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The rich morphological and behavioural variety of traits in the natural world is the result of 
the evolutionary history of species and populations. The identification of the processes 
maintaining both phenotypic and genetic variability in wild populations is a major challenge 
in evolutionary biology. In this thesis, I investigated the evolutionary ecology of colour 
variation in a bird species. 
 
Evolution is defined as the change in genotype frequencies in populations over successive 
generations. The striking diversity of morpho-behavioural traits that can be observed in the 
living world can be understood considering the following three main evolutionary principles: 
the first is that variation must exist in the traits; the second, is that variation in the traits 
must be heritable; the third, is that some traits must have higher chance to be passed to the 
next generation (Darwin 1859). When the characteristics of organisms are beneficial to the 
reproduction of individuals within a given environment- i.e., they increase the “fitness” of 
the individual- copies of the allelic forms of the genes that are responsible for these 
characteristics are more likely to be inherited by the next generation. The consequence is 
an increase in the frequency of these characteristics within the population over time (and 
consequently a decrease in frequency of alternative alleles). 

Measures of individual (phenotypic) fitness are implicitly substituted for measures 
of genotypic fitness in most studies. Individual fitness designates the success of a phenotypic 
trait within one generation. It corresponds then to the average demographic success of a 
phenotype relative to the success of other phenotypes present in the population. The 
quantification of individual fitness can be limited to a short period in the life of an individual 
(e.g. winter survival or yearly number of offspring produced) or, ideally, according to the 
total reproductive success of an individual calculated over its entire lifetime. Fitness is not 
constant in natural populations (Kojima 1971), but is likely to change under different 
environmental conditions. Fitness may also change when allele frequencies change, which 
is called frequency-dependent selection (Smith and Price 1973). 

In this thesis, I quantified individual fitness in a diurnal raptor with very variable 
plumage coloration, the Common buzzard Buteo buteo. I attempt to unravel some of the 
mechanisms that maintain intra-specific colour variation (hereafter colour polymorphism) 
and its functions in this species. I studied colour polymorphism from both a temporal and a 
spatial perspective. I first present a short introduction on colour polymorphism in avian 
species, followed by an overview on the putative mechanisms for its maintenance and finally 
I review the previous research done on my model species. 

Colour polymorphism 

Colour polymorphism (first defined by  Ford 1945) has long captivated evolutionary 
biologists. Visible polymorphisms are widespread in plants and animals and have been used 
as an excellent model system to examine micro-evolutionary processes (Jones et al. 1977; 
Kay 1978; Hoffman and Blouin 2000; Roulin 2004b; Gray and McKinnon 2007; Forsman et 
al. 2008). Among animal species, the incidence of colour polymorphism appears higher in 
birds, anurans and lepidopterans (Hoffman and Blouin 2000; Roulin 2004b).  
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In birds, plumage colour polymorphism can be found in 3.5% of all bird species 
(Galeotti et al. 2003), and it’s widespread in many different orders such as hawks, eagles, 
kites, Old World vultures, owls, nightjars, falcons and pheasants (figure 1.1). In the 
Accipitridae, Striginae, Surniinae and Caprimulgidae colour polymorphism is most prevalent 
(>20% of species). Many colour polymorphisms have a simple genetic basis and show high 
heritability (Mundy 2005). 

Morphs that coexist at relatively stable frequencies appear to be common in 
natural environments (e.g. Gray 1983; Reillo and Wise 1988; Franklin and Dostine 2000; 
Honěk et al. 2005). Nevertheless, the mechanisms that underpin morph evolution and 
maintenance are often poorly understood in the wild. Some of the more common 
mechanisms proposed are frequency-dependent selection, hetero-zygote advantage, and 
genotype-by-environment interactions.  

