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Abstract

We studied polymorphism in all species of birds that are presently known to

show intraspecific variation in plumage colour. At least three main mecha-

nisms have been put forward to explain the maintenance of polymorphism:

apostatic, disruptive and sexual selection. All of them make partly different

predictions. Our aims were to investigate evolutionary causes and adaptive

functions of colour polymorphism by taking into account a number of

ecological and morphological features of polymorphic species. Overall, we

found 334 species showing colour polymorphism, which is 3.5% of all bird

species. The occurrence of colour polymorphism was very high in Strigiformes,

Ciconiiformes, Cuculiformes and Galliformes. Phylogenetically corrected

analysis using independent contrasts revealed that colour polymorphism was

maximally expressed in species showing a daily activity rhythm extended to

day/night, living in both open and closed habitats. All these findings support

the hypothesis that colour polymorphism probably evolved under selective

pressures linked to bird detectability as affected by variable light conditions

during activity period. Thus, we conclude that selective agents may be prey,

predators and competitors, and that colour polymorphism in birds may be

maintained by disruptive selection.

Introduction

Polymorphism is ‘the occurrence together in the same

habitat of two or more distinct genetic forms of a species

in such a proportion that the rarest of them cannot be

maintained by recurrent mutation’ (Ford, 1940, 1945).

Huxley (1955) refined the concept, asserting that poly-

morphism is ‘the coexistence in one interbreeding pop-

ulation of two or more sharply distinct and genetically

determined forms, the least abundant of which is present

in numbers too great to be due solely to recurrent

mutation’. Huxley proposed the term ‘morphs’, and

admitted that continuous morphism can exist, although

rarely. Differences between sexes, between young and

older individuals and among seasons, are excluded from

this definition.

As Fisher (1930) stressed, the existence of a perma-

nent polymorphism implies a selective balance between

the two (or more) alternative morphs, both enjoying

some selective advantage but also suffering some disad-

vantage. Traditionally, it has been considered an evolu-

tionary adaptation to alternating extremes of condition,

or to a wider range of habitats or niches, but this

hypothesis has never been critically evaluated. A fre-

quent phenomenon in polymorphic species is the exist-

ence of ratio-clines, i.e. graded alternations in the

frequency of the morphs of a polymorphic system (e.g.

Wunderle, 1981). Sometimes, the alternative morphs are

found alone at the extreme of the cline but, in general,

morphs coexist over the greater part of the species’

range. Ratio-clines may provide a clue to establish the

selective forces operating on these sensitive balance

mechanisms, by indicating which environmental fea-

tures change with morph frequency. For example, in the

hamster (Cricetus cricetus), melanic morph frequency
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increases with the change from steppe to sub-steppe

climate (Huxley, 1942).

Polymorphism involves various morphological, phy-

siological and behavioural traits. In some cases poly-

morphic characters are directly advantageous, whereas

in other cases they may be nonadaptive correlates of

some physiological or fitness character of selective

value.

Polymorphism in colour (hereafter colour polymorph-

ism) is a widespread phenomenon in many animal taxa,

and particularly in vertebrates. In the present study, we

focus on colour polymorphism in birds.

Huxley (1955) was the first to devote a general

review to polymorphism in birds. He wrote: ‘finally,

the time seems ripe for a detailed survey of the

incidence of colour- and pattern-morphism in birds.

The class Aves is the only group taxonomically well

enough known to make such a survey possible, and

ornithologists should hasten to take advantage of this

possibility’. To date, however, no comprehensive sur-

vey has been ever attempted on the Aves as a whole,

although a growing list of papers have already treated

the topic in single species or genera, for example,

herons (Caldwell, 1986; Rohwer, 1990; Itoh, 1991),

wading birds (Kushlan, 1978), owls (Van Camp &

Henny, 1975;1 Mosher & Henny, 1976; Gehlbach, 1988,

1994; Galeotti & Cesaris, 1996), diurnal raptors

(Paulson, 1973; Rohwer & Paulson, 1987), cuckoos

(Payne, 1967), seabirds (Arnason, 1978; Furness &

Furness, 1980; Harris & Wanless, 1986; Furness, 1987;

Taylor, 1987; Caldow & Furness, 1991; Hatch, 1991;

Phillips & Furness, 1998; Andersson, 1999) and shrikes

(Hall et al., 1966).

In this paper, we present a comprehensive analysis of

polymorphism in birds from throughout the world.

First, we review hypothesized mechanisms that may

produce and maintain colour polymorphism in relation

to potential functions and fitness consequences. Sec-

ondly, we test some predictions deriving from these

hypotheses, using a worldwide database on colour

morphs. In particular, we analysed whether there was

an association between intensity of colour polymorph-

ism and a number of selected ecological and morpho-

logical traits, easy to record and quantify for

comparative purposes.

Mechanisms, functions and fitness
consequences of colour polymorphism

I. Apostatic selection (frequency-dependent
selection)

To explain colour polymorphism, Paulson (1973), and

then Rohwer (1983) and Rohwer & Paulson (1987) have

repeatedly invoked a form of frequency-dependent

selection, termed apostatic selection (Clarke, 1962,

1969), in which it is advantageous for the morph of an

avian predator to be different from the majority of other

morphs in the area such that it will be less familiar to

their potential prey. In short, prey do not form an

‘avoidance image’ for the rare morph in the predator

population and, therefore, do not react quickly to it; the

slight advantage in prey capture thus accrued would

presumably lead to a balanced polymorphism in predator

species. In this model, prey are considered the apostatic

selective agents and the visual properties of colour are

implied (Table 1).

The apostatic selection hypothesis has been proposed

to explain colour polymorphism in avian predators such

as hawks (Falconiformes) and skuas (Charadriformes) that

prey on intelligent and sharp-sighted prey (mammals and

birds). In these bird groups, colour polymorphism is

primarily expressed ventrally, the side most apparent to

potential prey seeing predators from below. The hypo-

thesis has also been extended to parasitic cuckoos (Payne,

1967); their host would be less likely to recognize an

uncommon morph and less likely to react adversely to it,

which would be to its advantage.

