoulder detectio

analysis

Table 41. Variables exwcted from the Peak and shoulder detection analysis and-d@mensional
correlation analysis of the Smalhgle Xray scattering experiment. For each variable (first column),
a description of how the variable is calculated (second column), what part afiahestructure it

guantifies (third column) and which analysis is used to obtain the variable (fourth column) is listed.
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Next, we used a multipredictor model in PGLS to test which elements of the nanostructure
influences variation in the chromatic componeof the colour within blue (second analysis) and
slate colour category (third analysis) separately. For this analysis, we used variables approximating
nanostructure as a predictor variable (nanostructure, average soft block thickness, average hard
block tickness, filling fraction and)] and PC1 of a specific colour category as a response variable
(i.e. PC1 of only blue colour and PC1 of only slate colour). With this analysis we wanted to explore
what variables are affecting variation in individual col@and therefore are important for the

evolution of hue and saturation (as approximated by PC1) within each colour category.
4.5. Results
4.5.1. Grey slate ¢ blue colour space

The first two principal components explained 97.5% of the variance imativecone-catch
values: u, s, m,df the measured featherAppendix 3:Table S2; Fig. 3. ac) with PC1 explaining
79.1 % and PC2 explaining 18.2% of the variance respectgdgridix 3Table 8). Raw conecatch
values are obtained biransforming reflectance data measured by spenteder (as outlined in the
section 4.3.2. Reflectance dat&@ince PCgxplaired a high percentage of the variance in thaw
conecatch value datawe decided to use PC1 as a variable explaining chromatatioa of colour
in further analysis. PC1 is one variable representing both hue and saturation (chromatic variation) of
a certain feather. Lower values of PC1 indicated greater stimulation of s and u cones (blue and UV
colouration), while higher values &fC1 indicated greater stimulation of m and | cones (red and
green colouration). PC1 therefore aligns well with a gresfate ¢ blue transition with grey colour
data associated with the highest PC1 values, slate colour data in the middle, and blue colour

associated with the lowest PC1 values (Fig;.d).
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Figure 43. Panels & show the datapoints in avian tetrahedral colourspace for grey (a), slate (b) and
blue (c) colour. The cone catch values describe every point in these 3 panels (u, s, m and I). Panel d
shows principal components (PC) of cone catch values fonealleathers across all species. Each
point in the plot represents one of the 38 feather samples measurements with point colour
indicating which colour category a measurement belongs to (blue, slate or grey). PC1 explains the
variation of colour scores. Bigher PC1 value indicates a tendency toward m and | cone stimulations
(grey colour in our case), while lower PC1 scores indicate a tendency towards blue and UV colour
(blue in our case). Slate colour data points are roughly positioned between the data far blue

and grey colours.
4.5.2. Description of nanostructural elements of feathers

We analysed all scattering profiles with the python code to detect peaks and shoulders. We divided
the scattering profiles into categories according to the level arfastructure detected and named

that variable nanostructure complexity. The nanostructure complexity ranges from 0 (nanostructure
is not detected) to 13 (nanostructure with the highest order features is present). Scores of 4, 7, 9
and 12 are not possibl&he entire list of feathers and their scoring systems isdditional table 4.
(https://ffigshare.com/s/1110fce894e65a69c3R9while a summary is presented in Fig4 4nd
Appendix 3Table 1.
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Figure 44. Histogram of the number of feathers (y axis) detected across all the feather samples for
each category of nanostructure complexity variable (x axis). In short, every species was sampled with
3 feathers, and we analysed 3 frames per each feather, makifigfddthers in total with 351
frames. Here, a feather was counted in certain nanostructure complexity category if at least one of
the frameswas detected belonging to that categoryeathers that did not have all three frames
belonging to a same category earChlorophanes spiz§605), Anisognathus igiventrig608),
Pipraeidea melanoto(612, 614), Thraupis episcopug538), Diglossa sittoides(574), Diglossa
caerulescengs77, 579)Conirostrum cinerunf590). In the brackets, a feather number as indicated

in the Additional table 4https://figshare.com/s/1110fce894e65a69c3P9
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Nanostructure Elements detected Biological Grey colour Slate colour Blue colour
complexity meaning
0 0 peaks, 0 No 25 feathers from 9 species 8 feathers from 4 species 0 feathers
shoulders Nanostructure
1 0 peaks, 1 shoulderr Rudimentary 2 feathers from 1 species 26 feathers from 13 species 0 feathers
nanostructure
2 0 peaks, 2 0 feathers 5 feathers from 2 species
shoulders
3 1 peak Channeltype 0 feathers 3 feathers from 1 species 5 feathers from 2 species
nanostructure
4 Not possible
5 1 peak, 1 shoulder 0 feathers 2 feathers from 1 species | 12 feathers from 5 species
6 2 peaks Spheretype 0 feathers 0 feathers 3feathers from 2 species
nanostructure
7 Not possible 0 feathers 0 feathers
8 2 peaks, 1 shoulder 2 feathers from 1 species 4 feathers from 3 species 9 feathers from 4 species
9 Not possible
10 2 peaks, 2 1 feather from 1 species 5 feathers from 3species 1 feather from 1 species
shoulders
11 3 peaks, 1 shoulder 0 feathers 0 feathers 6 feathers from 2 species
12 Not possible
13 3 peaks, 2 0 feathers 2 feathers from 1 species 0 feathers
shoulders

Table 42. Overview of the nanostructureomplexity variable. The first column lists all the possible

values of the variable. Column two shows absence (first row) and presence (the rest of the rows) and

the count of structural elements for each score of the nanostructure complexity. Values of the

nanostructure complexity are calculated by addition of the scores associated with each structural

elements detected for each category. Scoring system is as follows: i) peak is scored as 3, ii) shoulder

after the peak is scored as 2, and iii) just a shewis scored as 1. Column three shows the biological

meaning of every score of nanostructure complexity. In short, score O indicates no nanostructure

detected, scores 1¢ 2 indicate rudimentary nanostructure, scores (35 show channetype

nanostructure ad finally, scores @ 13 indicate spherd¢ype nanostructure. Columns four, five and

six show the number of feathers and species where each nanostructure complexity score was

detected across grey, slate and blue colour category.
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4.5.3. Phylogenetic generialed least square (PGLS) analysis results

The overview of the results is presented in the Bi§. Fig.4.6-4.7 represent the effects of variables
that showed significant correlation with colour variabl@he full detailof the analysisg-values,

parameter estimates anB values)are reported in theAppendix 3: Table S4.

a) Slate b) Blue c) Blue - Slate - Grey

Nanostructure complexity

Average hard block thickness

Average soft block thickness

Fillingfraction

lo

Not p<0.05 p<0.01 p<0.001
significant

Figure 45. Multipredictor model results summary. All three panels represent values of PC1, with the
panel a representing value only for slate colour, panel b onlytHerblue colour, and panel ¢
representing combined values for grey, slate, and blue colour. Predictor variables are represented as
rows with their names indicated further left. The colour of the squares represents the significance of

the results, as indated by the figure legend in the bottom left corner.

In the first analysis (Fig.5}.c), we used multipredictor PGLS analysis to assess which feather
nanostructure variables correlated with the variation in the chromatic component of colour between
colour categories as approximated by PC1. Nanostructure complexity (p = 0.0008953; slope =
2.9624e02 (++ 7.9681e03)), filling fraction (p = 4.4588; slope =2.9664e+00 (+/4.8490e01) )

and b (p= 0.0005619; slope 4.9381e06 (++5.0592e07)) showed gnificant association with the
variation of the PC1 variable (Fig64acc). PC1 declines with increasing nanostructure complexity,

filling fraction, andd
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Figure 46. Predictors of PC1 for blgtategrey colour variation: ahanostructure complexity, b)
filling fraction, and c),] Within each panel, each point represents a species, and the colour of each

point represents the colour category a measurement belongs to.

In the following analysis, we analysed slate and blue cadeparately (i.e. in the analysis of slate
colour, we analysed PC1 for only slate colour and in the analysis of blue colour, we analysed PC1
values for only blue colour as a response variafi). 4.5, &). For the slate colour analysiBig.
4.5, a;Fig. 47, a), only filling fraction (p = 0.01399, slopel=3408e+00 (+/4.8115e01)) had a
significant relationship with variation in PC1 (Hd, a; Appendix 3: Table $S4). For a decrease in
the value of PC1, there was an increase in the filling fractumev For the blue colour analysis (Fig.
45, b), nanostructure complexity (p = 0.02315; slope = 4.0488¢+- 1.6217e02)) and average
hard block thickness (p = 0.01042; slope = 4.7382¢++ 3.3676e€03)) had a significant association
with variation h PC1 (Fig. 4. b ¢ c; Appendix 3: Table $4). For an increase in the value of PC1, an
increase in values of nanostructure complexity and average hard block thickness was detected.
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Figure 47. Predictors of PC1 for slate colour (a) and blue colbuc). Within each panel, each point
represents a species. The predictor of slate colour PC1 variation is filling fraction (a), while predictors

for PC1 of blue colour are nanostructure complexity (b) and average hard block thickness (c).

88



Overall, explanatry power (R) was greatest for model explaining variation in blue colour, followed
by allthree colours combined (bluslate-grey) and finally model involving only slate colour had the

lowest explanatory powerppendix 3: Table $4
4.6. Discussion

We aralysed the spongy structure of medullary keratinocytes in feather barbs from three broad
colour groups (blue, slate and grey) to assess the mechanisms underpinning colour evolution from
pigmentary grey to structural blue as well as variation within coldasses along this continuum. To

do this we first quantified the absence or presence of nanostructure and classified the level of
nanostructure present. We then quantified length scales and properties of the colour producing

nanostructure, i.e. average rablock thickness, average soft block thickness, filling fraction.and |

Correlates of variation in chromatic component of colour encompassing all three colour categories
included nanostructure complexity, filling fraction angl while average hard bl&cthickness and
average soft block thickness showed no significant association. This indicates that it is the ratio of
keratin to air that is more important than variation in keratin thickness for colour variation.
However, patterns across the colours dotriranslate to withincolour categories correlates, i.e.
those for blue and slate colour individually. PC1 values for blue colour were correlated with
nanostructure level and average hard block thickness, while slate colour PC1 showed correlation
with the filling fraction. This pattern shows that while multiple components of variability in
medullary cells spongy layer are needed for evolutionary transitions between blue, slate and grey
occur, a more limited number of variables account for the variatiomhiromatic component of

colour within the colour categories themselves.

92t dziA2y I NE (UNXyaArAdAzya FTNRBY LAIYSYyUlul NE G2 aiN
plumage (Shawkey et al., 2006; Driskell et al., 2010; Doucet et al., 2004) s0its rnedicate that for

the transition from pigmentary grey towards structural blue colour, multiple variables describing

spongy layer are important, [thickness of the spongy layer), filling fraction and degree of order
(nanostructure complexity) all itnease as colour tends towards blue (PC1 decreases). Separately, for

both blue and slate colour, the (thickness of the spongy layer) does not show a correlation with

PC1. This could indicate that there might be a critical length scale of the nanostrubtat is

important for the evolutionary transition from grey to blue to happen. Incinegshickness of the

spongy layei(correlated withthe increase inly) will result in greater reflectance across the short
wavelength range, i.e. blue and WYWan et al., 2019)Filling fraction is a measure of what volume

fraction is occupied or filled by the biopolymer (keratin).pfoduce white colour in some species of
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beetles, it has been proposed that a filling fraction of @B4 % is responsible for the colour
production, while simulated results indicate a theoretical maximum reflectance from a spongy
nanostructure at 25%Burg et al., 2019)This is observed in our results as well, i.e. increase in filling
fraction from O (forSporophila caerulescengey feather) through 0.1386 (13.86% fGatemina
analisslate rump feather) to 0.34012 (34.012% foiglossa cayanalue rump feather) is obseed

with decreasing PC1 (moving towards blue colour in the colourspace). This results further confirms
YIEy2a0NHzOGdzNI £ NBaSyYoflyOS Ay alLly3ae &aidNuzOd dzNB
LINEQGA2dzaf & 20aSNIBSR QCyahoita ¥t&lér) ayficRin swallow{ tanggeerSinenR a 2 |
viridis) (Bazzano etl., 2021;Shawkey & Hill, 2006)n both cases, white and blue feathers have
similar peak in reflectance in blue part of the spectrum, but the pronunciation of the peak in blue
feathers is due to the underlying melanin layer which is lacking in white feathers. Finally, the value of
nanostructural complexity showed an increase with decie@$C1 values, and this could indicate

that blue colour is associated with structural uniformity and increased order of the nanostructures.
Overall, changes in many variables explaining spongy barb nanostructure have proven to be

important for the evolutbn of greyslate-blue continuum in the colourspace.

Previous research into changes in nanostructural parameters between different hues of non
iridescent structural colour revealed that variation in many nanostructural elements, rather than a
change in sirlg parameter, is responsible for observed colour diversity (Fan et al., 2019). These
parameters involve the thickness of the outer layer of keratin (above colour producing
nanostructure), spatial frequency and thickness of the keratin and air matrix, lhsisvéhe amount

of melanin beneath the colour producing nanostructure. Our results are focused only on the blue
colour and show that two main components for colour production are nanostructure complexity and
hard block thickness (Fig.54.b; Fig.4.7, b-c). The increase in PC1 follows increasing hard block
thickness indicating that thicker keratin bars in either channel or sphere type spongy layer would
shift away from blue and UV cone stimulations. Increases in the level of nanostructure also follow
the same trend. Surprisingly, we did not find a thickness of the spongy layer as a correlate of PC1 of
the colour blue as opposed to the previous research (Fan et al., 2019). This could be explained by the
absence of other structural colours from our dataseamely purple. Thicker spongy layer would
increase reflectance in the short waveleng(an et al., 2019)meaning tkat the spongy structure

length scale could be correlated if we had a broader range of structural colours within our dataset.
Nevertheless, this variable proved to be important for the transition into blue colour from slate (as

showed by our results).
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In previous research on the nanostructure of slate colour it has been identified that this colour
category is characterised by more rudimentary and highly disordered versions of the channel and
sphere type nanostructures that are found in the blue feathé®aranathan et al., 2012)
Nevertheless, it seems that these feathers still have nanostructure ordered enough to produce
colour by coherent scattering. The only variable that correlates with PC1 for slate ¢®lfilling
fraction where higher values of filling fraction are associated with lower values of PC1 for slate
colour. Within slate colour category, higher values of filling fraction correlate with the lower PC1
values showing more inclinations toward coloblue (i.e. blue and UV cone stimulation). As
explained previously, filling fraction is the value that indicates the filling of the volume of the
crystalline structure with its constituent elements, i.e. keratin in our casareasindilling fraction

has been shown to be important in evolution of colour blue (this research) while it is not important
for a hue variation within blue colour category. A limitation of our research is not knowing the
location of melanosomes within the feathers. It is knownnirditerature that coherent scattering

that produces blue colour can be masked by melanin deposition and in that case the feather is black
(Doucet et al., 2004Driskell et al., 2010Whether this rudimentary spongy layer detected in the
slate feathers has a melanosome deposition above it that participate in the colour production by
interfering with the colour produced from the spongy layer is yet to be seen. Nevertheless, the fact
that variation in PC1 for slate colour correlates with filling fraction indicates that the spongy layer is

ordered enough to participate in colour production (giving the slight blue of the slate colour).

Our results suggest that the parameters of spongycitree that influence colour variation between
colour categories (bluslate-grey) differ from parameters that influence colour variation within
colour categories (blue and slate). Structural colours are intrinsically linked to their underlying
nanostructue (Prum, 2006) It has been shown that small changes in their nanostructures will lead
to a change in the dour produced and, therefore, the signal emitted in the environm@fan et al.,
2019; Saranathan et al., 2012pevelopment of the spongy structure is proceeding without active
cellular processes, i.e. by phase separation of the mixture of keratin and air in the medullary cells
(Prum et al., 2009)These selfjuided processes could theoretically lead to complete unmixing of the
solution and loss of nanostructure arrangement necessary for colour produg¢fiones, 20022rum

et al., 2009) It is still debated what causes halts in the phase separation during feather growth (and
colour production), but it is known that these phyaiprocesses are deterministic, and there is little
opportunity for a variation in the outcome of the development once the process is initid@makes,
2002;Prum et al., 2009)Our results indicate that the inherent issue with the phase sepandits
deterministic nature) and control over the variation in hue within and between colour categories

could be overcome by varying different elements (slate colour results) or combinations of elements
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(blue-slate-grey and blue colour results) of spongiructure in medullary cells. The variation in
multiple elements of the nanostructure rather than binary presence/absence scheme for
productions of different hues has been already confirmed for-ir@escent structural colour@an

et al., 2019) It seems that similar processes are involved in their evolution and here we propose that

this is a natural consequence ofliting basic physical processes during feather development.
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CHAPTER 5

Discussion

5.1. General overview of the aims of this thesis

In this thesis | aimed to cast new light on our understanding of the evolutionary patterns and
mechanisms that drive the diversity of plumage colour in birds. | did this by asking twespleciéic
jdzSaGA2yad Ly GKS FANAIGtshdpesBlumage colbutadion inKhe aldda = L |
/ 2N OAAT2NX¥Saé¢d L LI I OSR GKAa OKFLIISNI gAlGKAY (K
colouration, or simpl ¢ g K& K¢ LJ dzYlF 3S 02f 2dzNJ S@2f @Sad Ly (GKS

I &1 S RIDluedcldur evolve from grey colour via an intermediate colour (slate) in the clade

¢ KN} dzLIARIF SKé ® ¢KAa ljdzSadAaz2y AYSR G2 GFrO1tS GKS
plumage colour evolves, or simglyd K2 g K¢ LJ dzyYk 23S 02t 2dz2NJ S@2t 9Sa o

Answers2 G o Ke K¢ YR aK2gKé | difigsyndrady ie. datafled Wark o €S a A &
single clade, and they both benefit and suffer fromTihe second chapter of this thegimve a
detailed account of the plumage colour evolution in Coraciiformes ahthe answers reached in

this chapter are applicable for Coraciiformes and come from the specificities of their ecology and
behaviour. Nevertheless, | think the patterns observed could be translated to other bird species to
some extent. For example, | spect that a white and brown (beige) belly is a convergent trait in
birdsthat hunt prey that's "below them i.e. water diving and groundwelling hunting strategies.

More importantly, my research brought up front the importance of light in the enviramnos the
plumage colour evolution. Accounts of previous correlations of plumage colour with the light
environment have been tested and confirmed. However, my research brought it directly into a
collision with other variables explaining colour variatiomerefore, in relation to the "why?"
guestion in this field, | feel the biggest contribution to knowledge from my thesis is the conclusion
that light environment influences the evolution of colouration across most plumage patches,
whereas behavioural varidds affect a limited set of plumage patches. Second, the question of
"how?" was addressed in the case of the evolution of the blue colour in the clade Thraupidae and
across two chapters. The transition towards blue colour was confirmed from the slate,omtuoh,

in turn, could have evolved from grey colour in the clade Thraupidae. Therefore, | detected a new
evolutionary pathway among colour categories in this thesis. The mechanistic basis of the evolution
of the colour blue tells us that occurrence atiften modulation of the elements of the spongy

structure is vital for this evolutionary transition. The bigger picture for the evolutionary biology of
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plumage colouration seen unfolding in this thesis is the detection of one more evolutionary pathway
that depends on already existing elements within the feathers, i.e. novel phenotype evolves based
on what is "on hand" in the feather and therefore developmental constrgiays an important role

for plumage colour evolution. | firmly believe that focus on $fieclade allowed me to discover this
specific evolutionary pathway and that this pathway could be detected in other clades as well. The
2PSNI NOKAY3I 02y Ofdzaizy 2F dzaAAy3d oKIFGQa az2y
speculation that in other clies some other evolutionary pathways towards colour blue could be
detected based on the evolutionary history and developmental constraints of those clades. | further

discuss one potential pathway in the later section of the Discussion.
5.2. Insights intahe drivers of colour evolution

In chaptertwo, | wanted to explore further the ecological and behavioural drivers of the interspecific
plumage colour variation. This aim was addressed in the colourful clade Coraciiformes with
macroevolutionary approachny quantifying several traits across species in this clade and correlating
them with the colour measurements. The traits quantified were: 1. the light in the environment
where species livéFry et al, 2010) 2. body sizéWilman et al., 2014)3. presence or absence of
territoriality (Fry et al., 2010)4. modes of huntingFry et al., 201Q)and 5. forms of parental care
(Cockburn, 2006 PIlumage colour was quantified for males and females and atdobsdy patches
separately for chromatic (hue and saturation) and achromatic (brightness) properties of plumage
colouration. The analysis involved testing for the correlates of both components of plumage
colouration in males and females and for each plgmaatch separately. The results indicated a
strong and consistent influence of light environment on plumage colour evolution, while behavioural
and life history traits had more limited effects. The general trend indicates a stronger influence of

environment rather than behavioural traits on plumage colour evolution in the Coraciiformes.

Although light environment was the dominant predictor, several more subtle and idiosyncratic
results emerged that indicate that different selection pressures are dominantliferent body
regions. For example, while the belly patch showed no effect of the light environment in males, it
correlated with hunting strategy. This could indicate that specific patches overcome a general trend
and take on separate evolutionary trajeries because of the importance of that patch for a specific
function in the lives of birds. In the lives of Coraciiformes, bellies play an essential function as the
first patch a potential prey observes when hunting fish (as well as ground catchiregy). bEHy
patches are mostly brownish in colour and therefore, they can blend in with the low growth near
rivers where they perch while hunting and make themselves less visible to the potential prey. Some

patches respond with both colour variables (chroinaind achromatic) to the same evolutionary
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driver. For example, the rump patch is correlated to the light environment with both variation in hue
(on PC1) and variation in the achromatic component of the colour. Patches also responded to
different selection pressures with different colour variables. For example, for the rump patch, the
light environment influenced the chromatic component of the colour while for the hunting strategy,
light environment was related to brightness. Overall, my results showetpteulvays that plumage
colouration, in general, could evolve in response to a range of behavioural and ecological drivers. In
total, my secondchapter shows that when investigating drivers of plumage colour evolution, it is
essential to investigate the colouration of each plumage patch separately, for both chromatic and
achromatic variation of the colouration and assess the relative importaricenutiple factors

simultaneously.

The results of chaptamo allowed me to speculate about the potential conspicuousness or crypsis

of plumage patches when compared between different light environments. Taken together, these
results suggest that increagjnconspicuousness is achieved via changes in hue while reducing
conspicuousness is associated with changes in brightness. This could be linked to a compromise
between intraspecific signalling and avoidance of detection by predators (Endler, 1992). This is
similar to the private channel hypothesis that suggest that due to the different properties of visual
systems across the animal kingdom, certain animals can use some colours for signalling purposes
while avoiding detection from predators or prey (Endle®92; Hastad et al., 2005; Cuthill, 2007).

/| 2YY2y O2f2d2NB gAGKAY LX dzYF3S 2F / 2NFX OAAT2NN¥SA
2019; Eliason et al., 2019). Our results indicate that in Coraciifomes this part of colourspace may
often be associatedvith conspicuousness (for example, PC1 hue variation in woodlands). While
variation in brightness could be perceived by both the predators and potential prey, perception of
non-iridescent structural colours (blue, purple, violet) and UV part of the spectis limited for

many predators of these birds (reptiles, mammals and some other birds) (Cuthill, 1994; Harvey,
1998). Therefore, with green to blue and UV hue variation, certain body patches could be
O2yaliOdz2dza (KNRIZAK | dedandndhicdatdn pdridses, akifatthe $azndld A y (
time concealed from predators regarding brightness. This indicates even finer division of signalling
strategies in bird plumage colouration according to specific intraspecific and interspecific

communicational negs.

There are some exciting perspectives that | think the focus of the field should turn to in the future to
further understand the plumage colour evolution in greater detail. For every behavioural variable |
scored across all Coraciiformes in the chajtes, there was a research corelating plumage colour

with a behavioural trait on a single species level (in the same or different clade). For example, wing
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patches (epaulettes) in redinged blackbirds have a function in maintaining territory (intraspecif
(Roskaft & Rohwer, 1987Based on the significances discovered in these instances, | scored the
variables across the entire cladEo broaden the scope of macroevolutionary research of plumage
colouration a further study from behavioural ecology of plumage colouration should be done that
would then inform choices of variables that could potentially be correlates of colour variafion.
example, a recent discovery showed that white plumage under therfotin conditions in the Barn

Owl (Tyto albg triggers longer freezing time in the prey and therefore makes them better predators
(SanJose et al., 2019])t would be challenging to score this behavioural response to plumage colour
and ervironment and test for this correlation on the broader phylogenetic level. Nevertheless, this is
0KS @uF ONIKé NBfFIGA2YAaKAL 60SisSSy GKS NBaSHNDK A
macroevolution that should be tackled more in the future fiarther explore plumage colour
evolution. Furthermore, | focused on colour but variation in plumage patterns are also important for
crypsis and conspicuousne@Surantz & Manceau, 202Hidalgo et al., 2022)While colour is only

one aspect of each patch, many patches also have patterning consisting of multiple colours.
Quantifying the pattern colouration is challenging but should be considered in macroevolutionary
research. The distribution of colour is redst to the light environment hypothesis. Specifically, the
light environment hypothesispredicts that an adjacent colour should not overlap in the
predominant wavelengths of light for maximal conspicuousness achiégadler, 1992) At the

same time, the bigger fothe two patches should also match in colouration with the light
environment. This hypothesis indicates the inpatch complexity and integration of the colour
signal across patches that could arise during plumage colour evolution. Quantifying thests agpe
plumage colouration could prove to be hard to achieve, but these aspects of plumage colouration

could also be an exciting new avenue of explorafi@luckman & Cardoso, 2010)
5.3. Insights into the mechanistic basics of colouation

While chaptertwo of my thesis explored the drivers of plumage colour evolution using Coraciiformes

as a study system, chaptettsgee andfour were dedicated to exploring the discovery of the pathway

and mechanisms of evolution of blue colour iINBRa Q LJ dzYl 3S® ¢KS KeLRGKS
chapters stated that blue colour evolves from grey colour with the slate colour as an intermediate

state. This hypothesis was built upon previous research showing that: 1. pigmentary grey and non
iridescent struatiral colour share a similar melanosome shape | 6 | N2 @A 0, arffl 2. Slaté ®>  H 51 1
colour and blue colour have a similar nanostructural basis for colour production, i.e. a spongy layer

in the medullary cells. However, in slate colour, this nanostructure was previously described as
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colour but not fully develope@Saranathan et al., 2012)

In chapterthree, | explored the evolution of these threeloar categories at the macroevolutionary

level. My results indicated that on a macroevolutionary level in the clade Thraupidae, blue
colouration evolves from slate colouration, which in turn evolves from grey colouration, consistent

with the nanostructurehypothesis outlined above. Notably, the only transition pathway leading

towards the colour blue is from the colour slate. In addition to this core result, | also found that
GNIyaArGA2ya FNRY o0fdzS O2f 2dzNJ G2 d ltiofiéould inkeBNI O2 f 2 «
AYRSLISYRSY(l S@2ftdziA2y | NBE LI GKgle& FNRBY (KS 3INBe
O2f2dzNE® Ly G20FtY GKSaS NBadA# 64 akK2eSR GKFG GF

straightforward and that intermediary stage, .igate colour, is necessary.

In chapterfour, | explored the mechanistic basis for the proposed evolutionary pathway from grey
through slate colour to blue. To do this, | focused on the spongy layer in the medullary cells of the
feather barbs, which isesponsible for the coherent light scattering in nibidlescent structural
colours and, ultimately, for colour productigiPrum, 2006) | assessed the measurements of some
aspects of he nanostructure with smalngle Xray scattering (SAX8aranathan et al., 201.2The
analysis was once again a comparative phylogenetic analysis with the investigation of the correlates
of the colour vamlnce across grey, slate and blue colours as well as for slate and blue colours
separately. My analyses revealed that the complexity of the spongy nanostructure, filling fraction
and thickness of the spongy layer in general (as approximated by paeaimeer) are essential for

the evolutionary transition between colour categories. However, my results also indicate that
different elements or combinations are responsible for hue variation within and between colour
categories. Namely, nanostructure complexitgombined with average hard block thickness, is
responsible for hue variation among blue colours, while filling fraction is responsible for hue

variation among slate colours.

This discovery should be put into a broader context of the development of ceplaaiucing
nanostructures. In all the explored cases so far, these processes are deemed to be low energy and
without active cellular processes. After the feather has died, the elements of the nanostructure in
the noniridescent structural colours are selfsembled based on physical and chemical settings of
the feather cell{Prum, 2006Prum et al., 2009Shawkey & Hill, 2006%ignificantly, these processes
depend on the chemical and physical characteristics of the materials building the feathers, i.e.
keratin, air and pigments (melanin in the cases we have explored). In the case -@ridescent

structural colours, the development of the spongy nanostructure is a process guided by phase
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separation of keratin and air. This process needs to have a haltinpamisen at a certain point
otherwise, the two phases woulskparate entirely A vivid image of this one can get in the kitchen
after mixing of water and oil, which would inevitably separate in the two phases across a certain
time. This makes it a problem @ separate colour category depend on the same developmental
regime, which is the case for blue and slate colour. Colour production in both colour categories
depend partly to the spongy nanostructure which develops by phase separation of keratin and air.
More so since structural colours are inherently linked to their underlying nanostructure and slight
changes in the nanostructure would influence hue production and ultimately, the signal emitted in
the environment(Fan et al., 2019)in both cases of the colour evolution, we are investigating hue
variation, but on a different scale. In the first analysis, | investigatéaicoariation between grey,

slate and blue colour categories, while in the second and third analysis, | restricted the analysis only
to blue and slate colour. This approach revealed differences in the nanostructural elements
responsible for each colour kiation. | suggested that because both of these colours will depend on
the outcome of phase separation (between keratin and air) and that process has inevitable fate
separation of the two phasesevolutionary response to the demand of separating coleariation

within and between colour categories was the separation of colour mechanisms. Therefore, one set
of the variation of nanostructure parameters is responsible for the colour variation within blue
colour category and they are differeritom the set of parameters responsible for the colour
variation within slate colour category. Finally, the transition between grey, slate and blue colour

categories requires variability in the third set of nanostructural parameters.

Previous research on the evolutimf nanostructure in birds' feathers highlighted the importance of
evolutionary tinkering; the evolution of a novel phenotype that is the product of the rearrangement

of the already existing phenotypg®oucet et al., 2004Shawkey et al., 2006My research confirms

that the evolution of structural blue from pigmentary grey is a {stage process and | suggest that
both stages proceed through the similar process of rearrangement of already existing elements of
the feathers. In the first stage of th&volutionary pathway, a transition from grey to slate colour
occurs. The appearance of the spongy nanostructure is responsible for the evolutionary transition
from grey colour towards the slate colowith my results showing a step change in nanostrudtura
complexity associated with slate. Therefore, the appearance of the spongy layer is the critical driver
in this stage of the evolution of this pathway. The spongy layer consists of the air and keratin, and
hollow medullary cells in the feathers are an ptige response across all bird's feathdksogel,

2013) The hollowness of the medullary cells allows for the feathers' greater integrity for the same
keratin material volumegNiklas, 1992Vogel, 2013) Therefore, the transition from grey to slate

colour by the appearnzce of the spongy layer also involves the reorganization of already existing
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elements, i.e. keratin and air. Evolution towards blue colour is associated with these two elements
becoming increasingly organized. Going from slate to blue spongy layer gamsghhthree
adjustments: 1. increases in the thickness, 2. increase in the filling fraction (percentage of the
investigated space is populated more with the nanostructure), 3. and there is an increase in the
nanostructure complexity (features of the nanastture showing periodicity on a level of a certain
range). These results add to the narrative that in the evolution of plumage colouration the potential
for evolution of novel colour pathways is developmentally constraiflddrdén & Price, 2018;
Stoddard & Prum, 2011)n many studies of plumage cologwvolution on the nanostructural level, it

has been shown that novel phenotypes evolve either through rearrangement of already existing
elements within the feather or by sequestering genetic mechanisms for pigment production that are
already present and expssed in other body region®arreraGuzman et al., 2018)oucet et al.,

2004; Driskell et al., 20105hawkey et al., 2006). The graateblue evolutionary pathway follows

the same evolutionary ganation: evolution from grey through slate to blue colour is a process of
rearrangement of already existing elements of the feathers that proceeds through regulation of each

step via adjustments in the elements of the spongy layer.

