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Abstract

Colour polymorphisms have played a major role in enhancing current understanding

of how selection and demography can impact phenotypes. Because different

morphs often display alternative strategies and exploit alternative ecological niches,

colour polymorphism can be expected to promote adaptability to environmental

changes. However, whether and how it could influence populations’ and species’

response to global changes remains debated. To address this question, we built an

up-to-date and complete database on avian colour polymorphism based on the

examination of available data from all 10,394 extant bird species. We distinguished

between true polymorphism (where different genetically determined morphs co-

occur in sympatry within the same population) and geographic variation (parapatric

or allopatric colour variation), because these two patterns of variation are expected

to have different consequences on populations’ persistence. Using the IUCN red list,

we then showed that polymorphic bird species are at lesser risk of extinction than

nonpolymorphic ones, after controlling for a range of factors such as geographic

range size, habitat breadth, life history, and phylogeny. This appears consistent with

the idea that high genetic diversity and/or the existence of alternative strategies in

polymorphic species promotes the ability to adaptively respond to changing environ-

mental conditions. In contrast, polymorphic species were not less vulnerable than

nonpolymorphic ones to specific drivers of extinction such as habitat alteration,

direct exploitation, climate change, and invasive species. Thus, our results suggest

that colour polymorphism acts as a buffer against environmental changes, although

further studies are now needed to understand the underlying mechanisms. Develop-

ing accurate quantitative indices of sensitivity to specific threats is likely a key step

towards a better understanding of species response to environmental changes.
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1 | INTRODUCTION

Intraspecific variation in animal colour is an ideal model system to

investigate the causes and consequences of phenotypic variability

within populations (Gray & McKinnon, 2007; Hoekstra, 2006; Roulin,

2004). Colour patterns influence performance and fitness of

individuals through both direct effects of pigment production (e.g.

camouflage or thermoregulation) and indirect effects (e.g. suites of

correlated physiological and behavioural traits) (Roulin, 2004). Colour

polymorphism (i.e. the coexistence of alternative colour morphs within

the same population) is often associated with variability in a range of

traits, including life history, behavioural and physiological traits
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(Ducrest, Keller, & Roulin, 2008; McKinnon & Pierotti, 2010; Roulin,

2004). As a result, different morphs often display alternative strate-

gies, have different fitness optima, occupy different habitats and

exploit alternative ecological niches (Brommer, Ahola, & Karstinen,

2005; Emaresi et al., 2014; McKinnon & Pierotti, 2010; Roulin, 2004;

Sinervo & Lively, 1996). Previous research has suggested that species

exhibiting high intraspecific variability in colour and life-history traits

can establish more successfully in new areas and are less vulnerable to

extinction (Cattin, Schuerch, Salamin, & Dubey, 2016; Forsman, Wen-

nersten, Karlsson, & Caesar, 2012; Gilroy, Gill, Butchart, Jones, &

Franco, 2016; Gonz�alez-Su�arez & Revilla, 2013). By increasing trait

variability and total niche breadth at the population level, the coexis-

tence of several morphs in colour polymorphic species may favour per-

sistence in human-altered and/or changing environments (Forsman,

Ahnesj€o, Caesar, & Karlsson, 2008). In other words, high colour vari-

ability at the population level might promote and facilitate population

persistence through time and adaptation to changing environments,

through the use of a larger diversity of resources and/or microhabitats.

Accordingly, and irrespective of the direction of causation, previ-

ous studies showed that colour variability is associated with the use

of a broader range of habitats (e.g. Galeotti & Rubolini, 2004), a lar-

ger distribution range and a better ability to deal with environmental

changes in amphibians (Forsman & Hagman, 2009), reptiles (Forsman

& ��Aberg, 2008), and birds (Delhey, Smith, & Peters, 2013). However,

most previous studies were restricted to regional species assem-

blages (Australia) and did not distinguish between true colour poly-

morphism (where different genetically determined morphs co-occur

in sympatry within the same population) and geographic variation

(parapatric or allopatric colour variation, implying no local co-occur-

rence of distinct colour forms across the whole distribution range).

Yet, these two types of colour variation are likely to have different

evolutionary origins. Constraints on gene flow and large-scale envi-

ronmental variation are believed to be responsible for most

intraspecific geographic variation in colouration, whereas balancing

selection is the main mechanism expected to maintain colour poly-

morphism at a local scale (Bolton, Rollins, & Griffith, 2015; McLean

& Stuart-Fox, 2014; Roulin, 2004; Wellenreuther, Svensson, & Hans-

son, 2014). Distinguishing between these two types of colour varia-

tion is therefore critical as they can have very different

consequences on population processes and on species responses to

specific environmental changes (Mayr, 1942; McLean & Stuart-Fox,

2014).

The aim of this study was to investigate whether and how colour

polymorphism relates to species-specific response to environmental

changes, considering the risk of global extinction as a proxy for sus-

ceptibility to environmental changes (Mace et al., 2008). We chose

to focus on birds for several reasons. First, birds are particularly

well-studied relative to other taxa, making it possible to perform

large-scale comparative analyses. In particular, risk of global extinc-

tion and species vulnerability to specific types of threats has been

assessed by the IUCN for most described species (Mace et al., 2008,

http://www.iucnredlist.org/). As a result, predictors of extinction risk

have also been intensively studied in birds (e.g. Lee & Jetz, 2011;

Owens & Bennett, 2000). Second, the recent publication of a com-

plete phylogeny of extant birds (Jetz, Thomas, Joy, Hartmann, &

Mooers, 2012) now allows analyses using a comparative framework

over the whole Aves class.

As a first step to our study, we compiled an up-to-date and com-

plete database on colour polymorphism based on the examination of

available data from all 10,394 extant bird species. Previous studies

had already collated data on colour polymorphism in birds (e.g. Gale-

otti, Rubolini, Dunn, & Fasola, 2003), but they did not always distin-

guish between true colour polymorphism and cases of geographic

variation. To make sure our analyses were really dealing with the

potential effects of colour polymorphism, we only took into account

true polymorphism and discarded all doubtful cases for which no

observation or data could confirm the presence of colour variants

within populations. We excluded cases of clinal or discontinuous

geographic variation that do not involve polymorphism per se, that is

the coexistence of different coloured morphs at the local scale.