Apostatic selection has also been suggested as the

possible mechanism maintaining the remarkable colour

polymorphism in African bush-shrikes (Passeriformes,

Laniidae, Hall et al., 1966; Owen, 1967). In this case,

however, the shrikes are considered as prey and the

selective agents shoud be other predators (e.g. raptors),

which use past experience as a guide in finding further

prey. Predators forming a ‘search image’ should find

proportionately more of a colour form with which they

have already had significant success. Hence, colour

morphs that stand out or contrast are at a selective

advantage so long as they do not become too frequent in

the population. In practice, predators could not form a

Table 1 Summary of major hypotheses about mechanisms, functions and benefits of colour polymorphism in birds.

Mechanism Functions Potential benefits or costs

I) Apostatic selection a) Disruption of avoiding image in prey Higher hunting success of rare morph

b) Disruption of searching image in predators Lower predation on rare morph

II) Disruptive selection a) Crypsis Differential hunting success and predation for each morph depending on habitat

b) Physiological adaptation to environment Differential thermoregulation/feather abrasion for each morph depending on habitat

III) Nonrandom mating a) Sexual selection (status signalling) Higher mating success, but higher predation of rare and conspicuous morph

b) Disassortative mating (genotype signalling) Avoiding inbreeding, maintaining higher etherozygosis

IV) No selection No functions No benefits per se
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search image for the rarer colour morph in prey popu-

lation (Table 1).

Preston (1980), however, argued effectively against

such selection pointing out that: (a) no evidence exists to

show that prey develop an ‘avoidance image’ of common

avian predator morphs; (b) it would be maladaptive for

prey to focus on ventral plumage pattern ignoring other

cues indicative of a predator (e.g. silhouette); and (c) the

fact that prey within the territory of an avian predator

may encounter only one morph and should learn to

avoid it, no matter what its plumage pattern is (Arnason,

1978). Moreover, owls, which show the highest number

of polymorphic species and catch intelligent and sharp-

sighted prey, are mainly nocturnal, a context in which

predator colour should not influence attack success. Also,

many polymorphic species are piscivorous (wading birds)

and insectivorous (nightjars, flycatchers) and there is no

evidence that fish can detect more than shapes above

water surface or that insects and other invertebrates are

visually acute.

II. Disruptive selection

A balanced colour polymorphism may be due to disrup-

tive selection that favours the extreme individuals of a

normally distributed population. Heterogeneity in space

and time is often an evolutionary prerequisite, as habitat

and climate differences in selective pressures may well be

responsible for producing colour polymorphism in spe-

cies with broad ecological niches, and both visual and

physiological effects (functions) of colour pigmentation

might be involved (Table 1).

Among visual effects, crypsis, i.e. matching habitat

background, may represent the major function of colour

polymorphism. Cryptic plumage may help to avoid

detection by predators (Baker & Parker, 1979), reduce

the chance that a bird will be seen by its prey (Götmark,

1987) and provide protection from kleptoparasites (Spear

& Ainley, 1993). In these cases, the selective agents are

predators, prey or competitors, and benefits for indivi-

duals may be the differential hunting success and

predation/interference risk for the more cryptic morph,

depending on habitat background.

Herons are the main group for which the mimetic

function of colour polymorphism (hunting or defense

camouflage) has been proposed (Murton, 1971; Holyoak,

1973; Kushlan, 1977, 1978; Mock, 1980; Caldwell, 1986;

Rohwer, 1990). However, some authors did not find any

relationships between colour morph ratio and habitat

background in heron species, and instead proposed a

physiological explanation of colour polymorphism

(Recher, 1972; Itoh, 1991).

In fact, selection may act on pigmentation without

animal agents, through nonvisual properties of the

pigments or processes involved in their deposition. For

example, the general tendency for carotenoids as well as

melanins to be pale in cold and in dry climates, and deep

in hot humid ones (Hall et al., 1966; Bartle & Sagar, 1987;

Galeotti & Cesaris, 1996) suggests a response to changing

environment. Colour pigments have many correlated

physiological effects which may lead to geographically

related advantages of different morphs. For example,

particular colours or patterns may (a) promote optimal

heat or water balance, (b) provide mechanical protection

against feather abrasion, or (c) provide a shield against

ultraviolet radiation. Finally, some of them may repre-

sent an intracellular reservoir of essential elements,

needed during the period of moult, involving a high

cellular proliferation rate (Niecke et al., 1999).

III. Nonrandom mating

In this case, coloration is used for intraspecific commu-

nication (Butcher & Rohwer, 1988) and the maintenance

of different colour morphs may result from some

preferences in mate-choice (Table 1):

1 Sexual selection: colour polymorphism may be pro-

duced and maintained by female preference for con-

spicuous morphs and by predation pressure in favour of

cryptic morphs. Colour polymorphism in this case is

involved in a status signalling system where intensity of

pigmentation, a costly trait, should reflect the relative

fitness of individuals, e.g. health state and nutrition.

However, sexual benefits for conspicuous morphs are

balanced by higher predation risks (Endler, 1980, 1983,

1987) or by the higher energetic costs of producing and

maintaining a conspicuous coloration.

2 Disassortative mating: colour polymorphism may also

be the result of a preference, common to both sexes, for

mating with dissimilar partners (looking different from

themselves, Lowther, 19612,3 ; Murton et al., 19732,3 ). This

nonrandom mating may indicate selection for optimal

outbreeding when diverse or heterozygous young are

favoured. Colour, in this case, should reflect different

genotypes.

IV. No selection

Colour polymorphism may be simply a neutral or
nonadaptive correlated trait of a physiologically or
ecologically adaptive trait
These mechanisms are not mutually exclusive, and may

operate simultaneously in the wild. However, mecha-

nisms I, III and IV make no predictions of a relationship

between intensity of colour polymorphism and habitat

features, whereas mechanism II predicts a relationship

between plumage polymorphism and habitat. Specifically

(see Table 2), if colour polymorphism is maintained by

apostatic selection, it should be maximally expressed in

diurnal, carnivorous, and, contrary to previous sugges-

tions (Rohwer & Paulson, 1987), resident species. This

latter prediction is based on the fact that prey (the

selective agents under this hypothesis) are in stable

contact with a resident rather than with a migratory
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predator, which stays in both breeding and wintering

areas for only a fraction of its yearly cycle. Thus, an

avoidance image seems more likely to be favoured by

selection in prey of a resident predator, as in this case the

prey-predator system is stable over time.