A certain limitation éthe chapterfour should be put forward, i.e. there is a lack of knowledge about
melanosomes localization and movement during the detected evolutionary pathway between grey,
slate and blue colour. Despite the fact of being a structural colour, blue cblasira underlying
melanosomes layer that is important for the colour production since it absorbs all backscattered
white light not refracted from the spongy layéBhawkey & Hill, 2006Without this melanosome

layer, a colour produced from these feathers is white with a slight blue tint. Grey is a pigmentary
colour and melanosomes in this colour are scatteresad the barb nanostructure. Looking at the
beginning (grey colour and melanosomes scattered all around barb) and end point of this
evolutionary transition (blue colour and melanosomes concentrated in the bottom layer of the barb)
it seems reasonable thathis transition was also accompanied by melanosomes shifts. Other
research indicates that melanosome deposition can mask production of the structural colour if
melanosomes are placed above the spongy layas has been shown in the case of the evolutibn o
black colour from blue in fairy wrenBgucet et al., 20048)riskell et al., 2010 From my research the
conclusion about placement of melanosomes during evolutionary processestchardrawn and
therefore variables such as melanosome concentration, distance of melanosomes from barb edges,
thickness of melanosome layer cannot be used as a variable for explaining colour variation in the
colours | have investigated. Whether melanosenget pushed first to the bottom of barb as the
evolution proceeds or the transgression proceeds stepwise with the development of the spongy

layer is yet to be tested.
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The results of my thesis propose a further question in the topic of evolution of tleeircblue: that

is, the evolutionary link between blue colour and the colour white. Several times in the literature,
GKAA S@2ftdziA2yI NE fAYy]l KIFIa 0SSy &adA3SaiSR3I odzi .
jay feathers, a lack of the undenhg melanosomes has been linked to the appearance of the white

colour in these feather§Shawkey & Hill, 2006) Ly (KS 6KAGS FSIFIGKSNBR 27
(Cyanocittasteller), a spongy nanostructure has been detected and the colour measured by the
spectrometer comes completely from the colour produced by the spongy layer without interference

of the melansomes. These feathers have a broad reflectance curve (typical of white colour) with a

af AIKG 0fdzS LISI1Z o0dzi GKS 0-2dz5¢é O2bRYAI KE aA PSS dzf
those containing basal melanosome layer), a reflectance curve Hastiact bellshaped blue curve

with a well pronounced peak. An investigation of the withjrecies variation in the feather
nanostructure in the Swallow tanagerdrsinaviridis) revealed that the white feather colour has a
nanostructure capable of prodécy 3 o0 f dzS§ O2 f 2 dzNJBaxzimio etAali, Q@1)ngokra KSR 2
analysis, a fihg fraction (occupancy of the analysed space of the nanostructure with the keratin
material) in the blue feathers matches with the filling fraction from white beetles' scales (Burg et al.,

2019). The variation of filling fraction has also been a prirdaer of hue variance within the slate

colour category. Therefore, if any of the feathers in the slate and blue colour category "lost"
melanosomes, their colour would be white. These speculations could easily be tested for by
involving white colour as aategory both in the analysis of the chaptéiree and the chapterfour.

. @ R2Ay3a GKAaZ ¢S O2dzZ R aKSR | fA3IKG 2y GKS LI
20KSN) 02t 2dzNJ O 41S3I2NRE  Ahfee. INK Sated ¥i ItHis@paragph, 2 T G KS
nanostructural mechanism for this to happen would be a simple loss of the underlying melanosome

layer as going from blue feathers to white feathers. Interestingly, a transition in the reverse way,
FNRY 6Glye 20KSNI O2f 2 dzwiite) to blyeRasindt BebidSsRo/mibthe rdsigtsi Sy G A |
of the chapterthree. This could lead to speculation that gain of all the elements of the feather
nanostructure needed for the production of the colour blue is not easy to achieve and therefore,

evolution va intermediate colour state (slate) is still the most likely way.

An attention in this thesis has been given to the colour blue and especially in the chiapteand

three where: 1. evolutionary pathway (chaptero) and 2. mechanisms of the transitio(chapter
three) in the evolution of the colour blue have been tackled. Thits for someclarification of the
category of the colour blue used in this thedihies of the colour blue are only a fraction of colours
produced by coherent scattering from ttgpongy layer in medullary cells of feather barbs, i.e. with
non-iridescent structural colours. Other colours include purple, UV colours and, in combination with

carotenoids¢ green colour. The argument for the colour blue is #etd. First, in habitatsthe
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colour blue has a unigue relationship with light in the environment, with conspicuousness achieved
heavily in the woodlands and not prominently in a deep forest light environment. This would
separate it from green or purple hues regarding visual pefoap and achievement of
conspicuousness and crypsis within the environment (Endler, 1992; Endler, 1993b). Second, recently,
it has been shown that melanosomes patrticipating in the colour production of purplériciescent
structural colours are predomindlg phaeomelanosomes, and not eumelanosomes (Fan et al., 2019;
Peters et al.,, 2013). This could indicate separate developmental and evolutionary mechanisms
leading to blue compared to other nandescent structural colours, for example purple.
Nevertheles, in this thesis, the attempts to answer certain questions about transitions towards
structural colours and mechanistic basis of the evolution of the structural colours in general were
tackled by investigation of blue colour in specific. It remains tosben whether evolutionary

mechanisms and favouring factors for other Aoidescent structural colours are the same.
5.4. Further directions

In a seminal paper on the plumage colour evoluttHow colourful are birds? Evolution of the
avian plumage color gamut”, authors propose two hypotheses for the constraints on plumage
colouration(Stoddard & Prum, 2011Namely, they address them as the "blue rose" hypothesis and
the "nosebleed section" hypothesis. According to the "blue rose" hypothasisertain colour is
challenging to produce due to the developmental constraints with the existing cplamaiucing
mechanisms. In the "nosebleed section" hypothesis, a particular colour is rare in birds' plumage due
to natural and sexual selection rendieg their signalling function unfavourable in the environment.
Specific results of my thesis could inform the development of an examination on how to answer
these two questions in the case of the blue colour in birds' plumage. | suggest that
macroevolutiorary inquiry into the correlation between instances of the colour blue in birds'
plumage with 1) forest coverage and 2) temperature ranges across the globe would give us insight
into which of the two hypotheses could play a role in the evolution of blueucation across all bird
species. First: forest coverage; In chapteo, the results of the light environment hypothesis
showed a consistent correlation between the colour blue and woodland light environment in the
clade Coraciiformes. Colour blue in tkoslight environments would exhibit increased
conspicuousness due to the overlap of predominant wavelengths in the environment with the
predominant colour of the bird's plumage. Therefore, by correlating forest coverage across the
world with the blue colourin plumage, we could test if the constraint for the blue plumage
colouration is the signalling one. Second: temperature range; in chépieiof my thesis, | showed

that the spongy layer is essential in the evolution of the colour blue. In turn, thelistatf the
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mixture (air and keratin) during the development of the spongy layer in the medullary cells will
depend on the temperature surrounding the developing nanostruct@em et al., 2009)There is a
possibility of the existence of a constraintathcould impose a limitation in the development of the
colour blue ("blue rose" hypothesis), i.e. temperature. Therefore, by correlating temperature ranges
worldwide with the blue colour in plumage, we could test if the constraint for the blue plumage
colouration is a developmental one ("blue rose" hypothgsigaken together, these two correlates
with the blue plumage colouration could help us understand both why and how the blue colour in a

bird's plumage has evolved.
pPpd wSFfSOlA2yedontexy Yeé ¢2N] FyR AlGQa

Many aspects of this thesis depended on the museum collection (Natural History Museum at Tring,
UK and Zoological Museum, Natural History Museum of Denmark, University of Copenhagen). |
would like to acknowledgéhe colonial legacies of these collectioi®uring my PhD, | was part of a
broader initiative at the School of Biosciences that aimed at putting biological work in a decolonial
context. We developed a guideline considering the critmlaservation of this oaarences.The
overview of the  work and useful resources can be found here:

https://sites.google.com/sheffield.ac.uk/contextualisiegb-curriculum/home?athuser=Q Inspired

by my experiences in the academia, ksupervisedr Y | attieS§isNd@bgect that looked at the
colonial legacy of the teaching collection at the Alfred Denny Museum at our depar{merk was
done by Rebecca Ford)The audio guide that summarizes this work can be accessed here:

https://drive.google.com/drive/folders/10C7UMsgTU9Y 1S8d€iBnEa3vNH3

5.6. Final remarks

As a reader, | ask you to draw a large circle in front of you with a pen and then put a dot the size of
the pen tip on the circumference. Now halve that dot in your mimthagine the entire big circle is

the field ofplumage colour evolution and that dot is how | imagine my thesis has contributed to the
field. A little, but more importantly, through trials and errors and half of that dot of new knowledge,

| explored and thought about most of that circle. Plumage cokexolution is the field that will
forever be interesting to researchers because of the almost immeasurable complexity of the
biological system displayed in front of us. More importantly, it changes with technological
innovations and trends revealed in @hresearch areas across all natural sciences. In a sense,
research on plumage colour evolution is a mirrorball spinning in a room of all natural sciences and
reflecting methodologies and theories from all of them to answer the questions it addresses. My

endeavour in this field started from palaeontology to proceed in macroevolution and ended up in
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physics, so far. Besides the scientific journey, it was also a personal emotional journey. | wish that
GKS 0S8S3aAyyAya aSyiaSyoOSa 7T N&ore of thalast ntebcBai gy a Q 06

Ny

thesis, and | wish you to take them with you, reader. It goes like this, and it perfectly addresses my
last 4 (and a bit) years of life: "Suppose | were to begin by saying that | had fallen in love with a
colour. Supposewere to speak this as though it were a confession; suppose | shredded my napkin

as we spoke. It began slowly. An appreciation, an affinity. Then, one day, it became more serious.
Then (looking into an empty teacup, its bottom stained with thin brown exerg coiled into the

shape of a sea horse) it became somehow personal.” The topics | am dealing with in this thesis
followed this similar pathway and became, on many occasions, extremely personal; by submitting
this thesis, | am making part of my persofadcinations a public one, and | hope that | managed to

spark your interest as well.

5.7. References

. FOIFNRGAGY CoX tdziGAOl I ad bI)SmitwitkkFSMPMa, G3& [ ST NI 2
Vinther, J. (2019). Characterization of melanosomes involved in the production-of non
iridescent structural feather colours and their detection in the fossil recéwdrnal of The
Royal Society Interfac#6(155),20180921. https://doi.org/10.1098/rsif.2018.0921

BarreraGuzman, A. O., Aleixo, A., Shawkey, M. D., & Weir, J. T. (2018). Hybrid speciation leads to
novel male secondary sexual ornamentation of an AmazonianPicteedings of the
National Academy of Sciees 1152), E218E225.
https://doi.org/10.1073/pnas.1717319115

Bazzano, L. T., Mendicino, L. R., Inchaussandague, M. E., Skigin, D. C., Garcia, N. C., Tubaro, P. L., &
Barreira, A. S. (2021). Mechanisms involved in the production of differently coka#uefs
in the structurally colored swallow tanager (Tersina viridis; Aves: Thraupiitaghal of
Experimental Zoology Part B: Molecular and Developmental EvqI886(5), 404416.
https://doi.org/10.1002/jez.b.23043

Bennett, A. T. D., & Cuthill, I.(@994). Ultraviolet vision in birds: What is its functiofiSion
Research34(11), 147%1478. https://doi.org/10.1016/0045989(94)9014%K

Burg, S. L., Washington, A., Coles, D. M., Bianco, A., McLoughlin, D., Mykhaylyk, O. O., Villanova, J.,
Dennison, AJ. C., Hill, C. J., Vukusic, P., Doak, S., Martin, S. J., Hutchings, M., Parnell, S. R.,
+ AAt SO /L [/ EFEN]ISSE bds welys ! @ WOE CdzNY I &
liquid phase separation morphologies in ulisdnite beetle scales aha synthetic equivalent.

Communications Chemisfi3(1), Article 1. https://doi.org/10.1038/s4200419-0202-8

107



Cockburn, A. (2006). Prevalence of different modes of parental care in Biateedings of the
Royal Society B: Biological Scien2@8§1592),13751383.
https://doi.org/10.1098/rspb.2005.3458

Curantz, C., & Manceau, M. (2021). Trends and variation in vertebrate patterns as outcomes of self
organization Current Opinion in Genetics & Developmé8f 147153.
https://doi.org/10.1016/j.gde.2021.6.001

Doucet, S. M., Shawkey, M. D., Rathburn, M. K., Mays, H. L., & Montgomerie, R. (2004). Concordant
evolution of plumage colour, feather microstructure and a melanocortin receptor gene
between mainland and island populations of a faiyen. Proceeding of the Royal Society
of London. Series B: Biological Scier@&K1549), 16681670.
https://doi.org/10.1098/rspb.2004.2779

Driskell, A. C., Prum, R. O., & Prulgthes, S. (2010). The evolution of black plumage from blue in
I dzA G NI € A+ y 7T idde)N®BemesichiBdystEucturah dvitledzilirnal of Avian
Biology 41(5). https://onlinelibrary.wiley.com/doi/full/10.1111/j.160@48X.2009.04823.x

Eliason, C. M., Andersen, M. J., & Hackett, S. J. (2019). Using Historical Biogeography Models to
Study ColoPattern EvolutionSystematic Biolog¥8(5), 75%766.
https://doi.org/10.1093/sysbio/syz012

Endler, J. A. (1990). On the measurement and classification of colour in studies of animal colour
patterns.Biological Journal of the Linnean Sociéif4), 31%352.
https://doi.org/10.1111/j.10958312.1990.tb00839.x

Endler, J. A. (1992). Signals, Signal Conditions, and the Direction of Ev@h#idmerican
Naturalist 139, S125S153.

Cry> a®d> 5Qlfol> [®X {KI g1 SeI acomporedsoffCath& NE >
microstructure contribute to structural plumage colour diversity in faingns.Biological
Journal of the Linnean Societ28(3), 55@568. https://doi.org/10.1093/biolinnean/blz114

Fry, H., Fry, K., & Harris, A. (20X0hgfishes, Beecaters and Roller8loomsbury Publishing.
https://www.nhbs.com/kingfisherdee-eatersand-rollersbook

Gluckman, FL., & Cardoso, G. C. (2010). The dual function of barred plumage in birds: Camouflage
and communicationJournal of Evolutionary Bagy, 23(11), 250%2506.
https://doi.org/10.1111/j.14269101.2010.02109.x

Guilford, T., & Harvey, P. H. (1998). The purple patature 392(6679), 86¢369.
https://doi.org/10.1038/31813

108



Hastad, O., Victorsson, J., & Odeen, A. (2005). Differences in color vision make passerines less
conspicuous in the eyes of their predataPsoceedings of the National Academy of Sciences
102(18), 639%,6394. https://doi.org/10.1073/pnas.0409228102

Hidal = a®> /dzNI yil = / & vdzSySOKQ5dz2 bdX bSIdzSNE W
(2022). A conserved molecular template underlies color pattern diversity in estrildid finches.
Science Advancg®(35), eabm5800. https://doi.org/10.1126/sciadv.abm5800

Niklas, K. J. (1992lant biomechanics: An engineering approach to plant form and function
University of Chicago Press. https://ecommons.cornell.edu/handle/1813/28577

Nordén, K. K., & Price, T. D. (2018). Historical Contingency and Developmental @eristAaiian
Coloration.Trends in Ecology & Evolutj@3(8), 574576.
https://doi.org/10.1016/j.tree.2018.05.003

Prum, R. O., Dufresne, E. R., Quinn, T., & Waters, K. (2009). Development ef #BUR dzOA y I |
keratin nanostructures in avian feather barfBsurnal of The Royal Society Interface
6(suppl_2), S2535265. https://doi.org/10.1098/rsif.2008.0466.focus

Prum.(2006).Anatomy, physics, and evolution of avian structural cadad. 1, pp. 296353).

Harvard University Press.

Raskaft, E., & Rohwer, S. (1987). An experimental study of the function of the red epaulettes and the
black body colour of male redingedblackbirds Animal Behavioyi35(4), 107@1077.
https://doi.org/10.1016/S00038472(87)80164L

SanJose, L. M., Séchaud, R., Schalcher, K., Judes, C., Questiaux, A-X@lisird., Gémard, C.,
Almasi, B., Béziers, P., Kelber, A., Amar, A., & Rou({2019). Differential fitness effects of
moonlight on plumage colour morphs in barn ovsiture Ecology & Evolutip8(9), Article
9. https://doi.org/10.1038/s4155919-096 7-2

Saranathan, V., Forster, J. D., Noh, H., Liefx, 8ochrie, S. G. J., Chb, Dufresne, E. R., & Prum,

R. O. (2012). Structure and optical function of amorphous photonic nanostructures from
avian feather barbs: A comparative small anglaXscattering (SAXS) analysis of 230 bird
speciesJournal of The Royal Society Interf&{&5), 25682580.
https://doi.org/10.1098/rsif.2012.0191

Shawkey, M. D., Hauber, M. E., Estep, L. K., & Hill, G. E. (2006). Evolutionary transitions and
mechanisms of matte and iridescent plumage coloration in grackles and allies (Icteridae).
Journal of ie Royal Society Interfac¥11), 77%786.
https://doi.org/10.1098/rsif.2006.0131

Shawkey, M. D., & Hill, G. E. (2006). Significance of a basal melanin layer to production of non
ANARS&aOSYy(d aidNHzOGdzNI f LI dzYl 3S GgCyanNditta 9 JA RSy O

109



stelleri).Journal of Experimental Biolg309(7), 124%5,1250.
https://doi.org/10.1242/jeb.02115

Stevens, M., Cuthill, I. C. (2007). Hidden Messages: Are Ultraviolet Signals a Special Channel in Avian
Communication?BioSciengevolume 57, e 6, June 2007, Pages §01
507, https://doi.org/10.1641/B570607

Stoddard, M. C., & Prum, R. O. (2011). How colorful are birds? Evolution of the avian plumage color
gamut.Behavioral Ecology22(5), 1042,1052. https://doi.org/10.1093/beheco/arr088

Vogel, S. (2013 omparative Biomechaniddrinceton University Press.
https://press.princeton.edu/books/hardcover/9780691155661/comparathiemechanics

Wilman, H., Belmaker, J.ngison, J., Rosa, C. de la, Rivadeneira, M. M., & Jetz, W. (2014).
EltonTraits 1.0: SpecidsS @St F2NF IAy 3 F (G NR o dzil S Ecobgy G KS
95(7), 202722027. https://doi.org/10.1890/131917.1

110

g 2


https://doi.org/10.1641/B570607

APPENDIX 1
Supplementary materials and methods for Chapter 2:

The effects of ecology and behaviour on the evolution
of colouration in Coraciiformes

Table S1Number of species used for each analysis. Reasoning explained in the main text,Material

and Methods sectiorspecimen selection paragraph.

phylo.RMA PGLS + ANOVA

PC1 PC2 Brightness m f
1 Crown 135 135 135 117 114
2 Nape 135 135 135 117 114
3 Mantle 135 135 135 117 114
4 Rump 135 135 135 117 114
5 Tall 134 134 134 116 114
6 Wing coverts 135 135 135 117 114
7 Wing primaries secondaries 135 135 135 117 114
8 Throat 135 135 135 117 114
9 Breast 135 135 135 117 114
10 Belly 135 135 135 117 114
11 Tail underside 122 122 122 113 110

Table S2Results of Principal component analysis. We have reported Standard deviation, Proportion

of Variance, Cumulative Proportion.

Results of PCA

Importance of components:

PC1 PC2 PC3 PC4
Standard deviation 0.1438 0.064 0.03099 2.83E10
Proportion of Variance 0.8021 0.160 0.03723 0.00E+00
Cumulative Proportion 0.8021 0.962 1 1.00E+00
Rotation (n x k) = (4 x 4): PC1 PC2 PC3 PC4
u 0.562540 0.341 0.562789 0.5
s 0.383979 0.094 0.770432 0.5
m 0.263309 0.772 0.288406 0.5
I 0.683210 0.526 0.080763 0.5

111



Table S3List of Coraciiformes species used for this research with the coding of their ecological and
behavioral traits. Coded traits for each species are: light environment, hunting strategy, territoriality,
parental care and body size. Information for each of these categories were extracted from the

literature as explained in the Material and methods section of the main text, Predictor variables

subsection.

Sciname Size Light environment Parental care Territoriality Hunting strategy
Actenoides bougainvillei 188 forest pair 0 NA
Actenoides concretus 73.47 forest pair 0 ground dweller
Actenoides hombroni 117 forest pair 0 ground dweller
Actenoides lindsayi 92.84 forest pair 0 ground dweller
Actenoidesmonachus 106 forest pair 0 ground dweller
Actenoides princeps 105 forest pair 0 NA

Alcedo argentata 17.84 woodland pair 0 water diver
Alcedo atthis 31.09 woodland pair 1 water diver
Alcedo azurea 34.9 woodland pair NA water diver
Alcedocoerulescens 27.59 open pair 0 water diver
Alcedo cristata 15.7 open pair 1 water diver
Alcedo cyanopectus 215 woodland pair 0 water diver
Alcedo euryzona 43.08 woodland pair 0 water diver
Alcedo hercules 27.59 woodland pair 0 water diver
Alcedo leucogaster 14.5 woodland pair 0 water diver
Alcedo meninting 20.42 woodland pair 0 water diver
Alcedo pusilla 13.3 woodland pair NA water diver
Alcedo quadribrachys 34.9 woodland pair 1 water diver
Alcedo semitorquata 47.32 woodland pair 0 water diver
Alcedo vintsioides 17.9 open pair NA water diver
Alcedo websteri 60.97 woodland pair NA water diver
Aspatha gularis 62.7 forest pair 0 aerial catcher
Atelornis crossleyi 79 forest pair 1 ground dweller
Atelornis pittoides 915 forest pair 1 ground dweller
Baryphthengus martii 165.02 forest pair 0 ground catcher
Baryphthengus ruficapillus 141.65 forest pair 0 ground dweller
Brachypteracias leptosomus | 185 forest pair 1 aerial catcher
Brachypteracias squamiger 155 forest pair NA ground dweller
Caridonax fulgidus 171.81 forest pair 1 NA

Ceryle rudis 84.37 open cooperative 1 water diver
Ceyx erithaca 17.79 woodland pair 1 ground catcher
Ceyx fallax 18 forest pair 0 NA

Ceyx lecontei 9.5 woodland pair NA ground catcher
Ceyxepidus 21.32 forest pair 0 aerial catcher
Ceyx madagascariensis 17.7 woodland pair NA ground catcher
Ceyx melanurus 22.8 forest pair 0 NA

Ceyx pictus 12.72 woodland pair NA aerial catcher
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Ceyx rufidorsa
Chloroceryle aenea
Chloroceryle amazona
Chloroceryle americana
Chloroceryle inda
Cittura cyanotis
Clytoceyx rex
Coracias abyssinicus
Coracias benghalensis
Coracias caudatus
Coraciagyanogaster
Coracias garrulus
Coracias naevia
Coracias spatulatus
Coracias temminckii
Dacelo gaudichaud
Dacelo leachii

Dacelo novaeguineae
Dacelo tyro

Electron carinatum
Electron platyrhynchum
Eumomota superciliosa
Eurystomus azureus
Eurystomus glaucurus
Eurystomus gularis
Eurystomus orientalis
Halcyon albiventris
Halcyon badia
Halcyon chelicuti
Halcyon coromanda
Halcyon cyanoventris
Halcyon leucocephala
Halcyon malimbica
Halcyon pileata
Halcyon senegalensis
Halcyon senegaloides
Halcyon smyrnensis
Hylomanesnomotula
Lacedo pulchella
Megaceryle alcyon
Megaceryle lugubris
Megaceryle maxima
Megaceryle torquata
Melidora macrorrhina
Meropogon forsteni

Merops albicollis
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17.79
13.75
126.38
33.73
52.1
147.02
242
102
157.46
110
142
146
168
90.36
153.67
143
307.98
333.8
145.9
64.9
73
62.5
122.76
110
96.29
143.02
65.1
57.9
43.24
775
93
41.8
91.8
83.99
73.44
61.8
914
29.3
47.27
148
270.99
325
317

97

55
25.9

woodland
woodland
open
open
woodland
forest
woodland
open
open
open
woodland
open
open
woodland
woodland
woodland
open
woodland
woodland
forest
forest
woodland
open
open
woodland
open
woodland
forest
open
forest
open
open
woodland
open
open
woodland
woodland
forest
forest
open
open
open
open
forest
woodland

open

pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
cooperative
pair
pair
pair
pair
pair
cooperative
cooperative
cooperative
pair
pair
pair
pair
pair
pair
pair
pair
pair
cooperative
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
cooperative

cooperative

P P PP PO O O O o o o

pd
>

O O kP O O R R P O R P P O FP R O FP R O PFP R P P O OO IR OLFR R P O R

NA

aerial catcher
water diver
water diver
water diver
ground catcher
ground dweller
aerial catcher
aerial catcher
ground catcher
ground catcher
aerial catcher
ground catcher
ground catcher
ground catcher
aerial catcher
aerial catcher
ground catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
ground catcher
aerial catcher
ground catcher
water diver
ground catcher
aerial catcher
ground catcher
aerial catcher
ground catcher
ground catcher
water diver
aerial catcher
aerial catcher
water diver
water diver
water diver
water diver
ground dweller
aerial catcher

aerial catcher



Merops apiaster
Merops boehmi
Merops breweri
Merops bullockoides
Merops bulocki
Merops gularis
Merops hirundineus
Merops leschenaulti
Merops malimbicus
Merops muelleri
Merops nubicoides
Merops nubicus
Merops oreobates
Meropsorientalis
Merops ornatus
Merops persicus
Merops philippinus
Merops pusillus
Merops revoilii
Merops superciliosus
Merops variegatus
Merops viridis
Momotus aequatorialis
Momotus mexicanus
Momotus momota
Nyctyornis amictus
Nyctyornisathertoni
Pelargopsis amauroptera

Pelargopsis capensis

Pelargopsis melanorhyncha

Syma megarhyncha
Syma torotoro
Tanysiptera carolinae
Tanysiptera danae
Tanysiptera ellioti
Tanysiptera galatea
Tanysiptera hydrocharis
Tanysiptera nympha
Tanysiptera riedelii
Tanysiptera sylvia
Todiramphusustralasia

Todiramphus chloris

Todiramphus cinnamominus

Todiramphus diops
Todiramphus farquhari

Todiramphus funebris
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56.6
16.6
49.74
34.8
23.1
27.3
21.7
27.2
50.37
22.5
42.4
42.4
23.96
14.8
295
49.3
34
15.1
12.9
385
225
34.8
158
75.7
114.96
71.89
84.23
162
178.68
193.26
40
37.7
50.15
43.48
50.15
50
50.15
57

65
49.6
65.45
66.09
62.2
47.37
38.8
105.79

open
woodland
woodland
open
open
woodland
open
open
open
woodland
open
open
woodland
open
open
open
open
open
open
woodland
open
woodland
woodland
woodland
woodland
forest
woodland
open
woodland
woodland
forest
forest
woodland
forest
forest
forest
forest
forest
forest
forest
forest
open
woodland
open
woodland

woodland

cooperative
pair
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
cooperative
pair
cooperative
pair
cooperative
NA
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
pair
cooperative
pair
pair
cooperative
cooperative
pair

pair

o O o O p OO0 OO0 OO P O P OO P OO OO O OO P OO OO FP P P OO O O OO OO PP +», O O O

aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerialcatcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerial catcher
aerialcatcher
ground dweller
aerial catcher
aerial catcher
aerial catcher
aerial catcher
water diver
water diver
water diver
aerial catcher
ground catcher
NA

NA

ground dweller
ground dweller
ground dweller
ground dweller
NA

ground dweller
aerial catcher
ground catcher
NA

NA

aerial catcher

ground catcher



Todiramphus gambieri 34.98 woodland cooperative 0 NA
Todiramphus godeffroyi 63.35 woodland cooperative 0 aerial catcher
Todiramphus lazuli 65.45 woodland cooperative 0 NA
Todiramphus leucopygius 47.92 woodland pair 0 ground catcher
Todiramphus macleayii 37.3 woodland cooperative 1 ground catcher
Todiramphus nigrocyaneus 54.2 woodland cooperative 0 ground catcher
Todiramphus pyrrhopygius 51.7 open pair 0 groundcatcher
Todiramphus recurvirostris 52.96 open NA 0 ground catcher
Todiramphus sanctus 52.96 open pair 1 ground catcher
Todiramphus saurophaga 126 open pair NA ground catcher
Todiramphus tutus 42.32 woodland cooperative 0 aerial catcher
Todiramphus veneratus 65.45 woodland pair 0 ground catcher
Todiramphus winchelli 67.39 woodland cooperative 0 ground catcher
Todus angustirostris 7.5 forest cooperative 0 aerial catcher
Todus mexicanus 5.9 forest cooperative 0 aerial catcher
Todusmulticolor 5.9 woodland cooperative 0 aerial catcher
Todus subulatus 8.7 forest cooperative 0 aerial catcher
Todus todus 6.4 woodland cooperative 0 aerial catcher
Uratelornis chimaera 226 woodland pair 0 NA

Table S4Results of phylogenetic reduced major axis regression (phylo.RMA) analysis(bicAT)
PC2 and achromatic property values for males and females. The analysis was done for each body

patch and then for PC1, PC2 and achromatic property of plumage cdRuand gvalues are

reported.
1) 2) Nape 3) 4) 5) Tail = 6) Wing 7)Wingprimaries @ 8) 9) 10) 11) Tall
Crown Mantl Rump covert secondaries Throat Breast Belly underside
e
s -0.013  -0.006 @ -0.003 0.005 @ -0.007 -0.007 -0.009 0.003 | 0.005 @ -0.001 -0.004
@
3
D
=
% | 0.899 @ 0.971 0.963 | 1.025 | 1.059 @ 0.950 0.954 0.982 | 0.984 | 0.952  1.053
5 0.071 | 0.190 0.354 | 0.331 | 0.276  0.460 0.345 0.385 | 0.425 | 0.254 @ 0.691
2
o
D
5 | 26047 239.96 270.23 264.72 28855 303.152 310.302 404.31  302.82 370.60 465.831
N 0.809 | 0.830 0.765  0.781 0.777 | 0.823 0.693 0.828 0.731 0.884 | 0.428
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- 2795

o 96.701

- | 0.006
12)
Crown

—  -0.001

3

@

5]

D

=3

< | 0.909

5 0.193

3

o

o

D

5 479.294

«Q

C

—~ | 0.844

N

-4 | 2.801

a 95.521

- | 0.006

116

0.814

95.982

0.417

13)

Nape

-0.006

0.943

0.282

487.40

0.890

2.040

94.052

0.044

0.888

98.202 97.657 97.061 96.226

0.377

14)

Mantle

-0.002

0.940

0.141

498.630

0.873

1.983

94.596

0.050

0.609 | 1.389  1.403

0.544 0.168 0.164

15) 16) Tall
Rump

0.006 0.003
1.014 0.972
0.519 0.375

484.37 | 491.42
0 5
0.742 0.727
0.314 0.624

99.008 = 98.805

0.754 0.534

0.981

100.762

0.329
17) Wing 18) Wing
coverts primariesNsec

ondaries

-0.003 0.000
0.884 0.896
0.370 0.492
504.206 = 529.011
0.881 0.821
4.126 2.982
94.329 96.281
0.000 0.004

0.511

96.049

0.610

19)

Throat

0.006

0.845

0.802

538.097

0.865

5.271

94.852

0.000

0.358

99.393

0.721

20)

Breast

-0.004

0.878

0.158

487.21

7

0.832

3.666

95.928

0.000

1.676

94.240

0.097

21)

Belly

-0.001

0.908

0.004

553.9

27

0.871

3.082

94.65

0.003

0.746

100.855

0.458

22) Tail

underside

-0.001

1.062

0.375

733.208

0.791

1.432

88.004

0.156



23) 24) 25) 26) 27) Tail| 28) Wing | 29) Wing  30) 31) 32) 33) Talil

Crown Nape Mantle Rump coverts primaries Throat Breast = Belly underside
secondaries
5 -0.005 -0.007 = 0.000 0.008 0.018 0.008 0.015 0.003 -0.007 | -0.001 0.000
@
3
D
=3
< | 1.018 1.075 0.991 0.911 0.740 0.920 0.808 1.007 1.037 | 1.009 @ 0.962
5 0.023 0.000 | 0.059 0.059 0.000 0.345 0.384 0.645 0.511 | 0.321 @ 0.227
2
o
Q
5 517.994  519.78 405.879 346.43 518.84 678.119 | 569.188 314.961 295.71 2944 @ 411.422
«Q
G 7 9 8 5 18
N 0.891 0.949 | 0.750 0.485 0.677 0.795 0.689 0.802 0.668 | 0.820 @ 0.839
-4 0611 3.714 | 0.208 1.497 6.089 2.134 4.413 0.178 0.720 | 0.237 | 1.069
o | 94.000 92.199 98.720 109.03 100.61 @ 97.166 100.936 96.940 101.71 96.34 @ 86.540
8 4 4 2

- | 0543 0.000 @ 0.836 0.137 0.000 0.035 0.000 0.859 0.473 | 0.813 @ 0.288

Table S5.Results of Phylogenetic generalized least square (PGLS) used to test the influence of
predictor variables (light environment, body size, hunting strategy, territoriality, and parental care)
separately for PC1, PC2 and achromatic property of plumage calwdirfor each body patch.

