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Avian color expression and perception: is there a carotenoid link?
Matthew B. Toomey1,* and Kelly L. Ronald2

ABSTRACT
Carotenoids color many of the red, orange and yellow ornaments of
birds and also shape avian vision. The carotenoid-pigmented oil
droplets in cone photoreceptors filter incoming light and are predicted
to aid in color discrimination. Carotenoid use in both avian coloration
and color vision raises an intriguing question: is the evolution of visual
signals and signal perception linked through these pigments? Here,
we explore the genetic, physiological and functional connections
between these traits. Carotenoid color and droplet pigmentation
share common mechanisms of metabolic conversion and are both
affected by diet and immune system challenges. Yet, the time scale
and magnitude of these effects differ greatly between plumage and
the visual system. Recent observations suggest a link between
retinal carotenoid levels and color discrimination performance, but
the mechanisms underlying these associations remain unclear.
Therefore, we performed a modeling exercise to ask whether and
how changes in droplet carotenoid content could alter the perception
of carotenoid-based plumage. This exercise revealed that changing
oil droplet carotenoid concentration does not substantially affect the
discrimination of carotenoid-based colors, but might change how
reliably a receiver can predict the carotenoid content of an ornament.
These findings suggest that, if present, a carotenoid link between
signal and perception is subtle. Deconstructing this relationship will
require a deeper understanding of avian visual perception and the
mechanisms of color production. We highlight several areas where
we see opportunities to gain new insights, including comparative
genomic studies of sharedmechanisms of carotenoid processing and
alternative approaches to investigating color vision.

KEY WORDS: Avian color vision, Oil droplets, Carotenoid-based
plumage, RNL modeling

Introduction
The elaborate coloration of animals, especially birds, is a striking
example of biological diversity, and these traits are a model system
for the study of evolution (Cuthill et al., 2017; Hill and McGraw,
2006). The complexity of bird colors raises questions of how and
why these traits have evolved. Substantial evidence implicates
sexual selection as a major evolutionary driver; for example, female
preference can result in elaborately colored males enjoying greater
reproductive success than their drabber counterparts (Hill, 2006). A
variety of models have been developed to explain the evolution of
sexually selected traits. A common element of many of these models
is the co-evolution of trait expression and preference for the trait. For
instance, the ‘sensory drive’ model predicts that perceptual biases
arise from environmental conditions that, in turn, shape preferences

and the evolution of signals such as coloration (Endler, 1992; Price,
2017). ‘Fisherian runaway’ models predict that genetic linkage
between trait and preference establishes a positive covariance
leading to the rapid and extreme elaboration of both trait and
preference (Fisher, 1930; Xu and Shaw, 2019). Thus, resolving
the evolution of sexually selected traits requires an understanding
of the physiology and genetics of three interacting components:
(1) the traits under selection, (2) the preference for those traits and
(3) the sensory systems that mediate trait assessment.

Carotenoids are the pigments that produce the brilliant red, orange
and yellow coloration of many bird species (Blount and McGraw,
2008). These traits play important roles in mate choice, and
their expression has been linked to aspects of individual quality
(Hill, 2006, 2007; Svensson and Wong, 2011; Weaver et al., 2018).
Carotenoid-based colors are now considered a model system for
investigating the evolution of elaborate visual displays. Although best
known for their role in signaling displays, carotenoids also play an
essential role in avian vision. Carotenoid-pigmented oil droplets
within the cone photoreceptors (see Glossary) function as spectral
filters (see Glossary) that are predicted to fine-tune the sensitivities of
the avian eye, facilitating color vision, but also limiting absolute
sensitivity (Box 1; Goldsmith et al., 1984; Toomey et al., 2015;
Vorobyev et al., 1998). Thus, carotenoids might influence the way
a bird sees the world, including the perception of carotenoid-based
visual signals. This raises the intriguing possibility that both the
production and perception of carotenoid-based visual signals
might be shaped by shared environmental, physiological and
genetic factors.

In this Commentary, we will focus on recent developments in our
understanding of the biochemistry, physiology, genetics and
function of carotenoids in birds. We do this through a literature
synthesis and a modeling exercise to examine how changes in oil
droplet carotenoid content might alter the perception of carotenoid-
based plumage. Although we focus on birds, carotenoid-based
coloration is widespread amongst vertebrates (Blount and McGraw,
2008), and carotenoid-based spectral filtering is an important
component of the visual systems of many taxa, including reptiles,
amphibians and fish (Toomey and Corbo, 2017). Therefore, there
are opportunities to apply the ideas discussed here beyond birds;
indeed, non-avian taxa may offer unique insights, especially those
with distinct visual ecologies.

The carotenoid chemistry of avian color and vision
Carotenoids are among the most abundant pigments in the natural
world; these tetraterpenoid molecules (see Glossary) are an
important part of the light-harvesting apparatus of photosynthetic
organisms (Britton et al., 2008; Goodwin, 1984). Birds cannot
produce carotenoids de novo and must acquire them through their
diet (McGraw, 2006). The diets of terrestrial birds typically contain
just a few carotenoid types; the most abundant among these are
lutein, zeaxanthin and β-carotene (McGraw, 2006). These typically
impart yellow to orange colors, yet avian coloration extends
well beyond this limited palette through substantial metabolic
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transformations (LaFountain et al., 2015; Morrison and Badyaev,
2016). It is estimated that >29% of bird species have at least one
patch of carotenoid-pigmented feathers, and that carotenoid-
pigmented bare parts (e.g. skin, beaks and legs) may be even
more common (Iverson and Karubian, 2017; Thomas et al., 2014).
So far, 39 different carotenoid types have been identified in the
colorful tissues of birds, ranging from common diet components

like zeaxanthin, to novel methoxycarotenoids found only in feathers
of the cotingas (LaFountain et al., 2015).

The diversity of carotenoids in coloration contrasts with the visual
system, where the composition appears to be largely conserved among
species. In the avian retina, specific types and amounts of carotenoids
accumulate in the oil droplets of the different cone photoreceptors and
provide spectral filtering that is predicted to facilitate color vision
(Box 1). The cone oil droplets of at least 65 species have been
examined to date, and 60 of these have been observed to have the full
complement of oil droplet types (Box 1; Table S1). The spectral
properties of the different droplet types are remarkably consistent
among species; chromatographic analyses of avian retinas reveal that
most birds have the same major carotenoids, including galloxanthin
(an apocarotenoid; see Glossary), xanthophylls (i.e. lutein and
zeaxanthin) and astaxanthin (a C4-ketocarotenoid; see Glossary)
(Fig. 1; Box 1; Bhosale et al., 2007;Davies, 1986;Hart andVorobyev,
2005; McGraw and Toomey, 2010; Stransky and Schulze, 1977;
Toomey and McGraw, 2007; Toomey et al., 2015). Although there is
general conservation of carotenoid types within the retina, there is
evidence that the concentrations in the oil droplets vary among
individuals (Ronald et al., 2017; Caves et al., 2020) and across the
retina of an individual (Box 2; Table S1). Later, we will discuss how
dietary and physiological processes, as well as the light environment
(Box 2), influence carotenoid concentrations in the oil droplets and
their subsequent visual functioning.

Shared mechanisms of carotenoid processing in avian color
and vision
Once carotenoids are consumed, they must be taken up from the
digestive tract and transported to the site of deposition. In this process,
theymay bemetabolized into a diversity of forms. It seems a relatively
small set of transporters, receptors and enzymes underlie the diversity
of carotenoid-based coloration in birds (Funk and Taylor, 2019;
Toews et al., 2017). The efficient uptake of carotenoids requires the
apolipoprotein transporter scavenger receptor B1 (SCARB1). The
disruption of SCARB1 function in canaries (Serinus canaria) results
in the near-total absence of carotenoid pigmentation in the feathers
and the retina (Toomey et al., 2017). Tracing studies indicate that all of
the carotenoid types in the avian retina can be derived from two
dietary precursors, lutein and zeaxanthin (Bhosale et al., 2007;
Schiedt, 1998; Schiedt et al., 1985). Precise tracing of carotenoid
precursors to ornamental pigments has not yet been performed;
however, controlled carotenoid feeding experiments suggest that
extensive metabolic transformations also underlie much of the
diversity in integumentary carotenoids (McGraw, 2006; Morrison
and Badyaev, 2016). Red coloration in many birds is produced
through the accumulation of C4-ketocarotenoids (e.g. astaxanthin,
3-OH-echinenone); this same class of carotenoids pigments the
R-type oil droplet of the long wavelength-sensitive (LWS) cone
photoreceptor in the retina (Fig. 1). C4-Ketocarotenoids are not
typically present in the diets of terrestrial birds but can be produced
through the addition of a keto group at the 4 and/or 4′ positions of
common yellow dietary carotenoids (Lopes et al., 2016; Schiedt,
1998). The enzyme cytochrome P450 2J19 (CYP2J19) has been
identified as a keymediator of this transformation in both the plumage
and retina (Fig. 2A–C; Lopes et al., 2016; Mundy et al., 2016).