On the other hand, if plumage polymorphism is

produced by disruptive selection, we predict it should

be higher in species exploiting environments variable

in terms of climate, type and vegetation cover (and

therefore in nomadic and partial migrant species).

Furthermore, we expect a more intense polymorphism

in species experiencing more variable light conditions,

i.e. those that are active during both day and night.

Another prediction deriving from disruptive selection is

that a given morph should be more frequent in the

environmental conditions where it is more cryptic; for

example, in a given species, we expect pale morphs to

prevail in desert areas and dark morphs in forested

areas. This prediction was tested by using polymorphic

species for which some data on the morph-ratio clines

existed.

Finally, if nonrandom mating (in the form of sexual

selection) is involved in the maintenance of plumage

polymorphism, we may expect sexually dichromatic

species, in which sexual selection is more intense (Dunn

et al., 2001), to be highly polymorphic, whereas there

should not be any association between polymorphism

and ecological variables4 .

Methods

We searched for all bird species in which true colour

polymorphism is known to occur, by consulting the

existing literature on the topic and a number of books

devoted to birds of the world or specific geographical

areas (King & Dickinson, 1975; Howard & Moore, 1980;

Brown et al., 1992; Fry et al., 1992; Meyer De Schauen-

see, 1992; Pizzey & Knight, 1997; Cleere & Nurney, 1998;

Cramp, 1998; Grimmet et al., 1998; Westoll, 1998; del

Hoyo et al., 1999; Scott, 1999). We considered polymor-

phic species in which colour polymorphism occurred in

one or in both sexes, regardless of age-specific plumage

variation. We recorded, when available, the occurrence

of clinal variation in relative frequency of morphs

(morph-ratio) in order to identify potential environmen-

tal factors changing in relation to the change in morph

frequency. For descriptive purposes, morph-ratio clines

were classified according to type (i.e. geographic, climatic

and habitat clines). Then, clines were assigned to one of

the following categories: (a) clines with a clear morph-

background matching, e.g. pale morph in open habitat,

dark morph in closed habitat; (b) clines with the opposite

trend, e.g. pale morph in closed habitat and dark morph

in open habitat; and (c) clines that could not be

interpreted in any direction. Finally, we compared

number of clines in category (a) with number of clines

in category (b) by using a binomial test.

Colour polymorphism intensity

For each species we collected, when available, data on

number and type of colour morphs and on the body parts

involved. Then, we calculated an index of colour poly-

morphism intensity (intensity of colour polymorphism)

for each species, by taking into account the number of

recognized morphs (ranging from 2 to 7) and the

frequency of body parts involved, based on the following

14 plumage regions: bill, forehead, crown, eyebrow, ear

coverts, throat, nape, mantle, wing, breast, belly, rump,

undertail coverts and tail (Gray, 1996). The formula used

was:

Intensity of colour polymorphism ¼ Nm � ðNbp=14Þ
where Nm ¼ number of morphs and Nbp ¼ number of

body parts.

The index value varied from 0.14 to 7, and correlated

significantly with both measures used in the formula

(rs ¼ 0.90, P < 0.0001 in both cases).

Ecological and morphological variables

At first, for each species, we recorded two control

variables, namely (a) biogeographic region: Nearctic,

Neotropical, Palearctic, Holarctic, Ethiopic, Oriental,

Australasian, Oceanic and others (including cosmopol-

itan species or those whose ranges could not be attributed

to a single biogeographic region); and (b) type of habitat:

terrestrial (forests, open habitats, ecotones, deserts and

rocky habitats) and aquatic (rivers, lakes, wetland,

shorelines, reefs, coastal waters, ocean).

Table 2 Predicted intensity of colour polymorphism in birds in relation to selected ecological and morphological variables, according to

the three main mechanisms proposed for the evolution and maintenance of this trait (see Introduction for explanations).

Variables Apostatic selection Disruptive selection Sexual selection

Climate No relation Higher in species experiencing alternating dry/wet climates No relation

Number of habitats No relation Higher in species frequenting many habitat types No relation

Vegetation cover No relation Higher in species frequenting both open and closed habitats No relation

Feeding habit Higher in carnivorous species No relation No relation

Activity rhythm Higher in diurnal species Higher in species with day/night activity No relation

Phenology Higher in resident species Higher in nomadic and partial migrants No relation

Sexual dichromatism No relation No relation Higher in dichromatic species
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Based on extensive and recent literature (see above),

the variables detailed in Table 2 were scored as follows:

(a) climate: dry (absence of rainy seasons throughout the

year), wet (absence of dry seasons), dry/wet (alternating

dry and wet seasons); (b) number of main habitats used

by the species; (c) vegetation cover of frequented

habitats: open (species frequenting habitats with canopy

cover absent or very scarce), closed (species frequenting

habitats with dense canopy cover), semi-open (species

frequenting both open and closed habitats); (d) main

feeding habit: herbivorous, omnivorous (herbivorous

and insectivorous), piscivorous (fishes and aquatic inver-

tebrates), carnivorous (terrestrial vertebrates and inver-

tebrates); (e) activity rhythm: day (species active only

during daytime), night (species active only during night-

time), day/night (species active both during daytime and

nighttime, including species with main activity period at

twilight); (f) phenology: resident (species living all the

year in the same location), nomadic (species showing

dispersive and erratic movements within and outside

breeding areas), partial migrant (species with both

migrant and resident populations), migrant (species

showing regular migratory movements); (g) occurrence

of sexual dichromatism: present or absent.

Scores for selected variables were assigned by a single

person (P.G.) in order to reduce scoring heterogeneity by

different observers.