Frequency-dependent selection is an evolutionary process by which the fitness of 
genotypes (or phenotypes) depends on their frequency in the population. It can favour 
phenotypes that are either common (positive frequency-dependent selection) or rare 
(negative frequency-dependent selection). This form of selection has been used to explain 
the maintenance of colour polymorphisms in a number of species (Hori 1993; Bond and 
Kamil 1998; Takahashi et al. 2010). An interesting example of this type of selection is seen 
in side-blotched lizards (Uta stansburiana). Males come in three throat-colour patterns: 
orange, blue, and yellow. Each of these forms has a different reproductive strategy and like 
a game of rock-paper-scissors, orange beats blue, blue beats yellow, and yellow beats 
orange in the competition for females. As a result, populations of side-blotched lizards cycle 
in the distribution of these phenotypes (Sinervo and Lively 1996). Another remarkable 
example of negative frequency-dependent selection is apostatic selection, where the rare 
morph prey animals is more likely to be ignored by their predator than the common morph, 
giving the rare morph a selective advantage in the population. Apostatic selection has been 
used to explain morphs in predator-prey systems (Paulson 1973; Bond and Kamil 1998).  

Heterozygote advantage describes the case where heterozygous individuals have a 
fitness advantage and has been proposed as a mechanism for sickle cell anaemia in humans 
(Allison 1964), sperm design in Zebra finches Taeniopygia guttata (Knief et al. 2017) and 
plumage coloration in Common buzzards (Krüger et al. 2001).  

For these two mechanisms, we can predict the direction of fitness for the morphs 
present in a species. In apostatic selection, fitness is highest for the rarest morph type(s), 
which could lead to changes in morph frequencies over time. Specifically, at the equilibrium 
frequency, the fitness of morphs should be equal. Thus, the rare morph will only have 
increased fitness up to an equilibrium. In contrast, heterozygote advantage predicts that in 
heterozygotes at least some component of fitness should be higher than either homozygous 
state regardless of frequency in the population.  
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Figure 1.1: Few representative examples of colour polymorphic raptors: (a) light and dark 
morph of the Eleonora’s falcon Falco eleonorae, (b) pale and rufous morph of the Barn owl 
Tyto alba, (c) the two colour morphs of the Tawny owl Strix aluco, (d) the light and dark 
morph of the Black Sparrowhawk Accipiter melanoleucus, (e) light, intermediate and dark 
morphs of the Swainson’s hawk Buteo swainsoni. 

 

Colour polymorphisms may also be maintained by genotype-by-environ-ment 
interactions, where some genotypes are selectively favoured in certain habitat types 
(Gillespie and Turelli 1989). The local environment plays a large role in shaping phenotypic 
differences across the distributional range of a species, both in its proximate effect on traits 
through phenotypic plasticity and its ultimate impact on the evolution of local adaptations. 
The latter arises as a result of selection by the local environment favouring phenotypes that 
have a higher chance to survive and reproduce (e.g. Dreiss et al. 2012). Geographic patterns 
of phenotypic variation of populations of the same species are in part due to this selective 
process (Antoniazza et al. 2010; Amar et al. 2014).  
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There are many examples in nature on fitness differences in polymorphic species. 

In studies that have examined ecological differences between colour morphs, it is not 
uncommon to find differences in life-history traits (i.e. probabilities of survival and rates of 
reproduction at each age in the life-span) or in lifetime reproductive success (Roulin 2004b). 
For example, reproductive parameters covaried with genetic colour polymorphism in a 
number of species: O’Donald (1983) found differential age at first reproduction and hatching 
date in polymorphic Artic Skuas Stercorarius parasiticus; Brommer et al. (2005) showed 
differential lifetime production of fledglings and recruits in the brown and grey morphs of 
the Tawny owl; Saino and Bolzern (1992) found differential hatching success in morphs of 
the Carrion/Hooded crow Corvus corone corone/cornix. Johnson and Burnham's (2013) 
study on Gyrfalcons Falco rusticolus in Greenland, found differential egg laying date and 
production of offspring among the three morphs. Krüger and colleagues (2001) found that 
intermediate morphs of Common buzzards display a higher lifetime reproductive success 
compared to the extreme morphs. In Swainson’s hawks Buteo swainsoni, however, Briggs et 
al. (2011) found no differences in productivity or life-time reproductive success among 
morphs. 
Differences in adult survival across morphs have been described in Tawny owls (Brommer 
et al. 2005; Karell et al. 2011) and Lesser snow geese Chen caerulescens caerulescens (Cooch 
1961). Amongst diurnal raptors however, very few studies have examined survival rates 
across morphs. For example, Krüger et al. (2001) found differences in survival rates between 
Common buzzard morphs. Using more robust methods, Jonker et al. (2014) found similar 
trends in the same buzzard population, but these differences in survival rates were only 
weakly supported. Interestingly, Briggs et al. (2011) found no support for differential survival 
across morphs in the Swainson’s hawk. 