CYP2J19-mediated C4-ketocarotenoid pigmentation of the cone oil
droplets appears to be an ancient adaptation of the vertebrate visual
system that was likely present in the common ancestor of birds and
turtles (Twyman et al., 2016). This suggests a scenario where C4-
ketocarotenoidmetabolism initially evolved as amechanism of spectral
tuning in the visual system and was subsequently co-opted to produce

Glossary
Achromatic contrast
A measure of the difference in the intensity or luminance between two
visual stimuli. Similar to chromatic contrast models, achromatic contrasts
can be scaled to receptor noise and take into account the irradiance
properties of the ambient light and the visual parameters of the receiver.
Apocarotenoid
Cleavage products of carotenoids usually containing fewer than the 40
carbon atoms of the parent compound (e.g. galloxanthin).
Chromatic contrast
A measure of the difference in the spectral composition of two visual
stimuli irrespective of their intensity (i.e. brightness). Chromatic contrast
models calculate this as a distance in color space, relative to receptor
noise, while taking into account the ambient light and visual parameters
of the receiver.
Color space
A graphical construct where visual stimuli are represented as points in a
multi-dimensional space determined by the relative stimulation of the
photoreceptors mediating color vision. Each node in color space
represents a different cone photoreceptor; therefore, trichromatic
humans have a triangular-shaped color space with three nodes. In
contrast, tetrachromatic animals such as birds have four single cones
that contribute to their tetrahedral color space.
Cone oil droplet
Specialized organelle of the cone photoreceptors in some vertebrate
animal groups (including birds, reptiles and amphibians); these function
as optical elements and spectral filters if pigmented.
Cone photoreceptor
Specialized light-sensitive cell of the vertebrate retina. Cones are
generally less sensitive than rod photoreceptors, but respond more
rapidly and function best in bright environments. In birds, the single cone
photoreceptors mediate color vision, whereas the double cone is thought
to mediate motion detection or achromatic vision.
Ketocarotenoid
A carotenoid that contains a ketone group in its β-ionone ring. Here, we
are primarily referring to C4-ketocarotenoids with the carbonyl at the 4
and/or 4′ carbon of the molecule.
Optical density
A measure of absorbance calculated by the logarithmic ratio of light
intensity on a material to the intensity of transmitted light.
Quantum catch
The quantity of incident photons captured by visual pigments of a
photoreceptor.
Receptor noise
Fluctuations in photoreceptor signaling resulting from spontaneous
activation of the phototransduction cascade in the absence of light and
the stochastic nature of photon absorption. This noise sets a lower limit
on the stimulus magnitude necessary for discrimination (i.e. resolving
chromatic/achromatic contrasts). Receptor noise-limited (RNL) visual
models take estimates of receptor noise into account when predicting the
just-noticeable difference between two visual stimuli.
Spectral filter
A structure that selectively transmits specific wavelengths of light. In
avian vision, the carotenoid-pigmented oil droplets prevent particular
wavelengths from reaching the visual pigment, thus acting as spectral
filters.
Tetraterpenoid molecules
Hydrocarbons consisting of eight isoprene units (C5H8) that may also
have oxygen-containing functional groups.
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Box 1. Cone oil droplet form and function
Cone oil droplets are subcellular structures within the inner segment of
the single cone photoreceptors and the principal member of the double
cone (A), but are absent from the rod photoreceptors. The four avian single
cone photoreceptors mediate color vision, double cones are thought to
mediate achromatic discrimination, and rods mediate vision in dim light
(Campenhausen and Kirschfeld, 1998; Hart and Hunt, 2007). The oil
droplets function as refractive elements and spectral filters (as shown for the
zebra finch in B) that modify the light reaching the photosensitive outer
segments of the cones (Goldsmith et al., 1984; Stavenga and Wilts, 2014;
Wilby and Roberts, 2017). Droplet filtering narrows the spectral bandwidth
and reduces the sensitivity of the receptors. C and D show the predicted
quantum catch (see Glossary), a measure of sensitivity, of the single and
double cone photoreceptors with (saturated lines) or without (desaturated
lines) the cone oil droplet filtering. The pigmented droplets function as long-
pass cutoff filters that narrow the spectral sensitivity bandwidth of each cone
subtype; this should enhance color discrimination and improve color
constancy in changing light environments (Vorobyev, 2003; Vorobyev et al.,
1998). However, filtering reduces receptor sensitivity by as much as 90%
and may limit visual system performance in dim light (Gomez et al., 2014;
Lind and Kelber, 2009a; Wilby and Roberts, 2017; Wilby et al., 2015).

Oil droplet filtering is matched to the sensitivity of the visual pigment of
each cone subtype through the accumulation of specific types and
concentrations of carotenoids (Arteni et al., 2019; Goldsmith et al., 1984;
Toomey et al., 2015). For example, in the zebra finch, the ultraviolet-
sensitive cones (UVS) contain an unpigmented oil droplet that is largely
transparent (T-type), and the short wavelength-sensitive (SWS) and double
cone contain a droplet (C-type and P-type, respectively) pigmented
primarily with the apocarotenoid 3,4-dihydrogalloxanthin, which absorbs
ultraviolet light. The medium wavelength-sensitive cone (MWS) contains a
yellow (Y-type) oil droplet pigmented primarily with zeaxanthin, and the long
wavelength-sensitive cone (LWS) contains a red (R-type) oil droplet
pigmented primarily with astaxanthin (Goldsmith et al., 1984; Toomey
et al., 2016). This distribution of carotenoid types is consistent among
species, with the exception of the C-type droplet. The C-type droplet varies
predictably with the spectral tuning of the UVS cone opsin (Hart and
Vorobyev, 2005; Toomey et al., 2016). In species with a UV-shifted UVS
cone opsin, 3,4-dihydrogalloxanthin is the major component of the C-type
droplet, whereas in species with a violet-shifted UVS cone opsin,
galloxanthin, with a relatively long wavelength-shifted absorbance
spectrum, is the primary pigment (Toomey et al., 2016). These correlated
changes are predicted to optimize color discrimination within the visual
systems (Toomey et al., 2016). A–D adapted from Toomey et al. (2015).
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red integumentary coloration (Lopes et al., 2016; Mundy et al., 2016;
Twyman et al., 2016, 2018). Red oil droplets are present in nearly all
bird species (Table S1); therefore, metabolism via CYP2J19 is likely
occurring in the retinas of most species. This may explain the apparent
evolutionary lability of red coloration: through the course of avian
speciation and diversification, there are numerous transitions from
yellow to red and back again (Friedman et al., 2014; Ligon et al., 2016;

Prager and Andersson, 2010). The yellow to red to yellow transition
might be a relatively simple matter of activating and inhibiting
CYP2J19 expression in the integument.

The conserved function of CYP2J19 in oil droplet pigmentation
could constrain the diversification of carotenoid-based coloration. For
example, selection on coloration might favor changes in CYP2J19
substrate specificity or expression that could also alter red cone oil
droplet pigmentation in a way that compromises visual function, thus
generating opposing selection pressures. These competing selective
pressures may favor the duplication and subfunctionalization of
CYP2J19, as has been observed in the zebra finch (Taeniopygia
guttata) (Mundy et al., 2016). Zebra finches have two copies of
CYP2J19, one of which is expressed in the integument (i.e. red beak)
and one in the retina (Mundy et al., 2016). This subfunctionalization
potentially relieves constraints imposed by visual function and
might facilitate the diversification of carotenoid coloration. To
date, this CYP2J19 duplication has only been observed in zebra
finches, but only a small fraction of species (n=43) have been
examined (Emerling, 2018; Mundy et al., 2016; Twyman et al.,
2018). As genomic resources become available, comparative
analyses of CYP2J19 copy number, expression and function will
provide opportunities to investigate the role of constraint and
subfunctionalization in bird color diversification.

