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Abstract
Among the most ornate animal traits in nature are the angle-dependent (e.g. iridescent) structural colors of many fishes,
damselflies, birds, beetles, and butterflies. Though we now have a solid understanding of the mechanisms that create
angle-dependent coloration in several groups, we know little about whether pigmentary colors reflect light in an angledependent fashion or if similar or different mechanisms govern angle-dependent reflectance from pigmentary versus
structural colors. Here for the first time we describe non-iridescent angle-dependent coloration from the tail and wing
feathers of several parrot species (Aves: Psittaciformes). We employed a novel approach—by calculating chromatic and
achromatic contrasts (in just noticeable differences, JNDs) of straight and angled measurements of the same feather
patch—to test for perceptually relevant angle-dependent changes in coloration on dorsal and ventral feather surfaces.
We found, among the 15 parrot species studied, significant angle dependence for seven of our eight feather JND
parameters. We then measured micro-scale features on each side of feathers, including size and color of barbs and
barbules, to attempt to predict interspecific variation in degree of angle-dependent reflectance. We found that barb
height, plumage-color type (e.g. melanin, structural), and differences between barb-barbule coloration (measured using
Euclidean distances) were the strongest predictors of angle-dependent coloration. Interestingly, there was no significant
phylogenetic signal in any of the angle-dependence models tested. These findings deepen our views on the importance
of microscopic feather features in the production of directional animal coloration, especially in tissues that are colored
predominantly by pigments and appear to be statically colored.
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Introduction
Many bird species display striking plumage colors that play
key roles in visual communication.1 Birds generally have
two main mechanisms for generating the color of their plumage: structural and pigmentary coloration.2 Pigment-based
colors typically are produced by the presence of one of two
classes of chemical compounds—melanins (dark and earthtoned colors) and carotenoids (red, orange, and yellow
colors).3,4 However, some birds utilize other unique pigments
in their plumage, including porphyrins in raptors,5 bustards,
and turacos (e.g. turacin, turacoverdin),6 pterin-like compounds in penguins,7 and psittacofulvins in parrots8; in these
unusual instances, the chemical nature, mechanisms, and
functions of these pigments are poorly known.
Pigment-based colors are largely viewed as having a
static, non-directionally-reflecting matte appearance, unlike
the more dynamic angle-dependent reflectance characteristics of some structural colors.9–11 Angle-dependent coloration in bird feathers and other animal structures has often
been ascribed to iridescence,12 which is the surface-reflection change in hue (i.e. the color or wavelengths reflected)

depending on the orientation of both the light source and
observer.11,13 Iridescence is produced by multilayer interference and coherent scattering of light caused by the nanostructure of barbules.9,11,14,15 Glossiness (i.e. the specular
reflectance of light on smooth surfaces, or luminance
skew16) has also been recognized as a less common form of
angle-dependent reflectance in animals, which is hypothesized to be caused by barbs with a relatively thin keratin
cortex and quasi-ordered melanosomes.17 In general, angledependent coloration is interesting from an evolutionary
perspective because of the potential for animals to behaviorally manipulate (e.g. flash18,19) or specifically direct their
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Figure 1. Digital photographs of a blue and gold macaw (Ara ararauna) tail feather on the ventral side (left) and dorsal side (right),
taken at roughly straight and angled views to illustrate the phenomenon we observed that sparked our interest in this research.
These photos (though not used for data-collection purposes) visually capture the increase in brightness and/or saturation in panels
(b) and (d) compared to (a) and (c), respectively. White circles denote the feather areas in which we visibly noted angle-dependent
changes.

