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Fig. 6. Feather barbule microstructure is significantly correlated with reflectance. We included n=53 species; brushy barb feathers are not

included here, because they have no barbules. (A) A phylogenetic PCA reveals that feathers cluster into discrete morphological groups based on microstructural
measurements (for PCA loadings and PCA scores by species, see Dataset 2); PC1 scores were determined primarily by how much exposed surface area
was present on the feathers (how strap-shaped barbules were and inter-barbule distance), while PC2 was largely determined by barb/barbule angle and degree of
curvature. The two species categorized as ‘brushy barb’ (Oreophasis derbianus and Somateria fischeri) were excluded from the phylogenetic PCA analysis
because they do not have barbules. (B) PC1, a measure of feather microstructure, is significantly correlated with log(reflectance) (PGLS; for one tree,
estimate=-0.30, 95% Cl=-0.46, —0.14, P<0.005; Fig. 6B; P-values and confidence intervals for same analysis conducted over 100 trees are presented

in Fig. S2E,F). We repeated the phylogenetic PCA and the PGLS model over 100 trees; P-values and confidence intervals for all analyses are

presented in Fig. S2E,F.

In three species, barbule morphology varied significantly
within a single feather between areas of structural black and
vivid structurally color, which are produced by arrays of
melanosomes within the barbules (Fig. 8). Lamprotornis
superbus and L. splendidus have black spots on their wing
covert feathers that are surrounded by iridescent blue. Drepanornis
bruijnii has black pectoral plumes tipped with structural red or
blue. In all three species, barbules within the iridescent portions
of the vane were flat, smooth, straps lying horizontal in the plane
of the feather, but in the super black areas, the barbules curved
conspicuously upwards and gained some jagged tips to their
margins (Fig. 8).

DISCUSSION

Super black plumage evolved convergently in 15 avian
families

Here, we describe the convergent evolution of super black
plumage in 15 families of birds from five orders (Figs 1 and 4).
These species have less than 2% reflectance of directly incident
light. Super black is defined as a structural or structurally assisted
black surface with (i) significantly reduced specular reflectance
and (ii) a flatter reflectance curve (broadband low-reflectance)
compared with that expected from a flat surface of the same material
(Zhao et al., 2011a; Panagiotopoulos et al., 2012; McCoy et al.,
2018). The super black plumages described here are significantly

A B

Fig. 7. Schematic models of structural absorption for each of five
feather morphology classes. (A) Curved array feathers multiply
scatter light between deep curved cavities between barbules; inset:
jagged barbule margins on some curved array feathers may enhance
multiple scattering. (B) Dihedral strap feathers multiply scatter light
between the V-shaped barbule arrays and within deep cavities
between adjacent barbules. (C) Dense strap feathers form a chaotic
array with minimally exposed horizontal surface area, which multiply
scatters light. (D) Sparse strap feathers apparently form deep cavities

among feathers that produce multi-feather (black, gray, white)
scattering. Inset: cross-section of light being multiply scattered
between different feathers. (E) Brushy barb feathers multiply scatter
light between vertically oriented, simple barbs of multiple densely
packed feathers which project vertically from the bird skin.
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darker —with significantly flatter reflectance curves (broadband low-
reflectance) — than plumages of closely related normal black species
(Figs 2 and 3). Melanin pigments absorb shorter wavelengths of
light more efficiently, resulting in higher reflectance in the red than
the ultraviolet (Meredith and Sarna, 2006). Typically, reflectance
curves of black plumage slope upward (Fig. 2A). In contrast,
structurally assisted absorption causes plumages to have not only
lower overall reflectance but also more uniform reflectance (McCoy
et al., 2018). In all cases, the super black plumages described here
reflect <2% of light and have a broadband, flat reflectance curve
compared with normal black plumages.

In previous work, we analyzed unusual feather microstructures in
male bird-of-paradise plumages, which profoundly diminish
plumage reflectance through multiple scattering and iterative
absorption (McCoy et al., 2018). Likewise, brush-like scales and
cuticle microlens arrays in elaborate, brilliantly colored male
peacock spiders diminish reflectance and enhance absorption
(McCoy et al., 2019). Here, we find that sexual and social
selection for profoundly black plumage appearance have resulted
in the evolution of five qualitative classes of barbule morphologies:
(1) curved arrays, (2) dihedral straps, (3) dense straps, (4) sparse
straps and (5) brushy barbs (Figs 5 and 6). Each class of super black
feather morphology evolved more than once in multiple avian
families (Fig. 4). Quantitative measures of categories 1—4 show that
super black feathers are darker if their barbules have cavities in
which light is multiply scattered, that is, tightly packed strap-shaped
barbules (Fig. 6). We hypothesize that super black evolved through
sexual selection because it makes nearby colors (Fig. 1) appear

brighter, or even glowing, to observers (Kreezer, 1930; Brainard
et al.,, 1993; Speigle and Brainard, 1996; see Discussion, Super
black may enhance nearby color owing to sensory bias).

