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Abstract 
 

Visual patterns, such as bars and spots, are common in the animal kingdom. In 

no other group are patterns so exquisite in their arrangement and coloration than in 

birds. Although bird plumage patterns appear to be visually diverse there are only 

four types of patterns, which can be broadly categorized into irregular and regular 

patterning. That these types of irregular and regular patterning are recursive is 

intriguing and speaks of an underlying shared mechanism on which selection can act. 

The prevailing assumption is that patterns predominantly function in camouflage, 

however evidence suggests that they also function in communication in a small 

number of birds. In particular it has been suggested that barred plumage patterns 

could be a signal of individual quality.  

 

In visual ecology, communication and camouflage seem to be in conflict with 

one another – visual signals are often conspicuous whereas camouflage has evolved to 

provide concealment. These ideas of pattern function need not be incongruous if 

patterns evolved a) for camouflage first and were subsequently co-opted by sexual 

selection for communication, and/or b) some patterns, specifically barred plumage, 

evolved for both camouflage and communication to overcome this functional 

compromise. To test these alternative ideas of pattern evolution I test whether a) 

patterns were co-opted for signaling in the model group waterfowl and gamebirds, 

and b) if the evolution of sexual dimorphism in barred plumage indicate camouflage 

and ⁄ or signaling functions across the class Aves. Additionally, I investigated whether 

development poses a constraint on pattern evolution in waterfowl and gamebirds.  

 

Tracing the most probable evolutionary pathway of plumage pattern evolution 

revealed that the ancestral state of plumage was uniform coloration. From uniform 

coloration, patterns initially evolved to be predominantly monomorphic, and 

subsequently evolved to be sexually dimorphic. In sexually dimorphic patterns, barred 

plumage frequently evolved in females and males, suggesting a role for both 

camouflage and communication. However, dimorphic spotted plumage only evolved 

in males suggesting it predominantly evolved for communication. Overall, it is likely 
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that patterns originally evolved for camouflage and were subsequently co-opted for 

signaling.  

 

Focusing on the evolution of barred patterns by comparing their prevalence 

between the sexes I found a higher frequency of female- rather than male-biased 

sexual dimorphism, indicating that camouflage is its most common function. But I

also found that, compared with other pigmentation patterns, barred plumage is more 

frequently biased towards males and its expression more frequently restricted to 

adulthood, suggesting that barred plumage often evolves or is maintained as a sexual 

communication signal. This illustrates how visual traits can accommodate the 

apparently incompatible functions of camouflage and communication.  

 

Lastly, I studied the recurrence of irregular and regular plumage patterns to 

explore why there are different kinds of patterns that are broadly recursive. By 

modeling pattern evolution I derived directionality and show that where species 

exhibit a single pattern, selection need not be constrained by development. However, 

instances of irregular and regular patterns in the same species are a result of selection 

on existing patterns. Together this demonstrates that the evolution of patterns is not 

difficult and that states of multiple pattern types are a result of selection.  



Plumage pattern function and evolution: a phylogenetic and comparative approach iii 

 

 

Declaration 
 

 

This is to certify that 

i. The thesis comprises only my original work towards the M. Phil 

except where indicated in the Preface, 

ii. Due acknowledgement has been made in the text to all other material 

used,  

iii. The thesis is less than 50,000 words in length, exclusive of tables, 

maps, bibliographies and appendices. 

 

Candidate signature:        

 

 

 

 

 

 

Date:



Plumage pattern function and evolution: a phylogenetic and comparative approach iv 

 



Plumage pattern function and evolution: a phylogenetic and comparative approach v 

Preface 
 

Dr. Matthew Symonds provided advise on some of the technical aspects of the 

phylogeny dependent comparative analyses of waterfowl and gamebirds in Chapter 

One and suggested that I test whether dimorphism had evolved from monomorphism. 

I developed most of the methods as well as conducted all statistical analyses, and 

wrote the resulting manuscript with feedback from my supervisors and Dr. Symonds. 

This manuscript has invited for resubmission at the American Naturalist. Overall, I 

contributed approximately 90% of the project, and Dr. Symonds expertise and initial 

idea the other 10%. 

  

The second chapter of this thesis was conducted in collaboration with Dr. 

Gonçalo Cardoso. Although this research component was conducted prior to my 

commencement as an M. Phil candidate, it has not been submitted for any other 

qualification. The principle idea for the project, to compare plumage patterns in 

juveniles and adults to test whether barred plumage appears at sexual maturity and 

therefore may function in communication, was mine. I conducted the preliminary 

work, and subsequent data collection with little assistance. Dr. Cardoso extended the 

original idea to encompass the comparison between males and females, and 

developed the methods with which to conduct the statistical analyses. I conducted the 

statistical analysis, with Dr. Cardoso’s assistance, and wrote the first draft of the 

manuscript of this work for publication. We both contributed to the refinement of the 

paper, which was eventually published in the Journal of Evolutionary Biology in the 

November issue 2010 (DOI: 10.1111/j.1420-9101.2010.02109.x). Overall, I 

contributed approximately 70% of the project, and Dr. Cardoso’s much needed 

expertise comprised the other 30%. Dr. Matthew Symonds also provided feedback on 

the manuscript.  

 

The third chapter describes the analysis of an idea developed by myself, and 

may form the basis of a forthcoming publication.  
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Introduction  
 

Evolution theory has often been informed by the spectacular diversity of bird 

plumage. To date, studies of bird plumage have focused on coloration per se (Hill and 

McGraw 2006), yet plumage often comprises a range of markings and patterns, which 

could considerably augment our understanding of bird coloration (Bortolotti 2006). 

Currently, plumage patterns are predominantly assumed to function in camouflage, as 

a result of natural selection (Ferguson-Lees and Christie 2001; Bortolotti 2006; 

Krüger et al. 2007; Stevens et al 2008). Yet visually striking aspects of bird plumage, 

especially those of adult males, are likely to be under the influence of sexual selection 

(Andersson 1994). Therefore, it is believed that there is a functional compromise 

between signaling and camouflage (Andersson 1994). Many animals overcome this 

functional compromise using conspicuous visual signals that are displayed only 

briefly, such as hidden colour patches in the wings (Andersson 1994), or rapid colour 

change in chameleons (Stuart-Fox & Moussalli 2008). But it is also possible that 

some visual traits fulfill both functions simultaneously, without being hidden (Hasson 

1991; Marshall 2000; Stevens 2007; Gluckman & Cardoso 2009).  

 

Plumage patterns are defined as a repeating visual motif, composed of 

heterogeneous within-feather pigmentation that when combined, creates a patterned 

area of plumage (Riegner 2008). Although appear to be visually diverse, there are 

only four plumage patterns types that fall into two broad categories. The first is 

regular, and may include feathers that are scaled or scalloped (where the feather 

border is pigmented with a different shade of melanin); barred (alternating bars of 

lighter and darker pigmentation that form a horizontal repeating pattern transversal to 

the feathers’ axis); or spotted (one or more regular dots of pigmentation within a 

feather).  The second is irregular, in which feathers are mottled (an irregular pattern 

composed of feathers with the vane heterogeneously pigmented). 

 

Although birds appear to be visually diverse, reflected in the easily 

recognizable categories above, the patterns are recursive and very little is known 
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about the underlying causes and mechanisms. From the species typical plumage 

patterns documented in field guides, to individual within pattern variability 

(Gluckman and Cardoso 2009), it appears that the pattern synthesis mechanism is 

passed down through the generations, rather than the exact pattern itself (Murray 

1981; Price and Pavelka 1996). The development and expression of the pattern by this 

mechanism is then available for selection by predators and conspecifics.  

 

 Plumage function and evolution remains poorly understood; a recent analysis 

of plumage pattern recursion revealed a correlation with body size that suggests 

development and/or camouflage (Riegner 2008). Yet a communication function of 

patterns has been shown in the spotted plumage of the peacock (Pavo cristatus; Petrie 

et al. 2009), and the barred plumage of Red-legged partridge (Alecturis rufa; 

Bortolotti et al. 2006) and Zebra Finch (Taeniopygia guttata; Swaddle and Cuthill 

1994). Perhaps patterns originally evolved for camouflage but were then co-opted for 

communication via sexual selection, as occurs in the uniform coloration of passerines 

(Price and Birch 1996).  

 

 Phylogenetic analyses of plumage variation between males and females offer a 

powerful way to determine the direction of evolution. For example, in passerines the 

evolution of dimorphism from monomorphism (and vice versa) in plumage colour and 

pattern has occurred at least 150 times (Price and Birch 1996). This shows that 

transition is not difficult and, where biased towards males, indicates that plumage 

coloration can be co-opted to function in signalling from camouflage. Among non-

passerines, fewer orders have been studied. In Cuculiformes (cuckoos) barred 

plumage is frequently associated with a brood-parasitic lifestyle (Krüger et al. 2007), 

whereas in Anseriformes and Galliformes the predominant focus has been the nature 

of uniform coloration, ornamentation, parental investment, aspects of size as well as 

mode of evolution (Sigurjonsdottir 1981; Petrie and Halliday 1994; Livezey 1995; 

Omland 1996; Omland 1997). Of these studies, only two included patterns but were 

grouped with uniform coloration (Sigurjonsdottir 1981; Price and Birch 1996). 

 

 To study whether patterns had evolved for camouflage first and were 

subsequently co-opted by sexual selection for communication, I focused on the bird 
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groups with the most spectacular array of plumage patterns and pattern coloration: the 

orders Anseriformes and Galliformes. These orders include iconic examples of 

striking plumage such as the Mandarin duck (Aix galericulata) and the red-legged 

partridge with its finely barred flanks, and the Peacock (Pavo cristatus) with its 

spotted tail. Both orders occur in most geographic regions exposing them to a broad 

array of selection pressures by predators, and are predominantly polygynous with 

males providing little if any parental investment. Thus, if patterns have evolved under 

sexual selection they will be biased towards males, but if they have evolved due to 

selection by predators they will be biased towards females (due to vulnerability at the 

nest; Martin and Badyaev 1996; Kraaijeveld et al. 2007). Where the same patterns are 

present in both sexes the most parsimonious explanation is camouflage 

(monomorphism). Using this understanding of breeding ecology and selection 

pressures, I can assess plumage pattern evolution and function on the basis of their 

presence and absence across the sexes.  

 

 The idea that patterns might have been co-opted for communication from 

camouflage may provide insight into how signals might have evolved but does not 

give an estimate of its prevalence in avifauna. It is not expected that all plumage 

patterns function in communication, but in particular barred patterns may have 

evolved under sexual selection in addition to selection for camouflage. This is 

because barred patterns could function in camouflage at a distance – by making it 

difficult to track an individual against its background, but at close range may signal 

aspects of individual quality to conspecifics (as seen in reef fish: Marshall 2000).  

 

Barred plumage is a very common trait in birds (Riegner 2008), and is 

generally thought to function in camouflage (Krüger et al. 2007) although there is 

some evidence that it could also function in signalling (Swaddle and Cuthill 1994; 

Bradbury and Vehrencamp 1998; Bortolotti et al 2006; Gluckman and Cardoso 2009). 

