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Abstract

Animals use color to hide from predators, signal to mates, and communicate,
among other functions. Some animals, such as birds, butterflies, and spiders, have
evolved extreme forms of coloration that push the limits of absorption and reflectance.
In these animals, pigments and structural elements are combined to produce high
absorption or high reflectance. Compared to more typical pigmentary or structural
colors, relatively little work has been done to examine the physical basis of extreme
coloration across taxa. In this dissertation, I use butterflies, deep-sea fishes, and cleaner
shrimp to further explore the presence of extreme coloration in different taxa and the
underlying color production mechanisms.

In Chapter 2 I began my investigation of extreme coloration with butterflies.
First, I identified several species of butterflies from four subfamilies that all have a
reflectance < 0.5%. After identifying a set of particularly black butterflies, I used
scanning electron microscopy (SEM) to visualize the morphology of the black scales for
each species. I found that hole shape and size varied dramatically across species, with no
correlation to reflectance. However, two structural features were consistently found in
all species - steep ridges and expanded trabeculae compared to dark brown butterflies.
Using finite-difference time-domain (FDTD) modeling, I discovered that those two

conserved features reduce reflectance from the scales by up to 16-fold. Furthermore,
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additional modeling demonstrated that the ridges and trabeculae create more scattering,
leading to more absorption by melanin embedded within the scales. Given that ultra-
black scales in butterflies are often found adjacent to bright, colored scales, ultra-black
may be used to increase the contrast of color signals.

After analyzing the underlying basis of ultra-black coloration in butterflies, I
turned to deep-sea fishes. Many deep-sea fishes exist in a world where the primary
source of light is bioluminescence. Predators with sensitive eyes can detect even dim
reflections from potential prey. I hypothesized that deep-sea fishes have evolved
structural features or pigments to minimize reflectance from the skin. Similar to my
approach in Chapter 1, I began by identifying 16 species of fishes with exceptionally low
reflectance. I found that in all 16 species there was a continuous layer of melanosomes in
the skin. My FDTD modeling showed that the melanosomes in the skin had the optimal
size and shape to minimize reflectance. Furthermore, the melanosomes in deep-sea
fishes are larger and more elongated for a given size than what is typical in other
ectothermic vertebrates. In this case, unlike other ultra-black animals, where scattering
is created by a keratin or chitin matrix, fish melanosomes provide both scattering and
absorption. Ultra-black skin reduces sighting distance by predators by more than 6-fold
compared to typical black fishes, making it a highly effective form of camouflage in the

deep-sea.



Between birds, butterflies, fishes, and spiders, the mechanisms underlying ultra-
black coloration are relatively well understood. However, less attention has been paid to
bright white coloration. In Chapter 4, I used similar methods to Chapters 2 and 3 to
explore the physical basis of bright white coloration in cleaner shrimp antennae. Cleaner
shrimp engage in a mutualistic relationship with client fishes. Some species of cleaner
shrimp use long white body parts to signal to these client fish and advertise their
services. Two such species are Ancylomenes pedersoni and Lysmata amboinensis, which
signal to client fish using their white antennae. Using SEM, I found that the antennae in
both species contain a 1-3um thick layer of non-pigmented nanospheres. With FDTD
modeling, I showed that these nanospheres are the optimal size to maximize reflectance
and that they can increase reflectance by up to 19-fold compared to antennae without
these nanospheres. Similar to what I found in deep-sea fishes, the nanoparticles create a
highly scattering structure that, in the absence of absorption from melanin, forms a
bright white color instead of ultra-black. Collectively, the three chapters presented here
build upon a small, but growing, body of research into the physical basis of extreme
animal coloration. This work provides a foundation for new investigations into the
functional effects and the evolution of extreme coloration and has the potential to inspire

novel man-made materials.
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1. Introduction

1.1 Functions of color in nature

Color is part physics, part perception. The ambient illumination, such as sunlight
or the fluorescent lights of an office building, combines with the physical and chemical
properties of objects to reflect certain wavelengths of light. For example, when
broadband sunlight hits a red picnic chair much of the short wavelength light is
absorbed, leaving only longer visible wavelengths. This is not the entire picture,
however. Perceiving the color “red” from this chair depends on photoreceptors in our
eyes absorbing the wavelengths of light they are tuned to and also on our brain properly
processing that neuronal signal (Cronin et al. 2014). Although the physical part of color
is invariant with species, the receptors and post-receptor processing of visual
information making up the other half of the equation are incredibly diverse (Hart 2001;
Kelber et al. 2003; Peichl 2005; Stavenga and Arikawa 2006; Schweikert et al. 2018a). This
diversity reflects the ways in which color vision and coloration mediate evolutionarily
important processes that have implications for survival, reproduction, communication,
and more (Cuthill et al. 2017).

A common function of color in organisms is camouflage. For organisms,
surviving long enough to reproduce and pass on their genes is essential. To this end,
animals and plants have evolved an astonishing number of color patterns and optical

tricks to remain hidden. The most straightforward form of camouflage is background



matching (Cott 1940; Stevens and Merilaita 2011). Background matching is an attempt to
mimic the surrounding environment and it can take many forms. For example, animals
such as North American moths (Endler 1984), desert rodents (Nokelainen et al. 2020),
and four-eyed turtles (Xiao et al. 2016) have a color pattern matching that of their
environment. Often these color patterns are static, but there are phylogenetically
widespread examples of dynamic color patterns that can be adjusted to match a range of
backgrounds (Ramachandran et al. 1996; Allen et al. 2010; Schweiker et al. 2018b; Cuthill
et al. 2019). Furthermore, though background matching is likely the most common form
of terrestrial camouflage, there are other important ways animals use color to hide such
as disruptive coloration (Merilaita 1998; Schaefer and Stobbe 2006; Stevens and Merilaita
2009; McElroy 2016), mirroring (similar to background matching — Denton and Nicol
1966), and mimicry (Garrouste et al. 2016; Barnett et al. 2021). On the opposite end of the
conspicuousness spectrum from background matching and other forms of camouflage
are aposematism and other forms of warning coloration. Warning colors are typically
conspicuous, high contrast colors or patterns that alert a predator that an animal may be
toxic or unpalatable, and thus not worth eating (Mappes et al. 2005). Regardless of the
strategy, color is a key component of avoiding predators and staying alive.

Camouflage and warning coloration help keep an organism alive, but organisms
also use color to communicate between one another. This communication often relies on

signals. Generally, animal and plant signals are structures or behaviors that have



evolved to modify the behavior of receivers (Smith and Harper 2003) and should
reliably convey information that both senders and receivers benefit from, on average
(Grafen and Johnstone 1993; Searcy and Nowicki 2010). Color signals can have many
functions, but one crucial function is attracting mates. For example, female zebra finches
(Taeniopygia guttata) choose mates, in part, based on the color of their orange-red beaks
that act as an honest signal of condition (Burley and Coopersmith 1987; Simons et al.
2011). Similarly, ultraviolet (UV) patterns are used in mate choice in some species of
tiddler crabs and birds (Pearn et al. 2001; Detto and Backwell 2009). These examples,
along with countless others (Kemp and Rutowski 2011; Svensson and Wong 2011; Bell et
al. 2012), underscore the importance of color in attracting mates.

Communication through color extends beyond sexual signals. Color signals
underlie several ecologically important mutualistic relationships. Plant pollinator
interactions, such as the relationship between bees and flowering plants, have resulted
in the evolution of an innumerable variety of flower colors and patterns (Spaethe et al.
2001; De Ibarra and Vorobyev 2009; Muchhala et al. 2014). Bees, and other pollinators,
use these flower color patterns to detect flowers, identify flower species, and find nectar
(in the case of nectar guides) (Leonard and Papaj 2011; Hansen et al. 2012). A second
example of the importance of color signals to mutualisms is the cleaner-client
interactions on coral reefs. Organisms providing cleaning services remove dead skin and

ectoparasites from clients, yielding food for the cleaner and reducing parasite load on



clients. Cleaner wrasse and gobies display a yellow and blue pattern to help advertise
their services, where the yellow color has high contrast against open blue water and the
blue color has high contrast against the more colorful and complex reef background
(Cheney et al. 2009). Other cleaners, such as the cleaner shrimp Ancylomenes pedersoni,
use their white antennae to signal to clients, much in the same way fishes use yellow
and blue (Caves et al. 2018).

From camouflage to cleaning (and a myriad of other functions — Cuthill et al.
2017), color is critical to organisms. Color keeps organisms alive, allows them to find
mates and reproduce, and helps them find food. But, to connect the functions of
observed color patterns in animals and plants to their physiology, genes, and evolution,

we must understand how those colors are created.

1.2 Producing color

Colors are produced by pigments, micro- or nanoscale structures, or some
combination of the two. Studying the physical and chemical basis of coloration in
animals creates a foundation that can be used to explore the links between color
production and the functions of color in animals. Similarly, a well-developed
understanding of the function of color can be used to generate hypotheses about the

specific color production mechanisms that underlie those functions.



1.2.1 Pigments

Pigments are compounds that selectively absorb certain wavelengths of light
depending on the chemical structure of the compound (Hashimoto et al. 2021). For
example, the red picnic chair from Section 1.1 has pigments that selectively absorb
shorter wavelength light and reflect the longer wavelengths, giving us the perception
that the chair is red. Pigment-based coloration has been extensively studied across
multiple levels of organization, from biochemistry to macroevolution (Mallet 1993;
Insausti and Casas 2008; Eliason and Clarke 2018; Weaver et al. 2018). Although there
are many classes of animal pigments, the most studied are melanins, carotenoids, and
pterins (Andrade and Carneiro 2021). Together, these three classes of pigments play a
major role in coloration, among other functions such as immunity (McGraw and Ardia
2003; Jacquin et al. 2011), heavy metal sequestration (Sarna and Plonka 2005; Chatelain et
al. 2014), and structural support (Bonser 1995; Moses et al. 2006).

Melanin is made up of two primary subclasses, pheomelanin and eumelanin (all
melanin subclasses reviewed in Cao et al. 2021). Pheomelanin is associated with light-
brown and reddish-brown colors such as red hair in humans or the orange-brown cheek
patches of zebra finches (Ozeki et al. 1996; Micillo et al. 2017). Eumelanin, however, is
associated with darker brown or black coloration such as dark mammalian fur or a
raven’s feather (Galvan and Solano 2016; Caro and Mallarino 2021). One example of the

relationship between the functions of color and its production is Gloger’s rule. There are



several formulations of the rule, however, generally, animals that live in warmer and
more humid climates display darker coloration than those in cooler, drier climates
(Delhey 2019). Warmer climates tend to have higher UV radiation that can damage DNA
(Delhey 2017), prompting the need for photoprotection. Similarly, humid climates tend
to have richer, darker soil and more bacteria that can degrade integumentary tissues,
requiring animals to evolve darker coloration for camouflage and tissues that are more
resistant to bacterial degradation (Bonser 1995; Burt and Ichida 2004; Goldstein et al.
2004; Gunderson 2008; Delhey 2019). Melanin’s dark color, photoprotective capabilities,
and resistance against bacterial degradation make it a well-suited pigment for animals in
hot, humid environments. Another example of environment and function dictating
mechanisms of color production is coloration in increasingly common urban
environments. As a result of heavy use of asphalt, concrete, and other common building
materials, urban environments are often darkly colored and more monochromatic than
natural environments. Furthermore, there are often more pollutants, including metal
ions that can negatively affect fitness (Snoeijs et al. 2004; Scheifler et al. 2006; Roux and
Marra 2007; Chatelain 2014). Urban environments necessitate both darker coloration in
light-colored animals and a mechanism of sequestering toxic metal ions (Chatelain et al.
2014). Similar to the example of Gloger’s rule, we again see that melanin is well suited
for these functions. Melanin is used in black and grey coloration that is good match for

urban backgrounds, and melanin has the ability to bind metal ions and sequester them



in tissues such as feathers (Chatelain et al. 2014). Indeed, we see that urban populations
of several species, such as the pigeon Columba livia, have increased melanic coloration
(Jacquin et al. 2011; Smith et al. 2021). Both Gloger’s rule and increasingly dark
coloration in urban environments highlight the way constraints placed on animals by
their environment and the necessary functions of color patterns dictate how color is
produced.

Carotenoids, like melanins, are well studied and they play a key role in behavior.
Carotenoids are responsible for producing yellow, orange, and red coloration across
taxa, particularly in birds and fishes (Hofreiter and Schoneberg 2010; Sefc et al. 2014;
Zhou et al. 2014; Weaver et al. 2018). It is hypothesized that carotenoid ornamentation is
an honest signal of quality in many species, such as blue-footed boobys and cichlid
tishes (Velando et al. 2006; Sefc et al. 2014; Weaver et al. 2018). Generally, honest signals
must reliably signal some aspect of the signaler’s quality such as health status, foraging
capabilities, etc. Vertebrates are unable to synthesize carotenoids, so they must be
ingested and sequestered in tissues to produce a visible color (Bhosale and Bernstein
2007). Carotenoid availability in the body is also linked to immune function in addition
to coloration (McGraw and Ardia 2003). Because the availability of carotenoids is linked
to foraging success through the need to ingest them, and linked to immune function,
carotenoids are an excellent pigment to underlie honest color signals in taxa that are

unable to synthesize them. (Olson and Owens 1998; Candolin 2000; Hill and Farmer



2005). Again, we see that the pigments underlying animal coloration are well tuned to
higher-level functions and constraints.

Pterin pigments have not received as much attention as carotenoids or melanins,
despite being found in almost all major vertebrate groups and many large invertebrate
groups, such as Teleosts, Anurans, Squamates, Lepidopterans, and Dipterans (Andrade
and Carneiro 2021). Pterins span the color gamut and can be white, yellow, orange,
bright red, or a dark brown/red. Serving many functions, pterins act as the foundation
for aposematic color patterns in Hymenopterans, Hemipterans, and Squamates
(Exnerova et al. 2006; Plotkin et al. 2009; Kikuchi et al. 2014), sexual signals in Anolis
lizards and Lepidopterans (Ortiz et al. 1963; Rutowski et al. 2005), and screening
pigments in the eyes of Dipterans (Stavenga 1989). One of the more interesting insights
into the connection between higher-level functions of color and pterins pigments is the
use of pterorhodin in several species of Phyllomedusan frogs. During the daytime,
Phyllomedusan frogs rest on leaves. These leaves are green, but also reflect near-infrared
light. Because there are some predators that may be able to sense infrared light (Goris
2011), frogs must also reflect infrared light to camouflage themselves while they sleep.
This poses an issue for the frogs, however, as melanin in the melanosomes of frog
chromatophores strongly absorbs infrared light (Bagnara et al. 1968; Stavenga et al.
2015). Blending in with their surroundings requires maintaining their green coloration,

while reflecting more infrared light than typical frogs. To achieve this, as



Phyllomedusan frogs develop, melanin in their melanosomes is replaced by dark
red/brown pterorhodin pigments (Bagnara 2003). Pterorhodin absorbs less infrared light
than melanin, thus switching the pigment through development causes the frogs to
reflect more infrared light, allowing them to mimic the chromatic properties of the
leaves they rest on (Schwalm 1977).