Intercept estimates, standard error anevalues are reported.
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Intercept

LE [open]

LE [woodland]
Body size
Territoriality
Strategy
catcher]
Strategy

dweller]
Strategy [water diver]

[ground

[ground

Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]
LE[woodland]
Body size
Territoriality

Strategy [ground

catcher]
Strategy
dweller]
Strategy [water diver]

[ground

Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept
LE [open]

LE [woodland]
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1) Crown(PC1 male)

Estimate (+/ SE) P
[anova]
-0.010343 (+-
0.124236)
0.023141 (+/0.041891) 0.1593
0.067371 (+/0.038135)
0.005231 (+/0.023503) | 0.8863
-0.011355(+/0.025872) 0.3906
-0.046947 (+/-  0.1191
0.039468)
0.072366 ¢/- 0.053835)
-0.085424 (+
0.052321)
-0.066904 (+/  0.0547
0.034445)
0.1166
0.05117
0.746
4) Rump (PC1 male)
Estimate (+/ SE) P
[anova
]
0.0905893 (+
0.0892876)
0.0652571 (+/  0.0328
0.0358140) 4
0.0475057 (+
0.0327259)
-0.0246917 (+/  0.1051
0.0180234) 8
0.0032111 (+  0.7473
0.0227077) 7
0.0132858 (+  0.5369
0.0335942) 5
-0.0486257 (+
0.0440928)
-0.0150233 (+
0.0428029)
-0.0245901 (+ 0.4054
0.0294436) 7
0.1053
0.03903
0.542

7) Wing primaries secondarie
(PC1 male)

Estimate (+/ SE) P
[anov
aJ

0.05808174 (+

0.08964472)

0.06397747 (+ 0.055

0.03093709) 61

0.06448191 (+

0.02817117)

2) Nape (PC1 male)

Estimate (+/ SE)

0.0368426
0.1434900)
-0.0020348
0.0466115)
0.0639499
0.0424174)
-0.0088143
0.0267616)
-0.0037491
0.0286220)
-0.0393844
0.0439934)
0.0741595
0.0606180)
-0.0645440
0.0585493)
-0.0713602
0.0383431)
0.1093

0.04336
0.781

5) Tail (PC1 male)
Estimate (+/ SE)

0.1186803
0.0824727)
0.0297157
0.0307945)
0.0590519
0.0281134)
-0.0270005
0.0162305)
-0.0072417
0.0193359)
-0.0179641
0.0289211)
-0.0275436
0.0384931)
-0.0598259
0.0377874)
0.0124245
0.0253165)
0.1056

0.03871
0.632

(+
(+
(+
(+
(+
(+
(+
(+

(+

(+
(+
(+
(+
(+
(+
(+
(+

(+

8) Throat (PC1 male)

Estimate (+/ SE)

-0.1821994
0.0678155)
0.0588288
0.0296963)
0.0551267
0.0272415)

(+
(+

(+

P
[anova

0.0625

0.5566

0.6477

0.3198

0.0654

P
[anova]

0.0886

0.0354
l *
0.6012

0.4576

0.6246

P
[anova]

0.0216
1 *

3) Mantle (PC1 male)

Estimate (+/ SE) P
[anova
]

0.03266262 (+

0.11037371)

0.00605022 (+/ | 0.0776

0.03468974) 2

0.04469185 (+

0.03156135)

-0.02510650 (+/ | 0.2606

0.02032583) 8

-0.00014162 (+ | 0.9963

0.02119588) 7

0.01893655 (+ | 0.6323

0.03280765) 6

0.06142436 (+

0.04562953)

0.01368993 (+

0.04374644)

-0.03227148 (+ | 0.261

0.02855992)

0.08098

0.0129

0.809

6) Wing covert§PC1 male)

Estimate (+/ SE) P
[anov
aJ

0.14031328 (+

0.11320663)

-0.01770113 (+/ 0.259

0.03258898) 87

0.01158353 (+

0.02964016)

-0.02864059 (+/ 0.103

0.02015610) 47

-0.00021555 (+/ 0.988

0.01968382) 61

0.00300550 (+/ 0.814

0.03107904) 6

-0.01477763 (+

0.04436933)

-0.02435978 (+

0.04134673)

-0.05097208 (+/ 0.061

0.02698077) 55

0.08428

0.01645

0.871

9) Breast (PC1 male)

Estimate (+/ SE) P
[anova]
-0.0945837 (+
0.0755598)
0.0526700 (+ | 0.0250
0.0376472) 4%
0.0611907 (+
0.0348672)



(+
(+
(+
(+
(+

(+

0.3380

0.6817

0.4070

0.4937

0.0008635
0.0166318)
-0.0059317
0.0246111)
0.0435372
0.0352090)
-0.0404899
0.0451794)
-0.0490928
0.0410736)
-0.0167259
0.0307343)
0.1199

0.05473
0.251

11) Tail underside (PC1 male)

(+
(+
(+
(+
(+

(+

0.7576

0.9670

0.0888

0.5874

Body size -0.01310875 (+  0.239 | 0.0175379
0.01710863) 22 0.0141516)
Territoriality -0.00076596 (+/ 0.841 0.0068770
0.01917656) 69 0.0190614)
Strategy [ground -0.02150208 (+  0.537 -0.0050242
catcher] 0.02912202) 04 0.0278201)
Strategy [ground -0.01590596 (+ -0.0445092
dweller] 0.03948447) 0.0360468)
Strategy [water diver] = -0.05206820 (+ -0.0461946
0.03847720) 0.0343564)
Parental care [pair] -0.02308086 (+/ 0.366 @ 0.0167399
0.02543664) 22 0.0243748)
Multiple R2 0.08773 0.1033
Adjusted R2 0.02016 0.03688
Lambda 0.722 0.424
10) Belly (PC1 male)
Estimate (+/ SE) P [anova]
Intercept -0.0470289 (+/0.0736081)
LE [open] 0.0309675 (+/0.0350969) 0.255134
LE [woodland] 0.0060229 (+/0.0323786)
Body size 0.0090901 (+/0.0158957) 0.920762
Territoriality -0.0431426 (+/0.0227963) 0.15757
Strategy [ground catcher] 0.0864817 (+/0.0328440) 0.004043 **
Strategy [ground dweller] -0.0315177 (+/0.0422270)
Strategy [water diver] -0.0332168 (+/0.0391185)
Parental care [pair] -0.0415155 (+/0.0287155) 0.151142

Multiple R2 0.1626

Adjusted R2 0.1006

Lambda 0.309
12) Crown (PCihale)
Estimate (+/ SE) P

[anova]

Intercept -0.0435050 (+
0.0459850)

LE [open] -0.0638506 (+/  0.0043
0.018939) 27

LE [woodland] -0.0317906 (+
0.0173239)

Body size 0.0144548 (+/  0.0539
0.0093747) 58

Territoriality -0.0045562 (+  0.8725
0.0120539) 79

Strategy [ground’ 0.0191948 (+  0.4112

catcher] 0.0177584) 57

Strategy [ground -0.0012992 (+

dweller] 0.0232062)

Strategy [water diver] | 0.0333081 (+
0.0224299)

Parental care [pair] 0.0089613 (+ | 0.5660
0.0155660) 19

Multiple R2 0.1463

Adjusted R2 0.08306

Lambda 0.507
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13) Nape (PC2 male)

Estimate (+/ SE)

-0.0048523
0.0561150)
-0.0559654
0.0216564)
-0.0382899
0.0197649)
0.0086176
0.0111660)
-0.0145853
0.0136545)
0.0139488
0.0203278)
-0.0064151
0.0268717)
0.0426243
0.0262008)
-0.0127558
0.0178081)
0.09003

0.02263
0.592

Estimate (+/ SE)
-0.0139418 (+/0.0501061)
0.0388365 (+/0.0137321)
0.0491576 (+/0.0125795)
0.0047609 (+/0.0089198)
-0.0032184 (+/0.0082986)
-0.0153688 (+/0.0131041)
0.0088834 (+/0.0189662)
-0.0180617 (+/0.0181382)
0.0006593 (+/0.0113502)
0.1404

0.07432

0.895

P Estimate (+/ SE)
[anova
]
(+ -0.0672806
0.0297160)
(+  0.0698 -0.0025387
4 0.0185969)
(+ -0.0232191
0.0181326)
(+/  0.2647 0.0143356
9 0.0075768)
(+/  0.4014 -0.0074146
5 0.0129413)
(+/  0.4355 0.0192326
1 0.0169037)
(+ 0.0107406
0.0229621)
(+ 0.0266562
0.0173897)
(+/  0.4753 | 0.0072477
6 0.0150642)
0.1171
0.05171
0

P [anova]

0.001497 **

0.763255

0.421251
0.498733

0.953791

14) Mantle (PC2 male)

P
[anova

(+

(+/  0.3070
25
(+

(+ | 0.0069
77
(+/  0.6786
42
(+ | 0.2707
96

(+

(+

(+  0.6314
04



Intercept

LE [open]

LE [woodland]

Body size

Territoriality

Strategy [ground
catcher]

Strategy [ground
dweller]

Strategy [water diver]

Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]
LE[woodland]
Body size
Territoriality

Strategy [ground
catcher]

Strategy [ground
dweller]

Strategy [water diver]

Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]

LE [woodland]
Body size

Territoriality
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15) Rump (PC2 male)

Estimate (+/ SE)

-0.07086896
0.04035142)
0.01870448
0.01608084)
0.01305597
0.01469099)
0.00204408
0.00812561)
-0.00382736
0.01018654)
0.01397880
0.01508574)
0.03740571
0.01982275)
0.02072850
0.01926015)
0.00068408
0.01322118)
0.05003

-0.02034
0.551

(+
(+
(+
(+
(+
(+
(+
(+

(+

P
[anova

0.6844

0.5094

0.6983

0.2338

0.9588

18) Wing primaries secondarie

(PC2 male)
Estimate (+/ SE)

-0.0071202
0.0514018)
-0.0051221
0.0186455)
-0.0130754
0.0169922)
-0.0059245
0.0099952)
-0.0084465
0.0116472)
0.0018887
0.0175254)
0.0189060
0.0234759)
0.0347975
0.0229400)
-0.0114015
0.0153316)
0.03933

-0.03183
0.667

(+

(+

(+
(+
(+
(+
(+

(+

P
[anova

]

0.7261

0.8347

0.5017

0.439

0.4587

21) Belly (PC2 male)
Estimate (+/ SE)
-0.0321287 (+/0.0265854)

16) Tail (PC2 male)

Estimate (+/ SE)

-0.0465466
0.0386847)
-0.0116227
0.0169444)
-0.0162781
0.0155609)
0.0066301
0.0080868)
-0.0033563
0.0108894)
0.0106669
0.0158747)
0.0102786
0.0205671)
0.0323489
0.0196812)
-0.0107096
0.0139078)
0.04345

-0.02807
0.422

19) Throat (PC2 male)

Estimate (+/ SE)

0.0395109
0.0827760)
-0.0171773
0.0122629)
-0.0289204
0.0110363)
0.0078048
0.0124505)
-0.0059775
0.0060884)
0.0325792
0.0142502)
0.0178296
0.0269448)
0.0347617
0.0144475)
-0.0134349
0.0137115)
0.1569

0.09446
1

P[anova]

0.0019185 (+/0.0166377) 0.24427
0.0188119 (+/0.0162224)

0.0048308 (+/0.0067786) 0.25354
-0.0058999 (+/0.0115779) 0.43444

[anova

(+ -0.0459198
0.0519546)
(+/ 07977 -0.0147970
0.0217159)
(+ -0.0085830
0.0198755)
(+/ 0253  0.0052963
0.0106506)
(+/ 0852  -0.0142840
0.0138493)
(+/ 0.4859 0.0360301
0.0203569)
(+ 0.0378588
0.0265419)
(+ 0.0511085
0.0255807)
(+/ 0.443  -0.0221816
0.0178434)
0.0809

0.01282
0.487

P Estimate (+/ SE)
[anova
]
(+ -0.0043994
0.0317822)
(+  0.0172 -0.0030264
4% 0.0198900)
(+ -0.0125059
0.0193934)
(+ | 0.1864 0.0055243
9 0.0081037)
(+ | 0.8357 -0.0208240
1 0.0138411)
(+ | 0.0353 0.0007745
1+ 0.0180790)
(+ 0.0158610
0.0245587)
(+ 0.0393703
0.0185988)
(+ | 0.3293 0.0024858
6 0.0161116)
0.0877
0.02012
0

22) Tail underside (PC2 male)
Estimate (+/ SE)

0.0050962 (+/0.0159839)
-0.0149363 (+/0.0052634)
-0.0071893 (+/0.0048202)
0.0024075 (+/0.0030535)
-0.0063028 (+/0.0032716)

17) Wing coverts (PC2 male)
P Estimate (+/ SE)

P
[anova
]

(+

(+/ | 0.6759

(+

(+/  0.3401

(+/  0.415

(+/  0.1403

(+

(+

(+/  0.2165

20) Breast (PC2 male)

=]
[anova
]

(+

(+ | 0.8214

(+

(+  0.4267

(+ | 0.1025

(+ | 0.0916

(+

(+

(+ 0.8776

P [anova]

0.01617 *

2.80E01
1.10E01



Strategy [ground catcher]
Strategy [ground dweller]

Strategy [water diver]

Parental care [pair]

Multiple R2 0.1194
Adjusted R2 0.05417
Lambda 0
23) Crown (Achromatic propert
male)
Estimate (+/ SE) P
[anova
]
Intercept 0.0273841 (+
0.0232048)
LE [open] 0.0081801 (+ | 0.1188
0.0145221) 3
LE [woodland] 0.0039800 (+
0.0141595)
Body size 0.0120636 (+  0.0701
0.0059166) 8
Territoriality 0.0166246 (+ 0.0889
0.0101057) 2
Strategy [ground -0.0022198 (+ | 0.2746
catcher] 0.0131998) 7
Strategy [ground -0.0243082 (+
dweller] 0.0179308)
Strategy [water diver] -0.0122309 (+
0.0135793)
Parental care [pair] -0.0136094 (+  0.2498
0.0117634) 5
Multiple R2 0.1284
Adjusted R2 0.06382
Lambda 0
26) Rump (Achromatic propert
male)
Estimate (+/ SE) P [anova]
Intercept 0.09385417 (+
0.06142567)
LE [open] 0.00157472 (+  0.88009
0.02617384)
LE [woodland] 0.00265652 (+
0.02397678)
Body size 0.00540537 (+/  0.32639
0.01268448)
Territoriality 0.00068202 (+  0.97009
0.01673716)
Strategy [ground -0.01785682 (+/ 0.01007
catcher] 0.02452921)
Strategy [ground 0.03672868 (+
dweller] 0.03189412)
Strategy [water 0.08967119 (+
diver] 0.03060944)
Parental care [pair] -0.03945328 (+/  0.06923
0.02149825)
Multiple R2 0.1324
Adjusted R2 0.06815
Lambda 0.461
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-0.0053237 (+/0.0151229)
0.0284896 (+/0.0205430)
0.0351929 (+/0.0155577)
0.0018184 (+/0.0134772)

0.02379 *

0.89292
0.1508
0.08546
0.756

0.0047706 (+/0.0049569)
-0.0109829 (+/0.0067811)
0.0048814 (+/0.0067882)
0.0055941 (+/0.0043197)

0.2251

0.19818

24) Nape (Achromatic propertt 25) Mantle (Achromatic property

male)

Estimate (+/ SE) P
[anova
]

0.0242207 (+

0.0282315)

0.0206683 (+  0.0217

0.0176679) 8

0.0054648 (+

0.0172268)

0.0167916 (+ | 0.0471

0.0071983) 7

0.0128503 (+  0.2645

0.0122948) 4

0.0036991 (+ | 0.3299

0.0160592) 7

-0.0238971 (+

0.0218150)

-0.0104858 (+

0.0165210)

-0.0227647 (+/  0.1146

0.0143116) 1

0.1511

0.08818

0

27) Tail (Achromatic property
male)

Estimate (+/ SE) P [anova]
0.1034824 (+
0.0191691)

0.0088044 (+  0.18706
0.0119527)

-0.0096632  (+/
0.0116751)

-0.0050794  (+/ 0.16934
0.0049006)

-0.0068127  (+/ 0.24369
0.0083230)

0.0059299 (+  0.06051
0.0108651)

0.0393144 (+
0.0147621)

0.0217312 (+
0.0112851)

-0.0197925 (+/ 0.04368
0.0096958)

0.1472

0.08347

0

male)
Estimate (+/ SE) P
[anova]

0.0119774
0.0394977)
0.0421943
0.0220244)
0.0312699
0.0207059)
0.0155245
0.0092038)
0.0260711
0.0146907)
-0.0121920
0.0205286)
-0.0454953
0.0264644)
-0.0053522
0.0225839)
-0.0200953
0.0178647)
0.1894

0.1294
0.116

0.0007
49

0.1704
31
0.0679
97
0.3560
55

0.2631
42

28) Wing coverts
property male)

Estimate (+/ SE)

(Achromatit

P [anova]

0.03957460 (+
0.02280543)
0.02408429
0.00886884)
0.00091095
0.00809603)
0.00725893
0.00455080)
0.01947407
0.00559816)
-0.02208751
0.00832359)
-0.01356624
0.01098677)
-0.00636326
0.01070505)
-0.00654123
0.00729269)
0.3087

(+  4.792606 ***
(+
(+/  0.181988
(+  0.001477 *
(+/  0.064034
(+

(+

(+/ 0.371737

0.2575
0.582



29) Wing

primaries

secondarie 30) Throat (Achromatic property 31) Breast (Achromatigroperty

(Achromatic property male)

Estimate (+/ SE)

(+
(+
(+
(+
(+
(+
(+
(+

(+

P [anova]

0.0009382

*k%k

0.3193557

0.0123182 *

0.7955263

0.8251888

male)
Estimate (+/ SE)

0.2166934
0.1123958)
0.1257470
0.0366790)
0.0644169
0.0333799)
-0.0197904
0.0209993)
0.0189131
0.0225388)
-0.0248721
0.0346103)
-0.0135764
0.0476284)
0.0116475
0.0460439)
0.0077833
0.0301702)
0.1388

0.07503
0.777

32) Belly (Achromatic property male)

(+
(+
(+
(+
(+
(+
(+
(+

(+

P [anova]

0.000923

3 *k%k

0.333981
0.426578

0.838445

0.796912

male)
Estimate (+/ SE)

0.2490859
0.0944937)
0.0481197
0.0338039)
0.0282766
0.0307986)
-0.0224431
0.0182793)
0.0231108
0.0210710)
-0.0099839
0.0317849)
-0.0223628
0.0427156)
-0.0378543
0.0417256)
-0.0130448
0.0277948)
0.06668

-0.002454
0.683

(+
(+
(+
(+
(+
(+
(+
(+

(+

P
[anov
a

0.253

0.120

0.287

0.771

0.639

33) Tail underside (Achromatic property male)

Intercept 0.0808116
0.0394818)
LE [open] 0.0418790
0.0139391)
LE [woodland] 0.0167712
0.0126971)
Body size -0.0051154
0.0075999)
Territoriality 0.0230546
0.0086709)
Strategy [ground -0.0090939
catcher] 0.0131116)
Strategy [ground -0.0034896
dweller] 0.0176766)
Strategy [water -0.0162217
diver] 0.0172560)
Parental care [pair] 0.0025376
0.0114609)
Multiple R2 0.1783
Adjusted R2 0.1174
Lambda 0.697
Intercept
LE [open]

LE [woodland]

Body size

Territoriality

Strategy [ground catcher]
Strategy [ground dweller]
Strategy [water diver]

Parental care [pair]

Multiple R2 0.0906
Adjusted R2 0.02324
Lambda 0.316
34) Crown (PC1 female) 35) Nape (PC1 female)
Estimate (+/ SE) P Estimate (+/ SE)
[anova
]
Intercept -0.0079372 (+ -0.07499248
0.1040191) 0.12319704)
LE [open] 0.0086268 (+  0.2556 0.02635005
0.0373970) 0.04376040)
LE [woodland] 0.0418800 (+ 0.07936183
0.0338864) 0.03964999)
Body size -0.0011823 (+  0.7842 0.00608792
0.0200159) 0.02360291)
Territoriality -0.0235915 (+  0.222 | -0.01734488
0.0241322) 0.02819884)
Strategy [ground| -0.0180077 (+/  0.3662 0.00024662
catcher] 0.0338773) 0.03964033)
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Estimate (+/ SE)

0.3820028 (+/0.0870095)
0.0191164 (+/0.0412746)
-0.0493470 (+/0.0380623)
-0.0326141 (+/0.0187493)
0.0143519 (+/0.0267893)
0.0478482 (+/0.0386277)
0.0093057 (+/0.0496792)
0.0176931 (+/0.0461145)
-0.0212478 (+/0.0337779)

P [anova]

0.07746

0.08563

0.46424
0.66577

0.53065

Estimate (+/ SE)
0.0654970 (+/0.0480834)
0.0196467 (+/0.0209071)
-0.0311452 (+/0.0192914)
0.0165256 (+ 0.0101949)
0.0091622 (+/0.0135357)
-0.0037262 (+/0.0195982)
-0.0066612 (+/0.0253670)
0.0025725 (+/0.0247049)
-0.0131891 (+/0.0171669)
0.1494

P [anova]

0.00113 **

0.11185
0.48554
0.98961

0.44406

P
[anova
]
(+
(+/  0.0445
(+
(+  0.4930
(+/  0.5585

(+ | 0.4024

0.08396
0.408
36) Mantle (PC1 female)
P Estimate (+/ SE)
[anova
]
(+ -0.0082632
0.0967293)
(+ 0.0616 0.0115820
9 0.0329593)
(+ 0.0500593
0.0298604)
(+  0.8702 -0.0186025
5 0.0182520)
(+/ | 0.4251 0.0090732
0.0211338)
(+  0.3403 0.0268673
5 0.0298585)



Strategy [ground
dweller]

Strategy [water
diver]

Parental care [pair]
Multiple R2
Adjusted R2

Lambda

Intercept

LE [open]
LE[woodland]
Body size
Territoriality

Strategy [ground
catcher]

Strategy [ground
dweller]

Strategy [water
diver]

Parental care [pair]
Multiple R2

Adjusted R2

Lambda

Intercept

LE [open]

LE [woodland]
Body size
Territoriality

Strategy [ground
catcher]

Strategy [ground
dweller]

Strategy [water
diver]

Parental care [pair]

Multiple R2
Adjusted R2
Lambda

123

0.0571955 (+ 0.08531473
0.0463072) 0.05438077)
-0.0475013 (+ -0.04179918
0.0453827) 0.05326075)
-0.0402990 (+/ | 0.1958 -0.03687056
0.0309507) 0.03622308)
0.08094 0.09339
0.01091 0.02432
0.684 0.698

37) Rump (PC1 female)
Estimate (+/ SE)

0.0098458 +
0.0901642)

0.1063591 +
0.0381762)

0.0901149 (+
0.0346934)

-0.0162766 (+
0.0183866)

-0.0190495 (+
0.0250430)

-0.0019282 (+
0.0346370)

-0.0187912 (+
0.0454272)

-0.0154105 (+
0.0438504)

0.0144259 (+
0.0314598)

0.1071

0.03911
0.474

P
[anova]

0.0066
25

0.3116
65
0.4408
89
0.9727
25

0.6475
05

(+
(+

(+

38) Tail (PC1 female)

Estimate (+/ SE)

0.1399253
0.0850906)
0.0185949
0.0329946)
0.0416801
0.0299213)
-0.0269855
0.0168211)
-0.0301118
0.0214680)
0.0079714
0.0299064)
0.0036291
0.0400307)
-0.0118480
0.0391711)
-0.0071164
0.0272712)
0.07749

0.007201
0.592

(+
(+
(+
(+
(+
(+
(+
(+

(+

40) Wing primaries secondaries (P( 41) Throat (PCfemale)

female)
Estimate (+/ SE)

-0.0364881 (+
0.0799681)
0.0713343 (+/0.0316197)

0.0758108 (+/0.0286844)
0.0030147 (+/0.0159177)

-0.0150905 (+
0.0206136)
-0.0032431 (+
0.0286661)
-0.0138351 (+
0.0381822)
-0.0390855 (+
0.0372900)
0.0093120 (+/0.0261219)

0.08874
0.01931
0.567

P
[anova]

0.01851
0.94828

0.42573

0.76171

0.72219

Estimate (+/ SE)

-0.2232991
0.0622170)
0.0572916
0.0277320)
0.0498817
0.0252526)
0.0258531
0.0129242)
-0.0019673
0.0182654)
0.0087747
0.0251760)
-0.0302826
0.0326999)
-0.0329162
0.0311346)
0.0178359
0.0227901)
0.1246

0.05788
0.403

(+
(+
(+
(+
(+
(+
(+
(+

(+

0.3110
8

P
[anova

]

0.1762

0.0872

0.1639

0.9638

0.7946

P
[anova

]

0.0163

0.0678

0.9869

0.5037

0.4356

0.0648980
0.0414940)
0.0424163
0.0404723)
-0.0395253
0.0272990)
0.1047

0.0365
0.742

(+
(+

(+

0.1506
3

39) Wing coverts (PC1 female)

Estimate (+/ SE)

0.0885276
0.1098588)
0.0119126
0.0348112)
0.0416609
0.0315430)
-0.0242279
0.0201728)
-0.0091748
0.0221304)
0.0059625
0.0315800)
0.0019152
0.0449507)
0.0010284
0.0432218)
-0.0371248
0.0288886)
0.06743

-0.003622
0.809

42) Breast (PC1 female)

Estimate (+/ SE)

-0.1149416
0.0755396)
0.0539350
0.0330918)
0.0359933
0.0301106)
0.0068123
0.0155933)
-0.0308577
0.0217671)
0.0664326
0.0300358)
-0.0318104
0.0391326)
-0.0032747
0.0374500)
-0.0174700
0.0272225)
0.1382

0.0725
0.427

(+
(+
(+
(+
(+
(+
(+
(+

(+

(+
(+
(+
(+
(+
(+
(+
(+

(+

P
[anova

]

0.1236

0.2295

0.7283

0.9927

0.2016

P
[anova

]

0.0269

0.7316

0.3333

0.0543

0.5224



Intercept

LE [open]

LE [woodland]

Body size

Territoriality

Strategy [ground catcher]
Strategy [ground dweller]

43) Belly (PC1 female)
Estimate (+/ SE)
-0.02685984 (+/0.06712942)
0.01168772 (+/0.03250179)
-0.00873561 (+/0.02973969)
-0.00093953 (+/0.01438750)
-0.01018559 (+/0.02152738)
0.09646971 (+/0.02953243)
-0.00301566 (+/0.03790438)
-0.01346880 (+/0.03498659)

P [anova]

0.56013

0.86436

0.8986
0.00258 **

44) Tail underside (PC1 female)

Strategy [water diver]
Parental care [pair]
Multiple R2

Adjusted R2
Lambda

Intercept

LE [open]

LE [woodland]
Body size

Territoriality

Strategy [ground
catcher]
Strategy [ground
dweller]

Strategy [water diver]
Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]

LE [woodland]
Body size

Territoriality

124

-0.03761446 (+/0.02654685)

0.1492
0.08434
0.288

45) Crown (PC2 female)

0.15947

46) Nape (PC2 female)

Estimate (+/ SE) P [anova]
0.0305029 (+/0.0468390)

0.0381136 (+/0.0140208) 0.007197 **
0.0369180 (+/0.0128347)

-0.0011114 (+/0.0083870) 0.80307
-0.0193082 (+/0.0085073) 0.015609 *
0.0055090 (+/0.0123317) 0.44604
0.0101849 (+/0.0182491)

-0.0216189 (+/0.0185170)

-0.0157498 (+/0.0112427) 0.164309
0.173

0.1075

0.875

47) Mantle (PC2 female)

Estimate (+/ SE) P Estimate (+/ SE) P Estimate (+/ SE) P
[anova] [anov [anov
al El|
-1.7067 (+/0.090827) -0.0329888 (+ -0.0652141 (+
0.0520968) 0.0293619)
-0.05263173 (+/0.01736706) = 0.03125 -0.0611967 (+/ | 0.036 -0.0061056 (+/  0.249
9 0.0194657) 64 0.0183033) 196
-0.02877024 (+/0.01581462) -0.0477567 (+ -0.0212078 (+
0.0176439) 0.0175389)
0.01839570 (+/0.00809201) 0.00876 = 0.0119559 (+ | 0.113 0.0135309 (+  0.005
2 0.0101642) 46 0.0072305) 272
0.00040179 (+/0.01143894) 0.80932 | -0.0017228 (+/ 0.850 @ -0.0024191 (+/  0.951
0.0126158) 44 0.0124214) 537
0.01420024 (+/0.01576649) 0.40289 @ 0.0153916 (+ | 0.250 0.0144985 (+ 0.373
8 0.0176379) 4 0.0162906) 245
-0.01067975 (+/0.02047710) -0.0209325 (+ 0.0110354 (+
0.0238441) 0.0215255)
0.02581525 (+/0.01949488) 0.0377600 (+ 0.0198612 (+
0.0233776) 0.0163928)
0.01250494 (+/0.01427197) 0.38292  0.0031109 (+ | 0.847 0.0120403 (+  0.408
7 0.0161010) 17 0.0144933)
0.1469 0.1148 0.1234
0.08191 0.04732 0.05662
0.402 0.638 0
48) Rump (PC2 female) 49) Tail (PC2 female) 50) Wing coverts (PC2 female)
Estimate (+/ SE) P Estimate (+/ SE) P Estimate (+/ SE) P
[anov [anov [anova
aJ aJ ]
-0.0759056 (+ -0.06462753 (+ -0.0445032 (+
0.0396871) 0.03509956) 0.0479644)
0.0231630 (+/ 0.346 -0.00342326 (+/ 0.706 @ -0.0193658 (+/ | 0.6057
0.0176838) 8 0.01658399) 69 0.0205249)
0.0186236 (+ -0.01031547 (+ -0.0107729 (+
0.0161025) 0.01514929) 0.0186591)
0.0034874 (+/  0.433 0.01080639 (+  0.089 | 0.0070167 (+ | 0.3094
0.0082431) 9 0.00745156) 46 0.0098181)
-0.0029277 (+/  0.783  -0.00236469 (+/ 0.840 -0.0148788 (+  0.4172
0.0116470) 2 0.01096716) 85 0.0134758)



Strategy [ground catcher]
Strategy [ground dweller]
Strategy [water diver]
Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]

LE [woodland]
Body size
Territoriality
Strategy
catcher]
Strategy

dweller]
Strategy [water diver]

[ground

[ground

Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]

LE [woodland]

Body size

Territoriality

Strategy [ground catcher]
Strategy [ground dweller]
Strategy [water diver]
Parental care [pair]
Multiple R2

Adjusted R2

Lambda
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0.0043148 (+ 0571 ' 0.00248460 (+  0.722 | 0.0317783 (+  0.3566

0.0160539) 3 0.01506530) 11 0.0186243)

0.0151610 (+ 0.00522739 (+ 0.0122255 (+

0.0208528) 0.01939416) 0.0243740)

0.0228005 (+ 0.01979656 (+ 0.0296545 (+

0.0198566) 0.01808716) 0.0234696)

0.0091665 (+ 0529 ' 0.00010526 (+  0.993 | -0.0140944 (+  0.4063

0.0145328) 6 0.01357296) 83 0.0169054)

0.04758 0.04552 0.05982

-0.02498 -0.02721 -0.01181

0.403 0.322 0.46

51) Wing primaries secondarie 52) Throat (PC2 female) 53) Breast (PC2 female)

(PC2 female)

Estimate (+/ SE) P Estimate (+/ SE) P Estimate (+ SE) P
[anova [anov [anova
1 a ]

-2.1233e02 (++ 0.05533171 (+ 0.0043553 (+

4.6342e02) 0.06611455) 0.0299826)

-1.3423e02 (++  0.590 @ -0.01753920 (+ 0.234 @ -0.0143077 (+ | 0.46

1.7184e02) 1 0.01308593) 7 0.0186903)

-1.4662e02 (++ -0.02594428 (+ -0.0109194 (+

1.5574e02) 0.01186560) 0.0179097)

-7.0796e04 (++  0.741  0.00525414 (+/ 0.280 0.0019219 (+  0.6229

9.0169e03) 1 0.01042672) 5 0.0073834)

-1.4738e02 (++ 0.208 @ -0.01211689 (+  0.429 @ -0.0058505 (+  0.5567

1.1127e02) 8 0.00849376) 1 0.0126840)

1.5203e03 (+F  0.448 0.02114780 (+/ 0.270 @ -0.0031930 (+  0.3678

1.5569e02) 5 0.01330167) 9 0.0166350)

7.4667e03 (++ 0.00030626 (+ 0.0096610 (+

2.1092e02) 0.02227813) 0.0219806)

3.1876e02 (++ 0.02542629 (+ 0.0214364 (+

2.0682e02) 0.01634195) 0.0167393)

4.8563e05 (++  0.997  -0.00967929 (+ 0.433 | 0.0062872 (+ | 0.6718

1.4215e02) 3 0.01231019) 5 0.0147997)

0.04927 0.08163 0.05001

-0.02316 0.01166 -0.02237

0.648 0.983 0

54)Belly (PC2 female)

Estimate (+/ SE)

55) Tail underside (PC2 female)

-0.0383617 (+/0.0253966)
0.0072959 (+/0.0158315)
0.0209298 (+/0.0151703)
0.0061488 (+/0.0062541)
-0.0102050 (+/0.0107439)
-0.0051201 (+/0.0140905)
0.0153675 (+/0.0186185)
0.0287659 (+/0.0141789)
0.0035558 (+/0.0125360)
0.1166