Recently, it has been suggested that it may possess both functions, in some cases 

simultaneously (Hasson, 1991; Gluckman & Cardoso, 2009). Barred plumage is 

defined as alternating bars of lighter and darker pigmentation that form a pattern of 

bars transversal to the feathers’ axis (Riegner, 2008).  
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Like other pigmentation patterns, barred plumage is thought to provide 

camouflage, as patterns are less noticeable and more difficult to track than plain 

surfaces against heterogeneous backgrounds (Bradbury & Vehrencamp, 1998; Cuthill 

et al., 2005; Stevens et al., 2008) which is supported by its high occurrence in raptors 

(Ferguson-Lees and Christie 2001) as well as among brood-parasitic species’ of 

cuckoo (Krüger et al. 2007; Davies and Welbergen 2008). But, unlike other 

pigmentation patterns, barred plumage can be highly regular, whereby bars of 

contrasting colours form a more or less continuous visual pattern across adjacent 

feathers. This regularity could, for example, be an amplifier signal of plumage 

condition, because at close range worn or badly maintained plumage would be easily 

perceived as irregularities to the barred pattern (Gluckman & Cardoso, 2009). 

Consistent with this hypothesis, in some species barred plumage appears at sexual 

maturity after the post-juvenile moult (Herremans and Louette 2000; Chapman 1900). 

In other avifauna, species evaluate the condition and colour of barred plumage during 

mate choice or social competition (Swaddle & Cuthill, 1994; Bortolotti et al., 2006), 

or the sharpness of transitions between adjacent plumage colours (Ferns & Lang, 

2003; Ferns & Hinsley, 2004).  

 
Combined, there is a compelling case for the idea that barred plumage could 

have a signalling function, but few have explored this possibility. Even though barred 

plumage is common, there are three other types of patterns which inclusively can be 

grouped into categories based on their visual expression: irregular where there is non-

directional heterogeneous coloration, and regular where the same motif (or sub-

pattern) is repeated many times to create a patterned area such as barred, scaled and 

spotted plumage. Additionally there are mixed states of patterning where a species has 

both irregular and regular kinds of patterns over different parts of the body.  

 

It has been proposed that the recursive nature of plumage patch coloration can 

be explained by developmental constraint, with two possible consequences: 1) 

Diversity due to the magnification of slight differences in ancestors, 2) Parallelism 

(Price and Pavelka 1996). The former is a plausible explanation, resulting in variation 

to a particular ancestral motif. For example, Anatidae exhibit a diversity of barred 

plumage such as thick brown and cream bars, as seen in the Pink-eared duck 
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(Malachoryncus membranaceus), to thin black and white bars (vermiculated), as seen 

in the Tufted Duck (Aythya collaris). However, diversity due to the magnification of 

slight differences in ancestors does not explain the diversity of plumage pattern types 

in closely related species such as barring, scallops and spots in members of the 

Anatidae, or the recursive nature of patterns in distantly related families. Parallelism 

better explains similar plumage patterns in distantly related taxa, such as barring in 

loon’s, woodpecker’s, cuckoo’s and duck’s, and that of closely related species.  

 

Irregular patterning is thought to function in camouflage as background 

matching, which can be used in many kinds of environments (Endler 1978, Bradbury 

and Vehrencamp 1994). In contrast, regular patterns, where used in camouflage, are 

thought to have evolved for specific environments and levels of receiver visual acuity. 

However, regular patterning is also known to have additionally evolved for 

communication (Swaddle and Cuthill 1994; Bortolotti 2006.). In spite of the 

prevalence of bird plumage patterns, there is little understanding of why there are 

different forms to serve the same functions, or why the same forms serve potentially 

disparate functions, and why they are often recursive.   

 

Signal evolution theory predicts that the form of a signal will evolve to 

enhance its effectiveness on the basis of function - communication and/or camouflage 

– with receiver response acting as the selection pressure (Kenward et al. 2004; Endler 

1978; Endler 1992; Bradbury and Vehrencamp 1998). For camouflage, the visual 

image must conceal whereas for communication, the signal must be effectively 

perceived without distortion or signal attenuation (Morton 1975; Endler 1987, 1993). 

Therefore, irregular patterning, with its ability to match the background, is 

unsurprisingly associated with camouflage in a variety of animals. However, regular 

patterning is favoured in communication, especially when the signal is obstructed 

from full view, as the same information is repeated many times and even a small 

proportion of the receiver’s eye will be stimulated in the same way by the signal 

regardless of viewing angle (Kenward et al. 2004). 

 

These different categories of patterning are interesting, but the additional 

mixed states combining both regular and irregular patterns over the body perhaps 
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represent the result of selection on patterns for multiple functions. Given that patterns 

may have multiple functions, these mixed states, combining irregular and regular 

patterns, may represent the result of selection on patterns for multiple functions. Such 

an arrangement could provide an alternative solution to antagonistic selection 

pressures in the form of signal partitioning where the communication component is 

separated from the camouflage component (Endler 1992).  Alternatively, it could be 

an enhanced form of camouflage combining disruptive camouflage and background 

matching. In either instance, if mixed states resulted from selection on existing 

patterns it would evolve after either irregular or regular patterning showing that 

patterns may be refined for multiple functions.  

 

The widespread assumptions of patterns predominantly assisting in 

concealment have resulted in the neglect of a frequently spectacular visual attribute. 

This thesis attempts to shift the focus from broad assumption to its underlying 

function and evolution. Such a shift in perspective encourages the documentation and 

evaluation of myriad processes that have led to this wonderfully diverse and 

ubiquitous component of animal form over a wide array of species. By focusing on 

evolution rather than function only allows for much wider inferences to be made as 

many species can be appraised at once, a greater appreciation of the processes that 

have led to extant patterning as well as the other potential current functions of 

patterns. 

 

For analyses reliant on well-resolved phylogenies, the waterfowl and 

gamebirds (order Anseriformes and Galliformes) are an ideal model system in which 

to test hypotheses of pattern evolution, as they possess pattern categories and 

associated types (i.e. barring, etc). Both orders occur in most geographic regions 

exposing them to a broad array of selection pressures from predators as well as 

variable signal attenuation challenges. Species from both orders are predominantly 

polygynous, with males providing little if any parental investment. Using this 

knowledge of breeding ecology, it is possible to assess if these mixed states represent 

signal partitioning or enhanced versions of camouflage by comparing their presence 

across the sexes. If patterns or mixed states evolved due to selection by predation I 

would expect them to evolve more frequently in females (because of vulnerability 
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during nest incubation). However, if patterns evolved due to sexual selection, and in 

the case of mixed states as a form of signal partitioning, I would expect it to evolve 

more frequently in males. 

 

 In this thesis, I explore the evolution of plumage patterns by addressing the 

following questions: 1) To elucidate function, did patterns initially evolve for 

camouflage? Could they have been co-opted as a social signal? 2) Can a particular 

kind of pattern - barred plumage - function in communication? 3) Does the evolution 

of plumage pattern types provide evidence that there evolution is constrained by 

development.  

 

This thesis is divided into three Chapters. In Chapter 1, I explore whether 

patterns were co-opted for signalling, which is followed in Chapter 2 by an analysis 

on the potential communication function of barred plumage patterns. In the final 

chapter, I investigate why plumage patterns are recursive in nature.  
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Chapter 1 – The evolution of signalling in plumage patterns 
 

To trace whether plumage patterns had been co-opted for communication I 

examined how dimorphism was displayed in Anseriformes and Galliformes in 

comparison with other studies. Most analyses of trait function on the basis of 

differences and similarities between adult males and females have typically adopted a 

rigid and simplified presence/absence approach i.e. both sexes have it 

(monomorphism; Fig. 1A), or only one sex has it (simple dimorphism; Fig. 1B). 

However, this approach could be misleading because it disregards important 

information contained within the variation of sexual dimorphism. For example, both 

male and female Northern pintails (Anas acuta) have patterns but females are scaled 

and males are finely barred (complex dimorphism; Fig. 1C). These differences in 

plumage patterns may display the optimal pattern for each sex’s lifestyle and habitat. 

Another example of variable dimorphism is the Australian wood duck (Chenonetta 

jubata) where both sexes have mottled breasts yet have different patterns in the flank: 

females are also mottled whereas males are finely barred (mixed dimorphism; Fig. 

1D). In mixed dimorphism the retained pattern may provide a cryptic advantage, 

whereas the dimorphic pattern evolved to enhance camouflage in females, and 

communication in males. Alternatively, mixed dimorphism may be a transition stage 

between monomorphism and complex dimorphism (Fig. 1C, D).  
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A)      B) 

 

 

 

 

 

C)      D) 

 

 

 

 

 

 

 

Fig. 1 Plumage pattern evolution: females are depicted on the left, males on the right. 

A) Monomorphism - Tympanachus cupido (Greater Prairie chicken); B) Simple 

dimorphism – Lophura nycthemera (Silver Pheasant); C) Complex dimorphism - 

Anas acuta (Northern Pintail); D) Mixed dimorphism – Chenonetta jubata 

(Australian wood duck).  

 

 

Table 1 Proportion of species per category of pattern states.  

 

 

Dimorphism is frequent in Anseriformes and Galliformes (30%; Table 1) that 

suggests that patterns can be refined for multiple purposes i.e. camouflage and 

communication within the same species (Fig. 1C). By assessing the evolution of these 

variable states of plumage pattern dimorphism, as well as their sex bias, I can trace 

how plumage patterns have evolved, and whether plumage patterns have been co-

 Absent Monomorphic Simple Complex Mixed 
Species % 28 42 14 6 10 
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opted for signaling from camouflage i.e. male-biased dimorphism evolves from 

monomorphism. I propose that different forms of dimorphism represent the 

outcomes of separate evolutionary pathways. Complex and mixed dimorphism appear 

to be a result of selection on patterns and I predict that they only evolve from states 

that have existing patterns i.e. monomorphism and simple dimorphism.  

 

 

 
 

Fig. 2 Predicted evolutionary trajectories from the ancestral state, to the appearance of 

plumage patterns and their current distribution between the sexes. Complex and 

mixed states of dimorphism appear to be a result of selection acting on existing 

patterns and therefore I predict that they do not evolve directly from pattern absence 

but must instead transition through monomorphism or simple dimorphism first. In 

addition, any losses are allowed. 

 

 

Here, I examine the evolution of plumage pattern monomorphism and 

variable states of dimorphism in Anseriformes and Galliformes using Bayesian-based 

phylogenetic modeling. In addition, I test which patterns have been co-opted for 

signaling by comparing the frequency of independent pattern evolution in each sex.   

 

Materials and Methods 

 

 

Data collection  

 

I sampled plumage patterns in 376 species worldwide from field guides: 162 from Anseriformes 

and 213 from Galliformes (83% of species overall; see C. 2 for source references). Missing 
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information reflected species for which phylogenetic information was not available, 

although in one case (Megapodius forstenii) it was due to lack of plumage 

information. Each sex of each species was coded for patterns (absent, mottled, barred, 

spotted, scaled) as well as body location (breast/throat, flanks, lower ventral, wings, 

dorsal area between the wings). The breeding plumage was used where species 

exhibited variable patterns between different molts.  

 

To analyze the ancestral state of plumage, I scored each species as either 

present or absent for patterns. To assess how plumage patterns had evolved I scored 

species that have patterns as either monomorphic (where both sexes exhibit the same 

pattern), simple (where only one sex has patterns), complex (where both sexes have 

patterns but are of completely different types) or mixed (where each sex has the same 

type of pattern in the same body region but additionally possesses dimorphic patterns 

in another body region) (Fig. 1B, C, D; Table 1). 

 

I confirmed the repeatability of my assessment of pattern categories by 

asking nine ornithologists to score the patterns of each body part of each sex of fifteen 

study species from unnamed digital images. I obtained a repeatability value of 0.82, 

which shows that there was a small amount of variation between observers. However, 

this would increase unexplained variation rather than cause a systematic bias towards 

a particular result.  