Even from this brief and incomplete review of animal pigments, it is clear that
environmental constraints and functional necessities dictate the physical and chemical
building blocks used in animal color patterns. In the next section, I discuss a second

category of colors, structural colors.

1.2.2 Structural Colors

Structural colors, unlike pigments, do not rely on selective absorption to produce
color. Instead, alternating higher and lower refractive index materials create selective
reflection of light that produces the color we observe (Johnsen 2012). Structural colors
are particularly diverse and common in birds, insects, mollusks, and fishes (Kinoshita
2008; Cronin et al. 2014). As a result of this diversity, structural colors are found in
sexual signals (Kemp and Rutkowski 2007; Pryke 2007; Griggio et al. 2010), warning
coloration (Fabricant et al. 2014; Fukuda and Konuma 2019), and mirror-based
camouflage (Denton and Land 1971; Johnsen 2014; Rosenthal et al. 2017), among other

functional color patterns.



The production of structural colors is well studied, particularly by engineers,
physicists, and materials scientists, however, there have been fewer attempts to link the
function of structural colors to specific production mechanisms compared to pigments.
One example of such a link pertains to animals inhabiting areas with dynamic light
environments such as forests (Cronin et al. 2014). Forests have both sunny and shaded
areas that change location depending on the position of the sun. Sunny areas receive
sunlight unfiltered, but shaded areas are illuminated by light that has been filtered by
the canopy. This presents an issue for animals signaling with pigment-based colors
because the appearance of pigment-based colors depends on absorption from the
pigment and the illumination spectrum. That is, the reflectance of pigment-based colors,
which is a product of the illumination spectrum and absorption of the pigment, changes
with the illumination spectrum. Unlike pigment-based colors, however, structural colors
reflect a very narrow wavelength range, so their appearance is less dependent on the
illuminant (Cronin et al. 2014). For example, the apparent color of the red chair is
different when viewed in direct sunlight versus light filtered by the canopy. The color of
structurally colored butterfly wing, however, may change intensity depending on the
availability of the wavelengths it is tuned to reflect, but the resulting hue is relatively
unchanged. Here, where consistent signals are needed in complex light environments,

structural colors are more effective than pigmentary colors.

10



A second example where function drives the preferential use of structural colors
is the creation of dynamic signaling displays (Pirih et al. 2011). Pigmentary colors are the
same hue regardless of the viewing angle. Structural colors, on the other hand, are often
orientation dependent. This means the angle of the viewer and the light source affect the
apparent color. In situations where dynamic color signals are evolutionary
advantageous, one expects to find structural colors underlying those signals.

Finally, similar to carotenoid-based coloration, structural colors may offer a
signal of some aspect of individual quality. When animals are using color patterns to
signal immune function or foraging success, carotenoids are a fitting pigment. Honest
signals, however, may signal other aspects of quality such as developmental stress.
Because structural colors rely on a specific geometry to produce color, developmental
stress and degradation from parasites or age may reduce or change the properties of the
resulting color, offering a signal of individual quality that is different than what
carotenoid ornamentation offers (Keyser and Hill 1999; Kemp and Rutkowski 2007;
Shawkey et al. 2007; Galvan 2010).

As with pigment-based coloration, we see that the needs of organisms as dictated
by their environment or biology can be used to explain the color production
mechanisms used. Many of the examples I have presented, so far, apply to many taxa
and explain ordinary color patterns such as carotenoid ornamentation and melanin-

based coloration. What if, however, environmental constraints or a color pattern’s
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function require animals to push the limits of what colors are possible to produce? What
are the color production mechanisms underlying these extreme colors, and what can

they tell us about color’s underlying basis?

1.3 Pushing the limits of color

So far,  have described some of the functions of color, how color is produced,
and a few of the ways in which color production and color’s functions are linked. It is
clear that an animal’s environment and the specific function of coloration in a particular
animal drive the usage of different pigments or structural colors. In this section, I
explore cases where animals have evolved colors that push the limits of color, from the
dark blacks to bright whites.

As discussed above, melanin is responsible for most light brown to black
coloration in animals, but some animals have combined melanin with elements of
structural colors discussed above to produce some of the blackest materials in the world.
Take, for example, birds of paradise (Paradisaeidae). Contrast between a signal and its
background is an important aspect of color signal effectiveness (Endler and Thery 1996;
Endler and Day 2006; Arenas et al. 2014). Higher contrast between a color signal and the
background makes it more detectable by receivers, and, indeed, we see that many
animals display dark coloration surrounding brighter color signals (Marshall 2000;
Doucet et al. 2007; Doucet and Meadows 2009; McClean et al. 2014). Several taxa that

undergo strong sexual selection for mating displays (Irestedt et al. 2009; Girard and

12



Engler 2014) have taken this system a step further and evolved color signals surrounded
by “super black” feathers or scales. For example, at least five species of birds of paradise
have feathers that reflect <0.5% of light (McCoy et al. 2018), approaching man-made
carbon nanotube forests (Mizuno et al. 2009). This incredible absorption is produced by
embedding melanosomes inside of highly scattering, expanded feather barbules that
increase the path length of light, and thus increases the number of scattering events
(McCoy et al. 2018). Similarly, later work found that species of birds from an additional
15 families display low reflectance, and all achieve it by integrating melanin into a
highly scattering modified barbule (McCoy et al. 2019a). Birds are not alone in
producing extremely low reflectance, however. Male peacock spiders (Maratus), use a
microlens array and embedded melanin granules to create small, super black patches on
their abdomen (McCoy et al. 2019b). In both birds and spiders, pigments and structural
elements combine to produce super black patches adjacent to bright color signals. The
relationship between bright color patches and super black coloration suggests that
sexual selection may have driven the evolution of extreme coloration and color
production mechanisms in birds and jumping spiders.

On the opposite end of the spectrum from super black birds and spiders pushing
the limits of absorption, other animals have evolved to maximize reflectance. Animals
often need to stand out from the background for sexual signaling or warding off

predators (Endler and Thery 1996; Endler and Day 2006; Arenas et al. 2014). In some
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taxa, this pressure to contrast against the background has led to evolution of high
reflectance color patterns that can reflect > 80% of light. White Pierid butterflies (Pieris
rapae) have wings that reflect ~ 80% of light across the visible range, approximately 20%
more than the white patches of comparable butterflies (Stavenga et al. 2004). Pierids
achieve such high reflectance by incorporating high refractive index, ellipsoidal beads of
pteridine pigment into the scale structure (Stavenga et al. 2004; Wilts et al. 2017).
Additional scattering created by the high refractive index scale beads reduces
transmission and increases reflectance. Similarly, colorful Pierid butterflies create
exceptionally bright orange and red scales using high refractive index scale beads
containing pteridines that absorb short wavelength light (Wilts et al. 2017).

As we saw with more typical pigmentary and structural colors, the physical and
chemical bases of extreme animal colors are driven by environmental factors and
functional needs. These extreme colors, however, beget the need for more complex and
specific color production mechanisms, often employing a combination of pigments and
structural color to maximize or minimize reflectance. Interactions between pigments and
structural elements are relatively understudied. Extreme animal colors offer an excellent
system to explore these interactions and better understand the diversity of color

production mechanisms in animals.
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1.4 Summary of the work presented here

In this dissertation, I explore the pigmentary and structural basis of extreme
coloration in animals from across the tree of life. I begin this exploration by examining
the distribution and production of ultra-black coloration in butterflies (Chapter 2).
Many species of butterflies have brightly colored patches on their wings that are
hypothesized to be used for sexual signaling, similar to birds of paradise and jumping
spiders (Kemp 2007; Kemp and Rutowski 2011; Medina et al. 2020). Sexual signaling
with brightly colored patches is benefited by increasing contrast between the colored
patches and their immediate background. The benefit of increased contrast may be
especially important when signaling in bright habitats such as sunlight gaps in forests
and open fields, where several species of butterflies are known to inhabit. Given the
presumed benefits of increased contrast to butterfly color signals, I predicted that some
butterflies may have evolved exceptionally black scales surrounding these signals, like
we see in other colorful taxa (McCoy et al. 2018; McCoy et al. 2019). To investigate this
hypothesis, I first quantified reflectance from four species of dark brown butterflies and
twelve species of ultra-black butterflies from four subfamilies: Papilioninae, Biblidinae,
Heliconinae, and Danainae. Then, I used scanning electron microscopy (SEM) to
compare the scale structure in dark brown and ultra-black butterflies to identify any
differences that may explain the increased absorption found in ultra-black species. After

identifying the potential structures involved in reducing reflectance, I used finite-
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difference time-domain (FDTD) modeling to model the contribution of different scale
features on reflectance, as well as determine the effect of varying the refractive index or
strength of absorption of the scales. I found that, although the size and shape of the scale
holes vary greatly across species, robust trabeculae and steep ridges are found in all
ultra-black species. My modeling shows that the larger trabeculae and ridges combined
to create a highly scattering structure with an embedded pigment that, in turn, produces
very low reflectance. Here, we see a similar combination of pigment combined with a
structural component to what was found in birds and spiders.

After investigating the basis of ultra-black coloration that increases the contrast
of butterfly color patches, I turned to a different system - deep-sea fishes (Chapter 3).
Many deep-sea fishes exist in a world where the primary source of light is
bioluminescence and there are no structures to hide behind. In a deep-sea environment,
reflecting just a small fraction of the bioluminescent light available can reveal a fish to
predators (Johnsen 2003). I predicted that, to overcome this environmental obstacle,
deep-sea fishes may have evolved ultra-black skin or scales to camouflage themselves
against the surrounding black abyss. To test this hypothesis, I collected sixteen species of
deep-sea fish from seven orders and measured their reflectance. Then, I used SEM and
transmission electron microscopy (TEM) to identify the structure responsible for
producing low reflectance. Finally, I used FDTD modeling, similar to the work in

Chapter 2, to test whether the structures found in deep-sea fish skin were optimized to
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minimize reflectance. I found a continuous layer of ellipsoidal melanosomes in the skin
of all 16 species of fish that had a reflectance < 0.5%. FDTD modeling demonstrated that
the melanosomes were the optimal size and shape to scatter light within the
melanosome layer, preventing reflection or transmission and increasing the chance of
any particular photon being absorbed. As we have seen in butterflies, combining
multiple scattering with melanin is the primary principle underlying extremely low
reflectance regardless of taxa or function. What is unique about the structure observed in
deep-sea fishes, though, is that they are the only group of ultra-black animals where
melanin itself is both the pigment and structural element.

To extend the work from Chapters 2 and 3 to compare the underlying principles
of ultra-black coloration to those of other extreme colors, I investigated the brilliantly
white antennae of the cleaner shrimp Ancylomenes pedersoni and Lysmata amboinensis.
Cleaner shrimp engage in a mutualistic relationship with reef fishes, where cleaner
shrimp remove dead skin and ectoparasites from the fish, that they then eat. As a part of
this interaction, several species of cleaner shrimp signal to client fish by whipping their
white antennae back and forth (Caves et al. 2018). White is one of the few colors that has
a constant appearance regardless of water type or depth, making it an effective signaling
color in aquatic habitats. The challenge for cleaner shrimp is that they are small animals
signaling in a complex environment (coral reefs). I predicted that, in order to be more

detectable to client fish cleaner shrimp may have evolved structures in their antennae to

17



increase reflectance. To test this prediction, I began by measuring the reflectance of
cleaner shrimp antennae. Then, I used SEM to identify a continuous layer of nano-scale
spherical particles in the antennae, similar to what I observed in the skin of deep-sea
fishes. Finally, I again used FDTD methods to model layers of spherical nanoparticles
with a range of refractive indices and sizes. I found the nanospheres in the antennae of
A. pedersoni and L. amboinensis are the optimal size to maximize reflectance, and that they
can increase reflectance by as much as 19-fold. Despite being bright white instead of
black, cleaner shrimp antennae have a very similar nanostructure to what was found in
deep-sea fishes. Here, instead of a highly scattering aggregation of pigmented
nanoparticles that create low reflectance, the same nanostructure composed of non-
absorbing nanoparticles creates high reflectance.

As I have illustrated throughout this section, an animal’s environment and
functional considerations determine the mechanisms through which animals create color
patterns. When the environment or function of color necessitate the production of
patterns with very low or very high reflectance, we find those colors are most often
created through a combination of a pigment and a complex structure. Indeed, the work I
present in this dissertation supports this notion. Furthermore, in the following sections I
also outline a new variation of this mechanism where pigments alone produce a highly

scattering nanostructure. Continuing to study the physical basis of extreme coloration
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will further our understanding of color production in animals and potentially reveal

novel combinations of pigments and structural elements.
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2. Diverse nanostructures underlie thin ultra-black
scales in butterflies

This chapter has been published in full as:
AL Davis, HF Nijhout, and S Johnsen. (2020) Diverse nanostructures underlie

thin ultra-black scales in butterflies. Nature Communications 11, 1294.

2.1 Introduction

Ultra-black materials, those with both exceptionally low reflectance and high
absorbance, have the potential to increase photovoltaic cell efficiency, improve stray
light capture in telescopes, and inform the design of infrared or radar camouflage,
among other applications (Liu et al. 2014; Yan et al. 2016; Jiang et al. 2018; Luo et al.
2018). Currently, most synthetic ultra-black materials are made from nano-patterned
metals or carbon nanotubes (Brown et al. 2002; Mizuno et al. 2009). In both materials
specular reflection is reduced by nano-scale surface roughness caused by either acid
etching in the case of nickel-phosphorous alloys or nanotube deposition in carbon
arrays. Light that is not reflected from the surface is scattered within the material until it
is absorbed. The blackest of these synthetic ultra-black materials (Vantablack) is made
from a sparse array of vertically aligned carbon nanotubes (Mizuno et al. 2009). The
nanotubes, however, must be fabricated at high temperatures and are extremely
susceptible to abrasion and other forms of damage, making them unsuitable for many
uses. Naturally occurring ultra-black materials may offer insight into more robust

absorbers for future replication.
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Recently, it has been shown that several animals have evolved micro- or
nanostructures that reflect as little as 0.05% of visible light, even at normal incidence
(Vukusic et al. 2004; Han et al. 2015; Siddique et al. 2017; McCoy et al. 2018; McCoy et al.
2019). Several species of birds of paradise have evolved complex barbule
microstructures that increase light scattering and, consequently, the number of
opportunities for light absorption by melanin embedded within the feather (McCoy et
al. 2018). Similarly, certain peacock jumping spiders have evolved a cuticular micro-lens
array that limits surface reflection with multiple scattering between adjacent lenses and
allows the light to pass further into the cuticle where it is absorbed (McCoy et al. 2019).
Lastly, certain papilionid butterflies produce ultra-black wing patches with two layers of
thin (~ 2.5 um), overlapping scales that have an upper lamina patterned with a quasi-
honeycomb structure made of crossribs connecting ridges (Vukusic et al. 2004; Siddique
et al. 2017). Butterflies, in particular, offer a versatile study system for investigating
natural ultra-black surfaces because: (i) their scales have evolved a number of optical
specializations including multilayer reflectors and thin films (Ingram and Parker 2008),
(ii) the scales are several times thinner than other naturally occurring ultra-black
materials or synthetic alternatives, and (iii) butterfly scales are under constraint to be
both light and robust for use in flight.

