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Preamble

When | initially started this PhD, | expected to work exclusively on iridescence in hummingbirds. But
my path led me to spend a lot of time contributing code and advocating for a future where technology
was used for the better to improve science practices as well. While discussing with my supervisors,
I admitted how much it saddened me to reduce my work to the purely scientific aspect in my thesis,
and to neglect all the work | had done in advocacy and meta-research (the research on research
practices). My supervisors suggested | simply split my manuscript into two somewhat independent
chapters. One that does indeed focus on colour and iridescence, and the other one on meta-research,
a kind of editorial describing the world I envision for our community, how I contributed to it until now
and more importantly, my plans for the future.

Within each chapter, | wandered away from the usual introduction / articles / discussion format,
as the distinction between introduction and discussion appeared somewhat forced and artificial. Fur-
thermore, the articles being pretty much standalone (because they are published or intended to be
published in journals on their own), including them between the introduction and the discussion heav-
ily disrupted the flow for the reader. So I simply split everything | wanted to say into thematic sections
and put all my articles at the end of each chapter. The main results of each article are very briefly
reminded in the main text of this thesis but readers should report back to the articles themselves for
more information. Instead of copy/pasting in the thesis what | already said in the articles, | used this
opportunity to add new details (including many new figures) which could not make it into the articles:
the story of how each project came to be, the different strategies I tried, the obstacles | faced, the
dead-ends, the surprising observations that are yet to be explained, etc. | hope it will prove useful
and pleasant to read.

In accordance to what | present in the second chapter, most of this work is released under a free
license:

Thiswork is licensed under a @ @ @
license.

This means you are free to copy, re-use and adapt the content of this thesis, as long as you provide

attribution ( ) and you release your derived work under
the same license (SA clause). Some figures are released under a stricter license (most of the time,
forbidding commercial use; ), to respect the original authors wishes. For such cases, it is

always prominently written in the figure caption.
Colour code The electronic version of this thesis contains internal and external hyperlinks. These
links are typeset in colour with the following code:

« internal links to other parts of the thesis (figures, tables, boxes, sections)
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11 Introduction: What is colour?

In 1859, Darwin published his book 'On the Origin of Species by Means of Natural Selection’ (Darwin,
1859), where he presented a very simple mechanism, which contributes to the extraordinary diversity
among living organisms: in a world of limited resources, individuals compete to acquire these re-
sources in order to survive (the struggle for life). Because individuals differ in their ability to acquire
these resources, some do not manage to survive or find a mate before their death and do not pass
their traits onto the next generation, leading to the extinction of their lineage. This process of survival
of the fittest is called natural selection.

Colour is one of the most striking aspects of this diversity which arises from natural selection and
since the dawn of evolutionary biology, it has been the focus of many studies. For example, Wallace
wrote a large corpus of texts and books on colouration in the context of natural selection (Wallace
1877; Wallace 1895; reviewed in Caro 2017). Colour is indeed a good study system to investigate the
fine details of evolutionary processes as it is a complex trait which can evolve along several axes of
variation (as opposed to body size or weight for example), and which is under the control of multiple
forces often acting in opposite directions (Cuthill et al., 2017). Indeed, traits selected by natural se-
lection improve either survival or fecundity. Colour can improve survival by making individuals less
conspicuous, more cryptic, to predators (reviewed in Stevens and Merilaita 2011) and it can improve fe-
cundity by making individuals more conspicuous and attractive to potential mates (detailed in Darwin
1872's second most famous book: The descent of man, and selection in relation to sex). The interplay
between these two forces leads to the evolution of complex signals, which are sometimes spatially
organised (as in fig. 1.1). Selection for camouflage and for communication are the commonly studied
drivers of the evolution of colour but other drivers likely come into play as well, as | discuss later in

this manuscript.

Figure 1.1: Peacock butterfly (Aglais io), from the Muséum de Toulouse, by Didier Descouens, CC-BY-SA
4.0. The dorsal side (left panel) has conspicuous colours, with some level of iridescence (blue spots
on this picture), which may be involved in both communication and anti-predator strategy while the
ventral side (right panel) seems entirely controlled by selection for camouflage.
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Before | go any further in the discussion of colour, it is important to point out that colour is not an
intrinsic property of an object but on contrary it is dependent on many extrinsic factors. For example,
Galileo already highlighted the importance of the viewer in the very existence of the concept of colour

(Boghossian and Velleman, 1989):

“Hence | think that these tastes, odors, colors, etc., on the side of the object in which they
seem to exist, are nothing else than mere names, but hold their residence solely in the
sensitive body; so that if the animal were removed, every such quality would be abolished
and annihilated.” (Galileo)

In other words, colour is the interaction between the spectral reflectance of said object (intrinsic
physical property; box 2 in fig. 1.3) with the viewer’s visual and cognitive system (extrinsic property;
boxes 3 and 4 in fig. 1.3) (Endler, 1978): this is what philosophers call a secondary quality (Boghossian
and Velleman, 1989). '

The extraordinary diversity of colour | mentioned earlier is paired with a large diversity in the
way these colours are perceived by different organisms (visual systems) (Osorio and Vorobyev, 2008).
Species differ in their number of photoreceptor classes and the sensitivities of said photoreceptors
(Osorio and Vorobyev, 2008). For example, all birds have 4 classes of photoreceptors (called cones)
and can perceive so called visible (400 nm to 700 nm) and ultraviolet (UV; 300 nm to 400 nm) radia-
tions but bird visual systems are traditionally divided in two classes, depending on their sensitivity to
UV (Vorobyev et al., 1998). In violet-sensitive (VS) birds, the photoreceptor sensitive to UV has an ab-
sorbance peak around 355 nm to 380 nm while in ultraviolet-sensitive (UVS) birds, this peak is around
402 nm to 426 nm (Odeen, Hart, and Hastad, 2009), as illustrated in fig. 1.2. But there is still consider-
able interspecific variation within these groups (Hart et al., 2000), or even regional variation within a
single species (Knott et al., 2017), because of variations in photoreceptor sensitivities or other factors
such as ocular medium transmission (Lind et al.,, 2014). In other taxa, studies have shown a differ-
ence in visual system between sexes for a single species (Arikawa et al., 2005; McCulloch, Osorio, and
Briscoe, 2016).

Historically, colour was studied through human vision but this is not appropriate for most ques-
tions about evolution, as the agents exerting selective pressures do not necessarily see colour in the
same way humans do (e.g. a female bird looking at the colours of a potential mate, or a dichromatic
mammalian predator hunting its prey). Nowadays, several perceptual models exist to assess how
colour is seen by a specific individual, using the characteristics of its visual system and the spectral
reflectance of the target object (see box 1 for details on the measurement protocol) (Backhaus, 1991;
Vorobyev and Osorio, 1998). Using these models, numerous studies have shown that the use of hu-

man vision to study other species colouration is not just a theoretical concern (as detailed in Bennett,

1. In the articles included in this thesis, | have often used 'colour’ as a shorthand for 'spectral reflectance’ for the sake of
brevity and simplicity.
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Figure 1.2: Normalised photon catch profiles of photoreceptors (cones) of a UVS bird, the blue tit
Cyanistes caeruleus (top panel) and a VS bird, the wedge-tailed shearwater Puffinus pacificus (bottom
panel). Both species have 4 types of photoreceptors but differ in their sensitivity to ultraviolet and
small wavelength radiations.

Cuthill, and Norris, 1994) and that it does indeed fail to discern differences visible to other species
(Eaton, 2005; Armenta, Dunn, and Whittingham, 2008). Colour is also processed by the brain in a com-
plex way we do not yet fully understand for all species (box & in fig. 1.3). For example, a recent study
showed that zebra finches (Taeniopygia guttata) make colour categories, even though their visual sys-
tem could allow them to discern colours from a given category (Caves et al., 2018). This capacity was
only attributed to humans until now and | do not know any perceptual model that takes this new

research into account yet.

Finally, colour is also influenced by ambient light (box 1in fig. 1.3). Let us imagine any object that is
illuminated by blue light (similarly to what happens in the depth of the oceans for example), it cannot
reflect anything else than this blue light, no matter its characteristics. Illuminants are varied in nature
depending on the weather and the surrounding vegetation (Endler, 1993) and multiple studies have
shown that this plays an important role in the evolution of colours (Endler and Thery, 1996; Heindl

and Winkler, 2003a; Heindl and Winkler, 2003b; Gomez and Théry, 2004; Douglas et al., 2007).

The spectral reflectance that ultimately gives rise to colour can be produced by two non-exclusive

mechanisms (Gadow, 1882), which divide colours in two classes:

 Pigmentary colours, in which wavelengths of the incoming light are selectively absorbed by a
specific molecular entity, called pigment. The reflected light is therefore depleted in some wave-

lengths compared to the incoming light.
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» Structural colours (reviewed in Kinoshita, Yoshioka, and Miyazaki, 2008), where the physical in-
teraction between light with micro- and nano-structures produces the spectral reflectance be-

cause of dispersion, diffraction, interferences (the process by which interferences generate the

spectral reflectance is detailed in box 2).

Figure 1.3: Drawing showing the different intrinsic (in blue) and extrinsic (in orange) components that
creates the colour of an object in the brain of the receiver.

15



Box 1: Measuring spectral reflectance and modelling colour vision

Colour results from the interaction between spectral reflectance of the object (intrinsic physical
property), incoming light and the receiver’s visual and cognitive system (extrinsic properties).
The first step to measuring colour in a reliable way, according to a given visual system, is thus
to measure the spectral reflectance in an objective and reproducible way. For this, we use a

spectrophotometer, which is a device that:
1. Separates the light radiation into discrete wavelength bins (diffraction step)

2. Counts the number of photons (roughly speaking the 'amount’ of light) for each of these

bins

Each spectrometer has its specific sensitivity to the different wavelengths and the reflected
light depends on the incoming light, as mentioned before. As a consequence, to be able to
use the resulting data in vision models with a chosen incoming light and visual system, we
need to produce a measurement that is independent from the incoming light and spectrometer
(receiver in this case). This is achieved by normalising all measurements relative to a 'white’
reference (usually an achromatic Lambertian surface) and a 'dark’ reference (representing the
baseline signal in the absence of a sample, caused by stray light in the room and electrical
noise).

This spectrometer collects light reflected by the sample via an optical fibre (called the collection
fibre). We can only collect the full range of the spectral reflectance if the incoming light hitting
the sample itself contains the full wavelength range perceived by potential receivers. For birds,
we must then use a lamp that emits light in the UV and visible range (i.e. emitting over the
300 nm to 700 nm range). The light is brought from the lamp to the sample via a second optical
fibre called the illumination fibre. This set-up is illustrated in fig. 1.4.

The resulting reflectance spectrum then consists of several hundred data points for each mea-
surement (one point for each of the aforementioned bin). They are usually summarised in 3 vari-
ables which convey different type of information: hue, brightness and saturation (illustrated
in fig. 1.5). These variables are either extracted directly from the spectrum or after processing
via a vision model, ad done in Vorobyev and Osorio (1998).

The protocol is slightly more involved for iridescent colours. Because the reflectance depends
on the angle of illumination or collection, the precise position of the two fibres must be pre-
cisely controlled. See Gruson et al. (2019a) for a detailed presentation of the new method |
developed during my PhD to measure and analyse iridescent colours in a precise and efficient

way.
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Figure 1.4: Drawing of a set-up to measure spectral reflectance from a sample: the light is
brought from a lamp to the sample via an optical fibre (illumination fibre). The light reflected
by the sample is then collected by a second optical fibre (collection fibre) which brings it to the
spectrophotometer.
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Figure 1.5: Decomposition of colour into 3 variables: hue ('green’, 'blue’, 'red’, etc.), brightness
(light/dark axis of variation) and saturation ('intensity’ of the colour; also called 'spectral pu-

rity’).
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1.2 What is iridescence and how to measure it?

Iridescence is a specific type of structural colour, where the spectral reflectance changes with the il-
lumination or observation angle (but see section 1.5 for discussion on this definition). It is quite a
common phenomenon, found even in everyday objects, such as compact disks, soap bubbles or oil
spills on the road. Iridescence can be produced by two mechanisms: diffraction or interferences (see
box 2 for more details). For example, iridescent colours in bird feathers are produced by interfer-
ences caused by the reflection of light on multilayer structures (Diirrer, 1977). These multilayers are
composed of organelles which contain melanin (refractive index n = 1.8; Stavenga et al. 2015), called
melanosomes (reviewed by D’Alba and Shawkey, 2018), embedded in a keratin matrix (refractive index
n = 1.5; Leertouwer, Wilts, and Stavenga 2011), as detailed later. Iridescence in many flowers on the
other hand is due to diffraction (Whitney et al., 2009; Glover and Whitney, 2010), but not exclusively,
as reviewed in Vignolini et al. (2013), while both interferences and diffraction contribute to the blue
iridescent colours of Morpho butterflies (Vukusic et al., 1999). In many cases, iridescent colours are
also highly directional, meaning that they are only visible over a narrow range of angles (directional
colours) (Osorio and Ham, 2002; Panteli¢ et al., 2011). On the contrary, other species present spe-
cific adaptations that increase this angle range (diffuse colours) (Vukusic et al., 1999; Osorio and Ham,

2002).

Why study iridescence as evolutionary biologists?

| briefly explained the importance of the study of colours as a tool to better understand evolution
but in this section, | would like to expand on why iridescence in particular is an especially valuable
study system. Iridescent colours are widespread in many species across all groups in the tree of
life (as illustrated in fig. 1.7) including bacteria (Kientz et al., 2016; Johansen et al., 2018), bony fishes
(Lythgoe and Shand, 1989; Gur et al., 2014; Gur et al., 2015), arthropods and especially insects (Parker,
McKenzie, and Large, 1998; Fabricant et al.,, 2013; Stavenga, 2014; Parnell et al., 2018; Pasteels et al.,
2016) and spiders (Lim and Li, 2013), some bird groups (Diirrer, 1977), gastropods (Brink, van der Berg,
and Botha, 2002) and even one mammal (Snyder et al., 2012) (see table 1 in Gruson et al. 2019a for
a more complete list of taxa in which iridescence reflectance was measured and the method used
or the more detailed version in Gruson et al. 2018). In spite of this large prevalence of iridescence,
and in spite of the interest it sparked in early naturalists already (Gould, 1849; Wallace, 1895), much
remains unknown about iridescence in natural objects. More specifically, most of its putative functions
in natural objects (reviewed in Doucet and Meadows, 2009) have only been tested in a very limited
number of species, and until very recently, we knew nearly nothing about its developmental process

and genetic determinants (detailed in section 1.4).
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Box 2: Iridescence by interferences

Iridescent colours are a specific type of structural colour, defined by a dependency to the angle
of observation or illumination. It can be produced by interference of light on a thin-film % or a
multilayer structure. The simplest model to understand interferences comes from considering

light as a wave °

. In this model, like for a mechanical wave, adjacent rays can be in phase
or out of phase. Out of phase rays cancel one another (destructive interference). This phase
difference arises when light goes through a multilayer structure, whose layers have different
refractive indices (table 1.1). All light rays do not necessarily take the same path and if the
length of the path difference is not a multiple of the wavelength, they get partially out of phase.
Because this depends on the wavelength, the reflected light is depleted in some wavelengths
(because of destructive interference) more than others relative to the incoming light, as shown

in fig. 1.6. This optical path difference also depends on the incidence angle, which explains the

angle dependency of hue in iridescent colours.

fut of phase

Constructive interferences Destructive interferences

Figure 1.6: Illustration of constructive and destructive interference. In this example, the wave-
lengths corresponding to a green hue will not be visible as they destructively interfere. The
sample will appear pink, because the wavelengths corresponding to pink constructively inter-
fere.

Material  Refractive index (n)  Reference

Keratin ~ 1.56 )
. Leertouwer, Wilts, and Stavenga (2011)
Chitin 1.55
Melanin 1.8 Stavenga et al. (2015)
Air 1

Table 1.1: Example of usual materials found in animal multilayer structures and their refractive
indices. Here, | present average values but the refractive index actually is a function of the
wavelength (Leertouwer, Wilts, and Stavenga, 2011; Stavenga et al., 2015).

a. an empirical distinction is made when the layer thickness exceeds 1um and some authors use term "thick-film’
but the physical process is the same.

b. this model does not accurately describe the actual physical process but it works well enough for simple examples
like this one.
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Figure 1.7: A sample of the diversity of organisms displaying iridescence: Rainbow scarab beetle
Phanaeus vindex, by Sebastian Eder, CC-BY-SA, green-tailed sunbird Aethopyga nipalensis by Dibyendu
Ash, CC-BY-SA, peacock spider Maratus volans by Jiirgen Otto, CC-BY-SA, Morpho sp. by Vera Kratochvil,
CCo, Indian peafowl Pavo cristatus by Peter Kraayvanger, CCO, Xenopeltis sp. by wikipedia user bochr,
CC-BY-SA, mantis shrimp Odontodactylus scyllarus by flickr user prilfish, CC-BY, cuckoo wasp Hedy-
chrum rutilans, by Frank Vassen, CC-BY, sharknose goby Elacatinus evelynae by Ilyes Laszlo, CC-BY

How to measure iridescence? The first obstacle in its study

Iridescence has been largely neglected by evolutionary biologists until now likely in part because of
the high difficulty to even reliably measure and quantify it. Indeed, itis a complex trait whose study re-
quires a good grasp of the underlying optical principles. Until recently, there was no protocol publicly
available to measure iridescence and only research groups with physicists were able to perform mea-
surements, often using a custom method, which could not always be compared across studies. Most
studies also generally focused on a single, iconic, species within a group (e.g. Zi et al., 2003; Plattner,
2004; Stavenga et al., 2011a; Fabricant et al., 2013; Parnell et al., 2015; Wilts, Giraldo, and Stavenga, 2016;
Giraldo, Parra, and Stavenga, 2018). Yet, for evolutionary biologists, it is of paramount importance to
be able to assess the variability within a clade (as done in Parnell et al. 2018) or even within a single
species (as in Meadows, Roudybush, and McGraw 2012; Fabricant et al. 2013; Piszter et al. 2016; Ornelas
et al. 2016), making it absolutely crucial to develop a standard protocol. For my first study during my
PhD (Distribution of iridescent colours in hummingbird communities results from the interplay be-
tween selection for camouflage and communication; under review by Peer Community In EvolBiol), |
used a method derived from Meadows et al. (2011) to measure iridescence. As reported by the original
authors, it did produce repeatable measurements. From this method, | defined a variable specific

to iridescent colours: hue shift, as the difference in hue between two angular positions (as in Dakin
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and Montgomerie 2013). But | noticed that the values of hue and hue shift were highly correlated, as
already reported in Dakin and Montgomerie (2013), and | later proved this correlation theoretically
(section B.3.2 of Gruson et al., 2019a). This strong correlation drastically reduced statistical power and
made difficult any investigation on hue shift. In Gruson et al. (2019a), | used optical theory to show that
iridescent colours due to interferences (box 2) vary in a predictable way in the angle space (fig. 1.8).
This means that a limited number (16 angle configurations) of well-chosen measurements is sufficient
to mathematically derive the variations in the entire angle space, which represents a huge time gain
compared to the systematic exploration (120 angles configurations). Based on this proof, | proposed

a standard protocol and described 6 indices (hue H angle dependency of hue y,;, brightness B

max?’ max’

angle dependency of brightness y;, structure orientation t, saturation S__ ) to entirely summarise
iridescent in the angle space and allow comparisons across studies. Following the advice of one re-
viewer, | also numerically verified the validity of the simplifying assumptions made in this paper by
using simulations of the spectral reflectance produced by a multilayer structure (Supplementary In-
formation presented in Gruson et al., 2018). | then tested this method on two phylogenetically distant
clades: hummingbirds and Morpho butterflies, and showed that it produced reliable and repeatable

values (reported in table 1.2).

taxon variable param. mean SD RSD (%) ICC P (likel.) p (perm.)
hummingbirds brightness Binax 36.60 47.54 14.79 0.947 <<0.0001 0.001
t 14.61 18.21 7428 0.968 <<0.0001 0.001
Y8 13.67 7.85 11.19 0.875 0.0009 0.002
hue Hinax 556.80 65.66 0.3004 0.997 <0.0001 0.001
Y 0.64 0.18 2.281 0.689 0.028 0.098
butterflies brightness Brnax 148.80 99.78 691 0.936 <0.0001 0.001
294 483 32.96 0.268 0.18 0.098
Y8 535 512 476 0.769 <0.0001 0.004
hue Hinax 492.69 2781 0.2484 0.993 <<0.0001 0.001
Y 0.73 0.14 2993 0.853 <<0.0001 0.001

Table 1.2: Repeatability of the method developed in Gruson et al. (2019a) for hummingbirds and but-
terflies. | tested repeatability by computing the intra-class coefficient (ICC column), which compares
variability between measurements at the intraspecific level and at the interspecific level (i.e. is the
method precise enough to capture differences between species?) and its statistical significance via
two methods (last two columns). | also computed the relative standard deviation (RSD column), also
called coefficient of variation which is the standard deviation divided by the mean, and which gives
a index of the similarity of successive measurements of the same sample. Table 1 from Gruson et al.
(2019a).

This method is based on spectral descriptors and not on variables derived from vision models,
which means in its current state, it is not appropriate for all questions in evolutionary biology. But it
can still be used in studies that focus on spectral reflectance (and not necessarily how it translates into
colour), like Hummingbird iridescence: an unsuspected structural diversity influences colouration at

multiple scales. | plan on trying to expand this method to work with vision models in the future.
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Figure 1.8: Colour variables ((a): brightness; (b): hue; (c): hue + brightness) of an iridescent multilayer
change in a predictable fashion in the angle space. This means a limited number of measurement,
to estimate the parameters of the underlying mathematical functions, is sufficient to reconstruct the
variations in the angle space. Figure 3 from Gruson et al. (2019a).



1.3 Iridescence in hummingbirds: proximate and ultimate causes

In the rest of my PhD, | mainly focused on hummingbirds (see box 3 for a brief general presentation
of this family). Hummingbirds are a good system to study visual communication and iridescence, or
even evolution in general (as exemplified by the fact that Wallace 1895 wrote a chapter titled "Humming-
birds of Juan Fernandez as illustrating Variation and Natural Selection’), for several conceptual and

technical reasons:

+ Indeed, in few clades are iridescent colours as striking as in the hummingbirds. This extreme
angle dependency and brightness are illustrated in fig. 1.9 and by the following quote (see also
Osorio and Ham 2002 for a precise quantification in the magnificent hummingbird Eugenes ful-

gens):

“We were examining a Hummingbird, the gorget of which was an intense emerald-green,
but on changing the light (that is altering its angle of incidence) the emerald was
changed into velvet black.” Gould, 1849

Figure 1.9: Two views of the same Anna’s hummingbird (Calypte anna) individual a couple of seconds
apart, demonstrating the dramatic effect of angle on the colour of the face. This collage was created
from a video of Mick Thompson, CC-BY-NC,

All of the 365 hummingbird species have iridescent colours (sometimes alongside pigmentary
colours), and hues can be wildly different between species, even when they diverged fairly re-

cently (Clark, Feo, and Escalante, 2011), providing a good statistical power.

“The hue of every precious stone and the lustre of every metal is here represented; and
such terms as topaz, amethyst, beryl, emerald, garnet, ruby, sapphire; golden, golden-
green, coppery, fiery, glowing, iridescent, refulgent, celestial, glittering, shining, are
constantly used to name or describe the different species.” Wallace, 1895
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+ Almost all species are present in large numbers in museum collections. Indeed, the small size
and shiny colours of hummingbirds made them prime targets for collectors during the 19th and
20th century. Gould (1849) reports that “[flrom Santa Fe de Bogota alone many thousands of
skins [were] annually sent to London and Paris”. For example, the Musée des Confluences in
Lyon, France, has one of the largest hummingbird collections in the world, with about 16 000
skins. There are issues associated with such large numbers, especially related to data curation
and accessibility that I discuss in the second part of this manuscript but museum collections
represent a valuable tool for many experiments in natural sciences (Linck et al., 2017). During
my PhD, | worked on museum specimens because it would have been too time consuming to
travel all across the Americas to collect specimens. Additionally, the protocol to measure irides-
cence cannot be easily used in the field, as it requires a dark room (more details in Gruson et al.
2019a). We also know that museum specimens are appropriate to measure structural colours.
Doucet and Hill (2009) have shown that reflectance characteristics are similar between live wild
birds and museum skins in the structural blue patch of the long-tailed manakin Chiroxiphia lin-
earis: brightness and saturation remain constant no matter the specimen age but hue tends
to increase slightly with age. Similarly, Martin, Gaskett, and Friesen (2018) showed that seabird
feather colours, as seen by seabirds, do not significantly change with specimen age. As a side
note, it seems that pigmentary colours are more sensitive to colour alteration with time (McNett
and Marchetti, 2005). Hummingbirds do have pigmentary colours as well but my work has mainly

focused on their iridescent colours.

+ The phylogeny of hummingbirds is well resolved. Indeed, McGuire et al. provided sequences that
led to the elaboration of two phylogenies by different teams. One by the team that generated
the sequences (McGuire et al., 2007; McGuire et al., 2014) and the other by a team that built a
general phylogeny for all birds (Jetz et al., 2012). The two phylogenies are quite similar, which is
not surprising since they use the same genetic data as their basis. The main difference lies in the
position of one clade: the topazes (as shown in fig. 1.10). Because of this similarity and because
the number of topazes in my studies was low (1 species for Distribution of iridescent colours
in hummingbird communities results from the interplay between selection for camouflage and
communication and and 2 for Hummingbird iridescence: an unsuspected structural diversity
influences colouration at multiple scales), | do not expect this to have an important impact on
my results. In all the studies during my PhD, | used Jetz et al. (2012)’s phylogeny for the reasons

developed in the second part of the manuscript.

But analyses at large taxonomic scale remain scarce in the field of iridescence, with most studies
focusing on a single species (but see Maia, Rubenstein, and Shawkey 2013) and measuring iridescence

at a single angle configuration, thus making impossible any investigation on hue or brightness angle
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Box 3: Hummingbirds (Trochilidae)

Hummingbirds are a speciose family of small birds, which split from their sister group 42 million
years ago (McGuire et al., 2014). They are famous for their hovering flight and shiny colours.
Although they are often considered as exclusively nectarivorous in popular culture, several
studies have shown they also eat small arthropods, especially during nesting season (Gould,
1849; Wallace, 1895; Montgomerie and Redsell, 1980). Despite their apparent similarity, the 365
species from this very speciose clade occupy a large diversity of habitats, regions, and climate
(Schuchmann and Bonan, 2019). They live exclusively in the Americas but some species can be
found in very cold regions such as Alaska or the high Andean plateau, as well as extremely arid

regions such as the Sonoran desert (fig. 1.11).