Elaborate coloration is produced not only through the accumulation
of carotenoids but also through their selective elimination. Recently,
the enzyme β-carotene oxygenase 2 (BCO2) was identified as an
important mediator of carotenoid degradation and tissue-specific,
sexually dimorphic color patterning (Gazda et al., 2020a,b). BCO2
asymmetrically cleaves carotenoids, a first step in their degradation,
but is also a key step in the production of the apocarotenoids
that pigment the C- and P-type oil droplets of the avian visual
system (Box 1; Fig. 2D,E; dela Seña et al., 2016; Lobo et al., 2012a;
Toomey et al., 2016). The BCO2-mediated breakdown of
carotenoids is also central to general carotenoid homeostasis.
Knockout of BCO2 in mice and zebrafish results in excessive
carotenoid accumulation and oxidative damage to the mitochondria
(Amengual et al., 2011; Guo et al., 2017; Lobo et al., 2012b; Wu
et al., 2017, 2021). Thus, the evolution of BCO2 expression pattern
and function is shaped by the balance of selective pressures on at
least three distinct roles: (1) carotenoid homeostasis, (2) spectral
tuning of the visual system and (3) coloration.

Are there shared constraints on carotenoid-based coloration
and spectral filtering?
Diet alterations have profound effects on carotenoid-based coloration
in birds (Blount and McGraw, 2008; Hill, 1992; McGraw, 2006;
Svensson and Wong, 2011). Diet also affects the accumulation of
carotenoids in the avian retina; however, the magnitude, time course
and specificity of these effects are different from those seen for
carotenoid-based plumage. Total dietary carotenoid deprivation
can render the cone oil droplets colorless, but this manipulation
must be carried out over multiple generations because maternally
derived carotenoids are sufficient to produce long-lasting droplet
pigmentation (Bowmaker et al., 1993; Meyer, 1971; Meyer et al.,
1971; Wallman, 1979). In adult birds, carotenoid deprivation for at
least 4 weeks is necessary to produce statistically significant declines
in carotenoid concentration in the whole retina (Toomey and
McGraw, 2010). Note that the relationship between whole-retina
carotenoid concentration and the spectral filtering of cone oil droplets
remains to be determined. In contrast, a single-day change in dietary
carotenoid content during the molt can alter the coloration of
carotenoid-pigmented plumage (Hill, 2002).

Plumage Retina

β-Carotene

Zeaxanthin

Lutein

β-Cryptoxanthin

3-OH-Echinenone*

Astaxanthin*

Galloxanthin*

3,4-Dihydrogalloxanthin*

Y-Type and P-type 
droplets

R-Type 
droplets

C-Type and P-type 
droplets

R-Type
Y-Type

P-Type
C-Type

T-Type

Fig. 1. The structures of major carotenoid types found in the house
finch (Haemorhous mexicanus) plumage and retina. Shading color
indicates the typical color the pigments impart and the shading extent
indicates the pigment distribution across the plumage and retina. We have
noted the cone oil droplet types where each carotenoid is a major
component (Box 1). Note that T-type droplets do not contain carotenoids
and do not have a spectral filtering function, but do have a role in the optics
of the UVS cone. *Metabolically derived carotenoids; others are common
components of the diet. Plumage photo courtesy of Geoff Hill. Retina image
is a 600× micrograph from zebra finch (Taeniopygia guttata), a species with
similar retinal carotenoid composition (Toomey et al., 2016).
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In the retina, changes in dietary carotenoid content do not affect
all retinal oil droplet types equally. Carotenoid supplementation in
zebra finches and crimson rosellas (Platycercus elegans) primarily
increases pigmentation in the double cone P-type droplets rather
than all oil droplet types (Knott et al., 2010). Similarly,
carotenoid supplementation in house finches primarily increases the
concentration of apocarotenoids, the major pigments of the P-type
droplet (Toomey and McGraw, 2010, 2011; Toomey et al., 2015). A
more recent diet deprivation study in zebra finches found no changes
in R-type oil droplet pigmentation (Caves et al., 2020). Together,
these studies suggest that carotenoid-based spectral filtering may be
buffered against short-term changes in diet. Moreover, when changes
do occur, the impact might be greatest on achromatic discrimination
mediated through the double cones with their P-type oil droplet.
Although laboratory manipulations of dietary carotenoids can

lead to significant changes in coloration and oil droplet spectral
filtering, it is questionable whether carotenoid availability varies to

this degree in the natural environment (Hudon, 1994; Koch and
Hill, 2018). Here, it is informative to consider the relative amounts
of carotenoid involved in pigmenting the feather versus the cone oil
droplets. Koch and Hill (2018) estimate that 41 µg of carotenoids are
required to pigment the plumage of a male house finch. We estimate
that a house finch requires only 2.33 µg of carotenoids to completely
pigment the cone oil droplets in their retinas (Toomey and McGraw,
2009). Thus, even if carotenoids are environmentally limited, the
requirements for the development and maintenance of oil droplet
spectral filtering might be more easily met than the requirements for
plumage coloration.

Nevertheless, even if the diet is sufficient, carotenoid
accumulation in the cone oil droplets might be constrained by
allocation to other physiological functions. Carotenoid pigments
have been implicated as antioxidants and immunomodulators that
promote the physiological condition of an individual (Lozano,
1994; Møller et al., 2000; Pérez-Rodríguez, 2009; von Schantz
et al., 1999). Therefore, the pool of carotenoids acquired from the
diet might be subject to trade-offs among physiological functions.
These trade-offs are often invoked to explain the information
content, honesty and evolution of carotenoid-based colors, but their
significance is a matter of current debate (reviewed in Koch and
Hill, 2018). In house finches, retinal carotenoid levels positively
correlate with body mass normalized to body size, suggesting that
carotenoid accumulation in the visual system is somehow linked to
physiological condition (Toomey and McGraw, 2009). In captive
finches, repeated immune system activation with large doses of
phytohemagglutinin and lipopolysaccharide (LPS) results in the
depletion of carotenoids in the retina (Toomey et al., 2010). LPS not
only induces immune activation but also increases oxidative
damage in birds (Armour et al., 2020). Thus, these results may
reflect the influence of both immunological and antioxidant
processes. Interestingly, as with diet, immune system activation
primarily affects apocarotenoid levels in captive house finches
(Toomey et al., 2010). Yet, it is not clear how well these laboratory
results generalize to infections in natural populations. Wild house
finches infected with Mycoplasma gallisepticum, which causes
inflammation of the eye conjunctiva, show no significant
differences in retina carotenoid accumulation compared with
healthy birds of the same population (McGraw et al., 2013).

Geoff Hill and colleagues have proposed that the condition
dependence of carotenoid-based colors derives from a linkage
between vital cellular processes and the metabolic transformations
of carotenoids, such as C4-ketocarotenoids (Hill, 2014; Hill et al.,
2019). In support of this hypothesis, the C4-ketocarotenoid
plumage color expression in house finches is correlated with
mitochondrial efficiency (Hill et al., 2019); additionally,
manipulations of mitochondrial function have been shown to
impact C4-ketocarotenoid coloration of other song bird species
(Cantarero and Alonso-Alvarez, 2017; Cantarero et al., 2020).
Whether and how mitochondrial function is linked to carotenoid
metabolism and accumulation in the avian retina is not known and
represents an exciting avenue of future research.

Current evidence suggests that diet and physiological stressors
may have subtle effects on carotenoid-based spectral filtering in the
visual system. To link vision and coloration through a common
condition dependence of carotenoids requires that such subtle
effects have substantial impacts on color vision. To explore this
possibility, we first review the current evidence for carotenoid-
mediated changes in vision, then use models of avian vision to
examine whether and how retinal carotenoid levels might impact the
perception of carotenoid-based plumage.