In a range of species also differential spatial distribution has been described. In Barn 
owls (Tyto alba), morphs are adapted for a specific habitat type and show differences in diet 
(Roulin 2004a; Dreiss et al. 2012). Differential habitat selection has also been observed 
between morphs of Red-tailed hawks (Buteo jamaicensis, Preston 2009) and in the 
Bananaquit (Coereba flaveol, Wunderle Jr 1981). However, within species results often vary 
across studies indicating that the sign and magnitude of covariations between fitness 
parameters and polymorphism can vary in time and space. 

Alternatively to the existence of fitness differences in polymorphic species, there 
may not be selective advantages or differences in life-history strategies that maintain 
different morphs within a population. Factors such as sexual selection (e.g. assortative 
mating) or large population size (Fowlie and Krüger 2003) may maintain multiple morphs 
within a population not requiring further explanations of fitness differences. Indeed, a 
number of studies have not found differences in components of fitness among morphs 
within populations (reviewed in Meunier et al. 2011). 
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The study system  

The Common buzzard  

The Common buzzard provides an interesting example for studying the maintenance of 
colour polymorphism because it is a widespread and common Eurasian raptor that exhibits 
an ostensibly continuous variation in plumage (figure 1.2) (Krüger et al. 2001; Boerner and 
Krüger 2009; Chakarov et al. 2016). Specifically, the coloration on the belly, flanks and 
underwing coverts ranges from very dark (melanic) to very light (figure 1.2) (Ulfstrand 1970, 
1977). This variation is usually grouped in three main morphs by several authors: light, 
intermediate, and dark (Melde 1983; Blotzheim and Bauer 1997; Krüger et al. 2001). Several 
studies have shown that melanic polymorphic phenotypes in birds are genetically 
determined (Mundy 2005) and follow a Mendelian mode of segregation (Roulin 2004b). 
Krüger et al. (2001) argued that dark and light alleles show incomplete dominance and 
heterozygous individuals therefore display intermediate plumage between the two 
homozygous morphs, and hence give rise to continuous polymorphism along the plumage 
spectrum. However, the high variation in Common buzzards seems actually to be hardly 
compatible with a simple Mendelian inheritance pattern and variation may thus be 
controlled by several other genes.  

Krüger and colleagues (2001; Boerner and Krüger 2009) found that the light and 
dark morphs have a much lower fitness than the presumed heterozygous intermediate 
morph, but are replenished through Mendelian segregation with the mating of intermediate 
phenotypes. In their German study population, intermediate individuals had higher survival, 
reproduction, reproductive value and lifetime reproductive success. Because the variation 
in these morphs has a genetic basis (Mundy 2005), the covariation between phenotype and 
fitness parameters can be considered as direct selection on the genetic component that 
controls the colour polymorphism. In light of this, Krüger and colleagues (2001) stated that 
Common buzzards would exhibit a rarely observed case of heterozygote advantage in the 
wild.  

