
AmericanOrnithology.org

Copyright © American Ornithological Society 2020. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.

REVIEW

Plumage patterns: Ecological functions, evolutionary origins, and 
advances in quantification

Nicholas A. Mason1,2* and Rauri C. K. Bowie2

1 Museum of Natural Science and Department of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana, USA
2 Museum of Vertebrate Zoology and Department of Integrative Biology, University of California, Berkeley, California, USA
* Corresponding author: mason@lsu.edu

Submission Date: February 7, 2020; Editorial Acceptance Date: August 4, 2020; Published September 16, 2020

ABSTRACT
Birds exhibit remarkable variation in plumage patterns, both within individual feathers and among plumage patches. 
Differences in the size, shape, and location of pigments and structural colors comprise important visual signals involved 
in mate choice, social signaling, camouflage, and many other functions. While ornithologists have studied plumage 
patterns for centuries, recent technological advances in digital image acquisition and processing have transformed 
pattern quantification methods, enabling comprehensive, detailed datasets of pattern phenotypes that were heretofore 
inaccessible. In this review, we synthesize recent and classic studies of plumage patterns at different evolutionary and 
organismal scales and discuss the various roles that plumage patterns play in avian biology. We dissect the role of plumage 
patches as signals within and among species. We also consider the evolutionary history of plumage patterns, including 
phylogenetic comparative studies and evolutionary developmental research of the genetic architecture underlying 
plumage patterns. We also survey an expanding toolbox of new methods that characterize and quantify the size, shape, 
and distribution of plumage patches. Finally, we provide a worked example to illustrate a potential workflow with dorsal 
plumage patterns among subspecies of the Horned Lark (Eremophila alpestris) in western North America. Studies of 
plumage patterning and coloration have played a prominent role in ornithology thus far, and recent methodological 
and conceptual advances have opened new avenues of research on the ecological functions and evolutionary origins of 
plumage patterns in birds.
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Patrones de plumaje: funciones ecológicas, orígenes evolutivos y avances en cuantificación

RESUMEN
Las aves exhiben variación muy marcada en los patrones de plumaje, tanto dentro de plumas individuales como entre 
parches de plumaje. Las diferencias en tamaño, forma y ubicación de los pigmentos y de los colores estructurales abarcan 
señales visuales importantes involucradas en la selección de pareja, el señalamiento social, el camuflaje y muchas otras 
funciones. Aunque los ornitólogos han estudiado los patrones de plumaje durante siglos, los avances tecnológicos 
recientes en la obtención y procesamiento de imágenes digitales han transformado los métodos de cuantificación 
de los patrones, permitiendo bases de datos detalladas y completas de fenotipos de patrones que fueron hasta ahora 
inaccesibles. En esta revisión, sintetizamos estudios recientes y clásicos de los patrones de plumaje a diferentes escalas 
evolutivas y de organismos y discutimos los múltiples roles que los patrones de plumaje juegan en la biología de las aves. 

LAY SUMMARY
• Birds have many different plumage patterns that arise from coloration motifs within feathers as well as differences in color 

among body regions.
• Plumage patterns play various roles in bird biology. They are involved in mate choice and territoriality, social interactions, cam-

ouflage from predators, and many other functions.
• There is a rich history of detailed study on plumage patterns, which we review and synthesize in this manuscript.
• Recent advances in photography and image processing algorithms have opened new avenues of research on plumage 

patterns. These open-source methods enable efficient, repeatable, and scalable analytical pipelines.
• We illustrate one possible pipeline with a worked example of geographic variation in dorsal plumage patterns among 

populations of Horned Lark (Eremophila alpestris) in the western United States.
• Looking ahead, enhanced capacity and scalability for digital photography analyses will reveal new discoveries regarding 

the ecology and evolution of avian plumage patterns.
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Analizamos el rol de los parches de plumaje como señales dentro y entre especies. También consideramos la historia 
evolutiva de los patrones de plumaje, incluyendo estudios filogenéticos comparativos y la investigación evolutiva del 
desarrollo de la arquitectura genética que subyace a los patrones de plumaje. Estudiamos además las herramientas en 
expansión de nuevos métodos que caracterizan y cuantifican el tamaño, la forma y la distribución de los parches de 
plumaje. Finalmente, brindamos un ejemplo para ilustrar un flujo de trabajo potencial con patrones de plumaje dorsal 
entre subespecies de Eremophila alpestris en el oeste de Norteamérica. Los estudios de los patrones y de la coloración 
del plumaje han jugado un rol predominante en la ornitología hasta ahora, y los avances metodológicos y conceptuales 
recientes han abierto nuevas líneas de investigación en la ecología y los orígenes evolutivos del patrón de plumaje en 
las aves.

Palabras clave: coloración, fotografía digital, patrones, plumaje, procesamiento de imágenes

INTRODUCTION

Bars, bibs, badges, chevrons, spots, scales, streaks, stripes, 
and plumage patches of all shapes and sizes play impor-
tant roles in avian biology (Figure  1). Plumage patterns 
are targets of sexual selection (Price 1998), serve as social 
cues among individuals (Santos et  al. 2011), and provide 
camouflage against visual predators (Stevens and Merilaita 
2011), among many other functions (Burtt 1981, Hill and 
McGraw 2006, Cuthill et  al. 2017, Pérez-Rodríguez et  al. 
2017).

Plumage patterns arise when pigments or structural 
colors are non-uniformly distributed on an organism’s body. 
They vary among species, but also differ among ontoge-
netic developmental stages, sexes, physiological conditions, 
social statuses, and phenological seasons within species 
(Price and Pavelka 1996, Galeotti et al. 2003). Patterning in 
birds occurs at multiple scales: coordinated and localized 
patterns of within-feather color variation can generate re-
peated patterns or motifs in a localized area (Prum and 
Williamson 2002), while coloration differences among 
feather tracts of various body patches create broader-scale 
patterning across an organism’s body (Stoddard and Prum 
2008). Because plumage patches are readily observable and 
serve various important roles in avian biology, they have 
been studied extensively by ornithologists. Classic works 
by Darwin (1871), Wallace (1877), Thayer (1896, 1909), 
and Cott (1940) have inspired generations of naturalists to 
investigate the biological function and evolutionary origins 
of avian patterning and coloration (Butcher and Rohwer 
1989, Savalli 1995, Hill and McGraw 2006).

Building upon the foundation of hundreds of individual 
studies, recent advances in digital image acquisition and 
processing have opened new avenues of research on animal 
coloration patterns (Stoddard and Osorio 2019). Computer 
vision, which collectively describes modern methods of 
digital image acquisition and processing, relies on indi-
vidual and aggregate pixel values to infer image content 
(Weinstein 2018), whereas “machine-learning” or “deep-
learning” enables us to efficiently and accurately quantify 
and categorize the information stored in images (Christin 
et  al. 2019, Miao et  al. 2019). This expanding toolbox 
holds great promise to facilitate exciting discoveries into 

longstanding questions and new avenues of research in or-
nithology and biology more generally (McKay 2013, Pérez-
Rodríguez et al. 2017).

In this review, we synthesize insights from recent and 
classic studies of avian plumage patterns. Specifically, we 
discuss how plumage patterns function as targets of sexual 
selection and social signals among members of the same 
species, but also review how plumage patterns contribute to 
ecological and evolutionary dynamics among species. We 
summarize recent discoveries regarding the evolutionary 
origin of plumage patterns achieved through phylogenetic 
comparative studies, and consider how high-throughput 
sequencing has shed light on the genetic architecture and 
evolutionary development of plumage patterns. Finally, 
we summarize recently developed methods that quantify 
plumage patterns, discuss their various strengths and lim-
itations, and illustrate a potential analytical pipeline by 
quantifying dorsal pattern variation among subspecies of 
the Horned Lark (Eremophila alpestris).

The language of animal coloration patterns is some-
times confusing and inconsistent. While coloration and 
patterning are closely linked and are often used inter-
changeably, we make a distinction in this review and focus 
primarily on avian patches, patterns, and patterning. In an 
attempt to clarify the language used here, we define co-
loration as the hue, chroma, or brightness of an individual 
feather or group of feathers that comprise a single, contin-
uous plumage patch. We consider patches as body regions 
with uniform coloration (i.e. share the same hue, bright-
ness, and chroma). Occasionally, there may be gradual 
change in some aspect of coloration within a single patch 
(e.g., the diffuse red “bib” of some male House Finches 
[Haemorhous mexicanus]), but patches generally contrast 
strongly with adjacent or background colors. We define 
patterning as the broader spatial arrangement of body re-
gions or feather tracts that differ in some aspect of their 
coloration, whereas patterns refer to repeated “motifs”—
such as bars or spots—within or among feathers of a body 
region. Occasionally, patterns may also refer to broader 
spatial arrangements of colors or individual patterns 
among body parts, but we consider “patterning” a broader 
spatial term that can encompass various “patterns” among 
body regions. Thus, while coloration and patterning are 
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FIGURE 1.  Diversity of plumage patterns in birds and their roles in avian biology highlighted in this review. (A) Bald Eagles (Haliaeetus 
leucocephalus) exhibit ontogenetic differences in plumage patterns between age classes (photo credit: Lars Petersson; Macaulay Library 
Catalog Number 205975811). (B) Ruffs (Philomachus pugnax) use plumage patterns to identify individuals and alternate patterns 
are associated with different male breeding strategies (photo credit: Frans Vandewalle; ML205648651). (C) House Sparrows (Passer 
domesticus) have different size chest badges, with larger badges indicative of social dominance (photo credit: Christoph Moning; 
ML64183321). (D) Red-legged Partridges (Alectoris rufa) have throat patterns that serve as an indicator of individual quality (photo 
credit: Miguel Ángel Madrid Gómez; ML92730341). (E) Collard Flycatchers (Ficedula albicollis) have plumage patches involved in species 
recognition and in some populations are indicative of individual quality (photo credit: Christoph Moning; ML63455131). (F) Sunbitterns 
(Eurypyga helias) have eyespots on their wings that are used in territorial displays and to ward off interspecific competitors for food 
resources (photo credit: Dave Curtis; ML88770571). (G) Hooded Pitohuis (Pitohui dichrous) have aposematic plumage patterning and 
sequester toxins (photo credit: Frédéric Pelsy; ML206167861). (H) Paradise Tanagers (Tangara chilensis) and other thraupids have been 
the subject of comparative studies of the evolution of whole-body plumage patterns (photo credit: Zak Pohlen; ML32334281). (I) Fiery-
necked Nightjars (Caprimulgus pectoralis) and other caprimulgids exhibit cryptic plumage patterns that aid camouflage (photo credit: 
Jacques Erard; ML204491951). (J) Marsh Seedeaters (Sporophila palustris) and other seedeaters have been the subject of genome-
wide association studies that have identified genomic regions associated with plumage patterning (photo credit: Adrian Eisen Rupp; 
ML205344851).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
u
k
/a

rtic
le

/1
3
7
/4

/u
k
a
a
0
6
0
/5

9
0
6
2
6
8
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



4

The Auk: Ornithological Advances 137:1–29, 

©
 2020 American Ornithological Society

Plumage patterns: Conceptual and methodological advances N. A. Mason and R. C. K. Bowie

intrinsically linked—such that patterning describes the 
location, shape, and size of different color patches on a 
feather or a bird’s body—we do not review the function 
and quantification of avian coloration per se.