Box 2. Light environment and carotenoid-based spectral
filtering
Carotenoid-based spectral filtering imposes a trade-off between color
discrimination and absolute sensitivity (Box 1); therefore, variation
among species and individuals could reflect adaptive or plastic
responses to the visual environment. The case for adaptive variation is
clearest for owls and penguins, which have largely depigmented cone oil
droplets along with a suite of other adaptations for dim-light vision (e.g.
large eyes, increased density of rod photoreceptors, loss of some cone
classes) (Alix et al., 2017; Bowmaker and Martin, 1978; Bowmaker and
Martin, 1985; Gondo and Ando, 1995; Höglund et al., 2019; Wu et al.,
2016). In fact, in some dim-light species, CYP2J19 is a pseudogene,
indicating that these species have entirely lost the capacity to produce
the ketocarotenoids that pigment the R-type cone oil droplet (Emerling,
2018). Presumably, the loss of droplet pigmentation increases receptor
absolute sensitivity, facilitating vision at night or deep underwater.
Among diurnal terrestrial species, the relationship between droplet
filtering and visual ecology is not yet clear. As more avian visual systems
are characterized, comparative approaches may offer insights into the
adaptive variation of spectral filtering. For example, wewould predict that
open-habitat species (e.g. marine or grassland) would have greater
droplet spectral filtering comparedwith species inhabiting forest interiors.

There is evidence that the lighting environment can drive plastic
responses in oil droplet spectral filtering within a species. Hart et al.
(2006) observed that the pigment density of cone oil droplets is
dependent on the light intensity chickens experience in their rearing
environment. Birds reared in bright conditions develop cone oil droplets
with significantly long wavelength-shifted spectra (Hart et al., 2006).
Similar to diet manipulation studies, the most dramatic changes in
spectral filtering are observed in the P-type oil droplet and the largest
shifts are seen in the oil droplets of the ventral retina (Hart et al., 2006).
Increased oil droplet pigment density in the ventral retina has been
observed in a number of species (Table S1; Coyle et al., 2012; Knott
et al., 2010). The increased pigmentation of ventral oil dropletsmay be an
adaptation to the relatively higher levels of light impinging on this visual
field, which is oriented skyward (Hart et al., 2006). Yet, the plasticity of oil
droplet pigmentation in response to light environment may be limited to
specific periods of development (see, for example, Toomey and
McGraw, 2016). Taken together, the relationship between droplet
spectral filtering and light exposure among species, individuals and
even within the retina, suggests that subtle changes in droplet spectral
filtering are functionally significant. Do animals in different environments
(i.e. bright or dim lighting conditions) face differential trade-offs in the
costs/benefits of oil droplet pigmentation? Do these shifts impact vision
in general and the discrimination/perception of carotenoid-based colors
in particular? If so, these light environment-driven shifts have the
potential to contribute to classic sensory drive dynamics in the evolution
of avian plumage coloration (Price, 2017).
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Carotenoid-based spectral filtering, vision and behavior
A handful of studies have investigated the impacts of carotenoid
supplementation on visually mediated behaviors and color
discrimination in birds. Toomey and McGraw (2011) altered
retinal carotenoid levels in adult house finches through diet
supplementation, assessed visually mediated foraging behavior by
presenting colorful food items in a matrix of achromatic distracters,
and manipulated contrast through changes in lighting. Surprisingly,
they found that increased accumulation of carotenoids in the retina –
specifically, 3,4-dihydrogalloxanthin and galloxanthin – led to a
decline in visual foraging performance. In this experiment, both
chromatic and achromatic cues were available to the finches
and the increased spectral filtering of the double cone may have
reduced sensitivity to achromatic cues (Toomey and McGraw,
2011). In a more precisely controlled experiment, Lim and Pike
(2016) trained young quail to discriminate paper cones printed with
yellow to orange patterns. Carotenoid supplementation significantly
improved discrimination of contrasting colors close to the thresholds
of discrimination predicted by the receptor noise-limited model
(see Glossary) of avian color discrimination. This result suggests
that increased carotenoid-based spectral filtering enhances color
discrimination. However, neither Lim and Pike (2016) nor Toomey
and McGraw (2011) directly measured droplet spectral filtering, and
it is possible that other physiological effects of carotenoids could be
contributing to these changes in behavior. Recently, Caves et al.
(2020) provided direct evidence of a potential link between droplet
spectral filtering and color vision in zebra finches. They focused on
colors resembling the sexually selected carotenoid-based beak

coloration of the zebra finch, and found discrimination across a
previously defined categorical boundary was positively correlated
with individual variation in R-type droplet filtering (Caves et al.,
2020). This intriguing result suggests that carotenoid-based spectral
filtering interacts with higher-order processes of color perception in
ways that we do not yet fully understand.

The only study to directly investigate carotenoids in the visual
system and mate choice for carotenoid-based coloration also lacks
direct measures of oil droplet filtering. In aviary experiments,
Toomey and McGraw (2012) supplemented the diets of female
house finches to increase carotenoid levels in the retina, and
assessed their preference for the carotenoid-based plumage in males
manipulated to simulate a range from drab yellow to deep red. As
expected, females preferred the reddest males, but preference and
discrimination were not significantly influenced by carotenoid
supplementation or correlated with carotenoid levels in the whole
retina (Toomey and McGraw, 2012). This suggests that diet-driven
variation might not influence discrimination of carotenoid-based
signals; however, the link between whole-retina carotenoid
measures and spectral filtering at the photoreceptor level has not
yet been established. This link could be confounded by regional
variation in droplet pigmentation across the retina and/or carotenoid
accumulation outside the oil droplets, although the latter is unlikely.
Clearly, refined experimental approaches are needed to address
these questions. One way forward is to precisely specify
experimental predictions based on current models of avian visual
physiology. The modeling exercise we present in the next section
(see also Appendix) is an effort to explore how changes in oil
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Fig. 2. CYP2J19 and BCO2 mediate carotenoid metabolism in the colorful plumage and retinas of birds. (A) Unstained section through the regenerating
feather follicles of a red factor canary, a breed with red C4-ketocarotenoid-based plumage coloration that was produced by crossing the common canary (Serinus
canaria) with the red siskin (Spinus cucullata). The red–orange color in the developing feather barb ridges comes from the accumulated C4-ketocarotenoid
pigments. (B) In situ hybridization in the same feather follicle shows CYP2J19 (purple) is expressed in the ketocarotenoid-accumulating feather tissue. (C) In situ
hybridization in a cross-section of the developing chicken retina shows that CYP2J19 (purple) localizes to a subset of photoreceptor cells, a pattern consistent
with the selective accumulation of ketocarotenoids in the long wavelength-sensitive (LWS) cones. RPE, retinal pigment epithelium; ONL, outer nuclear layer that
contains photoreceptor nuclei. (D) Unstained section through the regenerating feather follicles of a female mosaic canary, a breed with sexually dimorphic
carotenoid-based plumage coloration. Carotenoid pigments are absent in most of the female feathers, hence the white/translucent appearance. (E) In situ
hybridization in the same feather follicle shows BCO2 (purple) is expressed in the developing feather, a pattern consistent with a role in the degradation and
elimination of carotenoids. (F) In situ hybridization for BCO2 in the developing chicken retina shows expression in a subset of photoreceptors that is consistent
with its proposed role in apocarotenoid pigmentation in short wavelength-sensitive 2 (SWS2) and double cones. Note the RPE was removed from this
preparation of the retina prior to staining. Scale bars, 50 µm. Figures are adapted from Lopes et al. (2016); Toomey et al. (2016); Gazda et al. (2020b).
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droplet filtering might affect the discrimination and assessment of
carotenoid-based colors.

Predicting the impact of carotenoid-based spectral filtering
Visual models that take into account avian visual physiology (Maia
et al., 2013; Maia et al., 2019; Stoddard and Prum, 2008; Vorobyev
and Osorio, 1998; Vorobyev et al., 1998) offer an opportunity to
make precise predictions about how carotenoid-based spectral
filtering impacts vision. These models provide perceptual estimates
of the location of visual stimuli in color space (see Glossary) and the
chromatic and achromatic contrasts (see Glossary) among stimuli
(Endler and Mielke, 2005; Goldsmith, 1990; Stoddard and Prum,
2008). The distance in color space can be measured in values of
just-noticeable difference (JND), where 1 JND is equated to the
threshold of discrimination set by receptor noise (Vorobyev and
Osorio, 1998; Vorobyev et al., 1998; but see Cheney et al., 2019;
Hempel de Ibarra et al., 2002, for deviations from model). These
models also take into account the ambient light in the environment
and parameters used to describe the visual system. Most often these
parameters include: (1) the sensitivity of the visual pigments, (2) the

spectral filtering of the oil droplets in the SWS, medium
wavelength-sensitive (MWS) and LWS cones, and (3) the density
of photoreceptors.

