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Ecology and evolution are closely interconnected, since evolution concerns changes in 
genetic diversity of populations over time and ecology concerns changes in the distribution 
and interactions of populations over time. In fact, evolutionary processes take place in an 
ecological context because of the relationships between organisms and the environment. 
My thesis is in this field of evolutionary ecology, on a highly studied but still poorly 
understood phenomenon, the maintenance of intraspecific variation in colour 
polymorphism. 

Persistent colour polymorphism, i.e. differences in coloration in the same age and 
sex class within a population, has historically been used to understand the mechanisms that 
help to generate within- and between-species diversity. It has been the subject of many 
studies investigating the maintenance of genetic diversity (e.g. in birds, Roulin 2004b). 
Among bird species, raptors of the genus Buteo show a disproportionately high frequency of 
colour polymorphisms (60% of species are polymorphic) (Galeotti et al. 2003). These 
polymorphisms are interesting from an evolutionary perspective, because they are heritable 
and hence a good model for understanding mechanisms preserving genetic variation. A 
proposed selective process that contributes to the maintenance of colour polymorphism is 
balancing selection. There are two mechanisms by which balancing selection works to 
maintain this polymorphism. These are heterozygote advantage and frequency-dependent 
selection. These processes, coupled with environmental heterogeneity appear to be 
important in promoting colour polymorphism.  

The Common buzzard Buteo buteo is an interesting model for understanding how 
genetic variation is maintained in a polymorphic species. This bird of prey is a common 
species, it has a large geographic range, it lives in spatially and temporally heterogeneous 
environments and it occupies diverse habitats. In Common buzzards, variation in plumage 
colour has been reported to be maintained by a heterozygote advantage in a German 
population: heterozygote intermediates had higher fitness than homozygote light and dark 
morphs. Interestingly, and unexpectedly, these German buzzards were mating in a 
maladapted fashion: they preferred partners of similar plumage, whereas from a fitness 
perspective, light individuals should pair up with dark individuals and thereby producing the 
most fit intermediate offspring. This observation was part of the reason why I started my 
study, as these results required replication to see whether these patterns are of more 
general nature. 

The goal of this thesis was to examine the variation in and the maintenance of 
colour polymorphism in a Dutch population of Common buzzards. First, I described colour 
variation to understand if and how this phenotypic trait is inherited. Then I looked at fitness 
differences among morphs and investigated temporal and spatial variation of colour 
polymorphism in this species. 

In this final chapter I will summarize the main results of the previous chapters and 
put them in broader context with the previous literature, followed up by a discussion on 
what would be required to still better understand the maintenance of colour polymorphism 
in this species. To do so, I will invoke the help of yet unpublished preliminary data which 
show the importance of large-scale spatial aspects. 
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Results reported in previous chapters 

In chapter 2 I examined whether discrete morphs exist or whether plumage colour variation 
is more continuous in Common buzzards. Using image analysis, I showed that variation is 
continuous and unimodal, ranging from very dark to very light individuals. Because variation 
appears to be continuous, scoring systems containing more categories than the three in 
previous studies would better capture the underlying variation. As previous studies have 
used different scoring systems with fewer morphs, I showed how a seven-morph scale 
relates to the previously described three-morph scale. I suggested that the seven-morph 
scale describes the continuous colour variation reasonably well. I used photographs of the 
same individuals taken at different ages, including both males and females, and showed that 
the observed variation is highly repeatable within individuals, even though plumage gets 
somewhat darker from juvenile to adult age. I detected no sexual difference in plumage 
colour. The second chapter contributes to the increase in basic knowledge on plumage 
colour variation in the species.  

Using an animal model approach for quantitative genetics, in chapter 3 I showed that 
variation in plumage colour is 82% heritable, in about two hundred families of a Dutch 
population when comparing fledglings with their parents. However, I found no support for a 
simple Mendelian one-locus two-allele model of inheritance, as suggested by Krüger et al. 
(2001). In fact, the proportion of observed offspring morphs significantly differed from the 
expectations from such an inheritance mode, showing in general a higher proportion of 
intermediate offspring for assortatively mated pairs, and higher proportions of extreme 
offspring in disassortatively mated pairs. The results of the third chapter suggest that 
melanic plumage colour in Common buzzards should be considered a quantitative polygenic 
trait. Interestingly, the data provided by Krüger et al (2001) did not deviate from the patterns 
observed in our population, and the reason we came to a different conclusion is partly due 
to larger sample sizes. 