 

 

Phylogeny 

 

My analysis was dependent on a well-resolved phylogeny. I used Eo et 

al’s (2008) molecular-based supertree of the fowls which provides the most 

comprehensive and independent source of species-level relationships. The phylogeny 

is well resolved (81.1%) and the source trees only showed conflict in areas that reflect 

current knowledge gaps (overall 84.3% positive support for internal nodes; Eo et al. 

2008). Naming convention for species in the phylogeny is based on Dickinson’s 

(2003) checklist of world birds.  
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Uncertainty over the phylogenetic topology and branch lengths can influence 

the results of comparative analyses, making it necessary to base inference on multiple 

possible reconstructions of evolutionary relationships (Huelsenbeck et al. 2000; 

Symonds 2002; Pagel et al. 2004). Therefore, I obtained the most parsimonious 

source trees used to construct the published consensus supertree from the authors (S 

Eo, pers.comm.). From these, I sampled every 10th tree to avoid auto-correlation, 

resulting in a sample of 1000 trees over which to conduct the comparative analysis. 

Each of the trees is parsimony-based, assumes a punctuational mode of evolution with 

equal branch lengths set to one, and contains no polytomies which is adequate for this 

study as the focus is on the transitions between states. 

 

 

Data analysis  

 

Initially I evaluated the ancestral state of patterns using maximum likelihood 

(ML) in BayesTraits (Pagel et al. 2004). As only two states - pattern absence and 

presence - were being tested I used Eo et al.’s consensus tree to compare an 

unconstrained model with a constrained model (H0). An unconstrained model allows 

ML to calculate what is the most probable direction of evolution (where 0 denotes the 

state absence and 1 denotes presence) i.e. whether absence more often evolves into 

patterns (q01) than vice versa (q10). It also provides a probability of the ancestral 

state ((P)0 and (P)1 denotes the probability associated with absence and presence, 

respectively). By comparing the unconstrained model with the constrained model or 

null hypothesis, where the transition rates q01 = q10, I can ascertain which model is 

a better fit and therefore whether there is any directionality in the evolution of pattern 

absence/presence as well as the probable ancestral state. To select the best model I 

used the Akaike information criterion (AIC; Burnham and Anderson 2002; Symonds 

and Moussalli 2011).   

  

I then used BayesTraits to test my hypothesis of plumage pattern evolution 

by tracing transitions between uniform coloration and the variable states of 

dimorphism over the phylogeny (Pagel et al. 2004). BayesTraits employs a Bayesian 

multistate approach (Reversible jump Markov chain Monte Carlo (RJMCMC)) to 
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study the rate of transition between plumage states. This is achieved by holding the 

data points constant at the tips of the source phylogeny(s) while the Markov chain 

proposes the most probable transitions that could have led to these observations. Each 

model, including my hypothesis, is in turn defined by a unique combination of 

transitions that occur, and just as importantly, transitions that do not (where 

transitions are set to 0, otherwise known as a Z transition). In my hypothesis, complex 

and mixed states of dimorphism are a result of selection acting on patterns i.e. 

monomorphism or simple dimorphism and is represented by models where direct 

steps from uniform coloration to complex/mixed states of dimorphism are Z 

transitions, and all others are > 0. This can then be compared with the null model of 

evolution – the ‘Full model’ – where there is no direction of evolution and all 

transitions are greater than zero, following analytical approaches employed by Currie 

et al.(2010; see their supplementary methods).  

 

The most probable model of evolution is then calculated by studying the 

models proposed by the markov chain (remembering that each model is represented 

by a unique combination of non-zero and Z transitions). To calculate raw counts of 

how many times a particular model appeared in the posterior distribution I filtered 

for each kind of model where the relevant transition rate was >0 and = 0 (Z 

parameter) in Excel. These raw counts were then scaled to the sample size (i.e. 50,000 

in each run as described below) for the posterior analysis.  

 

To assess whether each model in the RJMCMC posterior distribution of 

models appeared more frequently than you would expect by chance I compared 

prior probabilities with the scaled posterior counts. To calculate the prior probability 

of encountering each kind of model I accounted for the number of significant 

transitions and Z transitions in each, for example my hypothesis has 18 transitions 

and 2 Z transitions. For n transitions that are set to >0 I used bell numbers, and for n 

Z transitions I used the binomial coefficient. Combining bell numbers and binomial 

for Z gives the prior probability of how often I can expect to see each kind of model 

in the posterior distribution (Currie et al. 2010; see Table. 2). The prior probability of 

seeing each kind of model was then compared with the posterior distribution of 

models with Bayes Factors; these are simply the scaled posterior odds divided by the 
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prior odds. If the model appears more frequently than would be expected by chance a 

Bayes Factor of >=2 results (Currie et al. 2010).  

 

 

Table 2 Prior probability of encountering models of n parameters calculated from 

binomial for Z (where Z = n parameters that are set to 0 i.e. do not occur) and bell 

numbers. 

 

 

The analysis was run four times over the 1000 trees to ensure robust results. 

BayesTraits priors were determined using a Bayes estimator approach using a uniform 

gamma distribution (Pagel et al. 2004) and I accepted the default option to discard 

the first 50,000 RJMCMC proposed models as the transition rates and phylogenies 

were not yet sufficiently being explored. I let each RJMCMC run propose fifty 

No. 
Zeros 
(Z) 

Binomial 
for Z 20 - Z 

Bell number 
for 20 - Z 

Binomial for Z * 
bell number for 
20 - Z Bell + total Prior 

0 - - 51724158235372 - 474869816156750 0.12224 

1 20 19 5832742205057 116654844101140 480702558361807 0.01228 

2 190 18 682076806159 129594593170210 475551892962909 0.00144 

3 1140 17 82864869804 94465951576560 474952681026554 0.00017 

4 4845 16 10480142147 50776288702215 474880296298897 0.00002 

5 15504 15 1382958545 21441389281680 474871199115295 0.00000 

6 38760 14 190899322 7399257720720 474870007056072 0.00000 

7 77520 13 27644437 2142996756240 474869843801187 0.00000 

8 125970 12 4213597 530786814090 474869820370347 0.00000 

9 167960 11 678570 113972617200 474869816835320 0.00000 

10 184756 10 115975 21427077100 474869816272725 0.00000 

11 167960 9 21147 3551850120 474869816177897 0.00000 

12 125970 8 4140 521515800 474869816160890 0.00000 

13 77520 7 877 67985040 474869816157627 0.00000 

14 38760 6 203 7868280 474869816156953 0.00000 

15 15504 5 52 806208 474869816156802 0.00000 

16 4845 4 15 72675 474869816156765 0.00000 

17 1140 3 5 5700 474869816156755 0.00000 

18 190 2 2 380 474869816156752 0.00000 

19 20 1 1 20 474869816156751 0.00000 

20 1 0 - - - - 

      Total = 474869816156750   
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million models of evolution to ensure convergence was reached (i.e. when the 

harmonic mean of each run was not significantly different from the others <1) and I 

sampled every 1000th model to avoid auto-correlation. This resulted in a posterior 

sample of 200,000 models (n=50,000 x 4) for the final analysis.  

 

 

Empirically derived models 

  

 For completeness, I examined the entire posterior distribution of models to 

allow BayesTraits to tell us what is the most probable model of evolution, 

independent to my hypothesis. This is in effect a different approach to creating a null 

model as the previous method only allows me to test my hypothesis against the full 

model and any other model I proposed. However, that approach does not tell me what 

is the best model of evolution based on the data and phylogenies provided. To 

empirically derive the best model, I imposed exclusion thresholds on Z transitions 

which had a frequency of  >10%, >25% and >50% in the entire posterior distribution. 

For example, where a transition rate was set to 0 >20,000, > 50,000 and >100,000 in 

the posterior distribution, respectively. As previously, I then compared the prior and 

posterior probabilities of seeing each empirically derived model using Bayes Factors.  

 

 

Evolution of plumage pattern types 

 

 Finally, to assess the predominant function of each kind of plumage pattern 

(barred, scaled, mottled and spotted) I reconstructed the most parsimonious 

ancestral state of each pattern in MacClade V.4.0 over the strict consensus tree 

(Maddison and Maddison 2000). For each pattern I then averaged the minimum and 

maximum number of times each had evolved independently biased towards adult 

males and adult females which I then compared using a binomial sign test. On the 

basis of the breeding ecology of Anseriformes and Galliformes, if patterns are 

significantly more biased towards females then the predominant function is 

camouflage, however if it is more biased towards males then the predominant 

function is communication.   
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Results 

 

 

The ancestral state and subsequent evolution of patterns 

  

 In assessing the ancestral state of plumage there is strong support for uniform 

coloration (Table 3). Although constraining the model reduced its likelihood there 

was little impact on the probability of absence as the ancestral state (P(0)>0.9).The 

unconstrained model was almost 807 times more likely than the constrained model 

illustrating that there is directionality in evolution from absence to presence and that it 

is more probable that patterns evolved from uniform coloration than vice versa (q01 > 

q10; Table 3). Once evolved, patterns have been more frequently retained than lost 

and as there was little support for the constrained model, patterns must have been 

maintained for functional reasons.  
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The evolution of plumage pattern dimorphism 

 

Tracing the evolution of plumage pattern dimorphism with RJMCMC, across 

all runs my hypothesis, that complex and mixed dimorphism is a result of selection on 

existing patterns, was visited more frequently than you would expect to see by chance 

in contrast to the null hypothesis (Hypothesis BF >5; Full BF < 2; Table 4). From 

uniform coloration, patterns most frequently evolved into monomorphism supporting 

the prevailing idea that patterns evolved for camouflage (Absence -> monomorphism: 

mean transition rate = 0.13, Absence -> simple dimorphism: mean transition rate = 

0.09; Fig. 3; Table 4).  

 

RJMCMC most frequently sets the transition between absence and mixed or 

complex dimorphism to 0 (> 78% of the posterior distribution), with a low mean rate 

of transition (< 0.009; Fig. 3) supporting the hypothesis that these more variable states 

of dimorphism are a result of selection acting on existing patterns. Although there is 

strong support for my hypothesis the Z proportions across all transitions indicate that 

other transitions have a low impact on the “working” model of evolution. For 

example, RJMCMC set the transition from monomorphism to complex dimorphism to 

0 in 86% of the posterior distribution (Fig. 3).  

 

A posteriori assessment of the RJMCMC transitions rates using thresholds as 

guides revealed three alternative models of evolution that build on the hypothesis that 

more variable states of dimorphism are a result of selection acting on existing patterns 

(Fig. 4). Partial 16 (Z > 50%) – so named for the number of parameters - is a variant 

of my hypothesis in which transitions from monomorphism to simple dimorphism, as 

well as monomorphism to complex dimorphism are removed (Fig. 4). Partial 14 (Z > 

25%) further reduces this model by excluding backward transitions from complex and 

mixed dimorphism to absence. Instead, complex and mixed dimorphism can only 

evolve into pattern absence via simple dimorphism or monomorphism (Fig. 4). Partial 

10 (Z > 10%) is the strictest model proposed removing backward steps from complex 

to monomorphism, monomorphism to absence, simple dimorphism to absence and 

finally simple to mixed dimorphism (Fig. 4).  
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A) Model Partial 16: Z > 50% (Conservative) 

 

 

 

 

 

B) Model Partial 14: Z > 25% (Medium) 

 

 

C) Model Partial 10: Z > 10% (Strong) 

 

  

 

 

 

 

 

 

Fig. 4 Empirically derived alternative models. The width of each transition 

line is proportional to the mean transition rate for that parameter. % thresholds 

represent the proportion that RJMCMC set transitions to 0: A) Z > 50%, B) Z > 25%, 

C) Z > 10%.  
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Assessing the empirically derived models with Bayes Factors removing two 

parameters from my hypothetical model to produce Partial 16 there is substantial 

positive support (Bayes Factor > 1500; Table 4; Fig. 4A). Removing a further two 

parameters from Partial 16 to create Partial 14 further dramatically increases Bayes 

Factors (> 35,000); Table 4; Fig. 4B). However, removing another four parameters to 

produce Partial 10 removes the model from the entire posterior distribution (Table 4; 

Fig. 4C).  