Ronald et al. (2017) used this approach to explore how individual
differences in both oil droplet absorbance and photoreceptor density
among brown-headed cowbird females might impact color
discrimination. These differences in visual physiology resulted in
statistically significant, but relatively small, changes in predicted
chromatic contrast of male plumage coloration against vegetative
and plumage backgrounds (Ronald et al., 2017). The mean variation
in the predicted discrimination of females was about 14% (from
10.00±0.06 to 11.50±0.07 JND; Ronald et al., 2017). Interestingly,
the mean variation in predicted achromatic contrast was around 40%
(from 4.36±0.09 to 10.49±0.21 JND), suggesting that achromatic
contrast discrimination may be more sensitive to changes in these
visual parameters (Ronald et al., 2017). Despite the relatively small
changes in chromatic contrast values found in this study, behavioral
evidence from Anolis sagrei lizards suggests that relatively small
differences in chromatic contrast (e.g. 2–4 JND) can alter the mean
probability of detection (Fleishman et al., 2016).
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Fig. 3. Changing the carotenoid-based spectral filtering of the cone oil droplets has little impact on chromatic contrast among carotenoid-based
plumage spectra, but alters the relationship between color space location and feather carotenoid content. (A) The reflectance spectra of carotenoid-
pigmented breast plumage of 70 male house finches. (B) The proportion of pairwise contrasts among the plumage spectra in A that have a chromatic
contrast of >1 JND for a visual system modeled with varying optical densities of the three pigmented single cone oil droplets together or individually. We
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tetrahedral color space location, θ and feather carotenoid content of selected plumage spectra for a visual system modeled with oil droplets with the
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Several independent modeling exercises have systematically
varied the cone oil droplet spectral filtering component to explore its
impact on predicted color discrimination (Bitton et al., 2017; Lind
and Kelber, 2009b; Lind et al., 2017). Lind and Kelber (2009b) and
Lind et al. (2017) examined how these shifts affected the predicted
contrasts among a small set of natural spectra (e.g. seeds, leaves) or
simulated short, medium and long wavelength-enriched spectra,
respectively. They predicted limited changes in color discrimination
when oil droplet filtering is shifted and other parameters are held
constant (Lind and Kelber, 2009b; Lind et al., 2017). Bitton et al.
(2017) varied oil droplet filtering and other components of the
model and calculated chromatic contrasts between the plumage
spectra of males and females of 70 galliform birds. Although shifts
in oil droplet filtering usually had small effects, for certain
comparisons the effects were large (i.e. >7 JND; Bitton et al.,
2017). Thus, there may be specific contexts where shifts in droplet
filtering have a large impact on visual function. Might the
discrimination of carotenoid-based colors be one such context?
To address this possibility, we adapted the modeling approaches of

Lind et al. (2017) to ask how changes in oil droplet spectral filtering
impact the discrimination of the carotenoid-based plumage coloration
of male house finches. To do this, we used male house finch breast
plumage reflectance spectra (n=70) from previous studies (Butler
et al., 2011; Toomey and McGraw, 2009), house finch cone oil
droplet absorbance spectrum measurements, and visual pigment
spectral sensitivities of a related passerine species (canary; Das et al.,
1999). We modeled cone oil droplet transmission based on the
expanded droplet absorbance spectrum as a function of varying
optical density (see Glossary) from 0 to 200% of the observed mean
(see Appendix for methods). This generated a range of droplet
spectral filtering that overlapped and extended beyond the variation
reported among bird species (Table S3). For each configuration of
droplet filtering, we calculated all pairwise chromatic contrasts
among the 70 individuals, 2415 contrasts in all, and examined the
proportion of these contrasts that exceeded a discrimination threshold
of 1 JND (Fig. 3A,B). We found that the large majority of contrasts
exceed threshold regardless of the level of oil droplet filtering
(Fig. 3B). At very low oil droplet optical densities (<30% of the
mean), there was a decline in the proportion of contrasts exceeding
threshold, especially when the densities of all three droplet classes
were altered simultaneously. Relative to typical droplet filtering,
complete removal of droplet filtering increased the number of
contrasts below threshold by 2.3-fold. This is consistent with
Vorobyev et al. (1998), who calculated that removing droplet
filtering causes a 1.4- to 2.4-fold increase in indiscriminable contrasts
among a wider diversity of plumage spectra. Nevertheless, it remains
to be determined whether and how often such carotenoid depletion
occurs among wild birds. Changes in the spectral filtering of the
P-type oil droplet had little impact on the achromatic contrasts among
our sample of plumage spectra (Fig. S1). Overall, the majority of
contrasts among colorful males are predicted to remain discriminable
despite changes in oil droplet spectral filtering. However, our model
assumes conditions of bright sunlight and that the photoreceptors are
adapted to a uniform white background. We encourage the
exploration of the full parameter space of the model; this may
reveal specific conditions, such as dim light, where droplet filtering
could have greater impacts on discrimination (see Box 2).
Color vision involves not only the discrimination of contrast but

also the acquisition of information about the properties of objects
and surfaces. In house finches, females select mates on the basis of
carotenoid pigment plumage coloration, which is hypothesized
to reveal information about the quality of a potential mate (Hill,

2002). The color of carotenoid pigment plumage is largely
determined by the concentration of pigment in the feather (Butler
et al., 2011; Inouye et al., 2001; Saks et al., 2003; Shawkey et al.,
2006). Therefore, we wondered whether and how changes in the
spectral filtering of the cone oil droplets might impact the
assessment of feather carotenoid content during mate choice.

To explore this question, we used themodeling approach described
above and calculated the tetrahedral color space location of a sample
of house finch spectra (n=15) from feathers whose carotenoid content
had been directly measured with HPLC (Butler et al., 2011). We then
examined how well color space location predicted feather carotenoid
content. We focused our analysis on the θ component, which is the
angle of the vector extending from the achromatic center of color
space to the point defined by a given plumage spectrum’s relative
stimulation of the SWS, MWS and LWS cone photoreceptors
(Stoddard and Prum, 2008). A previous analysis of this dataset with
mean values of oil droplet filtering showed that θ is significantly
negatively correlated with plumage carotenoid content (Butler et al.,
2011). Furthermore, this variable has also been shown to be a better
predictor of the carotenoid content in feathers than measures of
chromatic contrast (Butler et al., 2011).

We found that changes in oil droplet filtering shifted the color space
location of the plumage spectra and altered the linear relationship
between color space angle θ and feather carotenoid content (Fig. 3C–
E). Reducing the optical density of all three cone oil droplets below the
measured mean substantially weakened the correlation between θ and
feather carotenoid content from a Pearson’s correlation of r=0.71 at
mean droplet density to r=0.40 when droplet filtering was entirely
removed. In contrast, doubling the droplet density above the mean
produced a small improvement (r=0.76) and changes in the filtering of
single droplet classes appeared to have little impact on the relationship
between θ and feather carotenoid content (Fig. 3E). Isolated changes
to a single droplet class shifted all of the spectra along similar linear
trajectories through color space and largely maintained their relative
positions. In contrast, changing multiple droplets resulted in non-
linear shifts and reordering of the relative positions of the spectra
(Fig. S2). Thus, the general depletion of carotenoids from all of the
cone oil droplets may impact the reliability of color as an indicator
of feather carotenoid content. Individuals with sub-optimal droplet
pigmentation levels may be limited in their capacity to assess
carotenoid-based signals, leading to greater uncertainty and more
errors during signal evaluation. These results are intriguing as they
could provide a physiological basis for some of the variation in
mating preferences in birds that use carotenoid-based signals.