0.04928

0

P [anova] Estimate (+ SE) P [anova]
-0.0053770 (+/0.0152708)

0.19734  -0.0103237 (+/0.0060865) 0.17255
-0.0033075 (+/0.0055954)

0.22314  0.0028717 (+/0.0030436) 0.2727

0.23212 | -0.0018400 (+/0.0038810) 0.70798

0.06265 | 0.0013629 (+/0.0054012) 0.61455
-0.0077669 (+/0.0072934)
0.0041337 (+/0.0074127)

0.77724 | 0.0082896 (+/0.0049092) 0.09439

0.08675
0.01441
0.575



56) Crown (Achromatic property 57) Nape (Achromatic property 58) Mantle (Achromatic property

female) female) female)
Estimate (+/ SE) P Estimate (+/ SE) P Estimate (+/ SE) P
[anova [anova [anova
] ] ]

Intercept 0.0087080 (+ 0.0181590 (+ -0.0026035 (+
0.0259384) 0.0315313) 0.0351894)

LE[open] 0.0098447 (+  0.1220 0.0183697 (+  0.0470 0.0371970 (+ | 0.0016
0.0161692) 7 0.0196557) 6 0.0219360) 39

LE [woodland] 0.0126050 (+ 0.0109071 (+ 0.0307404 (+
0.0154940) 0.0188348) 0.0210199)

Body size 0.0157945 (+  0.0237 0.0192894 (+  0.0419 0.0206877 (+  0.0133
0.0063875) 8 0.0077648) 6 0.0086656) 15

Territoriality 0.0069795 (+/  0.4655 0.0051414 (+/  0.6468 0.0041241 (+  0.6147
0.0109731) 4 0.0133392) 7 0.0148867) 92

Strategy [ground catcher] 0.0048171 (+  0.5958 0.0023830 (+  0.4177 0.0127191 (+  0.3782
0.0143912) 1 0.0174942) 9 0.0195238) 4

Strategy [ground dweller] -0.0164484 (+ -0.0272750 (+ -0.0379419 (+
0.0190157) 0.0231159) 0.0257977)

Strategy [water diver] -0.0038464 (+ -0.0076148 (+ 0.0070922 (+
0.0144814) 0.0176039) 0.0196462)

Parental care [pair] -0.0184383 (+  0.1528 -0.0245522 (+  0.1176 -0.0081180 (+ 0.6412
0.0128035) 1 0.0155642) 9 0.0173698) 08

Multiple R2 0.1181 0.1329 0.1834

Adjusted R2 0.05091 0.06684 0.1211

Lambda 0 0 0

59) Rump (Achromatic propert 60) Tail (Achromatic property 61) Wing coverts (Achromati

female) female) property female)
Estimate (+/ SE) P Estimate (+/ SE) P Estimate (+ SE) P[anova]
[anova [anov
] aJ

Intercept 0.1384857 (+ 0.1118266 (+ 0.0510171 (+
0.0462151) 0.0247048) 0.0199051)

LE [open] 0.0149405 (+/  0.5304 0.0056683 (+/ 0.318 0.0204103 (+/ | 1.345e05
0.0288091) 9 0.0154002) 7 0.0083607) i

LE [woodland] 0.0309418 (+ -0.0073671 (+ -0.0010858 (+
0.0276060) 0.0147571) 0.0075960)

Body size -0.0035992 (+/  0.6260 -0.0098508 (+/  0.148 0.0046900 (+  2.41E01
0.0113807) 8 0.0060837) 0.0040476)

Territoriality 0.0070691 (+/ | 0.9418 -0.0048272 (+/ 0.470 0.0160002 (+/  0.007152
0.0195511) 5 0.0104512) 1 0.0054808) **

Strategy [ground catcher] -0.0100720 (+  0.051 @ -0.0022452 (+/ 0.103 -0.0155078 (+/  0.154862
0.0256411) 0.0137067) 4 0.0075849)

Strategy [ground dweller] 0.0676199 (+ 0.0362506 (+ -0.0042126 (+
0.0338808) 0.0181113) 0.0099643)

Strategy [water diver] 0.0549076 (+ 0.0169841 (+ 0.0042214 (+
0.0258019) 0.0137927) 0.0096354)

Parental care [pair] -0.0393521 (+  0.0874 0.0015344 (+/  0.900 @ -0.0075709 (+/ | 0.274515
0.0228122) 6 0.0121945) 1 0.0068923)

Multiple R2 0.1065 0.09722 0.2783

Adjusted R2 0.03848 0.02843 0.2233

Lambda 0 0 0.485

62) Wing primaries secondarie 63) Throat(Achromatic property 64) Breast (Achromatic

(Achromatic property female) female) property female)
Estimate (+/ SE) P [anova] Estimate (+/ SE) P Estimate (+/ SE) P
[anova [anov
] aJ
Intercept 0.0700820 (+ 0.1927083 (+ 0.2417871 (+
0.0279152) 0.1089691) 0.0796045)
LE[open] 0.0287561 (+/  0.001056 0.0815107 (+  0.0129 0.0452751 (+/ 0.161
0.0113479) ol 0.0365836) 8* 0.0349696) 4
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LE [woodland]

Body size

Territoriality

Strategy [ground catcher]
Strategy [ground dweller]
Strategy [water diver]
Parental care [pair]

Multiple R2
Adjusted R2
Lambda

Intercept

LE [open]

LE [woodland]

Body size

Territoriality

Strategy [ground catcher]
Strategy [ground dweller]
Strategy [water diver]
Parental care [pair]
Multiple R2

Adjusted R2

Lambda

0.0130438
0.0103007)
-0.0022983
0.0056111)
0.0228268
0.0074174)
-0.0031318
0.0102910)
-0.0034491
0.0136171)
0.0047601
0.0132482)
-0.0017487
0.0093667)
0.1922

(+
(+/  0.735615
(+/  0.002229
*%k

(+/  0.947075
(+

(+

(+  0.852261

0.1307
0.53

0.0299049
0.0331440)
-0.0102464
0.0204489)
0.0182799
0.0234160)
-0.0054688
0.0331461)
-0.0379058
0.0462827)
0.0189319
0.0450447)
0.0177049
0.0303091)
0.09759

0.02884
0.757

65) Belly (Achromatic property female)

Estimate (+/ SE)
0.420971 (+/0.077818)
0.010704 (+/0.039632)
-0.063255 (+/0.036419)
-0.036289 (+ 0.017028)
0.013270 (+ 0.026331)
0.066814 (+/0.036023)
0.029137 (+ 0.046021)
0.048379 (+ 0.041445)
-0.047903 (+ 0.032216)
0.1366

0.07079

0.221

Table 6.Results of MCMCglmm analysis.

PC1

Iterations = 20001:219981

Thinning interval =20
Sample size = 10000
DIC=-4511.278

G-structure: ~Sciname

Sciname

Restructure: ~units

units

Location effects: PC1 ~ sex * patc
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1-95% CI
post.mean
0.025 0.017
1-95% CI
post.mean
0.009 0.009
post.mean 1-95% CI

P [anova]

0.04435~*

0.04681 *

0.41891
0.35648

0.14004

(+ 0.0095285
0.0318229)
(+/  0.6228 -0.0119630
8 0.0164489)
(+/ 0.3874 -0.0028251
2 0.0230072)
(+/ 0.8110 0.0236620
7 0.0317413)
(+ -0.0091306
0.0413335)
(+ -0.0020637
0.0395252)
(+/ 0.5603 -0.0467341
8 0.0287628)
0.07284
0.002199
0.423
66) Tail
female)

Estimate (+/ SE)
0.0395485 (+/0.0536739)
0.0148047 (+/0.0231737)
-0.0222465 (+/0.0213564)
0.0184725 (+/0.0110109)
0.0183834 (+/0.0149503)
-0.0023604 (+/0.0206575)
0.0076738 (+/0.0273657)
0.0011816 (+/0.0270747)
-0.0104120 (+/0.0187105)
0.1144

0.04423

0.457

u-95% CI

0.034

u-95% CI

0.010

u-95% ClI

(+
(+/ 0.378
(+/  0.935
(+/ 0.775
(+
(+

(+/  0.107

underside (Achromatic propert

P [anova]

0.02063 *

0.08301
0.22276
0.99226

0.57911

eff.sam
p
10429.0
00

eff.sam
p
10680.0
00

eff.sam



(Intercept) -0.103
sexM 0.006
patchbreast -0.014
patchcrown 0.065
patchmantle 0.043
patchnape 0.067
patchrump 0.128
patchtail 0.144
patchtail.underside 0.104
patchthroat -0.001
patchwing.coverts 0.098

patchwing.primaries.secondaries = 0.119

sexM:patchbreast -0.005
sexM:patchcrown 0.006
sexM:patchmantle 0.000
sexM:patchnape 0.005
sexM:patchrump -0.004
sexM:patchtail 0.007
sexM:patchtail.underside 0.001
sexM:patchthroat -0.006
sexM:patchwing.coverts 0.006

sexM:patchwing.primaries.second 0.008
ries

PC2

Iterations = 20001:219981
Thinning interval =20
Sample size = 10000
DIC=-7870.129

Gstructure: ~Sciname

Sciname

Restructure: ~units

units

Location effects: PC2 ~ sex * patch

(Intercept)
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-0.236

-0.019

-0.039

0.041

0.018

0.041

0.101

0.119

0.079

-0.024

0.074

0.095

-0.040

-0.029

-0.035

-0.030

-0.038

-0.027

-0.035

-0.040

-0.0282758 0.0410562

0.715
-0.027

post.mean

0.009

post.mean

0.002

post.mean

-0.001

100C

1-95% ClI
0.006

1-95% ClI
0.002

1-95% ClI
-0.082

0.032

0.030

0.011

0.090

0.068

0.091

0.152

0.169

0.130

0.025

0.123

0.146

0.031

0.041

0.035

0.040

0.033

0.043

0.037

0.031

0.0410562

0.715
0.044

u-95% CI
0.012

u-95% CI
0.003

u-95% ClI
0.080

p

10202.0
00
8240.00
0
10000.0
00
10000.0
00
10000.0
00
10000.0
00
10472.0
00
10000.0
00
10000.0
00
10671.0
00
10000.0
00
8525.00
0
10000.0
00
10000.0
00
10000.0
00
10000.0
00
10000.0
00
10000.0
00
10000.0
00
10376.0
00

1000C 10000.0
00
8868.00
0

eff.samp
9422.000

eff.samp
10000.000

pMC
MC
0.136

0.612
0.272

<le
04
<le
04
<le
04
<le
04
<le
04
<le
04
0.952

<le
04
<le

04
0.809
0.740
0.973
0.799
0.833
0.700
0.941
0.744
0.715

0.657

eff.samp pMCMC
10000.000 0.988



sexM

patchbreast

patchcrown

patchmantle

patchnape

patchrump

patchtail
patchtail.underside
patchthroat
patchwing.coverts
patchwing.primaries.secondaries
sexM:patchbreast
sexM:patchcrown
sexM:patchmantle
sexM:patchnape
sexM:patchrump
sexM:patchtail
sexM:patchtail.underside
sexM:patchthroat
sexM:patchwing.coverts

sexM:patchwing.primaries.secondaries

Brightness

Iterations = 20001:219981
Thinning interval =20
Sample size = 10000
DIC:-5668.46

Gstructure: ~Sciname

post.mean
Sciname 0.012
Restructure: ~units

post.mean
units 0.006
Location effects: lum ~ sex * patch

post.mean
(Intercept) 0.257
sexM -0.004
patchbreast -0.063
patchcrown -0.213
patchmantle -0.180
patchnape -0.195
patchrump -0.147
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0.002
0.007
-0.009
-0.008
-0.007
-0.031
-0.017
0.009
0.009
-0.019
-0.022
0.005
0.001
-0.002
0.002
-0.009
-0.007
0.000
0.004
-0.004
-0.005

1-95% ClI

0.008

1-95% ClI

0.006

1-95% ClI

0.160
-0.024

-0.082

-0.233

-0.200

-0.214

-0.167

-0.011
-0.006
-0.023
-0.021
-0.021
-0.044
-0.029
-0.004
-0.003
-0.032
-0.035
-0.012
-0.018
-0.020
-0.016
-0.027
-0.025
-0.018
-0.015
-0.022
-0.024

0.014
0.020
0.004
0.005
0.006
-0.018
-0.003
0.023
0.023
-0.005
-0.009
0.024
0.018
0.016
0.021
0.009
0.011
0.018
0.021
0.014
0.012

10000.000
10000.000
10000.000
10000.000

10000.000

10000.000

9999.000

10000.000

10000.000
10000.000
10000.000
10000.000
10000.000
10000.000
10000.000
10000.000
10000.000
9861.000

10000.000
10000.000
11568.000

u-95%
Cl
0.017

u-95%
Cl
0.006

u-95%
Cl
0.350

0.015

-0.042

-0.193

-0.159

-0.174

-0.127

eff.samp

10000.00
0

eff.samp

10552.00
0

eff.samp

9597.000

10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0

0.765
0.272
0.170
0.221
0.276
0.000
0.012
0.155
0.157
0.004
0.001
0.601
0.948
0.794
0.794
0.351
0.457
0.984
0.706
0.629
0.563

pMCMC
<1le04

0.663
<le04

<le04

<le04
<le04

<le04



patchtail -0.203 -0.223 -0.183
patchtail.underside -0.161 -0.180 -0.141
patchthroat 0.013 -0.007 0.033
patchwing.coverts -0.209 -0.229 -0.189
patchwing.primaries.secondaries -0.195 -0.215 -0.175
sexM:patchbreast -0.004 -0.033 0.023
sexM:patchcrown 0.010 -0.018 0.038
sexM:patchmantle 0.007 -0.022 0.034
sexM:patchnape 0.007 -0.020 0.036
sexM:patchrump 0.007 -0.020 0.036
sexM:patchtail 0.005 -0.023 0.033
sexM:patchtail.underside 0.006 -0.023 0.035
sexM:patchthroat 0.001 -0.026 0.029
sexM:patchwing.coverts 0.007 -0.023 0.034
sexM:patchwing.primaries.secondaries 0.011 -0.017577 0.039799 10000 0.463 @ 0.040
. a) Crown b) Nape ) Mantle
Parental care [pair] |
Strategy [water diver]
» Strategy [ground dweller] _— —
K
A Strategy [ground catcher]
E Territoriality — L - —_—
Body size e
LE [ Woodland ]
LE [ Open ] —_— o —_—
Intercept ’
Parental care [pair] o — X wm? i g p“mm_" Hisandates
Strategy [water diver] —_— e
Strategy [ground dweller] ——i
% Strategy [ground catcher] —
'g Territoriality — —_—
> Body size ==
LE [ Woodland ] e
LE [ Open ] ——— P
Intercept
i) Breast ) Belly ¥) Tail underside
Parental care [pair] — — ——
Strategy [water diver] — —— Tt
Strategy [ground dweller]
& Strategy [ground catcher]
% Territoriality K E —an
'g Body size = o
2 LE [ Woodland ] : =
LE [ Open ] R
Intercept : ———a——
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10000.00
0
9321.000

10000.00
0
9463.000

10000.00
0
9628.000

10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0
10000.00
0

<le04

<le04
0.212

<le04
<le04

0.777
0.474

0.645

0.628

0.606

0.723

0.660

0.936

0.623

0.463



Figure S1Predictors of PC1 part of the chromatic colour variation of males in Coraciiformes. Every
plot within the figure represents different body part: a) crown, b) nape, ¢) mantle, d) rump, e) tail, f)
wing coverts, g) wing primaries and secondarigsthroat, i) breast, j) belly, k) tail underside.
Variables that we tested are indicated on theyis of the most left plot in each row. PC1 values are
indicated on the saxis of each plot separately. Within each plot, points indicate values of intercept
estimate of regression of each variable and lines indicate their standard error. Within each plot

variables with a significant effect do not cross the vertical line that indicates zero.

a) Crown b) Nape c) Mantle d) Rump
Parental care [pair] 1S N

Strategy [water diver] - et - — i
Strategy [ground dweller] 2 SR e
Strategy [ground catcher] : —

Territoriality
Body size
LE [ Woodland ] * ST

Variables

LE [ Open ]

Intercept

pet
) Tail ) Wing coverts g) Wing primaries secondaries. h) Throat
Parental care [pair] - i B

Strategy [water diver] | ————
Strategy [ground dweller] °g —————
Strategy [ground catcher] |

Territoriality

Variables

Body size
LE [ Woodland |
LE[ Open ]

Intercept

i) Breast i) Belly k) Tail underside
Parental care [pair] — z %

Strategy [water diver]
Strategy [ground dweller] —_— ~ ———
Strategy [ground catcher]

Territoriality
Body size
LE [ Woodland | s -t H ——

LE [ Open ] - -

Variables

Intercept

Figure S2Predictors of PC1 part of the chromatic colour &aoin of females in Coraciiformes. Every
plot within the figure represents different body part: a) crown, b) nape, ¢) mantle, d) rump, e) tail, f)
wing coverts, g) wing primaries and secondaries, h) throat, i) breast, j) belly, k) tail underside.
Variableghat we tested are indicated on theaxis of the most left plot in each row. PC1 values are
indicated on the axis of each plot separately. Within each plot, points indicate values of intercept
estimate of regression of each variable and lines indi¢ht#r standard error. Within each plot

variables with a significant effect do not cross the vertical line that indicates zero.
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a) Crown b) Nape ©) Mantle d) Rump
Parental care [pair] : W | |

Strategy [water diver] H & | : . | : = | S
Strategy [ground dweller] I ai | —_—

Strategy [ground catcher] T { —_— { g

Variables

Territoriality { - | — { —t
Body size - | - { S ’
LE [ Woodland ] = : —s | . H | F—
LE [ Open ] - ; —_— : | = | S

Intercept

&) Tail 1) Wing coverts g) Wing primaries and secondaries h) Throat

parental care [pair] | —t | ] |
Strategy [water diver] | | = & = : |

Strategy [ground dweller] | - | = S :

Strategy [ground catcher] | | # ==

Territoriality |

Variables

Body size o
LE [ Woodland ] | — { —_— S S
LE[Open] |

intercept | ——————— | —

i) Breast J) Belly K) Tailu underside
Parental care [pair] | | i

Strategy [water diver] | ——
Strategy [ground dweller] |
Strategy [ground catcher] |
Territoriality |
Body size | -
LE [ Woodland | |
LE [ Open ]

Variables

Intercept |

Figure S3Predictors of PC2 part of the chromatic colour variation in Coraciiformes. Every plot within
the figure represerg different body part: a) crown, b) nape, ¢) mantle, d) rump, e) tail, f) wing
coverts, g) wing primaries and secondaries, h) throat, i) breast, j) belly, k) tail underside. Variables
that we tested are indicated on theaxis of the most left plot in eaatow. PC1 values are indicated

on the xaxis of each plot separately. Within each plot, points indicate values of intercept estimate of
regression of each variable and lines indicate their standard error. Within each plot variables with a

significant effetdo not cross the vertical line that indicates zero.
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a) Crown b) Nape c) Mantle d) Rump.
Parental care [pair] | 3 t =S s

Strategy [water diver] - — ey
Strategy [ground dweller] < - - - s e
Strategy [ground catcher] | : o S S

Territoriality ? ~ = —_

Body size 1 > e,

Variables

LE [ Woodland ] | # * ——y e

LE[Open] | = —t e

Intercept
pe2

o) Tail 1) Wing coverts. ) Wing primaries and secondaries h) Throat
Parental care [pair] |

Strategy [water diver] 2 : . N
Strategy [ground dweller] —_— == e B
Strategy [ground catcher]

Territoriality —— e — .

Variables

Body size { —_ — == -
LE [ Woodland ]

LE[ Open ] — —_ — —

Intercept

i) Breast J) Belly k) Tail underside
Parental care [pair] | — e

Strategy [water diver] | - { ——— ——
Strategy [ground dweller]
Strategy [ground catcher]

Territoriality
Body size
LE [ Woodland | —— f— —_—

Variables

LE[Open] | - T e

Intercept

Figure S4Predictors of PC2 part of the chromatic colour variation in Coraciiformes. Every plot within
the figure represents different body part: a) crown, b) nape, ¢) mantle, d) rump, e) tgiihg)

coverts, g) wing primaries and secondaries, h) throat, i) breast, j) belly, k) tail underside. Variables
that we tested are indicated on theaxis of the most left plot in each row. PC1 values are indicated
on the xaxis of each plot separately. Wih each plot, points indicate values of intercept estimate of
regression of each variable and lines indicate their standard error. Within each plot variables with a

significant effect do not cross the vertical line that indicates zero.
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Variables

Body size
LE [ Woodland | ——

LE [ Open ] —
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Figure S5Prdlictors of the achromatic colour variation of males in Coraciiformes. Every plot within
the figure represents different body part: a) crown, b) nape, ¢) mantle, d) rump, e) tail, f) wing
coverts, g) wing primaries and secondaries, h) throat, i) breabglly, k) tail underside. Variables
that we tested are indicated on theaxis of the most left plot in each row. PC1 values are indicated
on the xaxis of each plot separately. Within each plot, points indicate values of intercept estimate of
regression deach variable and lines indicate their standard error. Within each plot variables with a

significant effect do not cross the vertical line that indicates zero.
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Figure S6.Predictors of the achromatic colour variation of females in Coraciiformesy Eplet

within the figure represents different body part: a) crown, b) nape, ¢) mantle, d) rump, e) tail, f) wing
coverts, g) wing primaries and secondaries, h) throat, i) breast, j) belly, k) tail underside. Variables
that we tested are indicated on theaxis of the most left plot in each row. PC1 values are indicated
on the xaxis of each plot separately. Within each plot, points indicate values of intercept estimate of
regression of each variable and lines indicate their standard error. Within eachigrlables with a

significant effect do not cross the vertical line that indicates zero.
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Figure S7.Scatterplot of female and male values for PC1 part of chromatic colour variation in
Coraciiformes. Every plot within the figure represents differentlo@art: a) crown, b) nape, c)
mantle, d) rump, e) tail, f) wing coverts, g) wing primaries and secondaries, h) throat, i) breast, j)
belly, k) tail underside. Every dot within each plot represents a species of Coraciiformes. Gn the y
axis, female valuesra represented, while on the-axis male values are represented. On every plot,

the blue line represents the regression line.
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Figure S8 Scatterplot of female and male values for PC2 part of chromatic colour variation in
Coraciiformes. Every plot withithe figure represents different body part: a) crown, b) nape, c)
mantle, d) rump, e) tail, f) wing coverts, g) wing primaries and secondaries, h) throat, i) breast, j)
belly, k) tail underside. Every dot within each plot represents a species of CoraesfoDn the y

axis, female values are represented, while on tkexis male values are represented. On every plot,

the blue line represents the regression line.
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Figure S9 Scatterplot of female and male values for achromatic colour variation in Corawi.

Every plot within the figure represents different body part: a) crown, b) nape, ¢) mantle, d) rump, €)
tail, f) wing coverts, g) wing primaries and secondaries, h) throat, i) breast, j) belly, k) tail underside.
Every dot within each plot represengsspecies of Coraciiformes. On thaxs, female values are
represented, while on the-axis male values are represented. On every plot, the blue line represents

the regression line.
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Figure S10Scatterplots of cone catch values (u, s, m and I) etadafrom digital photography and

PC1 part of the chromatic variation in Coraciiformes. Principal components are obtained by principal
component analysis of the morphospace constructed by cone catch values. Panel a) represents u
cone against PC1, panel lgpresents s cone against PC1, panel c) represents m cone against PC1,

and panel d) represents | cone against PC1.
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Figure S11Scatterplots of cone catch values (u, s, m and ) extracted from digital photography and
PC2 part of the chromatic variation in Coraciiformes. Principal components are obtained by principal
component analysis of the morphospace constructed by cone caitifes. Panel a) represents u

cone against PC1, panel b) represents s cone against PC1, panel c¢) represents m cone against PC1,

and panel d) represents | cone against PC1.
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Figure S12Scatterplots of cone catch values (u, s, m and l) extracted fronabdibtography and

PC3 part of the chromatic variation in Coraciiformes. Principal components are obtained by principal
component analysis of the morphospace constructed by cone catch values. Panel a) represents u
cone against PC1, panel b) represents rsecagainst PC1, panel c¢) represents m cone against PC1,

and panel d) represents | cone against PC1.
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Figure S13Results of the MCMCglmm analysis used to test for the differences between body parts
with PC1, PC2 and achromatic property of plumage codsua dependent variable and sex and
patch as independent variable. Panel a) shows results for PC1, panel b) shows the results for PC2,
and panel c) shows the results for the achromatic property of the colour. On each panel points
indicate the mean standarsked effect sizes for each of the variables and lines indicate 95% credible
intervals. Predictors with the significant effect (0(MCMC <0.05) are those that do not cross the
vertical line with negative effects one leaning on the left hand side and posiiget ones leaning

on the right hand side.
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APPENDIX 2

Supplementary materials and methods for Chapter 3:

Evolutionary dynamics of pigmentary grey and non

iridescent structural blue colouration in Tanagers

(family: Thraupidae)

Table 3. Table containing values of colour measurements and colour descriptions with sex, latin and

english name and region of the plumage patch where the measurement was taken. Column u, s, m

and | are the results of the quanitification of the colour from didytadalibrated images. Column

colour_HBW is the plumage colour description from the Birds of the World and colour coding

column is the result of classification of the colour descriptions from HBW into the colour categories,

i.e. blue, slate and grey. Finallprojection values is the column containing calculations of the

projection values.

Latin name

Anisognathus
lacrymosus
Anisognathus
melanogenys
Buthraupis
eximia
Conirostrum
bicolor
Cyanerpes
caeruleus
Cyanerpes
cyaneus
Cyanerpes
lucidus
Cyanerpes
nitidus
Cyanicterus
cyanicterus
Dacnis cayana

Dacnis hartlaubi
Dacnis lineata

Dacnis nigripes
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English Name

Lacrimose
Mountain-Tanager
Blackcheeked
Mountain-Tanager
Blackchested
Mountain-Tanager
Bicolored Conebill

Purple
Honeycreeper
Redlegged
Honeycreeper
Shining
Honeycreeper
Shortbilled
Honeycreeper
Blue-backed
Tanager

Blue Dacnis

Turquoise Dacnis
Blackfaced Dacnis

Blacklegged

sex

regi
on

cro
cro
cro
cro
cro
cro
cro
cro
cro
cro
cro

cro

cro

colour HBW
slaty blue
shining blue
blue

pale bluiskhgrey

lustrous violet

blue
azure / blue
ultramarine blue
purplishtblue
bright cadetblue
bright

blue
turquoise

turquoise

turquoiseblue

greenish  blue

/

colour
coding
blue
blue
blue
blue
blue
blue
blue
blue
blue
blue
blue

blue

blue

u

0.20

0.20

0.27

0.18

0.54

0.14

0.41

0.35

0.40

0.26

0.28

0.28

0.23

0.27

0.28

0.30

0.25

0.21

0.21

0.30

0.37

0.30

0.29

0.28

0.29

0.28

0.270

0.266

0.235

0.288

0.132

0.272

0.169

0.163

0.168

0.304

0.293

0.280

0.318

0.251

0.244

0.192

0.277

0.110

0.363

0.120

0.114

0.120

0.139

0.140

0.141

0.164

projectio
n values
0.271
0.284
0.303
0.251
0.218
0.218
0.300
0.373
0.308
0.295
0.287

0.299

0.284



Dacnis venusta
Dacnis viguieri

Diglossa
albilatera
Diglossa cyanea

Diglossa glauca

Diglossa
indigotica
Iridosornis analis

Iridosornis
porphyrocephalu
S

Pipraeidea
melanonota
Porphyrospiza
caerulescens
Tangara
cyanicollis
Tangara
cyanocephala
Tangara
nigrocincta
Tangara seledon

Tangara vassorii
Tersina viridis
Thraupis abbas

Thraupis
bonariensis
Thraupis
cyanocephala
Thraupis ornata

Xenodacnis
parina
Anisognathus
melanogenys
Buthraupis
eximia
Buthraupis
montana
Chlorophanes
spiza
Conirostrum
bicolor
Cyanerpes
caeruleus
Cyanerpes
lucidus
Cyanerpes
nitidus
Cyanicterus
cyanicterus
Dacnis cayana

Dacnis nigripes

Dacnis venusta
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Dacnis

Scarletthighed
Dacnis
Viridian Dacnis

White-sided
Flowerpiercer
Masked
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Yellowthroated
Tanager
Purplishmantled
Tanager

Fawnbreasted
Tanager
Blue Finch

Bluenecked
Tanager
Rednecked
Tanager

Masked Tanager

Greenheaded
Tanager
Blue-and-black
Tanager
Swallow Tanager

Yellowwinged
Tanager
Blue-and-yellow
Tanager
Bluecapped
Tanager
Goldenchevroned
Tanager

Tit-like Dacnis

Blackcheeked
Mountain-Tanager
Blackchested
Mountain-Tanager
Hooded
Mountain-Tanager
Green
Honeycreeper
Bicolored Conebill

Purple
Honeycreeper
Shining
Honeycreeper
Shortbilled
Honeycreeper
Bluebacked
Tanager

Blue Dacnis

Blacklegged
Dacnis
Scarletthighed
Dacnis

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

turquoise

black/ turquoise
green

dark slategrey
dark blue

deep blue
indigo-blue

deep purplish blue

dark blue

medium blue
bright indigeblue
blue

blue-violet

pale lavender
turquoisegreen
dark cobalt blue
bright

blue
campanulablue

turquoise

dull blue

shining
cornflowerblue
shining cadeblue
dark blue

shining blue

blue

shining pale milky

blue
glossy
green
palebluish-grey

viridian

lustrous violet
blue

ultramarine blue
purplishblue
bright cadetblue

bright
blue
greenish blue /
turquoise
turquoise

turquoise

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

4
0.22

0.29

0.21

0.27

0.35

0.30

0.20

0.34

0.29

0.26

0.22

0.34

0.23

0.07

0.39

0.22

0.42

0.30

0.42

0.32

0.33

0.29

0.46

0.21

0.05

0.20

0.64

0.41

0.34

0.36

0.27

0.24

0.23
7

4
0.30

0.16

0.25

0.31

0.25

0.35

0.25

0.24

0.34

0.28

0.30

0.36

0.31

0.27

0.30

0.25

0.27

0.28

0.27

0.28

0.30

0.26

0.25

0.24

0.26

0.26

0.19

0.28

0.34

0.29

0.30

0.28

0.31
1

0.323

0.379

0.279

0.232

0.209

0.199

0.281

0.221

0.205

0.243

0.325

0.170

0.249

0.446

0.169

0.344

0.164

0.231

0.169

0.209

0.202

0.231

0.162

0.286

0.460

0.279

0.154

0.178

0.174

0.192

0.291

0.304

0.300

0.148

0.159

0.258

0.176

0.177

0.141

0.259

0.198

0.147

0.203

0.152

0.119

0.197

0.201

0.122

0.176

0.137

0.183

0.129

0.183

0.160

0.207

0.124

0.254

0.221

0.252

0.011

0.122

0.134

0.146

0.127

0.168

0.152

0.302

0.166

0.252

0.315

0.259

0.355

0.259

0.241

0.349

0.287

0.303

0.368

0.316

0.275

0.309

0.255

0.273

0.283

0.273

0.283

0.301

0.269

0.253

0.249

0.267

0.260

0.196

0.284

0.348

0.296

0.305

0.280

0.311



Dacnis viguieri

Diglossa
albilatera
Diglossa cyanea

Diglossa glauca

Diglossa
indigotica
Iridosornis analis

Iridosornis
porphyrocephalu
S

Pipraeidea
melanonota
Porphyrospiza
caerulescens
Tangara
cyanicollis
Tangara
cyanocephala
Tangara
nigrocincta
Tangara seledon

Tangara vassorii
Tersina viridis
Thraupis abbas

Thraupis
bonariensis
Thraupis
cyanocephala
Thraupis ornata

Xenodacnis
parina
Anisognathus
lacrymosus
Anisognathus
melanogenys
Buthraupis
montana
Chlorophanes
spiza
Conirostrum
bicolor
Cyanerpes
caeruleus
Cyanerpes
lucidus
Cyanerpes
nitidus
Cyanicterus
cyanicterus
Diglossa
albilatera
Diglossa cyanea

Diglossa glauca
Diglossa

indigotica
Dubusia taeniata
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Viridian Dacnis

White-sided
Flowerpiercer
Masked
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Yellowthroated
Tanager
Purplishmantled
Tanager

Fawnbreasted
Tanager
Blue Finch

Bluenecked
Tanager
Rednecked
Tanager

Masked Tanager

Greenheaded
Tanager
Blue-and-black
Tanager
Swallow Tanager

Yellowwinged
Tanager
Blue-and-yellow
Tanager
Bluecapped
Tanager
Goldenchevroned
Tanager

Tit-like Dacnis

Lacrimose
Mountain-Tanager
Blackcheeked
Mountain-Tanager
Hooded
Mountain-Tanager
Green
Honeycreeper
Bicolored Conebill

Purple
Honeycreeper
Shining
Honeycreeper
Shortbilled
Honeycreeper
Blue-backed
Tanager
White-sided
Flowerpiercer
Masked
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Buff-breasted
Mountain-Tanager

