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Understanding how animal signals are produced is critical for understanding their evolution because complexity and modularity in

the underlying morphology can affect evolutionary patterns. Hummingbird feathers show some of the brightest and most irides-

cent colors in nature. These are produced by optically complex stacks of hollow, platelet-shaped organelles called melanosomes.

Neither how these morphologies produce colors nor their evolution has been systematically studied. We first used nanoscale

morphological measurements and optical modeling to identify the physical basis of color production in 34 hummingbird species.

We found that, in general, the melanosome stacks function as multilayer reflectors, with platelet thickness and air space size

explaining variation in hue (color) and saturation (color purity). Additionally, light rays reflected from the outer keratin surface

interact with those reflected by small, superficial melanosomes to cause secondary reflectance peaks, primarily in short (blue)

wavelengths. We then compared variation of both the morphological components and the colors they produce. The outer keratin

cortex evolves independently and is more variable than other morphological traits, possibly due to functional constraints on

melanosome packing. Intriguingly, shorter wavelength colors evolve faster than longer wavelength colors, perhaps due to devel-

opmental processes that enables greater lability of the shapes of small melanosomes. Together, these data indicate that increased

structural complexity of feather tissues is associated with greater variation in morphology and iridescent coloration.
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Sexual selection is thought to promote signal diversity (West-

Eberhard 1983; Price 2008), but empirical support for this idea

remains controversial (Parra 2010; Seddon et al. 2013; Huang and

Rabosky 2014; Servedio and Burger 2014). This disagreement

might be explained, in part, by a frequent lack of consideration of

the mechanisms by which a signal is produced. Evolution of new

signals involves a change in structure (whether it be chemical,

morphological, or other) (Mayr 1960), thus, any study of signal

diversity should consider the nature of the structure itself. Studies

on evolutionary relationships between morphology and function

are common in ecological traits (Alfaro et al. 2005; Stayton 2006;

Wainwright 2007; Claverie and Patek 2013; Dumont et al. 2014),

but less so for signal traits (Ord et al. 2013; Eliason et al. 2015).

However, compared to classical examples of naturally selected

traits, sexually selected signal traits are often under stronger di-

rectional selection (Hoekstra et al. 2001) and possess genetic

correlations with mating preferences that could lead to runaway

selection (West-Eberhard 1983; Price 2008; Prum 2010). This en-

hanced potential for variation among species makes signal traits

an ideal system for studying whether and how the way signals are

produced influences how they evolve.

Color is a major axis of phenotypic variation, particularly

in birds, which produce diverse color signals through a combi-

nation of light absorption by pigments (pigment-based colors)

and light scattering from nanostructured feather tissues com-

posed of melanin, keratin, and air (structural colors) (Stoddard and
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Prum 2011; Shawkey and D’Alba 2017). In general, birds with

more complex nanostructures have more variable structural colors

(Maia et al. 2013), and recent work in ducks (Aves: Anatidae) has

shown how form-function innovations facilitate color evolution

(Eliason et al. 2015). However, as birds produce structural colors

in several ways (Durrer 1977), broader comparisons of structural

color diversity are needed to shed light on the mechanisms and

evolution of the shared system, and how sexual selection might

shape morphological diversity.

Hummingbirds show explosive lineage diversification

(McGuire et al. 2014) and display diverse locomotor (Clark

et al. 2018), acoustic (Clark and Feo 2010), and visual signals

(Parra 2010) in a variety of habitats and elevations. Bright iri-

descent plumage colors are present in nearly all hummingbird

species (Greenewalt et al. 1960a,b; Parra 2010). A morpholog-

ical innovation present in all hummingbird species examined to

date is a flattened melanin granule (platelet) interspersed with

air bubbles (Greenewalt et al. 1960a,b; Durrer 1977). Hollow

melanosomes have evolved at least seven times across birds (Elia-

son et al. 2013), and flattening has evolved at least five times

(Durrer 1977; Hu et al. 2018). However, copresence of these

traits is less common, as these morphologies have, thus, far only

been described in African starlings, trogons, and hummingbirds

(Durrer 1977).