Phylogenetic analysis and statistics

Data for different species cannot be considered as

independent points in comparative studies because

closely related species are more likely to share similar

ecological features because of a common ancestor

(Felsenstein, 1985; Harvey & Pagel, 1991). However,

there is debate about the importance of using compara-

tive methods to control shared evolutionary history

(Ricklefs & Starck, 19965 ; Price, 1997; Harvey & Rambaut,

1998), and it has been suggested that species-level

analyses may, in some cases, be an appropriate method

for analysis of comparative data (Ricklefs & Starck, 19966 ;

Losos, 1999); in fact, differences between results using

raw species data and phylogenetic methods may provide

some biological insight (Price, 1997). Thus, we have

analysed our data using both the raw species values and

comparative methods that control phylogeny (independ-

ent contrasts).

For the raw species analysis of association between

colour polymorphism and ecological variables, we used

both one-way and multifactorial ANOVAANOVAs. Discrete vari-

ables were included as factors in the analysis. First, we

performed univariate tests (one-way ANOVAANOVA) to identify

differences in colour polymorphism intensity according

to ecological and behavioural variables. Then, we inclu-

ded in a multifactorial ANOVAANOVA model, only the variables

that affected colour polymorphism in one-way tests, with

a P-value lower than 0.15.

To produce data that were phylogenetically independ-

ent under a specific evolutionary model, we calculated

standardized linear contrasts (Felsenstein, 1985; Harvey

& Pagel, 1991), as implemented by the computer package

Comparative Analysis of Independent Contrasts (CAICCAIC,

Purvis & Rambaut, 1995). The CAICCAIC program produces

linear contrasts that are standardized differences in traits

at evolutionarily independent nodes in the phylogeny

(Purvis & Rambaut, 1995). Contrasts were standardized

assuming that lengths of branches in the phylogeny were

proportional to the number of taxa in each clade (Grafen,

1989), which is similar to a gradual model of evolution,

or equal in length, which represents a punctuated model

of evolution. Our results were similar with gradual and

punctuated branch lengths, so for simplicity we present

just the results from analyses using gradual branch

lengths. Our phylogeny was based on the molecular

phylogeny of Sibley & Ahlquist (1990), which provides a

branching pattern to the level of family, subfamily, or

tribe, depending on the clade. When we had more than

two species below the lowest level in Sibley & Ahlquist’s

(1990) phylogeny, we used recent phylogenetic analyses

to complete the phylogeny to the species level (shore-

birds: Szèkely et al., 2000; skuas: Andersson, 1999; owls:

König et al., 19997 ; falcons: Griffiths, 1999). In cases

where there was no completely bifurcating phylogeny

available, we formed polytomies (nodes with more than

two descendant taxa), although we assumed that genera

as described by Monroe & Sibley (1993)8 formed mono-

phyletic groups.

Tests of association between traits were performed by

regressing the contrasts of one trait against the contrasts

of another trait. All regressions were forced through the

origin, because the mean value of independent contrasts

is expected to be zero under the null hypothesis (Harvey

& Pagel, 1991). We used the CRUNCH procedure of CAICCAIC:

all categorical variables were examined using dummy

variables that were phylogenetically transformed (see

Winquist & Lemon, 1994; Martin, 1995; Martin &

Badyaev, 1996; Dunn et al., 2001). For example, climate

had three dummy variables for each of the three climate

types (dry, wet and dry/wet). Species that inhabited dry

climates were coded as 1 for the dummy variable

representing dry climates and coded as 0 for the two

other dummy variables representing wet and dry/wet.

Independent contrasts for these categorical variables

indicate the proportion of taxa in each category (Win-

quist & Lemon, 1994). First, we analysed contrasts using

univariate regressions of colour polymorphism on

independent variables in order to determine whether

the proportions of taxa in different categories were

associated with colour polymorphism. Secondly, to

control potentially confounding relationships between

independent variables, we performed a multiple regres-

sion analysis that included predictors of colour poly-

morphism from the univariate tests that had a P-value

lower than 0.15. The overall significance of categorical
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variables was tested by a partial F test for the difference in

sums of squares when (n)1) dummy variables were

entered as a group into the regression model (Martin,

1995). For example, climate was tested by comparing the

difference in sums of squares for models with and

without the contrasts for two of the three dummy

variables (i.e. dry and wet). The partial F-value was

estimated as the difference in model sums of squares

divided by the mean square error for the model

containing all the variables (i.e. including the n)1

dummy variables; Kleinbaum & Kupper, 1978). Con-

trasts for each of the n categories were calculated by

multiplying the standardized contrast for colour poly-

morphism by its corresponding contrast for each of the n

dummy variables throughout the phylogeny (note that

here all n dummy variables were used). Our figures show

the mean and SE for these products in each category.

Results

We found a total of 334 species with polymorphism in

plumage colour (Electronic Appendix 1), representing

3.5% of total bird species recognized by Sibley & Monroe

(1990). In the great majority of species, colour poly-

morphism involved both sexes, but in 23 species it was

shown only by females, in nine species only by juveniles

and in two species only by males.

Colour polymorphism involves 61% (14) of the 23 bird

orders and 37% (53) of the 143 families. Among the 14

orders showing polymorphism (Table 3)9 , the percentage

of species and families with colour polymorphism aver-

aged 7% (range 0.6–33.3%) and 12.5% (range

0.2–100%), respectively. The orders with greatest inci-

dences of polymorphism are Strigiformes, i.e. owls and

nightjars (33.5%), Cuculiformes (11.9%), Galliformes

(9.5%) and Ciconiiformes (8.8%). By contrast, the orders

with the lowest incidence are Piciformes (0.6%), Pass-

eriformes (0.9%) and Psittaciformes (1.1%). All these

figures are significantly different from those expect by

chance alone on the basis of the total bird species (overall

v2
13 ¼ 979:7, P < 0.0001).

Small families such as Podargidae, Aegothelidae and

Odontophoridae include more than 50% of polymorphic

species, but two large families, Strigidae and Accipitridae,

also show a large incidence of colour polymorphism

(38.5 and 22.1%, respectively). In contrast, colour

polymorphism involves less than 1% of species in

Tyrannidae (0.2%), Meliphagidae (0.6%) and Passeridae

(0.8%).

