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Synopsis Color differences between the sexes (dichromatism) in birds are a hallmark example of a secondary sexual char- 
acter that is frequently associated with sexual signaling and mate choice. Previous work has shown that the physiological 
and genetic mechanisms that underlie presence or absence of secondary sexual characters in birds are highly diverse across 
the avian clade. Hormones such as estrogen and testosterone are known to have important impacts on the development and 

regulation of plumage coloration across an individual’s lifetime, but the distribution of what we know about hormones and 

dichromatism, relative to the distribution of dichromatic taxa, is confined to a few well-studied taxa. Here, we review cur- 
rent knowledge of hormonal influences on dichromatism and reconstruct the ancestral states of dichromatism across over 
8800 species of birds to highlight where further research is needed. We find that, though two decades have passed since the 
last major review of hormonal influences on dichromatism, our working knowledge of how hormones influence dichroma- 
tism is still functionally and taxonomically limited. Moreover, there is increasing evidence that non-sex hormones such as 
cortisol and thyroid hormone may have multifarious impacts on dichromatism, including interactive effects on other influ- 
ential hormones. By combining proximate and ultimate perspectives, we highlight the diversity of hormonal influences on 

dichromatism in the avian tree of life and put forward ideas for future study. 
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ntroduction 

exes are complex, multicomponent phenotypes that
nclude traits both directly and indirectly involved in
exual reproduction. In many taxa, the differentia-
ion of sex includes the presence of secondary sexual
haracters—often defined by divergence in size, orna-
entation, or general appearance between the sexes.
hese traits may be involved in sexual signaling but
re not directly involved in gamete production. Birds
class: Aves) have served as a model system for study-
ng the evolution of secondary sexual characters. Sexual
ichromatism, defined here as differences in plumage
olor between the sexes, has been well-studied in many
dvance Access publication June 9, 2026
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vian species. Since ( Darwin 1871 ), many studies have
ocused on sexual selection as the force leading to sexual
imorphism (e.g., Andersson 1994 ; Zuk and Simmons
018 ). However, it has also long been recognized that
ichromatism may evolve through natural selection
 Wallace 1889 ), and can involve changes in male col-
ration, female coloration, or both (reviewed in Badyaev
nd Hill 2003 ). 

In birds, secondary sexual characters are influenced
y multiple genetic, hormonal, and developmental path-
ays. Feathers in particular are diverse in form, func-

ion, and development (reviewed in Terrill and Shultz
023 ). Recent advances in understanding the cell-
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autonomous processes contributing to sex differences
like dichromatism emphasize the need for focused re-
search in understanding the multifaceted, and often in-
teractive, mechanisms that shape phenotype (see Box 2 ).
Though sexual selection and plumage color are both
considered well studied, research often overlooks how
the mechanisms generating sexual variation within
species differ across taxa. The role of endocrine systems
in generating differences between the sexes are well-
studied in domesticated species like the chicken ( Gallus
gallus domesticus ), though can vary across taxa ( Kimball
2006 ). However, there is often a focus on research on
males ( Smiley et al. 2022 ), further inhibiting our un-
derstanding of mechanisms underlying both male and
female coloration. Ignoring interspecific differences in
the proximate drivers of within-sex variation can lead
to misunderstandings about how sexual phenotypes di-
verge or overlap across ecological and evolutionary con-
texts, ultimately oversimplifying descriptions of sexual
diversity and the process(es) by which sexual pheno-
types evolve. 

Kimball and Ligon (1999) and Kimball (2006) re-
viewed how estrogens, androgens, and luteinizing hor-
mone (LH) regulate coloration patterns in birds, affect-
ing both sexual dichromatism and intrasexual varia-
tion. Hormones influence plumage coloration by affect-
ing pigment synthesis, pigment deposition, and feather
microstructure; but these influences are not uniform
across the avian tree of life. Estrogen-dependent dichro-
matism, found in orders such as Struthioniformes (os-
triches), Galliformes (e.g., chickens, turkey, and quail),
and Anseriformes (ducks and geese), is likely ancestral,
whereas testosterone, luteinizing hormone, or nonhor-
monal dependent-coloration are considered to be more
derived. 

Advances in avian phylogenetics (e.g., Stiller et al.
2024 ) and hormonal studies since Kimball (2006) ne-
cessitate an updated review of hormonal influences on
plumage dichromatism and a summary of remaining
knowledge gaps. This includes the incorporation of
two additional hormones hypothesized to influence sex-
specific plumage coloration: glucocorticoids ( Kennedy
et al. 2013 ) and thyroid hormones ( Emmens and Parkes
1940 ). Here, we (1) reconstruct the evolution of dichro-
matism across a modern phylogeny of birds; (2) sum-
marize current knowledge, specifically what has been
learned since the previous review, about how four com-
monly occurring hormone systems are known to im-
pact plumage color (estrogen, testosterone, glucocorti-
coids, and thyroid) to influence dichromatism; and (3)
identify challenges and gaps in the published body of
work and suggest directions for future study. We do not
specifically discuss luteinizing hormone (LH), since we
did not find any new research including this hormone
since Kimball (2006) . Non-hormonal mechanisms for
sexual differentiation, such as sex-specific genes and sex
chromosomes, have also been shown to be important in
birds ( Agate et al. 2003 ; Zhao et al. 2010 ). This has been
a major scientific development in the last two decades
( Bear and Monteiro 2013 ). However, in this review we
focus primarily on hormones, while acknowledging an
important role for other factors like genes and gene-
hormone interactions on the development of secondary
sexual characters like dichromatism. 

By bridging proximate and ultimate perspectives, we
aim to move toward a comparative understanding of
how endocrine regulation repeatedly shapes the evo-
lution of secondary sexual characters. Through this
primer, we illustrate the diversity and complexity of
hormonal influences on sexual dichromatism within
birds, highlight the areas of the avian tree of life that
need further exploration, and provide future direc-
tion for researchers interested in studying avian sexual
dichromatism and/or the impacts of hormonal systems
on secondary sexual characters. 

Box 1: For the purposes of this review, we define terms 
that we used in the process of reviewing and summariz- 
ing literature. Visible plumage color refers to the struc- 
tural and pigmented properties of feathers that reflect 
or absorb light viewable in the visible spectrum. Pig- 
mentation generates color by absorbing specific wave- 
lengths of light (e.g., melanins for browns and blacks, 
carotenoids for reds and yellows). In contrast, struc- 
tural coloration produces color through the scattering 
or interference of light by microscopic feather struc- 
tures (e.g., many blue or iridescent colors). Many colors 
are produced by a combination of both pigmented and 

structural color, such as greens in parrots (Psittacidae) 
that arise from a blue structural base with a yellow pig- 
ment overlay. 