This allowed us to test whether colour polymorphism was associ-

ated with a lower susceptibility to environmental changes, using the

IUCN index of relative risk of extinction as a proxy of such suscepti-

bility. As previous comparative analyses have shown that insularity,

generation length, body mass or habitat breadth are associated with

risk of global extinction (e.g. Lee & Jetz, 2011; Owens & Bennett,

2000), we included these traits in the analyses, to evaluate whether

colour polymorphism had some additional power to explain extinc-

tion susceptibility to environmental changes. We then tested

whether polymorphic species display higher genetic diversity than

nonpolymorphic ones, a hypothesis that has, to our knowledge, not

been tested previously, and that could explain differences in resili-

ence related to polymorphism. To that aim, we obtained estimates

of genetic diversity from the literature and tested whether they dif-

fer between polymorphic and nonpolymorphic species. We used

microsatellite data on heterozygosity and allelic richness of wild pop-

ulations extracted from the database published in Willoughby et al.

(2015). We also investigated whether polymorphic species differed

from nonpolymorphic ones in their susceptibility to specific threats

(habitat alteration, direct exploitation, climate change and invasive

species) in order to identify possible causes of extinction susceptibil-

ity. Overall, we expected polymorphic species to be at lower risk of

extinction, to display higher genetic diversity and to be less sensitive

and/or sensitive to fewer threatening processes than nonpolymor-

phic species (Roulin, 2014).

2 | MATERIALS AND METHODS

2.1 | Data

We define colour polymorphism as the coexistence of alternative

colour morphs within the same population, the same age class and

the same sex, following Roulin (2004). To identify colour polymor-

phic species from the full world species list, we first used the digital

resource “Handbook of the Birds of the World Alive” (www.hbw.c

om, del Hoyo, Elliott, Sargatal, Christie, & de Juana, 2016; hereafter
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HBWAlive). Examining the resources available for each of the

10,394 extant bird species, we performed a search using selected

keywords (“morph” OR “morphs” OR “polymorph*” OR “form” OR

“forms” OR “variant*”) and also thoroughly examined all colour

plates. Any species showing plumage variation within subspecies, sex

and age class, according to the HBWAlive text or plates was then

considered as a “potentially polymorphic species.” This first step

yielded a list of 508 species. We then used the detailed information

available for each of these species and extracted the description of

colour variation to include it in our database (Appendix S1). This

allowed us to classify as nonpolymorphic a range of species which

did not match our definition. In particular, we excluded all species

with no evidence of coexistence of different morphs in the same

geographic area. For instance, in some species, colour variation was

unambiguously described as being related to geography, with differ-

ent colour variants occurring in allopatry (e.g. the Loggerhead shrike

Lanius ludovicianus, in which the Southern populations of the nomi-

nate race are paler than the Northern ones). In other cases, colour

variation was related to the extremely rare occurrence of a colour

variant (e.g. the Steller’s sea eagle Haliaeetus pelagicus, where only

one all dark brown captive individual has ever been reported).

More precisely, to be considered as polymorphic, species had to

meet two criteria. First, species had to show discrete variation in

colouration within population, sex and age class; the criterion of dis-

crete variation being sometimes difficult to assess and ambiguous

for many species, we followed the opinion provided by authors in

the scientific literature and in HBWAlive. In case no mention of dis-

crete variation or polymorphism was provided, we used a conserva-

tive approach and the species was considered as nonpolymorphic. In

contrast, the variation was considered as discrete if morphs or poly-

morphism were mentioned by the authors. Second, species had to

show a relatively high proportion of the rarest morph, at least in one

population, in order to exclude variation due to recurrent mutations.

Ford (1965) and Sheppard (1975) proposed a threshold of 1%. Here,

we used a more conservative approach and considered a threshold

of 5%, following recent studies (e.g. Perrard et al., 2014). When no

quantitative data on morph frequency were available, we considered

species as nonpolymorphic when the rarest morph was said to be

“very rare” or “occasional,” as potentially polymorphic when the rar-

est morph was said to be “rare” and as polymorphic when the rarest

morph was said to be “common.” We then double checked each

potentially polymorphic and polymorphic species, by searching

through the literature for further evidence of polymorphism (or lack

thereof) and information on morphs’ frequency and co-occurrence.

To that aim, we conducted a search in the Web of Knowledge digital

resource, using the following keywords: Topic = “species scientific

name” AND (“colour*” OR “colour*” OR “morph” OR “morphs” OR

“polymorph*”). This search was performed in March 2016. Although

we did not use it in our analyses, we also added information on fre-

quency and co-occurrence of colour morphs, and on geographic vari-

ation in morph frequency, and added it in the database to allow

future studies on geographic variation in morph-ratio as advocated

by McLean and Stuart-Fox (2014). Finally, we used bird families’

monographs when available (see Appendix S3 (SM3) for the list of

references) and considered resources that were identified from cita-

tions within the references found during the search. We then used

the information collected from HBWAlive and additional references

to attribute to each species a final index of polymorphism (0 = not

polymorphic; 1 = polymorphic; potentially polymorphic species are

also included in the database but were not used in our analyses).

The dataset, which includes polymorphism scores, details on colour

variation and references for each of the 508 initially selected spe-

cies, is provided as Appendix S1. We also provide a comparison of

our dataset with the dataset previously collated by Galeotti et al.

(2003, see Appendix S2), with justification for discrepancies between

the two datasets. We restricted our analyses to species considered

as truly polymorphic to be conservative.

2.2 | Genetic diversity data

To test for differences in genetic diversity between polymorphic and

nonpolymorphic species, we extracted data on heterozygosity and

allelic richness from Willoughby et al. (2015). In this study, the

authors conducted a quantitative review of vertebrate microsatellite

data published since 1990 and provide estimates for wild popula-

tions, as well as the numbers of individuals and loci considered in

each study. We extracted data on bird populations and excluded

populations in which <10 loci were screened. This resulted into a

total of 408 populations of 291 species, including 27 populations of

19 different polymorphic species.