Figure 1.11: Black-chinned hummingbird (Archilochus alexandri) in the desert near Phoenix, Ari-
zona (picture by Corey Seeman, , CC-BY-NC-SA) and Anna’s hum-
mingbird (Calypte anna) in the snow (picture by Bea Minus, CCO).

Their small size and costly hovering flight are linked to an extreme metabolism (Suarez, 1992).
They are constantly refuelling and present specific adaptions which reduce catabolism during
sleep, when they are unable to feed. They enter a state close to hibernation called torpor, where
their internal temperature and heart rate drop (Hainsworth, Collins, and Wolf, 1977). During the
day, this constant need for food creates a very high competition for access to the best foraging
patches. Hummingbirds are indeed often described as territorial and pugnacious, attacking

even species much larger than themselves (Pitelka, 1942; Stiles and Wolf, 1970; Stiles, 1982):

“Every observer who has written upon them has not failed to descant upon their
boldness and pugnacity: not only do they attack birds of much larger size than them-
selves, but it is even asserted that they will tilt at the Eagle if he approaches within
the precincts of the nest; nor is man exempt from their assaults.” Gould, 1849
They are usually divided in 9 clades: Bees, Brilliants, Coquettes, Emeralds, Hermits, Mangoes,
Mountain Gems, Patagona, Topazes (fig. 1.10), which differ in their overall appearance and be-
haviour. It is common for species, even from different genera, to interbreed, which leads to the

production of hybrids (Banks and Johnson, 1961; Lynch and Ames, 1970; Graves and Zusi, 1990;

Stiles and Cortés-Herrera, 2015).
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Figure 1.10: Differences between McGuire et al. (2014) and Jetz et al. (2012) phylogenies for humming-
birds. The clades are marked in different colours. The tips are not necessarily in the same order.

dependency. Additionally, studies on hummingbirds date back from a time where we did not have the
technical tools to measure them precisely or investigate the structure involved in iridescence (Dorst,
1957; Diirrer, 1977). These studies also often focused on a limited number of species and remained
quite descriptive. In particular, they did not investigate possible trait correlations among species.
Yet, this is an interesting question for evolutionary biologists as it can reveal possible functions or
constraints.

During my PhD, | looked at two facets of iridescence in hummingbirds: the evolutionary drivers at
the community level in Distribution of iridescent colours in hummingbird communities results from
the interplay between selection for camouflage and communication (ultimate cause) and the struc-
tural basis in Hummingbird iridescence: an unsuspected structural diversity influences colouration at

multiple scales (proximate cause).

Ultimate causes (Gruson et al., 2019¢)

My very first study (Distribution of iridescent colours in hummingbird communities results from the
interplay between selection for camouflage and communication) took an unusual approach. | focused
on evolutionary questions but used a geographical scale and methods which are more often used in

community ecology. | looked at clustering or overdispersion patterns for colour on different patches
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Box 4: Comparative analyses

All species emerged from a common ancestor and their shared evolutionary history means
they are not independent replicates. For this reason, classical statistical approaches, which
rely on the independence of residuals, cannot be used when working at the interspecific level.
In all my analyses during this PhD, | took into account the phylogeny to correct for this non-
independence (Felsenstein, 1985). Specific methods to achieve this correction are detailed in

each article.

Figure 112: The shared evolutionary history of species (represented on a phylogenetic tree)
introduces non-independence in the data points, which can create spurious correlations. If we
do not pay attention to the phylogeny, as in the first panel, there seems to be a correlation
between Trait 1 and Trait 2 but this correlation is entirely due to the evolutionary history of
species. This becomes obvious when ones colours the data point (as in the second panel) based
on the species position in the phylogeny (third panel). We see that the correlation is entirely
driven by the difference between the blue and the red group, which is a single evolutionary
event. Figure redrawn from Felsenstein (1985). The plots were done in R by drawing data points
from a bivariate normal distribution with different means for the blue and red points.
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in 189 communities from Ecuador, tallying 112 hummingbird species. | formulated predictions based
on the reproductive character displacement (RCD) theory (Butlin, 1987): co-occurring species are sub-
ject to reproductive interference, i.e. individuals from a given species might interbreed with another
species, leading to the production or low-fitness hybrids (Gréning and Hochkirch, 2008). This low
fitness of hybrids should lead to the selection of adaptations preventing interbreeding, such as di-
vergence in signals involved in species recognition. In particular, | expect divergence on colour in
co-occurring species for patches often exposed to conspecifics: facial and ventral patches (Delhey,
2019), leading to a phenotypic overdispersion pattern at the community level (fig. 1.13). On the other
hand, dorsal patches are often not displayed to conspecifics and are usually suspected to be more
under selection for camouflage (Gomez and Théry, 2007; Delhey, 2019). Because co-occurring hum-
mingbird species share the same predators and vegetation background, it is likely that selection for
camouflage will drive them to harbour the same colours, leading to a phenotypic clustering pattern at
the community level (fig. 113). To evaluate the phenotypic structure, | used the T, defined in Baraloto
et al. (2012), whose sign indicates phenotypic clustering (¢, > 0) or overdispersion (75, < 0). This char-
acter displacement question is especially interesting for iridescent colours because | expect a higher
evolvability (Kirschner and Gerhart, 1998) for iridescent colours than non-iridescent ones. Indeed, the
same template can produce a large array of different colours with minute changes in the underlying

structure.

Figure 1.13: Representation of my predictions for the phenotypic structure of colour on the different
body patches of hummingbirds at the community level in Ecuador (with unrealistic colours here for
explanatory purposes): | predict phenotypic clustering on dorsal patches and phenotypic overdisper-
sion on facial patches. The method used in this article compares intra-communities trait variation to
the total (intra and inter-communities) variation, which means both traits with low and high variability
can appear as either clustered or overdispersed.
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In this study, taking into account the effect of the shared evolutionary of species (which is nec-
essary for the reasons explained in box 4) was a real challenge. The phylogenetic structure of the
community was assessed using Mg, which works exactly in the same manner as T, with positive
values indicating phylogenetic clustering and negative values indicating phylogenetic overdispersion
(Hardy and Senterre, 2007). Preliminary results showed a very strong phylogenetic clustering (species
living together are more related than expected by chance). This is an issue because it makes it difficult
to determine whether the phenotypic clustering we might observe on colour is caused by evolutionary
pressures on colour itself or if it is only a by-product of the phylogenetic clustering, which might be
caused by evolutionary pressures on other traits linked to the habitat such as temperature tolerance.

The solution came with the publication of an article from de Bello et al. (2017): they proposed
a function to decouple the effect of the phylogeny and evolution from an observed pattern. | thus
defined a new value of 75, based on the decoupled trait values, that | denoted dcT;. The comparison
of 7o, and dctg; allowed us to infer whether the observed pattern was mainly due to the phylogeny
or to evolution (Table 1in Gruson et al., 2019¢).

I did indeed find phenotypic clustering on the back, coherent with a possible role in camouflage,
but an absence of phenotypic structure on most other body patches (as opposed to the phenotypic
overdispersion | predicted), excepted for the hue on the belly which was indeed overdispersed. |
proposed several hypotheses to explain this partial mismatch with our predictions: why are facial

patches and most ventral patches not overdispersed?

- The overdispersion on a single patch (the belly) is enough to enable species recognition. For
example, Bitton and Doucet (2016) used fake trogon models where the colour of a single patch
was manipulated compared to the usual phenotype and showed that this was enough to prevent
aggression by conspecifics in some cases, even though they were broadcasting species-specific
songs at the same time.

« Co-occurring species are still different enough to enable species recognition, even on patches
that do not display phenotypic overdispersion. Because the method | used in the article com-
pares variability within communities to variability across communities, and does not look at
absolute variability, my study cannot test this hypothesis.

- Species recognition happens on traits other than colour, such as modified tail feathers (Mgller
and Cuervo, 1998) which are present in many hummingbird species (see for example the white-
booted racket-tail Ocreatus underwoodii in fig. 115), song (Matyjasiak, 2005; Luther, 2009), non-
vocal noises made by some hummingbird species (Clark and Feo, 2008; Clark, Elias, and Prum,
2011; Clark, 2011), or behaviour (Simpson and McGraw 2019a showed that, in spite of the simi-
lar static appearance, closely related North American bee hummingbird species use different

iridescence features during display)
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As a conclusion, the original approach taken in this study offers a new argument to support the idea
that dorsal patches are indeed involved in camouflage. While other studies often support this by com-
paring contrasts (Gomez and Théry, 2007; Delhey, 2019) for ventral and dorsal patches, my study looked
at the community pattern expected under this hypothesis of selection for camouflage. The major up-
side of this method is that it does not require heavy hypotheses on the vegetation background used
in contrasts computation. On the other hand, it requires a detailed dataset of the local assemblages,
which thankfully already existed and was kindly provided by Juan L. Parra, and we miss a possible
micro-evolutionary signal (e.g. the same species might local different in two localities depending on
the other co-occurring species). This first work also showed me the extraordinary diversity of colours
among hummingbird species, and even across body patches from the same individuals, which sparks

my curiosity about the underlying structures: are they as diverse?

Proximate causes (Gruson et al., 2019b)

| then tried to answer this question and investigated the proximate causes of iridescence in hum-
mingbirds. Until my work Hummingbird iridescence: an unsuspected structural diversity influences
colouration at multiple scales, it was thought that all hummingbird species had the same type of struc-
ture producing iridescence (hollow melanin platelets). Yet, Diirrer (1977) describes 4 different types of
structures that produce iridescence in birds (illustrated in fig. 1.14) and Maia, Rubenstein, and Shawkey
(2013)'s work on African starlings showed that these 4 types could be present within a single family or
even a single genus. Additionally, the structures of only 14 species among the 365 extremely different
looking hummingbirds had been investigated (Greenewalt, Brandt, and Friel, 1960; Schmidt and Ruska,
1962; Diirrer, 1977; Shawkey, Morehouse, and Vukusic, 2009; Giraldo, Parra, and Stavenga, 2018; Nordén
et al,, 2019) and preliminary observations by Doris Gomez few years earlier on 8 species suggested
that at least one species (a mango: the purple-throated carib Eulampis jugularis) had a different type
of melanosomes (solid melanin platelets instead of hollow melanin platelets). | set out to explore
more the diversity of multilayer structures within hummingbirds. Because my first study (Distribution
of iridescent colours in hummingbird communities results from the interplay between selection for
camouflage and communication) suggested that facial and dorsal patches were under very different
selective regimes, | also decided to sample the throat and the back for 36 species, which display very
different hues, occupy various habitats and are evenly spread across the phylogeny.

My first Transmission Electronic Microscope (TEM) observations of melanosomes in hummingbird
feathers revealed that the structures were way more diverse than previously suspected: in particular,
many species did not have hollow melanin platelets but had solid melanin platelets instead. This was
not so big a surprise for us as the preliminary observations of Doris Gomez already hinted at this. But

my observations also brought more unexpected results:
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Figure 1.14: Illustration of the 4 types of melanosomes described by Diirrer (1977). Melanosomes are
organelles filled with melanin (with sometimes a central air cavity), embedded in a keratin matrix.
The 14 hummingbird species investigated until my study (Hummingbird iridescence: an unsuspected
structural diversity influences colouration at multiple scales) had hollow melanin platelets but my
study revealed that many species also had solid melanin platelets.

« In some samples, the outermost layer of melanosomes was thinner than the following ones,
sometimes even being entirely solid when the rest of the multilayer had hollow melanosomes.
This has been observed but not commented in details at the same time by Giraldo, Parra, and
Stavenga (2018) in their study on Anna’s hummingbird Calypte anna and it was already visible
in some of Diirrer (1977)’s historic photographs (but he did not comment it either). | named this
new multilayer type the "mixed” type.

+ The two body patches from a single species sometimes had different melanosome types (see
the example of the white-booted racket-tail Ocreatus underwoodii in fig. 1.15). This has not been
documented in any other species to our knowledge but until now, most studies only observed
the structure of one patch per species as assumed that this was representative of the whole

species (Diirrer, 1977).

At some point, | suspected that the different melanosomes types (hollow vs solid) corresponded to
different stages of development of a single type, in accordance with what Shawkey et al. (2015) found
in the wild turkey Meleagris gallopavo: melanosomes start as solid rods and their core is degraded
through development, leading to the formation of a central air cavity. However, this seems to happen
at early stages of feather development and the authors warn that this process might be specific to
this species or clade. Additionally, if this were the case for hummingbirds, some of my observations
would likely have been inconsistent with the existing literature (Greenewalt, Brandt, and Friel, 1960;

Schmidt and Ruska, 1962; Diirrer, 1977; Shawkey, Morehouse, and Vukusic, 2009; Giraldo, Parra, and
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Figure 115: The white-booted racket-tail Ocreatus underwoodii has two different types of
melanosomes depending on the patch location on the body. On the back, the multilayer structures
are made of solid melanin platelets while on the throat, they are made of hollow melanin platelets.
Overlayed images are Transmission Electron Microscope observations of cross-sections of barbules.

Hummingbird picture by Andy Morffew, CCO, https://pxhere.com/en/photo/383361.
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Stavenga, 2018; Nordén et al., 2019) or the independent preliminary observations from Doris Gomez
(on other individuals from the same species). This was not the case, which suggests that solid and
hollow melanosomes are indeed two different types.

The next step in this study was to investigate the effect of various structure features on the re-
sulting spectral reflectance. For this, | measured the colour of the different patches that I previously
observed in TEM and | computed correlations between colour and structure while taking into account
the effect of the phylogeny (as explained in box 4). But, even though it was a large increase com-
pared to previous studies, my sample size remained low. Additionally, observed correlations, or in-
crease in colour gamut, may be due to evolutionary reasons, or developmental constraints (Eliason
and Shawkey, 2012) and not to the physics underlying iridescence (as illustrated in fig. 1.16). For ex-
ample, Eliason and Shawkey (2012) showed that the actual colour space occupied by duck feathers
is much smaller than the theoretically possible space. To prevent this and increase the sample size,
| also tested all correlations in a system where evolution and developmental constraints are absent:

computer simulations.

evolution acting
as a filter

Space of
realised
colours

Figure 1.16: Illustration of the role of evolution as a filter limiting the space of realised possibilities
from the space of possibilities. This explains why it is not appropriate to study physical processes
only through the lens of what happens in living organisms. Many options may be physically possible
but weeded out by evolution. Similarly, an observed increase in the space of realised colours (as in
Maia, Rubenstein, and Shawkey 2013) does not necessarily reflect an increase in the space of optically
possible colours.

| initially suspected that the outermost layer in the new "mixed” type did not have any influence
on the resulting reflectance (because it was only one layer out of up to 25), and that the increased
melanin content in this layer only had a protective function against damaging UV radiations (melanin
pigments absorb more in shorter wavelengths). But simulations showed that, on the contrary, rela-
tive absorbance in the UV (S1UV in Montgomerie 2006) did not differ between the mixed and hollow

multilayer types while brightness, saturation, hue, and angle dependency of hue did.
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In one species, there was a highly unusual structure that | could not explain: the gorget of the
chestnut-breasted coronet Boissoneaua matthewsii has hollow melanin platelets but also granules of

melanin (whose appearance differs a lot from solid melanin platelets), as illustrated in fig. 117

Figure 1.17: TEM observation (left) of the cross-section of iridescent barbules from the gorget of the
chestnut-breasted coronet Boissoneaua matthewsii (right; picture by Andy Morffew, CC-BY). It is the
only species where | have observed hollow melanin platelets intermixed with melanin granules. This
may be cause the highly unusual appearance of the gorget in this species. As visible in the photograph,
there is intra-feather patterning, with the feather edge looking almost non-iridescent from this angle.

Another striking peculiarity of hummingbird feathers which deserves more detailed investigations
is the shape of their barbules: in some species, on some body patches, the barbules have a sickle-
like shape (with two part named speculum and velum), as already described by Diirrer (1977) and as
illustrated in fig. 118. My initial idea was that the two different multilayers played a role in the result-
ing spectral reflectance but it seems unlikely as one cannot devise a scenario where light rays can
reach the second multilayer (on the velum; see fig. 1.18) and then be reflected in a direction where
it could be caught by an observer. It is much more likely that this shape is linked to a better inter-
locking of adjacent barbules, as reported in other species by Schmidt and Ruska (1962) and Diirrer
and Villiger (1970), which could in turn influence the spectral reflectance, feather hydrophobicity or
aerodynamics (these hypotheses are not mutually exclusive). | did indeed find curved barbules were
linked with more reflective and more directional colours than flat barbules, suggesting a role of selec-
tion for colour. However, if the second multilayer does not have any function, it remains unclear why
its production has not been counter-selected. There are several (non mutually exclusive) possible ex-
planations that future studies should test: (i) the production of these multilayer has low or no cost for
the hummingbirds (discussed in details later). (ii) developmental constraints make it impossible to
produce a multilayer structure only on the speculum and not the velum. Sickle-shaped barbules are

indeed a derived form of ancestral, flat, barbules, that have melanosomes along their entire length. It
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is possible that there is no way to selectively turn off the production and migration of melanosomes
to a specific region of the barbule. But there seems to be some flexibility nevertheless because the
two multilayers do not have the same number of layers (the speculum always have more layers than

the velum).

Direction of incoming light

velum

Figure 1.18: Illustration of the shape of the barbules from the orange iridescent gorget of the ruby-
throated hummingbird Archilochus colubris. It remains unclear if the evolution of this peculiar shape
is linked to selection on colour and if so, how it does influence colour. Background image by Tibor
Nagy, CC-BY-NC, https://flic.kr/p/svgbmV.

Finally, it would be very interesting for future studies on this topic to sample more species and
use ancestral state reconstruction to infer the full evolutionary history of multilayer structures in
hummingbirds and compute the transition rates from one type to the other, as Maia, Rubenstein, and
Shawkey (2013) did for the starlings. Indeed, my limited sampling suggests at least 2 transitions on the
back, and 3 on the throat from hollow to solid melanosomes, while Maia, Rubenstein, and Shawkey
(2013) found that this transition was highly unlikely in starlings. This difference may be due to the
different ecological conditions these two families (starlings and hummingbirds) face or differences in
the way multilayer structures are produced, which would make it easier for hummingbirds to go from

one type to the other.
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1.4 Future directions

Hummingbird predators and visual system

One major issue | encountered at every corner of my PhD is the very poor knowledge of the hum-
mingbirds’ ecology. For example, we only have few anecdotal accounts and no systematic study of
predation on hummingbirds. This is an issue because camouflage from predators is often a strong
evolutionary determinant of the spectral reflectance of species and | needed to specifically test this
in Distribution of iridescent colours in hummingbird communities results from the interplay between
selection for camouflage and communication. Yet, | could not determine the intensity of this selec-
tive pressure nor the visual system of the predators. Some limited information exists in old articles
from ornithology journals (the Auk: Miller and Gass 1985, the Condor: Stiles 1982, the Wilson Journal
of Ornithology: Lima 1993; Robinson 2003, etc.) or in non-English journals (Ornitologia Neotropical:
Restrepo-Cardona et al. 2018; Ayazo, Florez-Diaz, and Gonzalez-Charrasquiel 2019) but these articles
are difficult to come across. It is also likely that many predation observations do not get published
because it now falls outside the scope of most journals, as being 'too descriptive’. This issue could
be solved by carefully combing through specialized literature, including journals in Spanish and Por-
tuguese and by looking at personal blogs, picture hosting websites (e.g. Flickr), etc. This highlights
the importance of modern tools and search engines for scientific literature and the importance of

public, collaborative databases, as discussed in the second part of this manuscript.

Similarly, although it has long been known that hummingbirds can see UV (Huth and Burkhardt,
1972; Goldsmith, 1980), the exact sensitivity profile of their photoreceptors remains debated. Studies
by different groups using different methods find conflicting data. Chen and Goldsmith (1986) and Her-
rera et al. (2008) performed electroretinography (ERG) on eyes from the ruby-throated hummingbird
(Archilocus colubris) and the green-backed firecrown (Sephanoides sephaniodes) respectively, and
found results consistent with the vision of an UVS species. On the other hand, Odeen and Hastad
(2010) used genetic data for the SWS1 opsin gene, which controls the sensitivity of the (U)VS photore-
ceptor (Odeen, Hart, and Hastad, 2009) and found sequences suggesting VS vision for 3 hummingbird
species from different clades (Hermits: Phaethornis pretrei, Brilliants: Heliodoxa rubinoides, Emer-
alds: Hylocharis chrysura). This suggests either a variability and complex evolutionary history within
the group or inadequate methods (Herrera et al. 2008 warns that their data could support both VS or
UVS vision). In my work, | performed visual modelling as if all hummingbirds species were VS, which is
coherent with the most recent and most conclusive literature (Odeen and Hastad, 2010). Other studies
have also shown that this choice likely had quite little influence on the final results (Gomez and Théry,

2007; Cain et al., 2019).
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Integration of behaviour in iridescence study thanks to hyperspectral photography

My work during this PhD focused on the static aspect of colours. But, as mentioned earlier, iridescent
colours depend on the angle of illumination or observation, which means that behaviour can play a

huge role in the resulting signal, adding yet another component to colour (fig. 1.19)

1. Incoming light:

- light source

- weather conditions
- vegetation

3. Receiver's visual system:

- oil droplets

- ocular medium transmission

- number and sensitivity
profile of photoreceptors

- density of photoreceptors

2. Spectral reflectance:

- pigments

- micro- and nano-structures
- behaviour

4. Receiver 's cognitive system:
- von Kries correction

) - bias due to expectations
Receiver - colour categorisation

Target object

Figure 1.19: Alteration of fig. 1.3 to add the possible role of behaviour in the resulting colour for irides-
cent colours.

“See it darting through the air almost as quick as thought! - now it is within a yard of your
face! - in an instant it is gone! - now it flutters from flower to flower to sip the silver dew -
it is now a ruby - now a topaz - now an emerald - now all burnished.” Gould, 1849

Some studies have looked at the effect of behaviour in other organisms displaying iridescent
colours, such as Schultz and Fincke (2009) on the damselfly Megaloprepus caerulatus, Legagneux et al.
(2010) on the peacock Pavo cristatus, Stavenga et al. (2011a) on Lawes’ parotia Parotia lawesii or White,
Zeil, and Kemp (2015) on the butterfly Hypolimnas bolina. But similar studies on hummingbirds have
remained scarce until very recently (Hamilton, 1965; Clark, Feo, and Escalante, 2011) and are only now
really taking off, with for example the work of Simpson and McGraw on 6 species of North America
bee hummingbirds (Simpson and McGraw, 2018b; Simpson and McGraw, 2018a; Simpson and McGraw,
2019a; Simpson and McGraw, 2019b), on which | have published a digest in Evolution (Gruson, 2019),
and the ongoing work of Hogan and Stoddard (2018).

Thisis made possible by the emergence of multi- or hyperspectral photography, with UV-transparent
lenses, and free open-source tools to analyse them (Troscianko and Stevens, 2015; van den Berg et al.,
2019). While standard cameras mimic human vision and use three types of sensors to catch different
component of light (red, green and blue sensors), hyperspectral cameras have many more sensors and

can capture the intensity of light in a given scene for many wavelengths, sometimes almost allowing
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the complete reconstruction of the reflectance spectrum. This is a much more convenient and efficient
measurement method the spectrophotometry and it allows scientists to measure colours directly on

the field, while the birds are displaying (Stevens et al., 2007).

Colour pattern analysis

Similarly, many natural objects are not monochromatic but display different colours on different parts.
Studying each colour patch separately does not provide a complete picture of the use of colour by
an organism. A possible way is to look at the volume occupied by the different patches in the colour
space. In Estimation of colour volumes as concave hypervolumes using alphashapes, | explain why
the current method to compute colour volume can lead to biased estimates and | propose a more
robust method to prevent these biases (illustrated in fig. 1.20). Briefly, we often need to measure
the volume of multidimensional data in ecology and evolution and the choice has historically been
to use the convex hull because of its conceptual, computational and mathematical simplicity. But
this choice makes a very strong underlying assumption (that the solid in question is convex) and this
causes issues in all areas where it is used: functional ecology, palaeontology, biogeography, colour
science (detailed in table 1.3). | propose to use instead a more flexible tool which does not have the

same limitations: a-shapes (Edelsbrunner, Kirkpatrick, and Seidel, 1983).

(a) Fit with convex hull (o = +0) (b) Fit with a-shape (a = a*)
Colour volume =25% Colour volume = 8.6%

Figure 1.20: Comparison of the fits with (a) a convex hull and (b) an a-shape. Each point is the colour
of one patch from birds living in the Nouragues rainforest, in French Guiana, represented in the colour
space of an average VS bird species, under ideal illumination. The colour of the points corresponds
to the colour of the data points as seen in human colour vision. The colour measurements were
performed by Doris Gomez. Figure from Estimation of colour volumes as concave hypervolumes using
alphashapes.
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6€

Field (use) Used in Criticized in

Functional ecology (Functional Rich- Cornwell, Schwilk, and Ackerly (2006) and Villéger, Ma-

ness FRic) son, and Mouillot (2008) Blonder et al. (2014) and Blonder (2018)

Palaeontology (Body mass from skele- Sellers et al. (2012)

ton)
Morphometrics (Morphospace volume) Kotrc and Knoll (2015) Kotrc and Knoll (2015) and Nordén et al. (2019)
Biogeography (Home range estimation) Céspedes et al. (2019) Galton and Duckham (2006) and Duckham et al. (2008)

Stoddard and Prum (2011), Langmore et al. (2011),

Stoddard (2012), Prum et al. (2012), Spottiswoode and

Stevens (2012), Odeen et al. (2012), Galvan et al. (2013),

Hanley et al. (2013), Pérez i de Lanuza, Font, and Mon-

terde (2013), Renoult, Courtiol, and Schaefer (2013), Stournaras et al. (2013), Delhey (2015), Eliason,
Colour Science (Colour volume) Stournaras et al. (2013), Burd et al. (2014), Muchhala, Shawkey, and Clarke (2016), Renoult, Kelber, and

Johnsen, and S. D. Smith (2014), Delhey (2015), Doutre- Schaefer (2017), and Maia and White (2018)

lant et al. (2016), Ornelas et al. (2016), Bukovac et al.