In chapter 4, I took advantage of 20 years of life-history data collected by Christiaan de 
Vries and Anneke Alberda to replicate earlier studies on fitness consequences of colour 
polymorphism in this species (Krüger et al. 2001). I first examined morph differences in adult 
apparent survival by using sight-resight data in the program MARK. I found only weak 
support for morph-dependent survival rates for both males and females, with intermediate 
adults having slightly higher survival. Secondly, I looked at mate choice and I observed 
positive assortative mating for colour morph. Moreover, I found that assortative pairs were 
more likely to produce offspring than disassortative pairs, and their pair bonds lasted longer. 
Then, I looked at different fitness components of the morphs, specifically at breeding 
success, annual number of fledglings produced and cumulative reproductive success. I found 
that cumulative reproductive success differed among morphs, with the intermediate morph 
having highest fitness. Lastly, in our long-term population study I observed a phenotypic 
change with an increasing proportion of intermediate morphs over time.  

After these detailed studies on the ecology of breeding adults, chapter 5 gives an 
overview on the first months of life of juvenile buzzards dispersing from their natal sites. This 
period of the life has been hardly studied, and may actually be important in fitness studies. 
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I studied the effects of plumage coloration on natal dispersal behaviour in individuals leaving 
our study population in The Netherlands. More specifically, I looked at emigration timing and 
exploratory behaviour in the first months of wandering. For the same period, I also 
investigated the effect of plumage coloration on habitat choice. To do this, I used GPS-
transmitter data collected from juveniles leaving the natal nest and tested whether plumage 
coloration influenced number of areas visited, tenure in areas, cumulative distance among 
areas, distance of settlement from nest in first winter and proportion of forested habitat 
chosen. I found that coloration was associated with the number of areas visited, but not with 
other traits. Darker individuals visited a higher number of areas during the first months of 
dispersal compared to lighter individuals, likely suggesting a behavioural difference among 
morphs. However, the idea of matching phenotype with habitat choice (i.e. darker 
individuals using more forested habitats, whereas light individuals more open habitats) was 
not supported. 

 

Conclusions  

As my thesis was initially inspired by earlier studies on fitness consequences of colour 
polymorphism in Common buzzards (Krüger et al. 2001; Boerner and Krüger 2009; Jonker et 
al. 2014), I will contextualize my results and discuss differences and commonalities between 
studies. 

Continuous variation and inheritance 

Research addressing evolutionary questions about the maintenance of plumage colour 
variation requires estimating both the inheritance of, and selection on the trait. However, at 
first a good description of the variation is needed. For many polymorphic species in which a 
continuous variation of the coloration has been recognized, a classification system with few 
morph categories has often been used for studies of evolutionary ecology. Reducing 
continuous variation to a few categories can be extremely convenient and useful in field 
studies and to allow comparisons of research on the same species. The variation of a 
heritable phenotypic trait described by a continuous curve is often indicative of an 
underlying polygenic system of genetic control, where many genes with minor and additive 
effects are involved (Mather 1949). Instead, in case of really distinct, discrete colour morphs, 
one or a few genes are often involved that code for the variation (Mundy 2005). In this case, 
the use of phenotypic categories for the study of genotypes is a good proxy and relatively 
simple models can be used to assess selection on the trait. However, if variation is 
continuous but reduced to too few phenotypic categories, a misinterpretation of the results 
can be incurred if referring to the genotypes and the evolution of the genetic variation. 
Deductions based on the genetic inheritance system and mechanisms of natural selection 
may be too speculative. 

In previous work on Common buzzards, continuous colour variation was simplified to 
few (=three) morphs and selection favouring intermediately coloured individuals was shown, 
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suggesting that these were the heterozygotes in a one-gene, two-allele system (Krüger et al. 
2001). 

I chose to use the three-morph classification scheme to be able to compare the results 
of previous studies with mine, even after not finding distinctive multimodality in buzzard 
plumage colour variation. Also, I used the seven-morph classification scheme to look at 
phenotypic variation with a scale closer to the continuous one. It is still possible that the 
selection dynamics could be understood when simplifying colour variation to few morphs, 
for example when there is one gene with a major effect and many with minor effects, 
resulting in continuous variation. But this would require that the used classifications align 
well with the underlying variation in the major gene. I made use of the social pedigree of the 
Dutch population to look at the heritability of the trait and I found that in our buzzard 
population plumage colour was highly heritable, independent of sex, and not influenced by 
environmental factors. This implies that selection can act on the trait and that the variance 
is either selectively neutral or a mechanism exists that keeps the polymorphism stable. When 
looking at the inheritance of plumage coloration (scored in different scenarios), I found that, 
in any scenario, the trait does not follow a one-locus two-alleles system of the simple 
Mendelian inheritance pattern. The genetic basis of melanic coloration in Common buzzards 
is likely composed by more genes. However, without carrying out molecular genetic 
analyses, one can only affirm that a certain genetic basis is unlikely and exclude the simple 
Mendelian inheritance system. Without molecular genetic analyses, it remains difficult to 
define which morph is heterozygote and which homozygote, regardless of whether they 
belong to a discrete coloration scale with three morphs, seven morphs or to a continuous 
gradient of coloration. 