The predicted changes we found in the reliability of carotenoid
assessment may help explain the observations of individual variation
in the strength of categorical discrimination across a carotenoid-like
color continuum. Caves et al. (2020) found that (1) there is individual
variation in red cone oil droplet absorbance in female zebra finches
and (2) birds with relatively high levels of droplet pigmentation are
better able to discriminate across a categorical boundary in color
space. Our results suggest that changes in droplet filtering shift the
location of spectra in perceptual color space. If these shifts move
spectra from one side to another of a categorical boundary they could
facilitate or confound categorical discriminations depending on the
nature of the change. These recent results (Caves et al., 2020),
combined with earlier work from Ronald et al. (2017), suggest that
there is inherent variation in the oil droplet absorbance properties
in both captive and wild songbird species. Furthermore, these
individual differences can produce both predicted changes in
measures of chromatic contrast discrimination (as demonstrated
here and by Ronald et al., 2017) and behavioral tasks linked to mate-
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choice decisions (Caves et al., 2020). Thus, the physiological and
environmental constraints on carotenoid-based spectral filtering in
the avian visual system discussed above might create individual
variation around categorical boundaries. Such variation has been
suggested to be a feature that can resolve the paradoxical evolution
of continuously varying signaling traits, such as carotenoid-based
colors, in response to selection by receivers applying categorical
discrimination thresholds to those traits (Peniston et al., 2020).

Conclusions and future prospects
The role of carotenoids in both the coloration and color vision of birds
has led one of us (M.B.T.) to speculate that ‘...plumage colouration
and colour perception may be linked through a common biochemical
mechanism’ (Toomey andMcGraw, 2009). Now, more than a decade
later, we have evidence that the same enzymes and transporters
mediate the expression of both carotenoid-based coloration and visual
spectral filtering. The conservation of carotenoid-based spectral
filtering among birds suggests that some of these mechanisms first
evolved in the visual system and have subsequently been co-opted for
color expression (Lopes et al., 2016; Twyman et al., 2016). The next
step in understanding this linkage will be to determine the gene
regulatory changes that underlie this co-option. This will allow us to
dissect the mechanics of how diversifying selection pressures on
plumage color are balanced with stabilizing selection on the visual
system.
Carotenoid-based colors of birds are classic examples of condition-

dependent traits (McGraw and Blount, 2009), but it seems that
carotenoid-based spectral filtering in the visual system does not share
the same degree of condition dependence. The effects of diet and
health on carotenoid accumulation in the retina are subtle and specific.
Also, oil droplet pigmentation is distinctly sensitive to the light
environment, which could link color and vision through classic
sensory drive processes (Box 2; Price, 2017). Our modeling exercise
suggests that changes in cone oil droplet filtering have little impact on
the discrimination among carotenoid-based colors, but might alter
how these signals are assessed. Thus, both the expression and reliable
assessment of carotenoid-based color may be shaped by the
availability and physiology of carotenoids in ways that might drive
the elaboration and diversity of these signals. However, ourmodels are
relatively limited in scope and encompass a narrow set of conditions,
and the effects we observed are generally subtle. Whether such effects
are realized in nature is an open question, andmuchwork is required to
determine their biological significance.What is needed now is a better
understanding of how droplet filtering varies among individuals and
the functional implications of this variation through behavioral studies
of color discrimination and assessment. These efforts will clarify
whether and how the unique biology of carotenoids contributes to
trait–preference co-evolution between senders and receivers.

Appendix
Vision modeling methods
To examine the impact of changes in the carotenoid-based
spectral filtering of the cone oil droplets on discrimination of
carotenoid-based plumage spectra, we adapted the approaches of
Lind et al. (2017) and Butler et al. (2011).

Approach 1 – color discrimination with varying droplet optical density
Cone oil droplet filtering spectra
To model the transmittance of the cone oil droplets, we used the
absorbance spectra of expanded house finch oil droplets (Dryad
digital repository: doi:10.5061/dryad.pg4f4qrnr) and calculated
transmittance following Goldsmith and Butler (2003):

PðlÞ ¼ 10�aDðlÞ; ðA1Þ
where D(λ) is the normalized absorbance spectrum and a is optical
density. The mean estimated optical density of the droplets was
C-type 1.9, Y-type 3.5, R-type 11.7, and P-type 2.1. To vary oil
droplet density, we multiplied this mean value by a range of
values from 0 to 2 at an interval of 0.1. Note that the spectrum
measurements below 350 nm contained large amounts of noise as a
result of limitations of the illuminant and optics of the
microspectrophotometry system. For this exercise, we chose to fix
the absorbance from 300 to 350 nm to the measured value at 350 nm.

Receptor quantum catch
We calculated the quantum catch (N ) of each cone photoreceptor
class (i) following Lind et al. (2017):

NiðlÞ ¼ Dtðp
4
Þ2R2d2KOðlÞPðlÞð1� e�kAðlÞlÞLðlÞ; ðA2Þ

where R is the acceptance angle, d is pupil diameter, K is the
quantum transduction efficiency,O is ocular media transmittance, P
is the spectral transmittance of oil droplets, k is the absorption
coefficient, A is the normalized absorbance of the visual pigment, l
is the length of the cone outer segment and L is the plumage
reflectance spectrum multiplied by the illuminant spectrum.

Chromatic contrast
We calculated the receptor-specific contrast between two stimuli:

Dfi ¼ ln
Ni;L1

Ni;L2

� �
: ðA3Þ

We calculated noise for each receptor class including Weber noise
and photon shot noise assuming that intrinsic noise νi=0.1:

ei ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
niffiffiffiffi
ni

p
� �

N2
i þ Ni

s

Ni
: ðA4Þ

Here, n is the abundance of the given receptor given in Table S2, and
N is the mean quantum catch for spectra L1 and L2. We fixed the
summed noise of all four cone classes to a combined value of 0.4.

The subscripts indicate cone type: 1, UVS cones; 2, SWS cones;
3, MWS cones; and 4, LWS cones.

We calculated chromatic contrast for all pairwise contrasts of the
carotenoid-pigmented breast plumage of 70 male house finches.
Our analyses were run in R 4.0 (http://www.R-project.org/) with
tools from ‘tidyverse’ (Wickham et al., 2019). Code, model
parameters, plumage and droplet spectra data are available in
Table S2 and from the Dryad digital repository (doi:10.5061/dryad.
pg4f4qrnr).

Finally, we calculated chromatic contrast:

DS2 ¼ ððe1e2Þ2ðDf4 � Df3Þ2 þ ðe1e3Þ2ðDf4 � Df2Þ2 þ ðe1e4Þ2ðDf3 � Df2Þ2 þ ðe2e3Þ2ðDf4 � Df1Þ2 þ ðe2e4Þ2ðDf3 � Df1Þ2 þ ðe3e4Þ2ðDf2 � Df1Þ2Þ
ððe1e2e3Þ2 þ ðe1e2e4Þ2 þ ðe1e3e4Þ2 þ ðe2e3e4Þ2Þ

:

ðA5Þ
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Achromatic contrast
We assumed that achromatic contrast discrimination is mediated by
the double cone photoreceptor (Campenhausen and Kirschfeld,
1998; Osorio et al., 1999) and modified the cone catch, noise and
contrast calculations described above for a single receptor with an
LWS opsin and filtered by the P-type droplet.

Approach 2 – color space location and feather carotenoid content
To examine the impact of cone oil droplet spectral filtering on the
relationship between the predicted color space location and the
carotenoid content of colorful plumage, we reanalyzed house finch
plumage data from Butler et al. (2011). We varied cone oil droplet
spectral filtering and calculated cone spectra sensitivity as described
above. Following Stoddard and Prum (2008) we normalized cone
sensitivity to an integral of one. For each configuration of oil droplet
filtering, we calculated the relative quantum catch of each of the four
cone classes for each of the plumage spectra and calculated its
tetrahedral color space location in Cartesian coordinates as follows:

x ¼ 1 � 2s � m � u

2

ffiffiffi
3

2

r
; ðA6Þ

y ¼ �1þ 3mþ u

2
ffiffiffi
2

p ; ðA7Þ

z ¼ u� 1=4: ðA8Þ
We then calculated the angle θ from the achromatic center of color
space to the point in color space predicted for each plumage
spectrum:

u ¼ arctan
y

x

� �
: ðA9Þ

Finally, we calculated the Pearson correlation coefficient between
the calculated θ and direct measures of feather carotenoid content
for each configuration of oil droplet filtering.
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Gomez, D., Grégoire, A., Del Rey Granado, M., Bassoul, M., Degueldre, D.,
Perret, P. and Doutrelant, C. (2014). The intensity threshold of colour vision in a
passerine bird, the blue tit (Cyanistes caeruleus). J. Exp. Biol. 217, 3775-3778.
doi:10.1242/jeb.107573

Gondo, M. and Ando, H. (1995). Comparative histophysiological study of oil
droplets in the avian retina. Jap. J. Ornithol. 44, 81-91. doi:10.3838/jjo.44.81

Goodwin, T. W. (1984). The Biochemistry of the Carotenoids. New York, New York:
Chapman and Hall.