2.3 | Extinction risk

The most comprehensive listing of species’ extinction risk comes

from the IUCN (International Union for the Conservation of Nature),

who attributes a category of extinction risk to all extant bird species

(except 62 data deficient species). The IUCN Red List classification is

based on a robust system to evaluate the risk of global species

extinction (Mace et al., 2008; Rodrigues, Pilgrim, Lamoreux, Hoff-

mann, & Brooks, 2006) and has allowed researchers to identify a

range of traits that influence vulnerability (e.g. Bennett & Owens,

1997; Cooper, Bielby, Thomas, & Purvis, 2008; Davidson, Hamilton,

Boyer, Brown, & Ceballos, 2009; Siliceo & D�ıaz, 2010). We used the

IUCN Red List status (from www.iucnredlist.org) as our measure of

species extinction risk, excluding extinct and data deficient species

(note that no recently extinct species was known as polymorphic).

We converted the risk categories to an ordinal index from Least

Concern (1) to Critically Endangered (5).

A challenge for comparative models that use Red List status to

assess extinction risk is that testing whether range size determines

extinction risk can become a circular argument for species listed as

threatened because of their small range. A solution is to exclude

species listed as threatened under that criterion, but this biases the

sample, as only threatened and small-range species are excluded.

We thus performed two separate analyses for all models with extinc-

tion risk as response variable, first focusing on the subset of species
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not listed under the small-range criterion and including geographic

range size as a covariate (calculated using IUCN extent of occurrence

maps and equal-area Behrmann projections; see also Gonz�alez-

Su�arez, G�omez, & Revilla, 2013), then considering all species but

excluding range size from the covariables, to test for results’

consistency.

2.4 | Threat vulnerability

In the IUCN threat classification scheme version 3.1, up to 99 dif-

ferent types of threats are considered and organized in a hierarchi-

cal classification. Our analyses required combining threats into a

few broader categories in order to limit biases in the identification

of threats (Hayward, 2009). Following Ducatez and Shine (2017),

we reclassified the threats into the four main commonly recognized

categories: habitat alteration /destruction (including pollution);

direct exploitation; climate change; and invasive species (including

disease) (see Appendix S4), and constructed a binary variable for

each threat category (0 = not affected by the threat, 1 = affected).

We also calculated the number of threats affecting each species

(from 0 to 4).

2.5 | Research effort

Research effort can affect the number of threats associated with a

given species in IUCN listings (more intensively studied bird species

are rated as being subject to more threats: Ducatez & Shine, 2017).

Similarly, colour polymorphism might be less detected in poorly stud-

ied species. We thus included an index of research effort in our anal-

yses and used the number of papers published on each species

between 1978 and 2008 according to the online version of the Zoo-

logical Record (from Ducatez & Lefebvre, 2014). Note, however, that

research effort might be higher in polymorphic species because poly-

morphism per se is a target of research in evolutionary biology. Thus,

we conducted all analyses twice, either including research effort or

not, to check for consistency.

2.6 | Predictors of extinction risk and
polymorphism

To control for possible confounding effects on variation in extinction

risk, we included in all analyses, in addition to colour polymorphism,

a set of traits such as insularity, generation length, body mass, habi-

tat breath, migratory behaviour and range size. Species insularity

was coded as 0 for mainland species and 1 for insular species, using

data from the IUCN. Generation length data were extracted from

Birdlife’s digital resources on the birds of the world (www.birdlife.

org), and mass data were obtained from Dunning (2008). As an index

of habitat breadth, we used a recently developed index based on

patterns of species co-occurrence within each of the 101 habitat

categories recognized by the IUCN (database for all terrestrial verte-

brates published in Ducatez, Tingley, & Shine, 2014). Shortly, a spe-

cies is allocated a quantitative score based on the diversity of other

taxa with which it co-occurs: a generalist species occurs in a range

of habitat categories that vary considerably in species composition,

whereas a specialist species is found only in habitats that contain a

consistent suite of other species (Ducatez et al., 2014). This index

has been shown to reliably reflect habitat breadth compared to pre-

viously used indexes based on subjective numbers of habitat classes

(Ducatez, Clavel, & Lefebvre, 2015; Ducatez et al., 2014). As an

index of migratory behaviour, we used data from Birdlife’s website

and built an ordinal variable, with 1 = sedentary or nomadic, 2 = alti-

tudinal migrant and 3 = long-distance migrant.

2.7 | Analyses

Our aim was to test whether extinction risk, numbers of threats

(from 0 to 4) and vulnerability to the four threat categories (habi-

tat alteration (including pollution), direct exploitation, climate

change and invasive species (including disease)) differed between

polymorphic and nonpolymorphic species. We built phylogenetic

generalized linear mixed models (PGLMMs) considering all extant

bird species for which we had data for all variables of interest

(6338 species, including 173 polymorphic species) and accounting

for phylogenetic effects. We used GLMMs with Markov chain

Monte Carlo (MCMC) techniques using the R package MCMCGLMM.

As advised by Hadfield (2010), we used ordinal distribution for all

models as we had ordinal (IUCN status, number of threats) and

binary (vulnerability to each threat category) response variables.

We first fitted models that included all fixed effects as explanatory

variables and used backward selection to identify minimal adequate

models that retained only significant variables (except for polymor-

phism and research effort that were always retained in the final

models). Initially included fixed effects were polymorphism, insular-

ity, generation length, body mass, habitat breadth, migratory beha-

viour and geographic range size. Biogeographic realm (13

categories: 12 different realms plus one category for species occu-

pying two or more realms) was included as a random effect to

correct for geographic variation in levels of threat. To account for

phylogenetic relatedness among species, we used the phylogeny

from Jetz et al. (2012) available on birdtree.org. This website does

not provide one unique consensus tree, but samples trees from a

pseudo-posterior distribution. We first ran the model selection five

times independently using five randomly extracted trees. Model

selection always yielded the same minimum adequate models,

whichever tree was considered. We then randomly extracted 30

different trees from the pseudo-posterior distribution, ran one

model per tree and averaged the parameters over the 30 trees.