Stacks of hollow platelets in iridescent hummingbird feath-

ers comprise some of the most complex nanostructures known

in birds (Durrer 1977; Greenewalt et al. 1960a). Complex traits,

whether morphological or behavioral (Leal and Losos 2015), are

those traits requiring a greater number of subtraits (or parameters)

to describe their variation. Vermeij (1973) laid out a framework

for testing how increased complexity might influence the variabil-

ity of complex morphological traits. In particular, three distinct

aspects can be important for evolutionary variability: (1) the num-

ber of morphological subtraits, (2) the evolutionary independence

among subtraits, and (3) the range (or evolutionary rates) of indi-

vidual subtraits. In general, higher values in any of these aspects

would lead to greater evolutionary variability. In the context of

functional traits like the iridescent nanostructures of humming-

birds, it is necessary to understand not only the evolution of mor-

phological subtraits but also the colorful signals they produce.

Greenewalt et al. (1960a) was the first to study color mecha-

nisms in hummingbirds using a combination of empirical work

and theoretical (optical) calculations. Durrer (1977) recognized

that hummingbird melanosomes have additional interfaces for

light reflection (e.g., between melanin and air) that would make

optical calculations more challenging than with simpler nanos-

tructures. More recently, Giraldo et al. (2018) studied the color-

producing mechanism of Anna’s hummingbird (Calypte anna)

using advanced optical simulations. Both Greenwalt et al. (1960)

and Giraldo et al. (2018) described secondary reflectance peaks

and implicated a superficial layer of keratin (the cortex) in the pro-

duction of these peaks. Giraldo et al. (2018) further noted minia-

ture platelets lying directly beneath the cortex. However, previous

work on hummingbird iridescence has been primarily descriptive

(Durrer 1977), based on small sample sizes (Giraldo et al. 2018;

Greenewalt et al. 1960a), or relied on methods that infer mor-

phology from spectral curves rather than by direct microscopic

examination (Greenewalt et al. 1960a). These aspects make it dif-

ficult to answer questions about how diverse morphology-color

relationships may have evolved. For example, what subtraits ac-

count for the variation in coloration among hummingbird species?

Here, we take a bottom-up approach by using morphologi-

cal parameters measured from transmission electron microscope

(TEM) images of 44 feathers from 34 hummingbird species to

simulate theoretical reflectance spectra that we compare with em-

pirical reflectance spectra. We then address the evolution of both

morphology and iridescent coloration using multivariate com-

parative methods. Specifically, we ask (1) which morphological

subtraits have the largest influence on the resulting phenotype

(color), (2) to what extent subtraits are correlated with one an-

other, and (3) to what extent do these relationships differ between

two taxonomic groups differing in morphological complexity (i.e.,

hummingbirds and ducks). Our results have implications for un-

derstanding the origins and current state of functional diversity in

iridescent coloration.

Materials and Methods
SAMPLING IRIDESCENT FEATHERS

We sampled 44 feathers from various body regions (31 gor-

get/throat feathers, 12 crown feathers, and 1 back/mantle feathers)

in 34 hummingbird species (see Dataset S1 for sources). To assess

whether our species sampling was uniform relative to lineages in

a recent phylogeny (McGuire et al. 2014), we calculated two met-

rics of phylogenetic clustering: mean pairwise distance (MPD)

and mean nearest taxon distance (MNTD), using the R package

picante (Kembel et al. 2010). We then randomly sampled sub-

sets of 34 species from the 293 recognized hummingbird species

(McGuire et al. 2014) and calculated MPD and MNTD for 500

random subsets to create null distributions. Since either cluster-

ing or overdispersion of sampled species might be problematic

when comparing evolutionary rates among clades, we calculated

two-tailed P values as the proportion of null values less than

(indicating clustering) or greater than (indicating overdispersion)

the observed values. In both cases, we obtained P values > 0.05,

suggesting our sampling was roughly uniform with respect to phy-

logeny (Fig. S1). To test the potential effects of sparse sampling

on our comparative analyses, we ran 100 replicates of a jackknife

procedure in which we randomly removed 33% of species at each

iteration before refitting evolutionary models for nanostructural
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and spectral traits, following the approach of Denton and Adams

(2015).