We refer to “male” and “female” to describe the dif- 
ferent physical and behavioral phenotypes typically as- 
sociated with sperm or egg production, typically as- 
sumed based on the presence of testes or ovaries dur- 
ing dissection of a small number of individuals (sex4, 
sensu Warkentin et al. 2026 ). Our ability to measure 
this, however, is limited by descriptions in the literature 
and field guides. These sources often collapse variation 

within sexes down to a singular image, ignoring both 

within-population and between population differences 
and tending to show maximal dichromatism in order 
to emphasize the possible range of differences between 

males and females. We recognize that sexes are more 
accurately described as a population-level trait hyper- 
space, and that a single image does not encompass all 
possibilities. 
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Monochromatic refers to species in which the sexes 
have similar plumage colors and patterns. Dichro- 
matic means the opposite, where sexes within the 
same species have different colors and/or patterns. 
In many dichromatic species, the male phenotype is 
labeled as “bright,” “ornamented,” or “conspicuous,”
meaning their plumage often possesses more over- 
all pigment than females. However, it is important 
to note that the males of dichromatic species may 
also be achromatic (e.g., predominantly white or pre- 
dominantly black plumage), while still being consid- 
ered the “bright.” While “brightness” (or value) tra- 
ditionally measures total light reflectance, biological 
literature frequently uses “bright” to colloquially de- 
scribe highly contrasting plumage regardless of its ac- 
tual achromatic value. As a whole, male birds have a 
wider range of colors (hues), and greater color intensity 
(saturation/chroma) than females ( Delhey et al. 2023 ). 
Conversely, most female phenotypes in dichromatic 
species are considered to be “dull,” with plumage that 
better resembles their environment, such as browns, 
grays, and greens. If a species has “reversed” sexual 
dimorphism, then the females are considered more 
bright/ornamented/conspicuous than males. Finally, in 

some dichromatic species, the degree of difference 
between male and female plumage color varies sea- 
sonally. It is generally greatest when males molt into 

their “breeding,” “nuptial,” or “alternate” plumage (e.g., 
bright) and least when males molt into their “nonbreed- 
ing,” “eclipse,” or “basic” plumage (e.g., dull). The spe- 
cific terminology is very taxon-dependent ( Pittaway 
2000 ), so for the purposes of this paper we use the more 
general “breeding” and “nonbreeding” terms. 

iterature review 

iterature review methods 
his review expands upon Kimball’s (2006) review of
ormonal influences on plumage coloration by adding
n additional 20 years of studies with known associa-
ions between hormones and visible plumage dichro-

atism. We used Google Scholar to identify rele-
ant publications using combinations of search terms
hat included “estrogen,” “testosterone,” “cortisol,” cor-
icosterone’, “glucocorticoids,” “thyroid,” and “thyrox-
ne.” For each hormone, we used the Boolean oper-
tors (AND/OR) combined with “hormone,” “dichro-
atism,” “dimorphism,” “plumage color,” “ornamenta-

ion,” “‘male,” “female,” and “birds” to search for rel-
vant publications. Due to the broad nature of these
earch terms, we also explored articles citing Kimball
nd Ligon (1999) and Kimball (2006) and reviewed ref-
rence lists of key papers for additional citations. Papers
ere manually reviewed for information and questions
bout hormonal impacts on plumage dichromatism. 

One of our primary goals was to identify taxonomic
aps in which there is little or no research involving
ormones and coloration by mapping the presence or
bsence of research across the avian tree of life. In a
umber of cases, hormones were assessed or manip-
lated for reasons other than understanding their im-
act on molt or the development of dichromatism and
herefore may have been done at times when molt was
ot occurring. Moreover, there were several studies
ur search returned that, while focusing more on in-
rasexual variation within a species than between-sex
ariation, provided important insights into hormonal
echanisms regulating plumage color and molt. These

re included, as they might also be relevant to teas-
ng out whether, or which, hormones are involved in
ichromatism. As our understanding of hormonal in-
luences on plumage dichromatism is unique for each
axon, we have included brief supplemental summaries
f all of these relevant studies to facilitate future re-
earch. In these summaries ( Table S1 ), we included in-
ormation on hormones considered as well as whether
ormones were assessed during molt or during other
eriods (e.g., the breeding season, when birds are not
olting) to allow a quick overview of the existing lit-

rature for different species. We also classified meth-
ds used in these studies into one of three categories:

1) direct physiological experiments such as administra-
ion of hormones, castration, or skin grafts; (2) obser-
ations of differences in naturally occurring levels of
ormones in wild populations; or (3) associations be-
ween plumage phenotype and genes/genomic regions
hat regulate hormones. Though we did not utilize the
ualitative aspects of these studies in our reconstruc-
ion or identification of taxonomic gaps, we believe
hey could provide a “starting point” by highlighting
ormone–coloration relationships that may also be im-
ortant for the development of dichromatic characters
uring molt. The summaries in Table S1 are organized
axonomically to orient future researchers interested in

ore deeply pursuing these questions in these various
lades. 

Similarly, our search also returned some studies ad-
ressing hormonal influences on plumage color in pre-
ominantly monochromatic species or included color in
he ultraviolet spectrum. In some cases, hormonal influ-
nces may have impacted plumage color in one sex, but
ot the other ( Fargallo et al. 2014 ; Cruz-Miralles et al.
020 ). Though these papers fall outside of the scope of
nderstanding hormonal influences on visibly dichro-
atic species and are not included in our summary of

iterature on dichromatic species, they may provide im-
ortant context to future studies wanting to investigate

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag079#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag079#supplementary-data
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gains and losses in sister monochromatic/dichromatic
taxa and are summarized in the supplement ( Table S2 ). 

Moreover, some studies returned through our search
methods addressed the impact of hormones on other
color-related secondary sexual characters other than
plumage, such as bill, leg, or bare integument ( Eens et
al. 2000 ; McGraw 2006 ; Siitari et al. 2007 ; Mougeot et
al. 2010 ; Casagrande et al. 2011 ; Sarasola et al. 2011 ;
Lahaye et al. 2014 ; Rull et al. 2016 ; Scheun et al. 2021 ;
Green et al. 2022 ; Romero-Diaz et al. 2022 ). However,
we considered these studies to be outside of the scope of
this review to limit the focus on hormonal impacts on
plumage-based dichromatism specifically. We also in-
tentionally excluded manual manipulations or cosmetic
applications of pigment, such as daubing behavior in the
Crested Ibis ( Nipponia nippon , Liu et al. 2023 ) or appli-
cation of carotenoids on feathers by Greater Flamingos
( Phoenicopterus roseus , Amat et al. 2018 ), in our definition
of dichromatism. 