The importance of avian coloration (sensu stricto) in 
terms of its biological functions, evolutionary origins, and 
methods of quantification have been reviewed elsewhere 
at length (Burtt 1981, Savalli 1995, Hill and McGraw 2006, 
Stoddard and Prum 2008, 2011; Burns et al. 2017, Cuthill 
et  al. 2017, Witzel and Gegenfurtner 2018). In contrast, 
we feel that less attention has been spent on the biolog-
ical function and origins of variation in the size, shape, and 
distribution of plumage patches, patterns, and patterning 
in birds and other animals (but see Pérez-Rodríguez et al. 
2017). By highlighting recent conceptual and methodolog-
ical advances, we hope our synthesis will inspire discussion 
and future studies regarding the biological role of plumage 
patterning in birds and provide general guidelines for how 
those patterns can be rigorously quantified and studied.

PLUMAGE PATTERNS AS INTRASPECIFIC SIGNALS

Variations in the size, shape, location, and regularity of 
plumage patches act as important signals among individual 
birds of the same species. Plumage patterns and patches 
convey information about an individual’s age, sex, identity, 
location, social status, breeding condition, and other char-
acteristics that mediate interactions among birds (Whitfield 
1987, Lank 2002, Roulin 2004, Dale 2006). Much of our un-
derstanding about the role of plumage patterning comes 
from studies on a small number of tractable avian species, 
although the role that plumage patches play and the life 
history traits that they are associated with can vary widely. 
Associations among plumage patches and life history traits 
can even vary within species depending on the receiver, 
the signaler, and the signaling environment. In this section, 
we review formative studies regarding plumage patterns as 
intraspecific signals and discuss how recent studies have 
increased our understanding of how plumage patches fa-
cilitate communication within species.

Plumage Patterns as Signals of Sex, Age, and Identity

Many intraspecific signals convey information regarding 
the signaler’s identity. Individual recognition lies at the 
core of social interactions and is particularly beneficial in 
species that have repeated interactions among individuals 
that gather in large aggregations (Tibbetts and Dale 2007). 
At a broader scale, plumage patches often designate the 
sex or age class of an individual (Humphrey and Parkes 
1959, Booth 1990, Riegner 2008). Indeed, most species ex-
hibit some degree of sexual dichromatism in coloration, 
patterning, or both (Eaton 2005, Burns and Shultz 2012), 
albeit to differing extents. Many ducks (Anatini) provide 

examples of pronounced sexual dimorphism in plumage 
patterning (Scott and Clutton-Brock 1990, Omland 1997), 
such as the Mallard (Anas platyrhynchos), in which the 
male has bright, high-contrast plumage patches while the 
female has more uniform, mottled plumage. Other avian 
species, such as the Spotted Sandpiper (Actitis macularius), 
demonstrate more subtle, albeit diagnosable, sexual di-
morphism in plumage patterning, in which females have 
fewer but larger spots on their chest than males (Blizard 
and Pruett-Jones 2017). Although sexually dimorphic 
plumage patterning is widespread in birds, differences in 
plumage patterning among age classes are perhaps even 
more common.

Essentially all bird species exhibit some level of differ-
ence in plumage patterning across age classes (Lawton and 
Lawton 1985, Pyle 1997, 2008; Howell 2010), although age-
class differences in plumage patterning are especially pro-
nounced in certain lineages, such as passerines (Rohwer 
et al. 1980, Moreno and Soler 2011), raptors (Pyle 2005a, 
2005b; Clark and Pyle 2015; Figure 1A), and gulls (Dwight 
1925, Grant 1986, Olsen 2018). Ontogenetic changes in 
plumage patterns are often associated with behavioral and 
ecological differences among life history stages that may 
help partition resources among individuals within a popu-
lation (Booth 1990, Kokko 1997). For example, many gulls 
exhibit age-specific patterns of reproductive effort (Pugesek 
1981, Reid 1988), while many passerines similarly acquire 
alternate breeding plumage well after fledging and only 
when adequate breeding conditions have been met. Thus, 
while the degree of age-related and sexual plumage pattern 
dimorphism varies among species, plumage patterns can 
serve to quickly identify an individual to a given sex or age 
class, which facilitates various social interactions.

While many species of birds likely identify individuals 
through vocal characters (Beer 1971, Krebs and Kroodsma 
1980, Mammen and Nowicki 1981), certain species have 
plumage patterns that are extremely variable that serve to 
identify specific individuals within a larger group or pop-
ulation (Whitfield 1987). Perhaps the best example of this 
is the Ruff (Calidris pugnax), in which individual birds 
exhibit extreme variation in plumage patterning that is 
used during silent courtship and territorial interactions 
(Lank and Dale 2001, Hogan-Warburg 2002; Figure 1B). 
The ability to identify a specific individual via visual 
“fingerprints” (i.e. complex plumage patterns) generally 
becomes more beneficial in species with complex social 
interactions (Pollard and Blumstein 2011). In Ruffs, ag-
gressive territorial encounters between “resident,” “mar-
ginal,” and “satellite” males are costly and decisions to 
engage in territorial disputes may be facilitated by rapid 
recognition of distinct plumage patterns (Lank and Dale 
2001). More generally, accurate and rapid identification 
of specific individuals plays an important upstream role 
in many social behavioral pathways (Tibbetts and Dale 
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2007) and can be facilitated in part through variation 
in the size, shape, and spatial arrangement of plumage 
patterns. Beyond Ruffs, evidence for plumage pattern–
based individual recognition has been demonstrated in 
Ruddy Turnstone (Arenaria interpres; Whitfield 1986) 
and Osprey (Pandion haliaetus; Bretagnolle et al. 1994), 
but remains somewhat limited in birds. Nonetheless, 
recent advances in image acquisition processing have 
advanced the field of “animal biometrics” (Kühl and 
Burghardt 2013, Duyck et al. 2015). These technological 
advances have enabled new avenues of research, such as 
the ability to remotely monitor individual penguins by 
the biometric “fingerprint” of unique black-and-white 
spots and bib patterns on the chest of each bird (Sherley 
et al. 2010). These advances have the potential to com-
plement traditional banding, ringing, or other forms of 
individual physical tags to track individuals and their 
behavior.

Plumage Patterns as Signals of Social Dominance

While plumage patterns often communicate an individual’s 
age, sex, or identity, variation in plumage patterns also facil-
itate agonistic intrasexual interactions among individuals 
in many species (reviewed in Senar 2006). Generally, more 
conspicuous or larger plumage patches are associated with 
more aggressive, socially dominant behavioral phenotypes 
(Santos et  al. 2011). However, links between plumage 
patches, patterns, and life history traits are often context-
dependent and may vary between phenological stages, 
age groups, or environmental conditions (Tibbetts 2008), 
which makes it difficult to generalize the role of plumage 
patches and their life history associations across spe-
cies. Much of the pioneering work on the role of plumage 
patterns as signals of social dominance focused on a few, 
tractable avian systems, but ornithologists are increasingly 
studying different taxa to gain a deeper understanding of 
how plumage patterns mediate aggressive interactions.

One of the most well-studied systems involving plumage 
patches in ornithology is in the House Sparrow (Passer 

domesticus). Male House Sparrows have dark, high-
contrast melanic chest patches, or “badges,” that vary in 
size (Møller 1988; Figure 1C). Badge size acts as a signal 
of social dominance that increases with age and phys-
ical condition (Møller 1987, Veiga 1993), such that larger 
badges are associated with increased dominance in male–
male aggressive encounters and increased copulation rates 
(Møller 1990, Johnstone and Norris 1993, Liker and Barta 
2001, Nakagawa et al. 2007). Similar associations are seen 
in other species, such as in the Great Tit (Parus major), in 
which the width of black breast stripes in males—some-
times called “ties”— is positively associated with increased 
social dominance (Järvi and Bakken 1984, Pöysä 1988) 
and territory defense (Norris 1990b, Quesada and Senar 
2007). Additional examples are offered by bib size in the 

Harris’s Sparrow (Zonotrichia querula; Rohwer 1975), 
throat badge size in the Willow Tit (Poecile montanus; 
Hogstad and Kroglund 1993), bib size in the Sociable 
Weaver (Philetairus socius; Rat et al. 2015), among many 
others (Senar 2006, Santos et  al. 2011). However, varia-
tion in the size of plumage patches is not always associated 
with social dominance. For example, the size of the white 
forehead patch of the well-studied Collared Flycatcher 
(Ficedula albicollis) is associated with success in territorial 
encounters in certain populations (Pärt and Qvarnström 
1997), but not others (Garamszegi et al. 2006), indicating 
that associations between plumage patches and social 
dominance can differ widely—even among populations 
within the same species.

As indicated by the aforementioned examples, many 
studies linking plumage patches and patterns to intraspe-
cific social dominance have identified a role for melanin-
based rather than carotenoid-based patches (McGraw and 
Hill 2000, McGraw et al. 2002). However, associations be-
tween social dominance and carotenoid-based epaulet size 
in Red-winged Blackbird (Agelaius phoenicius; Smith 1972, 
Røskaft and Rohwer 1987, but see Westneat 2006) and 
Red-shouldered Widowbird (Euplectes axillaris; Pryke and 
Andersson 2003) as well as positive correlation between 
the amount of yellow on the head and agonistic intrasexual 
interactions in Yellow-headed Blackbird (Xanthocephalus 

xanthocephalus; Rohwer and Røskaft 1989) provide notable 
counterexamples. Thus, while there are more examples of 
the size of melanin patches mediating intrasexual conflicts 
in the literature, carotenoid-based patches can also play a 
role and sometimes bear stronger associations with aggres-
sion (Young et al. 2016).