Previous studies have demonstrated the nano-holes in the upper lamina of

papilionid butterfly scales allow light to enter the interior of the scale where it is
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absorbed by melanin that is bound to chitin in the cuticle (Vukusic et al. 2004; Zhou et al.
2011; Siddique et al. 2017). Additionally, slabs patterned with holes approximating the
size of those in the butterflies (240 nm) have been shown to increase light absorption
when compared to an un-patterned slab (Siddique et al. 2017). The role of the steep
periodic ridges that border these nano-holes is less certain. One modeling effort
supports an important role for the ridges in increasing absorption by channeling light
into the holes (Zhou et al. 2011), while another found they have an insignificant effect on
broadband absorption - particularly in the visible range (Siddique et al. 2017). These
studies provide a foundation for evaluating how the structure of butterfly scales
enhances light absorption, however, they are restricted to the family Papilionidae, they
do not examine the differences between regular and ultra-black scales, and they consider
absorption instead of reflectance (the latter of which is more relevant in biological
contexts such as signaling or camouflage).

Here we use spectrophotometry, scanning electron microscopy, and finite-
difference time-domain modeling to investigate the nanostructure underlying ultra-
black wing patches in butterflies from four subfamilies to derive general design
principles of natural ultra-black materials. We find that, despite considerable variation
in the size and shape of the nano-holes, all ultra-black scales have steep ridges and
trabeculae that are substantially deeper and wider than those found in regular black or

brown scales. We confirmed with optical modeling that these two structural elements
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are the key components in producing low reflectance, and that removing either of them
drastically increases the reflectance by over an order of magnitude. Given that these
structural changes increase the surface area for absorption, we conclude that butterflies
operate under the same design principles as synthetic ultra-black materials — high
surface roughness and a large area for absorption. We also hypothesize that because the
ultra-black patches always border colored, white, or bright iridescent patches (i.e., there
are no known butterflies that are entirely ultra-black) that they are used to increase the
perceived brightness and saturation of colors used in aposematic or intraspecific

displays.

2.2 Methods
2.2.1 Specimen Acquisition

Five species of ultra-black papilionid buttertlies (Trogonoptera brookiana male,
Papilio bangui, P. iphidamus, P. oribaeus, and Troides helena), one regular black papilionid
specimen (Trogonoptera brookiana female) and seven species of nymphalid butterflies
(Euploea dufresne, Euploea klugi, Euploea midamus, Heliconius doris, Heliconius wallacei,
Catonephele antinoe, and Eunica chlorocroa) were obtained from Fred Nijhout's collection
at Duke University. The remaining specimens (C. numilia male and female, Heliconius
ismenius) were acquired from the North Carolina Museum of Life and Science (Durham,
NC, USA). All specimens were kept mounted in wooden insect boxes with naphthalene

to prevent decay between spectrophotometer measurements and electron microscopy.
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Every specimen was chosen for minimal wear, as missing scales create small reflective
spots on the wing. Because we were interested in the structural components underlying
low reflectance, and not variation within a particular species, we chose one specimen per
species.
2.2.2 Reflectance measurements

Spectral reflectance from the butterfly wings was measure using a multi-channel
spectroradiometer (R400-7 Ocean Optics Inc., Dunedin, FL, USA) coupled with a Xenon
UV-VIS light source (PX-2 Ocean Optics) and fiber-optic back-reflectance probe
(USB2000). All measurements were taken at 90° relative to the plane of the wing to
capture the maximum specular reflectance and thus provide a conservative estimate of
how black a material is. The measurements from 3-5 locations on the wing were
averaged for each species. During measurements, the wings were placed on a
Spectralon™ block with 2% diffuse reflectance (Labsphere, North Sutton, NH, USA).
Reflectance measurements were calibrated with the same 2% reflectance standard
instead of a typical 99% reflectance standard. We used the black standard as opposed to
a typical white standard because the reflectance of the wings was so low that the signal

to noise ratio was small when calibrating with a white standard.

2.2.3 Characterization of wing scales

Small sections from the wings of the ultra-black butterflies Trogonoptera brookiana

(male), Catonephele antinoe, Catonephele numilia (male), Heliconius doris, Napeocles jucunda,
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Eunica chlorocroa, and Euploea dufresne, Euploea klugi, were mounted on aluminum SEM
stubs with copper tape and sputter coated with ~7.5nm of gold (Denton Desk V; Denton
Vacuum LLC, Moorestown, NJ, USA). Sections from regular black and dark brown
butterflies Trogonoptera brookiana (female), C. numilia (female), H. ismenius, and Euploea
midamus were mounted and coated using a similar protocol. We imaged the scales using
an Apreo S scanning electron microscope (ThermoFisher Scientific, Waltham, MA, USA)

at accelerating voltages of 1-5kV and magnifications of 512x — 100,000x.

2.2 4 Finite-difference time-domain modeling

Three-dimensional simulations of the reflectance and transmittance of ultra-black
butterfly scales were performed with a Python implementation of the freely available
software package MIT Electromagnetic Equation Propagation (MEEP) (Oskooi et al.
2010). MEEP implements the finite-difference time-domain (FDTD) modeling in which
differential forms of Maxwell’s equations are solved on a discrete grid and
electromagnetic fields are evolved in time, step-by-step. We first verified our model by
simulating the reflectance of a clear and an absorbing slab. All simulations were
performed with a unit cell geometry and periodic boundary conditions in the z- and y-
directions with perfectly matched layer (PML) absorbers in the x-direction (schematic of
the unit cell: Appendix A - Figure 17). The source was a Gaussian pulsed plane wave
traveling in the x-direction with a central frequency corresponding to a wavelength of

360nm and covering the range 200-2000nm. The linear resolution was set to 20nm to
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allow for at least 10 sampling points per wavelength. All calculations were performed in
the far field (> 4 wavelengths from the scale).

We created a custom geometry that consisted of one hole through the upper
lamina, the crossribs, half of each scale ridge, and a lower lamina, that represented the
unit cell of an ultra-black butterfly scale. We considered the standard unit cell to have a
500x300nm hole, 600nm ridges, and 1200nm spacing between the upper and lower
lamina (values derived from C. antinoe, the blackest butterfly considered here). The
standard cell was simulated with a complex refractive index of 1.56n + 0.06i, the
reported value for a black Morpho ground scale (Vukusic et al. 1999). We used a fixed
value for the refractive index because the exact dispersion of ultra-black scales is
currently unknown, and the models are intended to identify important geometric
features, not to exactly recreate the reflectance of a butterfly scale. Melanin was assumed
to be evenly distributed throughout the structure as it appears to be in other ultra-black
butterflies (Vukusic et al. 2004).

To determine the effects of specific structural features on the blackness of the
scale, we systematically removed parts of the structure and repeated the simulation
performed for the standard cell. Because some modifications reduce reflectance (R) but
greatly increase transmission (T), which ultimately will be reflected back by the wing
substrate or another scale, we compared the reflectance from two scales backed by a

perfect reflector. This can be approximated by the expression R + R(T?) + T*(this

26



expression was also used to calculate the values seen in Figs. 3 and 4). The structural
modifications with the greatest effect on reflectance: removing the robust trabeculae,
removing the scale ridges, and removing the lower lamina, are included here. All results
reported in Fig. 3 are the result of averaging five simulations where the unit cell size is
varied from 95% of the size of the original model to 105% of the size of the original
model. This was done to eliminate any wavelength-specific resonant effects that may
occur from having a perfectly periodic structure that does not reflect a real biological
material.

As a means of decoupling the effect of the structure’s effect on absorption from
the direct absorption of the material making up the ridges or trabeculae, we simulated
two additional sets of scales with either transparent ridges or transparent trabeculae. We
did this by keeping the real part of the refractive index the same as the rest of the scale
and setting the imaginary part to zero just for the component of interest.

To investigate whether the specific optical properties of melanin — high real and
imaginary parts of the refractive index — are necessary to make this structure function,
we decoupled the real and imaginary parts of the refractive index. We simulated the
reflectance of scales with 99 unique combinations of real (1) and imaginary (k) parts at
550nm (a relevant wavelength of light in forest light that has been filtered by a canopy).
We simulated n = 1.33, 1.38, 1.44, 1.50, 1.56, 1.62, 1.68, 1.74, 1.80 each with the following

values for imaginary part of the refractive index: k = 0.0, 0.015, 0.03, 0.045, 0.06, 0.075,
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0.09, 0.12, 0.15, 0.18, 0.20. The reflection from two wings backed by a reflector was

plotted as a contour plot in Matlab using linear interpolation (Figure 4).

2.3 Results
2.3.1 Wing reflectance spectra

To explore the potential diversity of nanostructures underlying ultra-black color
in butterflies, we first selected ten butterfly species visually assessed to be exceptionally
black that represent four subfamilies: Papilioninae, Biblidinae, Danainae, and
Heliconinae (n = 10 species; Appendix A - Table 1). We also chose brown or less black
butterflies from four genera that contain ultra-black species to serve as controls (n = 4;
Appendix A - Table 1). All of the ultra-black butterflies measured here had reflectances
between 0.06% and 0.4% at 500 nm under perpendicular incident illumination (Figure 1)
(approximately the wavelength of minimum reflectance for all species), approaching
those of synthetic ultra-black materials like Vantablack (Surrey Nanosystems, New
Haven, UK) and surpassing the darkest naturally occurring materials (ultra-black
plumage of birds of paradise) when measured under the same geometry (Unpublished

data). Control butterflies had reflectance values between 1% and 3%.
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Figure 1: Reflectance of ultra-black and control butterflies. Reflectance (+/- 1
SE; n = 3-5) from 11 ultra-black butterflies from five subfamilies. Note the logarithmic
scale for reflectance (y-axis).

2.3.2 Scale nanostructure

Ultra-black materials depend ultimately on an absorbing pigment embedded in a
complex ultrastructure. We first characterized the scale structure of 11 butterflies (seven
ultra-black, four control) using scanning-electron microscopy (SEM). All of the
butterflies possessed scales with an upper lamina perforated by quasi-periodic holes
(Fig. 2). There was considerable variation in the shape and size of the holes, with
chevron-shaped holes in Eunica chlorocroa, 500 x 330 nm rectangular holes in Catonephele
antinoe, Catonephele numilia, and Heliconius doris, and 750 x 500 nm rectangular holes in

Euploea dufresne and Euploea klugi (Fig. 2, Appendix A — Figure 14). Notably, none of the
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nymphalid butterflies (those in the subfamilies Biblidinae, Danainae, and Heliconinae)
had a honeycomb structure analogous to the one found in papilionids. The lack of a
honeycomb structure, coupled with the variation in the size and shape of the holes,
suggest that ultra-blackness in butterflies is not dependent on a particular hole shape or
size, although some of the intra-individual variation in hole shape likely helps increase
absorption at non-normal incidence angles (Zhao et al. 2011; Wang et al. 2014).

Two structural features, steep longitudinal ridges and robust trabeculae
connecting the upper and lower laminae, were consistently found in all of the ultra-
black specimens. Control butterflies had larger holes and either lacked or showed
significantly reduced trabeculae (Appendix A — Figures 14 and 15). The presence of the
ridges and large trabeculae in evolutionarily distant ultra-black butterflies, and the lack
of robust trabeculae in control butterflies, suggests both of these features are important
for producing low reflectance. Remarkably, all of the butterflies that possessed these
features retained their black color when coated with gold for SEM while those that did

not became reflective (Appendix A — Figure 16).
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Figure 2: Ultra-black butterfly scales are widespread and morphologically
diverse. A sub-family level phylogeny of butterflies adapted from (Espeland et al.
2018) showing the distribution of ultra-black coloration and SEMs of the underlying
nanostructures. Note the variation in hole shape including honeycombs (A), large and
small rectangles (C-F), and chevron-shaped holes (B).

2.3.3 Finite-difference time-domain modeling

After identifying the geometrical components common to all ultra-black
butterflies among our sampled species, we determined their relative contribution to
reflectance reduction. Because a scale could have low reflectance and be transparent
(e.g., moth-eye structure) instead of black like the butterfly wings, we calculated the

reflectance of two overlapping scales backed by 100% white surface to determine a
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measure of blackness. We used the finite-difference time-domain (FDTD)'® method to
simulate the reflectance of a structure with rectangular 500 x 330 nm holes, the
dimensions of the blackest butterfly we measured, C. antinoe (model parameters
Appendix A - Table 2; for schematic see Appendix A — Figure 17). We then ran the same
simulation with the ridges, trabeculae, or basal lamina removed. The full butterfly scale
model had a reflectance between 0.4 — 1.0% across the visible part of the spectrum (Fig.
3). This was 14 — 40 times lower than the simulated reflectance of two flat overlapping
slabs on a 100% white background made from the same volume of absorbing material.
Removing either the ridges or inner structure resulted in a three- to sixteen-fold increase
in reflectance and removing both increases reflectance by seven- to twenty-eight-fold. In
contrast, removing the same volume of the absorbing material from a flat block only
increases the reflectance by at most two-fold (Fig. S5). Changes in reflectance after
removing the basal lamina were marginal. The increase in reflectance when removing
the trabeculae or ridges is consistent with the hypothesis that these are key structural

components for making an ultra-black structure.
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Figure 3: Removing conserved structural elements increases reflectance three-
to sixteen-fold. Reflectance of two overlapping scales backed by a 100% reflecting
white surface simulated with the finite-difference time-domain method (unit cell for
each simulation is shown). Included is the full-scale model (blue), scales with
trabeculae removed (red), with the ridges removed (yellow), with the basal lamina
removed (purple), both ridges and trabeculae remove (brown), and a rectangular
block made of the same volume of absorbing material as the full scale (green). Full
scales reflect 2.5% - 10% of the light reflected from a rectangular block of absorbing
material. Removing the robust trabeculae or ridges increases reflectance 3- to 16-fold,
while the lamina has little effect on reflectance. Curves are made by averaging five
simulation runs with unit cell sizes spanning +/- 5% of the standard cell.