(2017), Enbody, Lantz, and Karubian (2017), White et al.

(2017), Dalrymple et al. (2018), and Merwin, B. T. Smith,

and Seeholzer (2018)

Table 1.3: List of fields where convex hulls are used and what for. In all these fields, the use of convex hull has been criticized because it leads to biased
estimation. a-shapes could be a solution to these criticisms. The list of publications using convex hulls is only (almost) exhaustive for the colour science
row and only contains some examples of publications for the other fields.



But colours can be arranged in complex patterns and simply computing the colour volume does
not take this into account. Numerous recent studies propose methods to include the organisation
of colours on the body into analyses (Endler, 2012; Le Poul et al., 2014; van Belleghem et al., 2018;
Endler, Cole, and Kranz, 2018; van den Berg et al., 2019; Stoddard and Osorio, 2019). This is again
made easier by the development of multispectral photography, which makes it possible to image and
record spectral reflectance on different body areas at the same time. However, some of these methods
remain (almost) unused as they were not bundled with a convenient, user-friendly, and free tool to run
them (but see van den Berg et al. 2019 for a good counter-example). Programming such methods can
be very difficult and time-consuming and can represent an insurmountable barrier for some research
teams. During my thesis, | have contributed to the R package pavo (Maia et al., 2019) which offers a
user-friendly tool to use Endler (2012)'s method (although | want to highlight that most of the work
on this aspect of pavo has been spearheaded by Thomas White). | talk more about this in the second

part of this manuscript and | detail how we could encourage more the development of such tools.

Other possible evolutionary drivers of iridescent colours

Even at the end of my PhD, it remains unclear to me whether the angle dependency of hue has a
function or if it is simply a by-product of selection on hue itself. Pigments in birds can only produce
a limited range of colours (reviewed in Hill and McGraw, 2006), and most notably not blue or violet
hues, while multilayer structures on the other hand can produce any hue, with very bright and satu-
rated colours, opening up the space of possible colours (Maia, Rubenstein, and Shawkey, 2013). It is
then very well possible that angle dependency is a simple consequence of having multilayer struc-
tures and that only hue and brightness are selected but not angle dependency (Doucet and Meadows,
2009). My first study Distribution of iridescent colours in hummingbird communities results from the
interplay between selection for camouflage and communication attempted to tackle this question but
the strong correlation between hue shift and hue due to the method | used led to a large decrease in
statistical power and | was unable to answer this question with certainty. However, the hue angle de-
pendency for colours produced by photonic crystals can be disrupted by introducing disorder in the
nanostructures, as described in Welch et al. (2007) and Colomer et al. (2012). This possibility suggests
that hue angle dependency is not counter-selected in hummingbirds (but it might be neutral).
Additionally, in this thesis, | mainly discussed the communication function of colours but spectral
reflectance (and as a consequence colour) is also involved in various non-communicative functions.
These non-communicative functions no doubt also exist for iridescent colours (Doucet and Meadows,
2009) but it remains difficult to precisely assess to which extent they influence iridescence evolution in
hummingbirds. For example, it is well-known that iridescence can be simply a by-product of mechani-

cal strengthening in some organisms. The brilliant nacre of many marine molluscs probably does not
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have any communication function as it remains hidden from predators and oysters themselves lack
visual structures. The sheen of the pearls is a direct consequence of the successive layering around
a nucleus (Land, 1972). This effect could potentially be important in hummingbirds whose intricate
aerodynamics impose strong mechanical constraints on the wings and feathers (Altshuler, Dudley,

and McGuire, 2004).

Hummingbirds are also among the world smallest homeotherms (Lasiewski, 1963; Chai, Chang, and
Dudley, 1998), and we know that colour can play an important role in thermoregulation (Roulin, 2014;
K. R. Smith et al., 2016). This leads to large-scale macroecological patterns of colours caused by re-
gional variations in temperature and precipitations (Delhey et al., 2019). However, while many studies
have looked at physiological adaptations to cope with low temperatures such as torpor (Lasiewski,
1963) or heat production during their hovering flight (Chai, Chang, and Dudley, 1998), | could not find
any study that looked at the link between thermal physiology and colour in hummingbirds. If we were
to work in this direction, recent studies have highlighted the possibly important role of near-infrared
(700 nm to 2500 nm) in thermoregulation (Stuart-Fox, Newton, and Clusella-Trullas, 2017) for both en-
dotherms (birds Medina et al. 2018) and ectotherms (butterflies Munro et al. 2019, lizards K. R. Smith
et al. 2016). This however requires an additional set of measurements with a specific spectrometer
which is sensitive to longer wavelengths. However, | do not know of any study which looked at near-
infrared reflectance in hummingbirds (see Shawkey et al. 2017 for an investigation of near-infrared in

sunbirds).

Finally, it remains unclear how costly the production of iridescent colours is. Various teams re-
ported a link between iridescence and body condition either by correlational (Fitzstephens and Getty,
2000; Doucet, 2002; Legagneux et al.,, 2010; Lim and Li, 2013; Youngblood, 2014; Van Wijk et al., 2016)
or experimental studies (McGraw et al., 2002; Hill, Doucet, and Buchholz, 2005; Kemp, Vukusic, and
Rutowski, 2006; Meadows, Roudybush, and McGraw, 2012; Pegram et al., 2013; Leclaire et al., 2014).
Similarly, the fact that it is used in mate choice (Doucet and Montgomerie, 2003; Dakin and Mont-
gomerie, 2013; Kemp and Rutowski, 2007; Kemp, 2008) suggests a possible role in quality advertising.
However all these studies used methods which only captured partial or inaccurate information about
iridescence (using for example human vision, or measurements at a fixed angle configuration), which
clouds any result about the possible cost of iridescence. Additionally, Maia, Macedo, and Shawkey
(2012) suggest that the formation of multilayer structures in the blue-black grassquit Volatinia jaca-
rina happens via a passive mechanism, which disputes the idea that the regularity of multilayers is

inherently costly.

In the same vein, the link between iridescence and water repellency (hydrophobicity) remains
unclear. Early studies presumed that structures responsible for iridescence enhanced hydrophobicity

(reviewed in Doucet and Meadows, 2009). However, two years later, a study from Eliason and Shawkey
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(2011) on the mallard Anas platyrhynchos suggested that iridescent feathers were less hydrophobic
(contact angle 6, = 115°) than non-iridescent ones (6, = 143.83°), thereby representing a possible cost
of iridescence. But a more recent study showed on the contrary that iridescent feathers were super
hydrophobic (6, = 156°) in the Nicobar pigeon Caloenas nicobarica (Rashid et al., 2018). More studies
in other taxa are needed to test this possible link between iridescence and hydrophobicity. This
question could be crucial for hummingbirds, whose small size makes very sensitive to extra weight due
to soaked feathers (Ortega-Jimenez and Dudley, 2012b) and which have evolved specific behavioural
strategies to cope (Ortega-Jimenez and Dudley, 2012a).

But selective pressures are not the only important factors to understand the evolution of irides-
cent colours, in hummingbirds and in other groups. Species are restricted in their evolution by genetic
and developmental constraints. For this reason, it would be extremely valuable to know the genetic
bases of iridescence, as well as its developmental pathways, which can have a large impact of the
evolution of colour (Maia, Rubenstein, and Shawkey, 2016). Unfortunately, for animals, this remains
an active topic of research where much still needs to be uncovered (but see Thayer, Allen, and Patel
2019). One notable discovery in the area is the involvement of the optix gene in the blue iridescence
of some butterflies (Zhang, Mazo-Vargas, and Reed, 2017). A more recent studies suggests the involve-
ment of a region on the Z sex chromosome in the blue iridescent Heliconius erato (Brien et al., 2019).
Unfortunately, no similar study has been done in birds yet to my knowledge (I know however that

some groups are currently working on this topic in the domestic chicken Gallus gallus).

Intraspecific variation

Because of a lack of time, | did not have the opportunity to work much on the intraspecific varia-
tion of the spectral reflectance and the underlying structures. Yet, this is an interesting question for
evolutionary biologists as variability is the basis on which selection can act. Moreover, intraspecific
variation across the species range can hint at the role of local adaptation.

Additionally, | performed preliminary colour measurements on a set of feathers from 20 male
purple-throated caribs Eulampis jugularis, sampled by Claire Doutrelant on two different islands in
the Antilles. Using the method from Gruson et al. (2019a), | was able to produce repeatable measure-
ment, i.e. the accuracy of the measurements was high enough to capture the interindividual variability,

even at the intraspecific level. From this, | was planning on exploring different questions:

- isthere a correlation between some characteristics of iridescence and morphology or condition?
This would add up to the literature looking at the cost of iridescence, as mentioned in the pre-
vious section. A similar study by Legagneux et al. (2012) on 1052 Eurasian teal Anas crecca for

example found a positive link between wing colour contrast and body size.
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- is there a regional variability of iridescence characteristics linked to the local habitat? As ex-
plained in this introduction of this thesis, cursory observation via human vision might not be
able to detect cryptic polymorphism, as reported for example in the case of a sailfin silverside

fish Telmatherina anthoniae (Pfaender et al., 2014).

- isthere a correspondence between variability at the structure level and at the reflectance level?

It is possible that the resulting reflectance is robust to the variation of some structural features.

As | mentioned, a lack of time prevented me to explore this question any further but everything is
ready for this project (proof of concept for the methods, biological material and measurement tools).
It is likely to happen in the near future, either done by myself, or by someone else (likely a Masters

student).

Hummingbirds and sunbirds as a study system to investigate evolutionary convergence

Although it has been suspected that hummingbirds (Trochilidae; Caprimulgiformes) were closely re-
lated to swifts even long before the dawn of molecular methods (Wallace, 1895), they share a striking
resemblance with a phylogenetically distant family, including 147 species: sunbirds (Nectariniidae;
Passeriformes) (Cheke, Mann, and Bonan, 2019). Indeed, birds from both families can use stationary
flight, feed on flower nectar and display striking iridescent colours, as illustrated in fig. 1.21. Addition-
ally, in both families, some species display elongated and modified ornamental tail feathers (Evans

and Thomas, 1992; Clark, 2010).

Figure 1.21: Lesser double-collared sunbird (Cinnyris chalybeus) from Francesco Veronesi, CC-BY-SA
and Violet-crowned woodnymph (Thalurania colombica) by Sam May, CC-BY.

The two families however present interesting differences which fuel the interest of a comparison:
for example while hummingbirds seem to have a VS vision, sunbirds are reported to have a UVS vision
(Odeen and Hastad, 2010). This would be a perfect model to study convergence between two distant

taxa:
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« How to explain the multiple similarities between the two families? Is the emergence of one
trait mechanistically correlated (e.g. stationary flight) to the emergence of the other (e.g. irides-

cence)? If so, in which order do they emerge?

+ Our current knowledge is that sunbird melanosomes are solid melanin platelets (Diirrer and
Villiger, 1968) but this is again based on a limited number of species. Future studies should
investigate whether they actually display an unsuspected structural diversity similar to what |

have found out in hummingbirds.

+ Do the two families use the same type of structures to produce similar hues or is there an
evolutionary convergence pattern where different structures can produce similar spectral re-

flectances?

« Is the genetic basis of iridescence the same in the two families?

Butsunbirds also have interesting differences with hummingbirds. In particular, they use carotenoid
pigmentary colours alongside melanin pigmentary and iridescent structural colours (Shawkey et al.,
2017). Yet, iridescent colours are often presented as a key evolutionary innovation in the sense that
they largely increase the range of possible colours (Maia, Rubenstein, and Shawkey, 2013). Additionally,
some carotenoid colours have been shown to be costly to produce for birds (Hill and McGraw, 2006).
It would be worthwhile to investigate if carotenoid colours allow sunbirds to produce unique colours,
which cannot be produced by iridescent colours. Alternatively, other characteristics of iridescence

(hue and brightness angle dependency) may be selected against.

1.5 Semantics: what is iridescence?

While explaining my work to new acquaintances during these 3 years of work, | came to the realisation
that some concepts | used extensively are loosely defined and/or of little interest.

First, the distinction structural versus pigmentary colour seems artificial. In both cases, the mod-
ification of the reflected light compared to the incoming light comes from the interaction with the
electronic structure of the matter. Additionally, it is often very hard to disentangle the pigmentary
from the structural component of a given spectral reflectance. Indeed, most structures involved in
structural colours are made of pigments (e.g. melanin in the case of hummingbirds, as detailed in Hum-
mingbird iridescence: an unsuspected structural diversity influences colouration at multiple scales).
As a result, reflectance is influenced by both effects in many cases (Vukusic, Sambles, and Lawrence,
2000; Shawkey and Hill, 2005; Shawkey, Morehouse, and Vukusic, 2009; Stavenga, Giraldo, and Leer-
touwer, 2010; Trzeciak et al., 2012; D'Alba, Kieffer, and Shawkey, 2012; Shawkey and D'Alba, 2017; Taysom,

Stuart-Fox, and Cardoso, 2011; McCoy et al., 2019).
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Iridescence itself seems poorly defined as a concept. The usual definition and the one that | used
in the introduction of the manuscript is: colour which depends on the angle of illumination or obser-
vation. Yet, this angle dependency exists even in colours that are usually considered as non-iridescent
(Barreira et al., 2016; McCoy et al., 2019). One could be tempted to define iridescence based on the
physical mechanism which gives rise to it (interferences or diffraction) but a sufficient level of dis-
order in these structures can break the angle dependency (Welch et al., 2007; Colomer et al., 2012).
Similarly, a definition based on the structures (e.g. presence of a multilayer structure) would be too
restrictive as Stavenga et al. (2011b) showed that the spongy structure in the barbs of the common
kingfisher (Alcedo atthis) were responsible for the blue iridescent colour. An anonymous reviewer of
Gruson et al. (2019a) said: “nearly all substances have reflectance that is angular dependent. The
only counter examples are perfect Lambertian reflectors. There are also pigment colors with strong
angular dependence, certain fuchsins for example. So | would say that iridescence is characterized by
a strong angular dependence in a structural color”. This however remains unsatisfactory as it relies
on a subjective appreciation ("strong angular dependence”) but | do not have any better definition to
propose.

This vagueness does not however prevent us to work on colours in a given group and to develop
specific methods to measure and analyse these colours, no matter the exact terminology we use.
For example, in Gruson et al. (2019a), | added a specific paragraph to adapt the method | proposed
to iridescent colours which also have a strong pigmentary component (Appendix C in Gruson et al.,,

2019a).
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1.6 Conclusion

In spite of its abundance in nature and the many questions it raises in terms of evolution, some
facets of iridescence have largely remained understudied until now. In this thesis, | explored irides-
cence focusing on hummingbirds’ iridescent colours and using original methods. | used a strongly
interdisciplinary approach, combining evolution and physics to make both methodological and scien-
tific contributions. The originality of my work compared to many other studies on iridescence is its
large taxonomic scale, which allowed me to use methods from community ecology to try and under-
stand the macro-ecological patterns of iridescence in hummingbirds. Because of this large taxonomic
scale, | was also able to describe an unsuspected diversity in the structures producing iridescence in
hummingbirds. | highlighted possible evolutionary drivers to this diversity but some structures are so
unusual they will probably require more focused studies (at the species-specific level this time). How-
ever, the impact of my contributions is not limited to hummingbirds or even to colour science. The
new standard method | proposed to measure iridescence can be applied to a huge range of organisms,
and will hopefully prove useful to many teams with limited equipment and physical knowledge. Sim-
ilarly, my work on the colour analysis R package pavo (discussed hereafter) provides an easy way to
work on colour, without the need for an advanced theoretical knowledge of colour science or program-
ming skills. Additionally, even though | focused the discussion on my area of expertise (the study of
colour), my work on convex hulls and a-shapes can provide a solution to issues encountered in other
fields and | have already started discussing with community and functional ecologists to see if they
could use it in their own research. In spite of this, much remains to be done. If my work benefits
from the large taxonomic sampling, it also suffers from the drawbacks common to all studies of the
sort: the data collection step took an enormous amount of time and | had to use (sometimes crude)
automated tools and do many simplifying hypotheses to analyse the resulting data. This prevented
me from exploring some questions (such as the role of behaviour, or the developmental pathways)
but | know other research groups are already tackling these questions and | look forward to more

discoveries about iridescence in nature.
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Iridescent colours are colours that change with viewing or illumination
geometry. While they are widespread in many living organisms, most
evolutionary studies on iridescence do not take into account their full com-
plexity. Few studies try to precisely characterize what makes iridescent
colours special: their angular dependency. Yet, it is likely that this angular
dependency has biological functions and is therefore submitted to evolution-
ary pressures. For this reason, evolutionary biologists need a repeatable
method to measure iridescent colours as well as variables to precisely quan-
tify the angular dependency. In this study, we use a theoretical approach to
propose five variables that allow one to fully describe iridescent colours at
every angle combination. Based on the results, we propose a new measure-
ment protocol and statistical method to reliably characterize iridescence
while minimizing the required number of time-consuming measurements.
We use hummingbird iridescent feathers and butterfly iridescent wings as
test cases to demonstrate the strengths of this new method. We show that
our method is precise enough to be potentially used at intraspecific level
while being also time-efficient enough to encompass large taxonomic scales.

1. Introduction

Most interactions between organisms, whether between different species (inter-
specific) or different individuals of the same species (intraspecific), involve
communication. Communication can have different purposes (e.g. warning,
camouflage, display) and use different channels (e.g. olfactory, acoustic, visual)
[1]. In particular, colour is a specific kind of communication channel that can
be produced through two non-mutually exclusive mechanisms: pigmentary col-
ours are generated by the selective absorption of some wavelengths by special
molecules called pigments while structural colours are generated by the physical
interaction of light with matter, causing dispersion, diffraction or interferences [2].

Among structural colours, iridescent colours change depending on the illumi-
nation or observation angle. They can be produced by interferences of light after
reflection by a thin-film or multilayer structure, or diffraction on a grating. Irides-
cent colours are present in many taxa, and particularly widespread among bony
fishes (Actinopterygii), insects, as well as some birds (see detailed review in
table 1 for studies on each one of these taxa). Iridescent colours seem to be
involved in many important biological processes [123] and their angular depen-
dency is likely under selection to produce complex visual signals [74,87,115,124].
In some cases, however, angular dependency may be selected against [125]. In all
those cases, the study of the evolution of iridescent colours requires a precise
quantification of the angular dependency. However, the inherent physical com-
plexity of iridescent colours has hampered the development of quantitative
methods to fully describe them in the angle space.

© 2018 The Author(s) Published by the Royal Society. All rights reserved.
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Table 1. Review of the methods used in the literature to study iridescent colours from multilayer or thin-film structures. The criteria we used for studies to be I}
included in the table were the following: (i) at least one quantitative reflectance measurement using a spectrometer, (ii) functioning with white light (no
monochromatic illumination), and (jii) the patch measured had to be described as iridescent in the article. A more detailed version of this table, with all angle
configurations and colour variables used for each study is available in the electronic supplementary material. The terms ‘constant illumination’, ‘constant

collection’, “constant angle bisector’ and ‘constant span’ are defined in figure 3d.

no. measurements fibre configuration (no. studies)

single measurement single fixed angle (53)

single measurement relative to the structure

orientation (6)

multiple
measurements
along a single

line

multiple

measurement multiple constant collections (1)

lines multiple constant spans (1)

constant illumination and bisector (3)

We reviewed all studies that performed reflectance
measurements of biological samples with iridescent colours
produced by a multilayer or a thin-film structure in table 1.
We notice two main trends: (i) many studies measure irides-
cence at a single fixed angle (first row in table 1). In these
studies, authors generally remain cautious and warn they are
not attempting to measure angle dependency. However, the
multilayer or thin film producing iridescent colours may not
be parallel to the sample surface [67,80,96,102,109], and the
angle between them and the sample surface may vary between
species or even between individuals of the same species [105].
Hence, even though the angle of the measuring optical fibres
relative to the macroscopic is constant, the angle relative to
the structures is not. This jeopardizes any biological interpret-
ation of differences between samples because the effects of
many different parameters are intertwined.

(ii) Other studies take measurements at multiple angles but
few attempt to precisely quantify angle dependency (‘Literature
review’ folder in electronic supplementary material). Even
when angle dependency is quantified, variables never stem
from a theoretical approach, which leads to a large diversity
of custom variables for each author. This heterogeneity in the
methods, variable naming and sign conventions has likely hin-
dered the spread of new concepts and results among
researchers working on iridescence in living organisms.

Osorio & Ham [110] and Meadows et al. [114] started
to address this heterogeneity in measurement methods and
advocated for the use of a goniometer to reliably measure
colour in a controlled angle configuration. However, they did
not propose a detailed protocol or statistical tools to study angu-
lar dependency. Here, we use the optical laws that govern
iridescence to propose a set of parameters to characterize
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angle dependency of brightness, hue and saturation of irides-
cent colours. Next, we confirm the validity of these equations
for complex biological structures using two highly different
groups of organisms well known for their iridescent colours:
Trochilidae (hummingbirds) and Lepidoptera (i.e. butterflies
and moths), including the iconic Morpho butterflies that
harbour large wings with bright iridescent blue colours. The
standard framework we propose here makes iridescent colours
comparable across taxa and across studies, opening up new
perspectives in the study of their biological functions.

2. Model
2.1. Choice of colour variables

Since we want to produce a general method that would not
depend on any specific vision system, we use variables directly
derived from spectra, without computing vision models. We
define brightness B as the average reflectance over a range
between the minimal (Ayin) and maximal (\max) Wavelengths
(B2 in Montgomerie [126]), saturation S as the full width at
half maximum reflectance and hue H as the wavelength at
which reflectance is maximal (H; in Montgomerie [126]).
These three variables are represented in figure 1 and are the
most common measures of brightness, hue and saturation in
studies about iridescence (see the literature review in the
electronic supplementary material).

2.2. Assumptions and equations
Our method relies on three assumptions that greatly simplify
the equations for brightness, hue and saturation in the angle
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Figure 1. Graphical representation of the variables we used for hue H (wave-
length at peak reflectance Ry, called H; in Montgomerie [126]), brightness
B (average of reflectance over the wavelength range of interest; B, in Mon-
tgomerie [126]) and saturation S (full width at half maximum; no equivalent
in Montgomerie [126]). (Online version in colour.)

space. See appendix A for mathematical proofs of the
equations and the role of each one of these assumptions:

(1) Small angles (less than or equal to 30). Outside of this
range, the signal due to iridescence is often very low and
all that remains is the effect of the underlying pigments,
which can be measured through traditional methods.
For all thin films, and in some multilayers (depending on
chemical composition), it is possible to consider angles
up to 45, as illustrated in the electronic supplementary
material. This may help in producing more repeatable
parameter estimates. For instance, a 45 angle can corre-
spond to a viewer standing next to the viewed iridescent
patch illuminated from above. Many previous studies
have in this way mimicked the position of the bird relative
to the sun in their measurements [66,87,98,105,114,118].

The orientation of the layers within the multilayer struc-
ture is affected by Gaussian noise. Many developmental
processes are controlled by a large array of independent

@

factors of small effect each, causing subsequent errors
to often be Gaussian (due to the central limit theorem).
This assumption is also empirically supported by the
results of Gur et al. [127], who looked at the orientation
of guanine crystals in neon tetra fishes (Paracheirodon
innesi) using wide-angle X-ray scattering. Fitting a
Cauchy distribution (fatter tail distribution) instead of a
Gaussian distribution yields similar values of parameter
estimates. For simplicity, we here only present the results
with Gaussian noise.

Multilayers are ideal, i.e. the optical thickness (layer
thickness times optical index) of each layer is constant:
nye; = nzep. This is a common assumption [36,54,67,97,
107,119,128-130] which is thought to be valid for most
animal reflectors [131] because it produces the brightest
and most saturated signals with a minimal number of
layers (but see Schultz & Rankin [35] and Parker et al.
[132] for beetles, Kinoshita et al. [133] for neon tetra).

®)

This set of assumptions allows us to formally derive simple
analytic expressions of brightness B, hue H and saturation S
(figure 1) in the angle space (®Pine, Pcor). All variables used in
this study with their notations and their possible values are
listed in table 2 and illustrated whenever possible in figure 2.

Al

L 2
B(@ne, Bg) = Bawexp — L0 = P27 5 4
273
d)inc d)co .
H(®ine, Proy) = Hinax 08 ('yH %) (A14bis)
and
S5(Pinc; Peol) = Smax- (2.1)

Hereafter, we focus on brightness B and hue H because satur-
ation S is constant no matter the angle configuration. The
brightness B(®ine, Peo1) in the angle space is entirely defined
by three parameters: Byayx, t and vp. The tilt ¢ is the angle
between the multilayer structure and the sample surface (as
illustrated in figure 2). By,ax is the maximum reflectance pro-
duced by the multilayer or thin-film structure, reached when
the fibres are placed in a symmetrical configuration relative to
the normal of the multilayer. g is the parameter quantifying
the disorder in the alignment of the multilayer structure. This
disorder in the structure results in a reflected signal that is not
purely specular but instead contains a diffuse component,
meaning it can be seen at multiple angle configurations. For
this reason, from a macroscopic point of view, v is correlated
with the angular dependency of brightness. Earlier studies
used a binary classification of iridescent colours depending
on the angle range at which the colour was visible (‘diffuse/
directional” in Osorio & Ham [110], ‘wide-angle/flashing’
in Huxley [55], ‘limited view’ of Vukusic et al. [134]). This
classification is positively correlated with 1/vg.

The hue H(®ine, Pco1) in the angle space is defined by two
parameters: Hy,,x which is the hue at coincident geometry
(when using a bifurcated probe for example) and vy is the
angular dependency of hue.

The variations of brightness and hue in the angle space,
according to equations (A 4) and (A 14), respectively, are
represented in figure 3.

2.3. Angle and notation conventions

In the rest of this study, we measure the incoming light ray
angles (6; and @;,.) counter-clockwise and the outgoing light
ray angles (6, and @) clockwise. For both incoming and out-
going angles, the origin is the normal to the structures (6; and
6,) or the normal to the sample (P, and D). These conven-
tions are represented in figure 2 where the direction of the
arrows on angles represents the positive direction. The tilt f cor-
responds to the angle between the multilayer and the surface of
the sample and is defined as t = @, — ;= 6, — P, (see
appendix A for more details about f). In other words, f is posi-
tive when the multilayer is tilted towards the illumination and
negative otherwise (i.e. t is measured clockwise).