For each model, the MCMC chains were run for 550,001 itera-

tions with a burn-in interval of 50,000 to ensure satisfactory con-

vergence. A total of 1,000 iterations were sampled to estimate

parameters for each model. We checked that autocorrelation levels

among samples were lower than 0.1. Following Hadfield (2010),

we fixed the covariance structure and used poorly informative pri-

ors for the variances. Explanatory variables were standardized to a

mean of 0 and a variance of 1 to obtain directly comparable
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coefficients. All analyses were conducted twice, first including

research effort as fixed effect then excluding it.

Finally, to test for differences in genetic diversity between poly-

morphic and nonpolymorphic species, we built PGLMM including

either heterozygosity or allelic richness as response variables, and

the number of individuals and number of loci used to estimate

genetic diversity as explanatory variables, in addition to colour poly-

morphism (fixed effects). Allelic richness was log-transformed to fit

with normality assumptions. As for the previously described analyses,

we included phylogeny as a random factor using the 30 randomly

extracted trees, building one model per tree and averaging the

parameters over the 30 trees. We used Gaussian distributions as

both heterozygosity and log-transformed allelic richness were nor-

mally distributed, and priors that equally split the variance between

the phylogeny and the residuals. Using different variance partitioning

for the priors (from a variance of 0 for the phylogeny to a variance

of 0 for the residuals) yielded similar results. We used the same iter-

ations, burn-in intervals, sampling frequency and convergence con-

trols as previously described for the MCMC chains, and explanatory

variables were similarly standardized.

3 | RESULTS

3.1 | Colour polymorphism database

We identified a total of 270 truly polymorphic species, with another

56 species (removed from our analyses) considered as “potentially

polymorphic” (see Appendix S1). Among the truly polymorphic spe-

cies, geographic variation in morph ratios was investigated in 92 spe-

cies, detected in 84 and not detected in eight species.

3.2 | Extinction risk

We found polymorphic species to be at lower risk of extinction than

nonpolymorphic ones (Table 1, Figure 1), after taking into account

potentially confounding variables. A larger habitat breadth was associ-

ated with a lower risk of extinction, and extinction risk increased with

generation length and body mass, was higher in insular as compared to

continental species, and lower in species with a larger geographic

range (Table 1). Research effort (pMCMC = 0.717) and migratory

behaviour (pMCMC = 0.392) did not affect extinction risk in our anal-

yses. We obtained similar results when excluding research effort from

the model (Appendix S5), or when considering all species (i.e. including

species listed as threatened under the small range criterion) and

excluding geographic range size as explanatory variable (Appendix S6).

3.3 | Genetic diversity and colour polymorphism

Genetic diversity was higher in polymorphic species than in nonpoly-

morphic ones, as illustrated by their significantly higher heterozygos-

ity (pMCMC = 0.045) and by the trend towards a higher allelic

richness (pMCMC = 0.053), after including the number of individuals

and loci in the models (Table 2).

3.4 | Number of threats

The mean number of threats attributed to a given species did

not differ between polymorphic and nonpolymorphic species

(pMCMC = 0.362; see Table 3, Figure 2; number of threats

affecting polymorphic species = 0.43 � 0.07; nonpolymorphic

species = 0.41 � 0.01). Research effort increased the number of

threats (Table 3), insular, migrant and larger species were vulnera-

ble to more threats, and habitat generalist species and species

with a larger geographic range were vulnerable to fewer threats

(Table 3). Counting the number of threat categories according to

TABLE 1 Best models explaining extinction risk in birds, excluding
species listed under the small-range criterion. Nonpolymorphic
species were taken as reference so that a negative effect (pm) of
polymorphism reflects a lower extinction risk in polymorphic as
compared to nonpolymorphic species. Continental species were
taken as reference so that a positive effect of insularity reflects a
higher extinction risk in insular as compared to continental species.
We used the MCMCGLMM R package and included phylogeny and
biogeographic realm as random factors and used backward selection
to identify minimal adequate models that retained only significant
variables (except for polymorphism and research effort that were
always retained in the final models). See main text for details

Response
variable

Explanatory
variables pm CI pMCMC

Extinction

risk

Polymorphism �0.101 (�0.171; �0.025) 0.008

Research effort �0.021 (�0.127; 0.077) 0.717

Insularity 0.315 (0.246; 0.385) <0.001

Generation length 0.292 (0.181; 0.376) <0.001

Geographic

range size

�0.314 (�0.404; �0.229) <0.001

Body mass 0.089 (0.025; 0.150) 0.008

Habitat breadth �0.313 (�0.401; �0.242) <0.001

pm, posterior mean; CI, credibility interval.

F IGURE 1 Proportion of species within each extinction risk
category in colour polymorphic and nonpolymorphic birds.
LC = Least Concern; NT = Near Threatened; VU = Vulnerable;
EN = Endangered; CR = Critically Endangered
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the IUCN classification instead of our recategorization yielded sim-

ilar results (see Appendix S7).

3.5 | Threats’ vulnerability

Polymorphic and nonpolymorphic species did not differ in their vul-

nerability to any of the four threat categories considered (habitat

alteration, direct exploitation, climate change and invasive species)

(Table 4). We only detected a nonsignificant trend, polymorphic spe-

cies being slightly less vulnerable to threats related to habitat alter-

ation (pMCMC = 0.080). In contrast, other variables significantly

predicted species vulnerability to the four threat categories. Species

that attracted more research were more likely to be vulnerable to

climate change and invasive species. Insular species and species with

a smaller geographic range were more vulnerable to all four threat

categories, and long-lived species were more vulnerable to all four

but climate change. Species with a higher body mass were more

affected by all four categories except invasive species. Finally, gener-

alist species were less vulnerable to habitat alteration, and migratory

species were more vulnerable to climate change and invasive species

(Table 4).

Because of lower conservation importance, nonthreatened spe-

cies might be less precisely evaluated, in terms of threat vulnerabil-

ity, than threatened species (Gonz�alez-Su�arez & Revilla, 2014). We

thus conducted all analyses considering the effects of polymorphism

on threat vulnerability and number of threatening processes a sec-

ond time, focusing on species at risk of extinction (VU, EN and CR

categories). Because these analyses yielded similar conclusions with

regard to the effects of polymorphism, they are provided as Appen-

dices S8, S9. Models excluding research effort also yielded qualita-

tively similar results with regard to polymorphism and are also

provided as Appendices S8, S9.