Guo, X., Wu, L., Lyu, Y., Chowanadisai, W., Clarke, S. L., Lucas, E. A., Smith,
B. J., He, H., Wang, W., Medeiros, D. M. et al. (2017). Ablation of β,β-carotene-
9’,10’-oxygenase 2 remodels the hypothalamic metabolome leading to metabolic
disorders in mice. J. Nutr. Biochem. 46, 74-82. doi:10.1016/j.jnutbio.2017.02.019

Hart, N. S. and Hunt, D. M. (2007). Avian visual pigments: characteristics, spectral
tuning, and evolution. Am. Nat. 169 Suppl, S7-S26. doi:10.1086/510141

Hart, N. S. and Vorobyev, M. (2005). Modelling oil droplet absorption spectra and
spectral sensitivities of bird cone photoreceptors. J. Comp. Physiol. A Neuroethol.
Sens. Neural Behav. Physiol. 191, 381-392. doi:10.1007/s00359-004-0595-3

Hart, N. S., Lisney, T. J. and Collin, S. P. (2006). Cone photoreceptor oil droplet
pigmentation is affected by ambient light intensity. J. Exp. Biol. 209, 4776-4787.
doi:10.1242/jeb.02568

Hempel de Ibarra, N., Giurfa, M. and Vorobyev, M. (2002). Discrimination of
coloured patterns by honeybees through chromatic and achromatic cues.
J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 188, 503-512.
doi:10.1007/s00359-002-0322-x

Hill, G. E. (1992). Proximate basis of variation in carotenoid pigmentation in male
house finches. Auk 109, 1-12. doi:10.2307/4088262

Hill, G. E. (2002). A Red Bird in a Brown Bag: The Function and Evolution of Colorful
Plumage in the House Finch. Oxford, England: Oxford University Press.

Hill, G. E. (2006). Female mate choice for ornamental coloration. In Bird Coloration,
Vol. II (ed. G. E. Hill and K. J. Mcgraw), pp. 137-200. Cambridge, MA: Harvard
University Press.

Hill, G. E. (2007). Melanins and carotenoids as feather colorants and signals. In
Reproductive Biology and Phylogeny of Birds, Part B: Sexual Selection, Behavior,
Conservation, Embryology and Genetics, pp. 51-84. CRC Press.

Hill, G. E. (2014). Cellular respiration: the nexus of stress, condition, and
ornamentation. Integr. Comp. Biol. 54, 645-657. doi:10.1093/icb/icu029

Hill, G. E. and McGraw, K. J. (2006). Bird Coloration. Cambridge, MA: Harvard
University Press.

Hill, G. E., Hood, W. R., Ge, Z., Grinter, R., Greening, C., Johnson, J. D., Park,
N. R., Taylor, H. A., Andreasen, V. A., Powers, M. J. et al. (2019). Plumage
redness signals mitochondrial function in the house finch. Proc. Biol. Sci. 286,
20191354.
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Table S1. A partial list of bird species for which the cone oil droplets have been characterized quantitatively with microspectrophotometry or 

qualitatively with light microscopy. Where available the λcut values from the dorsal/ventral retina are specified. If multiple values for a droplet type 

are present without reference to retina region, these are separated with “,”. P denotes the putative presence of a droplet class based on qualitative 

assessment of light microscopy of retina whole mounts. * denotes uncertainty in the categorizations. 

Droplet λcut or presence 

Order Common Name Genus species C Y R P Reference 

Struthioniformes Emu Dromaius novaehollandiae 408 508 559 404,476/492 (Hart et al., 2016) 

Ostrich Struthio camelus 417 506 552 497 (Wright and Bowmaker, 2001) 

Rhea Rhea americana 418 505 555 498 (Wright and Bowmaker, 2001) 

Anseriformes Canada goose Branta canadensis P 515 582 452 (Moore et al., 2012) 

Mallard Anas platyrhynchos 445 506 561 (Bowmaker et al., 1997) 

Lesser scaup Aythya affinis P P P P (Hart, 2001) 

Pekin Duck 
Anas platyrhyncha 
domestica 

P P P (Gondo and Ando, 1995) 

Mandarin Duck Aix galericulata P P P (Gondo and Ando, 1995) 
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https://paperpile.com/c/Rw2Q1x/DMTr
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 Black swan Cygnus atratus P P P  (Gondo and Ando, 1995) 

 Wigeon anas penelope P P P P (Hart, 2001) 

Galliformes Japanese quail Coturnix coturnix japonica 446 511 566 P (Bowmaker et al., 1997) 

 Chicken Gallus gallus domesticus 
443/44

5 
501/505 

562/55
8 

480/500 (Hart et al., 2006) 

 Peafowl Pavo cristatus 449 511 569 479/499 (Hart, 2002) 

 Golden pheasant Chrysolophus pictus P P P  (Gondo and Ando, 1995) 

 Helmeted guineafowl Numida meleagris P P P  (Gondo and Ando, 1995) 

 Common Turkey 
Meleagris gallopavo 
domestica 

437 490 514 436 (Hart et al., 1999) 

 White Eared-pheasant Crossoptilon crossptilon P P P  (Gondo and Ando, 1995) 

Caprimulgiformes Jungle Nightjar Caprimulgus indicus P* 530* 580* P* (Gondo and Ando, 1995) 

Cuculiformes Common koel Eudynamys scolopacea P P P P (Hart, 2001) 

 Little cuckoo Cuculus poliocephalus P* P* P* P* (Gondo and Ando, 1995) 

Columbiformes Rock dove Columba livia 448 524 586 P (Bowmaker et al., 1997) 

 Oriental Turtle Dove Streptopelia orientalis P* P* P* P* (Gondo and Ando, 1995) 

 
White-bellied Green 
Pigeon 

Treron sieboldii P P P  (Gondo and Ando, 1995) 

 Spotted Turtle Dove Streptopelia Chinensis P P P P (Hart, 2001) 

Gruiformes Whooping crane Grus americana 448 522 576 506 (Porter et al., 2014) 

 Dusky moorhen Gallinula tenebrosa P P P P (Hart, 2001) 

Charadriiformes European herring gull Larus argentatus P P P  (Gondo and Ando, 1995) 
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 Yellow-legged Gull Larus Michallis P P P P (Vidal et al., 2018) 

 Black headed Gull Larus ridibundus P P P  (Gondo and Ando, 1995). 

 Black Noddy Anous minutus P P P P (Hart, 2001) 

 Silver Gull Larus novaehollandiae P P P P (Hart, 2001) 

Sphenisciformes Humboldt Penguin Spheniscus humboldti 405 525 P* P* (Bowmaker and Martin, 1985) 

 King Penguin Aptenodytes patagonicus P*    (Gondo and Ando, 1995) 

 Rockhopper penguin Eudyotes chrysocome P* P* P* P* (Gondo and Ando, 1995) 

Procellariiformes 
Wedge-tailed 
shearwater 

Puffinus pacificus 445 506 562 413 (Hart, 2004) 

Pelicaniformes 
Black-crowned night 
heron 

Nycticorax nycticorax P* 530* 580* P* (Gondo and Ando, 1995) 

 Pied cormorant Phalacrocorax varius P P P P (Hart, 2001) 

 Striated heron Butorides striata P P P  (Gondo and Ando, 1995) 

 Little egret Egretta garzetta P P P  (Gondo and Ando, 1995) 

 Scarlet ibis Eudocimus ruber P P P  (Gondo and Ando, 1995) 

Accipitriformes 
Japanese 
sparrowhawk 

Accipiter gularis P* P* P* P* (Gondo and Ando, 1995) 

 Booted Eagle Aquila pennata P P P P (Montoyo et al., 2018) 

 Wedge-tailed eagle Aquila audax P P P P (Reymond et al., 1985) 

Strigiformes Tawny owl Strix aluco P P P P (Bowmaker and Martin, 1978) 