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

man

man

man

man

man

man

man

man

man

man

man

man

man

man

greenish blue
dark slategrey
dark blue

deep blue
indigo-blue
greenish turquoise

dark blue

mediumblue
bright indigeblue
blue

blue-violet

pale lavender
turquoisegreen
dark cobalt blue
bright

blue
campanulablue

turquoise

dull blue

shining
cornflowerblue
shining cadeblue
dark blue

slaty blue

dark greyblue
shining dark blue

glossy viridian

green
pale bluishgrey

lustrous violet

blue
ultramarine blue
purplishtblue
bright cadetblue
darkslate-grey
dark blue

deep blue

indigo-blue

black / dark blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

0.27

0.22

0.30

0.36

0.30

0.21

0.37

0.35

0.24

0.22

0.21

0.26

0.09

0.41

0.23

0.39

0.31

0.45

0.38

0.31

0.21

0.21

0.60

0.05

0.21

0.57

0.40

0.37

0.31

0.23

0.29

0.40

0.31

0.23
3

0.19

0.24

0.31

0.25

0.33

0.26

0.27

0.34

0.26

0.31

0.22

0.31

0.27

0.31

0.26

0.24

0.28

0.25

0.27

0.31

0.25

0.26

0.23

0.32

0.25

0.25

0.26

0.34

0.26

0.24

0.30

0.26

0.32

0.26
5

0.378

0.268

0.218

0.208

0.206

0.267

0.194

0.166

0.257

0.304

0.215

0.235

0.435

0.152

0.349

0.194

0.222

0.164

0.181

0.213

0.268

0.273

0.131

0.431

0.277

0.133

0.186

0.158

0.240

0.265

0.227

0.188

0.203

0.261

0.151

0.258

0.159

0.180

0.164

0.247

0.157

0.131

0.236

0.155

0.341

0.187

0.198

0.116

0.156

0.172

0.174

0.129

0.156

0.158

0.258

0.242

0.035

0.197

0.254

0.042

0.144

0.118

0.180

0.253

0.172

0.145

0.161

0.240

0.196

0.245

0.317

0.251

0.330

0.268

0.270

0.345

0.267

0.315

0.225

0.317

0.273

0.318

0.262

0.242

0.285

0.256

0.279

0.312

0.258

0.267

0.233

0.322

0.258

0.251

0.266

0.347

0.266

0.247

0.305

0.264

0.325

0.265



Iridosornis analis

Iridosornis
porphyrocephalu
S

Iridosornis
rufivertex
Pipraeidea
melanonota
Porphyrospiza
caerulescens
Stephanophorus
diadematus
Tangara vassorii

Tangara
viridicollis
Tangara
xanthocephala
Tersina viridis

Thraupis
glaucocolpa
Xenodacnis
parina
Anisognathus
igniventris
Anisognathus
lacrymosus
Anisognathus
melanogenys
Buthraupis
montana
Chlorophanes
spiza
Conirostrum
bicolor
Cyanerpes
caeruleus
Cyanerpes
lucidus
Cyanerpes
nitidus
Cyanicterus
cyanicterus
Dacnis cayana

Dacnis hartlaubi

Dacnis nigripes

Dacnis viguieri
Diglossa
albilatera
Diglossa cyanea
Diglossa glauca
Diglossa
indigotica
Dubusia taeniata
Iridosornis analis
Iridosornis

porphyrocephalu
S
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Yellowthroated
Tanager
Purplishmantled
Tanager

Goldencrowned
Tanager
Fawnbreasted
Tanager

Blue Finch

DiademedTanager

Blue-and-black
Tanager
Silvery Tanager

Saffronrcrowned
Tanager
Swallow Tanager

Glaucous Tanager
Tit-like Dacnis

Scarletbellied
Mountain-Tanager
Lacrimose
Mountain-Tanager
Blackcheeked
Mountain-Tanager
Hooded
Mountain-Tanager
Green
Honeycreeper
Bicolored Conebill

Purple
Honeycreeper
Shining
Honeycreeper
Shortbilled
Honeycreeper
Bluebacked
Tanager

Blue Dacnis

Turquoise Dacnis

Blacklegged
Dacnis

Viridian Dacnis

White-sided
Flowerpiercer
Masked
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Buff-breasted
Mountain-Tanager
Yellowthroated
Tanager
Purplishmantled
Tanager

man

man

man

man

man

man

man

man

man

man

man

man

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

greenish turquoise

dark blue

purplishblue
blackish blue
bright indigeblue
shining dark blue
dark cobalt blue
pale turquoise
black / turquoise
green
bright
blue
smoky

greenish
dark blue

turquoise

grey /

blue

slaty blue

dark greyblue
shining dark blue

glossy viridian

green
pale bluiskhgrey

lustrous violet

blue

ultramarine blue
purplishblue
bright cadetblue
turquoise blue
turquoise

light turquoise /
greenish blue /
black

greenish blue
dark slategrey
dark blue

deep blue
indigo-blue

dark blue

greenish turquoise

darkblue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

0.15

0.26

0.24

0.37

0.25

0.48

0.42

0.04

0.08

0.24

0.18

0.29

0.28

0.25

0.21

0.29

0.06

0.21

0.60

0.47

0.40

0.27

0.21

0.23

0.23

0.17

0.22

0.26

0.42

0.31

0.22

0.17

0.19
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0.27

0.30

0.25

0.29

0.27

0.24

0.32

0.28

0.24

0.26

0.24

0.32

0.29

0.24

0.24

0.23

0.33

0.24

0.22

0.24

0.33

0.26

0.27

0.29

0.27

0.22

0.23

0.28

0.26

0.32

0.24

0.23

0.21
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0.310

0.242

0.254

0.179

0.250

0.155

0.148

0.365

0.414

0.337

0.305

0.221

0.229

0.249

0.277

0.240

0.396

0.274

0.135

0.186

0.135

0.253

0.257

0.254

0.281

0.330

0.265

0.245

0.178

0.203

0.263

0.303

0.279

0.262

0.186

0.245

0.152

0.215

0.119

0.108

0.307

0.260

0.159

0.272

0.158

0.194

0.251

0.257

0.232

0.204

0.266

0.039

0.095

0.127

0.211

0.259

0.218

0.205

0.275

0.273

0.206

0.132

0.161

0.263

0.292

0.313

0.270

0.306

0.257

0.290

0.279

0.245

0.321

0.284

0.247

0.264

0.242

0.324

0.292

0.247

0.247

0.236

0.330

0.248

0.224

0.240

0.337

0.260

0.272

0.291

0.279

0.223

0.239

0.284

0.266

0.324

0.247

0.230

0.217



Iridosornis
rufivertex
Pipraeidea
melanonota
Porphyrospiza
caerulescens
Stephanophorus
diadematus
Tangara
labradorides
Tangara larvata

Tangara
nigrocincta
Tangara
ruficervix
Tangara vassorii

Tangara
viridicollis
Tangara
xanthocephala
Tersina viridis

Thraupis
glaucocolpa
Xenodacnis
parina
Chlorophanes
spiza
Cyanerpes
cyaneus
Dacnis lineata

Dacnis viguieri

Diglossa
albilatera
Diglossa glauca

Diglossa
indigotica
Porphyrospiza
caerulescens
Tangara chilensis

Tangara
labradorides
Tangara
mexicana
Tangara
nigrocincta
Tangara
peruviana
Tangara preciosa

Tangara vassorii
Tangara velia
Thraupis abbas
Thraupis
bonariensis
Thraupis ornata
Xenodacnis

parina
Chlorochrysa
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Goldencrowned
Tanager
Fawnbreasted
Tanager

Blue Finch

Diademed Tanage!

Metallic-green
Tanager
Golderrhooded
Tanager

Masked Tanager

Goldennaped
Tanager
Blue-and-black
Tanager

Silvery Tanager

Saffroncrowned
Tanager
Swallow Tanager

Glaucous Tanager
Tit-like Dacnis

Green
Honeycreeper
Redlegged
Honeycreeper
Blackfaced Dacnis

ViridianDacnis

White-sided
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Blue Finch

Paradise Tanager

Metallic-green
Tanager
Turquoise Tanager

Masked Tanager

Blackbacked
Tanager
Chestnutbacked
Tanager
Blue-and-black
Tanager
Opalrumped
Tanager
Yellowwinged
Tanager
Blue-and-yellow
Tanager
Goldenchevroned
Tanager

Tit-like Dacnis

Orangeeared

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

bre

purplishblue

bright
blue
bright indigeblue

turquoise

shining dark blue
opalescent  blue
green

light blue

light blue

bright blue

dark cobalt blue
pale turquoise

black / turgquoise
green
bright
blue

smoky
greenish
dark blue

turquoise

grey |/

glossy viridian
green

purplishblue
turquoiseblue

verditer blue/
green

dark slategrey
deep blue
indigo-blue
bright indigeblue
dark blue

opalescent  blue

green
dark
blue
pale lavender

turquoise

bluish-green
blue-green

dark blue

deep purpliskblue
blue

dull blue

shining cadeblue
dark blue

emeraldgreen

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

0.29

0.35

0.25

0.30

0.11

0.20

0.27

0.21

0.43

0.08

0.08

0.23

0.18

0.27

0.05

0.52

0.26

0.27

0.20

0.41

0.28

0.27

0.52

0.11

0.38

0.19

0.09

0.08

0.37

0.29

0.26

0.25

0.26

0.26

0.08

0.27

0.35

0.26

0.24

0.24

0.26

0.34

0.25

0.29

0.25

0.23

0.26

0.24

0.29

0.30

0.25

0.27

0.21

0.24

0.27

0.34

0.28

0.27

0.27

0.29

0.33

0.22

0.23

0.29

0.34

0.24

0.26

0.24

0.29

0.24

0.221

0.170

0.252

0.226

0.390

0.281

0.252

0.284

0.159

0.354

0.419

0.320

0.315

0.244

0.444

0.140

0.285

0.334

0.282

0.179

0.218

0.234

0.121

0.348

0.181

0.272

0.388

0.394

0.193

0.204

0.246

0.254

0.242

0.248

0.493

0.211

0.123

0.234

0.226

0.256

0.247

0.129

0.248

0.108

0.308

0.258

0.175

0.256

0.182

0.203

0.080

0.175

0.173

0.270

0.130

0.153

0.207

0.083

0.271

0.138

0.200

0.297

0.294

0.142

0.161

0.244

0.228

0.244

0.198

0.181

0.276

0.351

0.260

0.248

0.245

0.268

0.345

0.254

0.295

0.256

0.236

0.266

0.241

0.297

0.302

0.256

0.273

0.217

0.247

0.273

0.349

0.283

0.274

0.270

0.296

0.335

0.225

0.231

0.294

0.342

0.242

0.267

0.249

0.291

0.245



calliparaea

Chlorophanes
spiza
Cyanerpes
caeruleus
Cyanerpes
cyaneus
Cyanerpes
lucidus
Cyanerpes
nitidus

Dacnis cayana

Dacnis hartlaubi
Dacnis lineata
Dacnis nigripes
Dacnis viguieri

Diglossa
albilatera
Diglossa cyanea

Diglossa glauca

Diglossa
indigotica
Iridosornis
rufivertex
Stephanophorus
diadematus
Tangara chilensis

Tangara
cyanoventris
Tangara gyrola

Tangara
labradorides
Tangara
mexicana
Tangara
peruviana
Tangara preciosa

Tangara
ruficervix
Tangara seledon

Tangara vassorii
Tangara velia

Tangara
xanthocephala
Thraupis
glaucocolpa
Thraupis ornata

Xenodacnis
parina
Chlorochrysa
calliparaea
Cyanerpes
caeruleus
Cyanerpes
cyaneus
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Tanager

Green
Honeycreeper
Purple
Honeycreeper
Redlegged
Honeycreeper
Shining
Honeycreeper
Shortbilled
Honeycreeper
Blue Dacnis

Turquoise Dacnis
Blackfaced Dacnis

Blacklegged
Dacnis
Viridian Dacnis

White-sided
Flowerpiercer
Masked
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Goldencrowned
Tanager
Diademed Tanage!

Paradise Tanager

Giltedged
Tanager
Bayheaded
Tanager
Metallic-green
Tanager
Turquoise Tanager

Blackbacked
Tanager
Chestnutbacked
Tanager
Goldernaped
Tanager
Greenheaded
Tanager
Blue-and-black
Tanager
Opatrumped
Tanager
Saffroncrowned
Tanager
Glaucous Tanager

Goldenchevroned
Tanager
Tit-like Dacnis

Orangeeared
Tanager
Purple
Honeycreeper
Redlegged
Honeycreeper

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bel

bel

bel

glossy viridian
green
lustrous
blue

purplishblue

violet

ultramarine blue
purplishblue
turquoise
turquoise
turquoiseblue
light turquoise

verditer blue/

green
dark slategrey /
white

dark blue

deep blue
indigo-blue
purplishblue
shining dark blue
dark blue
turquoiseblue
green / light blue
opalescent  blue
green
dark

blue
bluishgreen

turquoise

blue-green
bright blue
turquoise
dark blue
purplish blue

black / turquoise
green
grey / turquoise
blue
shining cadeblue

dark blue

emeraldgreen /
dark bluegreen
lustrous violet
blue

purplishblue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue
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0.05

0.69

0.60

0.47

0.38

0.20

0.27

0.25

0.21

0.26

0.22

0.27

0.38

0.29

0.27

0.38

0.16

0.15

0.22

0.10

0.31

0.06

0.05

0.21

0.21

0.39

0.42

0.07

0.17

0.32

0.31

0.14

0.65

0.51
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5
0.32

0.14

0.19

0.27

0.31

0.28

0.27

0.28

0.28

0.22

0.25

0.31

0.25

0.32

0.27

0.25

0.25

0.25

0.27

0.28

0.20

0.24

0.25

0.26

0.29

0.30

0.26

0.20

0.26

0.25

0.31

0.27

0.19

0.27
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0.416

0.166

0.139

0.167

0.168

0.269

0.281

0.291

0.293

0.342

0.266

0.234

0.194

0.207

0.231

0.193

0.181

0.281

0.344

0.379

0.250

0.403

0.420

0.307

0.330

0.172

0.163

0.407

0.309

0.210

0.210

0.410

0.146

0.142

0.201

0.000

0.062

0.079

0.132

0.241

0.168

0.171

0.202

0.169

0.253

0.177

0.160

0.171

0.220

0.173

0.403

0.309

0.161

0.233

0.229

0.286

0.269

0.207

0.160

0.127

0.148

0.309

0.257

0.205

0.163

0.174

0.004

0.069

0.325

0.140

0.197

0.276

0.317

0.285

0.273

0.285

0.288

0.227

0.252

0.311

0.258

0.323

0.279

0.254

0.252

0.258

0.271

0.282

0.209

0.245

0.253

0.267

0.298

0.307

0.265

0.209

0.263

0.257

0.312

0.274

0.198

0.271



Cyanerpes
lucidus
Dacnis cayana

Dacnis hartlaubi
Dacnis nigripes
Dacnis viguieri

Diglossa
albilatera
Diglossa cyanea

Diglossa glauca

Diglossa
indigotica
Iridosornis
rufivertex
Stephanophorus
diadematus
Tangara
cyanicollis
Tangara gyrola

Tangara lavinia
Tangara preciosa
Tangara vassorii
Thraupis ornata

Xenodacnis
parina
Anisognathus
lacrymosus
Anisognathus
melanogenys
Buthraupis
eximia
Conirostrum
albifrons
Conirostrum
bicolor
Cyanicterus
cyanicterus
Dacnis cayana

Dacnis nigripes
Dacnis venusta
Diglossa cyanea

Diglossa
indigotica
Iridosornis analis

Iridosornis
porphyrocephalu
S

Tangara
cyanocephala
Tangara
nigrocincta
Tangara seledon
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Shining
Honeycreeper
Blue Dacnis

Turquoise Dacnis

Blacklegged
Dacnis
Viridian Dacnis

White-sided
Flowerpiercer
Masked
Flowerpiercer
Deepblue
Flowerpiercer
Indigo
Flowerpiercer
Goldencrowned
Tanager
Diademed Tanagel

Bluenecked
Tanager
Bayheaded
Tanager
Rufouswinged
Tanager
Chestnutbacked
Tanager
Blue-and-black
Tanager
Goldenchevroned
Tanager

Tit-like Dacnis

Lacrimose
Mountain-Tanager
Blackcheeked
Mountain-Tanager
Blackchested
Mountain-Tanager
Capped Conebill

Bicolored Conebill

Bluebacked
Tanager
Blue Dacnis

Blacklegged
Dacnis
Scarletthighed
Dacnis
Masked
Flowerpiercer
Indigo
Flowerpiercer
Yellowthroated
Tanager
Purplishmantled
Tanager

Rednecked
Tanager
Masked Tanager

Greenheaded
Tanager

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

ultramarine blue
turquoise
turquoise

light turquoise

verditer blue/

green
dark slategrey
dark blue
deepblue
indigo-blue
purplishblue/
chesnut

no

black / deep blue
green / light blue
blue

blue-green /
yellowishopal

dark blue

grey / blueish

green
dark blue

slaty blue

shining blue

blue

dull blue

pale bluiskhgrey
bright cadetblue
blue

brownish olive /
turquoise

greenish olive /
blue

dark blue
indigo-blue

deep purplish blue

dark blue

blue-violet
pale lavender

turquoisegreen

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

blue

0.51

0.23

0.27

0.24

0.24

0.22

0.24

0.29

0.29

0.21

0.35

0.27

0.21

0.22

0.14

0.38

0.21

0.25

0.21

0.17

0.21

0.28

0.13

0.21

0.21

0.17

0.16

0.21

0.18

0.15

0.21

0.25

0.22

0.07
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0.26

0.28

0.27

0.28

0.22

0.24

0.28

0.25

0.32

0.26

0.24

0.25

0.22

0.26

0.25

0.30

0.24

0.28

0.27

0.23

0.27

0.28

0.18

0.20

0.24

0.23

0.22

0.27

0.23

0.23

0.23

0.34

0.32

0.22
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0.159

0.285

0.280

0.299

0.345

0.268

0.255

0.232

0.214

0.263

0.204

0.242

0.381

0.348

0.316

0.169

0.264

0.252

0.268

0.300

0.264

0.223

0.326

0.335

0.329

0.308

0.321

0.271

0.288

0.299

0.267

0.237

0.255

0.443

0.067

0.195

0.172

0.168

0.188

0.265

0.218

0.215

0.168

0.257

0.193

0.227

0.184

0.154

0.283

0.146

0.273

0.208

0.245

0.291

0.244

0.205

0.359

0.241

0.209

0.283

0.291

0.240

0.294

0.312

0.283

0.165

0.194

0.252

0.262

0.285

0.279

0.289

0.224

0.247

0.281

0.258

0.321

0.266

0.246

0.255

0.220

0.269

0.256

0.305

0.244

0.288

0.273

0.239

0.273

0.285

0.185

0.208

0.245

0.235

0.220

0.275

0.231

0.237

0.238

0.343

0.323

0.227



Tangara vassorii
Thraupis abbas

Thraupis
bonariensis
Thraupis
cyanocephala
Thraupis ornata

Anisognathus
melanogenys
Buthraupis
eximia
Buthraupis
montana
Conirostrum
bicolor
Cyanicterus
cyanicterus
Dacnis venusta

Diglossa cyanea

Diglossa
indigotica
Iridosornis analis

Iridosornis
porphyrocephalu
s

Tangara
cyanocephala
Tangara
nigrocincta
Tangara seledon

Tangara vassorii
Thraupis abbas

Thraupis
cyanocephala
Thraupisornata

Anisognathus
lacrymosus
Anisognathus
melanogenys
Buthraupis
montana
Conirostrum
bicolor

Diglossa cyanea
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Poospiza
melanoleuca
Poospiza
nigrorufa
Poospiza
thoracica
Poospiza
torquata
Saltator
aurantiirostris
Saltator
coerulescens
Saltator
nigriceps
Schistochlamys
melanopis
Sicalis
taczanowskii
Sporophila
albogularis
Sporophila
caerulescens
Sporophila
hypoxantha
Sporophila
minuta
Sporophila
palustris
Sporophila
plumbea
Tangara inornata

Thlypopsis
fulviceps
Thlypopsis
inornata
Thlypopsis
pectoralis
Thlypopsis
sordida
Thraupis sayaca

Charitospiza
eucosma
Conothraupis
speculigera
Coryphaspiza
melanotis
Coryphospingus
pileatus
Creurgops
verticalis
Diglossa
brunneiventris
Diglossa
carbonaria
Diuca diuca

Hemispingus
verticalis
Hemispingus
xanthophthalmu
S

Idiopsar
brachyurus
Melanodera
xanthogramma
Neothraupis
fasciata
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Blackcapped
WarblingFinch
Blackand-rufous
WarblingFinch
Baychested
WarblingFinch
Ringed Warbling
Finch
Goldenbilled
Saltator

Grayish Saltator

Blackcowled
Saltator
Blackfaced
Tanager
Sulphurthroated
Finch
White-throated
Seedeater
Doublecollared
Seedeater
Tawnybellied
Seedeater
Ruddybreasted
Seedeater
Marsh Seedeater

Plumbeous
Seedeater
Plaincolored
Tanager
Fulvousheaded
Tanager
Buff-bellied
Tanager
Brownflanked
Tanager
Orangeheaded
Tanager
Sayaca Tanager

Coalcrested Finch

Blackand-white
Tanager
Blackmasked
Finch

Pileated Finch

Rufouscrested
Tanager
Blackthroated
Flowerpiercer
Graybellied
Flowerpiercer
Common
Finch
Blackheaded
Hemispingus

Drab Hemispingus

Shorttailed Finch

Yellowbridled
Finch
White-banded
Tanager

Diuca
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Paroaria
coronata
Piezorhina
cinerea
Poospiza alticola

Poospiza caesar

Poospiza
hispaniolensis
Poospiza
melanoleuca
Poospiza
nigrorufa
Poospiza
torquata
Saltator
aurantiirostris
Saltator
coerulescens
Saltator
nigriceps
Saltator similis

Schistochlamys
melanopis
Sporophila
albogularis
Sporophila
plumbea
Tangara inornata

Thlypopsis
fulviceps
Thlypopsis
inornata
Thlypopsis
pectoralis
Thlypopsis
sordida
Thraupis sayaca

Cnemoscopus
rubrirostris
Embernagra
platensis
Phrygilus
plebejus
Tangara inornata

Thraupis
glaucocolpa
Thraupis sayaca

Xenospingus
concolor
Cnemoscopus
rubrirostris
Conirostrum
bicolor
Embernagra
platensis
Hemispingus
verticalis
Idiopsar
brachyurus
Incaspiza laeta

Incaspiza
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Redcrested
Cardinal

Cinereous Finch

Plaintailed
WarblingFinch

Chestnutbreasted

Mountain-Finch

Collared Warbling

Finch
Blackcapped
WarblingFinch

Blackandrufous

WarblingFinch

Ringed Warbling

Finch
Goldenbilled
Saltator

Grayish Saltator

Blackcowled
Saltator
Greenwinged
Saltator
Blackfaced
Tanager
White-throated
Seedeater
Plumbeous
Seedeater
Plaincolored
Tanager
Fulvousheaded
Tanager
Buff-bellied
Tanager
Brownflanked
Tanager
Orangeheaded
Tanager

Sayaca Tanager

Grayhooded Bush

Tanager
Great
Finch
Ashbreasted
SierraFinch
Plaincolored
Tanager

Glaucous Tanager

Sayaca Tanager

Slenderbilled
Finch

Grayhooded Bush

Tanager

Bicolored Conebill

Great
Finch
Blackheaded
Hemispingus

Shorttailed Finch

Buff-bridled Inca

Finch
Rufousbacked

Pampa

Pampa
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dark gray
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personata

Incaspiza pulchra

Neothraupis
fasciata
Phrygilus
plebejus
Piezorhina
cinerea
Poospiza
hypochondria
Saltatoratriceps

Saltator
atripennis
Saltator
aurantiirostris
Saltator
coerulescens
Saltator
maximus
Saltator
nigriceps
Sporophila
plumbea
Thlypopsis
fulviceps
Thraupis sayaca

Xenospingus
concolor
Diglossa
carbonaria
Idiopsar
brachyurus
Neothraupis
fasciata
Phrygilus
plebejus
Piezorhina
cinerea
Saltator atriceps

Saltator
atripennis
Saltator
maximus
Saltator
nigriceps
Schistochlamys
melanopis
Sporophila
plumbea
Thraupis
glaucocolpa
Urothraupis
stolzmanni
Xenospingus
concolor
Acanthidops
bairdii
Camarhynchus
parvulus
Cnemoscopus
rubrirostris
Coereba flaveola

Creurgops
verticalis

157

IncaFinch

Great IncaFinch

White-banded
Tanager
Ashbreasted
SierraFinch
Cinereous Finch

Rufoussided
WarblingFinch
Blackheaded
Saltator
Blackwinged
Saltator
Goldenbilled
Saltator

Grayish Saltator

Buff-throated
Saltator
Blackcowled
Saltator
Plumbeous
Seedeater
Fulvousheaded
Tanager
Sayaca Tanager

Slendesbilled
Finch
Graybellied
Flowerpiercer
Shorttailed Finch

White-banded
Tanager
Ashbreasted
SierraFinch
Cinereous Finch

Blackheaded
Saltator
Blackwinged
Saltator
Buff-throated
Saltator
Blackcowled
Saltator
Blackfaced
Tanager
Plumbeous
Seedeater

Glaucous Tanager

Blackbacked Bush

Tanager
Slenderbilled
Finch

Pegbilled Finch

Small Tredrinch

Grayhooded Bush

Tanager
Bananaquit

Rufouscrested
Tanager
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bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

cro
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grey
greyishwhite
pale grey
grey
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grey

greyish
grayish

gray

pale grey
grey

light grey / bluish
paler grey
grey

leaden gray
grey
greyishwhite
pale grey / white
gray
grey-white
grayish
gray / buffy
grey
lead-grey
white
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paler grey
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greyishbrown
medium grey
dark grey

leaden grey
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Diuca diuca

Hemispingus
melanotis
Heterospingus
xanthopygius
Incaspiza
personata
Lophospingus
griseocristatus
Neothraupis
fasciata
Phrygilus
atriceps
Piezorhina
cinerea

Poospiza alticola

Poospiza caesar

Poospiza
thoracica
Ramphocelus
passerinii
Saltator
coerulescens
Tachyphonus
luctuosus
Tachyphonus
phoenicius
Tachyphonus
rufiventer

Tangara inornata

Thraupis
glaucocolpa

Thraupis sayaca

Tiaris canorus

Acanthidops
bairdii
Camarhynchus
parvulus

Coereba flaveola

Compsospiza
garleppi
Conirostrum
albifrons

Coryphospingus

pileatus
Creurgops
verticalis
Diuca diuca

Hemispingus
melanotis
Heterospingus
xanthopygius
Lophospingus
griseocristatus
Neothraupis
fasciata
Piezorhina
cinerea

Poospiza alticola

Poospiza caesar
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Common
Finch
Blackeared
Hemispingus
Scarletbrowed
Tanager
Rufousbacked
IncaFinch

Graycrested Finch

White-banded
Tanager
Blackhooded
SierraFinch
Cinereous Finch

Plaintailed
WarblingFinch

Chestnutbreasted

Mountain-Finch
Baychested
WarblingFinch
Scarletrumped
Tanager
Grayish Saltator

White-shouldered

Tanager
Redshouldered
Tanager
Yellowcrested
Tanager
Plaincolored
Tanager

Glaucous Tanager
Sayaca Tanager

Cuban Grassquit

Pegbilled Finch
Small Treerinch
Bananaquit

Cochabamba
Mountain-Finch

Capped Conebill

Pileated Finch

Rufouscrested
Tanager
Common
Finch
Blackeared
Hemispingus
Scarletbrowed
Tanager

Graycrested Finch

White-banded
Tanager
Cinereous Finch

Plaintailed
WarblingFinch

Chestnutbreasted
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cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

darkgray

grey
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greyish
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dark gray
smoky  grey
greenish

dull grey / bluish
grey / greenish
brownisholive
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leaden grey
blue-tinged
greyish
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Poospiza
melanoleuca
Poospiza
thoracica
Poospiza
torquata
Saltator
coerulescens
Schistochlamys
melanopis
Tachyphonus
luctuosus
Tachyphonus
phoenicius
Tangaranornata

Thraupis
glaucocolpa
Thraupis sayaca

Acanthidops
bairdii
Camarhynchus
parvulus
Coereba flaveola

Compsospiza
garleppi
Coryphospingus
pileatus
Creurgops
verticalis

Diuca diuca

Heterospingus
xanthopygius
Lophospingus
griseocristatus
Neothraupis
fasciata
Paroaria
coronata
Piezorhina
cinerea
Poospiza alticola

Poospiza caesar

Poospiza
melanoleuca
Poospiza
thoracica
Poospiza
torquata
Saltator
aurantiirostris
Saltator
coerulescens
Schistochlamys
melanopis
Tangara inornata

Thlypopsis
sordida
Thraupis sayaca

Charitospiza
eucosma
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Mountain-Finch

Blackcapped
WarblingFinch
Baychested
WarblingFinch
Ringed Warbling
Finch

Grayish Saltator

Blackfaced
Tanager
White-shouldered
Tanager
Redshouldered
Tanager
Plaincolored
Tanager

Glaucous Tanager

Sayaca Tanager
Pegbilled Finch
Small Tredrinch
Bananaquit
Cochabamba

Mountain-Finch
Pileated Finch

Rufouscrested
Tanager

Common  Diuca
Finch
Scarletbrowed
Tanager

Graycrested Finch

White-banded
Tanager
Redcrested
Cardinal
Cinereous Finch

Plaintailed
WarblingFinch
Chestnutbreasted
Mountain-Finch
Blackcapped
WarblingFinch
Baychested
WarblingFinch
Ringed Warbling
Finch
Goldenbilled
Saltator

Grayish Saltator

Blackfaced
Tanager
Plaincolored
Tanager
Orangeheaded
Tanager
Sayaca Tanager

Coalcrested Finch

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

man

man

man

man

man

man

man

man

man
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man
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rum

blue-grey
grey
grey
greyish
grey
grey
brownishgrey
dark gray
smoky

greenish
dull grey / bluish

grey |/

brownisholive
greyishbrown
dark grey
leaden grey
greyishbrown
leaden grey
dark gray
dark leaden grey
gray/ olive
grey

grey

pale grey
gray brown
gray
blue-grey
grey

grey

grey

greyish

grey

dark gray
sandygrey
dull grey / bluish

gray-gold

grey

grey
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grey

grey

grey
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grey
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Compsospiza
garleppi
Creurgops
verticalis
Diglossa
brunneiventris
Diuca diuca

Lophospingus
griseocristatus
Neothraupis
fasciata

Paroaria
coronata
Piezorhina
cinerea
Poospiza alticola

Poospiza caesar

Poospiza
melanoleuca
Poospiza
torquata
Saltator
aurantiirostris
Saltator
coerulescens
Saltator similis

Schistochlamys
melanopis
Tangara inornata

Thlypopsis
sordida
Thraupis sayaca

Cnemoscopus
rubrirostris
Conirostrum
albifrons
Dacnis cayana

Dacnis venusta

Heterospingus
xanthopygius
Lanio aurantius

Lophospingus
griseocristatus
Loxigilla noctis

Loxipasser
anoxanthus
Phrygilus

fruticeti
Ramphocelus
passerinii
Tangara inornata

Thraupis
glaucocolpa
Thraupis sayaca

Xenospingus

concolor
Cnemoscopus
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Cochabamba
Mountain-Finch
Rufouscrested
Tanager
Blackthroated
Flowerpiercer
Common Diuca
Finch

Graycrested Finch

White-banded
Tanager
Redcrested
Cardinal
Cinereous Finch

Plaintailed
WarblingFinch
Chestnutbreasted
Mountain-Finch
Blackcapped
WarblingFinch
Ringed Warbling
Finch
Goldenbilled
Saltator

Grayish Saltator

Greenwinged
Saltator
Blackfaced
Tanager
Plaincolored
Tanager
Orangeheaded
Tanager
Sayaca Tanager

Grayhooded Bush

Tanager
Capped Conebill

Blue Dacnis

Scarleithighed
Dacnis
Scarletbrowed
Tanager
Blackthroated
ShrikeTanager
Graycrested Finch

Lesser
Bullfinch
Yellowshouldered
Grassquit
Mourning Sierra
Finch
Scarletrumped
Tanager
Plaincolored
Tanager

Glaucous Tanager

Sayaca Tanager

Slendesbilled
Finch

Grayhooded Bush

Antillean
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rum
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leaden grey
leaden grey
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blue gray

blue gray
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pale grey
gray brown
gray

blue-grey

grey
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greyish
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dark gray
sandygrey
dull grey / bluish
medium grey
pale grey / bluish
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grayish

paler grey
grey

paler gray
brown / greyer
grey/ green
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dark gray
smoky grey
light grey / bluish
paler grey

medium grey
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grey
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rubrirostris

Conirostrum
albifrons
Conirostrum
bicolor
Heterospingus
xanthopygius
Incaspiza laeta