4 | DISCUSSION

Our results show that intraspecific variation in colour traits could

bring crucial advantages in terms of species resilience. Using the

most up-to-date sources of information available, we built a new

database on colour polymorphism in birds, a system that has played

a central role in the understanding of intraspecific diversity mainte-

nance and evolution in general. True polymorphism and geographical

variation in colouration are expected to affect population processes

and response to environmental changes differently (Mayr, 1942;

McLean & Stuart-Fox, 2014). Using a combination of quantitative

and qualitative criteria to determine whether a species should be

considered polymorphic or not allowed us to distinguish between

these two types of variation. In addition, by associating each species,

TABLE 2 PGLMM testing for differences in genetic diversity
(heterozygosity and allelic richness) between polymorphic and
nonpolymorphic species. Nonpolymorphic species were taken as
reference so that a positive effect of polymorphism reflects a higher
heterozygosity or allelic richness in colour polymorphic as compared
to nonpolymorphic species. We used the MCMCGLMM R package and
included phylogeny as random factor. See main text for details

Response
variable

Explanatory
variables pm CI pMCMC

Heterozygosity Polymorphism 0.014 (0.001; 0.029) 0.045

Number of loci 0.001 (�0.011; 0.014) 0.843

Number of

individuals

0.013 (�0.001; 0.026) 0.056

Allelic richness Polymorphism 0.049 (�0.001; 0.103) 0.053

Number of loci 0.001 (�0.047; 0.048) 0.953

Number of

individuals

0.086 (0.041; 0.136) <0.001

pm, posterior mean; CI, credibility interval.

TABLE 3 Best models explaining the number of threats (1 to 4:
habitat alteration, invasive species, direct exploitation, climate
change) affecting bird species. Resident species were taken as
reference so that a positive effect of migratory behaviour reflects a
higher number of threats in migratory as compared to resident
species. We used the MCMCGLMM R package and included phylogeny
and biogeographic realm as random factors and used backward
selection to identify minimal adequate models that retained only
significant variables (except for polymorphism and research effort
that were always retained in the final models). See main text for
details

Response
variable

Explanatory
variables pm CI pMCMC

Number of

different

threats

Polymorphism �0.027 (�0.082; 0.029) 0.362

Research effort 0.130 (0.073; 0.187) <0.001

Insularity 0.268 (0.197; 0.331) <0.001

Geographic

range size

�0.242 (�0.311; �0.169) <0.001

Body mass 0.168 (0.096; 0.221) <0.001

Habitat breadth �0.119 (�0.178; �0.053) <0.001

Migratory

behaviour

0.080 (0.001; 0.148) 0.022

pm, posterior mean; CI, credibility interval.

F IGURE 2 Mean number of threats (among habitat alteration,
direct exploitation, climate change and invasive species) affecting
polymorphic and nonpolymorphic bird species
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whether a true polymorphic or a potential one, to literature refer-

ences, our database is also meant to be easy to update in the future.

By providing information on clinal variation (or lack thereof) in

morph frequencies, we also aim to facilitate future research on how

geographic variation in polymorphism may shape speciation pro-

cesses associated with polymorphism (McLean & Stuart-Fox, 2014).

With this new database, we hope to provide a useful tool for evolu-

tionary and conservation biologists and to motivate further research

into the causes and consequences of intraspecific variability and the

evolution of animal colouration.

Our database allowed us to test whether, on a global scale, poly-

morphic bird species differ in their risk of extinction, as compared to

nonpolymorphic ones. We found that polymorphic species have a

lower risk of extinction. This result was robust when including vari-

ables such as insularity, generation length, body mass, habitat

breadth, migratory behaviour, phylogeny or biogeographic realm in

the analyses. It was also consistent whether range size or research

effort was included in the analyses or not. Similarly, including abso-

lute latitude or hemisphere (North vs. South) of species distribution

in the models did not affect the results (results not shown). This sug-

gests that more phenotypically diverse species are more resilient to

environmental changes and that variability in coloration could be a

good indicator of such resilience. Our results raise questions on the

mechanisms that could explain the lower risk of extinction of poly-

morphic as compared to nonpolymorphic species. If polymorphism

influences extinction risk via increased range size or habitat breadth

(note that additional analyses confirmed that polymorphic species

have a larger habitat breadth and distribution range as shown in a

previous study by Galeotti and Rubolini (2004), cf. Appendix S10),

we would not expect support for models including additive effects

of polymorphism and range size or habitat breadth. For the same

reasons, differences in life history or biogeography between

TABLE 4 Best models explaining birds’ vulnerability to four threat categories (habitat alteration, direct exploitation, climate change and
invasive species). Resident and continental species were taken as reference so that a positive effect of migratory behaviour or insularity
reflects a higher vulnerability to a given threat in migratory and insular species, as compared to resident and continental species. We used the
MCMCGLMM R package and included phylogeny and biogeographic realm as random factors and used backward selection to identify minimal
adequate models that retained only significant variables (except for polymorphism and research effort that were always retained in the final
models). See main text for details

Response variable Explanatory variable pm CI pMCMC

Habitat alteration Polymorphism �0.063 (�0.133; 0.010) 0.080

Research effort 0.066 (�0.013; 0.144) 0.116

Insularity 0.212 (0.129; 0.278) <0.001

Generation length 0.129 (0.021; 0.248) 0.022

Geographic range size �0.327 (�0.421; �0.217) <0.001

Body mass 0.185 (0.092; 0.281) <0.001

Habitat breadth �0.133 (�0.209; �0.058) <0.001

Overexploitation Polymorphism �0.061 (�0.152; 0.020) 0.166

Research effort �0.002 (�0.097; 0.096) 0.975

Insularity 0.336 (0.224; 0.434) <0.001

Generation length 0.297 (0.175; 0.415) <0.001

Geographic range size �0.170 (�0.264; �0.070) 0.002

Body mass 0.144 (0.054; 0.228) 0.002

Climate change Polymorphism 0.023 (�0.045; 0.102) 0.537

Research effort 0.172 (0.105; 0.247) <0.001

Insularity 0.134 (0.048; 0.218) 0.006

Geographic range size �0.163 (�0.261; �0.075) <0.001

Body mass 0.129 (0.046; 0.230) 0.002

Habitat breadth �0.155 (�0.253; �0.077) <0.001

Migratory behaviour 0.227 (0.114; 0.315) <0.001

Invasive species Polymorphism �0.046 (�0.134; 0.048) 0.342

Research effort 0.090 (0.010; 0.168) 0.042

Insularity 0.628 (0.536; 0.718) <0.001

Generation length 0.297 (0.175; 0.406) <0.001

Geographic range size �0.163 (�0.252; �0.074) <0.001

Migratory behaviour 0.167 (0.049; 0.267) 0.002

pm, posterior mean; CI, credibility interval.
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polymorphic and nonpolymorphic species are unlikely to explain

these results. Colour polymorphism per se thus seems to have an

additional power to explain extinction risk.