3. Methods
3.1. Study system: hummingbirds and butterflies

We used hummingbirds and butterflies (more precisely some
Morpho and Papilio species) as study systems. Hummingbirds
make anideal example to test our framework for numerous reasons.
First, they belong to a speciose family where all species are irides-
cent [135], which allows us to work on a large number of species
that diverged fairly recently [136]. Upon visual examination, they
display highly different types of iridescent colours, with either ‘dif-
fuse’ (usually on dorsal patches) or ‘directional’ (usually on facial or
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Table 2. List of parameters used in this study, with their domains of definition and their meanings.

symbol range meaning
6; =7 7l incident light angle relative to the multilayer
‘ 6, B [ ’{ ;7] reflected Iight angle relative to the mhltilayer‘
6, [0; 7{] angle between the incident ray and the interface between layers 1 and 2
92 ....................... [0 %T] .................... N gl ot the toraitted ray e e b‘étweenﬂléyersmtwand )
angle between the incident ra)‘/‘ and the interface between Iayers 2and1
m N interference order/rank
e T bnghtness”et . gwen conﬁguratlon ..........
o D\mm)\ma)(] ................ e 2t » gien angle ofguaion
S R* saturation at a given angle conﬁguratlon
Bmax .............. Rt maX|ma| bnghtness vaIue (achleved fot.gbecular posmon) .....
‘ t » [4 77 angle between the multllayer surface and the sample surface (= tilt)
Y8 Rt disorder of the layer alignment in the muItlIayer/anguIar dependency of brlghtness
HmaX ............. Nming )\maX] ........ maX|ma| hue valhe.(achleved at norma.lntncndence geometry)
Yy R angular dependency of hue
o C vvvvvvvvvvvvvvv optlcal |ndex of the materlal '
Lo e O tener( C
Dy =7 7l angle between incidence fibre and sample surface (measured counterclockwise)
- (IJ;;,| [ ’{; R angle between collectldh ﬁvhre'endv sample snhface (rneavsvured clockntlse) vvvv
const ................. R used to denbte é“c.t)nstant whos.ewvalue“l.é not |mportént for the callchlbatlonsw
collection are available in large numbers in museum collections. We obtained

light ray
normal to
the multilayer

normal to

the sample surface

illumination
light ray

macroscopic
sample surface

@

ooy

Figure 2. Schematic of a tilted multilayer (angle between the multilayer and
the sample surface or tilt t = 40)) and incoming and reflected light rays
relative to the multilayer structure (with angles 6; and 6, respectively)
and relative to the sample surface (with angles &;,. and @Dy, respectively).
There is a relationship involving the tilt ¢ between angles relative to the mul-
tilayer structure (6; and 6,) and angles relative to the sample surface (@,
and Py): ;= Dy — t and 6, = D, + t. The positive direction for
each angle is figured by an arrowhead. The multilayer is composed of an
alternance of two layers characterized by the optical indices n, and n,
and their thicknesses e; and e,. A schematic at a different scale, focusing
on the goniometer, is available in the electronic supplementary material.
(Online version in colour.)

ventral patches) iridescence (sensu Osorio & Ham [110]). In
addition, many species have highly tilted multilayers, providing a
good test case to estimate the tilt f [110,114]. Finally, most species
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the authorization from the Muséum National d’Histoire Naturelle
to carefully cut feathers using surgical scissors. We selected one
male from 36 species, evenly distributed across the phylogeny,
from which we took feathers on two patches, one diffuse and one
directional (sensu Osorio & Ham [110]).

Because the exclusive use of hummingbirds as a test taxon for
a new method has been criticized in previous studies [86], we
also test our method on a very different group: butterflies. Butter-
flies are phylogenetically distant from birds and have different
structures producing iridescence. For these reasons, the fact our
method works in both taxa is a compelling argument for its uni-
versality. We used 17 butterfly species known to have multilayer
structures [101,137]. The full list of species we used for our
measurements is available in the electronic supplementary
material, for both hummingbirds and butterflies.

The method presented is also valid for whole specimens
(whole birds instead of plucked feathers, for example). We none-
theless opted for the use of single feathers to maximize
repeatability. Indeed, the precision of the goniometer measure-
ments relies on the fact that the sample is precisely located at the
centre of rotation of both fibres, which is more difficult to ensure
for whole specimens.

3.2. Reflectance measurements

We measured reflectance at various angles using a purpose-built
goniometer, following the recommendations of Meadows et al.
[114]. The light emitted by a xenon lamp (300 W) over the 300-
700nm range of wavelengths to which birds are sensitive [138]
was brought to the sample through an illuminating UV-visible
optical fibre collimated to geta 1 mm light spot at normal illumina-
tion. Light reflected by the sample was then collected by a second
identical collimated optical fibre and conducted toward an Ocea-
noptics USB4000 spectrophotometer. This set-up allows for a
precise independent rotation of the illumination and the collection
fibres, necessary for the measurements of iridescent colours.
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angle of the collection fibre @_ |
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Figure 3. Colour variables (a) brightness, (b) hue, () and (d) hue and brightness of an iridescent multilayer (with tilt ¢ % 0) in the angle space relative to the
sample surface (@D, D). The colour lines in (d) indicate alternative bases: the angle space relative to the multilayer structure (6, 6,) in blue and (P, +

Dy =0, D —
table 1 and throughout this article.

Our previous mathematical exploration (detailed in appendix
A.2) revealed that hue is constant along the @, + @, = const.
line (constant span) and brightness along the ®;,. — @, = const.
line (constant angle bisector), as illustrated in figure 3. We thus
only need to take measurements in two orthogonal directions: in
the direction ®;,. — P, = const. to quantify hue variation and in
the direction @i + Peo1 = const. to quantify brightness variations.
This will allow us to infer all parameters controlling hue and bright-
ness, and therefore to potentially compute all values of hue and
brightness in the entire angle space (Pinc, Peol)-

The shape and size of the light spot on the sample depend on the
position of the illuminating fibre relative to the sample. As the angle
of illumination 6; increases, the light spot becomes more and more
elongated, according to a 6; cosine function. This means the
amount of light received by the spectrometer decreases when 6;
increases, independently of sample characteristics. This can also be
empirically observed by taking measurements of the white reference
(which is a Lambertian surface, i.e. reflectance does not depend on
the angle) at different angles. To control for this, we took white refer-
ence measurements at several angle configurations (detailed in the
protocol below). The white standard for this study was an Avantes
reference tile WS-2. Because this is a diffuse (Lambertian) white
reference and because some iridescent colours are very directional
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@y =t) in orange and illustrates the terms ‘constant illumination’, ‘constant collection’, ‘constant angle bisector’ and ‘constant span’ used in

(i.e. all reflected light is focused in a single direction), it is expected
to sometimes get values of brightness that can be over 100%.

The detailed protocol we used for our measurements is simi-
lar to Waldron et al. [118] and inspired from Osorio & Ham [110]
and Meadows et al. [114]. A detailed walk-through of the
measurement protocol is presented in box 1, and a worked
example is available in the electronic supplementary material.

We repeated each measurement twice, on different days, by
two different experimenters for hummingbirds and butterflies.
We performed statistical analyses after the completion of the
measurement session to prevent experimenter bias.

3.3. Statistical analyses

As explained in the previous section, the angle configuration
changes the shape of the light spot and thus the total possible
amount of light collected by the collection fibre. To address this
issue, we first pre-processed spectra to normalize count data
using the appropriate reference white spectrum (script available
in the electronic supplementary material). Resulting csv files
were then imported in pavo R package [139]. Hue values were dis-
carded (i.e. converted to NA) when brightness was lower than 8.5%
because hue is not defined for black colours.
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Box 1. Measurement protocol.

@

@

®G)

@)

®)

Move one of the two fibres of the goniometer to find the position where you get a signal of maximal intensity. This pos-
ition depends on the tilt ¢ of the multilayer and is therefore different for every sample. Once this is done, this means the
angle bisector of the two fibres is close to the normal to the multilayer structure (red line in figure 2).
While keeping the same angle bisector, take measurements at different angular spans (orange line @, — @, =1 in
figure 3d). These measurements will be used to estimate hue parameters. To have a sample size large enough for reliable
estimation and to stay at small angles, we recommend measurements at (®Pine, Peor) € {(t + 5°, t + 5°), (t + 10°, t + 10°),
(t+15° £ 4 15°), (t 4 20°, t 4 20°), (t + 25°, t + 25°)}.

Take measurements while keeping the angular span between the two fibres constant (e.g. @co; — Pinc = 20°) and moving
the angle bisector (if you cannot do this, because for example, one of your fibres is not mobile, see appendix B.2). This
will be used to estimate parameters related to brightness. We recommend three measurements on each side of the sup-
posed normal to the multilayer structure (seven measurements in total) and a span of 20°: (@ine, Peo1) € {(t — 5°, t + 25°),
(t°, t+20°), (t+5° t+15°%), (t+10° t+10°), (t + 15° t +5°), (t +20° t +0°), (t +25° t — 5°)}. Depending on how
directional your sample is, it may be needed to increase the resolution of the measurement grid and only move the
angle bisector of 2.5° or 5° at each step.

Take white reference measurements with the same angular spans as before but using the normal to the goniometer as
angle bisector (same measurements as in 2 but with ¢ = 0°). If you have followed our advice for measurements, you
should now take white measurements at (®@;.., Po1) € {(5°, 5°), (10°, 10°), (15°, 15°), (20°, 20°), (25°, 25°), (30°, 30°)}.
Take white reference measurements with a constant span but various angle bisectors (same measurements as in 3 but
with ¢ = 0°). If you have followed our advice of three measurements on each side to the supposed normal to the multi-
layer structure and a span of 20°, you should now take white measurement at (®in., Pco1) € {( — 5°, 25°), (0°, 20°), (5°,

15°), (107, 10°), (15°, 5°), (207, 0°), (25, = 5°)}.

Iridescence parameters can be estimated using various
methods, including least-squares optimization and Bayesian non-
linear regression. We used a least-squares optimization as it is
more common in biological sciences. We tested the Bayesian
approach as well but it returned similar results and it is therefore
not presented here.

We used two indices to estimate the variability of the
parameters resulting from our method: (i) relative standard devi-
ation (RSD, also called coefficient of variation or CV) as the
standard deviation divided by the absolute value of the mean.
(Absolute) standard deviation (SD) is a common measure of
the noise in a dataset. RSD is a way to quantify the signal-to-
noise ratio. Because it is normalized by the mean value of the
parameter, it is dimensionless and can be compared between
parameters. It represents the precision of the experimental and
statistical framework and does not depend on the sample popu-
lation. (ii) Repeatability as the intra-class coefficient (ICC)
computed with the rptR package [140]. ICC assesses whether
the method allows one to discriminate individual samples
among the population by comparing intra- and inter-sample
standard deviation. ICC is therefore highly dependent on the
sample population and on the biological question.

RSD and ICC complement each other. A very precise method
can still lead to non-repeatable measurements if there is no varia-
bility in the population. Conversely, a coarse method can work
well enough to discriminate between samples and be repeatable
if the variability between samples is high.

4, Results and discussion

Spectra from measurement along the ‘constant span’ (P +
@, = const.)
lines after correction by the appropriate white reference are

&, = 20) and ‘constant angle bisector’ (Pi. —

displayed in figure 4 for the iridescent blue of the breast of
the hummingbird Heliomaster furcifer. We also show values
of hue H and brightness B along these two measurement
lines as well as the result from parameter estimation.
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4.1. Relative error and repeatability

Variability and repeatability results are summarized in table 3.
We find low values of RSD for hue-related variables for both
hummingbirds and butterflies, indicating that our framework
provides precise estimations of parameters. For brightness-
related parameters, RSD is higher, as is usually the case, even
for non-iridescent colours [141-143]. Despite relatively high
RSD, all values for brightness remain repeatable, expected tilt
t for butterflies because of a low inter-species variability, as
demonstrated by the low value of SD.

4.2. Correlation between parameters

4.2.1. (orrelation between B, and 3

Madsen et al. [105] noticed a negative relationship between
brightness angular dependency and maximum brightness.
From an evolutionary point of view, this means there is a
trade-off between the signal brightness at a given angle and
the range of angle at which it is not black (i.e. directionality
sensu Osorio & Ham [110]).

This correlation can also be proved theoretically. Indeed,
the total energy of light that is reflected by the sample
cannot exceed the received light energy. In other words, if
absorption is similar across samples, the total brightness
reflected in all directions is constant across samples:

| [B(nc, @) e 4y = const. @)
The value of this double integral is known (B(®Pine, Peor) is a

bivariate Gaussian function) and when we compute it,
we find

Bmaxy/27y3 = const. (4.2)
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Figure 4. Spectra (a,b) and corresponding values of brightness (¢.d) and hue (e,f) at different angle configurations for the breast patch of the hummingbird Heliomaster furcifer
along the &, — Py, = const. (a,ce; data points with round shape) and &, + P, = const. (b,d,f, data points with square shape) lines. Colours correspond to the
conversion of the spectra in human vision using the CIE10 visual system. As expected, brightness is constant when @, — @, = const. and has a Gaussian shape when
@y + Dy = const. Conversely, hue has a cosine shape when @y, — @D = const. and is constant when @, + Py = const. The red lines correspond to the fit
of the functions after parameter estimation, with the values of the parameters. The R script to produce this figure is available in electronic supplementary material.

Table 3. Repeatability (ICC with likelihood ratio and permutation p-values) and standard deviations (SD and RSD) of iridescence parameters for hummingbirds
and butterflies.

taxon variable param. mean SD RSD (%) IcC p (likel.) p (perm.)
hummingbirds brightness Brnax 36.60 4754 14.79 0.947 <<0.0001 0.001
B e
Yo 13.67 7.85 1119 0875 0.0009 0.002
e A e e St
vi 064 018 2281 0689 008 0098
Cbutterflies ~ brightness By 14880 9978 691 093 <0001  0.001
o S e
vs 53 512 476 0769 <00001 0004
hue M 49269 2787 0.2484 0993 <0001 0001
B L N St St
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Figure 5. Correlation between By, and directionality 1/vz. The dots are the
data points. The lines show the result of the generalized linear model.
(Online version in colour.)
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We indeed find a positive correlation between B, and 1/vg
in the empirical data (F = 147.0742, d.f. = 1, p < 0.0001), illus-
trated in figure 5. We also notice an effect of the taxon
(butterflies or hummingbirds) on the slope of the correlation
(F, = 8.3198, p = 0.0057). Because the link between B, and
1/ was proven when ignoring absorption (equation (4.3)),
this may suggest that absorption is higher in hummingbirds
than in butterflies.

4.2.2. Correlation between angular dependency for hue -y, and

other parameters.

Osorio & Ham [110] found that yy and vy are negatively corre-
lated among 15 bird species from different families. We do not
find support for such correlation for either the hummingbirds
or the butterflies (F; = 3.1994, p = 0.074; figure in electronic
supplementary material). Additionally, as discussed later in
appendix B.3.2, many studies use variables that are correlated
to Huax to quantify hue angular dependence. On the contrary,
we find that the parameters used in our method, Hynax and yg,
are not correlated (F; = 0.5167, p = 0.47; figure in electronic
supplementary material).

5. Conclusion

Using both a theoretical and an experimental approach we
find that hue and brightness can be easily characterized for
all angle configurations using a set of five parameters (Hmax
and yy for hue; By, t and vyp for brightness). Additionally,
we show that a relatively small number of measurements is
sufficient to reliably estimate these parameter values. This is
made possible by the fact that hue is constant when the angu-
lar span between the two fibres remains constant (@i, —
P, = const.), and that brightness is constant for small
angles as long as the angle bisector remains in the same pos-
ition (®jnc + Pcol = const.) (as illustrated in figures 3 and 4).
These properties have been previously noticed empirically
for hue H; by Osorio & Ham [110] on 15 bird species sampled
from different families and Meadows et al. [114] on Calypte
anna. Without being formalized, it had been illustrated for
brightness in Eliason & Shawkey [104] and Stavenga et al.
[77] for B3 as well as Stavenga et al. [78] for B;.

76

Our contribution unlocks new perspectives for studies [JFJj

on iridescent colours, such as the evolution of complex
visual signals leveraging angular dependency properties of
iridescent colours.

The proofs for the equation in this article are based on the
multilayer theory. However, it is possible that parts of it may
work for iridescence from diffraction gratings. Future studies
should aim at integrating iridescence from diffraction into
our framework. This would allow for a standard set of vari-
ables to describe iridescence, no matter its physical origin.
Further investigation is also required to assess whether
it is possible to relax some of the assumptions made in the
paper under certain conditions.
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Appendix A. Mathematical proof of the
equations

A.1. Brightness B in the angle space (P, Do)
For a perfectly regular multilayer, all the reflected signal is
focused in the specular direction, at an angle 6, equal to the
incident angle 6; The brightness B is proportional to the
reflected signal intensity, meaning

if 6; = 6,
if 01' # 07/

B(6; 6,) = {5(9”

(A1)
where B(6,) is defined by the Fresnel factor in the case of a
thin-film structure (equation and R code to compute the Fres-
nel factor available in the electronic supplementary material).
However, because we are dealing with small angles (assump-
tion 1), we can approximate B(6;) to a constant Bn.x (as
illustrated in the electronic supplementary material):

B(6, Gr)z{BmaX if 6; = 6, (A2)

0 if 6; # 6,.

But because biological structures are not entirely flat, and
because the different layers of the multilayer structure are not
perfectly aligned, there is also some amount of light reflected
outside of the specular reflection (often referred as diffuse reflec-
tion). We thus assume a Gaussian decay of the brightness B
around the specular position 6; = 6, (assumption 2), controlled

BioBuysiigndigaposeforsys
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by a parameter yz related to the disorder of the multilayer:

((6; — 6,)/2)
2y2 '

In the case of a perfectly regular multilayer with no disorder, we
have yz = 0 and we find equation (A 2). Conversely, if yg = +o0o,
the brightness value is the same for all angle configurations,
which means we are dealing with a Lambertian surface.
Additionally, the multilayer structure is not always parallel
to the sample surface. It is the case, for example, for humming-

B(6;, 6;) ~ Bmaxexp — (A3)

birds included in this study, as well as for Morpho butterflies in
Berthier ef al. [67], for the rainbow stag beetle, Phalacrognathus
muelleri, structures described by Edo et al. [109], six pierid butter-
flies in Pirih et al. [102], 10 species of butterflies in Wickham et al.
[80], and for six species of Heliconius butterflies in Parnell et al.
[96]. So the illuminating angle @i, and the collection &, at
the macroscopic scale do not necessarily match 6; and 6, (asillus-
trated in figure 2). If we denote f the angle between the multilayer
surface and the macroscopic sample surface (called tilt hereafter,
as in Madsen et al. [105] and Osorio & Ham [110]), we get

(((I)i.nc - (pcol)/2 - t)z
2v2 '

Using equation (A 4), we only have three parameters (Byax, t and
7vg) to estimate to be able to reconstruct all values of brightness B
in the angle space defined by (®in, Pco). The resulting
brightness in this space in plotted in figure 3.

B((pinC/ (I)col) ~ Bmax exp — (A 4)

A.2. Hue H in the angle space (P, D)

We defined the hue H as the wavelength for which reflectance
is maximal. In the context of interferences, it is therefore the
wavelength for which reflected light interferes constructively.
For a regular multilayer, this happens when

mH(6y, 6;) = 2(n1eq cos 01 + nze; cos 6,), (Ab)

where m is an integer (interference order), 6; is the angle
between the incident light ray and the multilayer structure
at the interface between layer 1 and 2, 6, is the angle between
the transmitted ray after going through the first interface
between layers 1 and 2 and the multilayer structure, 7; and
1, are the optical indices of the layers, and e; and e, the thick-
nesses of the layers. The products nie; and nye, are often
called optical thicknesses of the layers 1 and 2 (respectively).

The relationship between 6, and 6, is given by Snell’s Law:

ny sin 01 =My sin 92. (A 6)

Because 6; € [0; w/2], hue H increases when angle 6;
decreases according to equation (A 5). This means a maxi-
mum value for hue H,,, is achieved when 6; =0 (in this
case 6, = 0 as well because of Snell’s Law; equation (A 6)):

MHmax = 2(n161 + 112€2). (A7)

We can replace nie; and nye; in equation (A 5) using
equation (A 7):

mH (6, 62) = mHpax(cos 6y + cos 6,)

— 2(nye1 cos 6, + nye; cos 60y). (A8)

By adding equation (A 8) and equation (A 5), we obtain

2mH(60y, 6;) = mHpax(cos 61 + cos 6;)

+ 2(cos 6 — cos 6;)(n1e1 — nzep). (A9)
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We consider here the case of an ideal multilayer, meaning  [JJEJj]

that nie; = nep (assumption 3). This allows us to simplify
equation (A 9) into

cos 6y + cos 6,

H(@l, 02) = Hpmax 2

(A10)

Because we are working with small angles (assumption 1),
Snell’s Law (equation (A 6)) can be approximated by

0~ Lo (A11)
nz
and
cos 0; + cos (n1/n2)61
H(G]/ 62) ~ Hmax . (A 12)

2

For small angles (assumption 1), this sum of cosine func-
tions can be approximated by a single cosine function with
twice the amplitude (numerical proof in the electronic
supplementary material):

H(61, 62) ~ Hpax €Os v 61, (A13)

where vy &~ /(1 + (n1/n2)?)/2 (after identification of the

coefficients of the second-order Taylor series expansions in
equations (A 12) and (A 13)).

This reasoning is valid for ideal thin-film structures and
multilayers and tells what happens at the specular position.
But as explained in the previous section, biological structures
are noisy and there is signal outside the specular position. As
previously, if there is signal, this means that there is a multi-
layer for which the position of the fibres is specular. And in
this case, we can apply equation (A 13) as well:

(A14)

d)in + D
H(d)inC/ ®col) = Hmax Ccos <'yH C—CO]> .

2

We only need two parameters (Hpax and vypy) to plot all
hue values in the angle space (P, Peo1) as in figure 3. In
the case of non-iridescent colours, we have vy = 0.

A.3. Saturation S in the angle space (P, Do)
A.3.1. Along the ‘constant span’ direction (Py,c + Py =

const.)
We know that along the @y, + @, = const. direction (con-
stant span), hue is constant (as shown in equation (A 14) and
figure 3b). Using a similar reasoning as in appendix A.1, we
find that the reflectance R for a wavelength \ at a given angle
configuration (@i, Peo1) is given by

(I)inc_qjco Z_tz
R((pincx (Dcol/ )\) = RbiSECtDI'(/\) exp — (( 2,},21)/ ) '
B
(A15)

This means that reflectance spectra at all angle configurations
along the ‘constant span’ axis (Pinc + Pco1 = const.) can be
derived by scaling of the spectrum at another angle
configuration.

The saturation S(®,., P.o1) is defined as the full width at
half maximum of the reflectance spectrum R(®Pin, Peor, N). Let
us call R the reflectance spectrum at a given angle configuration

51(4)4'5[']'!qS!|qthi§!)OS|éKdi;§}SJ
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(P osl - P 051). Then the saturation S at this configuration is

inc 7 Tcol
S= /\1 - )\2/
Rmax
R(A1) = R(A) =——= (A16)
and AL > Ap.
If the reflectance spectrum R’ at (CDE:’CSZ, > :))lsz) is equal to R
scaled by a factor s, then the saturation S’ is
S=A—A,
!’
R() = R = e (A17)
and A >N,
where
!
Rl(/\/l) _ R(/\l) ,
s
!
R(xg) = 2 (A18)
R
and Rl = ';‘ax .
From this, we find that
R(A;) _ R(A) _ Rmax
= = Al
s s 2s (A19)
and
! ! Rmax
R() = ROY) = =22 (A20)

This means that \j = \; and A\ = \,. In other words, the full
width at half maximum is stable by scaling, which results in
the saturation S remaining constant along the @, + P =
const. axis (constant span).

A.3.2. Along the “constant angle bisector direction (P, —

@, = const.)
Additionally, along the ®;,. — ®., = const. axis (constant
angle bisector), brightness is constant and only hue changes.
This means spectra are translations of one another. The full
width at half maximum is also stable by translation so the sat-
uration S remains constant along @, — P, = const. axis

(constant angle bisector).

A.3.3. In the general case

All points in the (P, Pco1) space can be reached by a combi-
nation of moves along the orthogonal ‘constant span” (@i, +
Do) =
const.) axes. We just showed the saturation S is constant

@, = const.) and ‘constant angle bisector’ (Py,. —

along these two axes so it is actually constant in the whole
((pincr (pcol) Space

Appendix B. Comparison with other methods
B.1. Measurements at fixed angle configuration

The angle ¢ between the multilayer structure and the normal
to the surface of the feather (tilt) is highly variable between
species of the same family (SD =19.36 in hummingbirds,
as reported in table 3). This is in agreement with Osorio &
Ham [110] who found tilt values t ranging from — 20 to
40°. Even if the angle configuration (Pin., Peo1) is constant
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at the macroscopic scale, the configuration relative to the mul-  JfTj]

tilayer structure (6;, 6,) may not be constant because of the
variation in the tilt ¢ between samples. This means measure-
ments at fixed geometry cannot be compared between
samples. For this reason, we warn against measurements
of iridescent colours at a fixed angle, even when angular
dependency is not studied.

B.2. Parameter estimation using constant illumination

Some goniometers only allow for the rotation of the collection

fibre while the illumination fibre stays at a fixed position.

Measurements realized with a such protocol can still be used

with our method but this leads to a loss of statistical power.
If illumination is provided at a fixed angle @y, = a:

(@ — Per)/2 — 1)
2y
(Deop + 2t — a)?
83 ’

So, B(®.y) is still a normal function of @, with the same
maximum value By, but with parameters #* =2t — o and
vp* = 2yp for mean and standard deviation, respectively.

Because the estimation of the parameters of a normal func-
tion through a regression is more reliable when the standard
deviation is low, using anything else than a fixed normal as
measurement line, such as a fixed illumination, to study
brightness parameters will result in less accurate values.

Additionally, depending on the exact value of «, it may
not be possible to have a fibre configuration where (a +
D.1)/2 =t but the span between the fibres is still less than
90" (small angles assumption). In this case, data points
never reach the maximum B,,,, which makes parameter esti-
mation very unreliable.

Finally, the new value of the mean * does not have a
direct biological and physical interpretation, as opposed to ¢
which is the tilt of the multilayer of thin-film structure.

For hue, if illumination is at fixed angle «

B((pcol) = Bmax exp —

= Brmax exp —

(B1)

o
H((pcol) = Hiax COS(YH E + ﬁ ¢col) .