MEASURING MORPHOLOGICAL TRAITS

We embedded 44 feather barbs in resin, cut cross-sections with

a Leica UC-6 ultramicrotome (Leica Microsystems GmbH, Wet-

zlar, Germany), and imaged them with a TEM(JEOL JEM-1230)

following Shawkey et al. (2003). We measured the following op-

tically relevant traits for several images per specimen: platelet

thickness (pt), platelet spacing (ps), air space diameter (air), ker-

atin cortex thickness (cor), number of melanin platelets (layers),

and top platelet thickness (pttop; see Fig. 1B for schematic, see

Dataset S2 for species means). In total, we took 4417 measure-

ments from 135 images of individual feathers plucked from the

crown (N = 12), gorget (N = 31), and back (N = 1) of 34 hum-

mingbird species. For all morphological traits but layer number,

we took 10 measurements haphazardly selected along the surface

of a barbule. The number of platelet layers was observed to be

�uniform across the region imaged with the TEM. Therefore, a

single value quantifies the overall nanostructure. Several (14/34,

40%) species have evolved small platelets at the tops of bar-

bules (Figs. 1B, S2), previously only described in a single species

(Giraldo et al. 2018), and we noted their presence or absence

(Dataset S1). We examined repeatability between observers by

plotting per-image measurement values for two different ob-

servers (M.D.S. and R.M.). There was a strong correlation be-

tween observers (intraclass correlation values ranged from 0.84-

0.92), so we calculated averages from pooled measurements for

each trait. To compare variation in morphological traits across dif-

ferent levels of organization (e.g., species, feathers), we fit linear

mixed models using lmer in the lme4 package (Bates et al. 2015).

Each morphological trait was used as the response, with TEM im-

age, feather patch, and species included as random effects. This

approach is similar to a nested taxonomic ANOVA (Starck and

Ricklefs 1998) and allowed us to assess our sampling design (see

Fig. S3). All morphological traits were natural log-transformed

prior to analyses to achieve normality and to allow us to com-

pare evolutionary rates among traits with different characteristic

variabilities (discussed in Adams 2013).

QUANTIFYING COLOR

To understand whether and how color changes with angle, a hall-

mark of iridescent traits, we varied the light and viewer angles

in tandem (i.e., in specular configuration) from 10° to 45° in 5°

increments using a laboratory-made goniometer (Meadows et al.

2011) with an attached spectrophotometer and xenon light source

(Avantes Inc., Broomfield, CO, USA). For some species, color

was either black or too drab, and we could therefore not mea-

sure signal directionality. In total, we measured angle-resolved

reflectance for 31 out of 44 feather specimens. For all spectra,
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Figure 1. Measuring iridescent color and morphology in hum-

mingbirds. (A) White-booted racket-tail hummingbird (Ocreatus

underwoodii) with iridescent gorget feathers. (B) Transmission

electron microscope (TEM) image of a cross-section of an irides-

cent barbule showing the six traits we measured: cortex thickness

(cor), top platelet thickness (pttop), number of platelets (layers),

platelet spacing (ps), platelet thickness (pt), and air space diame-

ter (air). (C) Measurement geometry (inset) and reflectance spectra

at various specular angles used to confirm iridescence (i.e., color

change with angle) across hummingbirds.

we calculated three peak shape variables for each spectrum: hue

as the wavelength at which the reflectance reaches a maximum,

brightness as height of the main peak, and saturation as the width

of the peak at the midpoint between the maximum and mini-

mum reflectance value. In addition to the primary peak (from

which we calculated hue values), several species have secondary

reflectance peaks occurring at shorter wavelengths. Importantly,

these secondary peaks are not simply harmonics of the main peak

(e.g., occurring at 1/2 the main peak’s hue) and can therefore not

be explained by standard interference models. To understand mor-

phological predictors of secondary peaks, we noted their presence
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or absence (e.g., see arrows in Fig. S6) for statistical analysis (see

below).

PREDICTING SPECTRAL SHAPE FROM MORPHOLOGY

Iridescent nanostructures in birds are complex and involve the

alignment of melanosomes in a single direction (often parallel

to the axis of barbules). Scanning electron images of longitu-

dinal sections in several hummingbird species (Hu et al. 2018)

revealed that air spaces were roughly spherical and uniformly

distributed throughout melanosomes (i.e., did not show any long-

range order that might cause diffraction). Furthermore, previous

results on polarization in the ruby-throated hummingbird showed

no difference in reflectance at different polarizations (Eliason and

Shawkey 2012). These observations suggest little ordering in two

dimensions, so we used a one-dimensional optical model to simu-

late reflectance. This model essentially slices the nanostructure up

into pieces with uniform refractive index and then uses a transfer

matrix approach (Jellison 1993) to simulate light reflection at the

interface of each layer. To define slices, we calculated refractive

index as a function of position through an air sphere within a

platelet as

navg = � (nmel − nair)
[
1 − (z/dair + 1)2

]