Literature review results 
Including citations from Kimball (2006) , we found 50
species, representing 22 avian families, where hormones
and sexually dimorphic plumage features were featured
( Table 1 ). Though several of these studies did not di-
rectly test the influence of hormones on dichromatism,
they may have looked for a correlation of hormones and
coloration, typically in the breeding (non-molt) season.
We also found one taxon published before 2006 that
had not been included previously: the Satin Bowerbird
(Ptilonorhynchus violaceus; Collis and Borgia 1993 ). 

Ancestral state reconstruction of dichromatism 

Dichromatism dataset 
We used a published dataset by Han et al. (2026) which
consisted of color measurements taken from standard-
ized reference illustrations (book plates) from Birds
of the World ( Billerman et al. 2026 ) for 10,170 bird
species to classify visible color dimorphism between
sexes. The dataset included both continuous (color mea-
surements) and discrete (monochromatic/dichromatic)
representations of dichromatism. For the purposes of
reconstructing dichromatism, we used the continuous
data to illustrate the diversity of dichromatism across
the avian tree of life ( Fig. 1 A) and the categorical data
to denote the number of changes between monochro-
matic and dichromatic states ( Fig. 1 B). To avoid uncer-
tainty, we excluded any taxa that had incomplete data
(e.g., species that only had illustrations of one sex and
were not labeled as monochromatic) in each analysis. 
Continuous reconstruction 

For the continuous dataset, it is important to note that
these illustrations often include non-plumage parts such
as legs, bills, and bare integuments. As such, these val-
ues aren’t precise representations of visible plumage
dichromatism. However, plumage color accounts for
most of the color space difference, and monochromatic
species are represented by only one plate, making the
data useful for broader comparisons among taxa. We
first converted the color spaces into their RGB values
and calculated the weighted mean RGB per species per
sex, combining all spaces. We then calculated the over-
all Euclidean distance between sexes. Monochromatic
species were scored as “0.” Finally, we reconstructed
these Euclidean distances at ancestral nodes using the
fastAnc function in phytools ( Revell 2024 ) in R Version
(v4.4.3; R Core Team 2025 ) and plotted the results on
an updated tree of all birds ( McTavish et al. 2025 ). As
the updated tree did not match the Han et al. (2026) tax-
onomy, we used the crosswalk in McTavish et al. (2025)
to reconcile the taxonomy of our dataset, resulting in a
final total of 8882 species ( Fig. 1 A). To summarize dif-
ferences in dichromatism across the tree, we also found
the average overall Euclidean distance for each family ( n
= 231) and ranked them from highest to lowest (most to
least dichromatic, Table S3 ). 

Discrete reconstruction 

With the discrete dataset, we separated any taxa with the
“monochromatic” descriptor from taxa that had both
“male” and “female” descriptions in the Han et al. (2026)
dataset. Any taxa that had only one sex listed, and did
not have the monochromatic descriptor, were removed
to avoid ambiguity, resulting in 8848 species. We sum-
marized the number of monochromatic and dichro-
matic species in each family ( Table S4 ). We performed
1000 stochastic simulations using the function simmap
with equal rates in phytools ( Revell 2024 ) to estimate
the evolutionary history of the trait across the phy-
logeny ( Fig. 1 B). We found that there were almost twice
as many losses of dichromatism (e.g., transitions from
dichromatic to monochromatic; n = 621) than gains of
dichromatism (e.g., transitions from monochromatic to
dichromatic; n = 367 transitions). 

Identifying taxonomic gaps in the literature 

We marked families with species found in the litera-
ture review on the continuous reconstruction ( Fig. 1 A),
and dichromatic families with over 20 species that
did not have studies including the relationship be-
tween hormones and coloration on the discrete re-
construction ( Fig. 1 B). Our review found that the dis-
tribution of taxa studied extends across the avian
tree of life. However, it also identified several large

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag079#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag079#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag079#supplementary-data
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Table 1 Avian species where hormonal impacts on sexually dimorphic plumage color have been studied 

# Family Examples Citations 

1 Struthionidae Common ostrich ( Struthio camelus ) ( Duerden 1919 ) 

2 Odontophoridae Gambel’s quail ( Callipepla gambelii ) ( Hagelin and Kimball 1997 ; Hagelin 2001 ) 

3 Phasianidae Red junglefowl/domestic chicken ( Gallus 
gallus / Gallus gallus domesticus ) 

( Torrey and Horning 1922 ; Buchanan 1926 ; George et 
al. 1981 ; Widelitz et al. 2019 ; You et al. 2024 ; Blivaiss 
1947a , 1947b ) 

Willow ptarmigan ( Lagopus lagopus ) Stokkan 1979a , 1979b ; Höhn and Braun 1980 ) 

White-tailed ptarmigan ( Lagopus leucura ) ( Höhn and Braun 1980 ) 

Common quail ( Coturnix coturnix ) ( Kannankeril and Domm 1968 ) 

Ring-necked pheasant ( Phasianus colchicus ) ( Danforth 1937a , 1937b ; Morejohn and Genelly 1961 ) 

Lady amherst’s pheasant ( Chrysolophus amherstiae ) ( Vevers 1954 ) 

Reeves pheasant ( Syrmaticus reevesii ) ( Danforth 1937c ) 

Wild turkey ( Meleagris gallopavo ) ( Scott and Payne 1934 ; van Oordt 1936 ) 

4 Anatidae Mandarin duck ( Aix galericulata ) ( Tang et al. 2025 ) 

Mallard ( Anas platyrhynchos ) Goodale 1910 , 1918 ; Walton 1937 ; Mueller 1970 ; 
Endler et al. 1988 ; Haase and Schmedemann 1992 ; 
Haase et al. 1995 ) 

Blue-winged teal ( Spatula discors ) ( Greij 1973 ) 

5 Scolopacidae Ruff ( Calidris pugnax ) ( Lank et al. 1999 ; Loveland, Giraldo-Deck, et al. 2021 , 
et al. 2021 ) 

Red-necked phalarope ( Phalaropus lobatus ) ( Johns 1964 ) 

Wilson’s phalarope ( Phalaropus tricolor ) ( Johns 1964 ) 

6 Turnicidae Barred buttonquail ( Turnix suscitator ) ( Muck and Goymann 2011 ) 

7 Falconidae American kestrel ( Falco sparverius ) ( Quinn et al. 2005 ; Butler et al. 2010 ) 

Common kestrel ( Falco tinnunculus ) ( Fargallo et al. 2007 ) 

8 Pipridae Golden-collared manakin ( Manacus vitellinus ) ( Day et al. 2006 ) 

9 Ptilonorhynchidae Satin bowerbird ( Ptilonorhynchus violaceus ) ( Collis and Borgia 1993 ) 

10 Maluridae Red-backed fairy-wren ( Malurus melanocephalus ) Lindsay et al. 2009 , 2011 , 2016 ; Barron et al. 2013 ; 
Lantz et al. 2017 ; Khalil et al. 2020 , 2023 ) 