Fitness consequences 

Although the genetic basis of the (continuous) colour variation is still unresolved, I used the 
three-morph classification scheme to test whether there were ecological differences among 
morphs and if I could replicate the heterozygote advantage as shown in a German population 
of buzzards (Krüger et al. 2001). Under this hypothesis, I expected to find higher survival and 
reproduction rates for the intermediate morph. I found that the three morphs differed only 
weakly in apparent survival, as had been similarly found by Jonker and colleagues (2014), 
and in both cases the intermediate morph was the one slightly advantaged (table 6.1).  
  The overall annual survival was higher in the Dutch population than in the German 
population, but it is not clear whether these differences are the result of ecological 
differences (e.g. predation rates, presecution), or are due to methodology (mostly sightings 
in Germany, whereas based on moulted feathers in The Netherlands) among study 
populations (table 6.2). 
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Table 6.1: Comparison between the morph-dependent fitness results of the previous studies 
on a German population and the results from this thesis. 
 

 
Table 6.2: Comparison between the results of the previous studies on a German population 
and the results from this thesis. Note that the degree of assortative mate choice seems to 
be lower in the Dutch population, but that it is not completely clear whether the 
methodology is the same. If we consider all breeding pairs (i.e. also including repeated 
observations of the same pair), our correlation coefficient is 0.24. The question marks are 
for values not reported in the original study.  

 
German studies This thesis 

Morph 
N Reference 

Morph 
N 

Light Interm. Dark Light Interm. Dark 

Adult 
frequency 

♀ 28.9% 65.1% 6% 106? Tab.1, 
Krüger  

et al 2001 

23.7% 48.5% 27.8% 266 

♂ 32.4% 57.9% 9.7% 132? 16% 50.8% 33.2% 244 

Adult 
frequency      37.5% 48.3% 14.2% 555 Mueller  

et al 2016  
 

Adult 
survival 

♀ 71% 76% 67% 669 Fig.1,  
Jonker  

et al 2014 

87% 89% 88% 266 

♂ 77% 78% 72% 670 86% 91% 89% 244 

  

LRS / CRS 
♀ 

1.8 
(n=82) 

4.5 
(n=129) 

1.3 
(n=29) 240 Fig.1, 

Boerner  
et al 2009 

3.2 3.5 2.8 266 

♂ 
1.8 

(n=84) 
3.7 

(n=153) 
1.7 

(n=37) 274 3.7 4.4 3.9 244 

 
German study This thesis 

Rate N Reference Rate N 

Annual 
resighting  

♀ ? 669 Jonker  
et al 2014 

87% 266 

♂ ? 670 86% 244 
  

Adult 
survival 

♀ 74% ?  Fig. 4a  
(subset from period 

1999-2010),  
Jonker et al 2014 

88% 266 

♂ 80% ?  90% 244 

  

 
Pearson’s 

correlation 
coefficient 

 
Pearson’s 

correlation 
coefficient 

 

Mate  
choice 0.27 

391 
unique 
pairs 

Calculated form data  
in Table 1b,  

Krüger et al 2001 
0.13 

400 
 unique 

pairs 
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The methodology used to estimate survival was the same for both studies, but the 
probability of adult re-sighting was not reported for the German population. The different 
ecological context, as the presence of a top predator (Eagle Owl, Bubo bubo) and/or a lower 
habitat quality in the German territories, might have influenced the survival of adults in that 
population. However, it is very interesting how the Dutch population density remained quite 
stable in the two decades, whereas the German population had a steep growth in about the 
same period with such a lower adult survival rate.  

In our population I found that neither annual reproductive success nor annual 
reproductive productivity were related to morph, but for the German population no 
comparative data have been published about individual morphs. In both populations, the 
long-term reproductive measures (cumulative and lifetime reproductive success) were 
morph dependent, favouring the intermediates, but the effect sizes were much larger in the 
German population. In our population I found that cumulative reproductive success was 
about 15% larger for the intermediates, whereas in the German population intermediates 
produced at least twice as many fledglings during their lives compared to dark or light 
morphs (Boerner and Krüger 2009) (table 6.1).  