where � is the density of air spheres, z is the vertical posi-

tion through a sphere, nair = 1, and dair is the diameter of

the air space (see Fig. 1B, outset) (Diamant et al. 2012). We

generated wavelength-dependent complex refractive indices as

ñ = A + B/λ2 − iCexp(−λ/λi ), where λ is the wavelength. We

used published parameter values for melanin (A = 1.648, B =
23,700, C = 0.56, and λi = 270 nm) (Stavenga et al. 2015) and

keratin (A = 1.532, B = 5890) (Leertouwer et al. 2011). For each

layer, we computed volume-average refractive indices following

Garahan et al. (2007). We tried various resolutions for how the

structure was “sliced” into uniform layers and found that 100 lay-

ers gave similar results as 500 (Fig. S5), thus, we settled on a

resolution of 100 for all simulations. We removed 6 of 44 samples

prior to form-function analyses because microscopy revealed that

feather barbules were either from a white or black (i.e., nonirides-

cent) region of the feather or had disordered melanosome arrays

not expected to produce iridescence. We simulated reflectance for

the remaining 38 iridescent crown and gorget feathers under four

distinct models: (1) a full model of the barbule nanostructure with

all six morphological traits measured (see above), (2) a reduced

model without including keratin between platelets, (3) a reduced

model without including small platelets at the barbule surface,

and (4) a reduced model without a keratin cortex.

To compare the relationship between measured and predicted

spectra for the full (six-parameter) optical model, we used two-

block partial least squares (PLS) implemented in the geomorph

R package (Adams and Otárola-Castillo 2013). This method has

been used widely in geometric morphometrics to study correlation

in multivariate datasets (e.g., see Rohlf and Corti 2000). In our

case, multivariate X and Y were the simulated and empirical re-

flectance values, respectively, both normalized to have maximum

values of 1. We assessed significance of the test statistic (rPLS) by

randomly shuffling species in X relative to those in Y 999 times.

To further compare different optical models, we calculated mean

residual sum of squares (RSS) between normalized measured and

predicted spectra for all four models, with lower values indicating

a better fit.

LINKING MORPHOLOGICAL FORM TO OPTICAL

FUNCTION

Statistical modeling
To test for statistical associations between color and morpholog-

ical traits, we fit separate models for each peak shape variable

(hue, saturation, and brightness) as the response and our six mor-

phological traits as predictors. We fit full additive models with

ordinary least squares (OLS) and removed nonsignificant terms

(P > 0.05) in a backward step-wise fashion to determine the most

parsimonious model for each color variable. We further assessed

relative variable importance (i.e., the number of reduced models

in which it is included) using the dredge and importance functions

in the R package MuMIn v. 1.42.1. To account for phylogenetic

signal in the data, we refit all reduced models in a phylogenetic

mixed model framework implemented in MCMCglmm (Hadfield

and Nakagawa 2010). To our knowledge, this is the only approach

that accounts for phylogeny while also allowing for intraspecific

variation (i.e., among patches).

To test for an association between the presence of secondary

peaks and small, superficial platelets, we fit a phylogenetic gen-

eralized linear model with the phylolm R package (Ho and Ané

2014). To further verify the origin of secondary peaks, we de-

termined the percentage of full optical simulations that correctly

predicted secondary peaks to the accuracy of a reduced model not

incorporating the upper cortex or small superficial platelets (see

Dataset S3). We then used binomial tests to determine whether

each model significantly predicted secondary peaks more often

than expected at random.

Optical sensitivity analysis
To further assess the relative sensitivity of different morpholog-

ical parameters on the shape of predicted reflectance spectra,

we chose a species with a distinct secondary reflectance peak,

Ocreatus underwoodii (see Fig. 1A), and simulated spectra while

varying each parameter in turn and holding all other parameters

constant at their mean values for this species. We varied: (1)

platelet thickness ± 10 nm from the mean value (123-143 nm),

(2) platelet spacing from the mean platelet thickness (i.e., with
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platelets touching) to the observed spacing value (133-175 nm),

(3) air space diameter from zero to the observed value (0-76 nm),

(4) top platelet thickness from the observed value to the mean

thickness of “regular” platelets (64-133 nm), (5) cortex thickness

from zero to the observed value (0-154 nm), and (6) layer number

± 5 layers around the mean value (8-17 layers). All simulations

were done in 10 equidistant steps.