White-shouldered fairy-wren ( Malurus alboscapulatus ) Enbody et al. 2018 , 2022 ; Boersma et al. 2020 , 
2023 ) 

Superb fairy-wren ( Malurus cyaneus ) ( Peters et al. 2000 ; Peters 2007 ) 

11 Hirundinidae Barn swallow ( Hirundo rustica ) ( Eikenaar et al. 2011 ; Jenkins et al. 2013 ; Arai et al. 
2019 ) 

Tree swallow ( Tachycineta bicolor ) ( Sarpong et al. 2019 ) 

12 Muscicapidae European pied flycatcher ( Ficedula hypoleuca ) ( Moreno et al. 2014 ) 

Black redstart ( Phoenicurus ochruros ) ( Schwarzová et al. 2010 ) 

13 Turdidae Eastern bluebird ( Sialia sialis ) Grindstaff et al. 2012 ; Siefferman et al. 2013 ) 

14 Viduidae Paradise whydah ( Vidua paradisaea ) ( Ortman 1967 ; Ralph et al. 1967 ) 

15 Estrildidae Red avadavat ( Amandava amandava ) ( Thapliyal and Tewary 1961 , 1963 ) 

Chestnut munia ( Lonchura atricapilla ) ( Saxena and Thapliyal 1961 ) 

Gouldian finch ( Erythrura gouldiae ) ( Crew and Munro 1939 ) 

16 Ploceidae Southern red bishop ( Euplectes orix ) ( Lindsay et al. 2022 ) 

Northern red bishop ( Euplectes franciscanus ) ( Witschi 1936 ; Ortman 1967 ) 

Yellow-crowned bishop ( Euplectes afer ) ( Ortman 1967 ; Ralph et al. 1967 ) 

Baya weaver ( Ploceus philippinus ) ( Saxena and Thapliyal 1961 ) 

Red-billed quelea ( Quelea quelea ) ( Witschi 1935 ) 

17 Passeridae House sparrow ( Passer domesticus ) ( Keck 1934 ; Miller 1935 ; Mueller 1977 ; Evans et al. 
2000 ; Lattin and Romero 2013 ) 

18 Fringillidae European serin ( Serinus serinus ) ( Trigo and Mota 2015 ) 

Redpoll ( Acanthis flammea ) ( Fairhurst et al. 2014 ) 

House finch ( Haemorhous mexicanus ) ( Tewary and Farner 1973 ; Stoehr and Hill 2001 ; 
Lendvai et al. 2013 ) 

American goldfinch ( Spinus tristis ) ( Sughrue et al. 2008 ) 
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Table 1 Continued 

# Family Examples Citations 

19 Passerellidae Dark-eyed junco ( Junco hyemalis ) ( McGlothlin et al. 2008 ) 

20 Icteridae Red-winged blackbird ( Agelaius phoeniceus ) ( Kennedy et al. 2013 ; Merrill et al. 2015 ) 

Brewer’s blackbird ( Euphagus cyanocephalus ) ( Danforth and Price 1935 ) 

21 Parulidae Common yellowthroat ( Geothlypis trichas ) ( Henschen et al. 2018 ) 

Yellow warbler ( Setophaga petechia ) ( Grunst et al. 2015 ) 

22 Cardinalidae Northern cardinal ( Cardinalis cardinalis ) ( Sin et al. 2020 ) 

Indigo bunting ( Passerina cyanea ) ( Witschi 1935 ; Hudson and Wilcoxen 2018 ) 

Note: Species are organized taxonomically by family. Table S1 provides further descriptions of findings for all taxa. 
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families with high levels of dichromatism that have
no publications describing any hormonal correlates
(i.e., Nectariniidae [sunbirds and spiderhunters], and
Thamnophilidae [typical antbirds]). Moreover, fami-
lies such as Muscicapidae (Old World flycatchers) have
multiple gains and losses of dichromatism within the
family, making them—and other families with both
monochromatic and dichromatic species—ideal sys-
tems to study the potential drivers of gains and losses of
dichromatism. 

Hormones 

Estrogens 
Estrogen (oestrogen) is one of two primary categories
of sex hormones known to contribute to dichromatic
plumage in birds. In vertebrates, estrogen hormones
such as estradiol (E2) are highly conserved in regulat-
ing the female reproductive cycle and secondary sex-
ual characteristics. While estrogen is commonly asso-
ciated with females, it can be converted from andro-
gens (e.g., testosterone) by the enzyme aromatase in
either sex ( Schlinger and Arnold 1992 ; Saldanha and
Schlinger 1997 ; Schlinger 1997 ). Increased expression
of aromatase in domestic chickens have contributed to
our understanding of how estrogen induces female-like
plumage in males ( George et al. 1990 ; Matsumine et
al. 1991 ; Lambeth et al. 2016 ) and our overall under-
standing of sexual development in birds ( Jin et al. 2020 ;
Abdulateef et al. 2021 ). However, modern studies on the
impact of estrogens or aromatase on plumage dimor-
phism in birds, especially wild populations, are largely
absent even though the mechanisms to manipulate ei-
ther estrogens or aromatase in wild birds are available. 

Of all hormones related to plumage dichroma-
tism, estrogen’s impact is the best studied. Estrogen-
dependent dichromatism has been documented in three
orders of birds: Struthioniformes (ostriches), Galli-
formes (e.g., chickens, turkey, and quail), and Anseri-
formes (ducks and geese), which encompass the earliest
divergences among extant birds. All three orders harbor
at least one species with dichromatic plumage, include
well-studied species, and are globally domesticated for
agricultural purposes. Notably, studies on estrogen’s ef-
fects on plumage have focused on the domestic chicken
and mallard, both of which have served as model sys-
tems for avian biology, though other species in both or-
ders are commonly maintained in captivity where evi-
dence supports a role for estrogens in plumage dichro-
matism. While there is suggestion of estrogen’s involve-
ment in species from other avian families, such as ca-
naries (see Gazda et al. 2020 ), this has not been examined
in any research studies and so is purely speculative. 

In Struthioniformes, Galliformes, and Anseriformes,
dichromatism is thought to be solely due to melanin or
structural coloration, and estrogen’s effects on dichro-
matism are thought to be limited to melanin production
and melanocyte contribution to iridescent coloration
( Ma et al. 2021 ). Genes linked to sex-specific plumage
color in these systems are also linked to melanin and
melanocyte production, including TYRP1 ( Ma et al.
2021 ) and ASIP in domestic chickens, whose expression
is proposed to be moderated by estrogen ( Oribe et al.
2012 ). Mismatches between gonadal sex and secondary
sexual characters ( Box 2 ) are frequently reported in both
Galliformes and Anseriformes, where female birds gain
male-like traits later in life. These gains of “bright” male-
like traits in females are associated with the loss of es-
trogen production that occurs with ovarian senescence
( Chiba and Honma 2011 ). 