Microstructures enhance absorption through muitiple
scattering
Surface structure can collaborate with melanin pigmentation to
produce structurally-assisted absorption; with each scattering event,
some proportion of incident light is transmitted into the material
where it will be absorbed by melanin pigments (Brown et al., 2002;
Crouch etal., 2004; Vorobyev et al., 2009; Tao etal., 2012; Liu et al.,
2014). Multiple scattering among three-dimensional microscopic
surface features much greater in width than wavelengths of visible
light thus enhances absorption (Tao et al., 2012). Eumelanin (the
pigment molecule in many black bird feathers) has a broadband
absorption spectrum (Riesz et al., 2006), with slightly lower
absorption at higher wavelengths (Fig. 2). Multiple scattering
enhances the absorption efficiency of eumelanin, contributing to
lower reflectance and a flatter reflectance curve (Figs 2 and 3).
Microscale rough surface features create a velvety, diffuse
appearance devoid of specular reflections (Maurer et al., 2017).
Particular structural features of super black feathers minimize
exposed horizontal surface area in the viewing direction of an
observing individual, but have laminar surfaces oriented vertically
to maximize multiple scattering (McCoy et al., 2018). Thus multiple
scattering causes iterative melanin-based absorption. These barbule
arrays are similar to arrays of razor blades (or other flat objects)
that collect stray light (‘beam dumps’; Cadj et al., 1987; Den Hartog

Fig. 8. Barbule morphology varies by color within single feathers in multiple species. Variation in barbule orientation within a single feather of (A,C-E)
Drepanornis bruijnii (Paradisaeidae) and (B,F—H) Lamprotornis splendidus (Sturnidae). (A) Drepanornis bruijnii feather mounted on SEM stub. (B) Lamprotornis
splendidus feather mounted on SEM stub. (C—E) SEM images of D. bruijnii corresponding to the letters in A, demonstrating the change in barbule shape and
orientation from super black to structurally colored, copper regions. (F-H) SEM images of L. splendidus corresponding to the letters in B, demonstrating the
change in barbule shape and orientation from super black to copper regions. Diameter of SEM stubs is 12.7 mm; all scale bars are 100 pm.
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and Cekic, 1994). Here, quantitative measurements of feather
microstructures and a phylogenetic PCA demonstrate that super
black feathers separate from normal black feathers owing to (i) how
strap-like, rather than cylindrical, the barbules are, and (ii) how
tightly packed the barbules are (major components of PC1; Fig. 6A,;
Dataset S2). The laminar surfaces of strap-like barbules, when they
are oriented perpendicularly to the plane of a bird’s body, scatter
light between the surfaces, causing iterative absorption by melanin.
Indeed, PC1 is significantly correlated with reflectance (Fig. 6B,C),
supporting this mechanistic conclusion about how super black
feathers decrease reflectance through structural effects.

The feathers in the curved array, dihedral strap and dense strap
classes enhance absorption through multiple scattering among the
barbules of the same barbs (Fig. 7A—C). In contrast, feathers in the
sparse strap and brushy barb categories appear to enhance light
absorption through multiple scattering among the barbule and
ramus surfaces of multiple feathers (Fig. 7D,E). In super black
patches of S. fischeri and O. derbianus, each of these simple brushy
feathers is very small, and sticks up vertically from the skin.
Together, these arrays of brushy feathers appear to function like the
curved arrays of barbules within individual barbs of birds-of-
paradise, starlings and fairy-bluebirds (Fig. 7E). Further testing of
the hypothesis of multiple scattering among feathers will require
examining the 3D structure of microcavities within the intact
plumages of the sparse strap and brushy barb type black patches.

The five morphological classes show significant variation in their
absorption efficiency, with curved array class feathers having the
lowest reflectance — particularly the appropriately named velvet
satinbird, C. loriae, the Asian fairy-bluebird /. puella and the birds-
of-paradise — followed by the simple brushy barbs of S. fischeri and
O. derbianus, dihedral strap, dense strap, simple strap and the
controls (Spearman’s tie-corrected rank correlation, P<0.0005).
Variations among the independently evolved morphological classes
has produced corresponding variation in structural absorption
efficiency (Fig. 6A—C). The micro-scale cavities in the curved
array barbules are deeper than cavities formed by the other
morphological categories, which may make for a more effective
light trap.