TESTING THE BIOLOGICAL VERSATILITY HYPOTHESIS

Hummingbirds have one of the most complex nanostructures

known in birds (Durrer 1977), varying in at least six dimensions

(Figs. 1B, 3). To test Vermeij’s (1973) “biological versatility” hy-

pothesis that increases in complexity produce a wider range of

potential forms (i.e., greater morphological disparity), we deter-

mined evolutionary correlations and variability among morpho-

logical subtraits and then compared these values between hum-

mingbirds and dabbling ducks, a monophyletic clade for which

careful studies have identified four morphological subtraits re-

sponsible for their variation in color (Eliason et al. 2015). We

used a published dataset (Eliason et al. 2015) for 38 duck species,

along with additional measurements of cortex thickness (Dataset

S4). Since gorget feathers are most commonly used in mating

displays and agonistic interactions in hummingbirds (Bleiweiss

1992), and because sample size for crown feathers was relatively

low (N = 11), we used iridescent gorget feathers for our compar-

ative analyses.

Morphological disparity measures the range of potential phe-

notypes a clade can occupy (Hughes et al. 2013) and is affected

both by rates of and constraints on trait evolution (Felice et al.

2018). Under a Brownian motion (BM) model of trait evolution,

species trait values “spread out” as a function of time, resulting in

a monotonic increase in the amount of variation over time. By con-

trast, under an Ornstein-Uhlenbeck (OU) model, disparity at first

builds up but then plateaus over time as variance-generating mech-

anisms (σ2, represented as stochastic changes per unit time) are

balanced by variance-reducing mechanisms (α, often described

as a “rubber band” pulling phenotypes to some optimal, or con-

strained, value). The ratio between these two parameters (σ2/2α) is

the stationary variance of the OU process (Bartoszek et al. 2012)

and can be thought of as the steady-state amount of morphological

disparity within a clade.

To estimate evolutionary covariance matrices, we used recent

time-calibrated phylogenies (McGuire et al. 2014; Eliason et al.

2015) to fit three distinct models of multivariate trait evolution:

(1) a Brownian motion model (BM), (2) a one-regime Ornstein-

Uhlenbeck (OU) model in which trait evolution is constrained by

a restraining parameter α, and (3) an early burst (EB) model in

which trait evolution slows down toward the tips of the tree. We

fit models using fit t pl (Clavel et al. 2018) in the RPANDA R

package and selected among models using the generalized infor-

mation criterion (GIC) following Clavel et al. (2018). Because

evolutionary rates scale with α in OU models (Bartoszek et al.

2012), we estimated the stationary covariance matrix (see above)

from the resulting rate matrices using custom R code (Eliason

et al. 2015) and then calculated standard errors of parameters us-

ing published R code (Clavel et al. 2018). Evolutionary variances,

taken as the diagonals of this transformed evolutionary covariance

matrix, correspond to morphological disparity and are equivalent

to coefficients of variation when using natural log-transformed

data (see Gingerich 2009). Importantly, calculation of stationary

covariance matrices removes the effect of time similarly for all

traits (since we only calculate a single value of alpha), therefore,

the relative widths of standard errors among traits remain the same

under this transformation.

To compare evolutionary variation and flexibility in spec-

tral shape between these clades, we estimated evolutionary co-

variance matrices using natural log-transformed raw reflectance

values in 8-nm bins (Dataset S5). We then compared spectral

disparity as above, and spectral flexibility (i.e., evolutionary inde-

pendence among distinct wavelength bands) as Van Valen’s mean

coefficient of determination (i.e., the average of squared pairwise

evolutionary correlations) (Van Valen 1974) derived from the esti-

mated evolutionary covariance matrix. This is an overall measure

of integration within a set of traits, with lower values indicating

greater flexibility in spectral shape.

Results
GENERAL OBSERVATIONS

All barbules contained stacks of melanin platelets (varying in

number from 2-16 layers) with roughly spherical air holes

(Fig. 1B). Surrounding these stacks was a thin (10-207 nm) ker-

atin cortex. Small platelets were observed just below the cortex

of barbules in 16 species (see Figs. 1B, S2). Of these species,

11 had small air-filled platelets and five species had small solid

(e.g., Fig. S2C) platelets (Dataset S1). In all cases, reflectance

spectra changed considerably with angle (Fig. S4), confirming

the structural origin of bright colors across hummingbirds.

DOES MORPHOLOGY PREDICT SPECTRAL SHAPE?