Incaspiza
personata
Incaspiza pulchra

Lophospingus
griseocristatus
Lophospingus
pusillus
Loxipasser
anoxanthus
Neothraupis
fasciata
Phrygilus
fruticeti
Piezorhina
cinerea
Poospiza
hypochondria
Saltator atriceps

Saltator
atripennis
Saltator
aurantiirostris
Saltator
coerulescens
Saltator
maximus
Sicalis
taczanowskii
Tangara
viridicollis
Thraupis sayaca

Tiaris canorus

Xenospingus
concolor
Heterospingus
xanthopygius
Lophospingus
griseocristatus
Lophospingus
pusillus
Loxipasser
anoxanthus
Neothraupis
fasciata
Piezorhina
cinerea
Saltator atriceps

Saltator
atripennis
Saltator
maximus
Schistochlamys
melanopis
Sicalis
taczanowskii
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Tanager

Capped Conebill
Bicolored Conebill

Scarletbrowed
Tanager
Buff-bridled Inca
Finch
Rufousbacked
IncaFinch

Great IncaFinch

Graycrested Finch

Blackcrested
Finch
Yellowshouldered
Grassquit
White-banded
Tanager
Mourning Sierra
Finch

Cinereous Finch

Rufoussided
WarblingFinch
Blackheaded
Saltator
Blackwinged
Saltator
Goldenbilled
Saltator

Grayish Saltator

Buffthroated
Saltator
Sulphurthroated
Finch

Silvery Tanager

Sayaca Tanager
Cuban Grassquit

Slendesbilled
Finch
Scarletbrowed
Tanager
Graycrested Finch

Blackcrested
Finch
Yellowshouldered
Grassquit
White-banded
Tanager
Cinereous Finch

Blackheaded
Saltator
Blackwinged
Saltator
Buff-throated
Saltator
Blackfaced
Tanager
Sulphurthroated
Finch

bre

bre

bre

bre

bre

bre
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bre

bre

bre
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bre
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bel
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bel
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bel

pale grey / bluish
pale greyiskbuff
paler grey

grey

grey

grey

paler gray
greyish

grey/ green
grey

white

pale grey

grey
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dovegrey
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greyish

grayish/ buff
pale greyish
brown

grey

light grey / bluish
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paler grey
palergrey

paler gray
greyish
greenish yellow
grey

pale grey / white
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grey-white
grayish

grey

pale greyish
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grey
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grey
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Tangara
viridicollis
Tiaris canorus

Urothraupis
stolzmanni
Xenospingus
concolor
Acanthidops
bairdii

Bangsia arcaei

Catamenia analis

Catamenia
homochroa
Catamenia
inornata
Conirostrum
cinereum
Conirostrum
rufum
Conirostrum
speciosum
Delothraupis
castaneoventris
Diglossa baritula

Diglossa
caerulescens
Diglossa duidae

Diglossa
plumbea
Eucometis
penicillata
Euneornis
campestris
Haplospiza
unicolor
Oreomanes
fraseri
Phrygilus
alaudinus
Phrygilus
erythronotus
Phrygilus gayi

Phrygilus
patagonicus
Phrygilus
punensis
Phrygilus
unicolor
Poospiza cinerea

Poospiza
erythrophrys
Poospiza whitii

Saltator
fuliginosus
Saltator grossus

Sporophila
castaneiventris
Sporophila
intermedia
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Silvery Tanager
Cuban Grassquit

Blackbacked Bush
Tanager
Slenderbilled

Finch

Pegbilled Finch

Blue-and-gold
Tanager
Bandtailed
Seedeater

Paramo Seedeater

Plaincolored
Seedeater
Cinereous Conebill

Rufousbrowed
Conebill
Chestnutvented
Conehill
Chestnutbellied
Mountain-Tanager
Cinnamonbellied
Flowerpiercer
Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slaty
Flowerpiercer
Grayheaded
Tanager
Orangequit

Uniform Finch
Giant Conebill

Bandtailed Sierra
Finch
White-throated
SierraFinch
Grayhooded
SierraFinch
Patagonian Sierra
Finch
Peruvian
Finch
Plumbeous Sierra
Finch

Cinereous
WarblingFinch
Rustybrowed
WarblingFinch
Blackand
chestnut
WarblingFinch
Blackthroated
Grosbeak
Slatecolored
Grosbeak
Chestnutbellied
Seedeater

Gray Seedeater

Sierra

bel

bel

bel

bel

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro
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cro
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cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

grey

olive-grey

gray

paler grey

dark grey

bright blue

grey

dark slate gray
grey

slategray
plumbeous grey
dark greyiskblue
silvery sky blue
slate-blackish
dull bluishgrey
slaty black
blackishgrey — /
blue

grey

grey-blue
blue-grey
plumbeous
grey

blue-grey
bluishgrey

dark blue gray
grey

lead-grey

grey

blue-grey

slate-grey

deep slateblue
slaty blue
blue-grey

mediumgrey /
blue

grey

grey

grey
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slate

slate
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slate
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slate

slate
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slate
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slate
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slate
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slate
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Thraupis
episcopus
Xenospingus
concolor
Acanthidops
bairdii

Bangsia arcaei

Catamenia analis

Catamenia
homochroa
Catamenia
inornata
Conirostrum
cinereum
Conirostrum
rufum
Conirostrum
sitticolor
Conirostrum
speciosum
Delothraupis
castaneoventris
Diglossa baritula

Diglossa
caerulescens
Diglossa duidae

Diglossa
plumbea
Eucometis
penicillata
Euneornis
campestris
Haplospiza
unicolor
Nemosia pileata

Oreomanes
fraseri
Phrygilus
alaudinus
Phrygilus
erythronotus
Phrygilus gayi

Phrygilus
patagonicus
Phrygilus
unicolor
Poospiza cinerea

Poospiza whitii

Saltator
fuliginosus
Saltator grossus

Sporophila
castaneiventris
Sporophila
intermedia
Thraupis
episcopus
Xenospingus
concolor

163

Bluegray Tanager

Slenderbilled
Finch
Pegbilled Finch

Blue-and-gold
Tanager
Bandtailed
Seedeater

Paramo Seedeater

Plaincolored
Seedeater
Cinereous Conebill

Rufousbrowed
Conebill
Blue-backed
Conehill
Chestnutvented
Conebill
Chestnutbellied
Mountain-Tanager
Cinnamonrbellied
Flowerpiercer
Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slaty
Flowerpiercer
Grayheaded
Tanager
Orangequit

Uniform Finch
Hooded Tanager
Giant Conebill

Bandtailed Sierra
Finch
White-throated
SierraFinch
Grayhooded
SierraFinch
Patagonian Sierra
Finch
Plumbeous Sierra
Finch

Cinereous
WarblingFinch
Blackand
chestnut
WarblingFinch
Blackthroated
Grosbeak
Slatecolored
Grosbeak
Chestnutbellied
Seedeater

Gray Seedeater

Bluegray Tanager

Slenderbilled
Finch

M

cro

cro

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

pale grey / blue
wash

slate-grey

dark grey

dark blue

grey

dark slate gray
grey

slategray
plumbeous grey
blue

dark greyiskblue
dark blue
slate-blackish
dull bluishgrey
slaty black
blackishgrey  /
blue

grey

grey-blue
blue-grey

light blue
plumbeous
lead-grey

dark gray
bluish-grey

dark blue gray
lead-grey

grey

slate-grey

deep slateblue
slaty blue
blue-grey

mediumgrey /
blue

pale grey / blue
wash

slate-grey

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

0.18

0.19

0.20

0.33

0.20

0.18

0.14

0.14

0.18

0.23

0.23

0.28

0.25

0.23

0.22

0.21

0.05

0.25

0.16

0.21

0.18

0.16

0.18

0.21

0.24

0.20

0.17

0.20

0.22

0.23

0.19

0.18

0.19

0.18
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0.25

0.25

0.24

0.25

0.26

0.24

0.24

0.24

0.24

0.25

0.27

0.28

0.26

0.26

0.24

0.24

0.23

0.28

0.26

0.27

0.24

0.24

0.25

0.21

0.24

0.25

0.25

0.24

0.24

0.25

0.26

0.25

0.26

0.25
0

0.295

0.279

0.274

0.220

0.274

0.284

0.298

0.303

0.288

0.273

0.265

0.233

0.258

0.265

0.267

0.272

0.341

0.254

0.294

0.275

0.283

0.288

0.280

0.284

0.263

0.276

0.288

0.278

0.268

0.263

0.280

0.284

0.286

0.282

0.263

0.273

0.276

0.191

0.253

0.285

0.309

0.311

0.284

0.239

0.226

0.196

0.228

0.237

0.260

0.263

0.371

0.205

0.273

0.240

0.286

0.303

0.281

0.285

0.247

0.270

0.287

0.274

0.260

0.245

0.265

0.280

0.251

0.279

0.254

0.254

0.244

0.252

0.265

0.245

0.246

0.240

0.249

0.256

0.279

0.289

0.261

0.265

0.245

0.248

0.230

0.288

0.267

0.271

0.243

0.240

0.250

0.217

0.245

0.254

0.251

0.248

0.247

0.253

0.260

0.252

0.264

0.250



Acanthidops
bairdii
Bangsia arcaei

Catamblyrhynch
us diadema
Catamenia analis

Catamenia
homochroa
Catamenia
inornata
Conirostrum
cinereum
Conirostrum
leucogenys
Conirostrum
rufum
Conirostrum
sitticolor
Conirostrum
speciosum
Delothraupis
castaneoventris
Diglossa baritula

Diglossa
caerulescens
Diglossa duidae

Diglossa
plumbea
Euneornis
campestris
Haplospiza
unicolor
Hemispingus
goeringi
Nemosia pileata

Oreomanes
fraseri

Phrygilus
erythronotus
Phrygilus
unicolor
Poospiza cinerea

Poospiza whitii

Pyrrhocoma
ruficeps

Saltator
fuliginosus
Saltator grossus

Schistochlamys
ruficapillus
Sporophila
castaneiventris
Sporophila
intermedia
Tangara heinei

Thraupis
episcopus
Xenospingus
concolor
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Pegbilled Finch

Blue-and-gold
Tanager
Plushcap

Bandtailed
Seedeater
Paramo Seedeater

Plaincolored
Seedeater
Cinereous Conebill

White-eared
Conehill
Rufousbrowed
Conebill
Bluebacked
Conehill
Chestnutvented
Conebill
Chestnutbellied
Mountain-Tanager
Cinnamonbellied
Flowerpiercer
Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slaty
Flowerpiercer
Orangequit

Uniform Finch

Slatybacked
Hemispingus
Hooded Tanager

Giant Conebill

White-throated
SierraFinch
Plumbeous Sierra
Finch

Cinereous
WarblingFinch
Blackand

chestnut
WarblingFinch
Chestnutheaded
Tanager
Blackthroated
Grosbeak
Slatecolored
Grosbeak
Cinnamon Tanagel

Chestnutbellied
Seedeater
Gray Seedeater

Blackcapped
Tanager
Bluegray Tanager

Slenderbilled
Finch

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

man

dark grey

dark blue

blue gray

grey / browner
dark slate gray
grey

slategray

dark bluishgrey
plumbeous grey
blue

dark greyiskblue
dark blue

slate gray

dull bluishgrey
slaty black
blackishgrey  /
blue

grey-blue
blue-grey

slaty

light blue
plumbeous
dark gray
lead-grey
blue-grey

slategrey

dark grey

deep slateblue
slaty blue

grey

blue-grey
mediumgrey /
blue

shining greyblue
darker bluiskhgrey

slate-grey

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

0.20

0.32

0.21

0.20

0.17

0.12

0.14

0.23

0.19

0.35

0.22

0.26

0.23

0.24

0.23

0.23

0.25

0.17

0.18

0.21

0.21

0.20

0.20

0.21

0.16

0.21

0.23

0.22

0.19

0.19

0.20

0.05

0.20

0.18
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0.24

0.25

0.25

0.26

0.24

0.23

0.23

0.28

0.24

0.28

0.27

0.27

0.27

0.26

0.24

0.26

0.28

0.26

0.24

0.26

0.24

0.24

0.25

0.24

0.24

0.24

0.26

0.24

0.25

0.25

0.25

0.34

0.27

0.25
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0.279

0.227

0.271

0.276

0.287

0.308

0.305

0.264

0.281

0.201

0.267

0.241

0.263

0.262

0.266

0.263

0.252

0.291

0.285

0.273

0.274

0.274

0.273

0.272

0.294

0.272

0.265

0.264

0.282

0.279

0.276

0.339

0.291

0.283

0.273

0.196

0.257

0.258

0.293

0.334

0.315

0.214

0.275

0.158

0.230

0.214

0.230

0.229

0.255

0.234

0.208

0.279

0.289

0.242

0.274

0.279

0.267

0.272

0.290

0.269

0.240

0.265

0.275

0.269

0.273

0.261

0.228

0.276

0.246

0.255

0.253

0.265

0.243

0.230

0.236

0.287

0.248

0.287

0.278

0.277

0.271

0.268

0.246

0.265

0.286

0.260

0.240

0.269

0.242

0.243

0.251

0.246

0.248

0.246

0.260

0.243

0.253

0.255

0.251

0.348

0.273

0.254



Acanthidops
bairdii
Bangsia arcaei

Catamblyrhynch
us diadema
Catamenia analis

Catamenia
homochroa
Catamenia
inornata
Conirostrum
cinereum
Conirostrum
leucogenys
Conirostrum
rufum
Conirostrum
sitticolor
Conirostrum
speciosum
Delothraupis
castaneoventris
Diglossa baritula

Diglossa
caerulescens
Diglossa duidae

Diglossa
plumbea
Euneornis
campestris
Haplospiza
unicolor
Hemispingus
goeringi
Nemosia pileata

Oreomanes
fraseri

Phrygilus
alaudinus
Phrygilus
erythronotus
Phrygilus
unicolor
Poospiza cinerea

Poospiza whitii

Pyrrhocoma
ruficeps

Saltator
fuliginosus
Saltator grossus

Schistochlamys
ruficapillus
Sporophila
castaneiventris
Sporophila
intermedia
Tangara heinei

Tangara
vitriolina
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Pegbilled Finch

Blue-and-gold
Tanager
Plushcap

Bandtailed
Seedeater
Paramo Seedeater

Plaincolored
Seedeater
Cinereous Conebill

White-eared
Conehill
Rufousbrowed
Conebill
Bluebacked
Conehill
Chestnutvented
Conebill
Chestnutbellied
Mountain-Tanager
Cinnamonbellied
Flowerpiercer
Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slaty
Flowerpiercer
Orangequit

Uniform Finch

Slatybacked
Hemispingus
Hooded Tanager

Giant Conebill

Bandtailed Sierra
Finch
White-throated
SierraFinch
Plumbeous Sierra
Finch

Cinereous
WarblingFinch
Blackand
chestnut
WarblingFinch
Chestnutheaded
Tanager
Blackthroated
Grosbeak
Slatecolored
Grosbeak
Cinnamon Tanagel

Chestnutbellied
Seedeater
Gray Seedeater

Blackcapped
Tanager
Scrub Tanager

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

dark grey

dark blue

blue gray
blue-grey

dark slate gray
grey

slategray

dark bluishgrey
plumbeous grey
blue

dark greyiskblue
dark blue

slate gray

dull bluishgrey
slaty black
blackishgrey  /
blue

grey-blue
blue-grey

dark grey

light blue
plumbeous
grey

dark gray
lead-grey
blue-grey

slate-grey

dark grey
deepslate-blue
slaty blue

grey

blue-grey
mediumgrey /
blue

shininggrey-blue

greyish blue

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

0.21

0.24

0.21

0.20

0.18

0.17

0.16

0.22

0.20

0.26

0.23

0.26

0.23

0.25

0.21

0.22

0.26

0.19

0.18

0.21

0.19

0.17

0.20

0.19

0.18

0.21

0.21

0.24

0.22

0.19

0.19

0.20

0.11

0.07
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0.24

0.24

0.24

0.26

0.23

0.24

0.22

0.25

0.22

0.25

0.28

0.27

0.26

0.26

0.24

0.24

0.29

0.25

0.23

0.26

0.23

0.23

0.25

0.25

0.25

0.24

0.25

0.25

0.24

0.24

0.26

0.25

0.31

0.24
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0.273

0.259

0.272

0.273

0.284

0.287

0.294

0.268

0.270

0.243

0.264

0.242

0.262

0.257

0.269

0.267

0.246

0.283

0.282

0.273

0.278

0.286

0.274

0.278

0.284

0.271

0.273

0.263

0.266

0.278

0.278

0.276

0.300

0.350

0.267

0.258

0.270

0.255

0.297

0.292

0.315

0.251

0.300

0.239

0.214

0.220

0.240

0.224

0.268

0.261

0.191

0.264

0.302

0.244

0.298

0.311

0.271

0.276

0.275

0.263

0.266

0.245

0.264

0.288

0.267

0.273

0.271

0.327

0.247

0.243

0.246

0.265

0.236

0.248

0.227

0.258

0.221

0.252

0.288

0.270

0.261

0.263

0.244

0.248

0.295

0.258

0.230

0.267

0.233

0.231

0.250

0.251

0.259

0.249

0.250

0.251

0.244

0.243

0.260

0.250

0.312

0.246



Thraupis
episcopus
Xenospingus
concolor
Acanthidops
bairdii

Bangsia arcaei

Catamenia analis

Catamenia
homochroa
Catamenia
inornata
Conirostrum
leucogenys
Diglossa baritula

Diglossa
caerulescens
Diglossa duidae

Diglossa
plumbea
Haplospiza
unicolor
Phrygilus gayi

Phrygilus
patagonicus
Phrygilus
punensis
Phrygilus
unicolor
Saltator
fuliginosus
Tangara
vitriolina
Thraupis
cyanocephala
Thraupis
episcopus
Acanthidops
bairdii
Catamenia analis

Catamenia
homochroa
Catamenia
inornata
Diglossa
plumbea
Euneornis
campestris
Haplospiza
unicolor
Phrygilus
erythronotus
Phrygilus
unicolor
Pyrrhocoma
ruficeps
Tangara
vitriolina
Thraupis
cyanocephala
Thraupis
episcopus
Acanthidops
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Bluegray Tanager

Slenderbilled
Finch
Pegbilled Finch

Blue-and-gold
Tanager
Bandtailed
Seedeater

Paramo Seedeater

Plaincolored
Seedeater
White-eared
Conehill
Cinnamonbellied
Flowerpiercer
Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slaty
Flowerpiercer
Uniform Finch

Grayhooded
SierraFinch
Patagonian Sierra
Finch
Peruvian
Finch
Plumbeous Sierra
Finch
Blackthroated
Grosbeak

Scrub Tanager

Sierra

Bluecapped
Tanager
Bluegray Tanager

Pegbilled Finch

Bandtailed
Seedeater
Paramo Seedeater

Plaincolored
Seedeater
Slaty
Flowerpiercer
Orangequit

Uniform Finch

White-throated
SierraFinch
PlumbeousSierra
Finch
Chestnutheaded
Tanager

Scrub Tanager

Bluecapped
Tanager
Bluegray Tanager

Pegbilled Finch

rum

rum

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

thr

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bre

bel

darker bluishgrey
slate-grey

dark grey

dark blue

grey

dark slate gray
grey

pale grey / bluish
slate-blackish /
cinnamorrufous
dull bluishgrey
slate-grey

dark slategrey
blue-grey
bluishgrey

dark blue gray
grey

lead-grey

deep slateblue
pale bluiskhgrey
dull bluishgrey
pale grey / blue
wash

dark grey

grey

dark slate gray
grey

dark slategrey
grey-blue
blue-grey

grey

lead-grey

dark grey

pale bluiskhgrey
dull bluishgrey
pale grey / blue

wash
dark grey

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

0.22

0.20

0.19

0.22

0.17

0.15

0.15

0.18

0.14

0.21

0.21

0.19

0.15

0.22

0.23

0.19

0.17

0.20

0.12

0.17

0.19

0.18

0.17

0.16

0.13

0.19

0.23

0.19

0.16

0.19

0.19

0.06

0.17

0.20

0.17

0.29

0.24

0.24

0.23

0.26

0.24

0.25

0.25

0.20

0.27

0.24

0.24

0.25

0.25

0.25

0.25

0.25

0.23

0.24

0.25

0.25

0.24

0.26

0.24

0.24

0.25

0.28

0.25

0.25

0.25

0.25

0.26

0.26

0.28

0.25

0.265

0.273

0.280

0.273

0.288

0.298

0.295

0.283

0.292

0.273

0.273

0.281

0.294

0.267

0.262

0.277

0.285

0.287

0.314

0.286

0.286

0.280

0.285

0.289

0.302

0.280

0.264

0.276

0.285

0.276

0.281

0.341

0.286

0.269

0.284

0.217

0.276

0.280

0.265

0.277

0.299

0.303

0.273

0.359

0.237

0.269

0.282

0.287

0.252

0.249

0.273

0.290

0.277

0.322

0.284

0.266

0.281

0.281

0.298

0.318

0.271

0.213

0.269

0.299

0.277

0.277

0.330

0.280

0.243

0.286

0.295

0.245

0.247

0.233

0.261

0.246

0.251

0.255

0.203

0.270

0.247

0.247

0.259

0.259

0.256

0.253

0.250

0.235

0.243

0.255

0.257

0.249

0.260

0.244

0.246

0.255

0.287

0.258

0.250

0.255

0.251

0.262

0.260

0.281

0.251



bairdii
Catamenia
homochroa
Diglossa
plumbea
Euneornis
campestris
Haplospiza
unicolor
Phrygilus
unicolor
Pyrrhocoma
ruficeps
Saltator
fuliginosus
Saltator grossus

Tangara heinei

Tangara
vitriolina
Thraupis
cyanocephala
Thraupis
episcopus
Bangsia arcaei

Conirostrum
cinereum
Conirostrum
ferrugineiventre
Conirostrum
rufum
Conirostrum
speciosum
Delothraupis
castaneoventris
Diglossa
caerulescens
Diglossa duidae

Eucometis
penicillata
Euneornis
campestris
Nemosia pileata

Phrygilus
erythronotus
Phrygilus
patagonicus
Phrygilus
punensis
Poospiza cinerea

Poospiza
erythrophrys
Poospiza whitii

Saltator
fuliginosus
Saltator grossus

Thraupis
episcopus
Xenospingus
concolor
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Paramo Seedeater M

Slaty M
Flowerpiercer

Orangequit M
Uniform Finch M

Plumbeous Sierra M
Finch
Chestnutheaded M
Tanager
Blackthroated M
Grosbeak
Slatecolored M
Grosbeak
Blackcapped M
Tanager

Scrub Tanager M

Bluecapped M
Tanager
Bluegray Tanager M

Blue-and-gold F
Tanager
Cinereous Conebill F

White-browed F
Conebill
Rufousbrowed F
Conehill

Chestnutvented F
Conebill
Chestnutbellied F

Mountain-Tanager
Bluish F
Flowerpiercer

Scaled F
Flowerpiercer
Grayheaded F
Tanager

Orangequit F

HoodedTanager F

White-throated F
SierraFinch
Patagonian Sierra F
Finch

Peruvian  Sierra F
Finch

Cinereous F
WarblingFinch
Rustybrowed F
WarblingFinch
Blackand F
chestnut
WarblingFinch
Blackthroated F
Grosbeak
Slatecolored F
Grosbeak

Bluegray Tanager F

Slendesbilled F
Finch

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

bel

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

cro

dark slate gray
dark slategrey
grey-blue
blue-grey
lead-grey

dark grey
deep slateblue
slaty blue
grayblue

pale glaucous

dull bluishgrey

pale grey / blue

wash
bright blue

slategray
slaty
plumbeous grey
bluish-grey
silvery sky blue
dull bluishgrey
slatyblack

grey

olive-grey

light blue

dark gray

dark blue gray
grey

grey

blue-grey

slategrey / olive
brown

deepslate-blue

slaty blue

pale grey / blue

wash
slate-grey

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate
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0.15

0.17

0.23

0.15

0.17

0.19

0.22

0.20

0.12

0.07

0.16

0.20

0.32

0.14

0.17

0.15

0.17

0.27

0.20

0.19

0.09

0.14

0.16

0.18

0.22

0.16

0.16

0.15

0.15

0.19

0.19

0.18

0.16
5

1
0.24

0.24

0.27

0.25

0.25

0.24

0.24

0.24

0.31

0.21

0.25

0.28

0.27

0.22

0.24

0.24

0.26

0.29

0.25

0.24

0.23

0.24

0.26

0.24

0.26

0.23

0.25

0.24

0.22

0.24

0.25

0.24

0.25
7

0.296

0.286

0.265

0.295

0.283

0.277

0.268

0.272

0.301

0.339

0.286

0.273

0.218

0.303

0.296

0.297

0.298

0.237

0.279

0.290

0.321

0.311

0.299

0.284

0.266

0.294

0.288

0.294

0.300

0.282

0.285

0.296

0.291

0.312

0.293

0.230

0.292

0.287

0.282

0.261

0.270

0.270

0.374

0.288

0.237

0.180

0.324

0.290

0.306

0.267

0.190

0.266

0.265

0.345

0.303

0.272

0.289

0.247

0.305

0.292

0.311

0.316

0.274

0.270

0.274

0.287

0.240

0.248

0.274

0.255

0.250

0.247

0.248

0.249

0.310

0.218

0.259

0.289

0.278

0.224

0.244

0.240

0.264

0.295

0.255

0.246

0.238

0.243

0.262

0.246

0.261

0.239

0.251

0.245

0.229

0.249

0.251

0.248

0.257



Bangsia arcaei

Conirostrum
cinereum
Conirostrum
ferrugineiventre
Conirostrum
rufum
Conirostrum
sitticolor
Conirostrum
speciosum
Delothraupis
castaneoventris
Diglossa
caerulescens
Diglossa duidae

Eucometis
penicillata
Euneornis
campestris
Nemosia pileata

Phrygilus
erythronotus
Phrygilus
patagonicus
Phrygilus
punensis
Poospiza cinerea

Poospiza whitii

Saltator
fuliginosus
Saltator grossus

Thraupis
episcopus
Xenospingus
concolor
Bangsia arcaei

Catamblyrhynch
us diadema
Conirostrum
cinereum
Conirostrum
ferrugineiventre
Conirostrum
rufum
Conirostrum
sitticolor
Delothraupis
castaneoventris
Diglossa
caerulescens
Diglossa duidae

Hemispingus
goeringi
Nemosia pileata

Phrygilus

erythronotus
Poospiza cinerea
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Blue-and-gold
Tanager

Cinereous Conebill

White-browed
Conebill
Rufousbrowed
Conehill
Bluebacked
Conebill
Chestnutvented
Conehill
Chestnutbellied

Mountain-Tanager

Bluish
Flowerpiercer
Scaled
Flowerpiercer
Grayheaded
Tanager
Orangequit

Hooded Tanager

White-throated
SierraFinch

Patagonian Sierra

Finch
Peruvian
Finch
Cinereous
WarblingFinch
Blackand
chestnut
WarblingFinch
Blackthroated
Grosbeak
Slatecolored
Grosbeak

Bluegray Tanager

Slenderbilled
Finch
Blue-and-gold
Tanager
Plushcap

Cinereous Conebill

White-browed
Conehill
Rufousbrowed
Conebill
Blue-backed
Conehill
Chestnutbellied

Mountain-Tanager

Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slatybacked
Hemispingus
Hooded Tanager

White-throated
SierraFinch
Cinereous
WarblingFinch

Sierra

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

nap

man

man

man

man

man

man

man

man

man

man

man

man

man

dark blue
slategray
blue gray
plumbeous grey
blue
bluish-grey
dark blue

dull bluishgrey
slaty black
grey/ green
olive-grey

light blue

dark gray

dark blue gray
grey

grey

slategrey / olive-
brown

deep slateblue

slaty blue

pale grey / blue

wash
slategrey

dark blue

blue gray
slategray
blue gray
plumbeous grey
blue

dark blue

dull bluishgrey
slaty black
slaty

light blue

dark gray

blue-grey

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

0.32

0.14

0.18

0.16

0.20

0.19

0.26

0.21

0.24

0.06

0.14

0.19

0.17

0.21

0.17

0.13

0.15

0.21

0.21

0.19

0.18

0.26

0.21

0.16

0.18

0.16

0.26

0.26

0.22

0.24

0.19

0.19

0.18

0.14
5

0.26

0.22

0.25

0.24

0.24

0.26

0.27

0.24

0.25

0.23

0.23

0.26

0.24

0.24

0.24

0.25

0.22

0.25

0.25

0.25

0.25

0.24

0.25

0.22

0.26

0.24

0.25

0.28

0.27

0.24

0.23

0.26

0.24

0.25
8

0.221

0.302

0.285

0.293

0.282

0.285

0.244

0.272

0.265

0.338

0.306

0.282

0.286

0.271

0.286

0.302

0.299

0.272

0.272

0.293

0.283

0.247

0.270

0.294

0.286

0.294

0.243

0.242

0.268

0.261

0.282

0.283

0.282

0.300

0.192

0.326

0.277

0.297

0.274

0.254

0.218

0.267

0.238

0.365

0.306

0.261

0.288

0.263

0.296

0.305

0.324

0.261

0.259

0.265

0.279

0.238

0.261

0.319

0.265

0.299

0.229

0.205

0.236

0.247

0.287

0.264

0.285

0.297

0.266

0.225

0.250

0.243

0.245

0.267

0.273

0.248

0.253

0.233

0.239

0.262

0.249

0.249

0.240

0.256

0.222

0.251

0.251

0.251

0.255

0.248

0.252

0.224

0.263

0.241

0.259

0.288

0.270

0.246

0.238

0.262

0.247

0.258



Poospiza whitii

Saltator
fuliginosus
Saltator grossus

Schistochlamys
ruficapillus
Thraupis
episcopus
Xenospingus
concolor
Bangsia arcaei

Catamblyrhynch
us diadema
Catamenia analis

Conirostrum
cinereum
Conirostrum
ferrugineiventre
Conirostrum
rufum
Conirostrum
sitticolor
Delothraupis
castaneoventris
Diglossa
caerulescens
Diglossa duidae

Hemispingus
goeringi
Nemosia pileata

Phrygilus
erythronotus
Poospiza cinerea

Poospiza whitii

Saltator
fuliginosus
Saltator grossus

Schistochlamys
ruficapillus
Tangara
vitriolina
Thraupis
episcopus
Xenospingus
concolor
Bangsia arcaei

Diglossa
caerulescens
Diglossa duidae

Embernagra
platensis
Phrygilus
patagonicus
Saltator
fuliginosus
Tangara
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Blackand

chestnut
WarblingFinch
Blackthroated
Grosbeak
Slatecolored
Grosbeak
Cinnamon Tanagel

Bluegray Tanager

Slendesbilled
Finch
Blue-and-gold
Tanager
Plushcap

Bandtailed
Seedeater
Cinereous Conebill

White-browed
Conehill
Rufousbrowed
Conebill
Blue-backed
Conehill
Chestnutbellied
Mountain-Tanager
Bluish
Flowerpiercer
Scaled
Flowerpiercer
Slatybacked
Hemispingus
Hooded Tanager

White-throated
SierraFinch
Cinereous
WarblingFinch
Blackand
chestnut
WarblingFinch
Blackthroated
Grosbeak
Slatecolored
Grosbeak
Cinnamon Tanagel

Scrub Tanager
Bluegray Tanager

Slenderbilled
Finch
Blue-and-gold
Tanager

Bluish
Flowerpiercer
Scaled
Flowerpiercer
Great Pampa
Finch

Patagonian Sierra
Finch
Blackthroated
Grosbeak

Scrub Tanager

man

man

man

man

man

man

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

rum

thr

thr

thr

thr

thr

thr

thr

slategrey / olive
brown

deep slateblue
slaty blue

grey

darker bluiskgrey
slategrey

dark blue

blue gray

brown/ dark

brown
slategray
blue gray
plumbeous grey
blue

dark blue

dull bluishgrey
slaty black
dark grey

light blue

dark gray
blue-grey

slategrey / olive
brown

deep slateblue
slaty blue
grey

greyish blue
darker bluiskgrey
slate-grey
dark blue

dull bluishgrey
slate-grey
grey

dark blue gray
deep slateblue

pale bluishgrey

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

slate

0.15

0.22

0.21

0.17

0.18

0.18

0.32

0.20

0.17

0.15

0.19

0.17

0.22

0.22

0.24

0.24

0.18

0.20

0.22

0.16

0.19

0.20

0.21

0.19

0.11

0.22

0.19

0.23

0.16

0.22

0.12

0.22

0.17

0.12

0.22

0.25

0.25

0.22

0.25

0.25

0.26

0.23

0.23

0.21

0.26

0.23

0.24

0.25

0.26

0.24

0.23

0.25

0.24

0.26

0.23

0.25

0.24

0.23

0.23

0.26

0.25

0.22

0.22

0.25

0.23

0.25

0.22

0.23

0.300

0.271

0.273

0.293

0.295

0.282

0.220

0.273

0.289

0.293

0.281

0.286

0.262

0.259

0.260

0.263

0.281

0.278

0.266

0.292

0.281

0.276

0.275

0.279

0.335

0.286

0.277

0.273

0.288

0.272

0.304

0.268

0.294

0.316

0.318

0.257

0.256

0.307

0.264

0.281

0.188

0.287

0.308

0.330

0.262

0.305

0.275

0.260

0.234

0.252

0.299

0.260

0.258

0.281

0.287

0.267

0.270

0.298

0.322

0.224

0.274

0.273

0.329

0.254

0.341

0.260

0.313

0.323

0.229

0.251

0.254

0.228

0.253

0.253

0.267

0.237

0.231

0.218

0.260

0.236

0.242

0.252

0.261

0.244

0.231

0.259

0.249

0.260

0.236

0.250

0.246

0.232

0.231

0.266

0.254

0.220

0.220

0.252

0.234

0.252

0.223

0.236



vitriolina 5 6

Thraupis Bluecapped F thr dull bluishgrey slate 0.15 0.25 0.295 0.300 @0.252

cyanocephala Tanager 4 2

Thraupis BluegrayTanager F thr pale grey / blue slate 0.16 0.25 0.292 0.293 0.250

episcopus wash 4 0

Diglossa Bluish F bre | dull bluishgrey slate 0.22 0.26 0.267 0.242 0.269

caerulescens Flowerpiercer 1 9

Diglossa duidae | Scaled F bre | slategrey slate 0.23 0.25 0.267 0.250 0.253
Flowerpiercer 0 3

Embernagra Great Pampa F bre | grey slate 0.10 0.23 0.310 0.343 0.238

platensis Finch 9 8

Phrygilus White-throated F bre  grey slate 0.17 0.25 0.283 0.293 0.251

erythronotus SierraFinch 3 1

Saltator Blackthroated F bre | deep slateblue slate 0.20 0.23 0.280 0.280 @ 0.237

fuliginosus Grosbeak 3 7

Saltator grossus | Slatecolored F bre | slaty blue slate 0.14 0.22 0.301 0.330 0.226
Grosbeak 4 6

Thraupis Bluecapped F bre | dull bluishgrey slate 0.16 0.26 0.289 0.286 @ 0.261

cyanocephala Tanager 3 1

Thraupis Bluegray Tanager F bre | pale grey / blue slate 0.18 0.27 0.289 0.248 0.277

episcopus wash 6 7

Saltator Blackthroated F bel deep slateblue slate 0.20 0.24 0.278 0.277 0.244

fuliginosus Grosbeak 0 4

Saltator grossus | Slatecolored F bel slaty blue slate 0.16 0.23 0.290 0.311 0.234
Grosbeak 5 4

Tangara Scrub Tanager F bel pale glaucous slate 0.08 0.23 0.329 0.344 0.238

vitriolina 9 8

Thraupis Bluecapped F bel dull bluishgrey slate 0.16 0.25 0.289 0.291 @ 0.256

cyanocephala Tanager 4 6

Thraupis Bluegray Tanager F bel pale grey / blue slate 0.17 0.26 0.289 0.269 @ 0.263

episcopus wash 9 3

Table 2. Scoring of the plumage colour measurements for males of each species with double

scoring species involved. Species with double scoring are marked in red and excluded from the

second analysis.