As predicted by iterative absorption, the spectral shape of many
super black reflectance curves resembles the shape of normal black
reflectance curves divided by a factor of ~3—12. Intriguingly, the
exceptions to this rule are primarily species with curved array
barbules [some birds-of-paradise (Paradiseaidae), the fairy bluebird,
I puella, and the duck N. auritus], for which the reflectance curves
are flatter than normal black reflectance curves of close relative even
when divided by an appropriate proportionality factor. Curved array
barbules are the most efficient microstructural enhancers of
absorption reported here, and further research could focus
specifically on microstructural correlates of broadband absorption.
Detailed optical simulations would be useful to further explore
structural absorption in birds.

Super black occurs near brilliant color in visual displays

All but one of these super black plumage patches are found adjacent to
brightly colored plumage patches or fleshy ornaments (Fig. 1,
Dataset 1; see discussion of the one exception, M. alboscapulatus,
below). Super black can frame color, as in L. superba (Fig. 1J) and
1. puella (Fig. 1M), but sometimes super black occurs as small patches
inside a colorful scene, as in S. spectabalis (Fig. 1A) and L. superbus
(Fig. 1L). Brilliantly colored peacock spiders also have super
black patches within a colorful abdomen (McCoy et al., 2019).
Small patches of super black inside colorful plumage look like black

holes — dimensionless, profound holes occurring on another plane
than the colorful surroundings.

As in birds, the super black wing scales of Papilio ulysses, Troides
aeacus and Parides sesostris (Papilionidae) are immediately
adjacent to brilliant structurally colored blue, pigmentary yellow
and structural green patches, respectively (Vukusic et al., 2004,
Zhao et al., 2011b; Wilts et al., 2012). The super black structures of
these butterflies may be aposematic signals that have evolved
through the sensory biases of avian predators (or they may, too,
operate in mate choice). In peacock spiders, the super black cuticle
and scales of Maratus speciosus and Maratus karrie are adjacent to
brilliant blue and red patches, and are prominently featured during
extended mating displays (Otto and Hill, 2012, 2014).

Most of the normal black, control species lacked vivid color
patches, but the few exceptions are instructive. For example, like
most other subspecies, Lepitothrix coronata coronata has a vivid
blue crown with normal black body plumage. But the Central
American subspecies, L. c¢. velutina, combines super black body
plumage with a similar blue crown (Fig. 1D). Thus, super black body
plumage evolved uniquely in L. c. velutina after the origin of the
vividly blue crown and normal black plumage in the common
ancestor of Lepitothrix coronata, as the sensory bias hypothesis
predicts. A parallel evolutionary pattern is also exhibited by the
manakin Masius chrysopterus pax compared with other subspecies.

One bird has super black plumage without adjacent colorful
patches: M. alboscapulatus has super black body plumage
combined with white epaulets. However, we found that super
black plumage is shared by, and primitive to, all Malurus species,
and likely evolved in the most recent common ancestor of the genus
in combination with brilliant structural blue coloration (Fig. 2).
Thus, M. alboscapulatus — the brightest super black bird in our
sample — has retained super black plumage despite having lost
saturated blue feathers and evolved bright white patches.

Super black may enhance nearby color owing to sensory
bias
We propose that super black is an optical illusion for color
emphasis. Super black in visual display is found adjacent to bright
colors (see Discussion, Super black occurs near brilliant color in
visual displays). We hypothesize that, as in birds-of-paradise
(McCoy et al.,, 2018) and brilliantly colored peacock spiders
(McCoy et al., 2019), super black plumage patches enhance the
perceived brilliance of adjacent patches of saturated colors owing to
a sensory/cognitive bias intrinsic to color vision in variable light
environments. Vertebrates use white, specular highlights across the
visual scene to estimate, and control for, variation in ambient light
intensity and spectral composition (Brainard et al., 1993). In this
manner, the observer creates color perceptions that do not fluctuate
freely with variation in ambient light conditions. Dark black
surfaces eliminate the specular highlights that provide local
information about the quantity of ambient light illuminating the
visual scene. When a colored surface is reflecting more light than
the observer estimates is ambient on it, then the surfaces may appear
‘self-luminous’— i.e. as if emitting their own light — or appear to
‘pop’ out from the surface (Hering, 1879; Kreezer, 1930; Brainard
etal., 1993; Speigle and Brainard, 1996). Super black will not make
adjacent white surfaces appear brighter because white surfaces
themselves provide visual information about the magnitude and
quality of ambient illumination (Hering, 1879; Kreezer, 1930;
Speigle and Brainard, 1996).