signals at intended receivers,11 thus providing unique, context-dependent opportunities for communication.
To expand our understanding of angle-dependent coloration in animals, it is important to consider pigment-based
colors in addition to structural colors. Although the literature focusing on pigment-based angle-dependent coloration
is sparse, likely due to the broad-band light-absorbance
actions of pigments (unlike reflectance directionality of
structural colors20), a recent study21 considered the morphological mechanisms of glossy, carotenoid-pigmented feathers in several songbird species. They found that barb shape
was correlated with the glossy appearance of red feathers,
such that larger, flatter barbs exhibited greater specular
reflectance and smaller, more curved barbs reflected light
more diffusely.21 This finding raises the question of the
extent to which feather morphological variation at a microscopic scale may produce unexpected forms of angledependent pigmentary colors in other species. Further, this
challenges the typical perspective of angle-dependent coloration as a phenomenon exclusively associated with finescale architectural variation in structurally colored tissues.
To determine the abundance of and mechanisms underlying
potential pigment-based angle-dependent colors in birds, a
study system with diverse coloration is needed.
Parrots are among the most colorful animal groups on
the planet and use a unique set of endogenously produced
pigments (psittacofulvins) to generate their red, orange, and
yellow plumage coloration.8,22–25 Several parrots also
exhibit ornate structural coloration, especially conspicuous
blue colors (e.g. blue-and-gold macaw, Ara ararauna), and
can mix psittacofulvins with specific feather structures to
produce green colors (e.g. Amazona parrots).26 Prior work
using multiple-angle spectrometry in a parrot species (bluefronted amazon, Amazona aestiva) found that various
plumage regions (including some pigment-based colors,

such as the yellow alula) exhibited reflectance differences
between straight and angled measurements, including sexual dichromatism in the ultraviolet spectrum.27 This result
hints at the potential importance of subtle angle-dependent
coloration in parrots, and the utility of multiple-angle spectrometry in revealing unique aspects of parrot plumage
reflectance patterns.
In preliminary observations of flight feathers (containing pigmentary and structural colors) from several parrot
species, we noticed that some appeared to exhibit an unusual angle-dependent appearance (Figure 1); feathers
appeared bright/reflective to the human eye at some viewing angles and darker at others, without a clear hue change.
We thus were interested in investigating the distribution
and mechanistic nature of this reflectance phenomenon
among feathers, feather regions (e.g. dorsal/ventral), and
species of parrots. We evaluated angle-dependence of parrot feathers using a novel, visual-modeling, just-noticeabledifference based approach traditionally employed for
analyzing color contrasts among patches,28,29 except here
we compared measurements of the same feather patch from
two angles (90° and 45°) to examine whether there were
perceptually relevant, achromatic or chromatic differences
in feather reflectance as a function of measurement angle.
Closer examination of feathers from several species of
macaw (Figure 2) revealed a darker, melanin-like color to
the barbules, whereas the barbs were highly chromatic (i.e.
red, yellow, blue, green). From these initial observations,
we sought to investigate the possibility that the interspersing of darker and brighter regions of feather parts, which
vary in size (i.e. barbs larger than barbules) and thus perhaps the ease with which they may be viewed at certain
angles (i.e. at sharp angles, barbs may block the view of
barbules; Figure 3), is a key contributor to angle-dependent
reflectance patterns. Specifically, we hypothesized that
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Figure 2. Microscope photographs, taken with 40× magnification, then zoomed in and cropped for presentation using ImageJ, of
the (right) ventral and (left) dorsal sides of a scarlet macaw (Ara macao) tail feather. These are representative photos of those used
to collect data on barb/barbule size and coloration in Image J. The three representative barbs measured were chosen based on
position and shape in each photo. For example, one can observe some variation in barb shape on the ventral side (i.e. variation in
width between and within barbs), especially closer to the rachis. However, the barbs towards to bottom of this photo appear much
more consistent, so we would typically measure the width of three barbs and their adjacent barbule patches/strips from this region.
The region selected would also be measured for color using the polygon selection tool, focusing on small rectangular or trapezoidal
regions between the brighter and darker points, to obtain a reasonable average assessment.

structurally organized colors in parrots would exhibit more
angle-dependence than pigmentary colors, but we recognize the scarcity of comparable studies on pigmentary coloration. Also, because prior work on iridescence in starlings
shows significant evolutionary transitions (e.g. ancestral
lineages with rod-shaped melanosomes vs unique melanosome morphologies in derived clades30; also see in ducks31),
we expected to find significant phylogenetic signal in our
analyses of angle-dependence in parrot feathers.