To decouple the relative contributions of the structure to reflectance from the
absorbing properties of the scale material, we simulated butterfly scales with either
transparent ridges or transparent trabeculae while holding the real part of the refractive
index constant. We found that the structure of the ridges alone decreases reflectance

between 14 and 58% compared to a scale that has no ridges at all, and the structure of
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the trabeculae decreases reflectance between 5% and 70% compared to a scale that lacks
them (Fig. 4). That is to say, these structural features alone significantly reduce
reflectance, even when they do not directly contribute to absorption. It should also be
noted that the reduction in reflection is more prominent in the visible range, indicating

specialization for absorbing visible light.
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Figure 4: Decoupling the effects of structure and absorption on scale
reflectance.(Left) Comparing simulations of scales with the trabeculae removed
versus scales with non-absorbing trabeculae. Adding non-absorbing trabeculae to a
scale that has none decreased reflectance between 5-70% in the visible range (350-
700nm). (Right) Comparing simulations of scales with the ridges removed versus
scales with non-absorbing ridges. Non-absorbing ridges contribute a reduction in
reflectance between 14-58% in the visible range. For both the ridges and trabeculae,
the structure contributes more to reduced reflectance in the visible range.
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After characterizing the underlying structure, we next examined the absorbing
pigment, melanin, to test whether its specific optical properties are critical in creating an
ultra-black scale. Melanin has an unusually high real (1) and imaginary (k) refractive
index for a biological material (Stavenga et al. 2015). Using the morphological
parameters and configuration as described above, we simulated the reflectance at 550
nm using 99 unique combinations of real and imaginary parts of the refractive index. We
varied the real part of the refractive index from n =1.33 (water) to n = 1.8 (melanin) and
varied the imaginary part from k = 0.0 (no absorption) to k = 0.20 (Fig. 5). With no
absorption, the reflectance from two scales overlaying a white background approaches
100%, but this decreases to 1% with k = 0.06 (the imaginary part of the refractive index of
a black Morpho didius ground scale) (Vukusic et al. 1999). The effect of the real refractive
index is dominated by that of the imaginary refractive index until k > 0.06. For a scale
with a high imaginary part (k > 0.10) the pattern reverses, and a high real part is
primarily responsible for increases in reflectance. For example, when k = 0.15, the
reflectance when 1 = 1.33 is 88% lower than when n =1.8. When 0.06 <k <0.10, the
reflectance depends on both components of the refractive index. This suggests that
melanin’s particular optical properties (high real and imaginary components of the
refractive index) are not necessary to make ultra-black butterfly scales, only a strongly
absorbing material — ideally one with a real part of the refractive index lower than that

of melanin.
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Figure 5: Reflectance is primarily driven by the imaginary part of the refractive
index. Contour plot of the simulated reflectance at 500nm from scales with 99 unique
combinations of the real and imaginary parts of the refractive index. Reflectance is
considered to be the reflectance from two overlapping scales backed by a 100%
reflective white surface. Real part of the refractive index varies from water (n=1.33) to
melanin (n=1.8), and the imaginary part varies from k=0.0 (no absorption) to k=0.20.

Color indicates reflectance.

2.4 Discussion

Our results demonstrate that butterflies have convergently evolved
nanostructures that reflect as little as 0.06% of incident light at 90° incidence.
Consistently, ultra-black butterflies have substantially larger trabeculae between the
upper and lower scale lamina that increase the surface area for absorption by cuticular

melanin. Both the ridges and trabeculae increase the absorption of the entire scale with
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their structure alone, even excluding the absorption of the individual component. This is
consistent with a growing body of literature supporting sparse packing, high surface
area, and strong absorption as the general design principles of natural ultra-black
materials like bird of paradise feathers (McCoy et al. 2018) or synthetic ones such as
carbon nanotube arrays (Brown et al. 2002; Mizuno et al. 2009). Interestingly, in the
butterflies, these principles are being applied in a layer that is only 1/5* the thickness of
synthetic or other natural materials.

Similar to other work, we find that the nano-holes are crucial for reducing
reflection by absorbing light that is channeled into the holes (Zhao et al. 2011; Han et al.
2015; Siddique et al. 2017). However, previous modeling of ultra-black butterfly scales
has only included the ridges, holes, and upper and lower lamina of the scale, neglecting
the trabeculae (Zhao et al. 2011). The trabeculae were found here to be the major
structural difference between regular and ultra-black butterfly scales, and they
contribute to much of the increase in absorption in our model. In addition, unlike prior
work that found the ridges have an insignificant effect on broadband absorption
(Siddique et al. 2017), we found support for a substantial role of the periodic ridges in
reducing reflection that is on par with that of the trabeculae. These differences in the role
of the ridges, however, may be the result of differences in scale geometry. Papilionid
butterflies have two rows of quasi-periodic holes between ridges that increases the

spacing between ridges to greater than 1 pm which may reduce the contribution of the
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ridges to absorption. Nymphalid butterflies, by contrast, typically have a ridge spacing
within the wavelength range of visible light. Additionally, the diversity of hole shapes
(chevrons, rectangles, and quasi-honeycombs) and sizes (ranging from 350 nm — 750 nm)
suggest that enhanced absorption from resonance effects when the hole radius (1)
wavelength (1) may be either less important or a more flexible criterion than previously
hypothesized (Zhao et al. 2011).

It is uncertain what evolutionary pressures have led to ultra-black coloration in
butterflies. However, many of the species here display in open, sunny locations where a
more reflective black material would produce significant specular reflections that would
decrease the contrast of colored patches used in inter- and intraspecific signaling (Kemp
and Rutowski 2011). Indeed, black color is sexually dimorphic in Trogonoptera and
Catonephele with males displaying ultra-black patches and females displaying a black
with a higher reflectance (Parsons 1996; Muyshondt 1973). Ultra-black wing patches
frequently border brightly colored areas, as is found in in other ultra-black animals
(McCoy et al. 2018; McCoy et al. 2019), and our findings are consistent with the
hypothesis that butterflies use these ultra-black patches to enhance the contrast of those
colors in a signaling context (Vukusic et al. 2004).

Further research is needed to understand the biological function of ultra-black
scales in inter- and intraspecific interactions as well as evaluate the suitability of

butterfly scales for replication as a synthetic ultra-black material. Despite having a
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slightly higher reflectance than carbon nanotube alternatives, butterfly scales offer two
key advantages for replication: they are thinner than known alternatives and they can be
fabricated at lower temperatures via plasma-enhanced chemical vapor deposition
(Siddique et al. 2017) instead of being grown from carbon nanotubes. These findings
have important implications for the design of optical instrumentation, photovoltaic cells,

and, if scaled up in size, radar absorbing materials.
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3. Ultra-black camouflage in deep-sea fishes

This chapter has been adapted from:
AL Davis, KN Thomas, FE Goetz, BH Robison, S Johnsen, KJ Osborn (2020).

Ultra-black camouflage in deep-sea fishes. Current Biology, 30(17), 3470-3476

3.1 Introduction

Open-ocean animals exhibit several strategies for hiding from visual predators:
among them are mirrored surfaces, transparency, counterillumination, and
pigmentation (Johnsen 2014). Transparency and mirror-based camouflage are most
effective under diffuse ambient lighting and are thus more common in near-surface
waters (McFall-Ngai 1990; Johnsen 2005). Counterillumination operates by replacing the
downwelling light blocked by the body from viewers below with light emitted by banks
of ventral photophores (Herring 1977; Young et al. 1980; Widder 1999; Haddock et al.
2010) but does not protect organisms from predators viewing laterally or from above.
Pigmentation is common in pelagic animals at all depths, however, in the mesopelagic
and bathypelagic realms, where there is little solar illumination and organisms must
contend with light from bioluminescent sources, pigmentation may be a particularly
effective camouflage strategy (Young 1983; Johnsen 2005; Haddock et al. 2010; Widder
2010; Martini and Haddock 2017). In the darkness of the lower mesopelagic and
bathypelagic zones, reflecting even a small percentage of bioluminescence may reveal an

animal to visual predators or potential prey. Mirrored surfaces and white animals reflect
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>50% of light, while transparent animals reflect > 0.4%, potentially enough to allow
detection where vision is often tuned to detect just a few photons (Johnsen 2001; Johnsen
2003; Zylinski and Johnsen 2011). Because of the predicted ineffectiveness of these other
camouflage methods against bioluminescence, we hypothesized that selective pressure
to limit reflected light would lead to the evolution of pigmented body surfaces with
near-zero reflectance in deep-sea animals. Here, we focus on deep-sea fishes, which are
often black, instead of deep-sea invertebrates which are typically red but appear black
due to the lack of red light in the deep-sea (Johnsen 2005), because black surfaces have

the potential to inspire the design of synthetic ultra-black materials.

3.2 Methods
3.2.1 Sample collection

We focused our sampling efforts on mesopelagic and bathypelagic fishes that
typically occupy depths where ambient sunlight levels are below the thresholds of
vision. Specimens for histology were collected on multiple R/V Western Flyer research
cruises from April 2014 to June 2018 and one research cruise on the R/V Point Sur in the
Gulf of Mexico in June 2019. In total, we measured reflectance of 39 meso- and
bathypelagic fish specimens from 18 species on two research cruises, the first in the
Monterey Bay, CA (R/V Western Flyer) and the second in the Gulf of Mexico (R/V Point
Sur) (Gulf of Mexico: 8-22 June 2019, Lat: ~27.5°N Long: ~87°W; Monterey Bay: 21-26

June 2018, Lat: ~36.7°N Long: ~122°W; Appendix B - Table 3). Specimens were collected
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via Tucker trawl between Om and 2000m (Childress et al. 1978) or with the remotely
operated vehicle Doc Ricketts. Most specimens were dead or moribund, but, immediately
after collection, specimens were placed in chilled seawater (4-6°C) to minimize tissue
degradation until reflectance measurements. Measurements were taken within one hour

of specimen recovery. Tissue samples were taken following reflectance measurements.

3.2.2 Reflectance measurements

Many deep-sea, pelagic fishes have delicate skin, which makes damage from the
trawl net common. We chose specimens for our reflectance measurements that had
either fully intact skin or large areas of intact skin with minimal visible damage. It is
possible that there was damage to the epidermis of our specimens from the net,
however, given how thin the epidermis is and that it is generally transparent in fishes, it
is likely that any error caused by this damage would act to increase our measured
reflectance (therefore providing an underestimate of how black these fishes are). This
damage to the epidermis may also have prevented us from evaluating the presence of
other modifications to tissue ultrastructure that could minimize surface reflection (i.e.,
antireflection coatings that have been found in some deep-sea amphipods (Bagge et al.
2016)). Spectral reflectance was measured from freshly caught fish in seawater using a
multi-channel spectroradiometer (USB2000 Ocean Optics Inc., Dunedin, FL, USA)
coupled with a Xenon UV-VIS light source (PX-2 Ocean Optics) and fiber-optic back-

reflectance probe (R400-7 Ocean Optics) run through OceanView acquisition software
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(v.1.6.7). We took measurements at 90° relative to the plane of the skin. The skin
reflectance was measured from 3-6 locations per specimen depending on the amount of
undamaged skin and the size of the fish (the number of measurements per species can
be found in Appendix B - Table 3). Following Davis et al. (2020), all measurements were
calibrated to a Spectralon™ block with 2% diffuse reflectance (Labsphere, North Sutton,
NH, USA) and then divided by 50 to get the reflectance relative to a 100% white
standard. We report the median reflectance across all measurements for a species, as
opposed to average reflectance from these measurements, because the reflectance values
are so small that just a single relatively high reflectance measurement (from a slightly
damaged area of skin, for example) can skew the average reflectance (for individual

reflectance spectra see Appendix B — Figure 19).

3.2.3 Histological analysis

We performed histology on samples of skin from 15 species of fishes from eight
distantly related orders (Appendix B — Table 3). Specimens were prepared in two labs
with similar but varying protocols. Differences in specimen preparation are not likely to
substantially affect the results because melanosomes are structurally robust. Below are
the methods pertaining to each species. Oneirodes sp. (Figure 7A, Appendix B — Figure
20E), Photostomias guernei (Appendix B - Figure 20M), Bassozetus compressus, Echiostoma
barbatum (juvenile, Appendix B - Figure 20K-L), Eurypharynx pelecanoides (Appendix B -

Figure 20A), Eustomias schmidti, Lampadena luminosa, and Pseudoscopelus sp. were
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prepared as follows. Small sections of skin were placed in 2.5% glutaraldehyde buffered
with seawater for light microscopy and scanning and transmission electron microscopy
(SEM and TEM, respectively). For TEM, small pieces of skin were cut using a razor
blade, washed with 1x phosphate-buffered saline (PBS), post-fixed with 1% osmium
tetroxide (OsOs), then stained with 0.5% uranyl acetate. Following staining, the samples
were placed in 30% ethanol and dehydrated to 100% ethanol in a stepwise fashion. Once
the samples were fully dehydrated, they were embedded in Spurr’s resin (Spurr 1969),
sectioned using a diamond knife on a Leica Ultracut microtome (Leica, Wetzlar,
Germany), and collected on copper TEM grids. The grids were then imaged at the Duke
Shared Materials and Instrumentation Facility on an FEI Tecnai G?> Twin transmission
electron microscope (ThermoFisher Scientific, Waltham, MA, USA) at magnifications
between 1700x — 19000x. Samples for SEM were dehydrated in the same process as TEM
samples, then dried using a LADD CPD3 critical point dryer (Ladd Research Industries,
Williston, VT, USA) to preserve tissue ultrastructure. Specimens were then mounted on
aluminum SEM stubs using copper tape and sputter coated with ~7nm of gold (Denton
Desk V; Denton Vacuum LLC, Moorestown, NJ, USA). The samples were imaged using
an Apreo S scanning electron microscope (ThermoFisher Scientific, Waltham, MA, USA)
at the Duke Shared Materials and Instrumentation Facility with an acceleration voltage
of 1kV and magnifications between 1200x — 6500x. Finally, slides for light-level histology

were generated by taking thin sections in the same manner as TEM and staining them
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with Toluidine blue, mounting them with coverslips, and imaging them on a Zeiss
Axiocam HRc digital camera on a Zeiss Axiophot microscope (Zeiss, Oberkochen,
Germany).

Anoplogaster cornuta, Cetominus sp., Cyclothone sp. (Appendix B - Figure 201-]),
Idiacanthus antrostomus (Figure 7B-F, Appendix B — Figure 20N-Q), Lampanyctus sp.
(Appendix B - Figure 20F-G), Poromitra crassiceps (Appendix B - Figure 20B-D),
Sagamichthyes abei (Appendix B - Figure 20H), and Stomias sp. were prepared using the
following methods. Intact skin, typically the ventral surface or behind the pectoral fins,
was excised from specimens then fixed in either 2% cacodylate buffered glutaraldehyde
or 4% formaldehyde in seawater. Tissues for SEM were transferred to
hexamethyldisilazane through a dehydration series and dried overnight in a fume hood
before mounting and coating with gold-palladium for examination with a Zeiss EVO
MA 15 scanning electron microscope at the Smithsonian National Museum of Natural
History (NMNH) Scientific Imaging Lab. Tissues for light microscopy and TEM were
embedded Spurr’s Low-Viscosity resin (Spurr 1969) from Polysciences, Hardness A
prior to sectioning and staining. Thick sections for light microscopy and ultra-thin
sections for TEM were sectioned with the RMC MT6000 ultramicrotome, thick (1 pum)
with the Histo Jumbo diamond knife (Diatome, US) and ultra-thin (70 and 100 nm) with
a 45° diamond knife (DuPont Instruments). Thick sections were mounted either

unstained or stained with Richardson’s blue (Richardson et al. 1960) prior to imaging
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with an Olympus BX63F Compound Fluorescent Microscope (Olympus Corporation,
Tokyo, Japan) at the NMNH Scientific Imaging Lab. Ultrathin sections were collected on
copper grids and stained for TEM with 2 % uranyl acetate in 50 % ethanol and 0.4 % lead
citrate in basic water (1 sodium hydroxide pellet per 50 ml water). Grids were imaged
with the FEI Talos F200X TEM at George Washington University Nanofabrication and
Imaging Center.