Evidence of the use of specular reflections for color correction
has been found in goldfish and humans (Speigle and Brainard,
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1996; Neumeyer et al., 2002; Bach and Poloschek, 2006). Thus, we
hypothesize that this neural mechanism for color correction evolved in
the most recent common ancestor of all bony vertebrates, and created
an enduring, systemic sensory/cognitive bias that has influenced the
evolution of ornamental sexual and social signals within birds. Sensory
and cognitive biases have been proposed to influence signal perception
owing to an observer’s underlying sensory physiology or cognitive
mechanisms (Ryan, 1990; Ryan and Rand, 1990; Endler and Basolo,
1998; Rosenthal and Evans, 1998; Basolo, 2002). Super black
plumage adjacent to bright color appears to be an example of evolution
by sensory bias. Recently, we have shown that some peacock spiders
(Maratus sp.) have also evolved super black near brilliant color patches
used in sexual displays (McCoy et al, 2019). Although
mechanistically dissimilar from that of vertebrates (Zurek et al.,
2015), color vision in peacock spiders may share the same color
correction mechanism, leading to this sensory bias.

We do not yet have experimental confirmation of the effect of
super black on mechanisms of color correction in birds. It is
important to note, however, that the discovery of massively parallel
evolution of super black plumage patches adjacent to brilliant,
saturated colors that function in communication is, by itself,
evidence of a sensory/cognitive bias in multiple independent
lineages of birds. Further research is required to investigate this
mechanistic basis behind this bias.
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Figure S2: P-values were significant and confidence intervals did not include 0 for all statistical
tests. (A-B) Reflectance t-tests (super black feathers are darker than normal black); (C-D) Slopes t-tests
(super black feathers have a flatter, more broadband reflectance curve than normal black feathers); (E-F)
PGLS between PC1 and reflectance (microstructure is correlated with reflectance). (A) P-values for 100
repetitions of t-tests comparing normal, directional reflectance of super black to control black birds. (B)
95% confidence intervals for 100 repetitions of t-tests comparing normal, directional reflectance of super
black to control black birds. (C) P-values for 100 repetitions of t-tests comparing normal, directional
reflectance curve best-fit slopes of super black to control black birds. D) 95% confidence intervals for 100
repetitions of t-tests comparing normal, directional reflectance curve best-fit slopes of super black to
control black birds. (E) P-values were less than 0.05 for all 100 PGLS models comparing PC1 and
reflectance (each model sampled from a different tree). (F) Confidence intervals did not include 0 in any
of the 100 PGLS models comparing PC1 and reflectance (each model sampled from a different tree). Red
lines are at right or left bound = 0. (A-D) refer to Fig. 3; (E-F) refer to Fig. 6.
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A === Drepanornis bruijnii copper tip
40 - (coated in gold) *
Lamprotornis splendidus blue region
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(coated in gold)
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Figure S3: Even after being coated in gold, structurally absorbent feathers reflect <0.5% of
directionally incident light. (A) Normal, directional reflectance spectra for individual, gold-coated
feathers of Drepanornis bruijnii and Lamprotornis splendidus. Black regions and structurally colored
regions are both plotted. Inset: (B) Drepanornis bruijnii feather mounted but uncoated. (C) Drepanornis
bruijnii feather mounted and coated in ~15 nm gold. (D) Lamprotornis splendidus wingtip feather
mounted but uncoated. (E) Lamprotornis splendidus wingtip feather mounted and coated in gold.
Diameter of SEM stubs in each photo is 12.7 mm. (F) Zoomed-in reflectance spectra of super black
regions of Drepanornis bruijnii and Lamprotornis splendidus
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Figure S4: Representative SEM photos: part one of three. (A) Anatidae. (B) Cracidae. (C) Gruidae.
(D) Trochilidae. (E) Eurylaimidae. (F) Pipridae. Additional magnifications and high-resolution
micrographs are available online on the Dryad repository. See Figures S5-S6 for remaining families.
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Figure S5: Representative SEM photos: part two of three. (A) Maluridae. (B) Ptilonorhynchidae. (C)

Paradisaeidae (& Melampittidae). (D) Corvidae. (E) Cnemophilidae (& Callaeidae). Additional

magnifications and high-resolution micrographs are available online on the Dryad repository. See Figures

S4, S6 for remaining families. *indicates a species who belongs to the family in parentheses.
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Figure S6: Representative SEM photos: part three of three. (A) Sturnidae. (B) Irenidae (&
Chloropseidae). (C) Ploceidae. (D) Thraupidae. Additional magnifications and high-resolution
micrographs are available online on the Dryad repository. See Figures S4-S5 for remaining families.
*indicates a species who belongs to the family in parentheses.
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Dataset S1: Specimen information, barbule categories, and reflectance.

Click here to Download Dataset S1

Dataset S2: PCA loadings and PC1 scores for the phylogenetic PCA.

Click here to Download Dataset S2
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http://www.biologists.com/JEB_Movies/JEB208140/DataS1.xlsx
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