Latinname | cod | Latin name cod Latinname  cod Latinname | cod | Latinname @ cod @ Latin cod
ing ing ing ing ing = name ing

Acanthidops = 2 Dacnis 3 Incaspiza 1 Poospiza 1 Sporophila 1 Tangara 0
bairdii nigripes pulchra caesar albogularis icteroceph

ala
Anisognathu | 3 Dacnis 3 Iridophanes = 3 Poospiza 2 Sporophila 0 Tangara 3
s igniventris venusta pulcherrimus cinerea americana inornata
Anisognathu | 3 Dacnis 3 Iridosornis 3 Poospiza 2 Sporophila 0 Tangara 3
s lacrymosus viguieri analis erythrophrys bouvreuil johannae
Anisognathu | 3 Delothraupis = 2 Iridosornis 3 Poospiza 1 Sporophila 0 Tangara 3
S castaneovent jelskii hispaniolensi bouvronides labradorid
melanogenys ris s es
Anisognathu | 3 Diglossa 3 Iridosornis 3 Poospiza 1 Sporophila 1 Tangara 3
S albilatera porphyrocep hypochondri caerulescens larvata
somptuosus halus a
Bangsia 2 Diglossa 2 Iridosornis 3 Poospiza 2 Sporophila 2 Tangara 3
arcaei baritula rufivertex lateralis castaneivent lavinia

ris
Bangsia 3 Diglossa 1 Lanio 0 Poospiza 1 Sporophila 1 Tangara 3
edwardsi brunneiventri aurantius melanoleuca cinnamomea mexicana
s

Buthraupis 3 Diglossa 2 Lanio fulvus = 0 Poospiza 1 Sporophila 1 Tangara 3
eximia caerulescens nigrorufa collaris nigrocinct

a
Buthraupis 3 Diglossa 1 Lanio 0 Poospiza 1 Sporophila 0 Tangara 3
montana carbonaria leucothorax ornata corvina nigroviridi

S
Calochaetes 0 Diglossa 3 Lanio 0 Poospiza 1 Sporophila 1 Tangara 3
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coccineus

Camarhynch
us pallidus

Camarhynch
us parvulus

Camarhynch
us psittacula

Catamblyrhy
nchus
diadema
Catamenia
analis
Catamenia
homochroa
Catamenia
inornata
Certhidea
olivacea

Charitospiza
eucosma

Chlorochrysa
calliparaea

Chlorochrysa
phoenicotis
Chlorophane
S spiza

Chlorornis
riefferii
Chrysothlypi
s
chrysomelas
Chrysothlypi
s salmoni

Cissopis
leverianus
Cnemoscopu
s rubrirostris

Coereba
flaveola
Compsospiza
garleppi

Conirostrum
albifrons
Conirostrum
bicolor
Conirostrum
cinereum
Conirostrum
ferrugineive
ntre
Conirostrum
leucogenys

Conirostrum
margaritae

Conirostrum
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cyanea

Diglossa
duidae

Diglossa
glauca
Diglossa
gloriosa

Diglossa
gloriosissima

Diglossa
humeralis
Diglossa
indigotica
Diglossa
lafresnayii
Diglossa
major

Diglossa
mystacalis

Diglossa
plumbea

Diglossa
sittoides
Diglossa
venezuelensis

Diuca diuca

Donacospiza
albifrons

Dubusia
taeniata

Emberizoides
herbicola
Embernagra
platensis

Eucometis
penicillata
Euneornis
campestris

Geospiza
conirostris
Geospiza
difficilis
Geospiza
fortis
Geospiza
fuliginosa

Geospiza
magnirostris

Geospiza
scandens

Gubernatrix

versicolor

Lophospingu
S
griseocristat
us
Lophospingu
s pusillus
Loxigilla
barbadensis

Loxigilla
noctis

Loxigilla
portoricensis
Loxigilla
violacea
Loxipasser
anoxanthus
Melanodera
melanodera

Melanodera
xanthogram
ma

Melanospiza
richardsoni

Melopyrrha
nigra
Nemosia
pileata

Neothraupis
fasciata
Nesospiza
acunhae

Nesospiza
questi

Nesospiza
wilkinsi
Orchesticus
abeillei

Oreomanes
fraseri
Oryzoborus
angolensis

Oryzoborus
crassirostris
Oryzoborus
maximiliani
Oryzoborus
nuttingi
Parkerthraus
tes
humeralis
Paroaria
capitata

Paroaria
coronata

Paroaria

thoracica

Poospiza
torquata

Poospiza
whitii
Porphyrospiz
a
caerulescens
Pyrrhocoma
ruficeps

Ramphocelu
s bresilius
Ramphocelu
s carbo
Ramphocelu
s dimidiatus
Ramphocelu
s
flammigerus
Ramphocelu
s
melanogaste
r
Ramphocelu
s
nigrogularis
Ramphocelu
s passerinii
Ramphocelu
s
sanguinolent
us
Rhodospingu
s cruentus
Rowettia
goughensis

Saltator
albicollis

Saltator
atriceps
Saltator
atricollis

Saltator
atripennis
Saltator
aurantiirostri
s

Saltator
coerulescens
Saltator
fuliginosus
Saltator
grossus
Saltator
maxillosus

Saltator
maximus

Saltator
nigriceps

Saltator

frontalis

Sporophila
hypoxantha

Sporophila
intermedia
Sporophila
leucoptera

Sporophila
lineola

Sporophila
luctuosa
Sporophila
minuta
Sporophila
murallae
Sporophila
nigricollis

Sporophila
nigrorufa

Sporophila
palustris

Sporophila
peruviana
Sporophila
plumbea

Sporophila
ruficollis
Sporophila
simplex

Sporophila
telasco

Sporophila
torqueola
Stephanoph
orus
diadematus
Tachyphonu
s coronatus
Tachyphonu
S cristatus

Tachyphonu
s delatrii
Tachyphonu
s luctuosus
Tachyphonu
s phoenicius
Tachyphonu
s rufiventer

Tachyphonu
s rufus

Tachyphonu
S surinamus

Tangara

parzudakii

Tangara
peruviana

Tangara
preciosa
Tangara
punctata

Tangara
ruficervix

Tangara
rufigenis
Tangara
rufigula

Tangara
schrankii
Tangara
seledon

Tangara
varia

Tangara
vassorii

Tangara
velia
Tangara
viridicollis

Tangara
vitriolina
Tangara
xanthocep
hala
Tangara
xanthogast
ra

Tersina
viridis
Thlypopsis
fulviceps

Thlypopsis
inornata
Thlypopsis
ornata

Thlypopsis
pectoralis
Thlypopsis
ruficeps
Thlypopsis
sordida
Thraupis
abbas

Thraupis
bonariensi
S

Thraupis
cyanoceph
ala
Thraupis



rufum cristata dominicana orenocensis argyrofenge episcopus

5
Conirostrum = 2 Haplospiza 2 Paroaria 0 Saltator 1 Tangara 0 Thraupis 3
sitticolor unicolor gularis similis arthus glaucocolp

a
Conirostrum = 2 Hemispingus = 0 Phrygilus 2 Saltator 1 Tangara 3 Thraupis 3
speciosum atropileus alaudinus striatipectus callophrys ornata
Conothraupi = 1 Hemispingus = 0 Phrygilus 1 Saltatricula = 1 Tangara 3 Thraupis 3
s speculigera calophrys atriceps multicolor cayana sayaca
Coryphaspiza 1 Hemispingus = 0 Phrygilus 2 Schistochlam 1 Tangara 3 Tiaris 1
melanotis frontalis dorsalis ys melanopis chilensis bicolor
Coryphospin | 0 Hemispingus = 2 Phrygilus 2 Schistochlam 2 Tangara 0 Tiaris 1
gus goeringi erythronotus ys chrysotis canorus
cucullatus ruficapillus
Coryphospin | 1 Hemispingus = 1 Phrygilus 1 Sericossypha 0 Tangara 3 Tiaris 0
gus pileatus melanotis fruticeti albocristata cucullata fuliginosus
Creurgops 2 Hemispingus = 1 Phrygilus 2 Sicalis 0 Tangara 3 Tiaris 1
dentatus reyi gayi auriventris cyanicollis obscurus
Creurgops 1 Hemispingus = 0 Phrygilus 2 Sicalis citrina’ 0 Tangara 3 Tiaris 0
verticalis superciliaris patagonicus cyanocephal olivaceus

a

Cyanerpes 3 Hemispingus = 1 Phrygilus 1 Sicalis 0 Tangara 3 Trichothra = 0
caeruleus verticalis plebejus columbiana cyanoptera upis

melanops
Cyanerpes 3 Hemispingus = 1 Phrygilus 2 Sicalis 0 Tangara 3 Urothraupi = 1
cyaneus xanthophthal punensis flaveola cyanotis S

mus stolzmanni

Cyanerpes 3 Hemithraupis = 0 Phrygilus 2 Sicalis 1 Tangara 3 Volatinia 0
lucidus flavicollis unicolor lebruni cyanoventris jacarina
Cyanerpes 3 Hemithraupis = 0 Piezorhina 1 Sicalis lutea = 0 Tangara 0 Xenodacni = 3
nitidus guira cinerea desmaresti s parina
Cyanicterus | 3 Hemithraupis = 0 Pinaroloxias = 0 Sicalis 1 Tangara 3 Xenosping | 2
cyanicterus ruficapilla inornata luteocephala dowii us

concolor
Cypshagra 0 Heterospingu 1 Pipraeidea 3 Sicalis 0 Tangara 3
hirundinacea s rubrifrons melanonota luteola fastuosa
Dacnis 3 Heterospingu 0 Platyspiza 0 Sicalis 0 Tangara 0
cayana s crassirostris olivascens florida

xanthopygius

Dacnis 0 Idiopsar 1 Poospiza 1 Sicalis 1 Tangara 3
flaviventer brachyurus alticola raimondii guttata
Dacnis 3 Incaspiza 1 Poospiza 1 Sicalis 1 Tangara 3
hartlaubi laeta boliviana taczanowskii gyrola
Dacnis 3 Incaspiza 1 Poospiza 1 Sicalis 1 Tangara 3
lineata personata cabanisi uropygialis heinei

Table 8. Scoring of the plumage colour measurements for females of each species with double
scoring species involved. Species with double scoring are marked in red and excluded from the

second analysis.

Latin name cod @ Latin name cod | Latin name cod @ Latin rame cod Latinname | cod Latin cod

ing ing ing ing ing = name ing
Acanthidops | 1 Dacnis 3 Incaspiza 1 Poospiza 1 Sporophila 0 Tangara 0
bairdii nigripes pulchra caesar albogularis icteroceph

ala

Anisognathu | 3 Dacnis 3 Iridophanes | 3 Poospiza 2 Sporophila 0 Tangara 3
S igniventris venusta pulcherrimus cinerea americana inornata
Anisognathu | 3 Dacnis 0 Iridosornis 3 Poospiza 2 Sporophila 0 Tangara 3
s lacrymosus viguieri analis erythrophrys bouvreuil johannae
Anisognathu | 3 Delothraupis = 2 Iridosornis 3 Poospiza 0 Sporophila 0 Tangara 3
s castaneovent jelskii hispaniolensi bouvronides labradorid
melanogenys ris S es
Anisognathu | 3 Diglossa 0 Iridosornis 3 Poospiza 1 Sporophila 0 Tangara 3
s albilatera porphyrocep hypochondri caerulescens larvata
somptuosus halus a
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Bangsia
arcaei

Bangsia
edwardsi

Buthraupis
eximia

Buthraupis
montana

Calochaetes
coccineus
Camarhynch
us pallidus

Camarhynch
us parvulus

Camarhynch
us psittacula

Catamblyrhy
nchus
diadema
Catamenia
analis
Catamenia
homochroa
Catamenia
inornata
Certhidea
olivacea

Charitospiza
eucosma

Chlorochrysa
calliparaea

Chlorochrysa
phoenicotis
Chlorophane
S spiza

Chlorornis
riefferii
Chrysothlypi
s
chrysomelas
Chrysothlypi
s salmoni

Cissopis
leverianus
Cnemoscopu
s rubrirostris

Coereba
flaveola
Compsospiza
garleppi

Conirostrum
albifrons
Conirostrum
bicolor
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Diglossa
baritula

Diglossa
brunneiventri
s

Diglossa
caerulescens

Diglossa
carbonaria

Diglossa
cyanea
Diglossa
duidae

Diglossa
glauca
Diglossa
gloriosa

Diglossa
gloriosissima

Diglossa
humeralis
Diglossa
indigotica
Diglossa
lafresnayii
Diglossa
major

Diglossa
mystacalis

Diglossa
plumbea

Diglossa
sittoides
Diglossa
venezuelensis

Diuca diuca

Donacospiza
albifrons

Dubusia
taeniata

Emberizoides
herbicola
Embernagra
platensis

Eucometis
penicillata
Euneornis
campestris

Geospiza

conirostris
Geospiza

difficilis

Iridosornis
rufivertex

Lanio
aurantius

Lanio fulvus

Lanio
leucothorax

Lanio
versicolor
Lophospingu
S
griseocristat
us
Lophospingu
s pusillus
Loxigilla
barbadensis

Loxigilla
noctis

Loxigilla
portoricensis
Loxigilla
violacea
Loxipasser
anoxanthus
Melanodera
melanodera

Melanodera
xanthogram
ma

Melanospiza
richardsoni

Melopyrrha
nigra
Nemosia
pileata

Neothraupis
fasciata
Nesospiza
acunhae

Nesospiza
questi

Nesospiza
wilkinsi
Orchesticus
abeillei

Oreomanes
fraseri
Oryzoborus
angolensis

Oryzoborus
crassirostris
Oryzoborus
maximiliani

Poospiza
lateralis

Poospiza
melanoleuca

Poospiza
nigrorufa

Poospiza
ornata

Poospiza
thoracica
Poospiza
torquata

Poospiza
whitii
Porphyrospiz
a
caerulescens
Pyrrhocoma
ruficeps

Ramphocelu
s bresilius
Ramphocelu
s carbo
Ramphocelu
s dimidiatus
Ramphocelu
s
flammigerus
Ramphocelu
s
melanogaste
r
Ramphocelu
s
nigrogularis
Ramphocelu
s passerinii
Ramphocelu
s
sanguinolent
us
Rhodospingu
s cruentus
Rowettia
goughensis

Saltator
albicollis

Saltator
atriceps
Saltator
atricollis

Saltator
atripennis
Saltator
aurantiirostri
s

Saltator
coerulescens
Saltator
fuliginosus

Sporophila
castaneivent
ris
Sporophila
cinnamomea

Sporophila
collaris

Sporophila
corvina

Sporophila
frontalis
Sporophila
hypoxantha

Sporophila
intermedia
Sporophila
leucoptera

Sporophila
lineola

Sporophila
luctuosa
Sporophila
minuta
Sporophila
murallae
Sporophila
nigricollis

Sporophila
nigrorufa

Sporophila
palustris

Sporophila
peruviana
Sporophila
plumbea

Sporophila
ruficollis
Sporophila
simplex

Sporophila
telasco

Sporophila
torqueola
Stephanoph
orus
diadematus
Tachyphonu
S coronatus
Tachyphonu
S cristatus

Tachyphonu
s delatrii
Tachyphonu
s luctuosus

Tangara
lavinia

Tangara
mexicana

Tangara
nigrocinct
a
Tangara
nigroviridi
S

Tangara
parzudakii
Tangara
peruviana

Tangara
preciosa
Tangara
punctata

Tangara
ruficervix

Tangara
rufigenis
Tangara
rufigula

Tangara
schrankii
Tangara
seledon

Tangara
varia

Tangara
vassorii

Tangara
velia
Tangara
viridicollis

Tangara
vitriolina
Tangara
xanthocep
hala
Tangara
xanthogast
ra

Tersina
viridis
Thlypopsis
fulviceps

Thlypopsis
inornata
Thlypopsis
ornata

Thlypopsis
pectoralis
Thlypopsis
ruficeps



Conirostrum = 2
cinereum
Conirostrum | 2
ferrugineive
ntre
Conirostrum | 2
leucogenys

Conirostrum = 2
margaritae

Conirostrum = 2
rufum

Conirostrum = 2
sitticolor

Conirostrum | 2
speciosum

Conothraupi | 0
s speculigera
Coryphaspiza 1
melanotis
Coryphospin = 0
gus

cucullatus
Coryphospin | 1
gus pileatus
Creurgops 2
dentatus
Creurgops 1
verticalis

Cyanerpes 3
caeruleus

Cyanerpes 0
cyaneus

Cyanerpes 3
lucidus
Cyanerpes 3
nitidus
Cyanicterus | 3
cyanicterus

Cypsnagra 0
hirundinacea

Dacnis 3
cayana

Dacnis 0
flaviventer
Dacnis 1
hartlaubi

Dacnis 1
lineata

Geospiza
fortis

Geospiza
fuliginosa

Geospiza
magnirostris

Geospiza
scandens

Gubernatrix
cristata

Haplospiza
unicolor

Hemispingus
atropileus
Hemispingus
calophrys
Hemispingus
frontalis
Hemispingus
goeringi

Hemispingus
melanotis
Hemispingus
reyi
Hemispingus
superciliaris

Hemispingus
verticalis

Hemispingus
xanthophthal
mus
Hemithraupis
flavicollis
Hemithraupis
guira
Hemithraupis
ruficapilla

Heterospingu
s rubrifrons
Heterospingu
S
xanthopygius
Idiopsar
brachyurus
Incaspiza
laeta
Incaspiza
personata

Oryzoborus
nuttingi
Parkerthraus
tes
humeralis
Paroaria
capitata

Paroaria
coronata

Paroaria
dominicana

Paroaria
gularis

Phrygilus
alaudinus
Phrygilus
atriceps
Phrygilus
dorsalis
Phrygilus
erythronotus

Phrygilus
fruticeti
Phrygilus
gayi
Phrygilus
patagonicus

Phrygilus
plebejus

Phrygilus
punensis

Phrygilus
unicolor
Piezorhina
cinerea
Pinaroloxias
inornata

Pipraeidea
melanonota
Platyspiza
crassirostris

Poospiza
alticola
Poospiza
boliviana
Poospiza
cabanisi

Saltator
grossus
Saltator
maxillosus

Saltator
maximus

Saltator
nigriceps

Saltator
orenocensis

Saltator
similis

Saltator
striatipectus
Saltatricula
multicolor
Schistochlam
ys melanopis
Schistochlam
ys

ruficapillus
Sericossypha
albocristata
Sicalis
auriventris
Sicalis citrina

Sicalis
columbiana

Sicalis
flaveola

Sicalis
lebruni
Sicalis lutea

Sicalis
luteocephala

Sicalis
luteola
Sicalis
olivascens

Sicalis
raimondii
Sicalis
taczanowskii
Sicalis
uropygialis

Tachyphonu
s phoenicius
Tachyphonu
s rufiventer

Tachyphonu
s rufus

Tachyphonu
S surinamus

Tangara
argyrofenge
s

Tangara
arthus

Tangara
callophrys
Tangara
cayana
Tangara
chilensis
Tangara
chrysotis

Tangara
cucullata
Tangara
cyanicollis
Tangara
cyanocephal
a

Tangara
cyanoptera

Tangara
cyanotis

Tangara
cyanoventris
Tangara
desmaresti
Tangara
dowii

Tangara
fastuosa
Tangara
florida

Tangara
guttata
Tangara
gyrola
Tangara
heinei

Thlypopsis 1
sordida
Thraupis 3
abbas

Thraupis 3
bonariensi

S

Thraupis 3
cyanoceph
ala

Thraupis 3
episcopus

Thraupis 3
glaucocolp

a

Thraupis 3
ornata
Thraupis 3
sayaca

Tiaris 1
bicolor

Tiaris 1
canorus

Tiaris 0
fuliginosus
Tiaris 1
obscurus
Tiaris 0
olivaceus

Trichothra = 0
upis
melanops
Urothraupi = 1
S
stolzmanni
Volatinia 0
jacarina
Xenodacni = 3
S parina
Xenosping | 2
us

concolor

Table 4. Reverse Jump analysis results for male; analysis done with the table containibbe

scored species

transition
rate
male_ 01
1
q02
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colour
transitions
any other

colour-> grey

any other

ESS Me Me

an dia

6579 0.0 0.0
1.80 44 43

1450 0.0 0.0

Mo
de

0.0
42

0.0

95% HPD

[0.029,
0.0604]

[0,

% Zero number

0.000

6.552

of zero

1.000

14284.00

total % not
number zero

218000.00 ' 100.000
0

218000.00 93.448



male_

male_
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q03

ql0

ql2

ql3

q20

q21

q23

q30

gq31

q32

qo1

q02

q03

ql0

ql2

ql3

q20

q21

q23

q30

g3l

q32

qo1

colour-> slate

any other
colour-> blue

grey -> any
other colour

grey-> slate
grey-> blue
slate -> any

other colour

slate-> grey
slate-> blue
blue -> any

other colour

blue-> grey

blue-> slate

any other
colour-> grey

any other
colour-> slate

any other
colour-> blue

grey -> any
other colour

grey-> slate

grey-> blue

slate -> any
other colour

slate-> grey

slate-> blue

blue -> any
other colour

blue-> grey

blue-> slate

any other
colour-> grey

5.70

2845
3.50

6634
7.30

6510
6.50

1265
47.4
00
4839
7.30

6652
4.90

7593
0.00

7589
4.20

9985
9.70

3328
.400
7261
6.50

1060
9.00

2886
5.70

7254
5.70

6619
4.80

1346
40.8
00
3813
3.30

7260
4.40

7748
1.60

7657
5.00

1404
47.3
00
2530
400
6807
6.50

41

0.0
00

0.0
44

0.0
44

0.0
00

0.0
30

0.0
44

0.0
44

0.0
44

0.0
00

0.0
01
0.0
44

0.0
40

0.0
00

0.0
44

0.0
44

0.0
00

0.0
30

0.0
44

0.0
44

0.0
44

0.0
00

0.0
01
0.0
44

42

0.0
00

0.0
43

0.0
43

0.0
00

0.0
38

0.0
43

0.0
43

0.0
43

0.0
00

0.0
00
0.0
43

0.0
42

0.0
00

0.0
43

0.0
43

0.0
00

0.0
38

0.0
43

0.0
43

0.0
43

0.0
00

0.0
00
0.0
43

00

0.0
00

0.0
42

0.0
42

0.0
00

0.0
00

0.0
42

0.0
42

0.0
42

0.0
00

0.0
00
0.0
38

0.0
00

0.0
00

0.0
38

0.0
38

0.0
00

0.0
00

0.0
38

0.0
38

0.0
38

0.0
00

0.0
00
0.0
43

0.0573]
[0, 0]

[0.029,
0.0605]

[0.0291,
0.0604]

[0,0]
[o,
0.0561]

[0.029,
0604]

[0.0293,
0.0602]

[0.0293,
0.0602]

[0,
0.0578]

[0,

0.0818]
[0.029,
0.0604]

[0,
0.0573]

[0, 0]
[0.029,
0.0604]

[0.0292,
0.0604]

[0, 0]
[0,
0.0561]

[0.029,
0.0604]

[0.0294,
0.0602]

[0.0294,
0.0602]

[0,0]

[0,0]

[0.0291,
0.0607]

99.104

0.000

0.000

99.871

29.555

0.002

0.000

0.000

99.970

98.111

0.002

6.806

99.106

0.000

0.000

99.874

29.513

0.003

0.001

0.000

99.981

97.830

0.002

0

216047.0
00

0.000

0.000

217718.0
00

64430.00
0

4.000

0.000

0.000

217934.0

00

213882.0

00
4.000

14837.00
0

216051.0
00

0.000

0.000

217725.0

00

64338.00
0

6.000

3.000

0.000

217959.0
00

213270.0
00
4.000

0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0
218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0
218000.00
0

0.896

100.000

100.000

0.129

70.445

99.998

100.000

100.000

0.030

1.889

99.998

93.194

0.894

100.000

100.000

0.126

70.487

99.997

99.999

100.000

0.019

2.170

99.998



q02

q03

ql0

ql2

ql3

q20

g21

q23

q30

q31

q32

any other 1245 0.0

colour->slate = 9.70 40
0

any other 2523 0.0

colour-> blue 5.50 00
0

grey -> any 6826 0.0

other colour 260 44
0

grey-> slate 6675 0.0
6.90 44
0

grey-> blue 9073 0.0
2.20 00
0

slate -> any 4473 0.0

other colour 0.80 30
0

slate-> grey 6837 0.0
5.80 44
0

slate-> blue 7633 0.0
4,10 44
0

blue -> any 7624 0.0

other colour 7.60 44
0

blue-> grey 1582 0.0
34.7 00
00

blue-> slate 2428 0.0
400 01

0.0
42

0.0
00

0.0
43

0.0
43

0.0
00

0.0
38

0.0
43

0.0
43

0.0
43

0.0
00

0.0
00

0.0
00

0.0
00

0.0
43

0.0
43

0.0
00

0.0
00

0.0
43

0.0
43

0.0
43

0.0
00

0.0
00

[, 6.757
0.0574]

[0, 0] 99.094
[0.0291, = 0.000
0.0607]

[0.0291, = 0.000
0.0605]

[0, 0] 99.834
[, 29.667
0.0561]

[0.0291, = 0.003
0.0607]

[0.0291, = 0.005
0.0601]

[0.0291, = 0.000
0.0601]

[0, 0] 99.978
[0, 0] 97.913

14730.00
0

216026.0
00

0.000

0.000

217638.0

00

64675.00
0

6.000

10.000

0.000

217951.0

00

213451.0
00

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

218000.00
0

93.243

0.906

100.000

100.000

0.166

70.333

99.997

99.995

100.000

0.022

2.087

Table S. Reverse Jump analysis results for female; analysis done with the table containing double

scores species

transition

rate

female_ | gO1

1
q02

qo3

qlo0

gql2

ql3
g20

g21

23

g30
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colour
transitions

any other colour
-> grey

any other colour
-> slate

any other colour
-> blue
grey-> any other
colour

grey-> slate

grey-> blue

slate ->
other colour
slate-> grey

any

slate-> blue

blue -> any other
colour

ESS

1033
42.20

1343
60.50

8683
9.800
1025
56.30

1440
16.00

9287
0.600
7110
5.400
1056
26.00

1370
94.20

1355
17.90

Mea

0.06

0.00

0.00

0.06

0.06

0.00

0.06

0.06

0.06

0.06
4

Med
ian
0.06

0.00

0.00

0.06

0.06

0.00

0.06

0.06

0.06

0.06
4

Mod = 95% HPD
e

0.06  [0.048,
4 0.0807]
0.00 [0, 0]

0

0.00 [0, 0]

0

0.06  [0.0481,
4 0.0807]
0.06  [0.0484,
4 0.0807]
0.00 [0, 0]

0

0.00 [0.0479,
0 0.0807]
0.00 [0.048,
0 0.0807]
0.06 [0.0484,
4 0.0807]
0.06  [0.0484,
4 0.0807]

%
Zero
0.00

96.6

78

99.9

0.00

0.00

99.9
96
0.53

0.05

0.00

0.00
0

number
of zero
0.000

210758.0
00
217908.0

00
0.000

2.000

217991.0
00
1162.000

128.000

1.000

0.000

total
number
218000.
000

218000.
000

218000.
000
218000.
000

218000.
000

218000.
000
218000.
000
218000.
000

218000.
000

218000.
000

% not
zero
100.000

3.322

0.042

100.000

99.999

0.004

99.467

99.941

100.000

100.000



female_

female_
3

177

g31
q32

qo1

q02

q03

ql0

gql2

ql3

g20

q21

g23

g30

g31
g32
qo1

q02

qo3
qlo0

ql2

gql3
g20

gq21

g23

g30

g31

g32

blue-> grey
blue-> slate

any other colour
->grey

any other colour
-> slate

any other colour
-> blue
grey-> any other
colour

grey-> slate

grey->blue

slate -> any
other colour
slate-> grey

slate-> blue

blue -> any other
colour

blue-> grey
blue-> slate

any other colour
-> grey

any other colour
-> slate

any other colour
-> blue

grey-> any other
colour

grey-> slate
grey-> blue

slate -> any

other colour
slate-> grey

slate-> blue

blue -> any other
colour

blue-> grey

blue-> slate

1849
4.200
1652
9.100
1041
50.60

1319
91.20

6737
1.700
1037
34.70

1396
47.80

1533
73.50

5874
2.400
1046
05.60

1387
04.70

1402
20.60

8026.
400
1655
4.800
9941
7.200
1313
06.20

9443
2.100
9870
3.800
1437
92.40

1718
2.100
6321
0.200
1016
12.80

1339
40.10

1380
57.80

1282
2.800
1569
5.900

0.00

0.00

0.06

0.00

0.00

0.06

0.06

0.00

0.06

0.06

0.06

0.06

0.00

0.00

0.06

0.00

0.00

0.06

0.06

0.00

0.06

0.06

0.06

0.06

0.00

0.00
0

0.00

0.00

0.06

0.00

0.00

0.06

0.06

0.00

0.06

0.06

0.06

0.06

0.00

0.00

0.06

0.00

0.00

0.06

639.
000

0.00

0.06

0.06

0.06

0.06

0.00

0.00
0

0.00

0.00

0.06

0.00

0.00

0.06

0.06

0.00

0.00

0.00

0.06

0.06

0.00

0.00

0.06

0.00

0.00

0.06

0.06

0.00

0.00

0.00

0.06

0.06

0.00

0.00
0

[0, 0]
[0, 0]

[0.0482,
0.0808]

[0, 0]

[0, 0]

[0.0482,
0.0807]

[0.0481,
0.0804]

[0, 0]

[0.0481,
0.0808]
[0.0482,
0.0808]

[0.0481,
0.0804]

[0.0482,
0.0804]

[0, 0]
[0, ]
[0.048,
0.0808]
[0, ]
[0, ]
[0.0479,
0.0806]
[0.0481,
0.0805]
[0, 0]
[0.048,
0.0808]
[0.0479,
0.0806]

[0.0479,
0.0803]

[0.0479,
0.0803]

[0, 0]

[0,0]

99.8
99.9

13
0.00

96.6
16
99.9

72
0.00

0.00

99.9

97

0.47

0.07

0.00

0.00

99.9
24
99.9
24
0.00

96.6
49

99.9
57

0.00
0.00
99.9
91

0.48

0.06

0.00

0.00

99.9

99.9
28

217767.0
00
217811.0
00

0.000

210623.0
00
217940.0

00
0.000

6.000

217994.0

00

1026.000

158.000

0.000

0.000

217834.0
00
217835.0
00

0.000

210695.0
00

217906.0
00

1.000
1.000
217981.0
00
1064.000

132.000

11.000

0.000

217809.0
00
217843.0
00

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

218000.