 

The overwhelming support for Partial 14 suggests that plumage patterns 

initially evolved predominantly for camouflage via monomorphism and that 

monomorphism most commonly evolves into mixed dimorphism than simple 

dimorphism. Once patterns evolve into complex or mixed dimorphism, to regain 

uniform coloration they must evolve via simple dimorphism or monomorphism. In 

addition, there is an evolutionary loop between simple, complex and mixed 

dimorphism where all states can evolve backwards and forwards between each of 

these states (Fig. 4B).  

 

Comparing the independent evolution of plumage patterns between the sexes 

shows that there has been variable selection pressure on each type: barred patterns 

evolve frequently in both sexes and are not significantly biased towards either sex, 

whereas scaled plumage evolves predominantly biased towards females, mottled 

plumage has evolved proportionally more in females but not significantly so and 

lastly, spotted plumage only ever evolves biased towards males (Table 5).  
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Table 5 Comparison of the independent evolution of each plumage pattern type in 

each sex when dimorphic. Female and male values represent the average number of 

times each pattern has independently evolved biased towards each sex, which was 

compared using a binomial sign test.  

 

 Female Male 

Binomial 
sign test 

p 
Barred 19.5 24.5 0.451 
Scaled 18.5 6 0.023 
Mottled 17 8 0.108 
Spotted 0 14 0.000 

 

 

 

Discussion 
 

 

 This study adds to the growing body of evidence that plumage patterns 

initially evolved under conditions of natural selection to provide camouflage but have 

subsequently been subject to sexual selection and have obtained a secondary function 

in communication.  

 

 Ou results suggest that the ancestral plumage of waterbirds and gamebirds is 

uniform in coloration. Comparing the transition between absence to presence and vice 

versa illustrates that once plumage patterns evolved, they were more frequently 

retained than lost (Table 3). Although patterns originally evolved for camouflage 

(monomorphism), selection has refined their role in concealment (female-biased 

dimorphism), and some patterns subsequently evolved for communication in some 

species (male-biased dimorphism). The interpretation of monomorphism as having a 

function in camouflage is conservative. Mutual ornamentation in females as well as 

genetic correlations with males could result in monomorphism which could mask a 

communication function in some species (Kraaijeveld et al. 2007). But as very little is
known about the behavioral ecology of plumage pattern signaling, this strict 
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approach ensures that my conclusions are suitably conservative.   

 

 The subtleties and complexity of evolutionary transitions between 

monomorphism and dimorphism might generally be underestimated by a 

presence/absence approach as it may bias analyses towards no direction or a single 

direction. Indeed, in a preliminary analysis, I traced the evolution of plumage 

pattern dimorphism using absolute presence/absence categories and found no 

discernible direction of evolution (unpublished results). This underscores the 

importance of considering the definition of dimorphism relative to the trait and taxa of 

interest as well as selection pressures.  

 

 My hypothesis, that complex and mixed states of dimorphism are a result of 

selection on existing patterns, was supported across all the models, and illustrates that 

the variable states of dimorphism represent the outcomes of separate evolutionary 

pathways i.e. either directly via simple dimorphism, or to mixed dimorphism via 

monomorphism (Fig. 3; Fig. 4B; Table 4). In addition, there is an evolutionary loop 

between all states of dimorphism where any backward or forward steps occur 

frequently.  Together this shows that the evolution of dimorphism from 

monomorphism can occur via sequential or non-sequential steps and implies that 

patterns per se are not so easily lost (Fig. 4B, Table. 4).  

 

 Currently very little is known about the molecular and genetic pathways of 

plumage pattern synthesis, and there are currently no known costs of plumage pattern 

synthesis. However, in many species the default state of plumage coloration is the 

male type which females actively suppress to express their concealing plumage 

(Owens and Short 1995). Perhaps the variable states of dimorphism are evolutionary 

variable due to suppression and expression of the mechanisms responsible for the 

pattern.  

 

The varying distribution of sexual dimorphism in plumage patterns reiterates 

that patterns may serve multiple functions (Table 5). Barred patterns are likely to 

function in both camouflage and communication as it is just as likely to be biased 

towards males as it is towards females. Scaled plumage has evolved more frequently 
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in females and from this I can infer that its predominant function is camouflage. 

Mottled plumage has evolved proportionally more in females than in males however 

the binomial test does not show any significant difference. However, given that it is 

an irregular pattern that would easily lend itself to background matching it is unlikely 

to function in communication. Lastly, that spotted plumage has evolved 

independently only in males, on average fourteen times, makes a strong case for its 

potential role in signaling. Combined this shows that after their initial evolution for 

camouflage barred and spotted plumage patterns have been co-opted for 

communication.  
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Chapter 2 – The multiple functions of barred patterns: 

camouflage and communication 
 

In this first approach to understanding the role of camouflage and signaling in 

the evolution of pigmentation patterns, I focused on barred plumage patterns in 

particular as they are the most common regular repeating pattern in birds. As this 

analysis does not require well-resolved phylogenies I was able to conduct a 

worldwide comparative analysis.  

 

I assessed the occurrence of sexual dimorphism in barred plumage across 

class Aves, and of differences between adult and juvenile plumage, to investigate if 

barred plumage has evolved due to camouflage and/or signaling functions. Sexually 

selected signals, or ornaments, may exist in both sexes, and sometimes also in 

juveniles, but are predominant in males and adults (Björklund 1991; Kraaijeveld et al. 

2007). Therefore a high frequency of male-biased sexual dimorphism in some 

pigmentation patterns suggests that sexual selection is involved. Conversely, when 

plumage differs between the sexes or age classes, it is the females and juveniles that 

express the camouflage traits, either because they are more vulnerable to predation 

(e.g., predation at the nest, Martin & Badyaev 1996), or because the males evolved 

ornamentation in its place. These broad rules are not precise. For example, some 

species have “reversed” sex-roles (Andersson 1994), and camouflage or signaling 

should in many cases be adaptive for both sexes and/or age classes, thus not leading 

to differences in phenotype. Nevertheless, on average, the link between function and 

sex or age differences exists (Björklund 1991; Martin & Badyaev 1996), and thus 

large scale patterns of sex or age differences across the class Aves provide cues as to 

why these pigmentation patterns evolve. 

 

Using the above associations between function and sex differences, I 

compared the occurrence of male- and female-biased sexual dimorphism in barred 

plumage. If camouflage is the most common function of barred plumage, I predict 



 
 
Plumage pattern function and evolution: a phylogenetic and comparative approach 28 
  

	  

that female-biased dimorphism is more frequent than male-biased dimorphism, and if 

signaling is the most common function I predict the opposite. I also compared the 

occurrence of the sex or age differences indicative of sexual selection between barred 

plumage and other plumage patterns that should function largely as camouflage, in 

order to assess if signaling contributed to the evolution or maintenance of barred 

plumage in addition to its possible camouflage function. 

 

This broad survey of sex and age differences in plumage patterns is a first 

approach to understanding the role of camouflage and signaling in the evolution of 

these pigmentation patterns. I hope that this will foster empirical work on model 

species, and more fine-scale comparative approaches that also consider ecological and 

social factors in the evolution of these traits. 

 

Materials and Methods 

 

Survey of plumage patterns 

  

 I sampled over 90% of all avian species for pigmentation patterns (barred and 

mottled plumage) in adult males, adult females or juveniles. Barred plumage was 

defined as alternating bars of lighter and darker pigmentation that form a pattern of 

bars transversal to the feathers’ axis (Fig. 1a; Riegner, 2008). Mottled plumage was 

broadly defined as an irregular pigmentation pattern composed of feathers with the 

vane heterogeneously pigmented (Fig. 1b). I gathered data on mottled plumage to 

use as a control for comparisons with barred plumage (see below). Other 

pigmentation patterns exist in avian plumage (e.g. spotted, striped), which are much 

less common than either barred or mottled plumage (Riegner, 2008), and were not 

used in this study. 

 

I recorded the existence of barred and mottled plumage ventrally or dorsally 

in adult males, adult females and juveniles, across the class Aves, from illustrations 

and written descriptions in field guides. Tails were excluded because they have a 

single layer of feathers, and the dorsal ⁄ ventral dichotomy does not apply. I looked 
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at ventral and dorsal pigmentation patterns separately because social signals are more 

likely ventrally, a more apt location for signalling during face-to-face interactions, 

than dorsally, a less likely location for visual signals (Griffith & Pryke, 2006). When 

breeding and non-breeding plumages were shown, I used breeding plumage. 

 

Fig. 1 Examples of (a) barred plumage (Gallirallus philippensis) and (b) mottled 

plumage (Anas acuta). 

 

 

 I based this survey on illustrations and written descriptions in field guides 

because these provide the most comprehensive and taxonomically unbiased source of 

information on avian plumage and illustrate juvenile plumage more often than larger 

reference works. All major land masses were covered: North and Central America 

(Sibley, 2000; van Perlo, 2006), South America and Antarctica (De La Pena & 

Rumboll, 1998; Restall et al., 2007), sub-Saharan Africa and Madagascar (Langrand, 

1990; Sinclair & Ryan, 2003), Europe, North Africa and Central Asia (Heinzel et al., 

1995; Grimmett et al., 1999; Arlott, 2007, 2009; Brazil, 2009), East and South-East 

Asia (MacKinnon & Phillips, 1993; Coates & Bishop, 1997; Robson, 2005), and 

Oceania (Beehler et al., 1986; Pratt et al., 1987; Simpson & Day, 2004; Robertson & 

Heather, 2005). Subspecies were treated as different species when differing in the 

presence or absence of plumage patterns. In total, we sampled 9076 taxa (8942 

species + 134 subspecies), 3055 of which had information on juvenile plumage. 
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Data analysis 

 

We assigned species to families according to the taxonomy used in Dunning 

(2008) and converted all data to proportions of species in each family that have the 

sex or age difference of interest. For example, the proportion of male-biased mottled 

plumage dorsally was calculated as the number of species where only males express 

mottled plumage dorsally, relative to the total number of species in that family where 

either males and ⁄ or females express it. Within each family, the proportion of species 

with the sex or age difference of interest depends on the number of times that that 

difference originated or was lost, but also on speciation and extinctions. These 

proportions are independent among different families because, whether families are 

monophyletic or paraphyletic, they originate during the cladogenesis subsequent to 

the ancestor of each family. 

 

All subsequent statistical comparisons used each avian family as a single data 

point, and all tests were paired within families (e.g. comparing male- vs. female-

biased sexual dimorphism in the same family or comparing barred vs. mottled 

plumage dimorphism in the same family). This comparative method avoids 

pseudoreplication by using each family as a single data point. Also, using paired 

samples tests, each family is compared with itself, and thus phylogenetic relations 

among families do not influence the tests. A possible disadvantage of this method 

could be the loss of statistical power because of using large families as only one data 

point but, because we have a very large data set, we can afford this statistical 

conservatism. This family-level approach is also necessary because, for the very large 

taxonomic breadth of the data, many finer-scale phylogenetic groupings have few 

species or their relationships are still unresolved. 