> (B2)

The equation for hue at fixed illumination has a shape
different from its general form depending on the span between
the fibres, (@, + Do1)/2. There is a constant term in the cosine
function and the new term for hue angular dependency is
Yu* = yu/2. As we explain in the next section, the estimation
of the parameters is more reliable for high values of . For
this reason, the parameter estimation at fixed illumination
may not be as precise as along the @, + @1 = const. line.

B.3. Link with other variables of anqular dependency

for hue

B.3.1. Linear regression

Linear regression instead of cosine regression to estimate Hpax
and vy is common [63,75,110,121]. Because the curvature of the
cosine function in equation (A 14), defining hue depending
on the angular span, is often small, we obtain congruent results
using either cosine or linear regression. However, this creates a
systematic bias where Hy,,x is more overestimated for samples
with larger angle dependency vyy. Indeed, a linear regression

6%008L0C 6 Sn0{ axvliajuf
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overestimates more the intercept value as the curvature of the
function increases.

B.3.2. Difference between two angle configurations with the

same angle bisector
The difference in hue between two angle configurations is
sometimes used as a proxy for iridescence [71]. However, it
is problematic because it leads to a very high correlation
between hue and iridescence, as reported in Dakin & Mon-
tgomerie [66] (R* > 0.95).

We can prove mathematically this linear correlation. Let us
focus on the difference between hue Hy,; at a given angle con-
figuration (@}, ®. ;) and hue Hy,, at coincident geometry (i.e.
Dy + Do = 0; + 6, = 0). It follows from equation (A 14) that
defines the hue at any angle configuration that:

(pilnc _; q%ol) _ 1:| .

From this equation, we see that if vy is constant or displays
low variability between samples, Hpos1 — Hmax is proportional
to Hmax:

Hposl - Hmax = IHmax |:COS ('YH (B 3)

Hposl - Hmax oc Hmax- (B 4)

We can apply the same reasoning and prove the differ-

ence Hpos» — Hmax between hue Hp., at (@fm, d?fol) and
Hpnax is proportional to Hpax:
HposZ - Hmax oc Hmax~ (B 5)

Thus (doing equations (B 4) and (B 5)), the difference in

hue between any two angle configurations (@, ®. ) and
(@2, %)) is proportional to Hypay:
Hposl - HposZ oc Hmax~ (B 6)

This correlation between the two variables characterizing
hue in the angle space can lead to errors in subsequent stat-
istical inferences. On the opposite and as reported in §4.2.2,
the parameters proposed in this study (Hmax and yp) do
not have the same issue.

B.4. Link with other variables of angular dependency
for brightness

We are providing the following comparison with variables that
have been previously used in the literature to describe bright-
ness angular dependency. This means that values from
previous studies using these variables can still be used in a
meta-analysis or a discussion using our new variables By,
and yg. We however explain why they are less precise, less ver-
satile and/or more time consuming than those measured
under our unified framework.

B.4.1. Full width at half maximum and angular breadth

We have shown brightness is a Gaussian function of standard
deviation yg along the line of ‘constant span’ (®Ppc + Peol =
const. direction). Many studies previously characterized angular
dependency in this direction using the full width at half maxi-
mum (hereafter FWHM) [80,102,107,110,113]. For a Gaussian
function, there is an easy link between standard deviation and
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FWHM:

FWHM = 2y;V2In2
=4vy;V2In2
~ 4.71vyg. (B7)

Similarly, some studies use what they call angular breadth

[85,86,88-92,112], which they define as the range of angle

where brightness is higher than 3% of its maximum

(threshold at 10% for [112]):

ang. breadth = 23;v4In10 — 21In3

= 4y;V4In10 — 2In3

~ 10.59y;. (B8)

We see that these variables are proportional to yg in
theory. However because they are computed from raw data,
without any pre-processing or curve fitting, they are more
sensitive to noise.

B.4.2. Hunter's specular gloss and integrating sphere

Multiple studies [75,144,145] use Hunter’s gloss [146], defined
by the ratio of specular to diffuse reflectance. This method is
convenient because it can easily be achieved using an integrat-
ing sphere to capture the needed spectra in two measurements
only (one at specular position without the sphere and one with
the sphere to capture diffuse and specular reflectance).

This is equivalent to keeping the illumination at a fixed
angle and measuring reflectance at all collection angles. We
already know the brightness at the specular position is
Bmax- The diffuse reflection is the integral on all angle con-
figurations of the brightness. Hence Hunter’s specular gloss
G using the notation defined in this study is

B max

G= :
J‘J‘ B((Dil’lC/ (I)col) dd)inc ddﬁccvl

(B9)

The integral of brightness for every angle configurations
iS Bmax¥gV 2w (integral of the normal with maximum Bjax
and standard deviation v;), which gives

G 1 1
YaV2m 2ypV27

However, this is assuming the measurement of B,.x was
actually done at the normal to the multilayer (®Pinc + Peor)/
2 = t. But there is no way to know whether it is the case with-
out doing several goniometer measurements with different
normal positions. Once this is done, yg can be estimated with-
out doing additional integrating sphere measurements.

(B10)

B.4.3. Difference/quotient between maximum and another

position with the same span

Some studies [84,86,111] use the difference or the quotient
between the brightness at the fibre position where it is maximum
and another position. With this approach, they find t and B,y

The difference or the quotient between these two pos-
itions can easily be linked to yz because we know that
B(®Pines Peor) is a normal function of parameters t and yg.

However, this is very sensitive to noise and measurement
error because B« and t are estimated with only one data point
and ;g (or its equivalent variable) with only two data points.
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Appendix C. Structural colours with pigmentary
component

The framework we presented here focuses on purely struc-
tural iridescent colours. However many colours integrate
both pigmentary and structural components [147,148].
If there is a pigmentary component, it adds constant term
Bpigment to brightness B:

This can easily be investigated using our protocol and
statistical framework. The only difference is that four par-
ameters (Bmax, t, Y8 and Bpigment) instead of three need to
be estimated by running a nonlinear regression on equation
(C 2) instead of equation (A 4).

There are cases where the structural and pigmentary
components of colour act on very different regions
of the light spectrum. This happens, for example, in
Colias eurytheme [62], where iridescence is restricted to
the UV region while the visible region colour is caused
by pigments. In this case, our method can be applied
directly by restricting the studied wavelength range to
the region of interest (this option is available in
the code provided in the electronic supplementary

B(Pinc, Peol) = Biria + Bpigment C1)
and
(((pinc - (pco])/z - t)z
B(d)inc: (I)col) = Bmax exp —
2%
+ Bigment. (C2) material).
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

Preamble

This file contains the necessary code and instructions to reproduce our results published in the paper:
“Quantitative characterisation of iridescent colours in biological studies: a novel method using optical
theory”.

You can also get the code in a runable format by downloading the attached rmarkdown (* . Rmd) file.

suppressPackageStartupMessages (library(tidyverse))
theme_set (theme_minimal())

Detailed walkthrough of the method on one example (Heliomaster
furcifer)

In this example, we focus on the iridescent feathers of the breast of the hummingbird Heliomaster
furcifer to desmontrate the method. In this specific example, we obtain good results by using angles
up to 45° but as stated in the manuscript, it may be necessary to restrict your analysis to angles lower
than 30° in some cases. We did not find any significant difference in parameters values when estimated
with angles < 30° and < 45° for hummingbirds and butterflies in our analysis.
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Normal to
the goniometer
((Dinczq)colzoo)

Reflectance

UV/Visible light source ., 5 Wavelength (A)

SAMPLE

Figure 1: Schematic representation of a goniometer with the illumination and collection fibres and
their angle with the normal to the sample ®;,,. and ®,;. The sign of ®;,,. and ®.; is figured by an
arrow pointing towards the positive rotation direction.

This example uses files saved as . jdx using an OceanOptics spectrometer but this code can easily be
modified to work with any file format, by using the 17 ghtR package (https://github.com/bisaloo/lig
htR).

Measurements

We put the measurements for hue and brightness in two different folders named Hue and Bright-
ness respectively.

Measurements for brightness

A explained in this article, brightness is constant as long as the angle bisector of the two optical fibres
of the goniometer remains constant (®;,,. — ®.,; = cst). To estimate the variation of brightness in the
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

angle space (P;,¢, Peor), we thus need to take measurements along the orthogonal axis ®;,,c + Peo =
cst.

1. We move one of the two fibres of the goniometer to find the position where we get a signal of
maximal intensity. This position depends on the tilt ¢ of the multilayer and is therefore different
for every sample. Once this is done, this means the angle bisector of the two fibres is close to
the normal to the multilayer structure. In our case, we get this when the bisector between the
fibresis at 18°.

2. We take measurements while keeping the angular span between the two fibres constant (20°)
and moving the angle bisector.

3. We name the files according to the following pattern SPECIES_PATCH_PHIINC_PHICOL.AIll
files related to brightness estimation are in a folder named Brightness. Soin our case, we
get 9 files named
Brightness/HELIFURC_BR_38_-18.jdx,

Brightness/HELIFURC_BR_33_-13.jdx,
Brightness/HELIFURC_BR_28_-8.jdx,
Brightness/HELIFURC_BR_23_-3.jdx,
Brightness/HELIFURC_BR_18_2.jdx,
Brightness/HELIFURC_BR_13_7.jdx,
Brightness/HELIFURC_BR_8_12.jdx,
Brightness/HELIFURC_BR_3_17.jdx,
Brightness/HELIFURC_BR_-2_22.jdx

Measurements for hue

Conversely, hue is constant when the span between the two fibres is constant. To estimate the variation
of hue in the angle space, we therefore perform several measurements with different angular spans
but the same angle bisector.

1. We know keep the supposed normal of the multilayer as the fibre angle bisector and change the
span, producing 8 files
Hue/HELIFURC_BR_23_-13.jdx,
Hue/HELIFURC_BR_28_-8.jdx,
Hue/HELIFURC_BR_33_-3.jdx,
Hue/HELIFURC_BR_38_2.jdx,
Hue/HELIFURC_BR_43_7.jdx,
Hue/HELIFURC_BR_48_12.jdx,
Hue/HELIFURC_BR_53_17.jdx,
Hue/HELIFURC_BR_58_22.jdx
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White reference measurements

We need to take the same measurements as before but without any tilt, i.e.:
Brightness/WHITE_20_-20.jdx,

Brightness/WHITE_15_-15.jdx,

Brightness/WHITE_10_-10.jdx,

Brightness/WHITE_5_-5.jdx,

Brightness/WHITE_0_0.jdx,

Brightness/WHITE_-5_5.jdx,

Brightness/WHITE_-10_10.jdx,

Brightness/WHITE_-15_15.jdx,

Brightness/WHITE_-20_20.jdx

and
Hue/WHITE_5_5.jdx,
Hue/WHITE_10_10.jdx,
Hue/WHITE_15_15.jdx,
Hue/WHITE_20_20.jdx,
Hue/WHITE_25_25.jdx,
Hue/WHITE_30_30.jdx,
Hue/WHITE_35_35.jdx,
Hue/WHITE_40_40.jdx

Pre-processing spectral data

We now want to calibrate the spectra using the white reference at the correct angle. Below are a set of
functions to perform this step on . ProcSpec files.

For this example, we will work on the files provided in Data_HelFur . zip. We must therefore start

by decompressing the zip archive

unzip("Data_ESM.zip")

Here is a helper function modified from R package 11ightR (https://github.com/bisaloo/lightR) to
output a dataframe with the white reference, the black reference and the raw count data in separate
columns (instead of the processed normalised data):
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parse_jdx <- function(filename) {
content <- readLines(filename)

# According to the standard, all blocks must start and end
# in this way:

blockstarts <- grep(""##TITLE=", content)[-1]

blockends <- grep(""##END=", content)[-4]

blocktype <- content[blockstarts]

blocktype <- tolower(gsub(".+: ([[:alpha:]]+) SPECTRUMS'",
"\\1,
blocktype))

get_data <- function(index) {
# Data is contained in lines that do NOT start with ##
data <- grep(""##", content[blockstarts[index]:blockends[index]],
value = TRUE, invert = TRUE)
data <- strsplit(data, ",")
data <- do.call(rbind, data)

scope_data <- get_data(which(blocktype=='"processed"))
dark_data <- get_data(which(blocktype=="dark'"))
white_data <- get_data(which(blocktype=="reference"))

data <- cbhind(scope_data[,1],
dark_datal[,2],
white_datal[,2],
scope_datal[,2])
colnames(data) <- c("wl", "dark'", "white'", '"scope')
data <- data.frame(apply(data, 2, as.numeric))
data$processed <- with(data, (scope - dark) / (white - dark) * 100)

return(data)
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Let us pre-process the spectra for brightness parameters estimation first:

# List of files that DO NOT start with "W"
specfiles = list.files("Brightness", pattern = "A[AW].x\\.jdxs",
full.names = TRUE, recursive = TRUE)

file_phi_inc = sapply(strsplit(specfiles, "[[:punct:]]"),
function(x) as.numeric(x[[length(x)-1]]))
file_phi_col = sapply(strsplit(specfiles, "[[:punct:]]"),
function(x) as.numeric(x[[length(x)-2]]))
file_norms = (file_phi_inc - file_phi_col) / 2

preprocess_norms = function(file) {
file_infos = strsplit(file, "[/_\\.-1")[[1]]

norms = (as.numeric(file_infos[length(file_infos)-1]) -
as.numeric(file_infos[length(file_infos)-2])) / 2
species = file_infos[2]

whitefiles = list.files(path = "Brightness",
pattern = "AWHITE'", full.names = TRUE)
white_phi_inc = sapply(strsplit(whitefiles, "[[:punct:]]"),
function(x) as.numeric(x[[length(x)-1]]))
white_phi_col = sapply(strsplit(whitefiles, "[[:punct:]]"),
function(x) as.numeric(x[[length(x)-2]]))

white_norms = (white_phi_inc - white_phi_col) / 2

specdf = parse_jdx(file)

whitedf = parse_jdx(whitefiles[which(file_norms==norms)])

cor = (specdf$scope - specdfsdark) /
(whitedf$scope - whitedf$dark) * 100
res = data.frame(wl = specdf$wl, cor)

write.csv(res, gsub("\\.jdxs", ".csv", file),
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row.names = FALSE)

sapply(specfiles, preprocess_norms)

We do the same for files used in estimation of hue parameters

specfiles = list.files(path = "Hue", pattern = "A[AW].x\\.jdx",
full.names = TRUE, recursive = TRUE)

preprocess_span = function(file) {

# Match all punct but spaces

file_infos = strsplit(file, "[/_\\.-1")[[1]]

span = as.numeric(file_infos[length(file_infos)-1]) +
as.numeric(file_infos[length(file_infos)-2]) + 180 - 720

species = file_infos[2]

whitefiles = list.files(path = "Hue",
pattern = "AWHITE'", full.names = TRUE)
sapply(strsplit(whitefiles, "[[:punct:]]"),
function(x) as.numeric(x[[length(x)-1]]))

white_phi_inc

white_phi_col = sapply(strsplit(whitefiles, "[[:punct:]]"),
function(x) as.numeric(x[[length(x)-2]]))

white_spans = white_phi_inc + white_phi_col + 180 - 720

specdf = parse_jdx(file)

whitedf = parse_jdx(whitefiles[white_spans == span])

cor = (specdf$scope - specdfs$dark) /
(whitedf$scope - whitedf$dark) * 100
res = data.frame(wl = specdf$wl, cor)

write.csv(res, gsub("\\.jdxs", ".csv", file),
row.names = FALSE)
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sapply(specfiles, preprocess_span)

Iridescence parameters estimation

suppressPackageStartupMessages (library(pavo))
library(tidyverse)
theme_set (theme_minimal())

This function extracts the colour variables we are going to use (H; for hue and B, for brightness).

get_colvar_folder = function(folder_path, wlim = c(300,700)) {

spectra_folder = suppressWarnings({
getspec(folder_path, sep = ",", ext = "csv",
FALSE, 1lim = wlim)

subdir = TRUE, subdir.names

i)

spectra_folder = procspec(spectra_folder,

opt = "smooth",

fixneg = "zero"
colvar_folder = summary(spectra_folder, subset = c("H1", "B2"))
colvar_folder$I = sapply(strsplit(rownames(colvar_folder), " "),

function(x) as.numeric(x[length(x)-1]))
colvar_folder$C = sapply(strsplit(rownames(colvar_folder), "_"),

function(x) as.numeric(x[length(x)]))

colvar_folder$span = 180 + colvar_folder$I + colvar_folder$C - 720

colvar_folder$halfspan = colvar_folder$span / 2
colvar_folder$normale = (colvar_folder$I - colvar_folders$C) / 2

# Hue for black patches is NA
colvar_folder[colvar_folder$B2<8.5, "H1"] = NA
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# Remove artefact at the edges
colvar_folder$Hl[colvar_folder$Hl %in% c(300,700)] = NA

# Discard large angles
colvar_folder = colvar_folder[colvar_folder$span<90, ]

return(colvar_folder)

pavo works with base graphics. If we want to plot spectra using ggplot2, we have to define our own
function:

ggplot_rspec = function(x) {

rspecdata = as.rspec(x)
rspecdata_long = tidyr::gather(rspecdata, name, spec, -wl)

g = ggplot(data = rspecdata_long,
aes(x = wl, y = spec, group = name, col = name)) +
geom_line() +
ylab("Reflectance (%)") +
xlab("Wavelength") +
scale_colour_manual(values = spec2rgb(rspecdata))
return(g)

Let’s start by having a look a the spectra before estimating any parameters values:

helfur_br_h = getspec('"Hue'", sep = ",", ext = "csv'", subdir = TRUE)
#it Length Class Mode
## 8 character character

## 8 files found; importing spectra:
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helfur_br_h = procspec(helfur_br_h, "smooth", "zero"

## processing options applied:
## smoothing spectra with a span of 0.25

## Negative value correction: converted negative values to zero

ggplot_rspec(helfur_br_h) + theme(legend.position = "none')

## wavelengths found in column 1

100
S
(0]
o
C
©
°
2
@
o
50
0
300 400 500 600 700
Wavelength
helfur_br_b = getspec('"Brightness", sep = ",", ext = "csv",
subdir = TRUE)
#i Length Class Mode
# 9 character character

## 9 files found; importing spectra:
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helfur_br_b = procspec(helfur_br_b, "smooth", "zero"

## processing options applied:
## smoothing spectra with a span of 0.25
## Negative value correction: converted negative values to zero

ggplot_rspec(helfur_br_b) + theme(legend.position = '"none')

## wavelengths found in column 1

250

200
9
< 150
(0]
[$)
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(&)
Q
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2 100

50

0 =EEEEEEEiEEE;;;;;:;;:;;;;;::::§§§E=E====Eﬁiiii========

300 400 500 600 700
Wavelength

Get the values of hue and brightness

helfur_br_hvar = get_colvar_folder ('"Hue")

#it Length Class Mode
H# 8 character character
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## 8 files found; importing spectra:

## processing options applied:
## smoothing spectra with a span of 0.25
## Negative value correction: converted negative values to zero

helfur_br_hvar$rgb = spec2rgb(helfur_br_h)
helfur_br_bvar = get_colvar_folder("Brightness'")

## Length Class Mode
## 9 character character

## 9 files found; importing spectra:

## processing options applied:

## smoothing spectra with a span of 0.25

## Negative value correction: converted negative values to zero

helfur_br_bvar$rgb = spec2rgb(helfur_br_b)

We first define the simple normal and cos functions that will be used for brightness and hue.

fnorm = function(x, Bmax, t, gammaB) {
Bmax * exp(-0.5%(x-t)A2/gammaB”2)

+

fcos = function(x, Hmax, gammaH) {
Hmax * cos(gammaH * x / 180 * pi)

We then define the functions that find the sets of parameters for brightness and hue optimized in non
linear least square method.

find_params_nls_normale = function(brightness_folder) {

maxi = max(brightness_folder$B2)
brightness_folder$normale[which.max(brightness_folder$B2)]
with(brightness_folder, {

abs(normale[which.min(abs(B2 - exp(-0.5) * maxi))] - norm)

norm

sigm
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

1)

fit = nls(B2 ~ fnorm(normale, Bmax, t, gammaB),
data = brightness_folder,
start = c("Bmax"=maxi, "t"=norm, "gammaB'=sigm),
lower = c("Bmax"=0 , "t"=-50 , "gammaB"=0),
algorithm = "port",
nls.control(warnOnly = TRUE))

return(summary (fit)$coefficients[,1])

find_params_nls_span = function(hue_folder) {
hue_folder = hue_folder[!is.na(hue_folder$Hl),]

if (nrow(hue_folder)<2) {
# If only one measurement, we can't estimate parameters

return(rep(NA,2))
} else {

maxi = max(hue_folder$H1)
s = 0.6

fit = nls(H1 ~ fcos(halfspan, Hmax, gammaH),
data = hue_folder,
start = c("Hmax"=maxi, "gammaH"=s),

control = nls.control(warnOnly = TRUE))

return(summary (fit)$coefficients[,1])

We then perform nonlinear least square optimization on our example.
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Gomez

96



Worked example and illustration of the numerical approximations Compiled on 2019-11-06

helfur_br_bregres find_params_nls_normale (helfur_br_bvar)

helfur_br_hregres = find_params_nls_span(helfur_br_hvar)

We further plot the results, along with the estimated parameter values

helfur_br_hvar %>%

ggplot(aes(x = halfspan, y = B2, col = factor(halfspan))) +
geom_point(size = 3) +
xlab (expression((Phi[inc]-Phi[col])/2)) +
ylim(c (0, max(helfur_br_bvar$B2, helfur_br_hvar$B2))) +
ylab("Brightness B (%)") +
scale_color_manual(values = unname (spec2rgb(helfur_br_h))) +
theme (legend.position = "none"

80

[e2]
o

Brightness B (%)
D
o

20

10 20 30 40
(q)inc - (Dcol)/2

helfur_br_hvar %>%
ggplot(aes(x = halfspan, y = Hl, col = factor(halfspan))) +
xlab (expression((Phi[inc]-Phi[col])/2)) +
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

stat_function(fun = fcos, args = helfur_br_hregres, color = "red") +
geom_point(size = 3) +
ylim(range (helfur_br_bvar$Hl, helfur_br_hvar$Hl, na.rm = TRUE)) +
ylab("Hue H (nm)") +
scale_color_manual(values = unname (spec2rgb(helfur_br_h))) +
theme (legend.position = "none") +
annotate("text", x = 11, y = 460, color = '"red",
label = sprintf("H[max]== %.0f~nm",
helfur_br_hregres[["Hmax"]]),

parse = TRUE) +
annotate("text", x = 11, y = 455, color = '"red",
label = sprintf("gammal[H]== %.2f'",

helfur_br_hregres[["gammaH"]]),
parse = TRUE)

\ \
480
€
£
T
% 460 Hnax = 489 nm ®
1 =0.68
440
[ _
10 20 30 40

(‘Dinc - q)col)/2

helfur_br_bvar %>%
ggplot(aes(x = normale, y = B2, col = factor(normale))) +
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

stat_function(fun = fnorm, args = helfur_br_bregres, color = "red") +
geom_point(shape = "square', size = 3) +
xlab (expression((Phi[inc]+Phi[col])/2)) +
ylim(c (0, max(helfur_br_bvar$B2, helfur_br_hvar$B2))) +
ylab("Brightness B (%)") +
scale_color_manual(values = unname(spec2rgb(helfur_br_b))) +
theme (legend.position = "none") +
annotate("text", x = 5, y = 80, color = "red",
label = sprintf("B[max]== %.0f*x'%%"'",
helfur_br_bregres[["Bmax"]1]),

parse = TRUE) +
annotate("text", x = 5, y = 70, color = "red",
label = sprintf('"gamma[B]== %.2f",
helfur_br_bregres[["gammaB"]]),
parse = TRUE) +
annotate("text", x = 5, y = 60, color = "red",
label = sprintf("t== %.0f*x"'°'",
helfur_br_bregres[["t"]]),
parse = TRUE)
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80 Bimax = 82%
vg=4.22
60 t=18°

Brightness B (%)
N
o

20

0 10 20 30 40
(q)inc + q)col)/z

helfur_br_bvar %>%
ggplot(aes(x = normale, y = H1l, col

factor (normale))) +
geom_point(shape = "square', size 3) +

xlab (expression((Phi[inc]+Phi[col])/2)) +

ylim(range (helfur_br_bvar$Hl, helfur_br_hvar$Hl, na.rm = TRUE)) +
ylab("Hue H (nm)") +

scale_color_manual(values = unname (spec2rgb(helfur_br_b))) +

theme (legend.position = "none"

## Warning: Removed 4 rows containing missing values (geom_point).
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

Supplementary figures

Range of parameters estimated for hummingbirds and butterflies
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Figure 2: Both hummingbirds and butterflies display a large diversity of hues and brightness, as well
as angle dependency in hue and brightness. The butterflies species we measured tend to have
multilayer structure parallel to the sample surface (no tilt), which is not the case for hummingbird.
The outlier for tilt in hummingbirds is the back of Aglaeactis cupripennis.

Tests for correlation between iridescence parameters
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Figure 3: No correlation between hue and brightness angular dependency (v and v respectively)

or between hue dependency and hue at a given angle (v and H,,,42)
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

Illustration of the numerical approximations

Fresnel factor is constant for small angles

Let us define functions that compute the value of the Fresnel factor for given values of optical indices
n1 and ne and incident angle 0:

fresnel_s <- function(nl, n2, theta) {
theta = theta * pi / 180

num <- nlxcos(theta) - n2*sqrt(1-(nl*sin(theta)/n2)A72)
den <- nl*cos(theta) + n2xsqrt(l-(nl*sin(theta)/n2)"2)

Rs = (num/den)”?2
return(Rs)
+
fresnel_p <- function(nl, n2, theta) {

theta = theta * pi / 180

num <- nlxsqrt(l-(nl*sin(theta)/n2)22) - n2*cos(theta)
den <- nl*sqrt(1-(nl*sin(theta)/n2)72) + n2*cos(theta)

Rp <= (num/den)A2
return(Rp)
}

fresnel <- function(nl, n2, theta) {

Rs <- fresnel_p(nl, n2, theta)
Rp <- fresnel_s(nl, n2, theta)

R <- 0.5 * (Rp + Rs)

return(R)

If we look at the interface between air (ny; = 1) and melanin (n,,el = 1.8) for example.
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Gomez

103



Worked example and illustration of the numerical approximations Compiled on 2019-11-06

n_air=1
n_mel=1.8

We are focusing on what happens at small angles (assumption 1in the manuscript):

res <- tibble("Angle" = seq(from = 0, to = 90, length.out = 100),
"Rs" = fresnel_s(n_air, n_mel, Angle),
"Rp" = fresnel_p(n_air, n_mel, Angle),
"Reff" = 0.5 * (Rs+Rp))

res <- gather(res, Rtype, "Fresnel factor R", -Angle)

where:

+ Rsisthe amount of reflected light in s polarisation
* R, isthe amount of reflected light in p polarisation
+ Ref is the total amount of reflected light, no matter the polarisation

ggplot(res, aes(x = Angle, y = Fresnel factor R,
col = Rtype, linetype = Rtype)) +
geom_line() +
geom_vline(xintercept = 45) +
annotate(geom = "text", x = 1.1 % 45, y = 0.8, label = "45°")
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0.25

0.00

0 25 50 75
Angle

We can notice that at an air/melanin interface, the amount of reflected light (R, s ) is relatively constant
between 0° and 45°.