 Ural owl Strix uralensis P*    (Gondo and Ando, 1995) 

 Snowy Owl Nyctea scandiaca P*    (Gondo and Ando, 1995) 

 Eurasian eagle owl Bubo bubo P* P*   (Alix et al., 2017) 
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Coraciiformes Sacred Kingfisher Todiramphus sanctus P P P P (Hart, 2001) 

Piciformes Downy Woodpecker Picoides pubescens P P P P (Kram et al., 2010) 

Psittaciformes Budgerigar Melopsittacus undulatus 411 497 567 420/472 (Knott et al., 2012) 

 Crimson rosella Platycerus elegans elegans 406 408? 569 423 (Knott et al., 2017) 

  
Platycerus elegans 
flaveolus 

408 506 569 424 (Knott et al., 2017) 

 Lesser Cuckoo Cuculus poliocephalus P P P  (Gondo and Ando, 1995) 

 Galah Cacatua roseicapilla P P P P (Hart, 2001) 

 White-cheeked rosella Platycercus eximus P P P P (Hart, 2001) 

 
Scaly-breasted 
lorikeet 

Trichoglossus 
chlorolepidotus 

P P P P (Hart, 2001) 

 Rainbow Lorikeet Trichoglossus haematodus P P P P (Hart, 2001) 

Passeriformes Acadian Flycatcher Empidonax virescens 405 500 560 433,449,485 (Tyrrell et al., 2019) 

 Cutthroat finch Amadina fasciata 422 513 572 420/425 (Hart et al., 2000a) 

 Large-billed crow Corvus macrorhyncus P* 530* 580* P* (Gondo and Ando, 1995) 

 Blue-faced honeyeater Entomyzon cyanotis P P P P (Hart, 2001) 

 Noisy miner Manorina melanocephala P P P P (Hart, 2001) 

 Eurasian magpie Pica Pica P P P  (Lee et al., 2019) 

 Gouldian finch Erythrura gouldiae 422 513 572 422/419 (Hart et al., 2000a) 

 Red-billed leiotrix Leiothrix lutea 392 506 566  (Maier and Bowmaker, 1993) 

 White-headed munia Lonchura maja 422 510 567 419/489 (Hart et al., 2000a) 

 Plum-headed finch Neochmia modesta 415 514 568 414/412 (Hart et al., 2000a) 
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 Blue tit Parus caeruleus 413 508 573 417/418 (Hart et al., 2000b) 

 House sparrow Passer domesticus 421 520 572 424 
(Ensminger and Fernández-
Juricic, 2014) 

 
Brown-headed 
cowbird 

Molothrus ater 418 516 576 436, 448, 487 (Fernández-Juricic et al., 2013) 

 Red winged blackbird Agetalus phoeniceus 420 516 573 447, 458, 499, 502 (Fernández-Juricic et al., 2019) 

 Tree sparrow Passer montanus P* P* P* P* (Gondo and Ando, 1995) 

 Barn Swallow Hirundo rustica P* 530* 580* P* (Gondo and Ando, 1995) 

 Brown-eared bulbul Hypsipetes amaurotis P* P* P*  (Gondo and Ando, 1995) 

 Canary Serinus canaria 414 506 578 420,480 (Das et al., 1999) 

 European Starling Sturnus vulgaris 399 515 573 407/411 (Hart et al., 1998) 

 Zebra finch Taeniogygia guttata 
420/42

1 
512/514 

573/57
5 

426/430,488/486 (Knott et al., 2010) 

 Blackbird Turdus merula 414 515 570 415/472 (Hart et al., 2000b) 

 American goldfinch Carduelis tristis 417 523 579 433,493 (Baumhardt et al., 2014) 

 Satin Bowerbird Ptilonorhynchus violaceus 
423/44

3 
515/521 

567/57
1 

416/495 (Coyle et al., 2012) 

 Great bowerbird Chlamydera nuchalis 
422/42

6 
513/516 

568/57
0 

420/503 (Coyle et al., 2012) 

 Green catbird Ailuroedus crassirostris 
422/44

4 
508/516 

558/56
6 

412/500 (Coyle et al., 2012) 

 Regent bowerbird Sericulus chrysocephalus 
418/43

9 
511/520 

589/59
8 

419/501 (Coyle et al., 2012) 

 Toothbilled bowerbird Scenopoetes dentirostris 
425/42

4 
512/523 

566/57
0 

418/501 (Coyle et al., 2012) 
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 Spotted bowerbird Chlamydera maculata 
428/43

9 
514/520 

571/57
1 

425/497 (Coyle et al., 2012) 

 Bobolink Dolinonyx orizivorus 412 503 561 412 (Beason and Loew, 2008) 
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Table S1 References: 
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36–44. 

Baumhardt, P. E., Moore, B. a., Doppler, M. and Fernández-Juricic, E. (2014). Do American goldfinches see their world like passive prey 
foragers? A study on visual fields, retinal topography, and sensitivity of photoreceptors. Brain Behav. Evol. 83, 181–198. 

Beason, R. C. and Loew, E. R. (2008). Visual pigment and oil droplet characteristics of the bobolink (Dolichonyx oryzivorus), a new world 
migratory bird. Vision Res. 48, 1–8. 
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1130. 
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77. 
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Table S2 - Vision modeling parameters 

Parameter UVS cone SWS 
cone 

MWS cone LWS 
cone 

Double 
cone 

Integration time – Δt 
(sec) 

0.014 0.014 0.014 0.014 0.014 

Acceptance angle - R 
(radians) 

0.0004 0.0006 0.0008 0.012 0.012* 

Pupil diam. - d - (mm) 2 2 2 2 2 

quantum transduction 
efficiency – K 

0.5 0.5 0.5 0.5 0.5 

Ocular media 
transmittance - O(λ) 

from Lind et al. (2013) -  Dryad Digital Repository (Toomey 

and Ronald 2021): doi:10.5061/dryad.pg4f4qrnr 

Oil droplet 
transmittance - P(λ) 

Appendix and Dryad Digital Repository (Toomey and Ronald 
2021): doi:10.5061/dryad.pg4f4qrnr 

Visual pigment 
absorbance coeff. - k 
(µm-1) 

0.035 0.035 0.035 0.035 0.035 

Normalized Visual 
pigment absorbance 
spectrum - A(λ) 

Calculated following Govardovskii et al. (2000) with the  λmax 

values below 

Visual pigment – λmax 
(nm) 

359 430 506 568 568 

Abundance - ni 1 1.5 2 3 NA 

Irradiance spectrum - 
I(λ) 

D65 illuminant (Lind et al. 2017) -  Dryad Digital Repository 

(Toomey and Ronald 2021): doi:10.5061/dryad.pg4f4qrnr 

Stimulus reflectance - 
R(λ) 

Variable – Appendix and Dryad Digital Repository (Toomey 
and Ronald 2021): doi:10.5061/dryad.pg4f4qrnr 
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Figure S1. The proportion of pairwise contrasts among the plumage spectra in Figure 3A 

that have an achromatic contrast of > 1 JND for a visual system modeled with P-type oil 

droplet optical density varying from zero to two-fold the measured mean optical density. We 

assumed that achromatic discrimination is mediated by the double cone with an LWS opsin 

and modified the methods described in the appendix to calculate contrasts with one 

receptor class.   
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Table S3. The range of λcut values estimated from simulated droplet spectra in the analysis 

presented in Figure 3 compared to the range of λcut values reported in the literature (Table 

S1).  

Modelled droplet spectra Published values 

Droplet 
λcut (nm) at 
0.2x optical 

density 

λcut (nm) at 
1x optical 
density 

λcut (nm) at 
2x optical 
density 

minimum λcut 

(nm) 
mean λcut 

(nm) 
maximum 
λcut (nm) 

R-type 521 534 553 514 568 598 

Y-type 475 502 513 490 512 525 

C-type 376 428 439 392 424 449 
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Figure S2. Examples of the shift in color space location of five male house finch breast 

plumage spectra when the filtering of C, Y, R-type or all three droplet classes is varied from 

0 to 200% of the mean optical density of the droplet. Note that changing filtering of just one 

droplet class results in shifts along similar trajectories for all five spectra, while changes to 

all three droplet classes shift the spectra along a non-linear trajectory.    
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