Materials and methods
Samples

Figure 3. Cartoon representation of a cross-section of a
scarlet macaw primary feather, with the barbules colored black
and the barbs colored red on the ventral side, blue on the
dorsal side. Although overly simplified, this image illustrates
our hypothesized mechanisms for angle-dependent feather
reflectance. When viewed at 90°, the red, pigmented barbs and
the dark barbules are both visible, but when oriented at 45°
mostly/only the red barbs would be visible, causing a perceived
change in reflectance/color.

among-species differences in barb and barbule thickness/
height and/or coloration are responsible for variation in
angle-dependent reflectance changes in parrot feathers. We
predicted that feathers with contrasting barb and barbule
colors (e.g. chromatic barbs but dark barbules) or with
larger/thicker barbs (obscuring view of darker barbule
background at certain angles) would be most angle-dependent (Figure 2). Because the literature is rich in examples of
angle-dependent structural colors,9 we predicted that

To quantify the angle-dependent reflectance and morphological characteristics of parrot feathers, we used a combination of spectrophotometric, visual modeling, and
digital-photographic procedures (see more below). The
descriptive sample set consisted of 49 wing or tail feathers,
which were donated by the Oasis Bird Sanctuary (Benson,
AZ), AZ Bird Store (Mesa, AZ), and Ohio Wesleyan
University, from 15 parrot species (Supplemental Table S1).

Characterizing angle-dependent reflectance
of parrot feathers
We used dual-angle spectrophotometry18,27,32 to measure
reflectance of representative plumage regions from 300 to
700 nm relative to a Spectralon (LABSPHERE INC., North
Sutton, NH) diffuse reflectance white standard. We used a
bifurcated fiber-optic cable and a USB 2000 spectrometer
(Ocean Optics, Dunedin, FL) with a PX2 pulsed xenon
light source (Ocean Optics, Dunedin, FL, USA) and an
integration time of 40 ms, boxcar width of 7, and three
scans to average. Reflectance of the dorsal and ventral sides
of each feather patch was measured with the probe oriented
at 90° (henceforth “straight) and 45° (henceforth “angled”),
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using a black plastic sheath to maintain consistent distances
between the probe and feather samples. These measurements were repeated three times, and spectra were processed using Spectrasuite software (Ocean Optics, Dunedin,
FL, USA) and analyzed in the R package, pavo.33
Specifically, the straight and angled measurements from
each side of the feather were processed in the R statistical
computing environment,34 by using a 0.20 gaussian smoothing function, setting all negative reflectance values (i.e.
noisy signal) to zero, and averaging the three measurements
for use in further analyses. To determine angle-dependence,
we extracted the chromatic and achromatic Just Noticeable
Differences (JNDs) using an avian visual model19,28 that
includes ultraviolet sensitivity (budgerigar), because parrots are known to possess an ultraviolet visual system.35–37
While JNDs are typically used to measure discriminability
of different colored surfaces (i.e. with regards to contrast,
camouflage, mimicry, dichromatism29,36,38), we took advantage of this method to calculate perceptually relevant differences in angle-dependent coloration from different
reflectance measurements (straight vs angled) of the same
feather patch.

Investigating feather-morphological
mechanisms of angle-dependent reflectance
To test the hypothesis that angle-dependent reflectance in
parrot feathers is related to variation in barb and barbule size
and coloration, we relied upon analyses from digital microscope images because these permitted co-quantification of
the color and size of feather parts at-scale. Digital photographs were taken of both the dorsal and ventral side of each
wing and tail feather (near the center of the rachis), with the
camera view oriented at 90° relative to the feather, using a
USB document camera (IPEVO USA, Point 2 View model,
Sunnyvale, CA) with microscope adapters, attached to a dissecting microscope (ASKANIA Mikroskop Technik
Rathenow GmbH, MZM 1 model, Rathenow, Germany) set
at 40× magnification. Lighting was kept constant using a
gooseneck microscope illuminator, positioning the ends on
each side of the microscope stage, pointing down at approximately 45°. Photographs were processed and analyzed in
ImageJ.39 We took color measurements from three representative barbule patches per feather and used the straight-line
tool in ImageJ to measure the width of each barbule patch
(Figure 2). Because we could not include a color standard in
the microscope photographs, the brightness and contrast of
these images were standardized in ImageJ, using photos of a
Tiffen (Hauppauge, NY) color standard, which were taken
with the same microscope camera immediately before
feather photos were taken. Separate red-green-blue (RGB)
values of barbs and barbules were converted to hue, saturation, and value (HSV) scores, using the rgb2hsv command40
in R, before calculating Euclidian distances between the
colors of the barbs and barbules. This RGB-to-HSV conversion was done because the RGB color space lacks perceptual
uniformity and HSV is approximately perceptually uniform
to humans.41
Three representative barbs were removed from the rachis
in the region of interest for each feather and laterally photographed on each side (Figure 4). The height of the dorsal
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Figure 4. Microscope image of a blue and gold macaw wing
feather barb that was used to measure barb height. Note how
the ventral side of the barb (closest to the ruler at top of
the photo) is yellow, the dorsal side is blue, and the barbules
between them appear black, which served as the boundary
between the two sides for measurements. Photo is for
illustrative purposes; color measurements were not taken from
such an image. Black vertical lines on ruler at top denote 1 mm
increments.