Most species were dimorphic (72.2%, 241 of 334) or

trimorphic (21.6%, 72 of 334); 16 species showed four

morphs (4.8%), and only four species presented more

than four morphs (1.2%). Among species with two

morphs, morphs composed of rufous and grey (15%),

brown and buff (11.4%), rufous and brown (9%), and

black and white (7.5%) prevailed. Among trimorphic

species, rufous–grey–brown was the most frequent

association (5%), and in quadrimorphic species rufous–

grey–brown–buff was most frequent (1.8%).

Colour variation involved the whole body in 189

species (56.4%), the underparts in 94 species (28.1%),

the upperparts in 26 (7.8%), the head in 17 (5.1%), and

other smaller body parts (bill, throat, eyebrows, etc.) in

nine species (2.7%). Therefore, colour polymorphism

involved mainly total body or ventral plumage.

Carnivorous, piscivorous and insectivorous bird species

composed 75% of all polymorphic species, whereas

omnivorous and vegetarian species (i.e. herbivorous,

granivorous, frugivorous and nectarivorous birds) con-

stituted only 25% of the database. Most polymorphic

species (75% of 281) catch their prey by hovering,

perching or sitting, and pecking from ground, or a

mixture of the former; all these feeding techniques

involve a diving attack from above, and, thus, the ventral

body parts are most visible to prey.

Relationships between colour polymorphism,
ecological variables and sexual dichromatism

Raw species data
In multifactorial ANOVAANOVA, the index of colour polymorph-

ism varied significantly in relation to five factors

(Table 4). First, colour polymorphism was significantly

greater in species showing either night/day or crepuscu-

lar activity patterns (Fig. 1). Secondly, the index of

colour polymorphism was greatest in carnivourous spe-

cies (terrestrial vertebrate and invertebrate consumers)

and smallest in omnivorous species. In terms of habitat

variables, colour polymorphism reached a peak in

terrestrial species, and in those frequenting four or more

main habitat types. Finally, colour polymorphism was

Table 3 List of avian orders including polymorphic species, in

descending order of colour polymorphism occurrence; n is the total

number of bird species within a given order (based on Sibley &

Ahlquist, 199015 ); (+) indicates that colour polymorphism is signifi-

cantly overrepresented and ()) indicates that polymorphism is under

represented.

Order n Colour polymorphism (% of species)

Strigiformes 291 33.3 +

Cuculiformes 143 11.9 +

Upupiformes 10 10.0

Galliformes 189 9.5 +

Ciconiiformes 1027 8.8

Anseriformes 161 4.3

Craciformes 69 4.3

Gruiformes 196 2.5

Trochiliformes 319 2.2

Columbiformes 310 1.9

Coraciiformes 152 1.3

Psittaciformes 358 1.1 )
Passeriformes 5712 0.9 )
Piciformes 355 0.6 )
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greater in nomadic species and was at a minimum in

regularly migrant species. Sexual dichromatism did not

appear to be important in explaining the intensity of

colour polymorphism in multifactorial analysis, despite

the univariate test suggested that colour polymorphism

was significantly higher in monochromatic species.

Independent contrasts
The multivariate model partly confirmed the results

obtained from multivariate analysis on raw species data

(Table 5). Daily activity rhythm was the most significant

predictor of the intensity of colour polymorphism,

followed by feeding habit, number of habitats, and

migratory behaviour. In addition, colour polymorphism

was maximally expressed in species frequenting both

open and closed habitats (see vegetation cover, Fig. 2).

Although the analysis of independent contrasts con-

firmed the role of feeding habit in explaining colour

polymorphism, it produced a different pattern of associ-

ation when compared with the analysis of the raw

species data. Nevertheless, colour polymorphism was at a

minimum in omnivorous species in both types of

analyses, and higher in taxa with all other types of

feeding (Figs 1, 2). Some of the differences between

analyses of independent contrasts and the raw species

data may be attributed to the high concentration of

polymorphic carnivores in one order (42.4% belonged to

Strigiformes).

Most results obtained in both analyses are in accord-

ance with predictions based on the disruptive selection

Table 4 Colour polymorphism among birds in relation to ecological

variables and sexual dichromatism. P-values are given for one-way

(univariate) and multifactorial (multivariate) analyses of variance

using raw species data (see Methods). The multivariate model only

included the variables with P < 0.15 after univariate analysis.

Variables

Raw species

Univariate Multivariate

F d.f. P F d.f. P

Biogeographic region 0.5 8,324 0.85 – – –

Climate 1.7 2,325 0.17 – – –

Type of habitat 3.0 1,326 0.084 5.8 1,307 0.016

Number of habitats 5.7 3,324 0.001 4.7 3,307 0.003

Vegetation cover 0.5 2,325 0.60 – – –

Feeding habit 14.2 3,327 <0.0001 5.0 3,307 0.002

Activity rhythm 39.3 2,319 <0.0001 26.1 2,307 <0.0001

Phenology 3.7 3,322 0.012 4.4 3,307 0.005

Sexual dichromatism 5.8 1,326 0.017 0.0 1,307 0.98
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Fig. 1 Intensity of colour polymorphism in birds in relation to

ecological variables using raw species data (see Methods). Mean and

SE are indicated by the bars and whiskers, respectively.
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mechanism and not with the apostatic selection or sexual

selection mechanisms (Table 6).

Clinal colour polymorphism

In our sample, 67 polymorphic species showed a cline in

the relative frequency of morphs (Electronic Appen-

dix 2). A geographic cline was found in 78% of species;

another 18% of species lived along a climatic gradient,

dry–wet, and only 4% of polymorphic species occurred

along a clear habitat cline, e.g. open–close or dark–light

background (Table 7). Thus, different environmental

features and selective forces appeared to be associated

with clines in colour polymorphism. However, all of

these clines shared variation in light conditions as a

common feature. This variation was related to geo-

graphic, climatic and habitat factors (see Discussion). Of

the 41 clines with some data on the frequencies of

morphs along a geographic or environmental gradient,

88% of clines fell in the category (a), i.e. had more dark

morphs in closed or darker habitats, in cloudy/wet

climates, at higher latitudes (excluding the extreme

latitudes of polar zones) where cloudiness prevails

through the year, and at higher altitudes where shaded

conditions are widespread (P < 0.0001, binomial test).