Several hypotheses might explain this result. First, polymorphism

may only be maintained in populations/species with large effective

population size, and as such be a cue of genetic characteristics that

may help dealing with environmental changes (Evans & Sheldon,

2008; Willoughby et al., 2015). Our finding that polymorphic species

display higher genetic diversity appears to support this hypothesis.

The small number of polymorphic species we could include in this

analysis (19), hence its low statistical power, suggests that this differ-

ence could be particularly strong. To our knowledge, this is the first

direct evidence supporting the hypothesis that colour polymorphism

can be used as a cue of a higher genetic diversity. Note, however,

that the effect of genetic diversity on population processes and

responses to changing environmental conditions is still controversial

(e.g. see Chapman, Nakagawa, Coltman, Slates, & Sheldon, 2009;

Dlugosch, Anderson, Braasch, Cang, & Gillette, 2015). Another, not

exclusive, hypothesis, is that polymorphic species are made of indi-

viduals with alternative strategies, such as alternative ecological

niches or life history strategies, allowing them to directly and imme-

diately respond to different environmental conditions (Forsman

et al., 2008; Wennersten & Forsman, 2012). For example, in the Eur-

asian scops owl Otus scops, changes in morph ratios in Italy over the

last century followed temperature and rainfall changes (Galeotti,

Rubolini, Sacchi, & Fasola, 2009). Similar temporal changes in morph

ratios according to environmental factors were observed in other

polymorphic species (e.g. in the Tawny owl Strix aluco Karell, Ahola,

Karstinen, Valkama, & Brommer, 2011; or in the Common murre Uria

aalge Reiertsen, Erikstad, Barrett, Sandvik, & Yoccoz, 2012). These

results suggest that, at least in some species, colour polymorphism

embodies the existence of different evolutionary responses to differ-

ent environmental conditions within populations. As a cue of the

existence of several strategies adapted to different environmental

conditions, polymorphism could then act as a buffer, at the popula-

tion level, against environmental changes (see also Roulin, 2014).

Our results do not seem to support the predictions of Bolton

et al. (2015), who suggested that the genetic architecture of poly-

morphic species, and especially the potential existence of genetic

incompatibilities between morphs, might have negative effects on

population persistence under environmental changes. Although we

show here that polymorphic species are, on average, at an advantage

in regard to extinction risk, genetic constraints and incompatibilities

may still have opposite effects in some species, in line with Bolton

et al. (2015)’s hypothesis. For example, the polymorphic Gouldian

finch Erythrura gouldiae, which shows postzygotic incompatibilities

between morphs (according to a study on captive birds, Pryke &

Griffith, 2009), is classified as Near Threatened by the IUCN. Our

results suggest, however, that these genetic incompatibilities may

not be the rule or have only marginal effects on species resilience.

Future investigations of the genetic architecture of colour polymor-

phisms could perhaps clarify when genetic incompatibilities between

morphs may or may not affect responses to environmental changes.

Contrasting with our predictions, the number of threats to poly-

morphic and nonpolymorphic species was similar. In addition, poly-

morphic and nonpolymorphic species did not differ in their

sensitivity to the different categories of threats. This result was also

robust when including the aforementioned variables in the analyses.

It is particularly surprising to find no difference between polymor-

phic and nonpolymorphic species because of the lower risk of

extinction in polymorphic species, which suggests that polymorphic

species could be better at dealing with at least some drivers of

extinction. Two aspects related to threat assessments may explain

this result. First, assessments of threat vulnerability are qualitative,

mostly rely on experts’ opinion, and are likely less accurate than

assessments of extinction risks (see Ducatez & Shine, 2017). How-

ever, these indices have often proved to be useful to assess predic-

tors of threat vulnerability, yielding results that are largely

consistent with theoretical expectations (e.g. see Gonz�alez-Su�arez

et al., 2013). In our study, the effects of covariates on threat vul-

nerability (e.g. higher sensitivity to habitat destruction in habitat

specialists, or to invasive species in insular birds) are also in line

with theoretical expectations, suggesting that these indices are, to

some extent, reliable. Second, polymorphic species could be overall

vulnerable to the same threats, but may not be as strongly affected as

nonpolymorphic ones. The “threat vulnerability” variables are binary,

so that a species is considered as either vulnerable or not. Two species

that are considered as vulnerable may, however, be vulnerable at dif-

ferent levels, polymorphic species being for instance vulnerable to the

same threats as nonpolymorphic species, but these threats having a

less radical effect on them. The recent development of a new scoring

protocol for threat assessments by the IUCN should increase confi-

dence in these indices (see http://www.iucnredlist.org/technical-doc

uments/classification-schemes/threats-classification-scheme). These

new continuous and more quantitative estimates of threat impacts are

based on additive scores and defined thresholds and consider the tim-

ing, scope and severity of the different threat categories. They will

provide a useful framework to come closer to an explanation for dif-

ferences in risk of extinction that are currently difficult to relate to

threat vulnerability, given the data available.