 

I compared the proportion of male-biased and female-biased sexual 

dimorphism in barred plumage. Because the former is often related to sexual signaling 

and the latter to camouflage, this gives an indication of which function is the most 

common for barred plumage. If male-biased dimorphism is more frequent than 
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female-biased dimorphism, then signaling might be the most common function of 

barred plumage. Conversely, if female-biased dimorphism is more frequent, then 

camouflage may be the most common function. 

 

To test if, in addition to a possible camouflage function, barred plumage also 

evolves or is maintained because of sexual signaling, I compared the differences 

that are often associated with sexual selection (male-biased sexual dichromatism and 

age differences in which adult males but not juveniles express the pigmentation 

pattern) between barred plumage and a control type of plumage representative of what 

these frequencies would be if camouflage was the sole function. Mottled plumage was 

chosen as the control because it is a common pigmentation pattern (Riegner, 2008) 

that lends itself to crypsis and background matching (Stevens & Merilaita, 2009) and 

thus should function largely as camouflage. 

 

Only families where multiple species have the trait of interest (e.g. ventral 

barred plumage) were used in these comparisons. In comparisons of adult vs. juvenile 

plumage, only species with information on juveniles were used. I used 

nonparametric Wilcoxon signed ranks tests for paired samples, because the data are 

proportions and often do not meet the assumptions for parametric tests. The data sets 

are given in the appendices (Table 1 and 2). 

 

Results 

 

In families where multiple species have barred plumage ventrally, it was 

predominantly present in both sexes (72.6% of species ± 4.4 (SE), N = 52 families). 

This majority of species with barred plumage in both sexes is not very informative, as 

it is consistent with both camouflage and signaling. Species with barred plumage 

ventrally only in females were more frequent than species with barred plumage only 

in males (Fig. 2a; Wilcoxon paired-samples test: Z = 2.554, P = 0.011, N = 52 

families where multiple species have barred plumage ventrally), indicating that 

camouflage is the most common function of barred plumage. 
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To test if, in addition to its camouflage function, barred plumage also evolves or 

is maintained because of sexual signaling, I compared it to mottled plumage, which 

should function largely as camouflage (Stevens & Merilaita, 2009). It was more 

frequent for barred than mottled plumage to be male-biased ventrally (Fig. 2b; 

Wilcoxon paired-samples test: Z = 2.095, P = 0.036, N = 47 families where multiple 

species have these pigmentation patterns ventrally). Likewise, it was more frequent 

for barred than mottled plumage to appear only at sexual maturity (Fig. 2c; Wilcoxon 

paired-samples test: Z = 2.580, P = 0.010, N = 22 families where multiple species 

have these patterns ventrally and information on juveniles). This indicates that, in 

addition to its camouflage function, ventral barred plumage has also evolved under 

sexual selection and, thus, can also function as a communication signal. 

 

 

Fig. 2 (a) Average proportion of species with barred plumage ventrally that express it 

only in females or only in males (N = 52 families). (b) Average proportion of species 

with barred or mottled plumage ventrally that express it only in males (N = 47 

families). (c) Average proportion of species with barred or mottled plumage ventrally 

that express it only in adult males (N = 22 families). Averages and standard errors are 

indicated for illustrative purposes only, because the analyses were nonparametric; see 

text for details. 

 

I also conducted the same tests on dorsal pigmentation patterns. Dorsally, 

the proportion of species with barred plumage only in males or only in females did 

not differ (Fig. 3a; Wilcoxon paired-samples test: Z = 0.906, P = 0.365, N = 41 

families where multiple species have barred plumage dorsally), which is consistent 

with either camouflage or signaling functions. But I found no evidence for a 
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widespread signaling function of barred plumage dorsally: the frequency of male-

biased sexual dimorphism in barred and mottled plumage did not differ (Fig. 3b; 

Wilcoxon paired samples test: Z = 0.341, P = 0.733, N = 32 families where multiple 

species have these pigmentation patterns dorsally), and neither did the frequency of 

barred or mottled plumage expressed only in adults (Fig. 3c; Wilcoxon paired-

samples test: Z = 0.121, P = 0.904, N = 23 families where multiple species have these 

patterns dorsally and information on juveniles). Compared to the results on ventral 

plumage patterns, these results indicate that a sexual signaling function of barred 

plumage may be common ventrally but not dorsally, which is a less likely location for 

visual signals (Griffith & Pryke, 2006). 

 

 

 

Fig. 3 (a) Average proportion of species with barred plumage dorsally that express it 

only in females or only in males (N = 41 families). (b) Average proportion of species 

with barred or mottled plumage dorsally that express it only in males (N = 32 

families). (c) Average proportion of species with barred or mottled plumage dorsally 

that express it only in adult males (N = 23 families). Averages and standard errors are 

indicated for illustrative purposes only, because the analyses were nonparametric; see 

text for details. 

 

Together, these results suggest that barred plumage can evolve as a social signal 

across a taxonomic variety of birds, in addition to its more widespread role in 

camouflage. The fulfillment of camouflage and signaling functions by the same trait 

challenges the intuitive assumption that the evolution of visual signals, especially 

sexually selected ornamentation is opposed by the need to be cryptic. This has 
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implications for the fields of visual ecology and sexual selection: first, it illustrates 

how visual traits can evolve to accommodate apparently incompatible functions and 

second, it suggests that sexual signals need not be bright or conspicuous, but that 

ornamentation can be cryptic.  

 

Discussion 
 

In addition to barred plumage, I know that other visual traits thought to 

evolve by natural selection (other than sexual selection) are also influenced by sexual 

selection. For example, aposematic coloration in some poisonous frogs is reinforced 

by sexual selection, in cases giving rise to the sexual dichromatism typical of 

ornaments (Maan & Cummings, 2008; 2009). Aposematism has some similarities to 

‘typical’ sexual signals, or ornaments, such as bright and conspicuous colours. The 

dual function of camouflage and sexual signaling may seem more incongruous 

because, unlike many conspicuous sexual signals, camouflage conceals animals. This 

apparent incompatibility could be resolved if the perception of visual traits differs 

among contexts. Patterns of contrasting colours can be stimulating at close range, as 

occurs during many interactions among conspecifics, but seen at a distance, such as 

when predators and prey try to detect each other, those patterns can merge into a 

single and cryptic colour (Stevens, 2007). For example, the complementary colours of 

some reef fishes stimulate the visual system at close range, but at a distance merge 

into a close match to the surrounding background (Marshall, 2000). Likewise, the 

contrasting light and dark colours of avian barred plumage could serve as a visually 

stimulating signal at close range. Also, if the regularity of barred plumage reveals 

information on plumage growth or condition (Hasson, 1991; Gluckman & Cardoso, 

2009), then this would be a likely trait to evolve or be co-opted as a signal of 

individual quality. 

  

Although I found evidence consistent with barred plumage serving the 

functions of camouflage and communication, I cannot estimate how often it serves 

either function or both simultaneously. The finding that female-biased sexual 

dimorphism in barred plumage is more common than male-biased dimorphism (Fig. 

2a) indicates that camouflage is the most common function. However, the majority of 
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species with barred plumage expressed it in both sexes, which is consistent with either 

function or both simultaneously. In many of these species, barred plumage could have 

a signaling function despite the lack of sexual dimorphism. An important cause for 

the evolution of sexual dimorphism in ornamentation is counter-selection on females 

because of associated costs of the ornaments (e.g. maintenance, vulnerability to 

predation), or otherwise it is predicted that ornaments are also expressed in females 

because of genetic correlations between the sexes (Lande, 1980; Kraaijeveld et al., 

2007; Kraaijeveld & Reumer, 2008; Cardoso & Mota, 2010). In the case of barred 

plumage, there are no known costs of producing it and, on the contrary, it should be 

beneficial in terms of camouflage. Therefore, even when barred plumage evolves or is 

maintained primarily by sexual selection on males, I predict that in many cases it is 

also retained in females and juveniles. It is thus possible that the dual function of 

barred plumage is widespread. 

  

In conclusion, results of this survey of pigmentation patterns in bird plumage 

were consistent with barred plumage having a dual camouflage and signaling 

function. Camouflage seems the most common function, but the relative importance 

of the two functions, and whether they are often simultaneous, remains to be 

explored. Because barred plumage is common in birds (Riegner, 2008) and regular 

pigmentation patterns also exist in several other animal groups, I suggest that 

studying the possible role of these traits as cryptic ornamentation may improve our 

understanding of visual ecology and sexual selection. 
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Chapter 3: Plumage pattern recursion 
 

Birds frequently possess irregular and regular patterns (Fig. 1) that are 

sometimes combined into mixed states of patterning. Given that patterns may have 

multiple functions, the mixed states that combine irregular and regular patterns may 

represent the result of selection on patterns for multiple functions. Such an 

arrangement could provide an alternative solution to antagonistic selection pressures 

in the form of signal partitioning, where the communication component is separated 

from the camouflage component or it could be an enhanced form of camouflage 

combining disruptive camouflage and background matching (Cott 1940; Endler 

1992). In either instance, it would evolve after either irregular or regular patterning if 

mixed states resulted from selection on existing patterns, thereby indicating that 

patterns may be refined for multiple functions.  

 

A)            B) 

 

 

 

 

 

C)            D) 

 

 

 

 

 

Fig. 1 Examples of irregular plumage and the most regular patterns found in 

birds. Irregular: A) Mottled plumage in female sharp-tailed Grouse (Tympanachus 

phasianellus); Regular: B) Barred plumage in male Andean Grouse (Chloephaga 

melanoptera), C) Scaled plumage in male Falcated duck (Anas falcata), D) Spotted 

plumage in a male Great Argus (Argusianus argus).  
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Here, I examine the evolution of plumage pattern evolution in Anseriformes 

and Galliformes using Bayesian-based modeling. In addition, I test whether these 

mixed states of patterning are predominantly a signal partitioning strategy or have 

evolved to enhance camouflage.  

 

 

Materials and Methods  

  

 

Data collection  

 

I sampled plumage patterns in 376 species worldwide from field guides: 162 

from Anseriformes and 213 from Galliformes (83% of species overall; see C. 2

for source references). Missing information reflected species for which phylogenetic 

information was missing, although in one case (Megapodius forstenii) it was due to 

lack of plumage information.  

 

I scored for pattern regularity, irregularity and mixed by examining the 

patterns exhibited in each species of both sexes (Fig. 1). Species with an irregular 

heterogeneous pigmentation was classed as irregular, species with barred, scaled or 

spotted plumage was classed as regular patterns, and if species exhibited both regular 

and irregular patterns they were classified as mixed. Where species exhibited variable 

patterns between different molts the breeding plumage was used.  

 

 I confirmed the repeatability of my assessment of pattern categories by 

asking nine ornithologists to score the patterns of each body part of each sex of fifteen 

study species from unnamed digital images. I obtained a repeatability value of 0.82, 

which shows that there was a small amount of variation between observers. However, 

this would increase unexplained variation rather than cause a systematic bias towards 

a particular pattern in the data. 
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Phylogeny 

 

Modeling based analyses depend on a well-resolved phylogeny. I used Eo 

et al’s (2008) molecular-based supertree of the fowls as it currently provides the most 

comprehensive and independent source of species-level relationships. The phylogeny 

is well resolved (81.1%) and the source trees only showed conflict in areas that reflect 

current knowledge gaps (overall 84.3% positive support for internal nodes; Eo et al. 

2008). Naming convention of species is based on Dickinson (2003).  

 

To incorporate phylogenetic uncertainty in the analyses (Huelsenbeck 2000; 

Pagel et al. 2004), I obtained the parsimonious source trees used to construct the 

published consensus supertree from the authors (S Eo, pers.comm.). From these, I 

sampled every 10th tree to avoid auto-correlation, resulting in a sample of 1,000 trees 

over which to conduct the comparative analyses (Symonds 2002).  