Multiple plumage patches can sometimes act in con-
cert to accentuate social dominance or to convey different 
social signals. For example, in addition to associations 
between the width of the black breast stripe and social ag-
gression in the Great Tit (Järvi and Bakken 1984, Quesada 
and Senar 2007), the size or “immaculateness” of the white 
cheek patch among male P.  major acts as an “amplifier” 
of the social dominance signal to further reinforce so-
cial dominance (Galván and Sanz 2008). Thus, in certain 
systems, multiple plumage patches may act in concert or 
synergistically to signal differences in social dominance 
or other life history traits in birds (Budden and Dickinson 
2009, Chaine et al. 2011).

Plumage Patterns as Signals of Individual Condition 

or Quality

Beyond their role as signals of identity and social domi-
nance, plumage patches and patterns are often targets of 
mate choice that mediate intersexual interactions (Hill 
2006). Studies that have investigated the role of plumage 
patterns in mate choice as honest signals of individual 
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condition are variable in their approach: they include cor-
relative field studies of unaltered wild birds (Marchetti 
1998, Badyaev et al. 2001, Pryke et al. 2001, Masello and 
Quillfeldt 2003, Dunn et al. 2010), field studies of altered 
wild birds (Kose and Møller 1999, Pryke and Andersson 
2003, Jouventin et  al. 2008, Pardal et  al. 2018), experi-
mental studies of captive populations with unmanipulated 
plumages or manipulated plumage patterns and environ-
mental conditions (Senar et  al. 2005, Tarof et  al. 2005, 
McGlothlin et  al. 2007), or some combination of these 
strategies (Griggio et al. 2006). Collectively, these studies 
have demonstrated associations between the size and 
shape of various plumage patches and fitness metrics such 
as pairing success, copulation rates, extrapair paternity 
or cuckoldry rates, egg laying date, and immunity, among 
many others aspects of individual condition or mate quality 
(Hill 2006).

Associations between plumage patches and mate choice 
or individual quality are not universal, however. For ex-
ample, Saether et  al. (2000) found that variation in the 
amount of white on the outermost rectrices of Great Snipe 
(Gallinago media) is not associated with female choice, 
while Takahashi et al. (2008) found no association between 
the number of eyespots on the trains of male Indian Peafowl 
(Pavo cristatus) and mating success. Associations between 
plumage patches and fitness metrics can vary among 
populations, such as seen in the Common Yellowthroat 
(Geothlypis trichas), in which an association was found be-
tween mask size and mate choice in a Wisconsin popula-
tion (Thusius 2001), while bib size was the inferred target 
of sexual selection in New York populations (Dunn et al. 
2010). Furthermore, although the aforementioned studies 
on the House Sparrow were formative in recognizing the 
role of plumage patch sizes as signals of social dominance 
(Møller 1987, Veiga 1993, Nakagawa et  al. 2007), subse-
quent studies have raised doubt about the “honesty” of 
badge-size signals involved in mate choice by failing to find 
a link between badge size and diet quality (Gonzalez et al. 
1999), testosterone levels (Laucht et  al. 2010), extrapair 
paternity rates (Cordero et  al. 1999), or survivorship 
(Whitekiller et al. 2010). Studies on the Great Tit and vari-
ation in tie width and female reproductive success (Norris 
1990a, 1993; Remeš 2011) provide another example of in-
tensive study between plumage patterns as intraspecific 
signals in an avian system. Interestingly, a recent study 
demonstrated that increases in survival associated with 
wider breast stripes among Great Tits in forested habitats 
were actually reversed in urban environments (Senar et al. 
2014), suggesting that links between plumage patches 
and life history traits are context dependent. Collectively, 
these studies reveal the difficulty in demonstrating the 
cost or investment associated with plumage patterns and 
idosyncracies among systems (McGraw 2008, Weaver et al. 
2017).

A large majority of the studies to date have focused on 
patch size as an indicator of social dominance or mate 
quality. There are other aspects of plumage patterns be-
yond size, and a smaller number of studies have found 
associations between aspects like plumage symmetry and 
patch regularity with indicators of individual condition, 
such as nutritional or developmental stress (Leung and 
Forbes 1996). For example, studies on the Zebra Finch 
(Taeniopygia guttata) have demonstrated female preference 
for male finches with symmetrical chest patterns (Swaddle 
and Cuthill 1994). Variation and possible preferences for 
symmetry in plumage patterns have also been studied 
in the Barn Swallow (Hirundo rustica; Møller 1992), 
European Starling (Sturnus vulgaris; Swaddle and Witter 
1994), House Finch (Hill 1999, Badyaev et al. 2001), Rufous-
tailed Scrub-Robin (Cercotrichas galactotes; Álvarez 2004), 
Little Bustard (Tetrax tetrax; Jiguet and Bretagnolle 2014), 
Common Waxbill (Estrilda astrild; Marques et  al. 2016), 
and Northern Flicker (Colaptes auratus; Musgrove and 
Wiebe 2016), among others. Beyond symmetry and size, 
other plumage patterns have also been associated with in-
dices of individual quality, such as the fractal geometry of 
bib plumage patterns in the Red-legged Partridge (Alectoris 

rufa; Bortolotti et  al. 2006, Pérez-Rodríguez et  al. 2013; 
Figure 1D). We explore advances in quantifying plumage 
patches in more detail later in the review.

PLUMAGE PATTERNS AS INTERSPECIFIC SIGNALS

Interactions among individuals of different species are 
common and drive the evolution of many adaptations. 
In addition to the role that plumage patterns play in 
transmitting information among individuals within 
a species, plumage patches also mediate interactions 
among species (Caro and Allen 2017). Many plumage 
patches comprise high-contrast patterns that call atten-
tion to an individual, whereas other plumage patches 
conceal birds. Plumage patches can also serve as decep-
tive signals that manipulate other species to the benefit 
of the signaler. In this section, we review the biological 
functions of plumage patches as interspecific signals. 
Although a greater number of studies have focused on 
plumage patterns as intraspecific signals, recent work 
has deepened our understanding of the various ways in 
which plumage patches and patterns mediate interspe-
cific interactions among birds.

Patterning as Species Recognition

Many differences in coloration and patterning have been 
hypothesized to be under divergent sexual selection to 
avoid hybridization via character displacement (Mayr 
1942, West-Eberhard 1983, Seddon et  al. 2013, Hudson 
and Price 2014). This concept is sometimes referred to 
as the “Species Isolation Hypothesis” (McNaught and 
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Owens 2002), and is often invoked to explain interspecific 
differences in plumage patterns and the role of sexual se-
lection in driving reproductive isolation among closely re-
lated species (Kraaijeveld et al. 2011, Janicke et al. 2018). 
Empirical evidence for the involvement of plumage patches 
and patterns in species recognition has come from diverse 
systems such as flycatchers in the genus Ficedula (Sætre 
et  al. 1997; Figure 1E), the Chestnut-bellied Flycatcher 
complex (Monarcha castaneiventris; Uy et  al. 2009a), 
and white-eyes in the genus Zosterops (Cowles and Uy 
2019). Interspecific differences in plumage patterns have 
also been suggested as possible  agents of reinforcement 
involved in the evolution of reproductive isolation in re-
cent, rapid radiations such as southern capuchinos in the 
genus Sporophila (Campagna et al. 2017), redpolls in the 
genus Acanthis (Mason and Taylor 2015), and whistlers 
in the genus Pachycephala (Andersen et al. 2014), among 
others (Price 1998). Although the potential role of plumage 
patterning in species recognition and reinforcement is 
widely recognized in ornithology, empirical evidence has 
varied. Some studies have found elevated divergence in 
plumage patterns in sympatric species pairs compared 
to allopatric species pairs (Martin et  al. 2015), whereas 
others have found no differences between sympatric and 
allopatric species pairs (McNaught and Owens 2002). At 
a macroevolutionary scale, Price-Waldman et  al. (2020) 
found associations between rates of speciation and rates 
of plumage complexity evolution in tanagers, suggesting a 
role for plumage patterns in shaping broader patterns of 
speciation and diversification. Taken together, the role of 
plumage patterns in species recognition may differ widely 
among avian taxa and may interact with other targets of 
sexual selection, such as song, to act as a pre-mating bar-
rier to gene flow via reinforcement when hybridization be-
tween species reduces fitness of the offspring.

Patterning as Mimicry

Occasionally, it is advantageous for organisms to bear 
a physical resemblance to another species in their eco-
system (Malcom 1990, Joron and Mallet 1998). Mimicry 
in birds often facilitates interspecific dominance (Prum 
2014), and is acquired through the convergent evolution 
of broad-scale similarity in plumage patterning and co-
loration between the mimic and a sympatric, dominant 
species that acts as a model. A prominent example of in-
terspecific mimicry is illustrated by similarity between the 
Hairy Woodpecker (Dryobates villosus) and the Downy 
Woodpecker (Dryobates pubescens), in which the smaller 
Downy Woodpecker gains an advantage over third-party 
competitors by resembling the larger Hairy Woodpecker 
(Weibel and Moore 2005, Prum and Samuelson 2012, 
Leighton et al. 2018). This phenomenon is not restricted 
to the genus Dryobates. Rather, a recent study revealed 

that convergence in plumage patterns is widespread in 
woodpeckers and is likely related to interspecific mim-
icry and dominance in sympatry (Miller et  al. 2019). 
Furthermore, interspecific dominance via mimicry has 
also been documented or suggested in diverse taxa such 
as cuckoos and hawks (Gluckman and Mundy 2013, 
Liang and Møller 2015), Old World orioles and friarbirds 
(Jønsson et al. 2016), toucans (Prum and Samuelson 2012), 
Neotropical flycatchers (Lopes et  al. 2018), and many 
others (Prum 2014).

Plumage patches and patterns may also converge toward 
resembling more generalized visual signals involved in be-
havioral ecology. One example are “eyespots,” which are 
high-contrast, conspicuous plumage patches on the napes 
of many raptors that deter attackers, among other functions 
(Negro et al. 2007). One such example is provided by the 
Northern Pygmy-Owl (Glaucidium californicum), in which 
eyespots deter songbirds from mobbing the owl (Deppe 
et  al. 2003). Similar conspicuous, high-contrast plumage 
patterns involved in agnostic interactions are seen on the 
wings of the Sun Bittern (Eurypyga helias) during its iconic 
frontal display (Frith 1978; Figure 1F).