We used SEM to analyze melanosome geometry. We were able to visualize the
melanosomes by imaging the side of the skin that was cut by the razor blade or in areas
where we had disrupted the epidermal basement membrane. We then used Fiji
(Schindelin et al. 2012) to measure the short and long axes of 40-100 individual
melanosomes per species to calculate the aspect ratio and sphere equivalent diameter
(SED). We also used Fiji for analysis of light microscopy images to measure the thickness
of the melanosome layer at 30 evenly spaced locations along one section of skin per
species. All calculations were done using R [version 3.6.2] via RStudio [version 1.2.5033]

(R Core Team 2014; RStudio Team 2015).

3.2.4 Comparing melanosome geometry to published values

In order to assess the possibility that melanosomes in deep-sea fishes are
specialized to produce low reflectance, we compared the geometric parameters
calculated here (SED and AR) to previously published data on melanosome geometry

from the skin of ectothermic vertebrates. We limited our comparison to ectothermic
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vertebrates because mammals and birds have changes in melanosome morphology
associated with metabolism (Li et al. 2014). Additionally, we only considered
melanosomes in the skin because melanosome geometry is known to vary by tissue type
(Rossi et al. 2019). In total, we assessed melanosome geometry in 50 species across
reptiles, amphibians, and fishes. Thirty-six species were drawn from Li et al. (2014), six
from Rossi et al. (2019), and the remaining eight were measured from published TEM
images of fish melanophores (Nakamura 1987; Obika and Meyer-Rochov 1990; Park
2002; Guo et al. 2007; Beeching et al. 2013; Failde et al. 2014; Djurdjevic et al. 2015).
Melanosome measurements were taken from TEM images using Fiji (Schindilen et 1.
2012). Because measurements from TEM images are biased towards small sizes, as the
plane through which the melanosome was cut is not known, we report the maximum

measured SED from available images and the corresponding aspect ratio, in Figure 8.

3.2.5 Optical Modeling

To assess the effect of melanosome geometry on reflectance, we performed three-
dimensional finite-difference time-domain (FDTD) simulations of random closed-packed
ellipsoids using the Lumerical FDTD solver version 2019b (Lumerical Inc., Vancouver,
BC, Canada)). In FDTD simulations, Maxwell’s equations are solved across a three-
dimensional grid with a user-specified resolution, and the electromagnetic waves
evolving iteratively through time. Random close-packed aggregations of ellipsoids

mimicking the arrangement seen in the dermis of deep-sea fishes were generated by
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modifying the Uniform Random Particle Distribution (URPD) structure in Lumerical to
include a term for the aspect ratio of the melanosome and specify random angles of
orientation in the x, y, and z-plane. Generally, the URPD structure generates an array of
non-overlapping objects until either the domain has been filled or the desired maximum
number of objects have been added. Then, the function repeats this process a specified
number of times to maximize the number of objects. In our case, the object was an
ellipsoid made of melanin and we set the number of iterations of the function to 2000.
The desired number of ellipsoids was set to be greater than the maximum number that
would fit in the domain to ensure close packing.

After modifying the URPD structure to generate ellipsoids of different aspect
ratios, we simulated 169 combinations of melanosome aspect ratio and sphere
equivalent diameter (SED) by varying the aspect ratio from 1.0 to 4.0 in increments of
0.25 and SED from 100nm to 3000nm (100nm intervals for SED < 1000nm and 500nm
intervals for SED >1000). For these simulations, we used a minimum mesh step of
0.25nm, a 5pum x 5um x 5um domain (except for SED = 100nm and 200nm which had the
same thickness as the other simulations but due to computational constraints had cross
sections of 1um x 1um and 2um x 2pm, respectively). All simulations had periodic
boundary conditions in the x and y directions, a plane wave source (400nm — 700nm)
propagating in the z direction, and a reflecting boundary condition backing the

melanosome layer to approximate reflective collagen and muscle tissue underneath the
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melanosomes. The real part of the refractive index of the melanosomes was set by the
Cauchy equation:
n(1) = A+ B/A?

We set A =1.648 and B =2.37 x 10* nm?, and the imaginary part of the refractive index
was fitted with the exponential:

k(1) = 0.56e~*/270"™m [Stavenga et al. 2015; Figure 8]
The melanosomes were assumed to be embedded in a medium with a uniform refractive
index of n = 1.33, closely approximating those of seawater and cytoplasm (Johnsen and
Widder 1999).

To determine the effect of melanosome layer thickness on reflectance, we
performed 10 additional simulations varying the thickness of the domain from 1um to
10pm in 1um intervals. All 10 simulations were performed with 800nm melanosomes
that had an aspect ratio of 2.0 (approximately the combination that produced the lowest

reflectance in our model).

3.2.6 Sighting distance calculation

To calculate the benefit of reduced skin reflectance, we used the computational
sighting distance model from Ruxton and Johnsen (2016) to calculate relative sighting
distances of fishes with skin reflectance ranging from 0% to 2%. In this model the
sighting distance is proportional to the LambertW function of the square root of the

number of photons leaving the target (where the LambertW function is the inverse of y =
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xe¥). Because the fish is reflecting <2% of the photons from an already dim source (a
bioluminescent searchlight, flash, or glow), the LambertW is roughly linear, and the
relative sighting distance depends on the square root of the number of photons being
reflected back by the fish. Normalized values were used because the beam shape
emitted from the bioluminescence of deep-sea animals is unknown and it undoubtedly
varies from species to species. Without knowing the beam shape, it is not possible to
determine what percentage of emitted photons hit the prey fish and any absolute
sighting distance values are likely to be incorrect. We took the relative sighting distance
to be 1.0 at a reflectance of 2%, then fit a square root function that travels through the
origin and 1.0 at 2% to calculate relative sighting distance for reflectances between 0%

and 2% yielding the following function:

__ +/Reflectance
(T' - V2 )

3.2.7 Quantification and statistical analysis
3.2.7.1 Reflectance spectra

All reflectance spectra were imported into RStudio (RStudio Team 2015) and
then normalized to a calibration standard with 100% reflectance (all values were initially
recorded relative to a 2% reflectance standard). The reflectance at 480nm reported in

Figure 6 was calculated as the median reflectance at 480nm across all measurements for

50



a given species. We then fit a LOESS regression for each species in RStudio to the
median reflectance at every wavelength (Appendix B - Figure 19). The average
reflectance from 350-700nm for each species is reported as the area under the LOESS

curve divided by the wavelength range (350nm).

3.2.7.2 Melanosome geometry

We calculated the mean and median melanosome aspect ratio from between 40
and 100 individual melanosomes per species in RStudio (exact number of melanosomes
for each species can be found in Figure 8). All melanosome sizes are reported as the
melanosome sphere equivalent diameter (SED). For the purposes of calculating SED

melanosomes were treated as prolate ellipsoids and SED is given by the expression:

d;
72/3

Where diis the length of the long axis of the melanosome and r is the ratio of the long

axis to the short axis (Jennings and Parslow 1988).

3.2.7.3 FDTD simulations

FDTD simulations of reflectance from close-packed melanosomes yielded
reflectance values for wavelengths between 400-700nm. We then calculated the mean
reflectance from 400-700nm for every combination of melanosome aspect ratio and
sphere equivalent diameter (1 = 169 simulations). After calculating the average
reflectance for each simulation, we used LOESS regression to interpolate reflectance for

combinations of aspect ratio and SED within our simulated range (Figure 8A).
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3.3 Results
3.3.1 Reflectance of ultra-black fishes

To test for ultra-black coloration (average reflectance < 0.5% across the visible
spectrum) as opposed to black coloration (reflectance > 0.5%) in deep-sea fishes, we
collected specimens via Tucker trawl (Childress et al. 1978) on two research cruises, one
in the Gulf of Mexico and the other in Monterey Bay, CA. Fishes were kept in chilled
seawater (4-6°C) between capture and reflectance measurement. We used a back-
reflectance probe calibrated to a 2% diffuse reflectance standard to measure the
reflectance at perpendicular incidence from the blackest undamaged patches of skin. In
total, we measured the skin reflectance from 18 species of black fish representing seven
taxonomic orders (1 = 39 specimens total, Appendix B - 3, Appendix B - Figure 19). Of
these, 16 species exhibited reflectances less than 0.5% at 480nm (approximately the peak
wavelength of deep-sea ambient sunlight and most oceanic bioluminescence (Widder et
al. 1983)), and the remaining two species (Chauliodus macouni and Cyclothone acclinidens)
reflected less than 0.6% at 480nm (Figure 6). The mean reflectance across the visible
spectrum for each species ranged from 0.051% to 1.04%, with 14 species exhibiting
broadband reflectance <0.5%. This low reflectance puts deep-sea fishes on par with the
blackest known animals, with the species exhibiting the lowest reflectance measured
here (Oneirodes sp., 0.044% at 480nm, 0.051% average reflectance from 350-700nm)

surpassing the darkness of ultra-black butterflies (0.06% - 0.5% reflectance) and equaling
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the blackest birds of paradise (0.05% - 0.31% reflectance) (McCoy et al. 2018; McCoy et al.
2019; Davis et al. 2020). By comparison, man-made materials such as black paper reflect
~10% of incident light and the blackest synthetic materials, manufactured from vertically
aligned carbon nanotubes, reflects 0.045% of light (Mizuno et al. 2009).

Except for Cyclothone acclinidens, Chauliodus macouni, and Sigmops elongatus, we
found ultra-black skin covering most of the body, suggesting that it functions to reduce
reflection from bioluminescence (including the searchlights of predators and defensive
reactions of prey (Young 1983). Generally, the fishes studied here are intermediate in
size, therefore pressure to hide from both potential predators and prey could be
important forces driving the evolution of ultra-black skin. We also hypothesize that
ultra-black skin in ambush predators that use lures such as Oneirodes sp., Eustomias spp.,
and Astronesthes micropogon, serves to reduce reflection from their own bioluminescent
lures. In species such as S. elongatum and C. macouni, ultra-black skin is found above and
below a mirrored stripe running the length of the body, suggesting that for areas of the
body with high curvature where mirror-based camouflage may be less effective, ultra-
black may provide a substitute. Finally, ultra-black skin is found only around the gut in
species like C. acclinidens and may be used to conceal light emitted from recently
consumed bioluminescent prey (Robison et al. 1977; Ruby and Morin 1979; Haddock et

al. 2010).
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Figure 6: Phylogenetic distribution and reflectance of ultra-black, deep-sea
fishes. (A) Order-level phylogeny of Actinopterygii from TimeTree (Kumar et al.
2017) with red branches indicating the presence of at least one ultra-black species
from our sampling in that order. These orders are separated by many containing

fishes that are primarily colorful or silvery, suggesting that low reflectance may have
evolved multiple times independently. (B) The median reflectance at 480nm of 18
species of ultra-black, deep-sea fishes. Of these ultra-black fishes, 16 have median
reflectances <0.5% (minimum 0.044%, Oneirodes sp.). Chauliodus macouni and
Cyclothone acclinidens were included despite having median reflectances above our
defined threshold for ultra-black because a substantial number of reflectance
measurements for each species were < 0.5% at 480nm. See also Appendix B — Table 3
and Appendix B - Figure 19.

3.3.2 Close-packed melanosome layers mediate extremely low
reflectance

We used a combination of scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and light microscopy to assess the skin ultrastructure
underlying ultra-black coloration (Figures 7, Appendix B — Figure 20). We analyzed skin
samples from nine species of ultra-black fishes from six distantly related orders and six

black species without reflectance data from one additional order. In the nine ultra-black
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species, we found a layer of close-packed melanosomes (organelles that contain
melanin) that extends continuously with few, if any, unpigmented gaps and no clear
separation into individual melanophores (pigment cells containing melanosomes)
(Figures 7, Appendix B — Figure 20). Such continuity in the melanosome layer contrasts
with many darkly pigmented (but not ultra-black) fishes where melanophores in the
skin are separated by unpigmented gaps occupied by collagen and other cells (Burton
1978; Goda and Fujii 2001; Beeching et al. 2013; Failde et al. 2014; Djurdjevic et al. 2015).
The average thickness of the melanosome layer in the ultra-black species for which we
could acquire light microscopy data was 7.9um (n = 6 species) with a range of 2.8um +
1.2pum (Eustomias schmidti) to 14.3um + 8.7um (Oneirodes sp.) (simulated below). We
found a similar layer in the six species (Appendix B - Figure 20, Appendix B - Table 3)
for which we did not have the opportunity to measure reflectance, suggesting that this
skin morphology may be important for reducing reflectance in other orders.
Melanophores are found in various fishes within various dermal strata (Hawkes
1974a; Hawkes 1974b; Goda and Fujii 2001; Guo et al. 2007; Kalogianni et al. 2011;
Beeching et al. 2013; Djurdjevic et al. 2015), and occasionally in the epidermis (Roberts et
al. 1972; Burton 1978). The melanosome layers observed here were consistently located
immediately between the epidermal basement membrane and the stratum spongiosum
(Figures 7, Appendix B — Figure 20), a loosely organized collagenous layer of the dermis

(Hawkes 1974b). Species exhibited various amounts of randomly oriented collagen fibers
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typical of the stratum spongiosum around and between melanosomes (Figure 7B,
Appendix B — Figure 20A, B,E,H,K), but none exhibited the expected layer of collagen
typically surrounding and supporting pigment cells in fishes (Roberts et al. 1972;
Hawkes 1974a; Guo et al. 2007; Kalogianni et al. 2011). Several species had a thick
stratum compactum internal to the melanosome layer (Figure 7C, E,F, Appendix B -
20N,0O), as well as various other layers of continuous and discontinuous melanophores

below the stratum compactum (Figure 7A,C,E, Appendix B — Figure 20L,M,0O).
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Figure 7: Skin ultrastructure and melanosome geometry. Histology and TEM
of the skin of Oneirodes sp. (A) and Idiacanthus antrostomas (B-F) reveal a continuous
layer of melanosomes (m) immediately beneath the epidermal basement membrane
(ebm). Melanosomes are membrane bound organelles (black arrowheads).
Melanophores (black arrows) are seen beneath the stratum compactum (white
arrows). Scale bars A, E 50 ym, B,C,F 5 pm, D 0.5 um. See also Appendix B - Figure 20.

We used SEM images to measure melanosome length and width to calculate
individual melanosome size (as sphere equivalent diameter — the diameter of a sphere
with a volume equivalent to the melanosome - hereafter SED) and aspect ratio (the ratio
of the length to width) in seven species (Bassozetus compressus, Echiostoma barbatum,

Eurypharynx pelecanoides, Idiacanthus antrostomus, Lampadena luminosa, Oneirodes sp., and
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Pseudoscopelus sp.; Appendix B - Table 3). We chose these parameters because both the
size and aspect ratio of an ellipsoid change the amount and direction of scattering and
thus have the potential to affect the reflectance of melanosome layers. Melanosome
sphere equivalent diameter (SED) ranged from 440nm + 50nm (E. pelecanoides) to 785nm
+120nm (E. barbatum) with a mean across all species of 612nm (n =7) (Figure 8). The
mean melanosome aspect ratio was 2.1 and species averages ranged from 1.5 + 0.3 (E.
pelecanoides) to 2.9 + 0.6 (Oneirodes sp.) (Figure 8). Compared to other ectothermic
vertebrates, ultra-black fish had larger (higher SED) melanosomes, particularly for a
given aspect ratio (Nakamura et al. 1987; Obika and Meyer-Rochow 1990; Hirose and
Matsumoto 1993; Park 2002; Skold et al. 2002; Hirata et al. 2005; Guo et al. 2007; Li et al.
2014; Djurdjevic et al. 2015; Rossi et al. 2019). We restricted our comparison to
ectothermic vertebrates because birds and mammals have convergently evolved changes
in the melanocortin system related to metabolism that affect melanosome geometry (Li
et al. 2014). The large melanosome size in ultra-black deep-sea fishes compared to other

vertebrates may affect the absorption of light in the melanosome layer.