 

 

The evolution of plumage pattern types 

 

On the basis of the breeding ecology of Anseriformes and Galliformes, the 

predominant function of patterns is camouflage if they have evolved more frequently 

in females or communication if more frequent in males. In the case of mixed states, a 

predominant bias towards females would indicate enhanced camouflage, whereas a 

bias towards males would indicate signal partitioning. To assess the predominant 

function of each pattern (barred, scaled, mottled and spotted) I reconstructed the 

most parsimonious ancestral state of each pattern in MacClade V.4.0 over the strict 

consensus tree (Maddison and Maddison 2000). From these reconstructions I then 

traced the average number of times each had evolved independently in males and 

females for comparison using a binomial sign test. 
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Data analysis  

 

 I used BayesTraits (Pagel et al. 2004) to trace the direction of evolution in 

plumage pattern design. This method employs a Bayesian multistate approach 

(Markov chain Monte Carlo (RJMCMC)) to account for model uncertainty. To 

account for phylogenetic uncertainty the analysis was run over the 1000 trees. I 

compared the hypothetical model (Fig. 2), with an unconstrained model of evolution 

(Full) adapting analytical approaches by Currie et al (see supplementary methods 

2010). 

 

 

 

Fig. 2 Variable modes and 

models of plumage pattern evolution. 

Sequential - A) Full: unconstrained 

model of evolution where all 

transitions occur, B) Reversible 

unilinear: evolution occurs in 

sequential steps to mixed patterns but 

any kind of loss is possible, C) 

Unilinear: evolution only occurs 

sequentially forwards or backwards; 

Non-sequential - D) Reversible 

alternative: initially patterns evolve 

from absence but then only non-

sequential steps occur, E) Alternative: 

patterns evolve from absence but can 

only occur in non-sequential steps 

forward with no losses allowed.  

 

 



 
 
Plumage pattern function and evolution: a phylogenetic and comparative approach 41 
  

	  

Priors were determined using a Bayes estimator approach, and as the 

phylogeny assumed a punctuational mode of evolution a gamma distribution was used 

(Pagel M, Meade A, Barker D 2004). The analysis was run four times and the first 

50,000 iterations of each run were discarded as burnin (where RJMCMC is not yet 

efficiently exploring the parameter space) to ensure robust results.  The sample 

interval was set to one thousand to avoid auto-correlation and each run was set to fifty 

million iterations to ensure convergence was reached. This resulted in a posterior 

sample of 200,000 models (n=50,000 x 4).  

 

The resulting models presented by RJMCMC were then evaluated by 

comparing prior and posterior distributions of models with Bayes Factors (BF; Currie 

et al. 2010). To calculate the prior odds of encountering proposed models I used 

Bell numbers (parameters > 0) combined with binomial for Z (parameters = 0; Table. 

1).  

 
 

Table 1 Calculations of prior probabilities for a 12 parameter model. 

No. of 
Zeros 
(Z) 

Binomial 
for Z 12 - Z 

Bell number 
for 12 - Z 

Binomial for 
Z * Bell 
number for 
12 - Z Bell + Total Prior 

0 - 12 4213597 - 23430839 0.21926 

1 12 11 678570 8142840 24109409 0.02896 

2 66 10 115975 7654350 23546814 0.00495 

3 220 9 21147 4652340 23451986 0.00090 

4 495 8 4140 2049300 23434979 0.00018 

5 792 7 877 694584 23431716 0.00004 

6 924 6 203 187572 23431042 0.00001 

7 792 5 52 41184 23430891 0.00000 

8 495 4 15 7425 23430854 0.00000 

9 220 3 5 1100 23430844 0.00000 

10 66 2 2 132 23430841 0.00000 

11 12 1 1 12 23430840 0.00000 

12 1 0 - - - - 

      Total: 23430839     
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Empirically derived models 

  

 For completeness, I derived empirically based models from RJMCMC’s 

posterior distribution of models to examine a posteriori which model is the best fit for 

the data. This was done by imposing exclusion thresholds on the transition rates 

where >50% (>100,000 from the posterior distribution). 

 

Results 
 

 

Plumage pattern models of evolution 

 

 Following Currie et al (2010) and using strict models of evolution for 

comparison yielded no significant model (Table 2). However imposing exclusion 

thresholds yielded a highly significant model of evolution that shows that mixed 

states of dimorphism are a result of selection on existing patterns.  This can be 

inferred because mixed patterning does not evolve directly from pattern absence, nor 

do is it evolve directly back to absence. In addition, the exclusion threshold model 

also shows that once regular patterns have evolved, the only way to regain irregular 

patterns is via mixed patterning (see Fig. 3).  
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Fig. 3 Plumage pattern exclusion threshold model.  

 

 

 

The evolution of plumage pattern types  

 

Comparing the different states of patterning on the ventral surface of both 

Anseriformes and Galliformes together shows that neither males nor females are more 

likely than the other to have uniform coloration or any kind of patterning (Table 3). 

On the dorsal surface, males are much more likely to have uniform coloration 

whereas females are much more likely to have patterns. Thus dorsal patterns 

predominantly function in camouflage. Comparing mixed states of patterning over the 

whole body also shows that neither males nor females are more likely to evolve 

mixed patterning. Further, mixed patterning has evolved more times in females than 

in males, yielding no support for either enhanced camouflage nor signal partitioning.  
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Table 3 Comparison of dimorphic patterning in both Anseriformes and Galliformes.  

 

 

  

  

 

 

 

 
 

 

Discussion 
 

          The results show a strong model of evolution where irregular patterns evolve 

into regular patterns but not vice versa, and that mixed states of patterning are a result 

of selection on existing patterns. However, there was no support for the enhanced 

camouflage hypothesis or signal-partitioning hypothesis.  

 

 In testing whether mixed patterns are a result of selection on existing patterns, I 

 also tested aspects of pattern development. For example, whether irregular 

patterns are a pre-cursor to regular patterning and whether mixed patterning is an 

intermediary step between irregular and regular. The results indicate that irregular 

patterns are not a pre-cursor to regular patterning as both can evolve directly from 

uniform coloration. This is intriguing as mottled plumage should be a more simple 

type of camouflage because it does not require stringent regulation and is likely to 

work on a range of backgrounds. In contrast, regular plumage is likely to require more 

stringent regulation for synthesis and would only be useful in camouflage in a specific 

set of circumstances (Prum and Williamson 2002). However, that regular patterns do 

not evolve directly backwards into irregular plumage indicates that there is strong 

selection for regular patterns that perhaps prevents it from evolving backwards and/or 

developmental constraint.  

 

    Male Female Binomial 
All   Min. Max. Ave. Min. Max. Ave. sign p 
Ventral Absence 15 28 21.5 13 27 20 0.4388 
 Irregular 10 10 10 11 14 12.5 0.3388 
 Regular 14 34 24 16 32 24 0.5573 
Dorsal Absence 21 32 26.5 4 7 5.5 0.002 
 Irregular 4 9 6.5 17 25 21 0.0063 
 Regular 9 13 11 25 31 28 0.0047 
All Mixed 7 9 8 12 17 14.5 0.1 
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Lastly, mixed states are not an intermediary step between either irregular or 

regular patterning but are a result of selection on these states. Thus, it is more likely 

for evolution to evolve a pattern for a particular function first, and then for the second 

function to evolve after that by modifying some of the plumage regions. 

 

 These results are suggestive of selection as the driving force behind 

plumage pattern recursion – evolution does not follow a simple forward step-by-step 

model of evolution. This shows that developmental mechanisms may be less 

important in plumage pattern recursion than selection. 
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Appendix 
Table S1. Number of species with pigmentation patterns in each family (n), and 

proportions of those species that are sexually dimorphic. Shown are the data from 

families with n≥2 for the two proportions being compared. 

Number of species with 

pattern in either adult sex (n) 

Proportion of species with 

pattern only in males (%) 

Proportion of 

species with 

pattern only in 

females (%) 

Ventral Dorsal Ventral Dorsal 
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tra
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D
or

sa
l 
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ar

re
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M
ot

tle
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B
ar

re
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M
ot

tle
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B
ar

re
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M
ot

tle
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Barred 

Accipitridae 89 54 10 17 0.0 1.9 0.0 5.9 4.5 0.0 

Aegothelidae 4 3 4 4 0.0 0.0 0.0 0.0 0.0 0.0 

Alcedinidae 4 2 6 7 0.0 0.0 0.0 0.0 25.0 16.7 

Anatidae 45 28 29 9 33.3 7.1 17.2 11.1 15.6 13.8 

Apodidae 3 4 0 0 0.0 0.0 — — 0.0 — 

Ardeidae 3 14 10 7 0.0 0.0 0.0 0.0 0.0 0.0 

Atrichornithidae 0 0 2 0 — — 0.0 — — 0.0 

Brachypteraciidae 2 2 0 4 0.0 0.0 — — 0.0 — 

Bucconidae 7 7 5 3 0.0 0.0 0.0 0.0 0.0 0.0 

Campephagidae 17 1 1 0 0.0 — — — 88.2 — 

Capitonidae 2 26 0 19 0.0 0.0 — — 0.0 — 

Caprimulgidae 57 3 9 74 3.5 0.0 0.0 2.7 0.0 0.0 

Cardinalidae 2 5 0 6 50.0 0.0 — — 0.0 — 

Charadriidae 2 2 1 6 50.0 0.0 — — 0.0 — 

Cisticolidae 4 7 0 37 0.0 0.0 — — 0.0 — 

Climacteridae 5 4 0 0 0.0 0.0 — — 0.0 — 

Coliidae 2 0 1 0 0.0 — — — 0.0 — 

Columbidae 17 10 18 9 17.6 0.0 5.6 0.0 29.4 0.0 

Corvidae 0 2 5 1 — — 0.0 — — 0.0 

Cotingidae 9 19 0 9 0.0 0.0 — — 33.3 — 

Cracidae 4 8 3 0 0.0 0.0 0.0 — 75.0 100.0 

Cuculidae 45 12 21 11 0.0 0.0 0.0 0.0 20.0 52.4 

Emberizidae 2 56 0 102 0.0 3.6 — — 100.0 — 

Estrildidae 29 3 16 3 6.9 0.0 0.0 0.0 10.3 0.0 



 
 
Plumage pattern function and evolution: a phylogenetic and comparative approach 56 
  

	  

Falconidae 16 20 14 5 0.0 0.0 7.1 0.0 6.3 42.9 

Formicariidae 7 18 0 1 14.3 0.0 — — 14.3 — 

Furnariidae 4 58 0 39 0.0 0.0 — — 0.0 — 

Gaviidae 0 1 5 0 — — 100.0 — — 0.0 

Icteridae 0 14 2 14 — — 0.0 0.0 — 0.0 

Laniidae 2 1 2 1 0.0 — 0.0 — 100.0 0.0 

Meleagrididae 2 0 2 0 0.0 — 0.0 — 0.0 0.0 

Meliphagidae 3 40 1 27 0.0 0.0 — — 0.0 — 

Muscicapidae 2 11 0 12 0.0 0.0 — — 50.0 — 

Nyctibiidae 1 2 2 2 — — 0.0 0.0 — 0.0 

Odontophoridae 9 11 14 17 11.1 18.2 0.0 5.9 11.1 0.0 

Otididae 4 6 10 18 0.0 0.0 30.0 0.0 75.0 10.0 

Pachycephalidae 2 4 0 1 50.0 0.0 — — 50.0 — 

Paradisaeidae 23 3 1 0 0.0 0.0 — — 82.6 — 

Phasianidae 50 77 71 95 16.0 14.3 19.7 9.5 24.0 15.5 

Table 1. (Continued) 