and ventral side of each barb (demarcated by the barbules)
was measured and used to calculate the average heights of
barbs for the analyzed region of each feather. We initially
considered two main height/dimension variables that we
envisioned would capture potential effects of barb and barbule sizes on angle-dependent feather reflectance. The first
was an absolute measure—barb height (i.e. the extent to
which tall barbs would block light from reaching adjoining
barbules). The second was a relative measure—the ratio of
barb height to barbule width (i.e. “coverage ratio,” which
could take into account how the spread of barbules might
affect the degree to which tall barbs would block light from
reaching adjoining barbules). However, we found for ventral sides of feathers that barb height and coverage ratio
were significantly positively correlated (r = 0.948, p < 0.001)
and for the dorsal sides of feathers that coverage ratio was
nearly invariant. Thus, we used barb height as our measure
of microscale feather-size variation in statistical analyses
Last, we categorized the perceived color mechanism
(hereafter “color type”) for each feather patch in each species, as either psittacofulvin (red/orange/yellow), melanin
(black/brown), apigmentary (white), structural (blue), or
mixed (green, which is structural + pigmentary).26,42,43

Statistical analyses
We first examined whether or not the dorsal and ventral
sides of both wing and tail feathers reflected light in an
angle-dependent fashion by calculating average chromatic
and achromatic contrast (in JNDs) for each patch analyzed
(i.e. eight total angle-dependent variables; Table 1).
Because none of the eight average contrast variables were
significantly intercorrelated (p > 0.05), we analyzed each
variable separately, rather than using principal components
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Table 1. Summary statistics for chromatic and achromatic JND values for feather patches analyzed on the dorsal (a) and ventral
(b) sides of parrot flight (tail and wing) feathers.
(a)

Mean JND
t statistic
df
p-value
JND range

Dorsal tail
chromatic

Dorsal tail
achromatic

Dorsal wing
chromatic

Dorsal wing
achromatic

3.21
3.42
9
0.0038
0.72–7.51

2.81
3.44
9
0.0037
0.36–5.16

2.22
2.33
8
0.0240
0.29–4.23

2.02
1.97
8
0.0420
0.13–5.31

Ventral tail
chromatic

Ventral tail
achromatic

Ventral wing
chromatic

Ventral wing
achromatic

2.70
2.83
9
0.0098
0.88-5.97

2.36
3.10
9
0.0063
0.77-4.89

1.43
1.39
8
0.1010
0.44-2.84

2.73
2.58
8
0.0160
0.26-6.82

(b)

Mean JND
t statistic
df
p-value
JND range

We ran one-way t-tests to determine if these average values were significantly greater than one. Significant p-values and their corresponding JND
ranges are in bold, after applying sequential Bonferroni correction45 for multiple testing (min. p = 0.006, due to running eight tests). Only the ventral
wing chromatic JNDs were not significant.