Overall, optical simulations incorporating all six morphological

parameters (cortex thickness, platelet thickness, air space di-

ameter, top platelet thickness, platelet spacing, and number of

platelets) fit the observed spectra fairly well (rPLS = 0.559, P =
0.013; Fig. S6). A model not including space between platelets

slightly outperformed the full, six-parameter model (Figs. S7,

S8B). Simulations excluding the outer keratin cortex and small

superficial platelets showed a poorer fit (higher RSS values) rela-

tive to the full and “no spacing” simulations (Fig. S8B). Both the
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A B

C D

Figure 2. Morphology-color relationships in hummingbirds. (A,B) Regression results showing the relationship between hue and platelet

thickness (A) and between peak width and air space diameter within melanosomes (B). Points are partial residuals derived from the

best-fitting models (see Table 1). (C,D) Optical simulations based on the morphology of Ocreatus underwoodii. Colors correspond to

spectral reflectance, ranging from low (blue) to high (yellow). Simulated hues increase with platelet thickness (C) and reflectance peak

widths broaden with the amount of air in melanosomes (D).

full and no-spacing models captured variation in the width of the

primary peak, as well as the location (hue, in nm) of the secondary

peak (Figs. S6, S7). For 10 of 38 feathers there was a considerable

mismatch between simulated and measured reflectance spectra

(e.g., gorget feathers of Coeligena bonapartei; Fig. S6). Variation

in platelet thickness primarily affects hue (Fig. 2C). Variation in

cortex thickness affects peak width and, in some cases, can cause

destructive interference (Yoshioka et al. 2012) giving “bimodal”

reflectance peaks (e.g., for thicknesses �40 nm; Fig. S9C). Both

the thickness of the top platelet and spacing between adjacent
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Table 1. Multiple linear regression model results for color variables.

Response Predictor Full OLS Reduced OLS Reduced PGLS Importance

Hue Spacing −0.15 ± 0.21 . . . . . . 0.25
Air −0.13 ± 0.14 . . . . . . 0.24
Layers 0.12 ± 0.10 . . . . . . 0.42
Platelet 0.76 ± 0.22 0.54 ± 0.13 0.56 [0.24, 0.90] 0.99
Cortex −0.04 ± 0.03 −0.05 ± 0.03 −0.05 [−0.12, 0.02] 0.49
F = 5.09 11.27 . . . . . .
df = 5, 21 2, 24 . . . . . .

Saturation Spacing 0.05 ± 0.34 . . . . . . 0.23
Air 0.33 ± 0.23 0.42 ± 0.16 0.37 [0.00, 0.71] 0.73
Layers 0.02 ± 0.16 . . . . . . 0.21
Platelet 0.15 ± 0.36 . . . . . . 0.34
Cortex 0.00 ± 0.05 . . . . . . 0.19
F = 1.29 6.77 . . . . . .
df = 5, 21 1, 25 . . . . . .

Brightness Spacing −0.85 ± 1.45 . . . . . . 0.22
Air 0.33 ± 0.99 . . . . . . 0.29
Layers 0.12 ± 0.70 . . . . . . 0.23
Platelet 1.46 ± 1.56 . . . . . . 0.35
Cortex −0.14 ± 0.23 . . . . . . 0.24
F = 0.52 . . . . . . . . .
df = 5, 21 . . . . . . . . .

For each color variable, the full additive model is shown, with significant (P < 0.05) predictors for the best-fitting (reduced) model highlighted in bold. Models

were fit with both ordinary least squares (OLS) and phylogenetic least squares (PGLS). Values are β ± SE (for OLS models) or Bayesian credible intervals in

square brackets (for PGLS models). Relative variable importance calculated as the sum of Akaike weights for all models in which a predictor is included (see

Methods).

platelets affected the brightness of the main peak (Fig. S9A, B),

while spacing had a much stronger effect on hue (Fig. S9A). Peak

width narrows with increasing number of layers (Fig. S9D).

WHAT MORPHOLOGICAL TRAITS BEST PREDICT

COLOR VARIABILITY?

The best model for hue included platelet thickness and cortex

thickness as predictors (Table 1). Hue significantly increased

with platelet thickness (Fig. 2A, Table 1). For peak width, the

best model included only air space diameter as a predictor

(Table 1). Peak width increased significantly with the size of

air spaces within platelets (Fig. 2B, Table 1). There were no

significant predictors for brightness. These results were qualita-

tively similar when accounting for phylogeny using PGLS (see

Table 1).