Number of species with 

pattern in either adult sex (n) 

Proportion of species with 

pattern only in males (%) 

Proportion of 

species with 

pattern only in 

females (%) 
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Barred 

Picidae 68 44 76 10 5.9 2.3 3.9 10.0 1.5 2.6 

Pittidae 3 2 0 1 0.0 0.0 — — 0.0 — 

Podargidae 1 7 6 6 — — 33.3 16.7 — 16.7 

Psittacidae 10 16 10 9 0.0 0.0 0.0 0.0 20.0 10.0 

Pteroclidae 6 7 9 6 0.0 0.0 0.0 0.0 16.7 33.3 

Rallidae 55 8 7 20 0.0 37.5 0.0 15.0 12.7 14.3 

Rhinocryptidae 16 3 6 1 6.3 0.0 0.0 — 0.0 0.0 

Rostratulidae 0 1 2 0 — — 0.0 — — 0.0 

Scolopacidae 39 43 20 39 28.2 23.3 25.0 30.8 5.1 0.0 

Strigidae 49 106 91 65 0.0 0.0 0.0 0.0 2.0 0.0 

Sulidae 0 0 2 2 — — 0.0 0.0 — 0.0 

Sylviidae 3 15 0 18 0.0 0.0 — — 0.0 — 

Tetraonidae 14 7 15 11 7.1 14.3 0.0 9.1 57.1 20.0 
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Thamnophilidae 10 40 9 32 30.0 25.0 33.3 0.0 20.0 22.2 

Timaliidae 8 45 13 28 0.0 2.2 0.0 0.0 0.0 0.0 

Tinamidae 19 1 28 11 — — 0.0 0.0 — 10.7 

Trochilidae 2 18 0 1 0.0 5.6 — — 0.0 — 

Troglodytidae 29 12 46 13 0.0 0.0 0.0 0.0 0.0 0.0 

Trogonidae 0 0 21 6 — — 4.8 66.7 — 19.0 

Turdidae 11 36 1 5 9.1 0.0 — — 54.5 — 

Turnicidae 4 4 4 12 0.0 0.0 0.0 0.0 25.0 0.0 

Tyrannidae 2 36 0 10 50.0 0.0 — — 0.0 — 

Tytonidae 0 2 4 3 — — 0.0 0.0 — 0.0 

Upupidae 0 1 2 0 — — 0.0 — — 0.0 

 

Table S2. Number of species with pigmentation patterns and information on 

juvenile plumage (n), and proportions of those species where the pattern appears 

only at sexual maturity. Shown are that data from families with n≥2 for the two 

proportions being compared. 

Species with information on 

juveniles and pattern in 

juveniles or adult males (n) 

Proportion of species with 

pattern only in adult males (%) 

Ventral Dorsal Ventral Dorsal 
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Accipitridae 93 133 12 66 20.0 37.5 8.3 3.0 

Alcedinidae 3 9 3 5 0.0 0.0 0.0 0.0 

Anatidae 22 17 19 5 47.4 20.0 47.4 20.0 

Ardeidae 5 23 8 9 20.0 0.0 12.5 11.1 

Cacatuidae 3 3 1 1 0.0 33.3 — — 

Campephagidae 7 6 1 10 0.0 100.0 — — 

Cardinalidae 2 5 0 4 0.0 0.0 — — 

Charadriidae 3 3 3 10 0.0 5.9 33.3 30.0 

Columbidae 6 0 10 4 — — 50.0 25.0 

Cotingidae 4 7 0 2 33.3 30.0 — — 

Cuculidae 29 12 19 6 8.7 12.5 5.3 16.7 

Falconidae 17 30 8 10 8.3 3.0 37.5 10.0 

Formicariidae 5 3 1 2 0.0 14.3 — — 
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Icteridae 0 6 2 4 — — 0.0 25.0 

Laniidae 3 0 5 2 — — 20.0 0.0 

Laridae 1 6 2 17 — — 0.0 5.9 

Muscicapidae 7 65 1 35 12.5 11.1 — — 

Otididae 0 1 3 3 — — 0.0 33.3 

Parulidae 1 18 0 8 50.0 0.0 — — 

Phasianidae 10 16 17 16 40.0 21.4 52.9 6.3 

Picidae 8 7 13 2 37.5 10.0 0.0 50.0 

Pittidae 4 6 0 5 0.0 0.0 — — 

Psittacidae 2 3 4 1 0.0 25.0 — — 

Rallidae 23 0 3 9 — — 0.0 0.0 

Scolopacidae 23 28 10 28 5.3 16.7 40.0 21.4 

Sternidae 0 0 3 12 — — 0.0 0.0 

Strigidae 18 25 25 8 52.9 6.3 20.0 37.5 

Sulidae 0 3 2 3 — — 50.0 0.0 

Thamnophilidae 4 11 3 7 0.0 0.0 0.0 14.3 

Thraupidae 1 6 2 6 — — 0.0 0.0 

Troglodytidae 18 9 23 8 0.0 50.0 8.7 12.5 

Trogonidae 0 0 7 2 — — 0.0 100.0 

Turdidae 8 38 1 30 50.0 25.0 — — 
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Introduction

Visual communication in animals, especially sexually

selected signals, is often visually striking and contrasts

with the background (Andersson, 1994). Camouflage, on

the contrary, enables animals to be visually inconspicu-

ous and well matched to the background (Stevens &

Merilaita, 2009). Therefore, it is believed that there is a

functional compromise between signalling and camou-

flage (Andersson, 1994). Many animals overcome this

functional compromise using conspicuous visual signals

that are displayed only briefly, such as hidden colour

patches in the wings of insects and birds (Andersson,

1994) or rapid colour change in chameleons (Stuart-Fox

& Moussalli, 2008). But it is also possible that some visual

traits fulfil both functions simultaneously, without being

hidden (Hasson, 1991; Marshall, 2000; Stevens, 2007;

Gluckman & Cardoso, 2009).

Barred plumage is a very common trait in birds

(Riegner, 2008), and it was suggested that it could

function in both camouflage and signalling (Hasson,

1991; Gluckman & Cardoso, 2009). Barred plumage is

defined as alternating bars of lighter and darker pigmen-

tation that form a pattern of bars transversal to the

feathers’ axis (Riegner, 2008). Like other pigmentation

patterns, barred plumage is thought to provide camou-

flage, as patterns are less noticeable and more difficult
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em Biodiversidade e Recursos Genéticos, Campus Agrário de Vairão,

4485–661 Vairão, Portugal.

Tel.: +351 922245813; fax: +351 252661780;

e-mail: gcardoso@mail.icav.up.pt

ª 2 0 1 0 T H E A U T H O R S . J . E V O L . B I O L .

J O U R N A L C O M P I L A T I O N ª 2 0 1 0 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y 1

Keywords:

barred plumage;

camouflage;

ornamentation;

sexual selection;

signalling;

visual ecology.

Abstract

A commonly held principle in visual ecology is that communication compro-

mises camouflage: while visual signals are often conspicuous, camouflage

provides concealment. However, some traits may have evolved for commu-

nication and camouflage simultaneously, thereby overcoming this functional

compromise. Visual patterns generally provide camouflage, but it was

suggested that a particular type of visual pattern – avian barred plumage –

could also be a signal of individual quality. Here, we test if the evolution of

sexual dimorphism in barred plumage, as well as differences between juvenile

and adult plumage, indicate camouflage and ⁄ or signalling functions across

the class Aves. We found a higher frequency of female- rather than male-

biased sexual dimorphism in barred plumage, indicating that camouflage is

its most common function. But we also found that, compared to other

pigmentation patterns, barred plumage is more frequently biased towards

males and its expression more frequently restricted to adulthood, suggesting

that barred plumage often evolves or is maintained as a sexual communi-

cation signal. This illustrates how visual traits can accommodate the

apparently incompatible functions of camouflage and communication, which

has implications for our understanding of avian visual ecology and sexual

ornamentation.

doi:10.1111/j.1420-9101.2010.02109.x



to track than plain surfaces against heterogeneous back-

grounds (Bradbury & Vehrencamp, 1998; Cuthill et al.,

2005; Stevens et al., 2008). But, unlike other pigmenta-

tion patterns, barred plumage can be highly regular,

whereby bars of contrasting colours form a more or less

continuous visual pattern across adjacent feathers

(Fig. 1a). This regularity could, for example, be an

amplifier signal of plumage condition, because at close-

range worn or badly maintained plumage would be

easily perceived as irregularities to the barred pattern

(Gluckman & Cardoso, 2009). Consistent with this

hypothesis, individuals of some species evaluate the

condition and colour of barred plumage during mate

choice or social competition (Swaddle & Cuthill, 1994;

Bortolotti et al., 2006), or the sharpness of transitions

between adjacent plumage colours (Ferns & Lang, 2003;

Ferns & Hinsley, 2004).

Here, we assess the occurrence of sexual dimorphism

in barred plumage across the class Aves, and of differ-

ences between adult and juvenile plumage, to investigate

if barred plumage has evolved because of camouflage

and ⁄ or signalling functions. Sexually selected signals, or

ornaments, may exist in both sexes, and sometimes also

in juveniles, but are predominant in males and adults

(Björklund, 1991; Kraaijeveld et al., 2007). Therefore, a

high frequency of male-biased sexual dimorphism in

some pigmentation patterns suggests that sexual selec-

tion is involved. Conversely, when plumage differs

between the sexes or age classes, it is the females and

juveniles that express the camouflage traits, either

because they are more vulnerable to predation (e.g.

predation at the nest, Martin & Badyaev, 1996) or

because the males evolved ornamentation in its place.

These broad rules are not precise. For example, some

species have ‘reversed’ sex-roles (Andersson, 1994), and

camouflage or signalling should in many cases be

adaptive for both sexes and ⁄ or age classes, thus not

leading to differences in phenotype. Nevertheless, on

average, the link between function and sex or age

differences exists (Björklund, 1991; Martin & Badyaev,

1996), and thus large-scale patterns of sex or age

differences across the class Aves provide cues as to why

these pigmentation patterns evolve.

Using the above associations between function and sex

differences, we compared the occurrence of male- and

female-biased sexual dimorphism in barred plumage. If

camouflage is the most common function of barred

plumage, we predict that female-biased dimorphism is

more frequent than male-biased dimorphism, and if

signalling is the most common function, we predict the

opposite. We also compared the occurrence of the sex or

age differences indicative of sexual selection between

barred plumage and other plumage patterns that should

function largely as camouflage, to assess if signalling

contributed to the evolution or maintenance of barred

plumage in addition to its possible camouflage function.

Our broad survey of sex and age differences in

plumage patterns is a first approach to understanding

the role of camouflage and signalling in the evolution of

these pigmentation patterns. We hope that this will foster

empirical work on model species, and more fine-scale

comparative approaches that also consider ecological and

social factors in the evolution of these traits.

Materials and methods

Survey of plumage patterns

We sampled over 90% of all avian species for pigmen-

tation patterns (barred and mottled plumage) in adult

males, adult females or juveniles. Barred plumage was

defined as alternating bars of lighter and darker pigmen-

tation that form a pattern of bars transversal to the

feathers’ axis (Fig. 1a; Riegner, 2008). Mottled plumage

was broadly defined as an irregular pigmentation pattern

composed of feathers with the vane heterogeneously

pigmented (Fig. 1b). We gathered data on mottled

plumage to use as a control for comparisons with barred

plumage (see below). Other pigmentation patterns exist

in avian plumage (e.g. spotted, striped), which are much

less common than either barred or mottled plumage

(Riegner, 2008), and were not used in this study.