Thus, this result appeared to further confirm the

disruptive selection hypothesis for polymorphism main-

tenance.

Table 5 Colour polymorphism among birds in relation to ecological

variables and sexual dichromatism. Probability values are given for

regression analyses of independent contrasts (regressions forced

through the origin using the CRUNCH procedure in CAICCAIC; see

Methods). Contrasts were calculated using phylogenies with variable

branch lengths, corresponding to a gradual model of evolution. The

multivariate model only included the variables with P < 0.15 after

univariate analysis.

Variables

Independent contrasts

Univariate Multivariate

F d.f. P F d.f. P

Biogeographic region 1.2 8,238 0.30 – – –

Climate 3.3 2,244 0.039 0.53 1,229 0.47

Type of habitat 0.4 1,245 0.51 – – –

Number of habitats 3.1 3,246 0.027 4.15 1,229 0.043

Vegetation cover 5.0 2,244 0.008 5.49 1,229 0.020

Feeding habit 2.8 3,242 0.045 10.34 1,229 0.001

Activity rhythm 11.4 2,244 <0.001 28.06 1,229 <0.0001

Phenology 1.9 3,243 0.13 4.39 1,229 0.037

Sexual dichromatism 0.17 1,245 0.68 – – –
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Fig. 2 Intensity of colour polymorphism in birds in relation to

ecological variables using phylogenetically independent contrasts

(see Methods). Mean and SE are indicated by the bars and whiskers,

respectively.
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Discussion

Colour polymorphism in birds is a relatively rare

phenomenon, involving only 3.5% of species. However,

61% of bird orders contained polymorphic species, and

the occurrence of polymorphic species was particularly

high in Strigiformes (33%), Cuculiformes (12%), Galli-

formes (9.5%) and Ciconiiformes (9%). Owls and

nightjars form closely related orders, but their relation-

ship with Ciconiiformes is more distant. Similarly, cuck-

oos and pheasants are not closely related taxa (Sibley

et al., 1988; Sibley & Ahlquist, 1990). Moreover, Galli-

formes belong to the Eoaves, whereas all others are

Neoaves. This suggests that potential to develop colour

polymorphism is common in both ancestral and modern

bird taxa, and it appears to have evolved independently

many times in birds. Therefore, colour polymorphism

might well reflect similar selective pressures under which

a number of species are evolving. But what evolutionary

mechanism contributes to maintaining the phenotypic

colour polymorphism in birds and what are the selective

advantages of being either rufous or grey, brown or buff,

white or dark?

The ‘status signalling hypothesis’ (Rohwer, 1977) is

hardly applicable to polymorphic species because indi-

viduals of each morph are generally quite uniform. In

fact, colour polymorphism appears to be almost incom-

patible with sexual dichromatism, as only 65 polymor-

phic species (19%) also showed sexual dimorphism in

plumage colour, whereas 264 (81%) did not. Moreover,

colour polymorphism is very rare in polygamous species:

94% of 288 polymorphic species whose mating strategy

was known were apparently monogamous. These figures

are very similar to the occurrences of monogamous

(90%) vs. polygamous (10%) species in birds as a whole,

which suggests that nonrandom mating (e.g. sexual

selection) is an unlikely general mechanism maintaining

this trait. Assortative or disassortative colour-based

mating has been found in some populations of few

polymorphic species (Anser caerulescens, Abrahams et al.,

1983; Colaptes auratus, Wiebe, 2000; Fulica ardesiaca, Gill,

1964; Catharacta maccormicki and Stercorarius parasiticus,

O’Donald, 1959, 1987), but data supporting nonrandom

mating are far from clear and trends observed may

change from assortative to disassortative to random

mating according to year (e.g. in Arctic skua, O’Donald

& Davis, 1975; Phillips & Furness, 1998). Finally, colour

polymorphism was not higher in sexually dichromatic

species as it could be expected if sexual selection was

involved in the evolution of this trait.

The ‘avoidance image hypothesis’ was not supported

by this study, as our phylogenetically corrected analysis

showed that colour polymorphism was not more intense

in predator species as postulated by the hypothesis. In

fact, colour polymorphism was higher in vegetarian taxa

than in any other type of feeding habit (Fig. 2), i.e. it was

maximally expressed in species that would be prey rather

than in predators.

Our results, with both raw species and independent

contrasts, indicated that colour polymorphism was great-

est in taxa living in semi-open habitats and particularly in

species with a day/night extended activity pattern.

According to the disruptive selection hypothesis, these

patterns suggest that varying light conditions may be the

most important selective mechanism maintaining colour

polymorphism in birds.

Table 6 Summary of the observed associations between intensity of

colour polymorphism in birds and selected ecological and morpho-

logical variables, according to the three main mechanisms proposed

for the evolution and maintenance of this trait (see Introduction for

details): ‘Y’ indicates that predictions presented in Table 2 were

upheld for a given variable under the assumption of a specific

evolutionary mechanism, whereas ‘N’ indicates the opposite; (rs) ¼
raw species multivariate analysis; (ct) ¼ contrast-based multivariate

analysis. See Results for details.