Plumage Patterns as Aposematic Signals in Birds

Aposematic coloration, in which the signaler exhibits 
high-contrast patterning to warn predators against tox-
icity (Mappes et al. 2005), is extremely rare in birds. The 
only known example of avian aposematic coloration 
linked to toxicity occurs in members of the genus Pitohui 
(Dumbacher et  al. 2008; Figure 1G), which have bright 
orange ventral and dorsal plumage that contrasts with 
black head, wings, and tail. Recent evidence suggests 
that similarities in plumage patterning and toxicity 
exhibited by the Hooded Pitohui (Pitohui dichrous) and 
the Southern Variable Pitohui (Pitohui uropygialis)—a 
rare example of Müllerian mimicry in birds (Dumbacher 
and Fleischer 2001)—may be the result of introgres-
sion from P.  dichorus into the genomic background of 
P.  uropygialis (Garg et  al. 2019). Nonetheless, because 
sequestered toxins are themselves rare in birds, apose-
matic coloration is correspondingly rare as well, but may 
be limited more by the availability of food items that 
have the biochemical precursors of sequestered toxins 
than the ability of birds to sequester toxins (Jønsson 
et al. 2008).

Patterning as Camouflage

Predator–prey interactions influence the appearance of 
many animals (Thayer 1909, Cott 1940). An organism’s 
survival is generally increased if it is difficult to locate by 
either predators or prey, and evolution has subsequently 
shaped the coloration and patterning of many species 
to avoid visual detection and recognition (Stevens and 
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Merilaita 2011). Rather than advertise a signaler’s loca-
tion, natural selection has shaped many plumage patterns 
to produce visual signals that are difficult to differentiate 
from an organism’s background. Camouflage, or crypsis, 
encapsulates a suite of behavioral and physical traits 
that collectively minimize recognition and detection of 
an organism by a predator (Endler 1978). Background 
matching occurs when an organism expresses a color 
and pattern that is similar to a random sample of what-
ever substrate or background it is found on (Mottram 
1916, Bortolotti et  al. 2006). While color matching is 
arguably the most widely appreciated aspect of crypsis, 
patterning also contributes to camouflage. Prominent 
examples of the role of patterning in camouflage include 
disruptive coloration, or patterning that obscures the 
outline and shape of an organism (Cuthill et  al. 2005); 
countershading, whereby animals are lighter ventrally 
than dorsally, which minimizes shadows and obscures 
3-dimensional form (Tankus and Yeshurun 2009), and 
“dazzle” markings, which draw attention away from the 
outline of an organism to minimize recognition (Stevens 
et  al. 2008). Even though these components of camou-
flage are widespread in birds and have evolved repeatedly 
in distantly related avian taxa, surprisingly little quan-
titative research has been performed on camouflage in 
birds compared to other vertebrates (Caro 2005, Harris 
et al. 2019). In mice, for example, extensive work has pro-
vided deep insights into various aspect of camouflage, 
including the fitness benefits of background matching 
in color (Vignieri et  al. 2010), the evolutionary origin 
of adaptive color variants (Domingues et  al. 2012), and 
the genetic architecture underlying variation in crypsis 
among murine rodents (Nachman et  al. 2003, Hoekstra 
et al. 2006). Unfortunately, studies of comparable depth 
into the evolutionary origins and genetic underpinnings 
of camouflage in birds are lacking.

Much of the research done on plumage patterning and 
its role in camouflage in birds and other animals has histor-
ically relied on qualitative, human assessments of pheno-
typic and environmental variation (Stevens and Merilaita 
2009). For example, Miller and Miller (1951) described 
geographic variation in the coloration and patterning of 
Western Screech-Owls (Megascops kennicottii) in qualita-
tive and relative terms with respect to their potential role 
in camouflage: “paler, duller colored, less boldly striped 
Screech Owls should be less conspicuous on their day-
time roosts in the desert vegetation… than birds in oak 
or oak-pine woods [with darker, bolder, and more varied 
markings].” Other studies of avian camouflage from the 
20th century employed qualitative assessments of plumage 
patterning or conspicuousness in various avian systems 
and assumed links to environmental variation in soil or 
substrate color (Johnson 1972, Zink and Remsen 1986, 
Slagsvold et al. 1995, Dale and Slagsvold 1996).

Despite the widespread nature of avian camouflage, 
only recently have studies incorporated spectroscopy 
and calibrated measurements from digital photographs 
to more rigorously test quantitative associations be-
tween patterning and crypsis. In their study of 3 species 
of African nightjars, Troscianko et  al. (2016b; Figure 1I) 
used digital photography to find that clutch survival was 
positively associated with background matching in terms 
of plumage patterning. Furthermore, escape distance 
increased when the plumage patterns of adult nightjars 
was poorly matched to their visual background (Wilson-
Aggarwal et al. 2016), suggesting that some birds may be 
able to assess their own level of background matching and 
choose optimal roosting sites accordingly (Stevens et  al. 
2017). In addition to this recent series of studies on African 
nightjars, there have been a plethora of studies focused on 
egg patterning and coloration and their role in camouflage, 
mimicry, and clutch survival (Stoddard et al. 2014, 2016; 
Troscianko et al. 2016a, Gómez et al. 2018). Aside from the 
aforementioned studies, there have been remarkably few 
rigorous quantifications of background matching among 
populations or species of birds with respect to plumage 
patterning.

In addition to reducing the chance of visual detection by 
predators through camouflage, plumage patterning can re-
duce the chance of predation by disorienting or deceiving 
the signaler’s escape velocity (Stevens et  al. 2008, Scott-
Samuel et al. 2011, von Helversen et al. 2013). In particular, 
high-contrast patterns, such as adjacent black and white 
patches, bars, or stripes, can produce visual illusions that 
interfere with visual assessments of motion and reduce the 
chance of successful capture (Brodie 1992). For example, 
field observations and experiments have demonstrated 
that white rump patches on Rock Pigeons (Columba livia) 
reduce the chance of capture by Peregrine Falcons (Falco 

peregrinus) compared to plumages that lack a white rump 
patch (Palleroni et al. 2005).

EVOLUTIONARY HISTORY OF PLUMAGE PATTERNS

The phenotypic diversity and biological functions of 
plumage patterns are the products of over 100 million 
years of archosaur evolution (Li et al. 2010, Vinther 2015). 
As highly modified integumentary appendages, feathers 
are keratinous structures with diverse developmental 
pathways that have been the subject of over 150 yr of in-
tensive study (Dyck 1985, Prum and Brush 2002). More 
recently, advances in phylogenetic comparative methods, 
evolutionary developmental studies, and genome-wide 
association analyses have enabled new lines of research 
regarding the evolutionary history and elucidation of 
the genetic architecture underlying plumage patterns. In 
this section, we review progress from macroevolutionary 
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studies that span many species and deep evolutionary time 
scales to studies that are focused on more recent evolu-
tionary events among closely related species, populations, 
or individuals that differ in plumage patterns.

Phylogenetic Comparative Studies of Plumage 

Patterns

Comparing plumage patterns among related species in 
a phylogenetic framework has shed light on the evolu-
tionary history underlying gains, losses, and changes of 
plumage patterns and patches. Phylogenetic compara-
tive studies of plumage patterning have been undertaken 
at different scales: some have focused on a relatively 
small number of related species or genera (e.g., Price and 
Pavelka 1996, Omland and Lanyon 2000, Maia et al. 2016, 
Ligon et  al. 2018, Soma and Garamszegi 2018, Eliason 
et al. 2019, Cicero et al. 2020, Merwin et al. 2020), while 
others have examined large, macroevolutionary patterns 
of plumage evolution across hundreds or thousands of 
species (e.g., Riegner 2008, Gluckman and Cardoso 2010, 
Mason et al. 2014, Dale et al. 2015, Somveille et al. 2016, 
Galván et al. 2017, Shultz and Burns 2017, Cooney et al. 
2019, Marcondes and Brumfield 2019, Price-Waldman 
et  al. 2020). Collectively, these studies have revealed an 
array of evolutionary patterns as diverse as the focal taxa 
themselves, but do suggest a role for plumage patterning in 
shaping patterns of avian diversification (Price 1998, Price-
Waldman et al. 2020).

The ability to develop and produce plumage patterns 
within individual feathers—such as scales, bars, mottling, 
and spots—is more prevalent in certain clades (e.g., 
Phasianidae, Accipitridae, Estrildidae). Specific patterns 
sometimes only appear on certain body parts (i.e. dorsal 
or ventral regions) and pattern types (i.e. streaks, bars, 
countershading) exhibit broad associations with body size 
among birds (Riegner 2008). Furthermore, intrafeather 
(i.e. within-feather) patterns have evolved repeatedly in 
different taxonomic groups of birds from an ancestral 
state that did not express scales, bars, or spots (Gluckman 
and Mundy 2016). Lineages with pronounced ecolog-
ical differences (e.g., Anseriformes and Galliformes) can 
exhibit similar rates of evolutionary transition between 
intrafeather plumage pattern states, suggesting develop-
mental constraints may be similar across clades (Gluckman 
and Mundy 2016), but can still vary in association with be-
havioral or ecological differences among groups (Marshall 
and Gluckman 2015). While barred plumage has been 
proposed to promote camouflage (Endler 1978, Gluckman 
and Cardoso 2010), broad-scale variation in intrafeather 
patterns is not associated with open or closed habitat 
categorizations (Somveille et al. 2016). These macroevolu-
tionary studies speak to broad, generalized patterns across 
deep evolutionary time scales, but associations between 
plumage patterns within individual feathers and other life 

history characters are more nuanced when specific avian 
lineages are examined in isolation.

Phylogenetic comparative studies have also illuminated 
how patterning has evolved in birds through changes to 
entire plumage patches or feather tracts in addition to 
plumage patterns within a single feather. Different studies 
have uncovered varying associations between plumage 
patterns among patches and lighting conditions (Marchetti 
1993, Gomez and Théry 2004, Shultz and Burns 2013), 
whereas the ability of an organism to produce certain co-
loration mechanisms based on molecular structures also 
influences plumage patterns and color diversity across a 
bird’s body (Maia et  al. 2013, Mason et  al. 2014, Eliason 
et  al. 2019). Changes in patterns that involve structural 
colors, which involve rearrangements in the keratin–mel-
anin matrix that comprises feathers (Jawor and Breitwisch 
2003), are generally less constrained by developmental 
pathways compared to carotenoid-based patterns, which 
may require biochemical changes to carotenoid sequestra-
tion and modification pathways (Morrison and Badyaev 
2016).