In the same study, the authors theoretical modelled different patterns of mate 
choice for the Common buzzards. The pattern of positive assortative mating they observed 
– i.e., non-random mating in which individuals with similar phenotypes mate with each 
other, best explained how fitness consequences could maintain genetic variation (Krüger et 
al. 2001). However, they also suggested that this mating pattern is maladaptive for the 
Common buzzards: to produce offspring with the highest fitness (i.e., the intermediate 
morph), light or dark individuals should mate with the opposite morph instead 
(disassortative mating). 
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Figure 1.2: Pictures representing the plumage coloration gradient in Common buzzards, 
divided in 7 morph types by Christiaan de Vries on the basis of body characteristics. 
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The mechanisms leading to fitness differences among morphs are still unclear. 
Krüger and colleagues tried to find several potential causes, such as parasite infection levels 
in nestling morphs (Chakarov et al. 2008), variation in aggressive behaviour of adult morphs 
(Boerner and Krüger 2009), differences in immunity (Chakarov et al. 2016), and correlations 
between fitness-related traits and heterozygosity (Boerner et al. 2013). In particular, 
Boerner and Krüger (2009) found that both intra-specific and inter-specific aggression differs 
between and within morphs, leading to a complex pattern on the population level, making 
it difficult to explain fitness differences among morphs. Chakarov et al. (2008) found that 
two parasite species in nestlings -Carnus haemapterus and Leucocytozoon toddi- may exert 
selection pressures in opposite directions on the melanism of their host, thus making 
intermediate buzzards better protected against endoparasites and not too attractive for 
ectoparasites. However, it was not possible to generalize this result for both sexes and in 
different foraging conditions, in turn making it difficult to explain fitness differences among 
morphs caused by parasite infections. Chakarov et al. (2016) explored the hypothesis that 
the differences in pigmentation corresponded to differences in immunity. However, no 
relation was found between the strength of immune responses and the melanisation 
gradient. These results indicate that there is most likely no simple correlation between 
immune responses and plumage morphs or between aggressive behaviour and plumage 
morphs, and that the latter may depend by a combination of factors. 

Study population and study area 

I investigated a breeding population of Common buzzards located in East-Friesland, The 
Netherlands (figure 1.3). This population has been intensively monitored since 1996 by two 
field ornithologists, Christiaan de Vries and Anneke Alberda. The number of nests checked 
during this time period remained largely stable (mean ±SD = 91 ±12, range 65-111), 
supported by a constant effort of this team to defend the population study from poaching. 
Since the establishment of the Dutch national working group for raptors (WRN) in 1982, the 
focus of the monitoring by the instigator Rob Bijlsma, by members Christiaan de Vries, 
Anneke Alberda and other ornithologists, has been to end the prosecution of birds of prey 
(Bijlsma 2007). Research about birds of prey is taking an increasing place within protection 
activities. Knowledge about behavioural and breeding biology thus proved to be 
indispensable (Bijlsma et al. 1994).  

In addition to protecting Common buzzards from poaching, and in contrast to other 
monitored populations of Common buzzards, Christiaan de Vries also recorded the plumage 
coloration of individuals, adults and juveniles. This meticulous work made his dataset unique 
for evolutionary studies of colour polymorphism. The field ornithologist divided the plumage 
coloration gradient in 7 morph types on the basis of body characteristics (mainly front and 
underwing coverts, figure 1.2). This approach was adopted to more easily recognize 
individuals in the field. During each breeding season, the nests were checked several times 
by climbing the trees, and several reproductive parameters and biometric measurements 
were collected. During the rest of the year, a big effort was made to collect all moulting 
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feathers of adults and dispersing juveniles and to catch resident and floater birds, so to have 
as many individuals identified as possible.  

Figure 1.3: Map of the study area in year 2016. Dots represent nest positions. Panel on the 
right bottom shows where the area is (red marker) in The Netherlands. 

 

Thesis focus 

This PhD thesis is inspired by the incredible possibility to study an extremely interesting 
evolutionary topic thanks to the availability of a large and valuable data set. This thesis is 
based on long-term monitoring programs coordinated by Werkgroep Roofvogels Nederland 
(WRN) and builds upon enormous knowledge about biological trends of Common buzzard 
morphs in the last decades.  

Since a major publication in 2001, the Common buzzard has become a species of 
interest in the study of the evolutionary ecology of colour polymorphisms. In fact, during 
the last decades, this raptor has been intensively studied in Germany (Krüger and Lindström 
2001; Krüger et al. 2001; Chakarov et al. 2008, 2013; Boerner and Krüger 2009; Boerner et 
al. 2013). However, despite the species being very common and broadly distributed, it 
cannot be defined as a model species for colour polymorphism, as these studies are only 
restricted to this one German population. 