3.3.3 Size and aspect ratio of melanosomes combine to produce low
reflectance

After identifying the skin ultrastructure responsible for producing ultra-black
coloration in these deep-sea fishes, we used mathematical models to determine the
mechanism by which the melanosome layer produced low reflectance. To do this we

used 3-dimensional finite-difference time-domain (FDTD) optical simulations of random
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close-packed aggregations of melanosomes. Given the substantial interspecific variation
in aspect ratio and SED observed with SEM, we chose to simulate layers of melanosomes
with 169 different combinations of SED and aspect ratio (13 x 13). Thus, in our models,
aspect ratio varied from 1.0 to 4.0 in increments of 0.25, and SED varied from 100nm to
3000nm in increments of 100nm for SED <1000nm, and 500nm for SED >1000nm.
Simulations of 5um x 5um x 5um skin sections backed by a 100% broadband reflector,
mimicking the white muscle and collagen beneath the melanosomes, revealed that both
size and aspect ratio had significant impacts on reflectance (Figure 8A). Layers
containing melanosomes with an aspect ratio near 2.0 and SED of 600 — 800nm have the
lowest reflectance. As SED increases above 1000nm, modeled reflectance of the
melanosome layer increases sharply from <1.5% at SED = 600nm to >10% at SED =
2000nm. Similarly, reflectance increases in layers with small melanosomes (SED <
400nm), particularly when the melanosomes have low aspect ratios. Based on these
models we hypothesize that the melanosome layer produces low reflectance by
scattering light sideways within the layer, thus increasing the pathlength for light
absorption.

Comparing the measured melanosome geometry to the model results reveals
that the melanosomes in ultra-black fish are well optimized for producing low
reflectance, suggesting both the relative accuracy of the model and possible selection for

the melanosome geometry observed (Figure 8A). This contrasts with the melanosome
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geometry in the skin of 50 other species of ectothermic vertebrates, which produce black
and brown coloration and have SEDs between 270nm and 550nm and aspect ratios
between 1.26 and 2.24 (Nakamura et al. 1987; Obika and Meyer-Rochow 1990; Hirose
and Matsumoto 1993; Park 2002; Skold et al. 2002; Hirata et al. 2005; Guo et al. 2007; Li et
al. 2014; Djurdjevic et al. 2015; Rossi et al. 2019). Our modeling indicates that, due to
differences in melanosome geometry, even if other ectothermic vertebrates had
continuous melanosome layers, those layers would produce higher reflectances than the
fishes studied here. These differences between ultra-black fishes and other ectothermic
vertebrates suggest that that melanosome geometry observed in deep-sea fishes is not
typical of ectothermic vertebrates and may have evolved to minimize reflectance.
Additionally, the relationship between melanosome geometry and reflectance may be

important in generating variation in melanin-based coloration in other vertebrate taxa.
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Figure 8: Finite-difference time-domain modeling of close-packed
melanosomes. (A) FDTD simulations of the reflectance from 350 — 700nm of close-
packed melanosomes with 169 unique combinations of aspect ratio and size reveal

that the melanosome geometries of ultra-black deep-sea fishes (shown by white
circles) are well optimized to produce the lowest reflectances. Melanosomes from the
skin of other ectothermic vertebrates (1 = 50 species; grey triangles) are smaller for
their aspect ratio than those of deep-sea fish and according to our model would
produce higher reflectances (Burton 1978; Nakamura et al. 1987; Hirose and
Matsumoto 1993; Park 2002; Le Guellee et al. 2004; Hirata et al. 2005; Guo et al. 2007;
Failde et al. 2014; Li et al. 2014; Djurdjevic et al. 2015). Melanosome sizes between
600nm and 800nm and aspect ratios between 1.5 and 3.0 produce the lowest
reflectance, and all but two species of ultra-black deep-sea fish fall within this range.
Grey contours represent reflectance values of 1.5%, 3%, 5%, and 10%. Point sizes are
scaled so the area of the point is proportional to the median measured reflectance of
that species. (B) Melanosome size (as sphere equivalent diameter) for seven species of
ultra-black fishes. (C) Melanosome aspect ratio for the same seven species.

3.3.4 Effect of melanosome layer thickness

While most of the ultra-black species we examined via SEM had melanosomes
with geometries that predict low reflectance in our models, the blackest species
measured (Oneirodes sp.) is predicted to have a higher reflectance than other species
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analyzed here. This poor agreement between the modeled and measured reflectance of
Oneirodes sp. may be a result of modeling melanosome layers with the same thickness
for all combinations of melanosome SED and aspect ratio. Oneirodes sp. has the thickest
layer of melanosomes, indicating that the thickness of the melanosome layer may
influence reflectance. To investigate the effect of layer thickness on reflectance, we
performed 10 additional simulations in which we varied the thickness of the
melanosome layer between 1um and 10um with the same 5pum x 5um cross section as
the previous simulations, using melanosomes with SED = 800nm and an aspect ratio of
2.0 (the combination of SED and aspect ratio with the lowest modeled reflectance).
Reflectance decreased from 9.1% with a 1um thick layer to 3.6% reflectance with a 2um
layer to 2.0% reflectance for a 3 um layer (Figure 9A, blue dots). The predicted
reflectance averaged across 400nm — 700nm was roughly constant once the layer was
thicker than 7um. Typically, when a material is neither optically thick (i.e., changing the
thickness of the material does not change its reflectance), nor strongly reflective at its
surface, a doubling of the thickness results in reflectance that is the square of the original
reflectance (when reflectance is treated as a fraction). In our simulations varying
melanosome layer thickness, we find that the reflectance does not decrease with
increasing thickness as quickly as that relationship would predict (Figure 9A, black
curve). Therefore, reflectance from the skin of black fishes is likely to be significantly

affected by surface reflection from the top of the layer.
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3.3.5 Effect of reflectance on underwater sighting distance

We have demonstrated that at least 16 species of deep-sea fish reflect less than
0.5% of perpendicularly incident light at 480nm, making them some of the blackest
known animals. Ultra-black coloration is achieved with a continuous, thin layer of
melanosomes that are optimized in size and aspect ratio to produce the lowest
reflectance. It is unclear, however, the magnitude of camouflage benefits conferred by
being ultra-black as opposed to just black. To determine the camouflage benefits of
ultra-black skin we used a computational model developed by Ruxton and Johnsen
(2016) to calculate the relative sighting distances by predators of fishes with skin
reflectance ranging from 2% to 0% (where the sighting distance would equal zero on
perfectly black background). We calculate relative sighting distances (as opposed to
absolute distances) because without knowing the intensity of a light source of the shape
of the beam, absolute values are unlikely to be accurate. At low light levels, as is the case
with a fish reflecting < 2% of an already dim source (i.e., a bioluminescent flash, lure,
glow, or searchlight), against the black deep-sea background, the model predicts that the
sighting distance is proportional to the square root of the number of photons being
reflected back to the viewer. Using this relationship, we find that reducing skin
reflectance from 2% to 1% reduces sighting distance by 29% and that decreasing further
to 0.5% or 0.05% reflectance reduces sighting distance by 50% and 84%, respectively

(Figure 9). Because visual predators typically search a volume of space, and this
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reduction in sighting distance is linear, the camouflage benefits of ultra-black skin may
be even greater than the reduction in sighting distance calculated here. Given the small
size of the fishes studied here it is likely that predator-prey interactions occur over short
distances where even small differences in sighting distance can have meaningful effects

on interaction outcomes.
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Figure 9: Effect of layer thickness and camouflage benefit of ultra-black skin.
(A) Comparison of predicted reflectance for a material that is not optically thick or
limited by surface reflection and simulated reflectance from melanosome
aggregations varying in thickness from 1um to 10um. This suggests that the
reflectance from melanosome layers is significantly limited by reflection from the
surface, not by the absorption of the layer. The melanosomes in these simulations had
an aspect ratio of 2.0 and SED - 800 (approximately the combination producing the
lowest reflectance. (B) Reducing skin reflectance from the maximum to the minimum
measured here — 2% to 0.05%, that of Oneirodes sp. — decreases the relative sighting
distance of the fish by six-fold. Points along the line represent individual species. For
computational model of sighting distance, see Methods.
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3.3 Discussion

We have demonstrated that at least 16 species of deep-sea fishes from multiple
distantly related orders have evolved ultra-black skin covering all or parts of the body.
In all of these species, we found a continuous layer of ellipsoidal melanosomes that,
according to our optical modeling, are the optimal size and shape to produce the lowest
reflectance. Furthermore, the melanosomes in deep-sea fishes occupy an area of the
melanosome geometry morphospace that is not common among other ectothermic
vertebrates, suggesting that melanosome geometry may have specifically evolved in this
manner to decrease reflectance. We also found that this reduction in reflectance created
by the melanosome layer results in significant reductions in sighting distance, offering a
powerful form of camouflage in the deep sea.

In most described ultra-black taxa (e.g., birds, butterflies, and jumping spiders),
black patches are bordered by brightly colored patches, and adjacent areas of bright
coloration and very low reflectance are thought to increase the contrast of color signals
(McCoy et al. 2018; McCoy et al. 2019; Davis et al. 2020). Here, we propose a different
function of ultra-black coloration — camouflage (as has been proposed for the
structurally-enhanced black coloration in vipers (Spinner et al. 2013) and stick insects
(Maurer et al. 2017)). The mechanism we describe here that underlies extremely low
reflectance in deep-sea fishes - absorption by melanin in a highly scattering architecture

- is similar to those found in birds, butterflies, and jumping spiders (McCoy et al. 2018;
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McCoy et al. 2019; Davis et al. 2020). However, in fishes, the light scattering is caused by
the melanosomes themselves without the need for the chitin or keratin matrices present
in other taxa (McCoy et al. 2018; McCoy et al. 2019; Davis et al. 2020; Wong and Marek
2020). This simple arrangement of close-packed, small particles with a size and shape
optimized to produce the lowest reflectance has the potential to inspire the development

of new synthetic ultra-black materials.
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4. Nanosphere layers increase visual signal
conspicuousness in the cleaner shrimps Ancylomenes
pedersoni and Lysmata amboinensis

This work was done in collaboration with Dr. Eleanor Caves and Dr. Sonke Johnsen.

4.1 Introduction

Organisms use visual signals for many functions, including, but not limited to,
attracting mates, warding off predators, and communicating with mutualistic partners
(Hill 1991; Searcy and Nowicki 2005; Cheney et al. 2009; Maan and Cummings 2012;
Price 2017; Caro and Ruxton 2019; Koski 2020). Often these signals are colorful and
created using pigments (e.g., the purportedly honest carotenoid signals found in various
taxa (Kodric-Brown 1989; Weaver et al. 2018)) or structural colors, such as the brilliant
colors of butterflies or birds of paradise (Silberglied and Taylor 1978; Kemp and
Rutowski 2007; Wilts et al. 2014). Other signals are achromatic (e.g., white or black), and
much of the work on achromatic signals focuses on the role of melanin pigments in dark
brown or black coloration (Hill 2006; Da Silva et al. 2013; Roulin 2016; Galvan and
Alonso-Alvarez 2017). White coloration as a signal, however, is also found across taxa,
although less attention has been given to its structural and chemical basis (but see
Stavenga et al. (2004) and Wilts et al. (2017)).

Cleaner shrimp are tropical marine decapod crustaceans that engage in a
mutualism with client fish in which the shrimp remove and eat ectoparasites and dead

skin (Becker and Grutter 2004). Several species of cleaner shrimp use white body parts to
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signal their intent to clean to client fish (Chapuis and Bschary 2010; Caves et al. 2018;
Caves et al. 2019. One species, Anyclomenes pedersoni, initiates cleaning interactions by
whipping its long white antennae back and forth (Caves et al. 2018). A second species,
Lysmata amboinensis, performs a “leg rocking” behavior with its white legs to advertise
cleaning services to potentially predatory fish, a display that can also be accompanied by
whipping of the white antennae (Wicksten 2009; Caves et al. 2019). White signals can be
particularly effective when animals are signaling to multiple different species, as cleaner
shrimp are to multiple species of fish, because they should appear conspicuous
regardless of the receiver’s visual system (Wilkins and Osorio 2019). Furthermore, white
signals, unlike colored signals, should be effective across different depths and water
types. One limitation of the cleaner shrimp signaling system, however, is that the
antennae are very thin (~ 150pum in diameter), potentially limiting their detectability
from a distance. One way to mitigate the effects of small size could be to evolve micro-
or nanostructures that maximize reflectance from the antennae, similar to the pterin
nanoparticles found on the wings of white pierid butterflies (Stavenga et al. 2004).

Here, we use spectroradiometry to measure the spectral reflectance of cleaner
shrimp antennae from two species, Ancylomenes pedersoni and Lysmata amboinensis. Then,
we use electron microscopy and optical modeling techniques to describe and model the

ultrastructure of the antennae to determine whether cleaner shrimp have evolved
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structures that increase reflectance and assess whether those structures are optimal to

produce maximal reflectance.

4.2 Methods
4.2.1 Specimen acquisition

The two species used in this study were selected to represent taxa from different
locations and genera that both use white antennae to signal to client fish. Ancyclomenes
pedersoni (Chace 1958) is found throughout the Caribbean and has been shown to use
antennae whipping to signal intent to clean (Caves et al. 2018). Lysmata amboinensis (De
Man 1888) is found throughout the tropical Indo-Pacific and Red Sea, and signals to
client fish by rocking its white front legs back and forth while simultaneously waving its
antennae and using them to tap the client (Caves et al. 2019). Two specimens of
Ancylomenes pedersoni were purchased from Dynasty Marine Associates (Marathon, FL,
USA), and two specimens of Lysmata amboinensis were purchased from LiveAquaria
(Rhinelander, WI, USA). Prior to spectroradiometry, animals were housed in two 2.5-
gallon tanks (one per species) filled with artificial seawater made from InstantOcean
(United Pet Group, Blacksburg, VA, USA) and individuals were separated by a plastic

divider. All individuals were kept on a 16:8 light dark cycle.