000

0.107

0.087

100.000

3.384

0.028

100.000

99.997

0.003

99.529

99.928

100.000

100.000

0.076

0.076

100.000

3.351

0.043

100.000

100.000

0.009

99.512

99.939

99.995

100.000

0.088

0.072



Table $. Reverse Jump analysis results for male; analysis done with the table not containing double

scored species

trans | colour transitions = ESS Mea Medi | Mod @ 95% % number of total % not zero
ition n an e HPD Zero = zero number
rate
male qO01 any other colour = 55006 0.040 0.03 0.03  [0.0271, 0.00 @ 0.000 218000.000 @ 100.000
1 > grey .000 9 7 0.0544] O
q02 any other colour = 86926 0.033 0.03 0.00 @[O, 98.3  214362.000 218000.000 1.669
>slate .000 7 0 0.0496] 31
q03 any other colour = 43413 0.000 0.00 0.00 @[O0, 0] 99.9 217861.000 218000.000 0.064
> blue .000 0 0 36
qlo grey -> any other 55016 0.040 0.03 0.03  [0.0272, 0.00 @ 0.000 218000.000 @ 100.000
colour .000 9 7 0.0545] O
ql2 grey-> slate 55446 0.040 0.03 @ 0.03 [0.0272, 0.00 6.000 218000.000 @ 99.997
.000 9 7 0.0544] 3
ql3 grey-> blue 50429 0.000 0.00 @ 0.00 [0,0] 99.8  217688.000 218000.000 0.143
.000 0 0 57
q20 slate-> anyother = 10190 0.032 0.03 @ 0.00 [0, 6.45  14073.000 218000.000 93.544
colour 0.000 7 0 0.0502] 6
g21 slate-> grey 55579  0.040 0.03 | 0.03 [0.0272, 1.29 @ 2819.000 218000.000 98.707
.000 9 7 0.0544] 3
q23 slate-> blue 86990 0.040 0.03 0.00 [0.0277, 5.42 @ 11827.000 @218000.000 94.575
.000 9 0 0.054] 5
q30 blue -> any other 92878 9287 0.03 0.03 | [0.0272, 0.00 20.000 218000.000 @ 99.991
colour .000 8.000 9 7 0.0534] 9
q31 blue-> grey 15410 0.000 0.00 0.00 [0, 0] 94.0 205101.000 218000.000 5.917
0.000 0 0 83
q32 blue-> slate 20358  0.000 0.00 @ 0.00 [0,0] 98.7 = 215246.000 218000.000 1.263
.000 0 0 37
male qO01 any other colour = 54079 0.040 0.03 @ 0.03 [0.0274, 0.00 @ 6.000 218000.000 @ 99.997
2 > grey .000 9 8 0.0547] 3
q02 any other colour 88908 0.033 0.03 0.00 @[O, 14.9 32523.000 218000.000 85.081
> slate .000 7 0 0.0496] 19
q03 any other colour = 45276 0.000 0.00 0.00 @[O0, 0] 99.4  216816.000 218000.000 0.543
> blue .000 0 0 57
ql0 grey -> any other 54182 0.040 0.03 = 0.03 [0.0274, 0.00 @ 0.000 218000.000 @ 100.000
colour .000 9 8 0.0547] O
ql2 grey-> slate 54228  0.040 0.03 | 0.03 [0.0274, 0.00 @ 0.000 218000.000 @ 100.000
.000 9 8 0.0547] O
ql3 grey-> blue 29370 0.000 0.00 0.00 [0,0] 99.8  217572.000 218000.000 0.196
.000 0 0 04
q20 slate-> any other 10270 0.032 0.03 0.00 @[O, 17.8 38847.000 218000.000 82.180
colour 0.000 7 0 0/0504] @ 20
g21 slate-> grey 55315 0.040 0.03 @ 0.03 [0.0274, 0.00 6.000 218000.000 @ 99.997
.000 9 8 0.0547] 3
23 slate-> blue 86564 0.040 0.03 | 0.00 [0.0275, 0.03 @ 78.000 218000.000 99.964
.000 9 0 0.0538] 6
q30 blue -> any other 96608 9460 0.03 0.03 [0.0275, 0.00 0.000 218000.000 @ 100.000
colour .000 8.000 9 8 0.0538] O
g31 blue-> grey 88186 0.000 0.00 @ 0.00 [0, 0] 99.9 217925.000 218000.000 0.034
.000 0 0 66
q32 blue-> slate 21723 0.000 0.00 0.00 [0,0] 99.4  216840.000 218000.000 0.532
.000 0 0 68
male qO01 any other colour = 57759 0.404 0.03 0.03  [0.0273, 0.00 @ 2.000 218000.000 99.999
3 > grey .000 9 8 0.0545] 1
q02 any other colour 94523  0.033 0.03 0.00 [0, 14.8 32293.000 218000.000 85.187
> slate .000 7 0 0.0498] 13
q03 any other colour = 39017 0.000 0.00 0.00 @[O0, 0] 99.4  216863.000 218000.000 0.522
> blue .000 0 0 78
ql0 grey -> any other 57687 0.404 0.03 @ 0.03 [0.0273, 0.00 @2.000 218000.000 @ 99.999
colour .000 9 8 0.0545] 1
ql2 grey-> slate 61338 0.040 0.03 0.03 [0.0274, 0.00 1.000 218000.000 @ 100.000
.000 9 8 0.0545] O
ql3 grey-> blue 45878 = 0.000 0.00 0.00 @[O0, 0] 99.8  217684.000 218000.000 0.145
.000 0 0 55
q20 slate-> any other 11390 0.032 0.03 @ 0.00 @ [O, 17.6  38483.000 218000.000 82.347
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colour 0.000 7
g21 slate-> grey 61674 0.040 0.03
.000 9
q23 slate-> blue 89305 0.040 0.03
.000 9
g30 | blue -> anyother = 93404 0.040 0.03
colour .000 9
g31 | blue-> grey 77073 0.000 0.00
.000 0
g32  blue-> slate 25317 0.000 | 0.00
.000 0
Table 3. Reverse Jump analysis
double scores species
transition colour ESS Mea Med
rate transitions n ian
fem | qO1 any other 1716 0.05 0.05
ale_ colour->grey = 3.000 8 7
1 q02 any other 1456 = 0.00 0.00
colour->slate = 00.00 1 0
0
q03 any other 8061 0.00 0.00
colour-> blue 3.000 O 0
ql0 grey -> any 1741 0.05 0.05
other colour 1.000 8 7
gql2 grey-> slate 1466 =~ 0.05 0.05
9.000 8 7
ql3 grey-> blue 4568 @ 0.00 0.00
5.000 O 0
g20 slate -> any 671.0 0.05 0.05
other colour 00 5 7
q21 slate-> grey 4044. 0.05 0.05
000 7 7
g23 slate-> blue 801.0 0.05  0.05
00 5 7
g30 blue -> any 1392 0.05 0.05
other colour 9.000 8 7
g31 blue-> grey 505.0 0.00 @ 0.00
00 3 0
q32 blue-> slate 1493.  0.00 0.00
000 1 0
fem | qO1 any other 1048 0.05 0.05
ale_ colour->grey | 5.000 8 7
2 qo02 any other 6572  0.00 0.00
colour->slate | 4.000 1 0
q03 any other 3950 0.00 0.00
colour-> blue 2.000 O 0
qlo0 grey -> any 1059 0.05 0.05
other colour 7.000 8 7
ql2 grey-> slate 9841. 0.05 0.05
000 8 7
ql3 grey-> blue 2142 = 0.00 @ 0.00
5.000 O 0
q20 slate -> any 307.0 0.05 0.05
other colour 00 3 6
g21 slate-> grey 1735.  0.05 0.05
000 7 7
q23 slate-> blue 362.0 0.05 0.05
00 4 6
g30 blue -> any 8623. 0.05 0.05
other colour 000 8 7
g31 blue-> grey 250.0 0.00 @ 0.00
00 4 0
g32 blue-> slate 1639. 0.00 0.00
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0
0.03

0.00

0.03

0.00

0.00
0

Mod

0.05

0.00

0.00

0.05

0.05

0.00

0.00

0.00

0.00

0.05

0.00

0.00

0.05

0.00

0.00

0.05

0.00

0.00

0.00

0.00

0.00

0.05

0.00

0.00

0.0504]

[0.0273,
0.0545]
[0.0276,
0.0539]
[0.0276,
0.0539]
[0,0]

[0, 0]

53
0.00
0.02
0.00
99.9
60

99.5
73

95% HPD | %
Zero
[0.0383, 0.00
0.078] 0
[0, 98.3
0.0889] 31
[0, 0] 99.9
36
[0.0383, 0.00
0.078] 0
[0.0383, 0.00
0.078] 3
[0, O] 99.8
57
[0, 6.45
0.0754] 6
[0.0369, 1.29
0.0795] 3
[0, 5.42
0.0754] 5
[0.0382, 0.00
0.078] 9
[0, 94.0
0.0412] 83
[0, O] 98.7
37
[0.0382, 0.00
0.0778] 0
[0, O] 98.3
85
[0, O] 99.8
96
[0.0382, 0.00
0.0778] 0
[0.0382, 0.02
0.0778] 0
[0, 99.8
0.0791] 38
[0, 0.075] 8.02
0
[0.0365, 1.58
0.0809] 4
[0, 0.075] 6.79
0
[0.0382, 0.00
0.0779] 0
[0, 92.6
0.0494] 48
[0, O] 98.4

5.000

53.000

0.000

217913.000

217069.000

results for female; analysis done with

number of
zero
0.000

214362.00
0

217861.00
0
0.000

6.000

217688.00
0
14073.000

2819.000

11827.000

20.000

205101.00
0
215246.00
0

0.000

214480.00
0
217774.00
0

0.000

44.000
217646.00
0
17484.000
3453.000
14802.000
0.000
201972.00

0
214668.00

218000.000
218000.000
218000.000
218000.000

218000.000

the table

total
number
218000.00
0
218000.00
0

218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00
0
218000.00

99.998
99.976
100.000
0.040

0.427

not containing

%not zero
100.000

1.669

0.064
100.000
99.997
0.143
93.544
98.707
94.575
99.991
5.917
1.263
100.000
1.615
0.104
100.000
99.980
0.162
91.980
98.416
93.210
100.000
7.352

1.528



000 1 0 0 72 0 0

fem | qO1 any other 1593 | 0.05 0.05 0.05 [0.038, 0.00 @ 0.000 218000.00 100.000
ale_ colour->grey = 0.000 8 7 2 0.0776] 0 0

3 q02 any other 1388 | 0.00 0.00 0.00 [0, 0] 98.3 | 214401.00 218000.00 1.651
colour->slate | 00.00 1 0 0 49 0 0

0

qo3 any other 6261 | 0.00 0.00 0.00 [0,0] 99.9 | 217792.00 218000.00 0.095
colour-> blue 1.000 O 0 0 05 0 0

ql0 grey -> any 1615 0.05 0.05 0.05 [0.0381, 0.00 @ 0.000 218000.00 100.000
other colour 8.000 8 7 2 0.0776] 0 0

ql2 grey-> slate 1154 0.05 0.05 0.05 [0.038, 0.00 @ 1.000 218000.00 100.000
9.000 7 8 2 0.0776] 0 0

ql3 grey-> blue 3869 0.00 0.00 0.00 [0,0] 99.8 | 217596.00 218000.00 0.185
4.000 O 0 0 15 0 0

q20 slate -> any 453.0 0.05 0.05 0.00 [0, 7.93 | 17300.000 218000.00 92.064
other colour 00 4 7 0 0.0751] 6 0

q21 slate-> grey 2673. 0.05 0.05 0.00 [0.0371, 1.67  3659.000 218000.00 98.322
000 7 7 0 0.0804] 8 0

g23 slate-> blue 508.0 0.05 0.05 0.00 [O, 6.94 15149.000 218000.00 93.051
00 4 7 0 0.0751] 9 0

q30 blue -> any 1042 0.05 0.05 0.00 [0.0379, 0.03 | 78.000 218000.00 @ 99.964
other colour 8.000 8 7 0 0.0776] 6 0

g31 blue-> grey 336.0 0.00 0.00 0.00 IO, 92.4 201494.00 218000.00 7.572
00 4 0 0 0.0472] 28 0 0

q32 blue-> slate 2066. 0.00 0.00 0.00 [0, 0] 98.6 | 215112.00 218000.00 1.325
000 1 0 0 75 0 0

any other colour q01 ’gr.e,y
0 — iy
- qlo N :

q03 q30 q21 ql2

‘ q23 .

blue slate

Figure S1

(q01: any other coloufr> grey, q02: any other colour slate, q03: any other colour blue, q10:
grey-> anyother colour, q12: grey> slate, q13: grey> blue, g20: slate> any other colour, g21.:
slate-> grey, g23: slate> blue, g30: blue> any other colour, g31: blue grey, q32: blue> slate)
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APPENDI3

Supplementary materials and methods for Chaptér

Evolutionary dynamics of pigmentary grey and non
iridescent structural blue colouration in Tanagers
(family: Thraupidae)

Table S1Sampling detail®f feathers from museum skins in the the Zoological MuseNatural
History Museum of Denmark, University of Copenhagen. Every row represents on feather and
columns indicate details about the specimen (Species, Sex, Storage number, Tagahetddather

samples (Colour, Body part).

Species Sex Body part Storage number Tag details Colour
Tangara vitriolina Unsexed Throat NA 8.4.1913.220 Slate
Tangara vitriolina Unsexed Throat NA 8.4.1913.219 Slate
Tangara vitriolina Unsexed Throat NA 8.4.1913.221 Slate
Catemina inornata Male Mantle 105120 6.5.2010 Slate
Catemina inornata Male Mantle 105117 6.5.2010 Slate
Catemina inornata Male Mantle 105118 6.5.2010 Slate
Poospiza cinera Unsexed Mantle 20.578 NA Slate
Poospiza cinera Male Mantle 20.576 NA Slate
Poospiza cinera Unsexed Mantle 20.580 NA Slate
Diglossa cyanea Male Rump 104778 20.11.1984.569 @ Blue
Diglossa cyanea Male Rump 104781 22.4.2010 Blue
Diglossa cyanea Male Rump 104782 22.4.2010 Blue
Xenodacnis parina Male Mantle 103020 20.3.20099 Blue
Xenodacnis parina Male Rump 103022 20.3.200911 Blue
Xenodacnis parina Male Rump 103021 20.3.200910 Blue
Sporophila caerulescens Male Mantle 20.468 26.4.1937.692 Grey
Sporophila caerulescens Male Mantle 20.467 26.4.1937.691 Grey
Sporophila caerulescens Male Mantle 20.462 26.4.1937.686 Grey
Phygilus unicolor Male Mantle 64080 26.8.1983167 Grey
Phygilus unicolor Male Mantle 105109 6.5.2010 Grey
Phygilus unicolor Male Mantle 64078 26.8.1983165 Grey
Coryphospingus plieatus Male Rump 9796 NA Grey
Coryphospingus plieatus Male Rump 9792 NA Grey
Coryphospingus plieatus Male Rump 9797 NA Grey
Diuca diuca Male Breast 9720 NA Grey
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Diuca diuca

Diuca diuca

Poospiza hypochondria
Poospiza hypochondria
Poospiza hypochondria
Saltator albicollis
Saltator albicollis
Saltator albicollis
Neothraupis fasciata
Neothraupis fasciata
Neothraupis fasciata
Sporophila plumbea
Sporophila plumbea
Sporophila plumbea
Thraupis sayaca
Thraupis sayaca
Thraupis sayaca
Phryglius alaudinus
Phryglius alaudinus
Phryglius alaudinus
Thraupis cyanocephala
Thraupis cyanocephala
Thraupis cyanocephala
Thraupis episcopus
Thraupis episcopus
Thraupis episcopus
Tangara heinei
Tangara heinei
Tangara heinei
Catamblyrhynchus diadema
Catamblyrhynchus diadema
Catamblyrhynchus diadema
Catamenia analis
Catamenia analis
Catamenia analis
Diglossa lafresnayi
Diglossa lafresnayi
Diglossa lafresnayi
Diglossa albilatera
Diglossa albilatera
Diglossa albilatera
Diglossa brunneiventris
Diglossa brunneiventris
Diglossa brunneiventris
Diglossa sittoides

Diglossa sittoides
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Male
Male
Unsexed
Female
Male
Unsexed
Unsexed
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Unsexed
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Unsexed
Unsexed
Male
Male
Male
Unsexed
Unsexed
Unsexed
Unsexed
Male
Male
Male
Male
Male
Male

Male

Breast
Breast
Mantle
Mantle
Mantle
Nape
Nape
Nape
Mantle
Mantle
Mantle
Mantle
Mantle
Mantle
Throat
Throat
Throat
Throat
Throat
Throat
Breast
Breast
Breast
Throat
Throat
Mantle
Breast
Breast
Breast
Mantle
Mantle
Mantle
Rump
Rump
Rump
Wingcovert
Wing covert
Wing covert
Breast
Breast
Breast
Rump
Rump
Rump
Nape
Nape

9721
9717
104995
104996
104998
20.274
20.260
20.278
NA

NA

NA
20.374
20.370
20.373
NA

NA

NA
9765
67932
9761
NA
103009
NA

NA

NA

NA

NA

NA

NA
104900
9647
64085
105122
105114
10515
NA

NA

NA

NA
104797
NA
104899
103034
103040
NA

NA

28.6.1937.7
NA

3.5.2010
3.5.2010
3.5.2010

NA

NA

NA

NA

NA

NA

NA

NA

NA
26.4.1937.578
26.4.1937.579
26.4.1937.577
15.2.1915.211
27.3.1979.138
NA

30.1.9341
20.9.1980.48
30.1.9140
30.1.9139
20.9.1980.46
30.1.9138

NA
30.1.1991287
15.2.1915.185
28.4.2010
8.2.1921.490
26.8.1983156
6.5.2010
6.5.2010
6.5.2010
1.6.1930.366
NA
8.2.1921.349
NA

22.4.2010

NA

27.4.2010
20.3.200921
NA
8.2.1921.353
NA

Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Grey
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate



Diglossa sittoides
Diglossa caerulescens
Diglossa caerulescens
Diglossa caerulescens
Oreomanes fraseri
Oreomanes fraseri
Oreomanes fraseri
Conirostrum cinerum
Conirostrumcinerum
Conirostrum cinerum
Conirostrum sitticolor
Conirostrum sitticolor
Conirostrum sitticolor
Dacnis cayana

Dacnis cayana

Dacnis cayana
Cyanerpes cyaneus
Cyanerpes cyaneus
Cyanerpes cyaneus
Chlorophanes spiza
Chlorophanes spiza
Chlorophanes spiza
Anisognathusgniventris
Anisognathus igniventris
Anisognathus igniventris
Pipraeidea melanota
Pipraeidea melanota
Pipraeidea melanota
Tangara chilensis
Tangara chilensis
Tangara chilensis
Tangara nigroviridis
Tangara nigroviridis
Tangara nigroviridis
Poospiza schistacea
Poospiza schistacea
Poospizachistacea
Paroaria coronata
Paroaria coronata
Paroaria coronata
Thraupis bonariensis
Thraupisbonariensis
Thraupis bonariensis
Charitospiza eucoma
Charitospiza eucoma

Charitospiza eucoma
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Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Unsexed
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male
Unsexed
Male
Unsexed
Unsexed
Unsexed
Male
Male
Unsexed
Unsexed
Male
Male
Male
Male
Male
Male
Male
Male
Male

Male

Mantle
Breast
Breast
Breast
Nape
Nape
Nape
Nape
Nape
Nape
Rump
Rump
Rump
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Breast
Rump
Rump
Rump
Rump
Rump
Rump
Throat
Throat
Throat
Throat
Throat
Throat
Mantle
Mantle
Mantle
Mantle
Mantle
Mantle
Throat
Throat
Throat
Mantle
Mantle

Mantle

NA
104791
104793
NA
104831
104822
104839
104802
104801
104803
104804
103028
104805
137319
NA

NA
59979
NA
59980
NA
103018
NA
102988
NA
104882
NA

NA

NA

NA

NA

NA

NA
92.806
NA
20.580
20.578
20.576
9311
9310
9303
NA
103013
92.805
9772
9773
9774

NA
22.4.2010
22.4.2010
NA
23.4.2010
23.4.2010
26.4.2010
27.3.1979.130
23.4.2010
23.4.2010
23-4-198518
20.3.200917
23.4.2010
8.6.2011.20
27.3.1979.131
20.9.1980.38
1.7.1971.579
25.12.1922.99
1.7.1971.580
NA

NA
1.6.1930.373
19.3.20092
20.1.1982
26.4.2010
NA

NA

NA
1.6.1930.393
1.6.1930.396
1.6.1930.395
8.4.1913.203
18.12.199816
30.1.93137
NA

NA

NA

NA
2.4.1917.1
NA

R 28-1907
20.3.20091
18.1.199815
NA

NA

NA

Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Slate
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Blue
Slate
Slate
Slate
Grey
Grey
Grey
Blue
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Table 2. Colour measurements for feather samplas Tanagers Each row represents average
colour measurement per species from 3 feathers. First column shatis name of the species,
second patch where thieathers are sampled from, third colour of the feathers, columigs7dshow
cone catch values, eight column shows Projection values, columa®show PC1 and PC2 from

Principal component analysis.

Latin name Patch Colour ' u S m | Projection_va ' PC1 PQ

Diglossa cyanea rump blue 0.386 = 0.405 @ 0.151 | 0.059 I(?.ii)l -0.275  0.037
Xenodacnis parina mantle / blue 0.366  0.398 | 0.180 @ 0.055 | 0.203 -0.251  0.054
Conirostrum sitticolor :325 blue 0.455 0.339 | 0.136 @ 0.070 @ 0.322 -0.303 | -0.049
Dacnis cayana breast blue 0.276 0301 | 0.343 0.080 @ 0.397 -0.088 0.079
Cyanerpes cyaneus breast blue 0.465 0.445 0.070 0.021 0.110 -0.392 | 0.015
Chlorophanes spiza breast blue 0.010 0.453 0.420 0.118 0.095 0.101 0.312
Anisognathus igniventris rump blue 0.454 | 0.396 0.111 0.040 0.208 -0.345 | -0.006
Pipraeidea melanonota rump blue 0.412  0.440 @ 0.117 0.030 @ 0.119 -0.331  0.050
Tangara chilensis throat blue 0.626  0.309 @ 0.047 0.018 @ 0.382 -0.473 | -0.156
Tangara nigroviridis throat blue 0.060 0526 @ 0.311  0.103 @ 0.052 -0.003 | 0.305
Thraupis bonariensis crown blue 0.437  0.348 | 0.144 0.071 | 0.305 -0.290 -0.033
Sporophila caerulescens mantle grey 0.136  0.240  0.289 0.335 | 0.521 0.149  -0.037
Phrygilus unicolor mantle grey 0.192 0.268 @ 0.266  0.274 | 0.464 0.060 | -0.023
Coryphospingus pileatus rump grey 0.172 0.225 0.264 0.339 0.551 0.122 -0.074
Diuca diuca breast grey 0.124 | 0.238 0.286 | 0.352 = 0.523 0.166 | -0.041
Poospiza hypochondria mantle grey 0.130 0.202 0.278 0.390 0.596 0.191 -0.089
Saltator albicollis nape grey 0.089 0.153 0.319 0.438 0.693 0.275 -0.110
Neothraupis fasciata mantle grey 0.160 0.234 0.267 0.338 0.531 0.127 -0.061
Sporophila plumbea mantle grey 0.141  0.237 | 0.279  0.343 | 0.526 0.147 | -0.048
Thraupis sayaca throat grey 0.175 0.258 | 0.281  0.287 | 0.485 0.087 | -0.023
Charitospiza eucosma nape grey 0.167  0.247 | 0.278  0.309 @ 0.507 0.106  -0.038
Catamenia inornata mantle slate 0.145 | 0.256 = 0.291  0.307  0.488 0.123 | -0.016
Poospiza cinerea mantle slate 0.118 0.257 | 0.299  0.325 | 0.486 0.154 | -0.009
Phrygilus alaudinus throat slate 0.184  0.258 = 0.270  0.288 | 0.483 0.077 | -0.031
Thraupis cyanocephala breast slate 0.148 0.271 0.283 0.298 0.457 0.108 -0.006
Thraupis episcopus throat/ma | slate 0.225 0.262 | 0.315 0.198  0.476 0.014 0.011
Tangaréheinei Etrfast slate 0.048 | 0.392  0.342 0.218 0.216 0.120 | 0.179
Catamblyrhynchus diadema mantle slate 0.224 | 0.280 0.261 0.235 0.439 0.010 -0.014
Catamenia analis rump slate 0.226 0.277 0.256 0.241 0.447 0.012 -0.022
Diglossa lafresnayii wing_cove slate 0.332 0.304 0.208 0.155 0.392 -0.134 | -0.030
Diglossa albilatera Ltrseast slate 0.212 | 0.268 @ 0.263 | 0.257  0.464 0.036 | -0.026
Diglossa brunneiventris rump slate 0.229 | 0.268  0.260 | 0.244  0.465 0.015 | -0.029
Diglossa sittoides nape / slate 0.206 @ 0.271 = 0.266 = 0.257 | 0.457 0.039 | -0.020

mantle

Diglossa caerulescens breast slate 0.231 0.299 0.259 0.210 0.401 -0.015 @ 0.006
Oreomanes fraseri nape slate 0.135 0.200 0.281 0.384 0.599 0.185 -0.088
Conirostrum cinereum nape slate 0.159 0.249  0.288 0.304 @ 0.501 0.112  -0.027
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Sporophila schistacea mantle slate 0.143 0.263 | 0.291 0.303 0474 0.120  -0.009
Tangara vitriolina mantle slate 0.041 0.240 @ 0.416 0.303 @ 0.521 0.242  0.068

Table 8. Measurements of variables explaining properties of spongy layer for feathers in Tanagers.

Every row represents an average value of the measurement for a species.

Latin name Patch Colour | Nanostruct = Long Average Aveage Filling I_(max) g_(max)
ure Period Hard Soft fraction
complexity Block Block
Thickne | Thickne
ss ss
Diglossa_cyanea rump blue 5 1580.86 537.452 1043.40 0.340 20779.73 0.003
0 8 9
Xenodacnis_parina mantle / blue 3 1772.81 570.865 1201.94 0.322 46668.92 0.003
rump 0 5 5
Conirostrum_sitticolor rump blue 5 1549.06 394.873 1154.18 0.255 37991.22 0.004
1 8 8
Dacnis_cayana breast blue 11 2129.78 458.322 1671.46 0.215 208921.3 ' 0.003
3 0 55
Cyanerpes_cyaneus breast blue 8 1597.81 424.751 1173.06 0.266 149011.1 = 0.004
8 7 12
Chlorophanes_spiza breast blue 11 1823.65 568.041 1255.60 0.311 92476.24 0.003
0 9 1
Anisognathus_igniventris rump blue 6 1633.11 400.252 1232.85 0.245 54499.42 0.004
1 9 3
Pipraeidea_melanonota = rump blue 8 1790.95 392.479 1398.47 0.219 89431.47 0.003
4 4 5
Tangara_chilensis throat blue 8 1528.86 389.079 1139.78 0.254 246532.3 = 0.004
6 7 22
Tangara_nigroviridis throat blue 8 1887.18 472.732 1414.45 0.251 85120.93 0.003
5 2 4
Thraupis_bonariensis crown blue 5 171594 387.121 1328.82 0.226 58920.09 0.003
3 2 6
Sporophila_caerulescens mantle grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Phrygilus_unicolor mantle grey 1 4565.18 693.784 3871.40 0.152 2749.584 0.004
4 1
Coryphospingus_pileatus rump grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Diuca_diuca breast grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Poospiza_hypochondria  mantle grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Saltator_albicollis nape grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Neothraupis_fasciata mantle grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Sporophila_plumbea mantle grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Thraupis_sayaca throat grey 10 2366.48 608.738 1757.74 0.257 48398.28 0.003
2 4 9
Charitospiza_eucosma = nape grey 0 0.000 0.000 0.000 0.000 0.000 0.000
Catamenia_inornata mantle slate 0 0.000 0.000 0.000 0.000 0.000 0.000
Poospiza_cinerea mantle slate 1 4891.57 907.524 3984.05 0.185 2906.703 0.005
6 2
Phrygilus_alaudinus throat slate 1 4531.91 647.932 3883.97  0.143 5088.436 0.004
1 9
Thraupis_cyanocephala = breast slate 8 1890.39 472.018 1418.37 0.250 36345.31 0.003
0 3 1
Thraupis_episcopus throat/man = slate 13 2245.88 512.694 1733.19 0.228 93194.20 0.003
tle 8 5 9
Tangara_heinei breast slate 10 1920.84 522.688 1398.15 0.272 72541.88 0.003
3 5 3
Catamblyrhynchus_diade mantle slate 1 4681.16 714.423 3966.73 0.149 8038.068 0.004
ma 2 9
Catamenia_analis rump slate 1 4554.47  629.440 3925.03 0.139 5340.388 0.004
8 7
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Diglossa_lafresnayii wing_cover = slate 1 1551.94 438.895 1113.05 0.284 6338.845 0.004
Diglossa_albilatera :Jsreast slate 1 ?1958.44 812.630 1145.81 0.164 6487.227 0.004
Diglossa_brunneiventris  rump slate 1 j11126.72 670.502 3456.22 0.187 3838.032  0.005
Diglossa_sittoides nape / slate 1 2704.34 797.101 ‘11907.24 0.308 8310.673 0.002
mantle 9 8
Diglossa_caerulescens | breast slate 3 1716.00 556.041 1159.96 0.325 36125.35 0.003
Oreomanes_fraseri nape slate 2 ;978.62 824.841 2153.78 0.220 2779.868 0.002
Conirostrum_cinereum | nape slate 2 2327.82 652.770 i675.05 0.280 27911.28  0.003
Sporophila_schistacea = mantle slate 1 2113.27 953.833 2159.44 0.184 2103.644 0.004
Tangara_vitriolina mantle slate 10 i969.88 528.343 2441.54 0.268 67114.53 = 0.003
9 6 9

Table S4.Results of Phylogenetic generalized least squ&6LS) used to test the influence of
predictor variables (nanostructure complexity, average hard block thickness, average soft block
thickness, local crystallinity and | max) separately for PC1 of a) slate, b) blue and-slatelgecy

colours. Intercepestimates, standard error andyalues are reported.

Intercept

nanostructure

average_hard_block_thicnkess

average_soft_block_thickness

Localcrystallinity

I max

Multiple R2

Adjusted R2
Lambda
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a) SLATE

Estimate
SE)
1.1975e01 (++
7.4872e02)

(+

2.4639e02 (++
1.8116€02)

7.2865e04 (+
2.6126€04)

-1.0313e04
(+/- 4.1582e
05)
1.3408e+00
(+/- 4.8115e
01)
-1.974e06 (++
2.711e06)

0.503
0.277
0

P
[anova]

0.25916

0.42831

0.94045

0.013

0.481

b) BLUE

Estimate (+
SE)
5.3227e01
(+-
1.8853e+00)
4.0498e02
(+/- 1.6217e
02)
4.7362e03
(+/- 3.3676e
03)
-7.5464e04
(+/- 1.0810e
03)
8.088e+00
(+-
7.658e+00)
-1.1499e06
(+/- 5.225e
07)

0.883

0.766
1

P
[anova]

0.02315

*

0.01042

*

0.08288

0.215

0.079

c) BLUBSLATESREY

Estimate (+
SE)
1.5104e01
(+/- 3.6963e
02)
2.9624e02
(+/- 7.9681e
03)
1.5021e03
(+/- 3.2573e
04)
-1.9%e-04
(+/- 4.938e
05)
2.966e+00
(+/- 4.84%
01)
1.938e06
(+/- 5.05%
07)

0.714

0.669
0

P [anova]

0.000895

0.672532

0.294091

4.45E08

0.0005
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Figure S1Examples of scattering profiles cover all possible peaks and shoulder combinations across
all examined feather sampleshis figure is the extension of the Figure 4.1. from the main Ex.

figure is a visual representation of Table 1, and the classification of combinations of features is
explained in the table. In short, configuration 0 (a) indicates a lack of anywstlicomponents on

the plot. Configurations 1 and 2 (b, c) have shoulder detected as the first scattering element and
they are typical for the rudimentary form of the spongy nanostructure in the medullary feather cells.
Configurations 3 and 5 (d, e) hapeak detected as the first scattering element, and the following
scattering element is either neexisting or a shoulder. Configurations 6, 8, 9, 10, 11 and 18 (f

have peaks detected as the first and second scattering element with any other numélenadnts
(peaks or shoulders) detected afterwards. On each plot, an orange line represents an area that is
explored for the detection of the peak and shoulders, thick blue line represents peak and shoulders

detected, while a thin blue line represents dletdata for each plot.
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