Many phylogenetic comparative studies have focused 
on sexual dichromatism, with a special emphasis on how 
plumage patterns differ between sexes and how those 
differences have evolved at different taxonomic scales 
(Burns 1998, Hofmann et  al. 2008, Maia et  al. 2016, 
Kearns et al. 2020). For example, Shultz and Burns (2017) 
demonstrated that evolutionary changes in both male and 
female plumage patterns contribute to variation in sexual 
dichromatism among more than 300 species of tanagers, 
implicating both natural and sexual selection as drivers of 
sexual dimorphism in plumage patterns.

Other macroecological studies have similarly shown 
that plumage patterns are subject to a wide array of se-
lective pressures, including both natural (e.g., camou-
flage) and sexual (e.g., badges) selection, and that selection 
pressures can act on different plumage patches independ-
ently (Dale et al. 2015, Dunn et al. 2015, Maia et al. 2016, 
Cooney et  al. 2019, Merwin et  al. 2020, Price-Waldman 
et al. 2020). Additional phylogenetic comparative studies 
of plumage patches and patterns are needed if stronger 
generalizations are to be drawn across birds and if we are 
to understand the evolutionary and ecological contexts 
that characterize exceptions to these generalizations.

Genome-wide Association Studies of Plumage 

Patterning

Alongside rapid advances in DNA sequencing tech-
nology and bioinformatics, the past decade has borne 
witness to major advances in our understanding of 
the genetic architecture of plumage coloration and 
patterning (Toews et al. 2016a, Funk and Taylor 2019). 
Genome-wide association studies among pheno-
typic morphs or closely related taxa have identified 
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various genes involved in both broad-scale patterning of 
differences among plumage patches or feather tracts and 
localized patterns within feathers (Ekblom and Galindo 
2011). Certain biomolecular pathways underlying 
avian coloration, such as the melanogenesis pathways 
that generate eumelanin and pheomelanin, are largely 
conserved among vertebrates (Hubbard et  al. 2010, 
Galván and Solano 2016). However, changes in the ex-
pression patterns or amino acids within protein-coding 
exons of over 30 related genes in the melanogenesis 
pathway can produce convergent phenotypes that ap-
pear very similar at the organismal level (Manceau et al. 
2010, Harris et al. 2019).

Prior to high-throughput sequencing, studies relied 
heavily on a candidate-gene approach to uncover 
associations between patterns of melanism at the or-
ganismal level and mutations within well-characterized 
genes. In particular, the large majority of early can-
didate gene studies focused on associations between 
melanocortin-1 receptor (MC1R) and melanin-based 
plumage variants (Mundy 2005). Collectively, these 
studies have either found associations (Theron et al. 2001, 
Mundy et al. 2004, Uy et al. 2009b, Gangoso et al. 2011, 
Baião and Parker 2012, Cibois et al. 2012, San-Jose et al. 
2017) or have not found such associations (MacDougall-
Shackleton 2003, Cheviron et  al. 2006, Bourgeois et  al. 
2012, Dobson et al. 2012) between a small number of can-
didate genes and variation in melanin-based phenotypes. 
Powered by high-throughput sequencing, an increasing 
number of recent studies have identified associations be-
tween melanin-based plumage patterning and genetic 
differences in or near an expanding assortment of genic 
regions, such as melanocortin-1 receptor (MC1R), agouti 
signaling protein (ASIP), tyrosinase (TYR), tyrosinase-
related protein 1 (TYRP1), and KIT ligand (KITLG), 
among other candidate loci (Delmore et al. 2016, Toews 
et  al. 2016b, Campagna et  al. 2017, Stryjewski and 
Sorenson 2017, Abolins-Abols et  al. 2018, Funk and 
Taylor 2019). Interestingly, many of the aforementioned 
genomic studies have identified associated loci outside of 
protein-coding regions of the genome, implying that var-
iable sites in promoter or cis-regulatory elements often 
underlie changes in plumage patterning that involve in-
dividual patches, such as black throat color in wood 
warblers (Toews et  al. 2016b, Baiz et al. 2020) and mo-
saic melanin patterning of different plumage patches in 
southern capuchinos (Campagna et al. 2017) and munias 
(Stryjewski and Sorenson 2017). While melanogenesis is 
one of the better-characterized biochemical and genetic 
pathways in vertebrate evolutionary developmental bi-
ology, many discoveries regarding the genetic architec-
ture of avian plumage patterns based on other pigments, 
such as carotenoids, have also been made in recent years.

Carotenoids are pigments derived from birds’ diets and 
undergo a wide array of biochemical changes between the 
time they are ingested and when they are deposited in 
growing feather follicles (Badyaev et al. 2015, Ligon et al. 
2016, Morrison and Badyaev 2016). Changes in the bio-
chemical and developmental pathways underlying carot-
enoid processing and deposition contribute to the wide 
array of carotenoid molecules observed in birds (e.g., lu-
tein, rhodoxanthin, β-carotene) that collectively produce 
the bright red, yellow, and orange plumage patches and 
patterns seen across birds (Toews et  al. 2017). Recent 
studies have identified genes associated with enzymes 
that alter the biochemical composition of carotenoids and 
the resulting pigments deposited in feathers, providing 
a mechanistic framework for variation between red and 
yellow plumage in birds (Lopes et al. 2016). In particular, 
a group of genes associated with the enzyme cytochrome 
P450 has been implicated in carotenoid modifications 
in various systems such as finches (Mundy et  al. 2016, 
Toomey et al. 2018, Kim et al. 2019), warblers (Toews et al. 
2016b, Brelsford et  al. 2017), and canaries (Lopes et  al. 
2016), and likely plays a role in other carotenoid-based 
polymorphisms (e.g., McGraw et al. 2003). Given the large 
number of biochemical changes and different carotenoid 
types that underlie variation in carotenoid-based plumage 
patterning, one might expect a larger number of genes and 
associated regulatory elements to be associated with var-
iation in carotenoid-based patterning compared to mel-
anin pigments, which are restricted to pheomelanin and 
eumelanin. While the large majority of bird pigmentation 
is based on melanin and carotenoid deposition in feathers, 
the genetic architecture of variation in other pigment types 
has also been advanced, such as identification of loci con-
trolling psittacofulvin deposition in parrots (Cooke et al. 
2017). That said, there is still much to be learned regarding 
the genetic architecture and biochemical pathways un-
derlying other rare avian pigments, such as porphyrins, 
pterins, flavins, and other undescribed pigments (McGraw 
2006). While the aforementioned gene-association studies 
have provided strong evidence for a role of various genes 
in melanin and carotenoid deposition, it is often difficult 
to demonstrate causality or a functional link between the 
gene and phenotype at hand. Fortunately, evolutionary 
developmental studies are also advancing our functional 
and mechanistic understanding of how plumage patterns 
within and among feathers develop and evolve.

While protein coding genes and changes in patterns of 
gene expression are widely appreciated as drivers of phe-
notypic evolution, structural variants (sometimes called 
“supergenes”  when large chromosomal inversions are in-
volved) are gaining increasing attention as important 
contributors to phenotypic diversity (Wellenreuther and 
Bernatchez 2018). In birds, a growing number of studies 
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have identified chromosomal inversions that are asso-
ciated with changes in plumage patterning (Taylor and 
Campagna 2016), such as differences between tan and 
white morphs of White-throated Sparrow (Zonotrichia 

albicollis; Huynh et al. 2011, Tuttle et al. 2016), large-scale 
variation in plumage patterning (and associated reproduc-
tive strategies) in Ruffs (Küpper et al. 2016, Lamichhaney 
et  al. 2016), and patterning differences between Hooded 
Crows (Corvus cornix) and Carrion Crows (Corvus 

corone; Poelstra et al. 2014). Depending on the size of the 
chromosomal inversion and the extent of linkage dise-
quilibrium involved, inversions and other structural chro-
mosomal variants have the capacity to induce large-scale 
changes to plumage patterns and other linked phenotypes 
(Wellenreuther and Bernatchez 2018). Copy-number 
variants can also play a role in plumage pattern variation 
as was recently demonstrated in the Rock Pigeon. Certain 
pigeon breeds have irregular, speckled plumage patterns 
with increased white that are associated with increased 
copy number of the Z-linked St locus compared to 
wildtype pigeons. Additional copies of the St locus alter the 
expression of various genes involved in the melanogenesis 
pathway and reduce the deposition of eumelanin in pigeon 
feathers (Bruders et al. 2020). Although birds are thought 
to generally exhibit strong synteny and conservation of 
chromosomal structure at a broad scale, as genomic re-
sources of non-model taxa continue to improve, we will 
surely find additional examples of structural variants—
such as chromosomal rearrangements and copy-number 
variants—driving variation in avian plumage patterns.

Evolutionary Developmental Biology of Plumage 

Patterns

The generation of plumage patterns is intricately tied to 
the evolutionary developmental biology of feathers (Prum 
and Brush 2002). In addition to genome-wide association 
studies, advances in our understanding of the evolutionary 
history of plumage patterns have been spurred by advances 
in molecular techniques outside of DNA sequencing and 
functional approaches (Haupaix and Manceau 2019). 
In this section, we summarize some of the major recent 
advances that have used experimental and developmental 
approaches to understand the genetic architecture of 
plumage patterns. Variation in plumage patterns among 
body parts, such as the rump or belly of a bird, are first 
organized by the designation of feather tracts (Chen et al. 
2015). Meanwhile, patterns within feathers, such as spots 
and bars, are generated via the fine-scale spatial and tem-
poral deposition of melanin during feather growth (Galván 
et  al. 2017). Reaction–diffusion models (also known as 
“Turing” models) comprise a mathematical and theoret-
ical framework that has played a central role in our un-
derstanding of the spatiotemporal development of animal 

integumentary patterns (Turing 1952, Kondo 2002, Kondo 
and Miura 2010), including within-feather patterning 
(Price and Pavelka 1996, Prum and Williamson 2002) and 
patterning among feather patches and tracts (Neguer and 
Manceau 2017). In brief, reaction–diffusion models ap-
proximate the concentration of certain molecules (i.e. 
reactions), and how those molecules spread over space and 
time (i.e. diffusion). As feather follicles grow and develop 
in a tubular sheath, complex biochemical pathways and 
molecular interactions generate positional cues that dic-
tate when and where melanosomes should be incorporated 
into keratinosomes along barb ridges via phagocytosis 
(Watterson 1942, Yu et al. 2004, Mills and Patterson 2009). 
Reaction–diffusion dynamics have been used to explain a 
growing number of different aspects of plumage patterning, 
including spacing between feather follicles within a feather 
tract (Jiang et  al. 2004), as well as oscillations between 
states of activation and inhibition of particular cell types 
and states that generate periodic episodes of melanin dep-
osition (Prum and Williamson 2002, Neguer and Manceau 
2017). A  recent comparative study across 10 species of 
galliforms revealed interspecific variation in yellow and 
brown stripe width in juveniles that follows expression of 
ASIP in the somatic mesoderm of chicks, in accordance 
with reaction–diffusion models of spatial arrangement and 
temporal deposition of melanin (Haupaix et al. 2018).