The lower risk of extinction of polymorphic as compared to non-

polymorphic species suggests that colour polymorphism can act as a

buffer against environmental changes. A higher genetic diversity

and/or the pre-existence of different strategies favouring rapid adap-

tive responses to environmental changes are potential mechanisms

explaining this result. To distinguish between these possibilities, one

crucial step is to identify the specific extinction drivers that differ

between polymorphic and nonpolymorphic species. Although we

were not able to detect such differences with the indices currently

provided by the IUCN, the development of new global quantitative

indices should help making progress in that direction. Improving cur-

rent knowledge of the ecological and evolutionary mechanisms

responsible for the maintenance of colour polymorphism are also

fundamental steps towards a mechanistic understanding of polymor-

phism’s role in species responses to environmental changes. The up-

to-date database provided in this study should motivate further
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research on these mechanisms and on the evolution of polymor-

phism in general. With this study and the associated database, we

hope to elicit further investigations of colour polymorphic species in

the research effort to understand how phenotypic variability at the

population level can influence population persistence through time

and adaptation to changing environments.

ACKNOWLEDGEMENTS

We thank five anonymous reviewers for their very constructive

comments that greatly helped improving the manuscript. SD

received financial support from the Australian Research Council,

the Fondation Fyssen, an NSERC grant to Louis Lefebvre and the

project CGL2013-47448-P from the Spanish Government to

Daniel Sol. LJ was funded by the Fondation Fyssen and by an

Idex starting grant from the Universit�e F�ed�erale Toulouse-Midi-

Pyr�en�ees. CT was funded by the “Laboratoire d’Excellence” TULIP

(ANR-10-LABX-41).

REFERENCES

Bennett, P. M., & Owens, I. P. F. (1997). Variation in extinction risk

among birds: Chance or evolutionary predisposition? Proceedings of

the Royal Society B, Biological Sciences, 264, 401–408.

Bolton, P. E., Rollins, L. A., & Griffith, S. C. (2015). The danger within:

The role of genetic, behavioural and ecological factors in population

persistence of colour polymorphic species. Molecular Ecology, 24,

2907–2915.

Brommer, J. E., Ahola, K., & Karstinen, T. (2005). The colour of fitness: Plu-

mage coloration and lifetime reproductive success in the tawny owl.

Proceedings of the Royal Society B, Biological Sciences, 272, 935–940.

Cattin, L., Schuerch, J., Salamin, N., & Dubey, S. (2016). Why are some

species older than others? A large-scale study of vertebrates. BMC

Evolutionary Biology, 16, 90.

Chapman, J. R., Nakagawa, S., Coltman, D. W., Slates, J., & Sheldon, B. C.

(2009). A quantitative review of heterozygosity-fitness correlations in

animal populations. Molecular Ecology, 18, 2746–2765.

Cooper, N., Bielby, J., Thomas, G. H., & Purvis, A. (2008). Macroecology

and extinction risk correlates of frogs. Global Ecology and Biogeogra-

phy, 17, 211–221.

Davidson, A. D., Hamilton, M. J., Boyer, A. G., Brown, J. H., & Ceballos,

G. (2009). Multiple ecological pathways to extinction in mammals.

Proceedings of the National Academy of Sciences of the United States

of America, 106, 10702–10705.

Delhey, K., Smith, J., & Peters, A. (2013). Colour-variable birds have

broader ranges, wider niches and are less likely to be threatened.

Journal of Evolutionary Biology, 28, 1559–1568.

Dlugosch, K. M., Anderson, S. R., Braasch, J., Cang, F. A., & Gillette, H. D.

(2015). The devil is in the details: Genetic variation in introduced

populations and its contributions to invasion. Molecular Ecology, 24,

2095–21111.

Ducatez, S., Clavel, J., & Lefebvre, L. (2015). Ecological generalism and

behavioural innovation in birds: Technical innovation or the simple

incorporation of new food? Journal of Animal Ecology, 84, 79–89.

Ducatez, S., & Lefebvre, L. (2014). Patterns of research effort in birds.

PLoS ONE, 9, e89955.

Ducatez, S., & Shine, R. (2017). Drivers of extinction risk in terrestrial

vertebrates. Conservation Letters, 10, 186–192.

Ducatez, S., Tingley, R., & Shine, R. (2014). Using species co-occurrence

patterns to quantify relative habitat breadth in terrestrial vertebrates.

Ecosphere, 5, 152.

Ducrest, A. L., Keller, L., & Roulin, A. (2008). Pleiotropy in the melanocor-

tin system, coloration and behavioural syndromes. Trends in Ecology

and Evolution, 23, 502–510.

Dunning, J. B. (2008). CRC handbook of avian body masses, 2nd edn. Boca

Raton, FL, USA: CRC Press Inc.

Emaresi, G., Bise, P., Altwegg, R., Henry, I., van den Brink, V., Gasparini,

J., & Roulin, A. (2014). Melanin-specific life-history strategies. Ameri-

can Naturalist, 183, 269–280.

Evans, S. R., & Sheldon, B. C. (2008). Interspecific patterns of genetic

diversity in birds: Correlations with extinction risk. Conservation Biol-

ogy, 22, 1016–1025.

Ford E. B. (1965). Genetic polymorphism. All Souls Studies, Faber & Faber,

London.

Forsman, A., &
��Aberg, V. (2008). Associations of variable coloration with

niche breadth and conservation status among Australian reptiles.

Ecology, 89, 1201–1207.

Forsman, A., Ahnesj€o, J., Caesar, S., & Karlsson, M. (2008). A model of

ecological and evolutionary consequences of color polymorphism.

Ecology, 89, 34–40.

Forsman, A., & Hagman, M. (2009). Association of coloration mode with

population declines and endangerment in Australian frogs. Conserva-

tion Biology, 23, 1535–1543.

Forsman, A., Wennersten, L., Karlsson, M., & Caesar, S. (2012). Variation in

founder groups promotes establishment success in the wild. Proceed-

ings of the Biological Society B, Biological Sciences, 279, 2800–2806.

Galeotti, P., & Rubolini, D. (2004). The niche variation hypothesis and the

evolution of colour polymorphism in birds: A comparative study of

owls, nightjars and raptors. Biological Journal of the Linnean Society,

82, 237–248.

Galeotti, P., Rubolini, D., Dunn, P. O., & Fasola, M. (2003). Colour poly-

morphism in birds: Causes and functions. Journal of Evolutionary Biol-

ogy, 16, 635–646.

Galeotti, P., Rubolini, D., Sacchi, R., & Fasola, M. (2009). Global changes

and animal phenotypic responses: Melanin-based plumage redness of

scops owls increased with temperature and rainfall during the last

century. Biology Letters, 5, 532–534.