4.2.2 Spectroradiometry

Spectral reflectance of the antennae (at 400-700nm) was measured under a stereo

microscope (SMZ1500 Nikon, Tokyo, Japan). We used a custom replacement for one of
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the two oculars that allows light to be collected by a 400-micron diameter fiber optic
cable (R400-7 Ocean Optics Inc., Dunedin, FL, USA) and then sent to a multi-channel
spectroradiometer (USB2000 Ocean Optics Inc.). Fiber optic light sources (ACE I, Schott
Corporation, Mainz, Germany) were placed at 45° angles on both sides of the scope to
provide light. Three-millimeter-long sections of antenna were excised from all four
specimens and placed on a platform covered with black electrical tape. Measurements
were calibrated using a piece of Spectralon™ with 99% diffuse reflectance (Labsphere,
North Sutton, NH, USA) that was shaped to the same size and dimensions as the
antenna sections. Each section of antenna was measured five times to account for

variations in the position or angle of the light sources.

4.2.3 Morphological analysis

To identify any underlying structural features that may enhance reflectance from
the antennae of A. pedersoni and L. amboinensis, we used scanning electron microscopy.
Two 3mm long sections of antenna per animal were excised from two specimens per
species and fixed for 12 hours in 2.5% glutaraldehyde buffered with seawater. After
fixation, each sample went through a dehydration series of 30%, 50%, 50%, 70%, 70%,
90%, 90%, 100%, 100% EtOH (15 minutes per step). Samples were then dried using a
LADD CPD3 critical point dryer (Ladd Research Industries, Williston, VT, USA) to
preserve tissue ultrastructure. Once dried, samples were freeze-fractured to expose the

cross-section of the antenna, mounted on aluminum SEM stubs with copper tape, and
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sputter-coated with an ~8nm thick layer of gold (Denton Desk V; Denton Vacuum LLC,
Moorestown, NJ, USA). The samples were imaged using an Apreo S scanning electron
microscope (ThermoFisher Scientific, Waltham, MA, USA) at the Duke Shared Materials
and Instrumentation Facility with an acceleration voltage of 1kV and magnifications of
2500x — 15000x. We used the image analysis software Fiji (Schindelin et al. 2012) for

morphometric analyses of the nanosphere layer found using SEM.

4.2.4 Optical modeling

We performed finite-difference time-domain simulations (FDTD) using the
Lumerical solver version 2020b (Ansys, Canonsburg, PA, USA) to assess how the
morphology and optical properties of the nanosphere layer found using SEM affected
reflectance. Specifically, we focused on the effects of layer thickness, nanosphere
diameter, and nanosphere refractive index. In FDTD simulations, Maxwell’s equations
are solved across a three-dimensional grid with a user-specified spatial resolution, and
the electromagnetic waves evolving through time in a stepwise manner. Random close-
packed aggregations of nanospheres mimicking the arrangement observed in the
antennae were generated using the Uniform Random Particle Distribution (URPD)
structure in Lumerical. The URPD structure generates an array of non-overlapping
objects until either the domain has been filled or the user-specified maximum number of

objects have been added. The function then repeats this process to maximize the number
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of objects. In our case, the object was a non-absorbing sphere, and we repeated the
process 10000 times to maximize the number of spheres.

In total, we performed three different sets of simulations to determine the effects
of sphere refractive index, sphere diameter, and sphere layer thickness on reflectance.
The refractive index of the spheres is not known, but similar pteridine or protein spheres
have been found in other invertebrates and shown to have refractive indices ranging
from ~1.55 to ~2 (Stavenga et al. 2004; Mathger et al. 2013; Wilts et al. 2017; Palmer et al.
2018; Palmer et al. 2020). For our first set of simulations to determine the effect of sphere
refractive index on reflectance we simulated a 2um thick layer of non-absorbing spheres
underneath a 5um layer of chitin, varying sphere refractive index from 1.57
(approximately that of chitin) to 2.00 (a conservative lower estimate of the index of the
pteridine granules found in white Pierid butterflies (Wilts et al. 2017)) in increments of
0.01. Our second set of simulations assessed the effects of sphere diameter on the
reflectance of the entire layer. We simulated a 2um thick layer composed of nanospheres
ranging between 100nm and 1000nm in diameter, in 30nm intervals. Finally, for our
third set of simulations, we simulated layers of nanospheres (300-400nm diameter)
between 1um and 10um thick in 300nm intervals to determine how reflectance changes
with layer thickness. For both the investigation into the effects of layer thickness and

sphere diameter, we simulated the entire range using three different sphere refractive
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indices, 1.57 (chitin), 1.78 (isoxanthopterin found in other crustacean reflecting layers),
and 2.0 (Pierid butterfly pteridines).

All simulations were performed in a 4pum x 4pm x 12um domain with periodic
boundary conditions in the x and y directions, broadband (400nm — 700nm) plane wave
source propagating in the z direction, and perfectly-matched layer boundary conditions
in the z direction (a computational representation of open boundaries that does not
reflect any light at the edges of the computational domain). Because we simulated one
nanosphere layer and antennae have a layer that wraps all the way around (making it
effectively two layers thick to normally incident light), we report reflectance as: R + RT?,

where R is the reflectance of one layer and T is the transmission.

4.3 Methods
4.3.1 Spectroradiometry

In A. pedersoni, antennal reflectance increased approximately linearly from 20% at
400nm to 40% at 470nm and remained between 40% and 48% at wavelengths longer than
470nm (Figure 10). Antennal reflectance was higher in L. amboinensis, ranging between
50% and 63% across the entire range considered here (400nm — 700nm). Interestingly, the
shapes of the reflectance curves were nearly identical in L. amboinensis and to A.
pedersoni, except for a steeper decline in reflectance at short wavelengths in A. pedersoni.
In both animals, reflectance increased from 400nm to 500nm, peaked at ~500nm, and

slowly declined as wavelength increased. Variation between samples at a given
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wavelength was generally low in A. pedersoni (< 1.5% at all wavelengths) and slightly
higher in L. amboinensis (3-4%). The reflectance measured here was lower than other
bright white color patches in animals such as Pieris rapae wings (60-80% - Stavenga et al.
(2004)) or the white stripes of Sepia officinalis (60-70% - Mathger et al. (2013)), however
some of this difference may be due to the geometry of the tissue. Cleaner shrimp
antennae are cylindrical rather than flat, causing light to scatter in directions that are not
captured by the fiber optic, likely leading to an underestimate of the reflectance under

more realistic viewing conditions.
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Figure 10: Reflectance from cleaner shrimp antennae. Both L. amboinensis and
A. pedersoni antennae reflect 40-60% of light across much of the visible range. L.
amboinensis antennae generally reflect more light than A. pedersoni antennae, but
both of the curves exhibit a similar shape. Both curves increase from 400nm to 500nm,
then slowly decline as wavelength increases. Colored ribbons represent +/- 1SE.

4.3.2 Are there structures in the antennae that may increase
reflectance?

We found that both A. pedersoni and L. amboinensis antennae contained a layer of
nanospheres (Figure 11). The sphere layer in A. pedersoni was located just inside the
outer chitin cuticle of the antenna and appeared to be backed by a thin membrane. In
contrast, the sphere layer in L. amboinensis was located between the outer chitin cuticle

and another chitin layer. We also found a partial layer of nanospheres on the interior
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surface of the antenna in L. amboinensis; however, we could not determine whether this
was a second layer that was washed away during the sample preparation process or
nanospheres from the primary layer that were washed out into the interior of the
antenna. Nanospheres in A. pedersoni had an average diameter of 395 + 40nm (mean +
sd), while L. amboinensis had slightly smaller nanospheres (362 + 42nm; p < 0.001; Figure
12). It was difficult to measure the exact thickness of the nanosphere layer due to
distortions from the freeze fracturing process, but it appeared to be between 1um and

3um in both species.
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a)

A. pedersoni

b)

L. amboinensis

Figure 11: Cross section of cleaner shrimp antennae.(A) (Left) Image of
Ancylomenes pedersoni highlighting the white antennae. Photo: Sarah Solie. (Middle)
SEM image of the cross section of an A. pedersoni antenna showing a similar chitin
outer wall to the one seen in L. amboinensis, the nanosphere layer, and a thin
membrane inside of the sphere layer. Scale bar 5pum. (Right) Higher magnification
image of just the nanosphere layer. Scale bar 1um. (B) (Left) Image of two Lysmata
amboinensis highlighting the white antennae. Photo: Frank Gradyan. (Middle) SEM
image of the cross section of a L. amboinensis antenna showing the chitin outer wall,
nanosphere layer, and what appears to be a second chitin layer. Scale bar 5pum. (Right)
Higher magnification image of the same location highlighting the nanosphere layer.
Scale bar Tum.
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Figure 12: Nanosphere diameter in cleaner shrimp antennae. Measurements of
the nanospheres found in the antennae in both species show that both species
generally have nanospheres between 300-450nm. The distribution of sizes, however,
skews larger in A. pedersoni (p < 0.001; students t-test).

4.3.3 Are the nanosphere layers optimized to maximize reflectance?

After identifying nanosphere layers in the antennae of A. pedersoni and L.
amboinensis, we used finite-difference time-domain modeling to assess the influence of
the sphere layers on overall reflectance and whether the sphere layers are optimal to
increase reflectance. Specifically, we analyzed refractive index, sphere diameter, and

layer thickness.
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First, we examined the effect of nanosphere diameter. Our modeling shows a
sharp increase in reflectance at all three refractive indices used as sphere diameter
increased from 100nm to 400nm (Figure 13c). At diameters greater than 400nm the effect
of sphere diameter on reflectance was refractive index dependent. When n = 2.0,
reflectance decreased from approximately 60% for 400nm spheres to 39% for 1000nm
spheres. For both n =1.78 and n = 1.57, reflectance plateaued at 38% and 10%,
respectively, once sphere diameters reached 400nm. Regardless of the refractive index of
the nanospheres found in shrimp antennae, they are optimally sized to produce the
maximum reflectance.

We found a strong linear effect of refractive index on reflectance with the
reflectance from a 2um layer increasing from 8.7% at n =1.57 to 57% at n = 2.0 (Figure
13a). Even the addition of relatively low refractive index nanospheres (n = 1.57)
underneath a 5um thick layer of chitin increases reflectance ~4.6x compared to the chitin
layer alone (1.9% compared to 8.7%). Although we cannot be certain of the chemical
makeup of the nanospheres, if they have a refractive index of ~1.78, similar to pteridines
found in other decapod reflecting layers (Palmer et al. 2018; Palmer et al. 2020), they
could increase reflectance over 19-fold (1.9% reflectance for a 5um chitin layer compared
to 36.9% reflectance for a chitin layer backed by spheres with n =1.78).

Lastly, the third parameter we varied in our simulations was nanosphere layer

thickness. We simulated 30 layers from 1um to 10um thick and found that increasing the
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thickness of the layer caused reflectance to increase asymptotically (Figure 13b). There
was a strong linear relationship between thickness and reflectance for very thin layers,
with a decreasing slope as thickness approached 10um. The shape of the relationship
between layer thickness and reflectance depended on the refractive index of the
nanospheres. In this case, the lower the refractive index, the thicker a layer must be to
reach its asymptotic reflectance. It should be noted that while the 1-3um thick layers of
nanospheres found in cleaner shrimp do not reflect as much light as thicker layers in our
simulations, there are other factors that may constrain layer thickness such as small
amounts of absorption from the spheres that are not captured in our model. Adding a
small amount of absorption to a highly scattering structure may cause thicker layers to

be less effective than thinner layers at reflecting light.
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Figure 13: Finite-difference time-domain modeling of nanosphere layers.
(A) Simulated reflectance from a 2um thick layer of nanospheres underneath a 5um
chitin layer demonstrating the roughly linear relationship between nanosphere
refractive index and reflectance. Our control simulation, a 5um chitin layer with no
sphere layer underneath had a simulated reflectance of 1.9%. (B) FDTD simulations of
nanosphere layers of varying thicknesses for three different refractive indices (1.57,
1.78, and 2.00) showing that reflectance increases quickly with thickness for thin
layers and begins to plateau as one approaches 10um thick layers. For high refractive
indices, reflectance plateaus for a thinner layer. The grey box highlights the observed
range of layer thickness in cleaner shrimp. (C) Simulated reflectance from 2um thick
layers of nanospheres with diameters ranging from 100nm to 1000nm at three
refractive indices. For higher refractive indices (n = 1.78 and n = 2.0), reflectance
increases sharply as sphere diameter increases from 100nm to 400nm before slightly
decreasing or leveling off at diameters greater than 400nm. At low refractive indices,
reflectance reaches a plateau at diameters ~300nm and remains constant with size. The
grey box indicates the range of sphere diameters found in both species and highlights
that cleaner shrimp nanospheres are optimal in diameter to produce maximum
reflectance regardless of refractive index.

4.4 Discussion

Here we show that two species of cleaner shrimp that use their white antennae to
signal to client fish, A. pedersoni and L. amboinensis, have evolved 1-3um thick layers of
nanospheres inside their antennae, and modeling suggests that this nanosphere layer

increases reflectance by 4.6x to 19x compared to a 5um chitin layer with no nanospheres
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underneath. Furthermore, by exploring the effects of changing the morphology of the
nanosphere layer, we show that the nanospheres found here are the optimal diameter to
maximize reflectance. Although we do not know the composition of the nanospheres,
they are similar in size and appearance to granules found in reflective layers in other
decapod crustaceans, including isoxanthopterin granules forming the retinal reflectors
of Cherax quadricarinatus (Palmer et al. 2018), Homarus americanus (Kleinholtz 1959),
Litopenaeus vannamei (Palmer et al. 2020), Machrobrachium rosenbergii (Palmer et al. 2018),
Penaeus setiferus (Zyznar and Nicol 1971). Similar granules are also found in the
reflecting layers of the photophores of the deep-sea shrimp Oplophorus spinosus and
Systellaspis debilis (Nowell et al. 1988), suggesting that cleaner shrimp may be using a
widespread structural toolkit in a novel way to increase reflectance from the antennae.

Cleaner shrimp all face a similar challenge: they are small animals that live at set
locations and must both attract clients to those locations and advertise their cleaning
services to clients upon their arrival. Signal theory predicts that if signals communicate
similar messages to similar receivers, they should be under selection to be similar across
species (as in, e.g., convergent floral syndromes (Schiestl and Johnson 2013)). One reason
species might display signals of a certain form is if that form is particularly conspicuous
to the intended receiver in the signaling environment (e.g. Marler 1957). Cleaner shrimp
face a particular challenge in being conspicuous to their intended receiver, in that

dozens of species of fish, with diverse visual capabilities (see, e.g., Marshall et al. 2019)
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can all serve as clients, and the visual environment can be highly heterogeneous, varying
in both depth (and thus light level and spectral composition) and visual background.
White signals are particularly useful compared to colorful signals in these situations
because their apparent color is generally unaffected by spectral composition, light level,
and the visual background. The data presented here are consistent with the hypothesis
that cleaners are under selection to increase the visibility of their signaling traits in a way

that is effective for a range of visual systems and diverse visual environments.
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5. Conclusions and Future Directions

This dissertation has three primary conclusions. First, ultra-black coloration can
serve multiple functions in animals. Butterflies from four subfamilies within the
Nymphalidae and Papilionidae have evolved ultra-black scales that reflect as little as
0.05% of light (Chapter 2). Ultra-black coloration in these species is found adjacent to
bright color patches and it is frequently sexually dimorphic (Appendix A — Table 1). This
suggests that ultra-black scales may serve to increase the apparent brightness of sexual
signals in butterflies, despite potentially reducing the apparent saturation (Pitt and
Winter 1974). I also found that deep-sea fishes from seven distantly related orders are
equally as black as the butterflies from Chapter 2, but for a different function —
camouflage (Chapter 3). Deep-sea fishes, however, exist in a world where the only way
to be well-camouflaged is to absorb or transmit almost all of the light that hits them.
Indeed, I found that at least 16 species of deep-sea fishes have evolved a continuous
melanosome layer in the skin that allows them to reflect <0.5% of light.