Reflectivity in the transfer matrix model for small angles

Simulations can only estimate what happens when the angular span varies. Because the signal
reflected out of the specular position is due to the disorder in the alignment of the multilayer, it cannot
be properly tested through simulations. It would lead to a circular reasoning where the output is
defined in the input.

We ran simulations using a transfer matrix model (Yeh 2005) implemented in the python package
EMpy (Lbolla 2018; https://Ibolla.github.io/EMpy/).

Hue

First, we simulated a 10 layers multilayer where each layer was composed of 100nm melanin-100nm
air-100nm melanin, separated by 100nm keratin (KK-type in Diirrer 1975, that can for example be found
in some hummingbirds and starlings iridescent feathers).
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Worked example and illustration of the numerical approximations Compiled on 2019-11-06

res_transfermatrix = read.csv(''res_transfermatrix.csv'")

ggplot(res_transfermatrix, aes(x = Thetas, y = Hl_empty)) +

geom_line() +

geom_smooth(method = "nls"
formula = y ~ Hmax * cos(gammaH*xxpi/180),
method.args = list(start = c(Hmax=570, gammaH=0.6)),
se = FALSE) +

ylab("Hue') +

xlab (expression('"'Incidence angle ("xtheta[i]*"="xthetal[r]x")'"))

560

Hue

520

0 10 20 30 40
Incidence angle (6;=6,)
The simulation result is in black and the fit by a cosine function is in blue.
Even without an ideal multilayer (n1e; # nsoe; in this simulation), the approximation of the hue

depending on the angle by a cosine function is quite good.

nls_huecos = nls(Hl_empty ~ a * cos(b*Thetasxpi/180),
res_transfermatrix,
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start = c(a = 560, b = 0.6))
pred_huecos = predict(nls_huecos, res_transfermatrix$Thetas)

compute_relerror <- function(obs, th) {
diff = abs(obs-th)
reldiff = diff/th
relerror = max(reldiff) * 100

return(relerror)

At worst, the error made by this approximation is 0.20%.

Brightness

Here, we test different types of multilayer structures:

100nm keratin / 100nm melanin /100nm air / 100nm melanin) * 10

70nm keratin / 80nm melanin / 60nm air / 80nm melanin) * 10
« (80nm keratin / 80nm melanin) * 10

(
(
« (80nm keratin / 80nm melanin / 80nm air / 80nm melanin) * 5
(
+ (80nm air / 80nm chitin) * 10

transfermatrix_brightness <- read.csv('"merged_brightness.csv') %>%
gather (Simulation, Brightness, -Theta)

transfermatrix_brightness %>%
ggplot(aes(x = Theta, y = Brightness,
col = Simulation, linetype = Simulation)) +
geom_line() +
ylim(c(0, 1)) +
geom_vline(xintercept = 45) +
annotate(geom = "text", x = 1.1 * 45, y = 0.8, label = "45°") +
xlab (expression(theta[i] * "=" % theta[r] * " (°)"))
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maxdist2mean = function(vec) {
max (abs(vec - mean(vec))) * 100
}
maxrelerror = function(vec) {
max (abs(vec - mean(vec)) / vec) * 100
+
transfermatrix_brightness %>%
filter (Theta <= 30) %>%
group_by (Simulation) %>%
summarise (Maximum relative error = maxrelerror(Brightness),

Maximum absolute error = maxdist2mean(Brightness)) %>%
knitr::kable()

Simulation Maximum relative error Maximum absolute error
B2_airchitin_10layers_80nm 0.0000134 0.0000134
B2_full_10layers_80nm 49678934 0.3746396
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Simulation Maximum relative error Maximum absolute error
B2_hollow_10layers_100nm 10.5005369 1.9078967
B2_hollow_10layers_70.80.60.80nm 11.1961421 1.5877553
B2_hollow_5layers_80nm 10.4041522 1.9015925

Approximation of a sum of cosine functions by a single cosine function for small
angles

We test the validity of the approximation cos(x) + cos(ax) =~ 2cos (\ / #x) (used for the final step

in the demonstration of hue equation in the manuscript).

We consider angles between 0° and 90°. More specifically, we are interested in angles smaller than 45°
(small angles assumption)

ang <- seq(from = 0, to = pi/4, length.out = 100)

For biological multilayer structures, o = . This ratio is unlikely to be greater than 2. For example,

in the case of an air-melanin interface, o = l—f = 1.8 < 2. We however test for different values of «

between 0 and 2 to test its influence.

alpha <- seq(from = 0, to = 2, by = 0.01)

Now for the values of the two functions:

exact <- outer(ang, alpha, function(x,y) cos(x) + cos(x * y))

approx <- outer(ang, alpha, function(x,y) 2*cos(sqrt((1l+y”r2)/2)*x))

For nice ggplot2 plots, we need to convert exact and approx to data. frames

suppressPackageStartupMessages (library(reshape2))
exact_df <- melt(exact,

value.name = "exact",

varnames = c("ang", "alpha"))
approx_df <- melt(approx,
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value.name = "approx",

varnames = c("ang", "alpha"))
final_df <- merge(exact_df, approx_df)
final_dfsang <- ang[final_df$ang]*180/pi

Everything is now ready for the plot itself:

library(ggrastr)
ggplot(final_df, aes(x = exact, y = approx, col = ang)) +
geom_point_rast() +
scale_color_viridis_c(alpha = 0.5) +
geom_abline(slope = 1, intercept = 0, color = "red") +
theme_minimal() +
lTims(x = c(0, 2), y = c(0, 2)) +
xlab("Exact value") +
ylab("Approximate value") +
labs(color = "Angle (°)")
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Thedata pointsare alongthe z = y line (first bissectrice). This means that the numerical approximation
is very good for angles smaller than 45°.

Hugo Gruson, Christine Andraud, Willy Daney de Marcillac, Serge Berthier, Marianne Elias, Doris 28
Gomez

m



12



Hummingbird iridescence: an unsuspected structural
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Abstract

Iridescent colours are colours that change depending on the angle of illumination or observa-
tion. They are produced when light is reflected by multilayer structures or diffracted by gratings.
While this phenomenon is well understood for simple optical systems, only a limited number
of studies have looked at how complex biological structures interact with light to produce iri-
descence. There are very few comparative studies at interspecific level (often focusing on a
single colour patch for each species), resulting in inaccurate and possibly biased estimations
of structural diversity. Using an interdisciplinary approach combining physics and biology, we
here quantify the colour and structure of 36 hummingbirds species evenly distributed across the
phylogeny. We explore at least 2 patches per species, which are assumed to be under different
selective regimes. For each patch, we measure structural features (number of layers, layer width,
irregularity, spacing, etc.) of the feathers at different scales using both optical and electron mi-
croscopy and we measure colour using a novel approach which encompasses the full complexity
of iridescence, including its angular dependency. We discover an unsuspected diversity of struc-
tures producing iridescence in hummingbirds. We also study the effect of several structural
features on the colour of the resulting signal, using both an empirical and modelling approach.
Our findings demonstrate the need to take into account multiple patches per species and suggest
possible evolutionary pressures causing the evolutionary transitions from one melanosome type

to another.
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Introduction

Hummingbirds are famous for their bright and shiny colours which change with the illumination
or observation angle: a phenomenon known as iridescence. Iridescent colours are produced by
the interaction of light with periodic nanometre-scale structures such as multilayers or diffrac-
tion gratings and are widespread among many taxa (Doucet and Meadows, 2009). But few taxa
display colours as bright and as saturated as the hummingbirds (Trochilidae family). Most hum-
mingbird species harbour two visually distinct types of iridescent colour patches, as illustrated
in fig. S1: directional patches, which are only visible at a very narrow angle range (Osorio and
Ham, 2002) and are often very bright and saturated, and diffuse patches, for which some colour
is visible from any angle (Osorio and Ham, 2002) and that are often not as bright as directional
patches. Directional patches are often located on facial or ventral patches and thought to be in-
volved in communication while diffuse patches are often located on dorsal patches and thought
to be involved in camouflage (Gruson et al., 2019a). Additionally, although all hummingbird
species display some degree of iridescence, striking differences can be noticed between the vari-
ous species and body patches in terms of brightness (describing how much light is reflected by
the object), saturation (describing the colour ”"purity”) and directionality (Del Hoyo et al., 2017).

Yet, the structural bases of this intra-individual and interspecific diversity in colour have been
poorly explored until now (but see Dorst 1951). In birds, multilayer structures responsible for
iridescence are constituted of stacks of nanometre-scale melanin platelets or rods, sometimes
hollow (i.e. with a central cavity filled with air) sometimes solid (i.e. entirely made of melanin),
called melanosomes (D’Alba and Shawkey, 2018), included in a keratin matrix (Diirrer, 1977) (as
illustrated in fig. 1). Although all of the 336 species in the family are iridescent (Del Hoyo et al.,
2017), the multilayer structures of only 14 hummingbird species (represented on the humming-
bird phylogeny in fig. S2) have been studied to this day (Diirrer, 1977; Greenewalt et al., 1960;
Schmidt and Ruska, 1962; Shawkey et al., 2009; Giraldo et al., 2018; Nordén et al., 2019). These
fourteen species all had hollow melanin platelets so this type of melanosome was assumed to be

present in all hummingbird species (Diirrer, 1977). However, studies in other families, such as
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Figure 1: Examples of multilayer structures found in hummingbird barbules (top row) and their
schematic representations (bottom row) adapted from Diirrer (1977) with coloured symbols from
Maia et al. (2013a). The left panel shows hollow / air-filled platelets found in the breast of He-
liomaster furcifer, which is the multilayer type that was known before for hummingbirds (Diirrer,
1977; Greenewalt et al., 1960; Schmidt and Ruska, 1962; Shawkey et al., 2009). But we also dis-
cover two new types: the middle panel shows solid / melanin-filled platelets found in the back
of Aglaiocercus kingi and the right panel shows a mixed multilayer structure with the outermost
layer composed of solid / melanin-filled platelets and the rest of hollow / air-filled platelets,
found in the throat of Chrysolampis mosquitus. The red bar represents 1 pm.

starlings (Sturnidae), showed that multiple melanosome types can be present in the same family
or even the same genus (Dtirrer, 1977; Maia et al., 2013a), raising questions about the distribution
of melanosome types and the evolution of iridescence in hummingbirds.

In this study, we aim at addressing three fundamental questions for the study of iridescence
in hummingbirds but also in living organisms in general: 1) which type(s) of melanosomes exist
in hummingbirds and, if several exist, how are they distributed across hummingbird phylogeny?
2) do the different types result in different colour signals? 3) How do quantitative structural
features (e.g. layer thickness, number of layers, etc.) influence the resulting colour?

To answer these questions, we adopted a mixed approach, using both empirical measure-

ments on hummingbird iridescent feathers and transfer matrix optical simulations. We sampled
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one diffuse and one directional patch in 36 hummingbird species evenly distributed across the
phylogeny (species position in the phylogeny shown in fig. S2).

Diffuse and directional patches are thought to be under different selection regimes and we
accordingly formulate the following predictions: we predict that directional patches, which are
often located on body areas involved in communication, should reflect overall more light, and
produce more saturated colours than diffuse patches, as these characteristics are often important
in mate choice and quality advertising (Hill, 1990; Loyau et al., 2007; Kemp, 2007, 2008). On the
other hand, we predict that diffuse patches, which are often located on body area involved in
camouflage should display a lower angle dependency of hue. Indeed, changes in colouration
may cause “colour flashes” and alert a potential predator of the bird presence.

Additionally, hummingbirds present sickle-like shaped barbules (Dorst, 1951; Diirrer, 1977),
illustrated in figs S3 and S4. We predict that this unusual shape may produce brighter colours.
Indeed, it may allow for a better interlocking of adjacent barbules and thus a higher spatial
coherence, leading to a stronger interference pattern and ultimately brighter colours.

The detailed structural features of the multilayers for each patch were determined using
Transmission Electron Microscopy (TEM) observations. For each patch, we also took colour mea-
surements using a new method described in Gruson et al. (2019b) that allows the quantification of
all iridescence characteristics, including angular dependency of hue and brightness. All analyses
were performed by taking into account the phylogeny (comparative analyses), so as to prevent

pseudo-replication due to shared ancestry between species (Felsenstein, 1985).

Methods

Colour measurements

We selected 36 species of hummingbirds evenly distributed across the phylogeny (see fig. S2;
phylogeny data from Jetz et al. (2012)). For each species (excluding species that only had diffuse
patches; see fig. 2), we sampled feathers on two patches, one diffuse (colour visible at many

angles; often on dorsal patches) and one directional (colour visible over a small angle range;
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often on facial patches) from specimens from the collection of the Muséum National d’Histoire
Naturelle, in Paris. Feathers were carefully cut using surgical scissors and were only manipu-
lated using tweezers, so as not to remove or deposit any grease on the sample or modify barb
arrangement.

Iridescence was quantified using the method published in Gruson et al. (2019b). Briefly, we
used a purpose-built goniometer to precisely quantify hue and brightness angular dependency
in all directions. Using this method, brightness and its angular dependency can be summarised
by two parameters: the maximum brightness Bpax and the angular dependency of brightness 7
while hue and hue angular dependency are defined by two parameters: the maximum hue Hpax
(reached when the observer and the incoming light are in the same direction) and the angular
dependency of hue yy. The saturation is expressed by the full width at half maximum (FWHM)
of the spectra and does not change with angle (low values of FWHM correspond to saturated
colours). We recorded reflectance spectra with a 300 W Xenon lamp and an OceanOptics USB4000
spectrometer and two separate optical fibres for illumination and collection. All spectra were
taken relative to a diffuse white spectralon standard (WS2 Avantes). Parameters were estimated
using Bayesian non linear-regression with the brms R package (Biirkner, 2017; R Core Team,
2017), which yielded slightly better results than non-linear least squares. All variables but the hue
angular dependency yy were repeatable between species, as reported in table S1. We also defined
an additional variable called ”overall reflectance” which takes into account both the specular and
the diffuse reflectance of a sample and which is calculated with the formula ZmBmﬂx’yB (Gruson
et al., 2019b).

Electronic and optical microscopy image acquisition and analysis

After colour measurement, we prepared feathers for observation with a Transmission Electron
Microscope (TEM). Feathers were first dehydrated and then embedded in SPUR resin (detailed
protocol in ESM). We used a Leica ultramicrotome to prepare 70 nm cross-sections of the barbules,
where the multilayer structures responsible for iridescence are located (Diirrer, 1977). We pho-

tographed the resulting cross-section with an optical microscope, which allowed us to measure
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the angle of the barbule (an measure of barbule shape), the overlap between adjacent barbules,
and the variance in the alignment of consecutive barbules (two measures of the interlocking be-
tween adjacent barbules). We then measured structural features at the scale of the multilayer
such as the number of layers and their thickness using a TEM microscope (Hitachi HT-7700 TEM
set at 60 keV).

Measurements on optical microscopy images were performed manually using the Image]
computer software while TEM images were analysed using a custom python script, available
in electronic supplementary materials (ESM), relying on the OpenCV python library (201, 2017;
Python Software Foundation). Briefly, we smoothed the grayscale images using Gaussian blur
and a denoising algorithm. Resulting images were converted to binary black and white images
using adaptive thresholding, then rotated using automatic contour detection, so as to orientate
the multilayer along the vertical direction. Finally, the number of transitions and the distance
between them (layer thickness) in the rectangular function were determined for each row of the
image matrix and the most common value was estimated using the mean of a fitted Gaussian

function.

Optical simulations

We used optical simulations to explore a wider combination of parameter values. The interest is
twofold: 1) increase our limited sample size and 2) remove possible correlations (possibly due to
evolutionary constraints) between structural parameters.

We used the EMpy python library (Python Software Foundation; Bolla, 2017), which im-
plements the transfer matrix method described in Yeh (2005) to simulate the reflected specular
spectrum of a multilayer structure. The script used for the simulations is also provided in ESM.

Because of the large array of parameters influencing the resulting reflectance spectrum (com-
plex refractive index of each layer, layer thicknesses, angle of the incoming light ray, number of
layers), it was not possible to systematically study the effect of each parameter. To overcome this
issue, we ran 500 iterations of Monte Carlo simulations, for each multilayer type, with structural

parameters randomly drawn from an interval of biologically relevant values. This interval was
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determined from the TEM images (95 % variation interval for each parameter, irrespective of the
multilayer type). We had several images for each species and patch combination, which allowed
us to ensure that all estimated structural variables were repeatable (table S1).

Because there is no disorder in the layer alignment, the brightness in the simulations corre-
sponds to the overall reflectance (diffuse + specular reflectance) in the empirical measurements
(computed with the formula ZJEBmava).

The results are presented in SI with only the mean and the standard deviation of the pa-
rameter influence on the response variable, as appropriate for simulations (because the possibly
infinite sample size allows for arbitrary low p-values). Additionally, significance of the effect of
a given parameter for a sample size of 72, to match the sample size of empirical data, is shown
in table 1, using Cohen’s d effect size index.

We also analysed the resulting spectra as seen by the hummingbirds using Stoddard and
Prum (2008) model, implemented in Maia et al. (2013b, 2019). The gamut of each multilayer
type was computed as the volume of the convex hull of the set of points in the tetrahedron

representing bird colour space, as in (Stoddard and Prum, 2008).

Predictions

We can formulate a set of predictions for correlations between colour variables and structural
parameters, as well as among colour variables, based on two factors: (i) predictions informed
by optical theory and the laws of interferences from multilayers (ii) predictions informed by
previous research on colours as a communication channel in animals.

In particular, based on the equation computing the wavelengths at which reflected light rays
interfere constructively the most, mHyax = 2(n161 + n2ez), we predict that hue (Hyuqy) and the
angular dependency of hue () should depend on layer thickness (e;; e2) and chemical com-
position (n1; 1), as well as interference order (m). The angular dependency of brightness 73
should only depend on the misalignment between consecutive layers or multilayer, because a
perfectly aligned multilayer should reflect all light in a single direction (yp = 0), as detailed

in Gruson et al. (2019b). Total reflectance (2v/27B,4xYB) is expected to be positively correlated
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to the number of layers (because more light is reflected and more rays interfere), the chemical
composition (melanin layers absorb more light) and the spatial coherence of adjacent multilayers
(influenced by the barbule shape and the amount of overlap between adjacent barbules). Finally,
saturation should depend on the variability in layer thicknesses (because it produces a mix of
wavelengths that constructively interfere), the misalignment of consecutive layers, as well as the
number of layers and the chemical content (because selective absorbance of some wavelengths
would increase saturation).

We do not study maximum brightness B, separately as we have shown before that it is
strongly correlated with g because of structural reasons (Gruson et al. 2019b; illustrated also in
fig. S9).

Additional predictions are due to the putative function of iridescent colours in humming-
birds: colour on directional patches should be highly saturated and reflect overall more light
than on diffuse patches, as directional patches are thought to be involved in communication
and high brightness and saturation are common quality indicators (Hill, 1990; Loyau et al., 2007;
Kemp, 2007, 2008). In other words, we predict a negative correlation between g and the FWHM

(measure of desaturation, opposite of saturation) as well as overall reflectance.

Correlations between structure and colour using phylogenetic comparative
analyses

The different multilayer structures studied in this article are not independent samples from a sta-
tistical point of view. Indeed, all samples come from species that share a common evolutionary
history. This shared history, represented by species phylogeny, must be taken into account using
phylogenetic comparative analyses (Felsenstein, 1985). However, classic phylogenetic compara-
tive methods do not consider multiple data points per species. Since we measured two patches
per species, we used the Bayesian framework implemented in the R package MCMCglmm (Hadfield,
2010; R Core Team, 2018), which allows analysing such data (see Delhey et al. (2013) for another
example). Multiple studies have shown that results from comparative analyses are more reliable

when performed on multiple trees drawn from the posterior distribution instead of a consensus
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Variable 1 Variable 2 Empirical ~ Simulations

Hue at coincident geometry (Hyax) Layer thickness yes yes

Hue at coincident geometry (Hyqx) Multilayer type yes no

Overall reflectance (Zm'yg Binax) Number of layers no no

Overall reflectance (2v/277y3Byax) Multilayer type yes yes

Colour/structure  Oyerall reflectance (2v2718Buax) Barbule shape yes NA
Directionality (1/p) Barbule shape yes NA

Directionality (1/p) Multilayer type yes NA

Desaturation (FWHM) Multilayer type yes yes

Desaturation (FWHM) Barbule shape no NA

Desaturation (FWHM) Layer thickness variance no NA

Desaturation (FWHM) Number of layers no yes

Desaturation (FWHM) Layer thickness NA no

Hue shift Multilayer type NA yes

Hue at coincident geometry (H;ux)  Overall reflectance (Zm'yg Biax) yes no

Colour/Colour Overall reflectance (2\/%73 Binax) Directionality (1/p) yes NA
Overall reflectance (2v/2715Buax) Desaturation (FWHM) yes yes

Desaturation (FWHM) Directionality (1/p) no NA

Hue at coincident geometry (Hpax) Desaturation (FWHM) yes yes

Table 1: Predicted correlations between colour variables and structural parameters and the out-
come from comparative analyses and simulations for these correlations. The correlations can be
due to either the optics governing iridescence and to evolution. As mentioned in the methods, it
is possible to get an arbitrary low p-value in simulations by increasing the sample size. To pre-
vent this issue and to be able to compare empirical and simulations results, we chose the same
sample size for both (72) and counted a result as significant only when p < 0.05 (for simulations)
or when the credibility interval did not include 0 (for empirical data). Some correlations could
not be tested in the simulations and are marked as NA in the table. If results from the empirical
data and the simulation output the same result, it is likely due to the optics governing iridescence
but in case of mismatch, it reveals the influence of evolutionary constraints.
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tree (Pagel and Lutzoni, 2002; de Villemereuil et al., 2012). To account for such phylogenetic
uncertainty, we ran models using the mulTree R package (R Core Team, 2018; Guillerme and
Healy, 2014) on a set of 100 trees dowloaded from birdtree.org (Jetz et al., 2012). Each model was
tested with 3 independent MCMC chains, with 200000 iterations each, including a 1000 burn-in
and a thinning factor of 10 to reduce auto-correlation and memory consumption of the program.
Convergence was assessed both visually and using the Gelman-Rubin index. Levels of a factor
were deemed significantly different when the estimate of one did not overlap with the credibility
interval of the other.

Phylogenetic signal for the type of multilayer on the throat and the back was computed using
the ¢ Bayesian approach for discrete characters described in Borges et al. (2019). Larger values of
0 express a higher level stronger phylogenetic signal, i.e. a stronger influence of the evolutionary
history on the observed trait values. J values can be arbitrarily large and significance is evaluated

by bootstrapping after shuffling the trait value on the phylogeny.

Results

Correlations between colour variables in hummingbird iridescent feathers

Preliminary study of correlation between colour parameters, without investigating yet the under-
lying structural variable, reveals a positive correlation between maximum brightness B, and
saturation table S2. Directional patches (low <) also tend to reflect overall more light than dif-
fuse colours (table S3). On the other hand and contrary to our predictions, we find no correlation
between <y (related to directionality) and saturation (table 52). We also find that long wavelength

hues (i.e. red colours) are associated with brighter (table 52) but less saturated colours (table S3).

Iridescence in hummingbirds is produced by several different multilayer types

Observations of barbule cross-sections with a Transmission Electron Microscope (TEM) confirm
that some hummingbird multilayers contain only hollow melanosomes (left panel in fig. 1). But

we also discover that some species have multilayers with solid melanosomes (central panel in
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fig. 1). Additionally, we find a highly unusual multilayer structure in some species, where the
outermost layer is composed of solid melanosomes while the rest of the multilayer is composed
of hollow melanosomes (right panel in fig. 1). We refer to this multilayer structure type as the
mixed multilayer type in the rest of this article. Lastly and importantly, our observations show for
the first time that a single hummingbird species can have different multilayer types depending
on the patch location on the body as shown in fig. 2 and fig. S5.

The thickness of the melanin layer is very similar between hollow and solid melanosomes
(fig. S6). However, because solid melanosomes contain only one layer of melanin (versus two
layers of melanin surrounding one layer of air for hollow melanosomes), they are overall much
smaller than hollow melanosomes. Hollow melanosome thicknesses range from 130 nm to 228 nm
with the air void filling on average 44 % of the total thickness, while solid melanosomes measure
between 29 nm and 80 nm. The total number of melanin layers (2 per hollow melanosomes vs 1
per solid melanosomes) does not significantly differ between the multilayer types (fig. 56). More
detailed data, including variation intervals, relative standard deviations and repeatabilities for

each parameter, is presented in table S1 and fig. Sé.

Location on the bird body and optical effects of the different types of multilayers

We find that diffuse patches contain multilayers with only hollow melanosomes more often than
directional patches. At the same time, directional patches contain mixed multilayers more often
than diffuse patches (x?(2) = 6.8138, p = 0.033; fig. S10).

There is also a strong phylogenetic signal for the multilayer type on the back (6 = 11.03,
p = 0.008) but not on the throat (6 = 1.37, p = 0.067).

Using phylogenetic comparative analyses, we also find that multilayer structures with only
hollow melanosomes reflect overall more light (diffuse + specular reflectance; table S8) but less
saturated colours (i.e. larger FWHM, table S11) than structures with solid melanosomes. Mixed
multilayers have intermediate values compared to solid and hollow multilayer types for both
brightness and saturation. This result is confirmed by transfer matrix simulations, which allow

us to explore a much wider range of parameters and ensure this pattern is not caused by a
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Figure 2: Some hummingbird species use different types of multilayer structures on different
patches. For each species, we had one diffuse (left) and one directional (right) patch (diffuse and
directional sensu Osorio and Ham (2002)). Each tip is a species and tips are in the same order
for both trees. Missing data are either species that do not have directional patches (e.g. Patagona
gigas or species from the Hermit clade) or species that could not be measured due to technical
issues. A more detailed version of this figure, with the type of multilayer for each patch and
species names is available is SI (fig. S5).
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confounding effect (fig. S12 and tables S4 and S5).