Our objective was to replicate the study on fitness consequences associated with 
plumage colour morphs in the Common buzzard, but in a different environ-mental context. 
Replications in evolutionary ecology are generally relatively rare because they require long-
term datasets collected in the wild to monitor the lifetime of individuals in a population 
(Nakagawa and Parker 2015). However, replication is necessary to validate findings and it is 
a basic requirement for the advancement of any field of research to be able to generalize. 
In nature many variables are beyond the control of researchers and studies cannot be 
perfectly replicated. Results in ecological and evolutionary studies often rely on specific 
ecological settings, that can yield different outcomes, emphasizing even more the 
importance of studying the ecological causes underlying selection. 
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This thesis will focus on Common buzzards from an intensively monitored Dutch 
population and aims to deepen our understanding of how plumage colour polymorphism 
can be maintained in this species. The main aims of my thesis were: (1) quantify more in 
detail how variable plumage coloration is in Common buzzards; (2) investigate how heritable 
plumage coloration is in our population and which inheritance system might it follows; (3) 
explore morph frequencies, and fitness differences among those morphs, in our population; 
(4) finally, describe patterns of natal dispersal in juvenile buzzard morphs. 

Approach 

To address the multidisciplinary aims of this thesis, we used a variety of techniques, from 
sophisticated data analyses to fieldwork including the deployment of GPS-transmitters on 
Common buzzards (figure 1.4). Thanks to the large long-term database, we were able to 
apply different analytical and statistical approaches. First, image analysis was performed on 
photographs taken in the field to first describe coloration patterns. Then, an animal model 
approach --a type of mixed-effects model using known genetic relationships between 
individuals-- was used to look at the quantitative genetics of plumage coloration. Finally, to 
estimate survival of individuals we used capture-recapture data with the program MARK and 
combined buzzard temporal data with vole counts and climatic data for The Netherlands. 
When moving to the spatial dimension of plumage colour polymorphism, we followed 
movements of dispersing Common buzzards by means of telemetry using 19-25 g solar-
powered GPS-GSM transmitters. Tracking data were also combined with data on land cover 
(CORINE) to investigate habitat use by the morphs. 

Figure 1.4: Common buzzard juvenile with solar panel GPS-GSM transmitter. 
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Outline of the thesis  

Understanding how plumage colour polymorphism is maintained in Common buzzards 
requires a lot of basic knowledge about the colour polymorphism itself, in addition to the 
ecology and behaviour at the breeding site of adult Common buzzards and movements of 
juveniles before reproductive maturity. In chapter 2, I described the type of polymorphism 
present in the Common buzzards. I looked at Common buzzards colour variation 
qualitatively and quantitatively and tried to establish whether the polymorphism in this 
species is best quantified as a discrete or continuous trait. Hence, I made use of digital 
photographic material and used pixel coloration to quantify variation. To be able to compare 
our results to published literature, I also matched scoring systems between ours and 
previous studies. Lastly, I investigated whether an individual’s plumage pattern is invariant 
through life by scoring morphs of individuals that were photographed for multiple years.  
In chapter 3, I explored plumage inheritance patterns. Using social pedigree data from the 
wild, with juvenile birds with known parental morphs, me and my colleagues confirmed the 
hypothesized genetic basis of the trait, and explored whether this follows the earlier 
proposed Mendelian inheritance patterns. In chapter 4, I looked at fitness consequences 
and mate choice patterns of plumage trait variation, to better understand the maintenance 
of this polymorphism over evolutionary time. I examined the correlations between morph 
and adult apparent survival, breeding success, annual number of fledglings produced and 
cumulative reproductive success. Moreover, I show temporal variation in morph frequencies 
with 20 years of breeding data. After looking at adults in their breeding territories, I change 
scenario. In chapter 5, I looked at spatial and behavioural variation in plumage coloration 
for juvenile buzzards dispersing from their natal sites. I correlated the movement data 
collected by GPS to natal dispersal for different morphs. I inspected movements in relation 
to explorative behaviour and to habitat choice. This relatively unknown phase in the life 
cycle likely is important for selection, as most of the mortality happens while young birds 
are searching for a future territory. At last, in chapter 6, I summarize the results of this thesis 
and place them in a broader context. I discuss what we have learned about Common buzzard 
colour polymorphism as a model study to understand the maintenance of polymorphisms 
in nature. Moreover, I discuss the future path of research to further improve our knowledge 
on colour polymorphism in this species from different perspectives. 
  



CHAPTER 1 

20 

 


	Chapter 1