While major advances in our understanding of the 
evolutionary development and genetic architecture of 
plumage patterning have been made, functional valida-
tion of genetic variants is still very challenging in birds 
compared to other taxa. First, captive populations of wild 
birds are difficult to establish and maintain. Changes in 
gene expression, which appear to underlie many of the 
aforementioned genotype–phenotype associations, are 
specific to certain tissues and developmental stages, such 
that ontogenetic series are required to pinpoint when, 
where, and at what age differential gene expression occurs. 
Model avian systems such as chicken (Gallus gallus), Zebra 
Finch, Japanese Quail (Coturnix japonica), and other cap-
tive birds provide tractable systems for ontogenetic studies 
of gene expression and function, but are distantly related 
from many species of interest. Furthermore, gene editing 
technologies that have become popular validation tools in 
evolutionary developmental studies have seen limited use 
in birds because of the difficulty of accessing single-cell 
embryos or primordial germ cells (Woodcock et al. 2017). 
Nonetheless, our ability to create knock-out or knock-in 
genetic variants in birds is constantly improving, thanks 
to continued innovations in genome-editing tools such 
as transcription activator–like effector nuclease (TALEN; 
Cermak et al. 2011, Park et al. 2014) and clustered regularly 
interspersed short palindromic repeats (CRISPR; Doudna 
and Charpentier 2014, Véron et al. 2015, Oishi et al. 2016), 
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and our ability to isolate, manipulate, and propagate pri-
mordial germ cells from birds (Cooper et al. 2018). While 
genome-editing studies are currently restricted to chicken, 
Zebra Finch, and Japanese Quail, innovative techniques 
will hopefully expand genome-editing tools to non-model 
organisms. Looking ahead, combining evolutionary devel-
opmental biology with high-throughput DNA sequencing 
and bioinformatics will surely uncover exciting new 
discoveries regarding the genetic architecture of plumage 
patterning.

OF PLUMES AND PIXELS: QUANTIFYING PLUMAGE 
PATTERNS VIA DIGITAL PHOTOGRAPHY

Studies of avian coloration and patterning have benefited 
immensely from recent technological advances in color 
science and computer vision. For centuries, assessments 
of avian coloration and complex plumage patterns were 
largely subjective (Endler 1990). Ridgway’s (1912) seminal 
work on ranking and matching colors to widely used color 
standards represented a large step forward toward objec-
tive quantifications of color, but descriptions of color—and 
plumage patterns—were largely based on expert opinions 
of taxonomists and subjective comparisons until relatively 
recently (Rosenthal 2007). Single plumage patches that are 
large and conspicuous, such as the large, black breast stripe 
present on Great Tits, have been measured using simple 
estimations of area via different combinations of manual 
measurements for decades (Figuerola and Senar 2000). 
More recently, digital photography has been incorporated 
into studies of plumage patches with increasing frequency 
and sophistication (Stevens et  al. 2007, McKay 2013). In 
this section, we explore recent developments in the integra-
tion of photography and plumage patterning by focusing 
on new methods, software packages, and computer code. 
We compare and contrast various modern approaches to 
quantifying plumage patterns, compare their output, and 
consider their strengths and weaknesses (Table 1). We do 
not discuss spectrophotometric methods because they are 
largely confined to point estimates of reflectance rather 
than spatial analyses of color variation that are essential 
to analyses of plumage patterns (but see Burns et al. 2017 
for review of spectrophotometry). However, we do rec-
ognize that spectral analyses involving spectrophotom-
etry do allow for more fine-scale estimation of reflectance 
across different wavelengths of light, whereas estimates of 
reflectance spectra acquired via digital photography are 
interpolated from a much smaller number of reflectance 
estimates across wavelengths. Thus, if a research ques-
tion involves discriminating between spectral curves of 
plumage patches, some combination of spectrophotom-
etry and photography is likely a better solution than pho-
tography alone. ImageJ (Abràmoff et  al. 2004, Schneider 

et al. 2012) and R (R Core Team 2020) are two open-source 
environments that have revolutionized image science and 
are both widely used across biology. Both computational 
environments enable different components of repeat-
able, accurate, automated pipelines to measure plumage 
patterns represented by digital images.

Recently, an assortment of ImageJ and R plugins have 
been developed specifically for analyzing animal coloration 
and patterning that have greatly advanced the ease by which 
users can obtain sophisticated, repeatable measurements 
of plumage patterns (Troscianko and Stevens 2015, Van 
Belleghem et al. 2018, Chan et al. 2019, Maia et al. 2019, 
Berg et al. 2020). These products represent “higher-level” 
computer programs and functions that are developed with 
code from other packages and developers; thus, while they 
enable measurements to be quickly and accurately acquired 
for empiricists, they also provide the framework for fur-
ther methods development and refinement for users with 
the capacity to dissect and modify code. The aforemen-
tioned programs differ in what aspect of image capture, 
processing, and analysis they can perform, but there is also 
substantial overlap in what they can accomplish (Table 1). 
These methods are quite new and their usage in birds has 
been limited thus far, but the ease and sophistication of 
these image filters and image segmentation algorithms will 
undoubtedly reveal new insights into the evolution and 
ecology of avian plumage patterns.

Here, we describe some readily available options for 
2 main phases of plumage pattern analysis: (1) plumage 
pattern segmentation and (2) plumage pattern quan-
tification. Each workflow will vary in some way based 
on existing infrastructure and available resources, but 
new user-friendly pipelines are enabling more and more 
researchers to accurately quantify plumage patterns both 
in the field and in controlled settings. Programs such as 
the Multispectral Image Calibration and Analysis Toolbox 
(MICA; Troscianko and Stevens 2015) provide extensive 
functionality to pre-process and prepare “multispectral 
images” for downstream processing and analysis, and we 
direct readers to other studies for more information on 
camera and photography set-up considerations (McKay 
2013, Troscianko and Stevens 2015, Berg et al. 2020).

Recently, Berg et al. (2020) published an analytical pipe-
line entitled Quantitative Colour Pattern Analysis (QCPA) 
that provides an open-source, user-friendly framework to 
perform each step of a modern plumage pattern quanti-
fication workflow, including image acquisition and pro-
cessing, to image segmentation, and pattern analysis. As 
a set of algorithms available as an ImageJ plug-in, QCPA 
builds on MICA (Troscianko and Stevens 2015) and 
PAT-GEOM (Chan et  al. 2019) to provide a promising 
framework for plumage pattern quantification. Here, we 
discuss various options in image segmentation and pattern 
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analysis with special attention toward plumage patterns in 
birds following best practices recommended by software 
developers and visual ecologists (Berg et al. 2020).

Plumage Pattern Segmentation

Following image acquisition, linearization, alignment, and 
other “pre-processing” steps (see Troscianko and Stevens 
2015 for detail), the next step in pattern analysis is typi-
cally image segmentation. Image segmentation divides an 
image into a simplified set of “regions” or groups of pixels 
for downstream analysis. At the most basic level, users can 
delimit plumage patches by generating polygons by hand, 
as was recently done to quantify variation in the streaking 
of undertail coverts among redpoll finches (Acanthis spp.; 
Mason and Taylor 2015). We do not recommend this 
method because it is subjective, is based on human vision 
rather than an avian visual system, and becomes quickly in-
tractable with large data sets. Fortunately, a wide variety of 
automated or semi-automated methods exist to help expe-
dite segmentation of images taken from specimens or live 
birds. Here, we briefly describe some of these methods and 
their implementation in quantifying plumage patterns.

Thresholding is perhaps the simplest method of image 
segmentation (Arifin and Asano 2006). In thresholding, 
pixels are assigned to one category or another based on 
whether they are above or below a certain value. Many 
threshold filters are based on a single value, such as bright-
ness or stimulation of a specific channel or cone type 
(i.e. double cone receptor). More complex thresholding 
formulas may involve multiple channels or cones, and can 
bin pixels into two channels or more as determined by 
the user. As such, thresholding is flexible, but may require 
substantial human input to be accurate, especially when 
plumage patterns are variable among individuals, such as 
studies that involve comparisons among populations or 
species. Nonetheless, thresholding can still be effectively 
and efficiently applied to image segmentation in many 
systems—especially high-contrast patterns such as the 
area of white head spots in the Superb Bird-of-Paradise 
(Lophorina superba; McKay 2013)—and can be accessed 
via tools such as patternize (Van Belleghem et al. 2018) and 
ImageJ (Schneider et al. 2012).

K-means clustering is widely used in statistical 
analyses and offers another option for image segmen-
tation, in which pixels are binned into one of K clusters 
that minimizes the color distance between the pixel and 
a cluster’s center (Steinley 2006). The number of clusters 
(K) is typically set by the user, but this number may re-
quire fine-tuning for low-contrast colors that are similar 
and may blend together. Users may use a reference image, 
as implemented in patternize (Van Belleghem et al. 2018) 
and pavo (Maia et al. 2019), or may cluster pixels without 
a reference, but then users must ensure that homologous 
patches are compared in downstream analyses. K-means 

clustering is widely adaptable to many pipelines, but can 
generate artifacts when the number of clusters (K) is higher 
than the actual number of colors involved (i.e. if K = 2 is 
used on a uniform plumage patch). Recently, Berg et  al. 
(2020) developed a method that leverages naïve Bayesian 
clustering (Domingos and Pazzani 1997) to allow users to 
interactively delineate clusters as an alternative segmenta-
tion method incorporated into their QCPA workflow.