The different multilayer types also produce different hues, with the mixed type producing the
largest diversity of hues in the bird visual space, using simulations based on biologically relevant
layer sizes (fig. S13).

Finally, the different multilayer structures also differed in their level of iridescence, i.e. how
much hue shifts with a change in the angle of illumination or observation, with the hollow
type having a larger shift in hue than the solid and the mixed types in the simulations (fig. S11
and table S7). This could not be verified on empirical data with hummingbird feathers as this

variable was not repeatable (table S1).

Optical effects of structural features

At the multilayer level, the number of layers has no effect on overall reflectance in phylogenetic
comparative analyses based on empirical data from hummingbird feathers (table S8). Simu-
lations similarly reveal a very weak correlation between the number of layers and brightness
(tig. S12 and table S4). On the other hand, a larger number of layers did increase saturation for
both hollow and solid multilayer types but not for the mixed type in the simulations (fig. 512
and table S5). Variability in the thickness of melanin, keratin or air layers of a given multilayer
did not seem to significantly impact the saturation of the resulting signal (table S5).

We show that hue at a given angle configuration (H,u.x) depends on the thickness of the lay-
ers, no matter their chemical composition (air, keratin or melanin), in simulations (table S6) but
we only find a significant effect of the thickness of the melanin layer in empirical data (table 510).
However, we also find that thicknesses of melanin, keratin and air layer within a given multi-
layer structure are strongly correlated, as shown in fig. 3, which might hinder our analysis on
empirical data. This correlation is not simply due to phylogenetic inertia and the shared history
between species as it remains significant even after taking into account the species phylogenetic
relationships (tables S12 to S14). Additionally, the confidence interval of the slope of the correla-
tion between the optical thicknesses (thickness times refractive index) of the consecutive layers is

often close to 1 but does not contain 1, as shown in fig. 3.
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Figure 3: Optical thickness of melanin, keratin and air layers are correlated in hummingbird
multilayer structures. Each dot is a multilayer from a given species/patch combination. Corre-
lations are tested by linear models (blue lines on the present figure. Confidence interval of the
slopes is in blue as well.) which do not take into account species relatedness, and by comparative
phylogenetic analyses using MCMCglmm (tables S12 to S14). There is no data for air layer thickness
in solid multilayer types because they do not contain any air.
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Figure 4: Link between the barbule shape angle and (a) the directionality 1/p or (b) the to-
tal amount of reflected light (specular + diffuse reflected light; computed with the formula
227 Bmaxys from Gruson et al. (2019b)). Barbules with a sickle shape (lower barbule shape
angle) produce on average colours which are more directional (lower value of 7g) and reflect
overall more light (taking into account both diffuse and specular reflection). Regression line in
blue and the related 95 % confidence interval in grey are fitted by a linear model and only have
an illustrative function. Phylogenetic comparative analyses which take into account phylogenetic
inertia are presented in table S8.

At the barbule level, we find that barbules with a sickle shape (i.e. with a smaller barbule
shape angle, as shown in fig. S4) produce colours that reflect overall more light (taking into
account both diffuse and specular reflection), as illustrated in fig. 4b and table S8. Additionally,
in agreement with our predictions, we show that barbules with a sickle shape also produce more
directional and more saturated colours (fig. 4a and tables S9 and S11). Conversely, variability in

barbule alignment from the same barb also produces less saturated colours (table S11).
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Discussion

Correlations and general characteristics of hummingbird iridescent colours

We find many correlations between descriptors of iridescent colours in hummingbirds. In partic-
ular, saturation was negatively correlated with hue (table 52), as expected for interferences from
a multilayer structure. For long wavelength colours, a wider range of wavelengths will indeed
(partially) constructively interfere and contribute to the resulting signal, thereby producing less
saturated colours. Our framework did not allow us to discriminate whether evolutionary con-
straints could also play an additional role in the correlation (i.e. is there a selective pressure for
blue colours to be more saturated than red colours in hummingbirds?)

We nonetheless found additional correlations that are not explained by the physical nature of
hummingbird colours. For example and in accordance with our prediction, we found a positive
correlation between saturation and total reflectance, as could be expected from patches involved
in quality advertising and mate choice (Hill, 1990; Loyau et al., 2007; Kemp, 2007, 2008).

Finally, we showed a correlation positive correlation between hue and overall brightness,
meaning that red colours are on average brighter than blue colours. Two non-mutually exclu-
sive hypotheses can explain this pattern: (i) red colours are often used for communication in
hummingbirds due to a pre-existing sensory bias (Rodriguez-Gironés and Santamaria, 2004) and
communication is often associated with brighter colours, or (ii) blue colours are not as bright
because melanin and keratin absorb more in short wavelengths than in long wavelengths (Leer-

touwer et al., 2011; Stavenga et al., 2015).

Hummingbirds display an unsuspected multilayer diversity

In this study, we discover that hummingbirds do not only have hollow (air-filled) melanosomes
but also solid (melanin-filled) melanosomes. They also sometimes combine both types into a
very unusual multilayer structure that has never been described in any other family, where

the outermost layer is formed by solid melanosomes while the following layers contain hollow
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melanosomes.

We also discovered that a single species can use different types of multilayer structures at
different patch locations on its body (fig. 2 and fig. S5). This means that the type of multilayer
found on one patch is not representative of the multilayer type found on all patches for a given
species. This finding calls for more careful investigation into the results of previous comparative
analyses of bird melanosomes and iridescent colours, as most of them have observed only one
patch per species (Diirrer, 1977; Maia et al., 2013a).

We also show that the different types of multilayers are not randomly distributed on the
bird’s body: diffuse patches contained multilayers composed exclusively of hollow or solid
melanosomes more often than directional patches. On the other hand directional patches con-
tained mixed multilayers more often than diffuse patches (fig. 2 and fig. S10). We find a strong
phylogenetic signal for the type of multilayer structure on the back but not on the throat, sug-
gesting that the distribution of the multilayer type is mainly due to the phylogeny on the back
but likely more strongly influenced by additional selective pressures on the throat.

This suggests that the different multilayer types produce different kinds of colours that are
selected in different contexts: mixed types may produce colours that are generally more efficient

for communication while hollow or solid types produce colours more efficient for camouflage.

Different multilayer types produce different colours

For hue, and in conformity with our prediction that diffuse patches should contain multilayer
structures that minimise the angle dependency of hue, we found that diffuse patches contained
the solid multilayer type more often than directional patches, which leads to a lower hue shift
in simulations (fig. S11 and table S7). We could not verify this prediction with empirical data as
Y was too similar across species to yield repeatable measurements. This lower hue shift could
reduce colour flashes that may alert a potential predator of the presence of the bird. On the other
hand, diffuse patches have most commonly hollow melanosomes, which can lead to the highest
hue shift (fig. S11 and table S7). This partial mismatch with our prediction could be explained by

the findings of Kjernsmo et al. (2018), where the authors found that iridescence could improve
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camouflage by impairing predators’ ability to discern target shape.Alternatively, the difference
in hue shift among the different multilayer types could be low enough to not be under strong
selective pressure.

We also found with simulations that the mixed multilayer type can produce the highest di-
versity of hues (fig. S13), while the solid type has the lowest diversity. It does however seem
that the full range of possible hues is not explored in hummingbirds. This is probably in part
due to our non-exhaustive sampling of hummingbird species but also likely reflects evolutionary
constraints, either on the structures themselves or on the resulting colour (Gruson et al., 2019a).

For brightness, previous studies predicted based on optical theory that hollow melanosomes
should produce brighter colours than solid melanosomes (Prum, 2006; Eliason et al., 2013).
The simulations in the present study confirm that multilayers with hollow melanosomes re-
flect more light overall (specular + diffuse reflectance) than multilayers with solid melanosomes.
Mixed multilayer types have intermediate values between multilayers with only solid or hollow
melanosomes (table S8). However, the multilayer type is likely to have a minimal effect on ef-
fective brightness at a given angle. The bright colours of hummingbirds are indeed not caused
by an increase of the total amount of reflected light but rather by a very high directionality of
the reflected signal, meaning that all reflected light is focused within a narrow angular sector, as
found by Osorio and Ham (2002); Gruson et al. (2019b) and shown for our study in fig. S9.

On the other hand, we find that, in both empirical data and simulations, hollow multilayers
produce less saturated colours than multilayer structures with solid melanosomes or mixed mul-
tilayers, as shown in table S11 and fig. 512 and table S5 respectively. However, the mixed multi-
layer type had the highest interaction value with the number of layers (fig. 512 and table S5). This
means that mixed multilayers have the highest potential to create highly saturated colours when
composed of a large number of layers, which could explain that they were positively selected in
directional patches.

Our results describing the influence of the multilayer type on brightness and saturation are
also in line with the detailed study of Giraldo et al. (2018) on the throat feathers of Anna’s

hummingbird (Calypte anna): using optical simulations, they found that the exclusion of the
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thinner outermost layer in their simulations produced brighter but less saturated colours.

From a macro-evolutionary point of view, the evolution of new types of multilayer structures
might also be responsible for the rapid diversification rate of hummingbirds (McGuire et al.,
2014), playing the role of key innovations that allow them to quickly fill up previously unexplored
regions of the phenotypic space (more specifically, new hues and more saturated colours, as

mentioned above), as was previously described in iridescent starlings by Maia et al. (2013a).

Multilayer structures in hummingbirds are not very regular but often close to
ideality

We found a very high intra-multilayer variability for the structural characteristics of melanosomes,
as expressed by the high relative standard deviation values reported in table S1. These values are
close to previous values reported in the literature for hummingbird multilayers (Nordén et al.,
2019), and they likely reflect actual biological variability rather than measurement uncertainty.
For example, Greenewalt et al. (1960) found that layer thickness generally varied between 20-30 %
within species. The thickness we measured for hollow melanosomes (95 % variation interval =
130nm to 231 nm) was also well within the range of what was estimated in the past on a smaller
species sample (100nm to 220nm, with a mode of 150 nm for Greenewalt et al. (1960) and be-
tween 200nm and 250 nm for Dorst (1951) with a photonic microscope).

We also observe strong correlations between the thickness values of the different layers, as
shown in fig. 3. In other words, melanosomes with a thicker layer of melanin were also spaced
by thicker layers of keratin. This correlation could explain the above mentioned fact that realised
hues are much less diverse than possible theoretical hues for each multilayer type using sim-
ulations with biologically relevant ranges for layer thicknesses. This correlation is not caused
by the phylogenetic relationships between species and remains significant even when the phy-
logeny is taken into account (tables 512 to S14). This suggests the existence of selective pressures,
or developmental constraints, that maintain this correlation. This may be due to selection for
ideal multilayers, where the optical thickness (defined as refractive index times layer thickness

nie;) of the successive layers is constant (Land, 1966). This hypothesis is supported by the fact
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that slopes of the correlations between optical thicknesses of successive layers are close to 1
(fig. 3). Ideal multilayers are found in many organisms such as the butterfly Chrysiridia rhipheus
(Brink and Lee, 1998), Sapphirina copepods (Chae and Nishida, 1999) or the Japanese jewel beetle
Chrysochroa fulgidissima (Stavenga et al., 2011a) where they are thought to be selected because
they produce brighter, more saturated colours (Land, 1966).

Because the wavelength (i.e. hue) reflected by a multilayer depends on the thickness of the
layers, variability in thickness may produce a mix of numerous wavelengths, and thus less satu-
rated colours. This prediction is however not supported by our results (table S11), which suggests

that saturation is not significantly explained by variability in layer thickness.

Multilayer types correlate with other structural features that enhance
conspicuousness

We found little or no effect of the number of layers on brightness, in both simulations (table 54)
and comparative analyses (table S8). This result is in agreement with what Eliason et al. (2015)
found in melanosome rods from dabbling ducks and could be partly explained by the fact that
brightness quickly reaches a plateau when the number of layers increases (Land, 1966, 1972; Ki-
noshita et al., 2008). Indeed, multilayer theory predicts that brightness increases exponentially
towards its maximum with the number of layers (Yeh, 2005). For example, Giraldo et al. (2018)
found that 10 layers created a spectrum that was close to saturation in their modelling investi-
gation of the pink throat feathers from Anna’s hummingbird (Calypte anna). Similarly, Stavenga
et al. (2018) reported that 5 layers were sufficient to reach the maximum brightness in their study
on magpie (Pica pica) hollow melanin rods while Berthier et al. (2006) wrote that less than 10
layers achieved maximum brightness in an ideal chitin-air multilayer.

However, the multilayers found in hummingbirds have at least 5 layers, with a median of 12
layers and a maximal number of layers sometimes over 25, well beyond the theoretical number of
layers needed to reach maximum reflectance. Indeed, an increasing number of layers did increase
saturation (i.e. decrease FWHM) in simulations (fig. S12 and table S5) . This result echoes

the findings of Xiao et al. (2014) on the common bronzewing Phaps chalcoptera and suggests an
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explanation for the unusually high number of layers in hummingbird feathers, and especially on
directional patches. As we mentioned earlier, more saturated colours are often positively selected
in the context of communication. Selection for higher saturation could then be the driving force
for the evolution towards a higher number of layers in patches used in communication, even
though brightness does not significantly increase.

We found that the sickle shape of hummingbird barbules is correlated with more reflective
(table S8, more saturated (table S11) and more directional colours (table S9). It remains unclear
whether barbule shape has an optical role at the level of the barbule itself as is the case for
example in the triangular barbules from the breast of the bird of paradise Parotia lawesi (Stavenga
et al., 2011b; Wilts et al., 2014). However, it is unlikely that this shape contributes directly to the
interference pattern because the position of the lower part of the ”sickle” (also called velum) does
not reflect light rays in the same direction as the upper part (also called speculum) (Giraldo et al.,
2018). However, multiple studies have suggested that barbule organisation nonetheless influences
the resulting signal (see for example Schmidt and Ruska (1962) on the hummingbird Heliangelus
strophianus or Diirrer and Villiger (1970) on the golden cuckoo Chrysococcyx cupreus). Indeed,
more packed barbules produce brighter colours because the light reflected from each multilayer
also interferes at the level of the barb or even the whole feather. This peculiar sickle shape
could then have been selected because it allows for a better interlocking of adjacent barbules,
leading to a greater spatial coherence across scales, causing signals reflected by each barbule
to interfere more constructively and ultimately produce brighter, more saturated colours. This
stronger interlocking could also have an effect on processes other than colour generation, such as
producing more waterproof feathers, or increasing lift during flight by limiting air gaps between
barbules, which may be especially important for the stationary flight of hummingbirds (Sick,
1937). Dorst (1951) suggests that mechanics (for flight) and optics (for colour) benefit from the
same modification and selection likely acts on both jointly.

There are other structural parameters we could not measure with our present experimental
setup but that could influence the resulting colour; namely the angle between the barbules and

the parent barb in the plane of the feather (named ’barbular angle” in Greenewalt (1991) and
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represented in fig. S4), the angle between barbules and the barb axis in a cross section of the barb
(named ’vanular angle’ in Greenewalt (1991) and represented in fig. S4). However, Dorst (1951)
found no effect of the barbular angle on the visual appearance of the feathers in his investigation

of 15 hummingbird species.

Conclusion

The present study sheds a new light on the evolution of iridescence, in hummingbirds, and
more generally in all other organisms, with several major findings: (i) hummingbirds display
much more diverse multilayer structures than previously expected, with even a type of structure
unknown thus far, (ii) a single species may display multiple types of multilayer at different
location on its body, and (iii) structural features at both the level of the multilayer and the level

of the whole feather interact in the production of iridescent colours.
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Supplementary figure 1: Picture of the same Calypte anna individual at different angles. Modi-
fied from a video taken by Mick Thompson (https://www.flickr.com/photos/mickthompson/
27991602299/), CC-BY-NC, special authorisation to use it in this article. The directional throat
and crown patches contrast with the diffuse greenish belly patch.
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v — Literature

— This study

Supplementary figure 2: Consensus phylogeny of the hummingbirds reconstructed using the
Maximum Clade Credibility tree from a distribution of 4999 trees downloaded from http://
birdtree.org (Jetz et al., 2012). The red lineages show the 14 species whose structures had been
previously studied in the literature (Diirrer, 1977; Greenewalt et al., 1960; Schmidt and Ruska,
1962; Shawkey et al., 2009; Nordén et al., 2019) while blue lineages show species we studied for
the first time in this study.
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Supplementary figure 3: Unedited TEM photograph of the cross section of 5 consecutive barbules
from the same barb of the throat of Ocreatus underwoodi.
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Supplementary figure 4: Cross section of a barb and its barbules. Barbule shape angle is dis-
played in blue and vanular angle in red. Barbules with a large barbule shape angle tend to be
flat while barbules with a low barbule shape angle tend to have a sickle shape.
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Supplementary figure 5: Type of melanosomes on the different patches we measured for each
species. The sampling was dependent on which patch was iridescent (and diffuse / directional)
for each species. Different patches of the same species can have different types of multilayer
structures and patches such as the throat had more often the outer type than patches such as the
back.
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Supplementary figure 6: Range of variation of structural parameters for each type of multilayer,
estimated on TEM photographs using an automated python script based on OpenCV (201, 2017).
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Supplementary figure 7: Range of variation of structural parameters for each type of multilayer,
estimated on photonic microscopy photographs. The barbule overlap describes how much ad-
jacent barbules overlap and represents how packed and well-organised the barbules are. The
barbule shape angle is illustrated in fig. S4. The disorder in the multilayer orientations describe

how parallel adjacent multilayers are.
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Supplementary figure 8: Range of variation of all iridescence parameters for each type of multi-
layer. The parameters are detailed in Gruson et al. (2019b): B, and <y characterise brightness
with By being the maximum brightness (reached when the illumination coincides with the ob-
server) and ‘yp the angle dependency of brightness. Similarly, H,,x quantifies the maximum hue
(reached when the illumination and the observer and in symmetrical positions relative to the
multilayer normal) and <y the angle dependency of hue. Finally, FWHM describe the saturation
(constant with the angle) with higher values corresponding to less saturated colours.
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Variable RSD (%)

ICC p (permutation)

p (likelihood)

Hmax 0-25
YH 2.46
Brmax 16.03
B 23.05
FWHM 2.27
Number of layers 19.77
Melanin layer thickness 10.79
Keratin layer thickness 15.53
Air layer thickness 8.95
Variability in air layer thickness 14.44
Variability in keratin layer thickness 29.28
Variability in melanin layer thickness 17.37
Barbule shape angle 7.07
Barbule overlap 19.72

1.00
0.17
0.89
0.71
0.66

0.54
0.54
0.64
0.77

0.77
0.41
0.45

0.91
0.50

0.00
0.21
0.04
0.01
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00

0.00
0.02

< 0.0001
0.2396
< 0.0001
0.0087
< 0.0001

< 0.0001
< 0.0001
< 0.0001
< 0.0001

< 0.0001
< 0.0001
< 0.0001

< 0.0001
< 0.0001

Supplementary table 1: Iridescence variables (related to the visual signal) and structure charac-
teristics are repeatable within our sample. Repeatability is measured as the intra-class coefficient
(ICC) and p-values are estimated by two methods: permutation (p permutation) and likelihood
ratio (p likelihood). All repeatability calculations are performed using the rptR R package (Nak-
agawa and Schielzeth, 2010). Measurement error is also estimated using relative standard de-
viation (RSD, also called coefficient of variation CV) which compares the standard deviation of

several measurements of the same feature to its average.
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0.1 0.2
1 /YB

Supplementary figure 9: Correlation between Bmax (maximum brightness, reached when the two
fibres are in specular position relative to the multilayer structure) and 1/p (directionality sensu
Osorio and Ham (2002)). This is an example of correlation between optical characteristics because
of physics (as shown in Gruson et al. (2019b)).

Estimates(median) lower.CI(2.5) upper.CI(97.5)

(Intercept) 25.84 -42.75 94.49
totalreflect -0.01 -0.02 0.00
gammaB 0.54 -0.72 1.80
Hmax 0.14 0.00 0.27
phylogenetic.variance 2.27 0.00 264.36
residual.variance 694.73 453.60 1114.18

Supplementary table 2: Correlation between FWHM (opposite of saturation), overall reflectance
(2v27tByaxyB), B (inversely related to directionality) and H,u,x in empirical data from hum-
mingbird feathers.
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Estimates(median) lower.CI(2.5) upper.CI(97.5)

(Intercept)

FWHM

gammaB

Hmax
phylogenetic.variance
residual.variance

-559.55 -2725.62 1609.37
-7.12 -16.72 247
-47.01 -84.28 -9.77
6.79 2.76 10.82

64.10 0.00 156309.83
698401.57 463069.31 1114969.23

Supplementary table 3: Correlation between overall reflectance (2v/27tBy..xv5), FWHM (opposite
of saturation), yp (inversely related to directionality) and H,,x in empirical data from humming-

bird feathers.
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Supplementary figure 10: Correlation between multilayer type (hollow, full or mixed) and direc-

tionality (diffuse vs directional).

Diffuse Directional
directionality

Type [ Holow [T solid [ Mixed
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Mean Standard deviation

(Intercept) 25.73 21.71
nb_layers 0.02 1.34
typeSolid -17.08 30.70
typeMixed -6.31 30.70
nb_layers:typeSolid -0.05 1.90
nb_layers:typeMixed  0.01 1.90

Supplementary table 4: Influence of structural parameters on brightness. Optical theory predicts
that brightness (Bmax) is controlled by the number of layers and their refractive index (i.e. the type
of melanosomes). We test this on simulated data from Monte Carlo transfer matrix simulations
using linear models. We find that brightness in simulated data is indeed influenced by the type
of melanosomes and by the number of layers. This result is also illustrated in fig. S1.

Mean Standard deviation

(Intercept) 136.85 255.60
nb_layers -1.21 8.56
typeSolid -48.01 242.87
typeMixed -29.25 183.57
melanin_size 0.24 2.14
keratin_size -0.65 1.23
air_size 0.18 2.02
nb_layers:typeSolid 0.14 10.93
nb_layers:typeMixed 0.83 11.36

Supplementary table 5: Influence of structural parameters on saturation. Optical theory predicts
that FWHM (opposite of saturation) is controlled by the number of layers and their refractive
index (i.e. the type of melanosomes), as well as layer thickness. We test this on simulated
data from Monte Carlo transfer matrix simulations using linear models. FWHM (opposite of
saturation) in simulated data is indeed influenced by the type of melanosomes and by the number
of layers for the solid and the mixed type. This result is also illustrated in fig. S2.
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Mean Standard deviation

(Intercept) 5.26 402.79
melanin_size 3.13 4.40
keratin size 1.64 2.51
air_size 0.84 2.78
typeSolid 48.13 425.37
typeMixed 74.11 443.55
interference order (m) 330.89 93.11
melanin_size:typeSolid -0.57 5.55
melanin_size:typeMixed — -0.44 5.71
keratin_size:typeSolid 1.26 2.79
keratin_size:typeMixed -0.17 3.13
air_size:typeMixed -0.38 3.88

Supplementary table 6: Influence of structural parameters on hue. Optical theory predicts that
hue (Hmax) is controlled by the thickness of each layer and their refractive index (i.e. the type
of melanosomes). We test this on simulated data from Monte Carlo transfer matrix simulations
using linear models. Hue in the simulated data indeed depends on the type of melanosomes, the
thickness of the layers and the interaction of both.

Mean Standard deviation

(Intercept)  14.10 8.02
typeSolid -4.75 10.57
typeMixed  -3.41 10.89

Supplementary table 7: Influence of the multilayer type on hue shift with the change in illumina-
tion and observation angle (difference in hue H1 between specular reflection at 0° and specular
reflection at 10°; strongly related to g, as explained in Gruson et al. 2019b). The linear model
was run on simulated data using a transfer matrix model with biologically relevant parameter
values.
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Hue shift (iridescence)
-¢|§

Hollow Solid Mixed

Supplementary figure 11: Influence of the multilayer type on the hue shift with the angle change
(difference in hue H1 between specular reflection at 0° and specular reflection at 10°). The data
was produced using a transfer matrix model with biologically relevant parameter values.
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Supplementary figure 12: Effect of the number of layers and the type of melanosomes on bright-
ness and FWHM (desaturation). This results from Monte Carlo simulations (500 iterations for
each multilayer type) using a transfer-matrix multilayer model. The parameters of each simu-
lation are drawn from a distribution whose range is defined by the analysis of TEM pictures.
Statistics analysing the effect of the number of layers and of the multilayer type are presented in
tables S4 and S5.
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Supplementary figure 13: Colour gamut of the different multilayer types. The gamut was deter-
mined by computing the convex hull of the set of points obtained by running the result of the

transfer matrix simulations in a avian vision model.
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Estimates(median) lower.CI(2.5) upper.CI(97.5)
(Intercept) 2543.30 1138.71 3947.17
nb_layers 14.03 -49.77 77.83
typeSolid 289.10 -1471.37 2050.36
typeMixed -1012.38 -2523.65 500.18
barbule_shape -11.05 -19.28 -2.82
barbule_overlap 4.82 -1.63 11.28
nb_layers:typeSolid -29.11 -173.59 115.25
nb_layers:typeMixed 61.12 -31.97 154.16
phylogenetic.variance 40.21 0.00 84651.91
residual.variance 681879.73 466577.56 1051669.17

Supplementary table 8: Correlation between total brightness and structural parameters. Optical
theory predicts that total brightness (proportional to Bmaxys) is controlled by the number of
layers, their refractive index (i.e. the type of melanosomes) and how packed barbules are (barbule
shape and overlap). We test this on empirical data from hummingbird iridescent feathers using
MCMCglmm. The first column contains explanatory variables, the second one the estimate of the
effect size, and the third and fourth one the lower and higher (respectively) bounds of the 95 %
credibility interval for the effect size. Significant effects of explanatory variables are shown with
a cyan background. This result is also illustrated in fig. 4b.