Variables

Apostatic

selection

Disruptive

selection

Sexual

selection

Climate – N (rs)–N (ct) –

Number of habitats – Y (rs)–Y (ct) –

Vegetation cover – N (rs)–Y (ct) –

Feeding habit Y (rs)–N (ct) – –

Activity rhythm N (rs)–N (ct) Y (rs)–Y (ct) –

Phenology N (rs)–N (ct) Y (rs)–Y (ct) –

Sexual dichromatism – – N (rs)–N (ct)

Table 7 Number of polymorphic species

according to different type of clines by

biogeographic region (n ¼ 67 species). Region

Geographic cline Habitat cline Climatic cline

N–S E–W SE–NW Coast-interior High-low Open/closed Dark/light Dry/wet

Australasian 4 3 1 3 1 – 1 –

Ethiopic 2 7 1 – 1 – – 4

Nearctic 8 4 – 2 – – – 2

Neotropical 2 – – – – 2 – 2

Oriental – – – – – – – 1

Palearctic – 4 – – – – – 1

Holarctic 3 1 – – – – – 1

Others 1 1 – 3 – – – 1

Total 20 20 2 8 2 2 1 12
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The light regime experienced by animals through

any 24-h cycle varies strongly depending on time of

year, latitude, and hour of day, all of which produce

variation in the intensity of light environment (Martin,

1990). Ambient light may vary 100-fold depending on

vegetation canopy and cloudiness; altitude also changes

the incidence of sunlight creating large zones of

shading depending on exposure. Moreover, the natural

light levels of both nighttime and twilight are highly

variable (Martin, 1990), e.g. the twilight period can

embrace at least a 1000-fold range of rapidly changing

light levels and variation of the same magnitude occurs

during night time. Indeed, during a 24-h period an

animal may experience variation in light levels of

approximately three-billion-fold (9.5 log lux: from 4 log

lux when sun altitude is 90� above the horizon, to

–5.5, at minimum starlight under clear skies). Shading

from a tree canopy or cloudiness may lead to variation

in light levels on the order of 300-billion-fold (11.6 log

lux) (Martin, 1990).

It is now well documented that the conspicuousness or

crypsis of colour patterns of an animal strongly depend

on the interaction between light levels, spectral compo-

sition of ambient light and the reflectance spectra of

colour pattern elements (Endler, 1978, 1986, 1990, 1991;

Endler & Théry, 1996). For example, red appear to be

more conspicuous than yellow in open habitats and less

conspicuous in the dense canopy of forest (Hall et al.,

1966). This is because red radiation is weak and more

filtered out in the limited light conditions typical of close

canopy or night-time (Lytghoe, 1979). Similarly, the

rufous morph of the Eastern screech owl (Otus asio) may

gain an advantage in terms of crypsis in climates with

more precipitation and hence cloudy weather, as red

light is weak and quickly filtered out in these environ-

ments (Gehlbach, 1988, 1994).

Based on experimental data on herons, Mock (1980)

suggested that white morphs predominate in clear

shallow waters on sunny days and open habitats as

found along sea coasts and coral reefs, whereas dark

morphs could predominate in cloudy water in closed

habitat as found along inland waterways. This pattern

may depend on differential crypsis of the two morphs in

different light conditions (Götmark, 1987). In open

habitat, white morphs may be more cryptic when viewed

against bright sky during daytime, whereas dark ones

may be more cryptic when viewed against a dark

background as occurs in a gallery forest or at night. It is

worth noting that polymorphic Eastern reef herons

(Egretta sacra) are active at night as well as in the daytime

(Itoh, 1991), considering that nocturnal species in Ardei-

dae have all dark plumage.

In Arctic and Antarctic species of Stercoraridae and

Procellaridae, subjected to alternate long periods of con-

tinuous daylight and nightlight, colour polymorphism is

very frequent, and governed at a broad level by latitude,

with dark birds being more frequent at lower latitudes

(<60�N/S) and light birds predominating at higher

latitude (>70�N/S). Light birds might be increasingly

favoured above 60�N as light conditions are more intense

during the summer breeding seasons than at lower

latitudes (Martin, 1990). Conversely, below 60�N, light

conditions are less intense during the summer breeding

seasons and this may favour dark morphs, as has been

observed in the Arctic skua and northern fulmar (Ful-

marus glacialis) (Hatch, 1991). All these species are also

active during conditions of low light, mainly during

periods of food shortage.

Thus, the balance between dark and light coloration in

birds may be determined by the relative benefits of

conspicuousness or crypsis to predators, prey, conspecifics

and guild members, in a variety of different habitats or

habitat conditions, among which light levels appear to

play a major role.

Therefore, daily activity patterns of different morphs

may be an important factor in explaining the mainten-

ance of colour polymorphism in birds. Different morphs

may vary in success in different habitats or in the same

habitat under different light conditions, because of

variation in foraging efficiency or survival, because of

hunting or defensive camouflage. This idea is supported

by the fact that also interspecific variation in plumage

colour among birds seems to be an adaptive response to

variation in light environments across habitats

(McNaught & Owens, 2002).

Taken together, these findings suggest that that colour

polymorphism in birds is not simply a nonadaptive

consequence of selection on other adaptive traits. Rather,

our results support the hypothesis that this trait has

evolved in avian species by disruptive selection favouring

the most cryptic morph of a species depending on the

varying light conditions in which it lives (Martin, 1990;

Endler, 1991).

Supplementary material

The following material is available from: http://www.

blackwellpublishing.com/products/journals/suppmat/

JEB/JEB569/JEB569sm.htm

Appendix

Table A1 list of world bird species showing colour

polymorphism in plumage.

Table A2 list of polymorphic bird species showing morph-

ratio clines.
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Endler, J.A. & Théry, M. 1996. Interacting effects of lek

placements, display behavior, ambient light, and color

patterns in three neotropical forest-dwelling birds. Am. Nat.

148: 421–452.

Felsenstein, J. 1985. Phylogenies and the comparative method.

Am. Nat. 125: 1–15.

Fisher, R.A. 1930. The Genetical Theory of Natural Selection.

Clarendon Press, Oxford.

Ford, E.B. 1940. Polymorphism and taxonomy. In: The New

Systematics (J. S. Huxley, ed.), pp. 493–513. Clarendon Press,

Oxford.

Ford, E.B. 1945. Polymorphism. Biol. Rev. Biol. Proc. Cambr.

Philos. Soc. 20: 73–88.

Fox, H.M. & Vevers, G. 1960. The Nature of Animal Colors.

Macmillan, New York.

Fry, C.H., Fry, K. & Harris, A. 1992. Kingfishers, Bee-Eaters

& Rollers. Cristopher Helm/A & C Black, London.

Furness, R.W. 1987. The Skuas. T & A D Poyser, Calton.