Gilroy, J. J., Gill, J. A., Butchart, S. H. M., Jones, V. R., & Franco, A. M. A.

(2016). Migratory diversity predicts population declines in birds. Ecol-

ogy Letters, 19, 308–317.

Gonz�alez-Su�arez, M., G�omez, A., & Revilla, E. (2013). Which intrinsic

traits predict vulnerability to extinction depends on the actual threat-

ening processes. Ecosphere, 4, art76.

Gonz�alez-Su�arez, M., & Revilla, E. (2013). Variability in life-history and

ecological traits is a buffer against extinction in mammals. Ecology

Letters, 16, 241–252.

Gonz�alez-Su�arez, M., & Revilla, E. (2014). Generalised drivers in the

mammalian endangerment process. PLoS ONE, 9, e90292.

Gray, S. M., & McKinnon, J. S. (2007). Linking color polymorphism main-

tenance and speciation. Trends in Ecology and Evolution, 22, 71–79.

Hadfield, J. D. (2010). MCMC methods for multi-response generalized

linear mixed models: The MCMCglmm R package. Journal of Statisti-

cal Software, 33, 1–22.

Hayward, M. W. (2009). The need to rationalize and prioritize threaten-

ing processes used to determine threat status in the IUCN Red List.

Conservation Biology, 23, 1568–1576.

Hoekstra, H. E. (2006). Genetics, development and evolution of adaptive

pigmentation in vertebrates. Heredity, 97, 222–234.

del Hoyo, J., Elliott, A., Sargatal, J., Christie, D. A. & de Juana, E. (2016).

Handbook of the birds of the world alive. Barcelona: Lynx Edicions.

Retrieved from http://www.hbw.com/in February to April 2016.

Jetz, W., Thomas, G., Joy, J., Hartmann, K., & Mooers, A. (2012). The glo-

bal diversity of birds in space and time. Nature, 491, 444–448.

Karell, P., Ahola, K., Karstinen, T., Valkama, J., & Brommer, J. E. (2011).

Climate change drives microevolution in a wild bird. Nature Communi-

cation, 2, 208.

DUCATEZ ET AL. | 9

http://www.hbw.com/in


Lee, T. M., & Jetz, W. (2011). Unravelling the structure of species extinc-

tion risk for predictive conservation science. Proceedings of the Royal

Society B, Biological Sciences, 278, 1329–1338.

Mace, G. M., Collar, N. J., Gaston, K. J., Hilton-Taylor, C., Akcakaya, H.

R., Leader-Williams, N., . . . Stuart, S. N. (2008). Quantification of

extinction risk: IUCN’s system for classifying threatened species. Con-

servation Biology, 22, 1424–1442.

Mayr, E. (1942). Systematics and the origin of species, from the viewpoint

of a zoologist. Cambridge, MA, USA: Harvard University Press.

McKinnon, J. S., & Pierotti, M. E. R. (2010). Colour polymorphism and

correlated characters: Genetic mechanisms and evolution. Molecular

Ecology, 19, 5101–5125.

McLean, C. A., & Stuart-Fox, D. (2014). Geographic variation in animal

colour polymorphisms and its role in speciation. Biological Reviews,

89, 860–873.

Owens, I. P. F., & Bennett, P. M. (2000). Ecological basis of extinction

risk in birds: Habitat loss versus human persecution and introduced

predators. Proceedings of the National Academy of Sciences of the Uni-

ted States of America, 97, 12144–12148.

Perrard, A., Arca, M., Rome, Q., Muller, F., Tan, J., Bista, S., & Villemant,

C. (2014). Geographic variation of melanisation patterns in a hornet

species: Genetic differences, climatic pressures or aposematic con-

straints? PLoS ONE, 9, e94162.

Pryke, S. R., & Griffith, S. C. (2009). Postzygotic genetic incompatibility

between sympatric color morphs. Evolution, 63, 793–798.

Reiertsen, T. K., Erikstad, K. E., Barrett, R. T., Sandvik, H., & Yoccoz, N.

G. (2012). Climate fluctuations and differential survival of bridled and

non-bridled common guillemots Uria aalge. Ecosphere, 3, art52.

Rodrigues, A. S. L., Pilgrim, J. D., Lamoreux, J. F., Hoffmann, M., &

Brooks, T. M. (2006). The value of the IUCN Red List for conserva-

tion. Trends in Ecology and Evolution, 21, 71–76.

Roulin, A. (2004). The evolution, maintenance and adaptive significance

of genetic color polymorphism. Biological Reviews, 79, 815–848.

Roulin, A. (2014). Melanin-based colour polymorphism responding to cli-

mate change. Global Change Biology, 20, 3344–3350.

Sheppard, P. M. (1975). Natural selection and heredity, (4th edn.). Hutchin-

son, London.

Siliceo, I., & D�ıaz, J. A. (2010). A comparative study of clutch size, range

size, and the conservation status of island vs. mainland lacertid

lizards. Biological Conservation, 14, 2601–2608.

Sinervo, B., & Lively, C. M. (1996). The rock-paper-scissors game and the

evolution of alternative male reproductive strategies. Nature, 380,

240–243.

Wellenreuther, M., Svensson, E. I., & Hansson, B. (2014). Sexual selection

and genetic colour polymorphisms in animals. Molecular Ecology, 23,

5398–5414.

Wennersten, L., & Forsman, A. (2012). Population-level consequences of

polymorphism, plasticity and randomized phenotype switching: A

review of predictions. Biological Reviews, 87, 756–767.

Willoughby, J. R., Sundaram, M., Wijayawardena, B. K., Kimble, S. J. A., Ji,

Y., Fernandez, N. B., . . . DeWoody, J. A. (2015). The reduction of

genetic diversity in threatened vertebrates and new consequences

for recommendations regarding IUCN conservation rankings. Biologi-

cal Conservation, 191, 495–503.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: Ducatez S, Giraudeau M, Th�ebaud C,

Jacquin L. Colour polymorphism is associated with lower

extinction risk in birds. Glob Change Biol. 2017;00:1–10.

https://doi.org/10.1111/gcb.13734

10 | DUCATEZ ET AL.

https://doi.org/10.1111/gcb.13734