In birds, it has long been suggested that the evolution
of secondary sexual characters such as plumage dichro-
matism can be attributed to gains of elaborate features
on males through female choice ( Darwin 1871 ). How-
ever, estrogen’s effect on female plumage suggests that,
regardless of what affects male coloration, strong selec-
tive pressures, such as natural selection to favor cryp-
ticity at the nest ( Wallace 1889 ) have also favored mech-
anisms that suppress bright plumage in females. Estro-
gens emphasize why understanding the mechanism un-
derlying plumage dichromatism is important: in these
groups, the “male” phenotype may arise from the ab-
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Fig. 1 (A) A phylogenetic tree of 8882 bird species with a continuous reconstruction of dichromatism. More dichromatic means higher 
degree of difference (higher Euclidean distance) in color between males and females. Less dichromatic means lower degree of 
difference, or no difference. Euclidean distances were square root transformed for visualization purposes. The families marked on the 
tree have at least one study where hormonal influences on dichromatism have been investigated. The number of the internal nodes 
corresponds with studies listed in Table 1 . The arc colors represent what the assumed hormonal influences are for each group, if 
known. (B) A phylogenetic tree of 8848 bird species with a categorical/discrete reconstruction of dichromatism. Families that are 
labeled have over 20 species that have no known literature on hormonal influences on dichromatism. The colors of the arc labels 
represent the relative proportion of monochromatic to dichromatic species in that family. Families were labeled as “mostly 
monochromatic” if less than 40% of their taxa were dichromatic, “mostly dichromatic” if greater than 60% of their taxa were 
dichromatic, or “mixed” if the proportion of dichromatic taxa fell between 40 and 60% ( Table S4 ). For visualization purposes, families 
with fewer than 20 species were not labeled on the tree. Alt Text: Phylogenetic trees of 8882 bird species. One tree shows the degree 
of sexual dichromatism reconstructed as a continuous variable, and highlights clades with the likely hormonal mechanisms underlying 
sexual dichromatism where known. The second tree reconstructs color as a binary (dichromatic / monochromatic) trait and highlights 
families that are mostly dichromatic, mixed, or mostly monochromatic. 
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sence of estrogen rather than from male-biased hor-
monal signals, challenging a commonly held assumption
that sexual selection alone drives plumage dimorphism.

Box 2: Genetic variation and developmental pro- 
cesses can lead to extensive variation in association 

between sex-related traits, including gametes, gonads, 
sex chromosomes, anatomy, or morphology. Histori- 
cally, the discovery and description of individuals that 
have rare combinations of these traits have often driven 

deeper inquiry into the proximate mechanisms of sex- 
ual dichromatism ( Hunter 1780 ; Brooks 2019 ). Uncom- 
mon combinations of sexual traits are often difficult 
to detect, but there is evidence that the association be- 
tween gonads and sex chromosomes may be less aligned 

than previously thought ( Hall et al. 2025 ). In several of 
the taxa where hormonal influences have been found, 
there is also evidence of individuals possessing more 
than one sexual phenotype in their lifetimes ( Forbes 
1947 ). 

Bilateral gynandromorphs—individuals that simul- 
taneously possess both male and female phenotypes on 

either side of their body—have historically challenged 

our understanding of hormonal influences on plumage 
dichromatism ( Major and Smith 2016 ). Gynandro- 
morphs have been observed among several avian or- 
ders, with a substantial number found within the 
Passeriformes (see Stępniewski and Surmacki 2023 for 
review). The clear division of male and female plumage 
types on a single individual raises an intriguing ques- 
tion: How can an individual whose plumage relies on 

sex-specific hormonal influence maintain both male 
and female phenotypes when levels of circulating hor- 
mones are equal throughout the body? 

The relatively new theory of cell-autonomous sex 
identity (CASI) proposes a hypothesis. The CASI model 
states that, in birds, somatic cells possess an inher- 
ent, genetic sex (“male” ZZ or “female” ZW) that dic- 
tates their sexual phenotype directly, rather than relying 
primarily on hormones for differentiation ( Chue and 

Smith 2011 ; Clinton et al. 2012 ). One of the first studies 
on CASI investigated gynandromorphic chickens ( Zhao 

et al. 2010 ) and demonstrated that this model may pro- 
tect certain cells from hormonal influence, leading to 

the maintenance of simultaneous male and female sec- 
ondary sexual characters regardless of the composi- 
tion of circulating hormones. This has had a signifi- 
cant impact on our understanding of sex expression in 

birds ( Arnold and Itoh 2011 ), but further research is 
still needed to fully understand CASI and epigenetic ef- 
fects on sex development in birds ( Lambeth et al. 2016 ; 
Zhang et al. 2023 ) as well as the role of hormones in that 
development ( Lengyel et al. 2024 ). 
 

While the CASI model is relatively new, the con- 
cept that phenotypic expression is based on interactions 
between cell-specific gene networks and endogenous 
hormones is a basic concept in developmental biol- 
ogy ( West-Eberhard 2003a ). In mammals, classic mod- 
els describe how sex-determining genes dictate gonadal 
development, while hormones determine the develop- 
ment of sexually dimorphic characteristics. Yet even in 

mammals, more recent research has shown that this 
is an oversimplification ( Arnold 2020 ). While gynan- 
dromorphic birds have historically questioned how cir- 
culating hormones can contribute two distinct pheno- 
types in the same individual, our growing understand- 
ing of how both genes and hormones affect sexual de- 
velopment extends our understanding of the underly- 
ing causes of sexually dimorphic phenotypes ( Bear and 

Monteiro 2013 ). The CASI model in birds demonstrates 
that hormone-gene interactions may play a more im- 
portant role in the development of secondary sexual 
characteristics than previously thought. Yet many ques- 
tions about the complex interaction between genes, 
hormones, and the environment remain to be answered 

before we can fully reconcile how these two models 
produce these uncommon combinations of sexual char- 
acters. 