The watershed transformation is another widely applied 
algorithm for image segmentation, especial in medical and 
material sciences (Beucher 1991, Kornilov and Safonov 
2018). The term “watershed” is a topographical analogy, 
by which water (i.e. brightness) travels along “ridges” 
(i.e. bright regions) and is collected in “basins” (i.e. dark 
regions), such as the spots on the ventral side of Spotted 
Sandpipers (Blizard and Pruett-Jones 2017). Many water-
shed segmentation workflows incorporate filters such as 
Gaussian blurs to reduce noise and more clearly delineate 
regions of interest. Furthermore, watershed algorithms 
require binary (i.e. grayscale) images and are therefore 
best suited for high-contrast, repeated patterns against 
a uniform background, such as dark spots among other-
wise white feathers. Overall, watershed segmentation is 
an effective way to detect simple plumage patterns that 
takes into account information in adjacent pixels, but 
may also require manual fine tuning of filters and image 
transformations to optimize workflows and accurately seg-
ment plumage pattern images. Watershed segmentation is 
available through tools such as patternize (Van Belleghem 
et al. 2018) and ImageJ (Schneider et al. 2012).

Recently, (Berg et  al. 2020) developed a novel method 
of image segmentation that incorporates an avian visual 
model of spatial acuity and color differentiation known as 
“Receptor Noise Limited Clustering” (RNLC). First, an op-
tional filter (e.g., Gaussian blur) can be applied to approxi-
mate the visual model of the intended receiver and restore 
sharp edges between color boundaries. Then, an agglom-
erative hierarchical clustering approach is used to group 
pixels, in which differences in color and luminosity be-
tween adjacent pixel clusters are iteratively calculated and 
compared to “just-noticeable” threshold differences that 
are based on behavioral experiments of visual receptors 
(Vorobyev and Osorio 1998, Vorobyev et  al. 2001). The 
RNLC method is available via the QCPA plug-in (Berg 
et al. 2020) in ImageJ and offers a promising segmentation 
method that incorporates an avian visual model into an 
open-source, user-friendly data processing pipeline.

Plumage Pattern Quantification

Once images have been segmented and the features of in-
terest (i.e. spots, bars) have been isolated from their back-
ground, users have various options to quantify variation 
in plumage patterns. There is no single option that is best 
suited for all studies; rather, users should consider their 
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end goal and identify which method provides the output 
that best matches the question at hand. Here we summa-
rize a few of these options, describe their various outputs, 
and identify systems for when they may be best suited 
(summarized in Table 1).

Perhaps the most simple and intuitive option to quan-
tify plumage patterns is to calculate metrics related to 
the number, size, shape, orientation, and distribution of 
plumage patches. Following segmentation, users can easily 
calculate a number of basic geometric features using the 
PAT-GEOM plugin for ImageJ (Chan et  al. 2019), which 
calculates seven geometric properties of plumage patterns. 
These properties can then be used to compare “average 
patterns” among individuals, populations, or species. 
These metrics are best suited for discrete, high-contrast 
patterns, and photographs should be taken under best 
practices to ensure that measurements are comparable 
across photographs.

Beyond basic estimates of pattern geometry, there are 
various more complex estimates of plumage patterns. 
Many plumage pattern methods generate what are 
known as “transition matrices” to estimate the number, 
character, and strength of transitions between dif-
ferent color classes or patterns, including color adja-
cency analysis (Endler 2012), visual contrast analysis 
(Endler 1991, Endler and Mielke 2005), and boundary 
strength analysis (Endler et al. 2018). In brief, color ad-
jacency analysis estimates the number of transitions 
along both the perpendicular and parallel axes of an 
organism’s body (Endler 2012) and has not seen exten-
sive use in visual ecology but has been applied in land-
scape ecology (McGarigal and Marks 1995). As a more 
wholistic measure of patterning, visual contrast analysis 
combines spatial, chromatic, and achromatic properties 
of plumage patterns to estimate overall “conspicuous-
ness” of color patterns (Endler 1991). Properties such 
as the size, position, hue, saturation, and brightness of 
plumage patches and patterns are all considered simul-
taneously under an avian visual model to collectively de-
scribe the conspicuousness of entire plumage patterns 
“as birds see them” (Endler and Mielke 2005). Finally, 
boundary strength analysis offers another estimate of 
plumage pattern based on receptor noise thresholds to 
estimate the contrast between adjacent plumage patches, 
which can be summed across an entire region of interest 
to estimate total conspicuousness, as demonstrated in 
Gouldian Finches (Erythrura gouldiae; Endler et  al. 
2018). While these methods offer an objective way to 
quantify plumage pattern under the appropriate visual 
model, they have seen limited use in part because of 
difficulties in implementing the formulas involved. All 
three of these methods are now included in the QCPA 
pipeline and can be incorporated into plumage pattern 
studies with relative ease (Berg et al. 2020).

Fast Fourier Transforms (FFT) are widely used in 
signal processing as a way to quantify periodicity in com-
plex composite signals of various kinds, including animal 
patterns (Godfrey et al. 1987, Stoddard and Stevens 2010, 
Troscianko et al. 2016b). In brief, FFTs are based on our 
understanding of neurophysiological processing of spatial 
patterns in vertebrates and involve a series of filters applied 
at increasing spatial frequencies to quantify oscillations 
in pixel values. FFT filters are typically applied to single 
channels or cone-catch values related to pattern detection, 
such as double-cone receptors in birds, which are sensitive 
to changes in brightness or reflectance (Hart 2001, Osorio 
and Vorobyev 2005). The amplitude of change at different 
spatial scales is referred to as “energy” or “power” and 
describes variation from uniformity to conspicuousness. 
FFT filters have recently been used to describe variation in 
the plumage patterns of roosting nightjars, coursers, and 
plovers (Wilson-Aggarwal et al. 2016, Stevens et al. 2017). 
The output of FFTs provides informative metrics that de-
scribe overall patterning, which can then be compared 
among individuals or against visual backgrounds to eluci-
date the role of plumage patterns in avian visual ecology.

Additional, “higher-level” methods exist that incor-
porate various image transformations or algorithms to 
quantify variation in plumage patterns. One such option 
is offered by NaturePatternMatch (Stoddard et  al. 2014), 
which leverages the Scale Invariant Feature Transform 
(SIFT; Lowe 1999) to characterize animal patterns in a 
framework inspired by biological vision and object recog-
nition. After preprocessing images, NaturePatternMatch 
identifies “features” (i.e. spots or other markings) in each of 
a series of images following Gaussian filters at consecutive 
spatial scales of analysis that double in size at each step. 
A vector is assigned to each feature, in which the length 
corresponds to the feature’s size, and the direction of the 
vector corresponds to the feature’s orientation. Images 
can then be compared to each other to determine pairwise 
similarity, as was done for the eggs of the Common Cuckoo 
(Cuculus canorus) and the various clutches of European 
species that it parasitizes (Stoddard et al. 2014).

Other methods have been developed to examine pattern 
regularity, but have seen limited use outside of the studies 
in which they were conceived. For example, Gluckman and 
Cardoso (2009) developed a method to estimate the regu-
larity of plumage patterns, such as the bars on the throat of 
a Peaceful Dove (Geopelia placida), in which the proportion 
of pixels that are black or white in a straightened image are 
estimated. This method is well-suited to a specific plumage 
pattern (i.e. bars), and has been used to quantify variation in 
Common Waxbills (Estrilda astrild; Marques et al. 2016), but 
may not be as widely applicable to quantifying other plumage 
patterns. Other methods aimed at estimating the “regularity” 
of patterns have also been developed, such as using fractal ge-
ometry to examine associations between individual quality 
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and the regularity of bib patterns in Red-legged Partridges 
(Pérez-Rodríguez et  al. 2013). Taken together, methods at 
estimating pattern regularity are varied, and their effective-
ness can be idiosyncratic depending on the spatial and chro-
matic arrangement of the pattern at hand, but collectively 

provide a useful metric that may related to individual quality 
(Pérez-Rodríguez et al. 2017).

Collectively, the output of image segmentation and pat-
tern analyses generate an n-dimensional environment that 
encapsulates phenotypic variation in plumage patterns 

FIGURE 2.  Example workflow to quantify plumage patterns. Options for each step are provided below the step heading and 
the options used in our worked example of Horned Lark (Eremophila alpestris) dorsal plumage are shown in bold. Box plots in the 
downstream analyses figure are for each subspecies with sex included, while the scatterplots on the left show discriminant function 
analysis scores split by sex with points colored by subspecies. Box plots illustrate variation in sum of the Fast Fourier Transforms at all 
spatial scales, the number of streaks within the dorsal region of interest, the average size of those streaks, and the total area of streaks 
within the dorsal region.
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across birds that has been coined “pattern space” (Stoddard 
and Osorio 2019). While ornithologists have studied and 
measured plumage for centuries, recent developments in 
the past couple of years have enabled users to collect data 
in an open-source, user-friendly framework that was previ-
ously intractable. Methods such as QCPA (Berg et al. 2020) 
are scalable in that RAW photographs can be archived and 
shared among research groups to compile datasets among 
taxa that would be intractable for lone investigators to ac-
complish. Future studies can use and build upon these 
methods to further explore the parameters of avian plumage 
pattern space and deepen our understanding of the various 
roles that plumage patterns play in avian biology.

WORKED EXAMPLE: HORNED LARK BACK 
PATTERNING

Here, we present a worked example on plumage patterning 
and its quantification among subspecies of the Horned 
Lark. We present a potential pipeline that could be easily 
adapted to other studies (Figure  2), but users must take 
careful consideration to balance an ever-changing array of 
lighting equipment, cameras, and software to meet their 
own budgets and other project constraints.

We photographed 14–20 Horned Lark from the western 
United States that were available as vouchered, round-
skin specimens at the Museum of Vertebrate Zoology 
(Supplemental Material Table S1). We photographed 
a total of 215 specimens using a Nikon D7000 camera 
with full-spectrum quartz conversion (Advanced Camera 
Services Limited, Norfolk, England). We used a Novoflex 
Noflexar 35  mm lens, which does not filter out UV 
wavelengths, in combination with a Baader Venus-U 
filter (~320–380  nm), a Baader UV/IR cut filter (~400–
680 nm), and a 3D-printed apparatus to switch between 
lenses. We included 5% and 80% reflectance standards 
(Labsphere, North Sutton, New Hampshire, USA) in 
each photo along with a metric scale bar. All photographs 
were taken at f/3.5, ISO200, in RAW format, with the 
camera mounted 54  cm above the specimen, using the 
CaptureOne software suite (PhaseOne, Copenhagen, 
Denmark). RAW-format photographs are available via the 
Dryad Data Repository (Mason and Bowie 2020, https://
doi.org/10.6078/D10T3P).