to describe angle-dependence in coloration. We conducted
a series of one-tailed t-tests29 to determine if average JND
for each variable was significantly greater than 1.044 and
thus angle-dependent (i.e. whether the difference between
the 90° and 45° measurements is predicted to be visually
detectable by receivers).
To test for phylogenetic signal, we constructed 100 phylogenetically controlled linear models, using 100 phylogenies obtained for our 15 parrot species from www.birdtree.
org,46 that evaluated changes in each of the eight contrast
variables as a function of species relatedness. We tested for
the effects of feather morphology on angle-dependence
using phylogenetic generalized least squares (PGLS), while
also simultaneously testing and controlling for phylogenetic signal (Pagel’s λ).47 However, we did not detect significant phylogenetic signal in any of our models (see
Supplemental Material). Thus, to increase our power
through a larger sample size (individuals vs species averages), we used standard linear models with individual
feathers and species as a random effect, to test the degree to
which microscopic feather measurements and color type
predicted interspecific variation in angle-dependence.
We used an information-theoretic model-averaging
technique to sum the Akaike’s weights for each predictive
variable to determine which factors best predicted angledependence for each JND variable of interest (i.e. relative
importance, RI), in a way that accounts for small sample
sizes.48 All analyses were done in R, using the MuMIn
package.34,49 We then created linear models using variables
with the highest relative importance50 to determine how
well barb-barbule color distance predicted angle-dependent
changes in reflectance and only interpreted models that
were significant.51
To assess the relationship between type of plumage coloration and angle-dependent reflectance, we conducted

either ANOVAs or Kruskal-Wallis tests (depending on
whether ANOVA assumptions were met) to determine if
there was a significant difference between groups. TukeyKramer (or Nemenyi for the Kruskal-Wallis tests from the
PMCMR package52) post-hoc analyses were conducted on
color type models that yielded statistically significant differences in chromatic or achromatic JNDs between groups.

Results
Angle-dependent reflectance of parrot
feathers
Among our eight contrast variables, we found evidence for
perceptually relevant angle-dependence in seven of them
(Table 1), with only the chromatic contrast on the ventral side
of wing feathers not exhibiting significant angle-dependence.
All mean JND values for these seven contrast variables were
greater than one (range = 2.02–3.21), and for certain variables
the range of JND values among species spanned more than an
order of magnitude (e.g. from 0.26 to 6.82 for achromatic
contrast of the straight and angled measurements on the ventral side of wing feathers; Table 1). We went on to examine
feather morphological predictors of interspecific variation for
these seven angle-dependent contrast variables.

Feather microstructural features as
predictors of angle-dependent change in
color
(a) Barb/barbule color contrast
For two of the seven linear models, we found that barb/
barbule color contrast was a strong predictor of interspecific variation in feather angle-dependence (both RI > 0.3;
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Figure 5. The relative importance (RI) of variables from the linear models predicting change in achromatic (a, c, e, g) and
chromatic JNDs (b, d, f). The estimated regression coefficients for each of these variables was obtained from the averaged model in
dredge. Bars are color-coded based on the magnitude of their relative importance values (black < 0.3, orange 0.3 < 0.6, green > 0.6).
Overall, color type was relatively important (RI > 0.3) in five of the seven models, barb height in four of the seven models, and
barb-barbule contrast in two of the seven models. Ventral wing chromatic JND results not shown due to lack of perceptual JND
differences.

Figure 5). Additionally, barb/barbule color contrast was
significantly positively linked with chromatic JNDs on the
dorsal side of tail feathers (RI = 0.77, β = 2.39, R2 = 0.50,
p < 0.01; Figure 6(a)), meaning that, as predicted, more
angle-dependent tail feathers had a greater color contrast
between barbs and barbules. However, the link between
barb/barbule color contrast and achromatic JNDs on the
dorsal side of tail feathers was not statistically significant
(RI = 0.31, β = 0.82, R2 = 0.10, p = 0.12).
(b) Barb height

For four of the seven linear models, we found that barb
height was a strong predictor of interspecific variation in
feather angle-dependence (all RI > 0.3; Figure 5). Barb
height was significantly positively related to chromatic
JNDs on the ventral side of tail feathers (RI = 0.65, β = 2.48,
R2 = 0.42, p < 0.01; Figure 6(b)) and nearly so for achromatic JNDs on the ventral side of wing feathers (RI = 0.61,
β = 1.29, R2 = 0.07, p = 0.06). Thus, as predicted, more
angle-dependent feathers had taller barbs. The links
between barb height and either chromatic JNDs on the dorsal side of tail feathers (RI = 0.36, β = 7.45, R2 = 0.03,
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Figure 6. Scatterplots and box-and-whisker plots showing the statistically significant post-hoc analyses of the effects of feather
variables on plumage angle-dependence: (a) link between barb-barbule chromatic contrast and chromatic JNDs on the dorsal side
tail feathers, (b) link between barb height and chromatic JNDs on the ventral side tail feathers, and feather-color-type differences as
a function of (c) chromatic JNDs on the dorsal side of tail feathers, (d) dorsal side of wing feathers, and the (e) ventral side of tail
feathers, respectively.