Small platelets were significantly associated with secondary

reflectance peaks (phylogenetic GLM, P = 0.041). Optical sim-

ulations showed that secondary reflectance peaks can be pre-

dicted from optical theory (Fig. 4B). Specifically, secondary

peaks depend on the interaction between the thicknesses of the

keratin cortex and the top layer of small platelets. An optical

model accounting for small platelets and cortex thickness cor-

rectly predicted 81.0% (binomial test, P = 0.0036) of secondary

peaks in the empirical data, while a model not accounting for

these traits predicted secondary peaks only 14.3% of the time

(P = 1).

DOES COMPLEXITY INCREASE MORPHOLOGICAL

DISPARITY?

In all cases, the OU model performed best, suggesting low phy-

logenetic signal for the traits we measured (Table S1). The cortex

was more variable than, and was decoupled from, other mor-

phological traits within hummingbird gorget feathers (Fig. 3B).

By contrast, cortex thickness evolved in tandem with size and

spacing of melanin granules in ducks (Fig. 3A). The thickness

of the top layer of platelets was significantly more variable

than the size of nonmodified platelets (Figs. 3B, S10). The

number of platelet layers decreased significantly with spacing

(Fig. 3B). For spectral data, evolutionary disparities in hum-

mingbirds were elevated primarily in blue (400-450 nm) and

yellow-red wavelengths (600-700 nm; see Fig. 4C). Humming-

birds showed greater evolutionary flexibility in spectral shape

compared to ducks (Van Valen’s mean R2 = 0.35 and 0.45,

respectively).
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A B

Figure 3. Evolutionary relationships in complex feather nanostructures. Network visualization of evolutionary covariation among

nanostructural traits in duck wing feathers (A) and hummingbird gorget feathers (B). Abbreviations correspond to cortex thickness (cor),

platelet spacing (ps), platelet thickness (pt), number of platelet layers (layers), top platelet thickness (pttop), and air space diameter

(air). Solid lines indicate significantly positive correlations and dashed lines indicate negative relationships among traits. Line thickness

indicates strength (effect size) of evolutionary covariance (i.e. absolute value of correlation coefficient; see legend). Only significant

connections are shown. Vertex size corresponds to evolutionary disparity (based on an OU model fit) relative to other traits (see Fig. S10

for further details).

Results were similar for crown feathers, with a few notable

exceptions. Specifically, standard errors of evolutionary disparity

estimates were much larger (expected given the lower sample

size, N = 11brk; Fig. S10); the cortex and number of layers had

significantly lower variances than in gorget feathers (Fig. S10);

and spectra were significantly more variable in green wavelengths

(Fig. S13B).

These results were generally robust to sampling error. For

nanostructural traits, the best-fitting Ornstein Uhlenbeck (OU)

model of trait evolution was preferred in 32 and 65 out of 100

jackknife simulations (gorget and crown feathers, respectively).

For spectral traits, the preferred OU model was selected in all cases

for both feather types. Relative disparities among nanostructural

(Fig. S11) and spectral traits (Fig. S13A) were remarkably similar

to the full model for gorget feathers. Spectral disparities for crown

feathers showed considerably more noise (Figs. S11B, S13B),

likely owing to a smaller sample size (N = 11) for this body

region.

Discussion
Here, we elucidate mechanisms and evolutionary patterns of

nanoscale morphology and dynamic colors in charismatic hum-

mingbirds (Trochilidae). We identify consistent form-function

relationships using optical models, demonstrate that these rela-

tionships impact the evolution of both nanostructure and color,

and show how morphological complexity facilitates greater evo-

lutionary disparity relative to a clade with simpler nanostructures.

We first show that stacks of melanosomes bounded by ker-

atin in hummingbird feather barbules produce color through mul-

tilayer interference, as predicted by Greenewalt et al. (1960a).

The novel aspect here is that we consider melanin absorption

(Stavenga et al. 2015) and use a parametric model generated from

direct TEM measurements to accurately predict reflectance spec-

trum shape and reflectance peak for �75% of species (Fig. S6).