Androgens 
Androgens are the other class of sex hormones fre-
quently attributed to sexually dichromatic plumage in
birds. Among them, the hormone testosterone is most
frequently associated with male-like characteristics and
is the most well studied in the context of the regulation
of male plumage color in sexually dichromatic species.
As with estrogen, testosterone and other androgens can
be found in either sex. Ketterson et al. (2005) found a
positive correlation between the difference in testos-
terone levels between males and females and degree
of dimorphism (including body size and social behav-
ior, in addition to plumage) across 44 avian families in
9 orders, emphasizing the potential widespread influ-
ence of testosterone on the evolution of secondary sex-
ual characters. The relationship between testosterone
and plumage dichromatism can also be associated with
luteinizing hormone (LH), a peptide hormone that in-
creases the secretion of testosterone and other andro-
gens in both males and females ( Kimball 2006 ). How-
ever, though several recently published studies we re-
viewed in this paper referenced LH, we found no di-
rect tests for its influence on dichromatism in the last
50 years ( Table 1 ). 

Studies of testosterone’s impact on plumage dichro-
matism are more phylogenetically widespread than
estrogen’s—with the largest order of birds, Passeri-
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ormes (songbirds), representing the bulk of research.
airywrens (Maluridae) are a model system for in-
estigating testosterone’s effects on plumage color
 Peters et al. 2013 ). The red-backed fairywren ( Malu-
us melanocephalus ) in particular has been studied at
bservational, experimental, and genomic levels and
his research program has been critical toward our un-
erstanding of testosterone’s regulation of carotenoid
oloration ( Lindsay et al. 2016 ; Khalil et al. 2020 ,
023 ). In Charadriiformes (shorebirds), testosterone is
hought to act without the influence of luteinizing hor-

one, as evidenced by the polymorphic Ruff ( Calidris
ugnax ), wherein a male phenotype with a chromo-
omal inversion has both dull plumage (the female-
ike “faeder” phenotype) and a decreased output in
estosterone production ( Loveland, Giraldo-Deck, et
l. 2021 , Loveland, Lank 2021 ). Testosterone has also
een proposed to play a pleiotropic role in melanin
egulation ( Béziers et al. 2017 ) and the induction of
reeding/nonbreeding molt in males of dichromatic
pecies with predominantly melanin-based plumage
 Tang et al. 2025 ). 

Testosterone has also been documented to impact
he onset of bright plumage in the females of some
pecies, though it is suspected that circulating testos-
erone in females does not regulate secondary sex-
al characteristics in females the same way as males
 Goymann and Wingfield 2014 ). In white-shouldered
airywrens ( Malurus alboscapulatus ), where ornamen-
ation is considered to be a derived trait in females
 Enbody et al. 2022 ), females with more male-like
lumage ( M. a. moretoni ) have been documented with
igher circulating testosterone than females with un-
rnamented plumage ( M. a. lorentzi ) ( Enbody et al.
018 ), though the variation in plumage may be the re-
ult of varied regulation of responses to androgens in-
tead of capacity to produce testosterone (see Boersma
t al. 2023 for discussion). Female Ruffs treated with
estosterone implants exhibited male courtship behav-
or and molt into male plumage phenotypes, and these
ffects were reversed when the implants were re-
oved ( Lank et al. 1999 ). In female Barred Button-

uails ( Turnix suscitator ), a sex-reversed species, testos-
erone exhibited a correlation with melanin levels in
emales but not in males ( Muck and Goymann 2011 ).

hile testosterone might seem a logical hormone to
egulate dichromatism, and it has been experimen-
ally manipulated to explore its role on behavior in a
ariety of species, its established impact on plumage
ichromatism appears to be limited to a few orders,
nd, at least among Passeriformes, is only definitively
nown to affect plumage dichromatism in a handful of
amilies. 
l  
lucocorticoids 
lucocorticoids are a class of steroid hormones that

re frequently involved in processes such as stress re-
ponse, metabolism, and immune function. Most re-
earch has focused on two specific glucocorticoids, cor-
isol and corticosterone (hereafter, referred to collec-
ively as CORT). No studies have identified CORT
s affecting dichromatic plumage coloration. However,
ORT has been suggested to affect feather microstruc-

ure ( Kennedy et al. 2013 ) and is a candidate for modi-
ying feather coloration (e.g., altering brightness) even if
t does not alter whether a patch has male or female col-
ration. Consistent with this, several studies have found
 relationship between CORT (or CORT receptors) and
spects of melanin, carotenoid, or structural coloration
 Grindstaff et al. 2012 ; Henderson et al. 2013 ; Kennedy
t al. 2013 ; Fairhurst et al. 2014 ; Grunst et al. 2015 ;
enschen et al. 2018 ; Cruz-Miralles et al. 2020 ), though

ome of these studies were conducted when birds were
ot molting (see Table S1 ). 
The extent to which CORT has a direct effect on

oloration, versus an indirect effect, is not clear. Ex-
erimental studies, involving either supplementation of
ORT or trimming feathers to stimulate molt found
ixed results, with two studies finding no relationship

e.g., Butler et al. 2010 ; Barron et al. 2013 ), and only one
uggested relationship with UV coloration ( Windsor et
l. 2019 ). A challenge in understanding the impact of
ORT on melanin-based plumage coloration is due to
leiotropic effects in the melanocortin system ( Ducrest
t al. 2008 ; Roulin and Ducrest 2011 ). Melanocortins are
ll derived from the prohormone proopiomelanocortin
POMC) gene, and these are capable of binding differ-
nt melanocortin receptors. For example, the various
elanocyte stimulating hormones ( α, β , γ -MSH) can

ind to melanocortin receptor 1 (MC1R), which affects
elanin production. However, the same hormones can

lso bind to melanocortin receptors 3, 4, and 5, which af-
ect a variety of processes such as metabolism, stress re-
ponses, and aggressiveness ( Roulin and Ducrest 2011 ).
hus, a correlation between CORT and coloration may
e indirect through pleiotropy rather than causative

e.g., where CORT would directly affect coloration;
enkins et al. 2013 ). 

hyroid hormone 

hyroid hormone, a class of amine hormone, plays a
umber of roles in the life cycle of a bird, including

he regulation of metabolic activity, body growth, the
iming of seasonal reproductive cycles, and the regula-
ion of annual molts ( McNabb 2007 ). Historic experi-

ental manipulations of thyroid hormone have estab-
ished their importance in feather development ( Hall

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icag079#supplementary-data
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1969 ; Lucas and Stettenheim 1972 ), including the regu-
lation of melanin ( Cole and Hutt 1927 ). In chickens, thy-
roid hormone contributes to the development of sexual
dichromatism: young male chickens grow female-like
feathers under hyperthyroidal conditions (high thyroid
hormone levels) but retain male-like behavior and other
dimorphic morphologies such as spurs, combs, and wat-
tles ( Torrey and Horning 1922 ; Greenwood and Blyth
1938 ). Induced hypothyroidism (reduced thyroid hor-
mone levels) can alter female feathers to appear more
male-like, but the precise effect is not clear ( Greenwood
and Blyth 1938 ). 