p = 0.36) or achromatic JNDs on the dorsal side of wing
feathers (RI = 0.38, β = 6.54, R2 = 0.02, p = 0.94) were not
statistically significant.
(c) Type of plumage color
For five of the seven models, we found that type of plumage color was a strong predictor of interspecific variation in
feather angle-dependence (all RI > 0.3; Figure 5).
Specifically, we found that color type predicted chromatic
JNDs on the ventral side of tail feathers (RI = 0.34), achromatic JNDs on the ventral side of tail feathers (RI = 0.55),
achromatic JNDs on the ventral side of wing feathers
(RI = 0.32), chromatic JNDs on the dorsal side of tail feathers (RI = 0.46), and chromatic JNDs on the dorsal side of
wing feathers (RI = 0.99). However, ANOVAs (or KruskalWallis tests—KW) only confirmed color type to significantly predict chromatic JNDs on the dorsal side of the tail
feathers (ANOVA: F2,23 = 14.2, p < 0.01; Figure 6(c)), dorsal side of the wing feathers (KW: χ2 = 15.6, df = 3, p < 0.01;
Figure 6(d)), and the ventral side of the tail feathers
(χ2 = 11.4, df = 2, p < 0.01; Figure 6(e)), while color type
did not significantly predict achromatic JNDs on the ventral side of wing feathers (ANOVA: F3,45 = 2.5, p = 0.07) and
ventral side of the tail feathers (F2,23 = 3.2, p = 0.06).
When comparing chromatic JNDs for color types on the
dorsal side of the tail feathers, we found structurally-based
colors to be more chromatically angle-dependent than
mixed (or green-colored; Tukey-Kramer: p = 0.02) and

psittacofulvin-based color types (p < 0.01), and that mixed
color types were more chromatically angle-dependent than
psittacofulvin-based color types (p = 0.03; Figure 6(c)).
Additionally, when comparing chromatic JNDs for color
types on the dorsal side of wing feathers, we found apigmentary feathers to be significantly less chromatically
angle-dependent than mixed (Nemenyi: p = 0.04) and structurally-based color types (p = 0.03), but not different than
melanin-based color types (p = 0.82; Figure 6(d)). Further,
for chromatic JNDs on the dorsal side of wing feathers, we
found melanin-based colors to be significantly less chromatically angle-dependent than mixed (p = 0.05) and structurally-based color types (p = 0.02), and there were no
differences between structurally-based and mixed color
types (p = 0.99; Figure 6(d)). Finally, when comparing
chromatic JNDs for color types on the ventral side of the
tail feathers, we found psittacofulvin-based colors to be
significantly more chromatically angle-dependent than
melanin-based colors (p < 0.01), but no differences between
either psittacofulvin-based or melanin-based colors and
mixed color types (p > 0.05; Figure 6(e)).