Digital image processing closely followed the guidelines 
of Stevens et  al. (2007), McKay (2013), and Troscianko 
and Stevens (2015). We generated normalized multispec-
tral images using the program ImageJ 1.52a (Abràmoff 
et al. 2004) with the Multispectral Image Calibration and 
Analysis Toolbox (MICA) 1.22 plugin (Troscianko and 
Stevens 2015). We aligned UV and visual photos using the 
auto-align algorithm provided by MICA with offset set to 
16 and 2 scaling loops with a scale step size of 0.005. For 
each image, we drew a freehand polygon corresponding to 

the dorsal region of interest (Figure 2). In generating our 
polygons, we avoided regions of the bird that had feathers 
missing or were otherwise disturbed during the specimen 
preparation process. We then converted our stacked UV 
and RGB image into cone-catch values for the Eurasian 
Blue Tit (Cyanistes caeruleus) visual model, which 
generates 5 layers: 4 correspond to the UV, short, medium, 
and long wave length-sensors, and a fifth corresponds 
to the “double-cone” sensor (Vorobyev et  al. 1998). We 
quantified plumage patterns by performing consecutive 
FFT algorithms on the polygon of each image from 2 to 128 
increasing exponentially by √2  and calculated the total 
power across all transformations for each specimen. We 
also exported raster layers as TIFFs corresponding to each 
of the 5 layers of cone-catch values for import into R. We 
then assigned pixels to 1 of 2 clusters using a k-means 
clustering algorithm on values of the long-wavelength 
sensor (red cone), which differed the most between dark 
streaks and background colors for the dorsal regions of 
lark backs. We then extracted pixels that corresponded to 
either the light or dark cluster and created polygons from 
the resulting rasters (Figure 2). From there, we extracted 
a number of summary statistics, including the number 
of polygons corresponding to the darker of the 2 clusters 
(streaks), the sum of the area of darker polygons, the av-
erage area of darker polygons, and the standard deviation 
of the area of darker polygons.

We constructed general linear models for each of the 
4 plumage pattern characters with subspecies as the sole 
main effect. We then performed a Tukey’s honestly signif-
icant difference (HSD) test of whether differences in mean 
values between each pair of subspecies were statistically 
significant. We also performed a discriminant function 
analysis on the male and female plumage pattern data sep-
arately to examine how well plumage patterns differentia-
tion matched subspecies.

We found differences among subspecies of Horned 
Lark with respect to dorsal patterning, thereby generating 
a “plumage pattern space” that could be used to explore 
associations with other aspects of lark biology, such as phe-
notype–environment associations (Figure 2). For example, 
the subspecies E.  a.  leucansiptila had the highest total 
power across FFTs, suggesting that it had the most “dis-
ruptive” plumage patterns on its dorsum. Correspondingly, 
E. a.  leucansiptila also had the fewest number of streaks 
that were on average the largest in area. There is strong 
reason to believe that dorsal patterning and coloration in 
E. alpestris and other larks is associated with environmental 
conditions to avoid visual detection by avian predators 
(Donald et al. 2017, Mason and Unitt 2018). While a thor-
ough quantification of associations with environmental 
conditions is outside the scope of this review, our case 
study demonstrates that differences among individuals and 
populations are quantifiable and represent our ability to 
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move beyond human categorizations of plumage patterns 
to more robust quantifications of pattern phenotypes. The 
methods illustrated here open future avenues of research 
regarding phenotype–environment–genotype associations 
in larks and other taxa.

LOOKING AHEAD: THE FUTURE OF PLUMAGE 
PATTERN RESEARCH

Recent and ongoing conceptual and methodological 
developments are opening new avenues of research on 
plumage patterns. We outline 4 possible priorities for fu-
ture research directions in the context of available re-
sources and time constraints.

First, the advent of new image processing methods have 
diminished barriers involved in the collection, processing, 
and analysis of digital photographs and the acquisition of 
high-quality plumage pattern data. Future studies should 
move beyond human-based, subjective categorizations 
of plumage patterns to incorporate open-source, us-
er-friendly quantification pipelines that are based on spa-
tial and chromatic properties of avian vision (e.g., Berg 
et  al. 2020). Many steps of these pipelines can be auto-
mated and improved via machine learning, which will un-
lock large comparative data sets of unprecedented depth 
and precision. The steps that do require human input are 
relatively simple and can therefore be crowdsourced (e.g., 
Drury et al. 2019) or serve as an entry point for new bi-
ology students interested in ornithological research (Hiller 
et  al. 2017). Access to comparative databases of high-
quality plumage pattern data will enable ornithologists 
to more accurately infer the various biological roles of 
plumage patterns at different evolutionary and taxonomic 
scales, and further expand the growing literature on the 
macroecology and macroevolution of plumage color (Dale 
et al. 2015, Dunn et al. 2015, Cooney et al. 2019, Marcondes 
and Brumfield 2019, Merwin et al. 2020, Price-Waldman 
et al. 2020). Developing an open-source network to curate 
and share RAW photographs will ensure that the ornitho-
logical community continues to benefit from improving 
technologies in computer vision and image processing. 
Sharing photographs in RAW format (the starting point 
for many image processing pipelines) and the conditions in 
which those photographs were taken (e.g., which standards 
were used, camera models) will enable the ornithological 
community to collectively build large, comparative datasets 
beyond what a single research group could accomplish, 
similar to what has been done with genetic data. RAW-
format photographs are large files, but data repositories 
such as Dryad (https://datadryad.org/) and Morphosource 
(https://www.morphosource.org/) provide viable options 
for permanent image storage and data curation.

Second, much of our understanding of how plumage 
patterns function comes from a small handful of systems 

(i.e. Red Junglefowl, Common Quail [Coturnix coturnix], 
Rock Pigeon, House Sparrow, Great Tit, Zebra Finch). 
These systems have been prioritized because they are 
tractable, have high-quality genomes, and have exten-
sive existing knowledge from gene annotation and prior 
eco-evolutionary studies. Yet the ecological functions of 
plumage patterns inferred from these systems are often 
assumed to be the same in other taxa. As we have shown 
here, the roles of plumage patterns vary widely and depend 
on the evolutionary, environmental, and behavioral context 
of the system at hand. Future studies should expand their 
taxonomic scope to incorporate non-model avian taxa that 
have received less attention at the individual, population, 
species, and larger clades, thereby enabling a deeper un-
derstanding of how plumage patterns contribute to natural 
history among all species of birds and not just a select few.

Third, as the costs of high-throughput sequencing continue 
to decrease, we anticipate that genomic data will further eluci-
date the genetic architecture of plumage patterns. An exciting 
frontier is to consider the contributions of protein-coding 
changes to amino acids alongside changes in gene regulation 
and epigenetics in the diversification of plumage patterns 
(Ekblom and Galindo 2011, Sepers et al. 2019). For example, 
population and comparative genomics have shed light on the 
evolutionary developmental processes driving the evolution 
of camouflage in mammals and non-avian reptiles (Harris 
et al. 2019), setting the stage for parallel discoveries in birds. 
Furthermore, as long-read sequencing technologies continue 
to improve and more high-quality genome assemblies are 
made available (e.g., Mason et al. 2020), it will become easier to 
discern the role that structural DNA variants—such as chro-
mosomal rearrangements and copy number variants—play 
in the evolutionary development of plumage patterns (Mérot 
et al. 2020). Even though genome-wide association studies are 
becoming increasingly common in ornithology, functional val-
idation of candidate loci remains challenging and elusive in 
birds (Grayson et  al. 2017). Nevertheless, we anticipate that 
discoveries in the “classic” (e.g., chicken, Zebra Finch) and 
“emerging” (e.g., pigeon, Ficedula) model species of birds will 
illuminate the path for future comparative genomic studies of 
plumage patterns in non-model avian taxa (Toews et al. 2016a). 
As the number of candidate loci associated with plumage 
patterns continues to increase, the field would benefit im-
mensely from additional evolutionary development studies of 
feathers incorporating different developmental stages and taxa 
to more accurately understand the functional aspects of ge-
netic and biochemical pathways involved in the dazzling array 
of plumage patterns seen in birds.

Fourth, color science, material science, and imaging 
technology have improved dramatically with exciting 
implications for our understanding of avian coloration and 
plumage patterns. For example, Fu et al. (2017) combined 
reflected-light microscopy with digital photography to 
characterize scattering profiles of butterfly scales, which 
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could be applied in combination with other methods (e.g., 
hyperspectral imaging; Harvey et  al. 2013) in birds to 
gain a deeper understanding of the spectral and physical 
properties underlying variation in structural and iridescent 
plumage patches and patterns. Additional studies have re-
vealed how feather modifications at the micron scale influ-
ence patterns of light scattering and absorption to create 
“superblack” plumage patches that are taxonomically 
widespread in birds (McCoy et al. 2018, McCoy and Prum 
2019). Improved understanding of feather morphology and 
the impacts of microscopic variation in feather barbules 
will further deepen our understanding of how intrafeather 
patterns and the structural and spectral properties of co-
loration and patterning among body regions have evolved. 
Furthermore, combining spectroscopy with digital pho-
tography offers a synergistic way to understand spectral 
and spatial components of avian plumage patterns; so-
phisticated yet attainable photography setups that com-
bine photography at different angles and wavelengths of 
light have great potential to generate new insights into 
how structural and pigment-based plumage patterns differ 
and evolve. Another ongoing development in computer 
vision is the application of photogrammetry to museum 
specimens of birds, by which 3-dimensional models are 
reconstructed that can be rotated, zoomed, examined, 
and measured (Medina et al. 2020). The Moore Lab of 
Zoology has been a leader in this initiative and has already 
uploaded photogrammetric models for multiple drawers 
of bird specimens (see https://sketchfab.com/jmedina2/
collections/moore-lab-of-zoology), enabling users to ex-
plore museum holdings and avian biodiversity from any-
where with internet access.

As our ability to document, process, and analyze plumage 
patterns of museum specimens and live birds continues 
to improve, we predict exciting discoveries in our under-
standing of the ecology and evolution of plumage patterns. 
Large, comprehensive datasets on plumage patterns are 
more attainable now than ever before, and we stand poised 
to deepen our understanding of their role in avian biology 
and diversification. Plumage patterns have inspired and 
amazed ornithologists for centuries and will continue to 
do so long into the future.

SUPPLEMENTAL MATERIAL

Supplementary material is available at The Auk: Ornithological 
Advances online.
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