These studies on domestic chickens underscore the
potential pleiotropic effects thyroid hormone may have
on sexual dichromatism. Though the previous body of
work on sexual dimorphism in Galliformes focused pre-
dominantly on the role of estrogen in its regulation,
modern research has shown that estrogen-dependent
plumage coloration relies on the effects of deiodinases
and thyroid hormones in chickens ( You et al. 2024 ).
Specifically, estrogen causes a decrease in the expres-
sion of DIO3, an enzyme that inactivates thyroid hor-
mones. This increases the conversion of T4 (thyrox-
ine) to the activated T3 form (triiodothyronine), leading
to a transcriptomic cascade resulting in female feather
coloration. Although gonad–thyroid interactions on
plumage dichromatism have been previously proposed
( Torrey and Horning 1922 ), this study has shifted our
understanding of estrogen-dependent plumage dichro-
matism toward a multi-step, interactive, model. Further,
the study of thyroid hormone on plumage dichroma-
tism underscores that gonadal hormones such as estro-
gen only act as they do within the specific developmen-
tal ecosystem of each individual at a given stage of de-
velopment. While we often consider gonadal hormones
to be “master regulators” of dimorphism, moving for-
ward it may be more accurate to characterize plumage
dichromatism as the result of several interacting genes
and hormones. 

Discussion and future directions 

Here we demonstrate that, while not ubiquitous, stud-
ies on hormonal influences on plumage dimorphism can
be found across the avian tree of life ( Fig. 1 A). How-
ever, as is clear in Fig. 1 B, we still know little about the
role of hormones in plumage dichromatism across many
notable avian clades. In many groups that have been
studied, those studies are limited to a single hormone
(e.g., testosterone), making it unclear whether dichro-
matism might depend on other hormones, or an inter-
action of several hormones (e.g., You et al. 2024 ). Thus,
there is much work to be done to develop a compre-
hensive model of the hormonal impacts on plumage col-
oration throughout the avian tree of life. 

As with Kimball (2006) , we found further sup-
port that estrogen predominantly suppresses bright
plumage in females within Struthioniformes, Galli-
formes, and Anseriformes, which are predominantly
characterized by melanin and structural coloration.
Studies on testosterone frequently focused on the pro-
motion of carotenoid-based signals in males within
Passeriformes, though testosterone may also play a
role in the regulation of melanin-based plumage. Re-
search on CORT has not been focused on questions
about dichromatism, though its influence on feather mi-
crostructure has the potential to modify the strength of
sexually dichromatic signals. In contrast, thyroid hor-
mone has a clear influence on sexual dichromatism
and a proposed molecular mechanism to its effects on
the melanocortin system. However, this has never been
studied outside of the domestic chicken, to our knowl-
edge. Furthermore, while LH is known to be impor-
tant in some species, there have not been recent stud-
ies looking at this hormone or further understanding
how it interacts with other hormones (such as estrogen;
Thapliyal and Tewary 1961 , 1963 ) to affect dichroma-
tism. 

While we have some basic knowledge of the role of
hormones in affecting plumage dichromatism, recent
research has also highlighted some of the complexities
in answering questions about the proximate and ulti-
mate drivers of dichromatic plumage. Below we high-
light some considerations for future study. 

(1) Age and season matter when sampling 

Across all birds, age, and time of year can strongly in-
fluence interpretations of hormone–plumage relation-
ships. In birds, coloration can also change drastically
during different life-stages and seasons. As such, the
degree of sexual dichromatism can shift and change
depending on the life history of a species. For exam-
ple, annual cyclical molts between breeding and non-
breeding plumages in some dichromatic species, such
as the Mandarin Duck ( Aix galericulata ), can result in
dull or “female-like” plumage in males for part of the
year. Though dichromatism in ducks (Anseriformes)
is considered to be largely controlled by estrogen, re-
cent research shows that male Mandarin Ducks experi-
ence a peak in testosterone prior to molting into breed-
ing plumage, and a second peak preceding the molt
into eclipse plumage ( Tang et al. 2025 ). Developmen-
tal stages may also complicate patterns of dimorphism.
In some monochromatic species such as the Mexican
Duck ( Anas diazi ), male-like traits present in closely re-
lated dichromatic species appear during juvenile stages
but disappear in adulthood ( Brown et al. 2022 ). In yel-
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ow warblers, lower feather CORT was associated with
igher carotenoid hues, but only in young individuals
 Grunst et al. 2015 ). We are just beginning to under-
tand the role that hormones play in annual and devel-
pmental molt, but the basic knowledge of these prox-

mate mechanisms can help inform our broader under-
tanding on how dichromatism evolves ( Schaedler et al.
021 ). 

2) Different pigment classes operate through different prox-
imate mechanisms 

When studying hormonal effects on plumage col-
ration, it is critical to recognize that different pig-
ent classes (e.g., melanins, carotenoids, and struc-

ural color) operate through distinct proximate mech-
nisms and may respond differently to hormonal reg-
lation ( Badyaev and Hill 2000 ). Even within pig-
ent classes, different biochemical pathways can pro-

uce contrasting outcomes. For example, eumelanin
nd pheomelanin have different physiological regula-
ion and ecological correlates ( Galván and Solano 2016 ).
n Common Kestrel ( Falco tinnunculus ) fledglings, in-
reased testosterone reduced gray coloration in rump
eathers, producing a more “female-like” phenotype.
owever, this pattern may not reflect suppression of
verall melanin production; instead, it may be in-
reases in pheomelanin over eumelanin leading to
rowner plumage ( Fargallo et al. 2007 ). The regula-
ion of these pigments may also differ between the
exes. For example, superb fairywren ( Malurus cya-
eus ) females treated with testosterone begin to molt

nto male breeding plumage but fail to develop the
lue or black structural coloration present in males
 Peters 2007 ). 

3) Divergent genetic pathways lead to dichromatic plumage

As most dichromatic species have a bright male
nd a dull female, dichromatism may arise either
hrough the loss of bright coloration in females, through
ains in brightness in males, or both. There is ev-
dence for multiple hormonal pathways influencing
lumage coloration in either sex. Ottenburghs and
arteman (2021) showed that a cross between one
onochromatic dull (Philippine Duck, Anas luzon-

ca ) and one monochromatic bright (Chiloe Wigeon,
areca sibilatrix ) species results in a dichromatic hy-

rid. The (likely) restoration of bright plumage in
ne sex, but not the other, highlights the impor-
ance of studying the genomic influences on plumage
oloration in both sexes. In essence, if monochro-
atic plumage developed due to the same process in

oth species, it would likely have led to a monochro-
atic hybrid. In contrast, other waterfowl hybrids be-

ween monochromatic dull and dichromatic species
e.g., Mallard ( Anas platyrhynchos ) x American Black
uck ( Anas rubripes ) hybrids], the males possess inter-
ediate plumage phenotypes. These patterns suggest

hat some plumage traits may be governed by dosage-
ependent or additive genetic effects or by pleiotropic

oci with sex-limited expression. Understanding the
enomic and transcriptomic processes behind “male”
nd “female” polymorphisms (e.g., Loveland, Giraldo-
eck, et al. 2021 , Loveland, Lank 2021 ) and recogniz-

ng the potential for sex-specific evolutionary pathways
 Ottenburghs 2024 ) are important for interpreting pat-
erns of dichromatism and for identifying the selective
ressures and physiological mechanisms underlying
hem. 