Discussion
In this study, we used dual-angle spectrometry coupled
with a novel visual-modeling approach to reveal significant, perceptually-relevant chromatic and achromatic
angle-dependent changes in reflectance on the ventral and
dorsal sides of parrot flight feathers. Because we did not
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visually observe any hue shifts, we believe we are not
investigating iridescence11; moreover, the angle-dependent
reflectance we measured is localized and not akin to luminance skew across a surface, which is the standard metric
of glossiness.16 Altogether, this appears to be a previously
undescribed form of dynamic plumage coloration. We note
that we have characterized angle-dependent coloration in
parrot feathers that were pigmentary in nature, such as the
ventral sides of tail feathers from Ara chloropterus, A.
macao, Aratinga acuticaudata, and Nandayus nenday, and/
or structurally colored (though non-iridescent), such as the
dorsal sides of tail and wing feathers in Ara ararauna, A.
chloropterus, A. macao, and Eclectus roratus. These unexpected findings, especially for pigment-dominated colors,
call for a wider examination of possible angle-dependent
reflectance in other pigmentary and non-iridescent structural colors.
We also tested the micro-scale mechanisms driving
angle-dependent reflectance patterns among parrot feathers
and species and found support for our hypotheses that shifts
in angle-dependent reflectance are related to barb-barbule
color contrast. Specifically, we found that, on the dorsal
side of tail feathers, barb-barbule color contrast predicted
perceptible interspecific differences in angle-dependence,
such that feathers with more contrasting barb and barbule
colors exhibited the greatest angle-dependence. These
results indicate that differences in the color of barbs and
barbules are critical to the degree to which a feather reflects
light at different angles. We are not aware of any comparable literature that has examined color of feather parts at a
fine scale like this, which is surprising given that other
authors have visually documented this same phenomenon
in the literature; for example, Feo et al.53 published highresolution images of Amazon amazonica tail coverts, displaying feathers that exhibit distinct differences in
barb-barbule coloration, but did not comment on the potential for angle-dependent reflectance.
By contrast, many have considered the fine-scale microstructural size mechanisms underlying coloration in animals,21 including both at intra-specific54 and inter-specific55
levels. Here we also found that size of feather parts—namely
barb height—significantly predicted degree of angledependent reflectance from the ventral sides of flight feathers (achromatic on the wing and chromatic on the tail).
Specifically, feathers with larger barbs tended to exhibit
greater angle-dependent reflectance, which is consistent
with our expected mechanism that, when viewed at an angle,
larger barbs would be more likely to block barbule contributions to overall feather reflectance. Microstructural characteristics are clearly important contributors to angle-dependent
coloration, even in pigment-based color systems,21,56 which
further blurs the line between traditionally viewed ‘categories’ of pigment-only and structural-only color mechanisms.43 Our results also highlight the role of surface features
of feathers in generating color variation,57–59 which is different from past studies that have considered internal-feather
structure (e.g. keratin/air/melanosome interfaces) as the
central nano-scale driver of ‘structural color’ variation.60,61
We urge more researchers with interests in feather color
mechanisms to carefully investigate surface variations (i.e.
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using scanning electron microscopy), as has been done well
in the literature on color mechanisms in butterfly wing62,63
and spider facial64 scales.
Interestingly, statistical support for angle-dependent coloration on the ventral side of wing feathers was generally
weaker than that for dorsal coloration. Furthermore, none
of our micro-mechanistic metrics were found to be significant predictors of achromatic JNDs on the ventral side of
wing feathers. During the course of taking feather measurements, we realized that primary wing feathers appear to
vary more in barb shape and curvature than tail feathers,
likely due to the asymmetric vane width of remiges, which
is affected by the angle at which barbs are attached to the
feather rachis.65 We suggest that future investigations of
feather angle-dependent reflectance should account for
such shape/curvature differences when measuring reflectance and investigate additional morphological characteristics, such as barb/barbule density.21,53,57–59,65,66
Though our study focused on descriptive and mechanistic components of angle-dependent reflectance in parrot
feathers, it is important to also consider the potential functional significance of this plumage variation among species. Angle-dependent coloration can serve a role in
communication because the directional transmission of
light allows for selective signaling.11 Serpell,67 for example, found that parrot species from the Trichoglossus clade
use various locomotory actions in visual displays, including tail flicking, nodding/bowing, wing movements, and
general plumage shaking. The results of this study, in conjunction with the angle-dependent sexual dichromatism
revealed in Amazona aestiva,27 raise an important question:
do parrots use angle-dependence of plumage in communication, similar to the way other animals use dynamic coloration?68,69 It is also plausible that there are non-signaling
functions to this feather variation, including the importance
of using tougher melanic pigmentation70 in the smaller,
more fragile (barbule) parts of the feather. Thus, in addition
to characterizing how common it is to observe different
colored barbs and barbules among various feathers, we also
encourage future work that considers the various roles,
including both structural-integrity and visual-signaling
possibilities, that such angle-dependent feather colors play
in the lives of birds.
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