Estimates(median) lower.CI(2.5) upper.CI(97.5)
(Intercept) 3.76 -3.72 11.13
barbule_shape 0.12 0.05 0.19
barbule_overlap -0.05 -0.10 0.01
align_disorder 0.17 -0.21 0.55
phylogenetic.variance 0.52 0.00 16.14
residual.variance 50.48 34.54 76.92

Supplementary table 9: Correlation between directionality and structural parameters. Optical
theory predicts that angular dependency of brightness g (inversely proportional to directionality
sensu Osorio and Ham (2002)) is controlled by how well-arranged barbules are (barbule shape,
overlap and alignment). We test this on empirical data from hummingbird iridescent feathers
using MCMCglmm. The first column contains explanatory variables, the second one the estimate of
the effect size, and the third and fourth one the lower and higher (respectively) bounds of the
95 % credibility interval for the effect size. Significant effects of explanatory variables are shown
with a cyan background. This result is also illustrated in fig. 4a.
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Estimates(median) lower.CI(2.5) upper.CI(97.5)

(Intercept) 530.52 434.10 628.52
melanin_thickness -3.95 -6.91 -1.03
keratin_thickness 1.31 -0.15 2.82
air_thickness 1.07 -0.27 2.39
typeSolid 51.99 -83.20 189.78
typeMixed -48.62 -176.52 83.84
interference order (m) 93.95 67.99 119.55
melanin_thickness:typeSolid 1.92 -2.01 5.79
melanin_thickness:typeMixed 9.64 3.69 15.85
keratin_thickness:typeSolid -1.09 -3.02 0.87
keratin_thickness:typeMixed -6.06 -9.56 -2.87
air_thickness:typeMixed -0.39 -2.32 1.55
phylogenetic.variance 177.48 0.01 2266.77
residual.variance 973.09 297.37 1893.45

Supplementary table 10: Correlation between hue (H,,x) and structural parameters. Optical
theory predicts that hue Hpay is controlled by layer thickness and refractive index (i.e. multilayer
type). We test this on empirical data from hummingbird iridescent feathers using MCMCglmm. The
first column contains explanatory variables, the second one the estimate of the effect size, and the
third and fourth one the lower and higher (respectively) bounds of the 95 % credibility interval
for the effect size. Significant effects of explanatory variables are shown with a cyan background.
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Estimates(median) lower.CI(2.5) upper.CI(97.5)
(Intercept) 83.79 39.06 128.68
mel_varsize -0.56 -2.27 1.18
ker_varsize -0.01 -1.09 1.13
air_varsize 0.45 -0.93 1.80
typeSolid -54.15 -109.99 -0.41
typeMixed -37.85 -84.53 8.81
nb_layers -1.04 -2.73 0.65
align_disorder 1.20 -0.05 2.45
barbule_shape 0.25 0.00 0.50
typeSolid:nb_layers 3.28 -1.80 8.53
typeMixed:nb_layers 1.76 -0.95 4.48
phylogenetic.variance 88.77 0.01 473.16
residual.variance 348.87 176.42 658.59

Supplementary table 11: Correlation between FWHM (opposite of saturation) and structural pa-
rameters. Optical theory predicts that saturation is controlled by the variance in layer thickness,
the number of layers and their refractive index (i.e. multilayer type) as well as disorder in the
alignment of the multilayers. We test this on empirical data from hummingbird iridescent feath-
ers using MCMCglmm. The first column contains explanatory variables, the second one the estimate
of the effect size, and the third and fourth one the lower and higher (respectively) bounds of the
95 % credibility interval for the effect size. Significant effects of explanatory variables are shown
with a cyan background.
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Estimates(median) lower.CI(2.5) upper.CI(97.5)

(Intercept) 15.74 6.72 23.40
keratin_size 0.51 0.41 0.62
phylogenetic.variance 5.41 0.00 70.55
residual.variance 55.64 30.58 87.55

Supplementary table 12: Correlation between melanin and keratin layer thicknesses using
MCMCglmm. The first column contains explanatory variables, the second one the estimate of the
effect size, and the third and fourth one the lower and higher (respectively) bounds of the 95 %
credibility interval for the effect size. Significant effects of explanatory variables are shown with
a cyan background.

Estimates(median) lower.CI(2.5) upper.CI(97.5)

(Intercept) 18.21 2.88 34.16
air_thickness 0.41 0.22 0.60
phylogenetic.variance 292 0.00 86.14
residual.variance 92.40 53.90 146.26

Supplementary table 13: Correlation between melanin and air layer thicknesses using MCMCglmm.
The first column contains explanatory variables, the second one the estimate of the effect size,
and the third and fourth one the lower and higher (respectively) bounds of the 95 % credibility
interval for the effect size. Significant effects of explanatory variables are shown with a cyan
background.

Estimates(median) lower.CI(2.5) upper.CI(97.5)

(Intercept) 32.58 3.19 62.41
air_thickness 0.45 0.11 0.78
phylogenetic.variance 128.86 0.04 416.43
residual.variance 242.14 137.09 448.51

Supplementary table 14: Correlation between keratin and air layer thicknesses using MCMCglmm.
The first column contains explanatory variables, the second one the estimate of the effect size,
and the third and fourth one the lower and higher (respectively) bounds of the 95 % credibility
interval for the effect size. Significant effects of explanatory variables are shown with a cyan
background.
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Distribution of iridescent colours in
hummingbird communities results from

the interplay between selection
for camouflage and communication.

Aim: Test the phenotypic structure (clustering Results & discussion

vs overdispersion) of iridescent colours at the
community level on: e -

* 112 hummingbird species /\
« spread accross 189 local assemblages

in Ecuador

Methods

Iridescent colours measurement

Spectral measurements at two angle
configurations with a goniospectrometer:

* Phenotypic clustering for hue and hue shift on
dorsal patches (t4>0).

b likely caused by selection for camouflage

3 colour variables:

1« Hue (red, green, blue, etc.)
» Brightness (light or dark)
& 5004 *Hue shift with the angle
(iridescence)

* No phenotypic structure for hue and hue
shift on facial patches and rump (t4=0).

b likely caused by balance reproductive
interference vs camouflage

300 400 500 600 700
Wavelength (nm)

Phenotypic structure quantification

global mean trait diversity - mean trait diversity within a community

Tst =

global mean trait diversity g - -
b 1,>0: phenotypic clustering ' \
. . . & 4
L 1,<0: phenotypic overdispersion

a, from a video by Mick Thompson, CC-BY=-NC

Hugo Gruson, Marianne Elias, Juan L. Parra, Christine Andraud, Serge Berthier,

Claire Doutrelant & Doris Gomez (2019), bioRyiv, https://doi.org/10.1101/586362
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Introduction

Colour is a complex communication channel widespread among various taxa and involved
in many ecological and evolutionary processes [7]. It can be described by multiple variables,
including hue (colour in its common sense, such as red, green, blue, etc.) and brightness
(average level of grey of a colour, i.e. whether the object is light or dark). Colours can be
produced by two non-mutually exclusive means: pigmentary colours are produced by the
selective absorption of incoming light by pigments, while structural colours are produced
by the interaction of incoming light with nanostructures, causing diffraction, interferences
or scattering [68]. Among structural colours, iridescent colours are characterised by a shift
in hue with changes in illumination or observation angle [88]. Iridescent colours are found
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in many bird families such as Anatidae (ducks) Phasianidae (fowls), Sturnidae (starlings), or
Trochilidae (hummingbirds), and thought to be involved in numerous adaptations [24]. But
evolution of iridescent colours at the community level remains poorly understood. Yet, evo-
lutionary patterns of iridescent colours, which remain poorly studied and understood, may
differ from that of non-iridescent colours. Indeed, as opposed to other types of colours, iri-
descent colours can produce virtually any hue and are expected to respond more readily and
finely to selection, because large changes of hue can be achieved by small changes in the
underlying structures [72]. They can also result in directional colours only seen at specific
angles, as well as highly reflective colours [65].

Because colours are involved in many different ecological processes, they are subject to
multiple selection pressures, often with opposite effects [33]. Colour may indeed increase
or decrease detectability of an animal depending on the colour constrast with its surround-
ings. In particular, colour can reduce predation risk via crypsis or aposematism or serve as a
means of species identification. In this case, two opposite evolutionary forces act on colours:
(i) On the one hand, species living in the same environment are likely experiencing similar
selective pressures, such as predation. The environment is characterised by ambient light
and vegetation, which both influence greatly which colours are poorly detectable and which
colours are highly detectable [29, 32]. We thus expect co-occurring species to harbour the
same, poorly detectable, colours as this would decrease the risk of being detected by preda-
tors, thereby causing a clustering pattern in colouration at the community level, all else being
equal. This colour clustering can result from convergence between sympatric species (evolu-
tionary process), from environmental filtering (ecological process), i.e. species sorting locally
according to the traits they harbour, or a mixture of the two (detailed in table 1). (ii) On
the other hand, sympatric closely-related species are more likely to face problems of species
recognition, eventually resulting in reproductive interference - a phenomenon where an in-
dividual courts or mates with individuals of another species, producing no offspring or low
fertility hybrids, leading to costly interbreeding [38]. Species misidentification can also lead to
misdirected aggression and costly fighting when individuals compete over resources or terri-
tories. Hence, any feature that would enhance species recognition is expected to be selected
for. In this context, closely related species living in sympatry should be under strong selec-
tive pressure to diverge in traits involved in communication, if divergence enhances species
recognition. Divergence can result from a process called character displacement (RCD for re-
productive character displacement, ACD for agonistic character displacement; evolutionary
process) [8, 9, 37] or from species sorting (ecological process). For ACD, it is worth noting
that traits are expected to diverge only in case of moderate ecological competition, whereas
they should converge in case of high competition [37, 86]. Multiple empirical studies have
shown character displacement for songs (e.g. Gerhardt [31] in frogs and Grant and Grant
[35] in birds), or olfactory signals [3]. However, fewer studies have looked at divergence in
colour patterns (but see Doutrelant, Paquet, Renoult, Grégoire, Crochet, and Covas [25], Hem-
ingson, Cowman, Hodge, and Bellwood [44], Lukhtanov, Kandul, Plotkin, Dantchenko, Haig,
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and Pierce [50], Martin, Montgomerie, and Lougheed [53], Naisbit, Jiggins, and Mallet [61],
and Seetre, Moum, Bures, Kral, Adamjan, and Moreno [74]). Almost all these studies were at
the species level, and at best involved comparison between closely related species. Many of
them also did not use objective spectrometry measurements and instead relied on human
vision, which did not allow them to analyse colours as perceived by the intended receiver, in
the case of this study: birds [6, 16, 27, 59] .

In birds, it has been shown that colouration is under different selective pressures depend-
ing on the body patch location: dorsal patches, which are exposed to aerial predators, are
mainly involved in camouflage while ventral and facial patches are mainly involved in commu-
nication [21, 33]. In this study, we test this hypothesis for iridescent colours at the community
level by looking at phenotypic structure in hummingbird local assemblages across different
body parts. Hummingbirds are an interesting study system to test this hypothesis as various
published accounts of sexual displays and aggressive encounters among hummingbirds have
made clear that certain feather patches such as the crown and throat are consistently used
during these displays [46, 75-78]. On the other hand, colours displayed on the dorsal side
of hummingbirds tend to resemble background colours and thus have been suggested to be
cryptic [70]. Accordingly, we predict that co-occurring hummingbird species should display
similar hues on dorsal patches, leading to phenotypic clustering of hues (i.e. co-occurring
species are more similar than expected by chance, prediction 1) and different hues on ven-
tral patches, resulting in a phenotypic overdispersion pattern (i.e. co-occurring species are
more dissimilar than expected by chance, prediction 2). For brightness, we can formulate
two alternative predictions: on the one hand, it might evolve in the same way as hue, also
because of reproductive character displacement and selection for camouflage, leading to the
same outcome as for hue (prediction 3, equivalent to predictions 1 and 2 but for brightness).
On the other hand, because brightness level positively correlates with signal conspicuous-
ness, poorly detectable signals have similar brightness, and highly detectable signals have
similar brightness. Hence, we may instead expect that species co-occurring should converge
for brightness on all patches (prediction 3bis) if the same patches are involved in the same
ecological process (communication or camouflage).

Compared to other types of colouration, iridescent colours might enable species recog-
nition on another dimension in the sensory space. Two species can have the same hue or
brightness at a given angle but can differ at another angle, via an additional variable we call
"hue shift". Because hue shift cannot be seen at long distances, it may allow species to di-
verge without interfering with camouflage against predators [24, 90]. Accordingly, we predict
overdispersion for hue shift not only on ventral patches, but also on dorsal patches (predic-
tion 4). However, hue shift is often highly correlated with hue due to the optics underlying
iridescence (Dakin and Montgomerie [17] for example reported R? > 0.95 for the correla-
tion between hue and hue shift). We test this correlation with the data from this article and
discuss how it may impact our results.

At the community level, we predict that community colour volume (also known as func-
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tional richness FRic in functional ecology [87]) and brightness range increase with species
richness more than expected in a random species assemblage (null model) because co-
occurring species would use different colours (hue or brightness) (prediction 5).

Here we test our five predictions by quantifying both iridescent and non-iridescent colours
of 189 hummingbird assemblages in Ecuador that include 112 species and span a large va-
riety of habitats, and by assessing the phenotypic structure (clustering, random distribution,
overdispersion of colours) and investigate the underlying processes by taking into account
species phylogenetic relatedness within these assemblages. Comparing the uncorrected and
the phylogenetically-corrected phenotypic structure of hummingbird communities will allow
us to identify which mechanisms (character displacement, species sorting with mutual exclu-
sion of similar species, environmental filtering; as detailed in table 1) underlie the community
structure of iridescent colours in hummingbirds.

Materials and methods

All scripts and data used to produce the results and figures from this article are available at
https://doi.org/10.5281/zenodo.3355444.

Community data

Hummingbirds are particularly suited as a study system to explore the possible effect of re-
productive character displacement on iridescent colours because (i) they display a large va-
riety of hues [20] and all species harbour some iridescent patches, many of which have a
very strong angular dependence, rapidly shifting from e.g. pink to green or black [22, 26]
(but note that many hummingbirds species also have non-iridescent, pigmentary, patches),
(i) they belong to a very speciose family whose phylogeny is well established and readily
available [48, 55], (iii) they live only in the Americas, especially in the tropics where numerous
species can coexist locally [20] (iv) there is an extensive documentation of hybridisation be-
tween co-occurring species (see for example [36, 79] for our region of interest), which creates
the perfect opportunity to study reproductive interference and (v) almost all species are avail-
able in museum collections and their colour can be objectively measured using spectrometric
measurements [23].

Presence/absence data for hummingbird assemblages at 189 sites in Ecuador (see map in
fig. S3) were compiled from data in peer-reviewed papers and reports from environmental or-
ganisations [34]. These sites cover a large variety of elevation ranges (fig. S3) and habitats [34,
69]. This dataset was previously thoroughly reviewed by comparing the observations with the
known elevational and geographical ranges of each species [69] and includes observations
of 112 of the 132 hummingbirds species found in Ecuador [73].

Peer Community In Evolutionary Biology

50f33

169



Evol Biol

Colour measurements and analyses

For each one of the 112 species, we borrowed one adult male in good condition from either
the Museum National d'Histoire Naturelle (MNHN) in Paris or the Musée des Confluences,
in Lyon (full list in Online Supplementary Information). Previous studies show that even low
sampling per species can accurately capture colour characteristics of the species [18]. Addi-
tionally, preliminary analyses on an independent dataset of 834 points across 18 humming-
bird species, with up to 5 individuals measured by species, showed that intraspecific coeffi-
cient of variation (standard deviation divided by the average) of hue is very low (1.69 %) but
could be higher for brightness (23.18 %) (detailed values for each species in table S3). When
comparing intra- to interspecific variation, intraspecific however always remains negligible
compared to interspecific variation (intraclass coefficient reported in table S3). We ensured
that the specimen colouration was representative of the other specimens available in the col-
lections to the human eye. When multiple subspecies were living in the area where presence
was recorded, we randomly picked one of them. Whenever possible, we picked specimens
collected in Ecuador (88 % of the cases), or when not available in neighbouring countries, such
as Colombia or North Peru (11 % of the cases), as to minimise the effect of regional variability
in colour.

We consistently took spectral reflectance measurements on the eight following patches
(described in fig. S1): crown, back, rump, tail, throat, breast, belly, wing. We also made addi-
tional measurements on patches that visually differed in colouration from these eight main
ones, as in Gomez and Théry [33] and Doutrelant, Paquet, Renoult, Grégoire, Crochet, and
Covas [25].

We measured reflectance using a setup similar to Meadows, Morehouse, Rutowski, Dou-
glas, and McGraw [57], relying on the use of two separate optical fibres. Light was conducted
from an Oceanoptics DH-2000 lamp emitting over the 300-700 nm range of wavelengths to
which birds are sensitive [11] to the sample through an illuminating FC-UV200-2-1.5 x 100
optical fibre (named illumination fibre). Light reflected by the sample was then collected by a
second identical optical fibre (named collection fibre) and conducted toward an Oceanoptics
USB4000 spectrophotometer (used with the SpectraSuite 2.0.162 software). This setup allows
for a precise independent rotation of the illumination and the collection fibres, necessary for
the measurement of iridescent colours [65]. For more details about the measurement con-
ditions as recommended in White, Dalrymple, Noble, O'Hanlon, Zurek, and Umbers [89], see
the supplementary materials (ESM).

For every patch, we recorded a first reflectance spectrum at the position of the fibres
which maximised total reflectance. To measure hue angle dependency (iridescence), we then
moved both fibres 10° away from the previous position and recorded a second spectrum, as
in Meadows, Roudybush, and McGraw [58]. More recent measurement methods revealed
that it would be more accurate to keep the angular span between the illumination and collec-
tion fibres constant [39]. We however confirmed that this did not impact our results by run-
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ning our analyses once with all data and once with only data at a given angular span (which
represented 94 % of the total data). All measurements were performed in a dark room with
temperature control. Recorded spectra were normalised by an Avantes WS-1 white standard
and a measurement with the lamp shut down (dark reference) and integration times were
determined for each sample as to maximise the intensity of the signal without saturating the
spectrometer. Final values were averaged over five consecutive measurements and spectra
were smoothed using a loess algorithm and interpolated every 1 nm and negative values were
set to zero using the R package pavo [52].

We analysed spectra using Endler and Mielke [30] model with relative quantum catches Q;
(without Fechner's law). All birds are tetrachromats and can see light with wavelengths from
300 to 700 nm, which includes ultra-violet light (UV) [66]. But different bird species vary in
their sensitivity [63]: some are UV-sensitive (UVS) while others are violet-sensitive (VS). Liter-
ature on colour vision in hummingbirds suggests that both types are found within the family
(see Chen and Goldsmith [11] and Herrera, Zagal, Diaz, Fernandez, Vielma, Cure, Martinez,
Bozinovic, and Palacios [45] for UVS species and Odeen and Hastad [64] for VS species). Be-
cause we did not have enough information to compute ancestral states and vision type for all
species in our study and because it was found to have little influence in previous studies [21,
33], we ran our analyses as if all species were VS, using the spectral sensitivities of a typical VS
bird, Puffinus pacificus [43], whose photoreceptor absorbances match closely those reported
for hummingbirds [64]. We used different illuminants defined in Endler [29], depending on
the habitat of the species described in Stotz, Fitzpatrick, Parker Ill, and Moskovits [83] (de-
tailed in SI): "large gaps" illumination was used for species living in the canopy while "forest
shade" was used for species living in the understory. Hue was a tridimensional variable de-
fined by the position (z, y and z) of the reflectance spectrum in the tetrahedron representing
bird colour vision space [30] and brightness was defined as in Endler and Mielke [30] (per-
ceived intensity of colour, also sometimes referred to as luminance). We ensured that all
indices were repeatable (table S1) by measuring twice the same individual and patch on 20
patches and computing the intra-class coefficient (ICC) with the rptR R package [82]. We add
another variable to describe iridescence: hue shift, defined as the difference between hue at
maximum reflectance and hue at 10° away from maximum reflectance, in a similar fashion to
Dakin and Montgomerie [17]. Because it is the difference of two tridimensional variables (hue
at the position where reflectance was maximum and hue at 10° away), hue shift is tridimen-
sional as well. Dakin and Montgomerie [17] found a high correlation between hue and hue
shift at the intraspecific level in the peacock Pavo cristatus, we also report a high correlation
at the interspecific level in hummingbirds by performing a linear regression in R? between
hue and hue shift (R? = 0.51, F(3;1372) = 469.7, p < 0.0001). New measurement methods
have since been developed and propose a new definition for hue shift which is not correlated
to hue but they were not available at the time of this study [39].

We analysed the colour volume for each species by measuring the convex hull volume of
all colour patches on the bird, as suggested in Stoddard and Prum [81]. We compared the re-

Peer Community In Evolutionary Biology

70of 33

17



Evol Biol

lationship between the colour volume of a community and the number of species within this
community relative to a null model (prediction 5) obtained by creating random assemblages
from a species pool containing all species from all communities. In other words, actual as-
semblages are compared to fictional assemblages with exactly the same number of species
but no abiotic or biotic constraints on the species composition.

However, the colour volume does not take into account the patch location on the bird body,
raising several concerns. First, two species could use the same colour but at different places
on their body. They would then look different to an observer but not identified as such in
this analysis. Additionally, we expect different evolutionary signals on different patches, that
could even each other out, and blur the outcome at the bird level. For these reasons, we also
performed our analyses separately for each one of the following eight patches: crown, back,
rump, tail, throat, breast, belly, wing (locations shown in fig. S1).

Trochilidae phylogeny and comparative analyses

A distribution of 100 phylogenetic trees of the Trochilidae family was downloaded from
birdtree.org [48] to take into account phylogenetic uncertainty in the comparative analyses
[67]. The 112 species included in this study constitute a fairly even sampling of the humming-
bird phylogeny (fig. S2).

We used the method developed by Hardy and Senterre [42] and Baraloto, Hardy, Paine,
Dexter, Cruaud, Dunning, Gonzalez, Molino, Sabatier, Savolainen, and Chave [5] to analyse re-
spectively the phylogenetic (IIs7) and phenotypic (Ts7) structures of the hummingbird com-
munities of Ecuador (clustering or overdispersion). This method relies on computing indices
inspired by the Simpson index and the fixation index Fisp, comparing the observed diversity
within and between communities. For phylogeny, 1lgr can reveal phylogenetic clustering
(IIs7 > 0) or phylogenetic overdispersion (Ilgp < 0) within communities. Likewise, for phe-
notypic traits, s can reveal phenotypic clustering (rs7 > 0) or phenotypic overdispersion
(ts7 < 0) within communities. Statistical significance of overdispersion or clustering is ob-
tained from comparing the observed value to that obtained for the same patch location from
1000 random communities (created by drawing from the total species pool, using algorithm
1s from Hardy [41], which keeps the local species richness per site constant). This approach
compares the phenotypic structure to what would be expected by chance.

To disentangle the relative effect of ecological (species sorting) and evolutionary mecha-
nisms (selection), we also perform our analyses by taking into account the phylogenetic re-
lationships between species. If the species in the community are more clustered or overdis-
persed than expected given their phylogenetic relationships, this is taken as evidence that
the trait has not evolved in a Brownian fashion (detailed in table 1). To this end, we used the
decouple function [19], which returns phylogenetically predicted and residual trait values by
performing a linear regression of individual trait values explained by the phylogeny. We com-
puted the value of g7 on trait values decoupled from the phylogeny. This value is hereafter
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denoted dcrgr. Similarly to the classical 7sp, the sign of dersr indicates phenotypic cluster-
ing (dersr > 0) or overdispersion (ders < 0) once the effect of the phylogenetic structure
of the communities has been decoupled.

Analyses performed on a tree distribution (Ilg7 and dergr) with n trees return a distribu-
tion of n statistics values and n p-values p;. We summarised this information by computing
the median of the statistics and the overall p-value p by using Jost's formula [4]:

1!
=0 i=

n—1 i n
p:kZM wherek:Hpi )
i=1

Results

We find a strong phylogenetic clustering within communities (IIg7 = 0.062 > 0, p < 0.0001),
indicating that co-occurring species are more closely related than expected by chance.

Phenotypic structure of the communities (predictions 1 - 4)

When looking at the bird entire body (when all patches are included simultaneously) by com-
puting the overlap of the colour volumes, we did not find any phenotypic structure.

When the different major patches (crown, back, rump, tail, throat, breast, belly and wing)
are examined separately (table 2 and table S2), we find clustering (ts7 > 0) in hue and hue
shift on the back, rump, tail, belly and wing. Once we decouple the effect of the shared evolu-
tionary history, we find clustering on the crown and the back (ders > 0) but overdispersion
on the belly for both hue and hue shift (dersp < 0). Hue shift is also overdispersed on the
rump and the tail (dersr < 0). There is no phenotypic structure on the throat, breast or wing
for hue and hue shift nor on the rump or the tail for hue.

We find no phenotypic structure (neither clustering nor overdispersion) for brightness on
any patches before phylogenetic correction. After phylogenetic correction, brightness values
for the throat, breast and belly are clustered among co-occurring species (dctsy > 0) but
show no phenotypic structure for the crown, the back, the wing and the tail.

Effect of community species richness on colour characteristics (predic-
tion 5)

We found that the brightness range within a community increased in the same way as a null
model built from random species assemblages (fig. 1b). For colour volume, we find some
outliers with a higher colour volume than expected for community with the same number of
species (fig. 1a).
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Variable

Phenotypic structure (rs1)

Decoupled phenotypic

structure (detsr)

Hue

Brightness

Hue shift (=iri-
descence)

Table 2. Phenotypic structure of hummingbird communities for different variables (hue, brightness and hue shift)
on the patches studied (crown, back, rump, tail, throat, breast, belly, wing; names and locations illustrated in
fig. S1). Hue is a tridimensional variable defined by the reflectance spectrum position z, y and z in the tetrahedron
representing avian colour space. Blue plus signs
orange minus signs

indicate significant phenotypic clustering (rsp or detsp > 0),
indicate significant phenotypic overdispersion (rgp or dets < 0), and green zeros
represent the absence of phenotypic structure. The left column shows the raw phenotypic structure of the
community (columns in table 1), which may be influenced by the phylogenetic structure while the right column
shows the phenotypic structure of the community, decoupled from all effects caused by the phylogeny (rows in
table 1). By comparing the values of 7 and dergp for each trait colour variable (hue, brightness and hue shift),
we can assume a probable evolutionary scenario for each patch, based on the explanation in table 1. Exact values
for the statistics are available in table S2.
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Figure 1. (a) Community total colour volume and (b) brightness range increase with the
number of species within the community. Each point is a c