We recorded the existence of barred and mottled

plumage ventrally or dorsally in adult males, adult

females and juveniles, across the class Aves, from

illustrations and written descriptions in field guides. Tails

were excluded because they have a single layer of

feathers, and the dorsal ⁄ ventral dichotomy does not

apply. We looked at ventral and dorsal pigmentation

patterns separately because social signals are more likely

(a) (b)

Fig. 1 Examples of (a) barred plumage (Gallirallus philippensis) and (b) mottled plumage (Anas acuta).
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ventrally, a more apt location for signalling during face-

to-face interactions, than dorsally, a less likely location

for visual signals (Griffith & Pryke, 2006). When breeding

and nonbreeding plumages were shown, we used breed-

ing plumage.

We based this survey on illustrations and written

descriptions in field guides because these provide the

most comprehensive and taxonomically unbiased source

of information on avian plumage and illustrate juvenile

plumage more often than larger reference works. All

major land masses were covered: North and Central

America (Sibley, 2000; van Perlo, 2006), South America

and Antarctica (De La Pena & Rumboll, 1998; Restall

et al., 2007), sub-Saharan Africa and Madagascar

(Langrand, 1990; Sinclair & Ryan, 2003), Europe, North

Africa and Central Asia (Heinzel et al., 1995; Grimmett

et al., 1999; Arlott, 2007, 2009; Brazil, 2009), East and

South-East Asia (MacKinnon & Phillips, 1993; Coates &

Bishop, 1997; Robson, 2005), and Oceania (Beehler

et al., 1986; Pratt et al., 1987; Simpson & Day, 2004;

Robertson & Heather, 2005). Subspecies were treated as

different species when differing in the presence or

absence of plumage patterns. In total, we sampled 9076

taxa (8942 species + 134 subspecies), 3055 of which had

information on juvenile plumage.

Analyses

We assigned species to families according to the taxon-

omy used in Dunning (2008) and converted all data to

proportions of species in each family that have the sex or

age difference of interest. For example, the proportion of

male-biased mottled plumage dorsally was calculated as

the number of species where only males express mottled

plumage dorsally, relative to the total number of species

in that family where either males and ⁄ or females express

it. Within each family, the proportion of species with the

sex or age difference of interest depends on the number

of times that that difference originated or was lost, but

also on speciation and extinctions. These proportions are

independent among different families because, whether

families are monophyletic or paraphyletic, they originate

during the cladogenesis subsequent to the ancestor of

each family.

All subsequent statistical comparisons used each avian

family as a single data point, and all tests were paired

within families (e.g. comparing male- vs. female-biased

sexual dimorphism in the same family or comparing

barred vs. mottled plumage dimorphism in the same

family). This comparative method avoids pseudoreplica-

tion by using each family as a single data point. Also,

using paired-samples tests, each family is compared with

itself, and thus phylogenetic relations among families do

not influence the tests. A possible disadvantage of this

method could be the loss of statistical power because of

using large families as only one data point but, because

we have a very large data set, we can afford this statistical

conservatism. This family-level approach is also neces-

sary because, for the very large taxonomic breadth of our

data, many finer-scale phylogenetic groupings have few

species or their relationships are still unresolved.

We compared the proportion of male-biased and

female-biased sexual dimorphism in barred plumage.

Because the former is often related to sexual signalling

and the latter to camouflage, this gives an indication of

which function is the most common for barred plumage.

If male-biased dimorphism is more frequent than female-

biased dimorphism, then signalling might be the most

common function of barred plumage. Conversely, if

female-biased dimorphism is more frequent, then cam-

ouflage may be the most common function.

To test if, in addition to a possible camouflage function,

barred plumage also evolves or is maintained because of

sexual signalling, we compared the differences that are

often associated with sexual selection (male-biased sex-

ual dichromatism and age differences in which adult

males but not juveniles express the pigmentation

pattern) between barred plumage and a control type of

plumage representative of what these frequencies would

be if camouflage was the sole function. Mottled plumage

was chosen as the control because it is a common

pigmentation pattern (Riegner, 2008) that lends itself to

crypsis and background matching (Stevens & Merilaita,

2009) and thus should function largely as camouflage.

Only families where multiple species have the trait of

interest (e.g. ventral barred plumage) were used in these

comparisons. In comparisons of adult vs. juvenile plum-

age, only species with information on juveniles were

used. We used nonparametric Wilcoxon signed ranks

tests for paired samples, because our data are proportions

and often do not meet the assumptions for parametric

tests. The data sets are given in the Table S1 and S2.

Results and discussion

In families where multiple species have barred plumage

ventrally, it was predominantly present in both sexes

(72.6% of species ± 4.4 (SE), N = 52 families). This

majority of species with barred plumage in both sexes

is not very informative, as it is consistent with both

camouflage and signalling. Species with barred plumage

ventrally only in females were more frequent than

species with barred plumage only in males (Fig. 2a;

Wilcoxon paired-samples test: Z = 2.554, P = 0.011,

N = 52 families where multiple species have barred

plumage ventrally), indicating that camouflage is the

most common function of barred plumage.

To test if, in addition to its camouflage function, barred

plumage also evolves or is maintained because of sexual

signalling, we compared it to mottled plumage, which

should function largely as camouflage (Stevens &

Merilaita, 2009). It was more frequent for barred than

mottled plumage to be male-biased ventrally (Fig. 2b;

Wilcoxon paired-samples test: Z = 2.095, P = 0.036,
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N = 47 families where multiple species have these pig-

mentation patterns ventrally). Likewise, it was more

frequent for barred than mottled plumage to appear only

at sexual maturity (Fig. 2c; Wilcoxon paired-samples test:

Z = 2.580, P = 0.010, N = 22 families where multiple

species have these patterns ventrally and information on

juveniles). This indicates that, in addition to its camou-

flage function, ventral barred plumage has also evolved

under sexual selection and, thus, can also function as a

communication signal.

We also conducted the same tests on dorsal pigmen-

tation patterns. Dorsally, the proportion of species with

barred plumage only in males or only in females did not

differ (Fig. 3a; Wilcoxon paired-samples test: Z = 0.906,

P = 0.365, N = 41 families where multiple species have

barred plumage dorsally), which is consistent with either

camouflage or signalling functions. But we found no

evidence for a widespread signalling function of barred

plumage dorsally: the frequency of male-biased sexual

dimorphism in barred and mottled plumage did not differ

(Fig. 3b; Wilcoxon paired-samples test: Z = 0.341,

P = 0.733, N = 32 families where multiple species have

these pigmentation patterns dorsally), and neither did

the frequency of barred or mottled plumage expressed

only in adults (Fig. 3c; Wilcoxon paired-samples test:

Z = 0.121, P = 0.904, N = 23 families where multiple

species have these patterns dorsally and information on

juveniles). Compared to the results on ventral plumage

patterns, these results indicate that a sexual signalling

function of barred plumage may be common ventrally

but not dorsally, which is a less likely location for visual

signals (Griffith & Pryke, 2006).

Together, our results suggest that barred plumage can

evolve as a social signal across a taxonomic variety of

birds, in addition to its more widespread role in camou-

flage. The fulfilment of camouflage and signalling func-

tions by the same trait challenges the intuitive

assumption that the evolution of visual signals, especially

sexually selected ornamentation, is opposed by the need

to be cryptic. This has implications for the fields of visual

ecology and sexual selection: first, it illustrates how

visual traits can evolve to accommodate apparently

 

 

(a) (b) (c)

Fig. 2 (a) Average proportion of species with barred plumage ventrally that express it only in females or only in males (N = 52 families).

(b) Average proportion of species with barred or mottled plumage ventrally that express it only in males (N = 47 families). (c) Average

proportion of species with barred or mottled plumage ventrally that express it only in adult males (N = 22 families). Averages and standard

errors are indicated for illustrative purposes only, because the analyses were nonparametric; see text for details.

(a) (b) (c)

Fig. 3 (a) Average proportion of species with barred plumage dorsally that express it only in females or only in males (N = 41 families).

(b) Average proportion of species with barred or mottled plumage dorsally that express it only in males (N = 32 families). (c) Average

proportion of species with barred or mottled plumage dorsally that express it only in adult males (N = 23 families). Averages and standard

errors are indicated for illustrative purposes only, because the analyses were nonparametric; see text for details.
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incompatible functions and second, it suggests that

sexual signals need not be bright or conspicuous, but

that ornamentation can be cryptic. We briefly discuss

these two implications next.

In addition to barred plumage, we know that other

visual traits thought to evolve by natural selection

(other than sexual selection) are also influenced by

sexual selection. For example, aposematic coloration in

some poisonous frogs is reinforced by sexual selection,

in cases giving rise to the sexual dichromatism typical of

ornaments (Maan & Cummings, 2008; 2009). Apose-

matism has some similarities to ‘typical’ sexual signals,

or ornaments, such as bright and conspicuous colours.

The dual function of camouflage and sexual signalling

may seem more incongruous because, unlike many

conspicuous sexual signals, camouflage conceals ani-

mals. This apparent incompatibility could be resolved if

the perception of visual traits differs among contexts.

Patterns of contrasting colours can be stimulating at

close range, as occurs during many interactions among

conspecifics, but seen at a distance, such as when

predators and prey try to detect each other, those

patterns can merge into a single and cryptic colour

(Stevens, 2007). For example, the complementary col-

ours of some reef fishes stimulate the visual system at

close range, but at a distance merge into a close match

to the surrounding background (Marshall, 2000). Like-

wise, the contrasting light and dark colours of avian

barred plumage could serve as a visually stimulating

signal at close range. Also, if the regularity of barred

plumage reveals information on plumage growth or

condition (Hasson, 1991; Gluckman & Cardoso, 2009),

then this would be a likely trait to evolve or be co-opted

as a signal of individual quality.

Although we found evidence consistent with barred

plumage serving the functions of camouflage and com-

munication, we cannot estimate how often it serves

either function or both simultaneously. The finding that

female-biased sexual dimorphism in barred plumage is

more common than male-biased dimorphism (Fig. 2a)

indicates that camouflage is the most common function.

However, the majority of species with barred plumage

expressed it in both sexes, which is consistent with either

function or both simultaneously. In many of these

species, barred plumage could have a signalling function

despite the lack of sexual dimorphism. An important

cause for the evolution of sexual dimorphism in orna-

mentation is counter-selection on females because of

associated costs of the ornaments (e.g. maintenance,

vulnerability to predation), or otherwise it is predicted

that ornaments are also expressed in females because of

genetic correlations between the sexes (Lande, 1980;

Kraaijeveld et al., 2007; Kraaijeveld & Reumer, 2008;

Cardoso & Mota, 2010). In the case of barred plumage,

there are no known costs of producing it and, on the

contrary, it should be beneficial in terms of camouflage.

Therefore, even when barred plumage evolves or is

maintained primarily by sexual selection on males, we

predict that in many cases it is also retained in females

and juveniles. It is thus possible that the dual function of

barred plumage is widespread.

In conclusion, results of this survey of pigmentation

patterns in bird plumage were consistent with barred

plumage having a dual camouflage and signalling func-

tion. Camouflage seems the most common function, but

the relative importance of the two functions, and

whether they are often simultaneous, remains to be

explored. Because barred plumage is common in birds

(Riegner, 2008) and regular pigmentation patterns also

exist in several other animal groups, we suggest that

studying the possible role of these traits as cryptic

ornamentation may improve our understanding of visual

ecology and sexual selection.
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