Furness, B.L. & Furness, R.W. 1980. Apostatic selection and

Kleptorasitism in the Parasitic Jaeger: a comment. Auk 97:

832–836.

Galeotti, P. & Cesaris, C. 1996. Rufous and grey colour morphs in

the Italian Tawny Owl: geographical and environmental

influences. J. Avian Biol. 27: 15–20.

Gehlbach, F.R. 1988. Population and environmental features

that promote adaptation to urban ecosystems the case of

eastern Screech-Owls (Otus asio) in Texas. Acta Int. Congr.

Ornithol. XIX: 1809–1814.

Gehlbach, F.R. 1994. The Eastern Screech-Owl: Life History, Ecology,

and Behavior in the Suburbs and Countryside. Texas A. & M.

University Press, College Station.

Gill, F.B. 1964. The shield color and relationships of certain

Andean Coots. Condor 66: 209–211.

Götmark, F. 1987. White underparts in gulls function as hunting

camouflage. Anim. Behav. 35: 1786–1792.

Grafen, A. 1989. The phylogenetic regression. Phil. Trans. R. Soc.

Lond. Ser. B 326: 119–156.

Gray, D.A. 1996. Carotenoids and sexual dichromatism in north

American Passerine birds. Am. Nat. 148: 453–480.

Griffiths, C.S. 1999. Phylogeny of the Falconidae inferred from

molecular and morphological data. Auk 116: 116–130.

Grimmet, R., Inskipp, C. & Inskipp, T. 1998. Birds of the Indian

Subcontinent. Cristopher Helm/A & C Black, London.

Hall, B.P., Moreau, R.E. & Galbraith, I.C.J. 1966. Polymorphism

and parallelism in the African Bush-Shrikes of the genus

Malaconotus (including Chlorophoneus). Ibis 108: 160–181.

Harris, M.P. & Wanless, S. 1986. A comparison of biology of the

normal and bridled forms of the Guillemot Uria aalge at a

single colony. J. Zool. Lond. 210: 121–130.

Harvey, P.H. & Pagel, M.D. 1991. The Comparative Method in

Evolutionary Biology. Oxford University Press, Oxford.

Harvey, P.H. & Rambaut, A. 1998. Phylogenetic extinction rates

and comparative methodology. Proc. R. Soc. Lond. Ser. B. 265:

1691–1696.

Hatch, S.A. 1991. Evidence for color phase effects on the

breeding and life history of Northern Fulmars. Condor 93: 409–

417.

Holyoak, D.T. 1973. Significance of colour dimorphism in

polynesian populations of Egretta sacra. Ibis 115: 419–420.

Howard, R. & Moore, A. 1980. A Complete Checklist of the Birds of

the World. Oxford University Press, Oxford.

del Hoyo, J., Elliott, A. & Sargatal, J. (eds) 1999. Handbook of the

Birds of the World. Lynx Edicions, Barcelona.

Huxley, J. 1942. Evolution, the Modern Synthesis. Allen & Unvin,

London.

Huxley, J. 1955. Morphism in birds. Acta. Int. Congr. Ornithol. XI:12

309–328.

Itoh, S. 1991. Geographical variation of the plumage poly-

morphism in the Eastern Reef heron (Egretta sacra). Condor 93:

383–389.

King, B.F. & Dickinson, E.C. 1975. Birds of South-East Asia.

Harper Collins Publishers, London.

Colour polymorphism in birds 645

J . E V O L . B I O L . 1 6 ( 2 0 0 3 ) 6 3 5 – 6 4 6 ª 2 0 0 3 B L A C K W E L L P U B L I S H I N G L T D



Kleinbaum, D.G. & Kupper, L.L. 1978. Applied Regression Analysis

and Other Multivariable Methods. Duxbury Press, North Scituate.

König, C., Weick, F. & Becking, J.H. 1999. Owls: a Guide to the

Owls of the World. Pica Press, Mounfield.

Kushlan, J.A. 1977. The significance of plumage colour in the

formation of feeding aggregations of Ciconiiforms. Ibis 119:

361–364.

Kushlan, J.A. 1978. Feeding Ecology of Wading Birds. Wading

Birds, Research report no. 7, 249 pp. National Audubon

Society, New York13 .

Losos, J.B. 1999. Uncertainty in the reconstruction of ancestral

character states and limitations on the use of phylogenetic

comparative methods. Anim. Behav. 58: 1319–1324.

Lowther, J.K. 1961. Polymorphism in the white-throated spar-

row, Zonotrichia Albicollis (Gmelin). Can. J. Zool. 39: 281–292.

Lytghoe, J.N. 1979. The Ecology of Colour Vision. Clarendon Press,

Oxford.

McNaught, M.K. & Owens, I.P.F. 2002. Interspecific variation in

plumage colour among birds: species recognition or light

environment? J. Evol. Biol. 15: 505–514.

Martin, G. 1990. Birds by Night. T & AD Poyser, London.

Martin, T.E. 1995. Avian life history evolution in relation to nest

sites, nest predation and food. Ecol. Monog. 65: 101–127.

Martin, T.E. & Badyaev, A.V. 1996. Sexual dichromatism in

birds: importance of nest predation and nest location for

females versus males. Evolution 50: 2454–2460.

Meyer De Schauensee, R. 1992. The Birds of China. Oxford

University Press, Oxford.

Mock, D.W. 1980. White–dark polymorphism in herons. In: Proc.

First Welder Wildlife Foundation Symp. (D.L. Drawe, ed.),14 pp.

144–161. Welder Wildlife Foundation, Corpus Christi, TX,

USA.

Monroe, B.L. & Sibley, C.G. 1993. A World Checklist of Birds. Yale

University Press, New Haven.

Mosher, J.A. & Henny, C.J. 1976. Thermal adaptiveness of

plumage color in screech owls. Auk 93: 614–619.

Murton, R.K. 1971. Polymorphism in Ardeidae. Ibis 113: 97–99.

Murton, R.K., Westwood, N.J. & Thearle, R.J.P. 1973. Poly-

morphism and the evolution of a continuous breeding season

in the pigeon, Columba livia. J. Reprod. Fertil. (Suppl.) 19:

563–577.
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