The second primary conclusion is that pigments can produce ultra-black
coloration without being embedded in a chitin or keratin structure. Previously, every
described ultra-black animal, including birds (McCoy et al. 2018; McCoy et al. 2019),
peacock spiders (McCoy et al. 2019), and butterflies (Davis et al. 2020), has achieved low
reflectance by embedding melanin in a highly scattering keratin or chitin structure.

Ultra-black deep-sea fishes, however, reflect < 0.5% of light using melanin as both the
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absorber and the structural element. All the deep-sea fishes studied here have a
continuous layer of ellipsoidal melanosomes in the skin. These melanosomes are the
optimal size and shape to minimize the reflectance of the melanosome layer. I
hypothesize that this minimization in reflectance is the result of the melanosomes in
deep-sea fish skin being the optimal size to maximize scattering within the melanosome
layer, thus increasing the number of chances for absorption. Similar to what has been
found in other ultra-black taxa, multiple scattering and absorption by melanin are the
underlying principles of ultra-black coloration in fishes. What separates deep-sea fishes,
though, is that the melanosomes provide all the scattering without the need for an
additional structure. This dual role of the melanosomes, providing both scattering and
absorption, is possible because melanin has a very high real part of the refractive index
relative to most other biological materials (Stavenga et al. 2015).

Finally, the third conclusion of this dissertation is that variations of the simple,
scattering nanoparticle layer found in ultra-black deep-sea fishes can also be used to
produce coloration with exceptionally high reflectance. I found that two species of
cleaner shrimp, Ancylomenes pedersoni and Lysmata amboinensis, have a layer of spherical
nanoparticles in their antennae that optical modeling suggests can increase reflectance
by up to 19-fold (Chapter 4). The nanoparticles in cleaner shrimp antennae are the
optimal size to maximize reflectance, similar to how deep-sea fish melanosomes are the

optimal size and shape to minimize it. The primary difference between nanoparticle
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layers that produce ultra-black and bright white coloration is the composition of the
nanoparticles. Highly absorbing nanoparticles, such as melanin, produce low
reflectance. Conversely, non-absorbing nanoparticles produce high reflectance. This
simplified system may be used to produce other colors, as well, and it offers a
potentially interesting example of a simple, color production mechanism that could

inspire new man-made materials.

5.1 Future Directions

5.1.1 Empirical Tests of the Effects of Increasing Contrast on Signal
Effectiveness

An important extension of the work presented in Chapter 2, as well as previous
studies of ultra-black animals with bright color patches (McCoy et al. 2018; McCoy et al.
2019a, b), is empirically testing the effects of decreasing reflectance to < 0.5% on signal
effectiveness. Contrast has been shown to be important for animals that use color signals
and, all else being equal, signals are predicted to maximize color or brightness contrast
with the background to improve either the probability of detection (Endler 1992) or the
distance at which those signals can be detected in attenuating media such as water
(Johnsen 2002). Indeed, we see that dark patches bordering colorful signals create high
brightness contrast between the signal and the background in birds (Doucet et al. 2007;
Doucet and Meadows 2009), fishes (Marshall 2000; Losey 2003), lizards (Mclean et al.

2014), and butterflies (Stavenga et al. 2004). Furthermore, some animals go to great
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lengths behaviorally to increase contrast, for example by clearing lighter color debris
from display courts to present a darker, more uniform background (Uy and Endler 2004;
Chiver and Schlinger 2017). Despite substantial evidence that high contrast is important
for animal color signals, there are no empirical tests of how decreasing reflectance to
extreme levels (< 0.5%) impacts the effectiveness or perceived attractiveness of color
signals.

The most definitive test of the effects on low reflectance on signal effectiveness
involves assessing receiver responses to signals with varying levels of contrast. One way
this could be done is by manipulating the reflectance of ultra-black patches in a smaller
animal, such as a peacock spider or butterfly, and assessing effectiveness using two-
choice tests. Two-choice tests have often been used to study the relative attractiveness of
signals to potential mates (Griggio et al. 2007; Griggio et al. 2010; Taylor et al. 2011;
Stange et al. 2017; Dyson et al. 2020). By performing two-choice tests with animals that
have varying levels of reflectance on the black patches and controlling for contrast
between the color patch and ultra-black patches, one can determine whether the
relationship between contrast and preference is linear, or some other shape. The shape of
this relationship can help distinguish between three competing hypotheses about the
importance of ultra-black coloration. The first hypothesis is that there is a linear
relationship between contrast and preference, meaning ultra-black coloration is just an

extreme form of features that matter in other signaling systems. The second hypothesis
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is that there are diminishing returns with increasing contrast. If this is correct, it prompts
other questions about whether sexual selection is particularly strong in ultra-black
species, or whether there are environmental factors that make ultra-black coloration
advantageous. Finally, there may be a distinct benefit of ultra-black coloration that is not
seen with more typical high contrast patterns. It has been hypothesized that
surrounding a bright, colorful signal with ultra-black coloration may make the color
appear self-luminous (Kreezer 1930; Speigle and Brainerd 1996; McCoy et al. 2018). If
this is the case, one would expect to find a threshold of contrast, above which preference
for a signal is significantly stronger due to this optical illusion. Behavioral tests are
paramount to disentangle these hypotheses and better understand the forces driving the

evolution of ultra-black coloration in animals.

5.1.2 Effects of pigment granule geometry on chromatophore
reflectance

Chapters 3 and 4 revealed that the size and shape of pigment granules have a
substantial impact on the reflectance and absorption of aggregations of these granules.
Although these are specific examples where particularly high or low reflectance was
needed, countless animals have chromatophores containing aggregations of pigment
granules (Bagnara et al. 1968; Schliwa 1986; Henze et al. 2019). Chromatophores
containing the same pigments are often treated equally, but as  have demonstrated in
this dissertation, pigment granule geometry offers a hidden source of diversity that may

affect the color of animal chromatophores. For example, a chromatophore containing red
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pteridine pigment could have granules of a size that maximize scattering of short and
middle wavelength light, shifting the reflectance of the entire chromatophore towards
longer wavelengths. One way to study the potential for pigment granule geometry to
affect the color of chromatophores is by using optical modeling techniques, such as
FDTD modeling. For a given pigment, one could simulate aggregations of nanoparticles
with various combinations of size and shape and compare the simulated hue and
brightness of the reflected light in each simulation. This modeling approach, if done for
multiple pigments that have different absorption profiles, would allow us to draw
generalized conclusions about the effects of pigment granule size and shape on
reflectance. An alternative approach to modeling the effects of pigment granule
geometry would be to pair FDTD modeling with a comparative survey, similar to what I
presented in Chapter 3. For example, looking at reflectance and pigment granule
geometry across a group of fishes or lizards that all contain the same pterin pigment
could be used to identify a parameter space for optical modeling of those
chromatophores. From there, modeling could be used to validate or explain any
observed differences in coloration within that group. Regardless of the approach,
exploring the diversity of pigment granule geometry and its effects on color will further
our understanding of color production mechanisms in animals and potential reveal

previously unrecognized specializations in color production. Furthermore, a more
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sophisticated understanding of the effects of pigment granule geometry on color has the

potential to inform the production of artificial pigments.

5.1.3 Comparative studies of optical adaptations in cleaning and non-
cleaning shrimps

In Chapter 4, I demonstrated that two species of cleaner shrimp, Ancylomenes
pedersoni and Lsymata amboinensis, have a layer of non-absorbing nanospheres in their
white antennae that increase reflectance. Although this finding suggests that the
nanosphere layer is meant to make the antennae more conspicuous to client fish, we do
not know whether this layer is found in related non-cleaners. It has been suggested that
cleaners often have conspicuous white body parts that closely related cleaners do not
(Walls 1983; Ellis 1985; Caves 2018), however some facultative cleaners have white
antennae that may or may not serve a signaling function (Titus et al. 2017). An
interesting extension of the work presented here would be a comparative survey of
white body parts and nanostructures from obligate cleaners, facultative cleaners, and
non-cleaners. If obligate and facultative cleaners possess reflectance-increasing
nanostructures that are not found in non-cleaners, this would further strengthen the
hypothesis that the nanosphere layers found in A. pedersoni and L. amboinensis evolved to
make their antennae more conspicuous to client fishes. If, however, both cleaners and
non-cleaners have a nanosphere layer in the antennae, nanospheres may represent a

more widely used structural tool for creating white color in decapod shrimp.
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In conclusion, the work presented in this dissertation prompts many exciting
questions and provides a foundation for future research investigating the functions of
ultra-black coloration, pigment-structure interactions, and signal design. Our
understanding of the production of ultra-black and bright white coloration in butterflies,
tishes, cleaner shrimp, and other taxa is rapidly expanding (McCoy et al. 2018; McCoy et
al. 2019a; McCoy et al. 2019b). Despite this expansion, we have no empirical tests of the
functions of extreme coloration. Furthermore, the breadth of taxa that have been
systematically studied with respect to extreme coloration is limited. By focusing on
behavioral tests of the function of extreme coloration and systematic studies of the
distribution of these traits within phylogenetic groups, we can begin to understand the

evolutionary forces driving the production of this trait in animals.
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Appendix A. Supplemental information for Chapter 2

Table 1: Black butterfly specimen list for reflectance measurements.

Family Subfamily Species Color Shape
Nymphalidae
Biblidinae
C. antinoe Ultra-black Rectangular
C. numilia (f) Black Rectangular
C. numilia (m) Ultra-black Rectangular
E. chlorocroa Ultra-black Chevron
Danainae
E. dufresne Ultra-black Rectangular
E. klugi Ultra-black Rectangular
E. midamus Matte brown Crescent
Heliconinae
H. doris Ultra-black Rectangular
H. ismensius Black Rectangular
H. wallacei Ultra-black
Papilionidae
Papilioninae
T. brookiana (f) Brown Honeycomb
T. brookiana (m) Ultra-black Honeycomb
T. helena Ultra-black Honeycomb
P. bangui Ultra-black
P. iphidamus Ultra-black
P. oribaeus Ultra-black
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Table 2: Butterfly scale simulation model parameters. Size parameters used for
FDTD simulations of ultra-black butterfly scales. Parameters were taken from our
blackest species, C. antinoe.

Model Parameter Size (nm)
Hole width (long axis) 500

Hole width (short axis) 330
Inter-lamina distance 1200
Ridge height 600
Upper lamina thickness 200
Crossrib thickness 80
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Figure 14: Diversity of butterfly scale hole shapes and sizes.(A) Catonephele
antinoe (B) Catonephele numilia female (C) Catonephele numilia male (D) Eunica
chlorocroa (E) Euploea dufresne (F) Euploea midamus (G) Euploea klugi (H) Heliconius
doris (I) Heliconius ismenius (J) Napeocles jucunda (K) Trogonoptera brookiana male
(L) Trogonoptera brookiana female; All species possess periodic holes bordered by
long ridges, but the holes are smaller in ultra-black species compared to closely
related black or brown species. All scale bars are 1um. *denotes ultra-black species.
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Figure 15: Scale trabeculae from ultra-black male and dark brown female
butterflies. (A) Trogonoptera brookiana female (B) Trogonoptera brookiana male (C)
Catonephele numilia female (D) Catonephele numilia male. The trabeculae (outlined

in the red box) are larger in ultra-black male butterflies than in regular dark
brown/black females of the same species
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Figure 16: Section of ultra-black butterfly wing sputter coated with gold. Ultra-
black wings are still black when coated with gold, indicating that there is a structural
component to absorption.
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Figure 17: Butterfly scale unit cell diagram. Schematic diagram of unit cell
used for FDTD simulations. The unit cell was simulated with periodic boundaries to
form a semi-infinite sheet of repeating cells.
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Figure 18: Simulated reflectance of butterfly scales and blocks consisting of an
equal volume of absorbing material.
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Appendix B. Supplemental information for Chapter 3

Table 3: Species list for spectral measurements and histology. List of deep-sea
fish species with the number of specimens, reflectance measurements per species, and
the type(s) of microscopy performed. Grey rows are species for which we have
reflectance measurements.

Order Family Species # Specimens # Spectral Measurements SEM TEM LM
Anguilliformes Eurypharyingidae Eurypharynx pelecanoides 1 16 X
Beryciformes Melamphaidae Melamphaes lugubris 1 3
Poromitra crassiceps 7 24 X X X
Cetominus sp 1 X X
Anoplogaster cornuta 1 X X
Lophiiformes Oneirodidae Oneirodes sp. 1 3 X X
Myctophiformes Myctophidae Lampadena luminosa 1 5 X
Lepidophanes guentheri 1 4
Lampanyctus sp. 1 X X
Ophidiiformes Ophidiidae Bassozetus compressus 1 10 X
Perciformes Chiasmodontiae Pseudoscopelus sp. 1 7 X X
Stomiiformes Gonostomatidae Cyclothone acclinidens 7 22
Cyclothone sp. 1 X X
Sigmops elongatus 3 13
Stomiidae Astronesthes micropogon 1 4
Chauliodus macouni 1 3
Echiostoma barbatum 1 5) X X X
Eustomias hypopsilus 1 7
Eustomias schmidti 1 6 X
Eustomias sp. 1 5
Idiacanthus antrostomus 3 21 X X X
Photostomias guernei 4 19 X X
Stomias sp. 1 X X
Alepocephaliformes Platytrochtidae Sagamichthys abei 1 X X
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Figure 20: Histology of ultra-black fishes. (A) E. pelecanoides, SEM showing
melanosome layer and stratum compactum. B-D. P. crassiceps, SEM and light images
showing melanosome layers with collagen fibers. A melanosome layer is seen below

the basement membrane as well as a melanosome layer below the stratum
compactum. E. Oneirodes sp., SEM. F-G. Lampanyctus sp. SEM and light images
showing melanosomes and underlying dermis/muscles. H. Pseudoscopelus sp.
showing the melanosome layer. I-J. Cyclothone sp. SEM and light images of
melanosomes below the basement membrane. K-L. E. barbatum SEM and light
images showing surface layer of melanosomes, and deeper dermal layer. M. P. guernei
light images showing melanosome layer. N-Q. I. antrostomus SEM, light images, and
TEM showing lamellae of the stratum compactum, melanosome layer, and scattered
deeper dermal melanophores. Scale bars A, H, K, N 10 um; B, E, F, I5 um; J, G, L, O 50
pum; P 1 pum; M 100 pm; C 20 um; D 200 pum.
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Figure 21: Simulated melanosome refractive index profile. Plot of the real (left)
and imaginary (right) components of the refractive index used in all melanosome
simulations.
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