4) Multiple selective pressures can drive similar plumage
patterns 

Our identification of gains and losses of dichroma-
ism across the phylogeny did not test for ecologi-
al or behavioral associations with sexually dimorphic
lumage. Future studies interested in asking questions
bout the evolutionary drivers of dichromatism from
 comparative perspective would be most effective at a
maller scale with well-resolved phylogenies, compre-
ensive trait data, and color descriptions that do not
ely on simplifications of literature or reliance on binary
lassification ( Johnson et al. 2013 ; Beltrán et al. 2022 ;
ao et al. 2025 ). These more focused studies are also
ore accurate in determining in which taxa dichroma-

ism is considered ancestral and in which it is derived
 Badyaev and Hill 2003 ), the number of transitions be-
ween monochromatic and dichromatic states within a
axonomic group, if sexual dimorphism influences spe-
iation rates within that group ( Huang and Rabosky
014 ), and whether or not dichromatic features are in-
luenced by hormones. Understanding the mechanisms
nderlying dichromatism may assist in interpretation of
uch studies (such as the role of estrogen in suppressing
right plumage in galliform birds suggesting strong se-

ection for female crypticity). 
Beyond variation in proximate mechanisms (e.g.,

igment-specific pathways or sex-specific hormonal
egulation) researchers studying the evolution of sex-
ally dimorphic plumage color should also consider
hat multiple selective pressures may drive sex dif-
erences in plumage, including social signaling, mate
hoice, and ecological interactions. Research on visual
ignaling specifically often focuses on interactive effects
n hormones, colors, and behavior—such as ties be-
ween melanin coloration and aggression ( Bókony et
l. 2008 ; Ducrest et al. 2008 ; Mcglothlin et al. 2008 ;

cGraw 2008 ) or extra-pair paternity ( Valcu et al.
025 ). However, there is no single model that explains
 link between the proximate mechanisms and evolu-
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tionary drivers of dichromatism. For example, in male
Song Sparrows ( Melospiza melodia ), higher testosterone
levels were associated with increased breast spotting
but reduced territorial aggression ( Beck et al. 2018 );
but similar increases in testosterone in male Golden-
collared Manakins ( Manacus vitellinus ) increased dis-
play behaviors but did not affect plumage coloration
( Day et al. 2006 ). Moreover, in many monochromatic
species, hormones may influence non-plumage, sexu-
ally dichromatic ornaments such as wattles, combs, legs,
and bills ( Eens et al. 2000 ; Siitari et al. 2007 ; Casagrande
et al. 2011 ; Sarasola et al. 2011 ; Lahaye et al. 2014 ;
Rull et al. 2016 ; Scheun et al. 2021 ; Romero-Diaz et al.
2022 ) but not plumage color. From a comparative per-
spective, independent gains of dichromatism, even in
closely related taxa, may be the result of different prox-
imate mechanisms compensating for similar evolution-
ary pressures. 

(5) There is no simple definition of dichromatism 

In this primer, we attempted to describe dichroma-
tism using both continuous and discrete parameters.
However, like sexes themselves, color phenotypes are
complex, multidimensional phenotypes. Most sexual
color phenotypes are determined through photos and
museum specimens which may not represent the entire
species and may not represent the full visual spectra of
the avian visual system. For example, many species ex-
hibit sexual differences outside the human-visible spec-
trum, such as cryptic dichromatism in the ultraviolet
spectrum of tanagers (Thraupidae; Burns and Shultz
2012 ) or fluorescent plumage in owls (Strigidae; Griffith
et al. 2025 ) and birds of paradise (Paradisaeidae; Martin
et al. 2025 ). Because data on these traits remain limited,
such systems were excluded from our study. However,
future research exploring hormonal influences on ul-
traviolet or fluorescent plumage could reveal additional
pathways through which endocrine systems shape sex-
ually dimorphic signals. 

Moving forward, in differentiating between “dichro-
matic” and “monochromatic” species, it is paramount
to consider that dichromatism varies on a spectrum
of multiple axes. In all species, coloration on different
parts of the body can vary independently, and so can
the hormonal influences on those patches. For exam-
ple, in female European pied flycatcher ( Ficedula hy-
poleuca ), where testosterone is associated with the size
of wing, but not forehead, patches ( Moreno et al. 2014 ).
Not only is it nearly impossible to find an exemplifying
individual of the entire sex—the sum of the secondary
sexual characters we use to define “male” and “female”
phenotypes often fall within a broader, multivariate,
definition of sex ( West-Eberhard 2003b ; Anderson and
Falk 2023 ; McLaughlin et al. 2023 ). These “fuzzy edges”
(sex4, sensu Warkentin et al. 2026 ) are a natural limita-
tion to these analyses but also a very real aspect of bi-
ology. This is especially important to remember when
studying hormonal associations with sexual dichroma-
tism because of the substantial variation of hormones
both within and between species. Considering the edges
of these definitions, such as polymorphisms, and quan-
tifying within-sex variation are critical for studying the
underlying mechanisms behind sexual variation and the
evolution of differentiation. If we are to move toward a
more comprehensive understanding of how dichroma-
tism evolves, we have to first acknowledge that its cur-
rent definition is incomplete. 

Concluding remarks 

Much like sex determination, the degree to which the
sexes differ in plumage coloration can arise through a
variety of underlying mechanisms ( Capel 2017 ). The key
difference between the conclusions of the present work
and those of Kimball (2006) is that research on hor-
monal influences on dichromatism is increasingly mov-
ing toward a multistep, pleiotropic model—one capable
of explaining the substantial variation in dichromatism
observed among species. Looking toward the future, ad-
vances in genomic sequencing are rapidly expanding
our understanding of the genetic architecture underly-
ing these differences, while also clarifying how proxi-
mate mechanisms such as hormones interact with the
evolutionary processes that shape sexual variation. In-
tegrating genomic, physiological, and comparative per-
spectives will allow dichromatism to be studied at a
greater resolution than any single approach alone. Con-
clusively, the gaps in our current knowledge indicate
that we are just beginning to understand the relation-
ship between hormones and sexual dichromatism in
birds. 
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