Interestingly, an optical model not accounting for keratin space

between adjacent platelets slightly outperformed the full optical

model (Fig. S8), indicating that the amount of keratin between

platelets may be less optically important than the thickness of the

melanin platelets themselves. Given biological variation, even be-

tween and within barbules, and that we only sampled one barbule

per species, this degree of agreement is excellent. Discrepancies

might arise from sampling of nonrepresentative barbules (i.e.,

those whose color does not match the overall color of the feather)

or from a tilted cross-sectional slice of the barbule during the

processing for TEM.
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A B

C

Figure 4. Evolutionary variation in spectral shape across hummingbirds. (A) Normalized reflectance spectra (Rmax = 1) of gorget feathers

(N = 27), colored according to human visual models, on a phylogeny of hummingbirds (McGuire et al. 2014). (B) Small, superficial platelets

interact with the cortex to cause secondary peaks (arrow). Optical simulations based on the morphology of Ocreatus underwoodii (Fig. 1B)

with (solid) and without small platelets (dashed line). (C) Evolutionary disparity of iridescent coloration in hummingbird gorget feathers

(black) and dabbling duck wing patches (gray). Points show evolutionary variances (±SE) for 50 wavelength bins from ln-transformed

reflectance data. Results for hummingbirds based on 27 species illustrated in panel A. Image credits: Handbook of the Birds of the World

(Schuchmann 1999).

Our use of multiple species enabled us to identify variables

important to color variation between species. Melanosome

platelet thickness strongly impacts hue, as expected under multi-

layer interference theory in which thicker layers produce longer

wavelength colors (Kinoshita 2008). Saturation, or color purity,

may decline with air cavity size (Fig. 2B,D) as conditions for an

ideal multilayer are approached (Kinoshita 2008). Brightness was

not predicted by any nanostructural parameter, but may instead be
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influenced by microstructural (rather than nanostructural) traits

such as the density, angle, or size of feather barbules (Shawkey

et al. 2005). Secondary peaks in some species are likely produced

by the optical interaction between the upper cortex and small

melanin platelets that lay directly below it (Fig. 4B). The cortex,

thus, contributes to both primary and secondary peak production

by adding an additional refractive layer.

Evolutionary increases in the number of free morphological

parameters comprising a complex trait are thought to increase

the potential for morphological diversification (Vermeij 1973).

A recent study in dabbling ducks (Anatidae: Anas), a mono-

phyletic clade of birds with an isolated iridescent plumage patch

(in the wings) and a highly conserved color-producing morphol-

ogy, showed that form-function relationships explain evolution-

ary variation in color (Eliason and Shawkey 2012; Eliason et al.

2015). While this work hinted at a role for morphological com-

plexity in opening up opportunity for trait diversification, com-

parisons among clades differing in morphological complexity are

needed to rigorously test Vermeij (1973)’s “biological versatility”

hypothesis. Some aspects of hummingbird nanostructures evolve

in a correlated manner (Fig. 3B), suggestive either of functional

constraints (Maia et al. 2012) or strong correlated selection (Roff

and Fairbairn 2012). For example, the negative evolutionary cor-

relation between the number of platelet layers and platelet spac-

ing (Fig. 3B) may be because fewer large platelets can fit in a

barbule of a given size. Alternatively, if certain combinations of

color attributes (e.g., hue, brightness) are preferred in social or

mating contexts, then, over time, this correlated selection could

drive genetic correlations between morphological subtraits in-

volved in producing these colors. By contrast, the cortex may be

decoupled because its dimensions are independent of other mor-

phological traits, or because its development occurs via a distinct

mechanism from the rest of the barbule. Evolutionary decoupling

of cortex thickness in hummingbirds (Fig. 3B) but not ducks

(Fig. 3A) might stem from differences in how these nanostruc-

tures develop. In any case, this evolutionary decoupling of the

cortex in hummingbirds allows an additional degree of freedom

that we demonstrate has strong optical effects, through its interac-

tion with small platelets at the surface of barbules (Figs. 4B, S7),

to drive the explosive color diversification in the clade (Fig. 4A).

This is the first study showing the role of the cortex in affecting

the color of multilayers from a comparative standpoint. Taken to-

gether, our results show that, on average, morphological subtraits

in hummingbird nanostructures are more numerous (complex) and

independent, resulting in greater overall morphological disparity

than those in ducks.

We have here identified proximate mechanisms for color

production and variation, and demonstrated a clear link between

morphological complexity and evolutionary variation in both mor-

phology and color. How iridescent signals evolve likely depends

on both extrinsic social (e.g., female preferences) and ecological

factors (e.g., light environment) as well as the intrinsic nature of

the structures that produce the colors, in particular, their complex-

ity and modularity. Understanding the proximate basis of these

traits will be critical for understanding their ultimate pathways

(Eliason 2018).
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