In our population I observed positive assortative mating with respect to plumage 
colour, with similar correlation coefficients for coloration scored on both the three-morph 
scale and the seven-morph scale (unpublished data). Moreover, I found that assortative pairs 
were more likely to produce offspring compared to disassortative pairs, and they formed a 
more stable pair over the years. In the German study, Krüger and colleagues were expecting 
to observe disassortative mating, being this mating pattern more adaptive to produce 
intermediate offspring in a population where intermediately coloured individuals have a 
fitness advantage (Krüger et al. 2001). Instead, they found that assortative mating occurs 
and the authors suggested it thus being maladaptive. However, apart from preference for 
same morph, Krüger et al (2001) tested other mate choice patterns but only from the female 
perspective, among which random mating and preference for the morph of the mother 
(based on expected probabilities of a given mother-morph from a simple Mendelian 
inheritance pattern). Despite these patterns all yield a similar good fit with the observed 
data, the authors affirm that sexual imprinting on the mother morph is the most likely 
mechanism of mate choice in their population. The conclusions of Krüger et al. (2001) about 
maladaptation of assortative mating and the mechanism of mate choice rely on a simple 
Mendelian inheritance of morph. These conclusions are not consistent with what was found 
in our study (Kappers et al. 2018).  

It remains unclear why assortative pairs in our population are performing better, 
but it might be related to behavioural compatibility or to habitat matching. This is the case 
of another polymorphic raptor, where pair-level fitness advantages seem to be related to 
behaviour complementarity. Tate et al. (2017) supported the idea that differential fitness, 
consequence of morph combination, may explain balanced polymorphism in Black 
sparrowhawks Accipiter melanoleucus in South-Africa. The authors found that neither morph 
had a specific advantage in terms of productivity or survival; however, they found that 
morph combination of adult pairs influenced productivity significantly, with mixed-pairs 
producing more offspring per year than pairs consisting of the same morph. Although this 
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refers to higher success of disassortative pairs instead of assortative pairs, it is an example 
that pair-level fitness advantages may play an important role in promoting and maintaining 
polymorphism and may be important for bird species which display bi-parental care like 
Common buzzards. 

Over the 20 years of our study, I found that the proportion of intermediates 
increased in our population. This apparent evolutionary change (as morphs are highly 
heritable) did likely arise due to the observed fitness advantage of individual phenotypes, 
but likely also from fitness benefits of assortative mating. As assortative pairs were more 
successful in producing offspring than disassortative pairs and assortatively paired 
intermediates produce a higher percentage of intermediate offspring (74%) than by 
following a simple Mendelian inheritance system (50%) (Kappers et al. 2018), this could lead 
to a further decline in frequencies of extreme phenotypes.  

Krüger et al (2001) suggested that the fitness differences among individual morphs 
were the result of intermediate morphs breeding in highest quality territories (e.g. forested 
patches with functional nests that have high occupancy rate), and dark and light individuals 
also having a lower breeding propensity. Hence, they suggested that the competitive 
advantage of intermediate morphs (Krüger 2002), in combination with the large variation in 
territory quality resulted in the observed fitness advantage. 

Dispersal behaviour in early life  

If morphs differ in competitive abilities, it is important to understand different aspects of 
behaviour in young birds, such as degree of survival and the ability to obtain a breeding 
territory. In my work (Kappers et al., unpublished), I looked at natal dispersal of juveniles to 
try to unravel if morphs differ in these behavioural aspects during the early stage of their 
life. In several species, dispersers not only develop behavioural differences at the onset of 
dispersal, but display these behavioural characteristics through their life cycle (e.g. Howell 
et al. 2007). Personality-dependent dispersal is a phenomenon that can have important 
ecological consequences and it is relevant from an evolutionary point of view if correlated 
with melanic coloration.  

I investigated if buzzard morphs in their early life have indeed different life-history 
strategies countering the selection against the fitness advantage of intermediate adult 
breeders in our population. I found that darker juveniles were more explorative than lighter 
morphs in the first months of the wandering stage, visiting few or several areas before 
settling. However, I did not find other significant differences among morphs, including 
emigration timing, distance travelled, and habitat choice. It remains unclear how this result 
could be interpreted in light of the fitness advantage of adult intermediates. A limitation is, 
that I only looked at the first months after emigration, and not at the whole dispersal 
process. This limitation was in part due to the devices itself, as they provide an incredible 
amount of detailed data but their activity can often be limited by the battery level (declining 
strongly in the dark winter months) and their overall lifetime. Therefore, I have no 
knowledge on how morphs may differ in the likelihood they have of obtaining a breeding 
territory. As buzzards take on average three to four years before starting to breed (Walls and 
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Kenward 2020), one future purpose could be to look at the data of the surviving juveniles for 
a longer period, even when the sample size is quite small because of mortality.  

Territory quality seems less variable in our study area when compared to the 
German area (based on observed high occupancy rates, unpublished data). This may explain 
why I found only small fitness differences among adult morphs. Habitat variation in The 
Netherlands may be relatively small compared to other areas of buzzards’ distributional 
range, and this might be why I did not find differences in habitat choice among dispersing 
juvenile morphs. 

Maintenance of variation? 

It is intriguing that a fitness benefit for intermediate buzzard morphs was found in both 
populations of adult breeders, but that despite this fitness benefit and the potential for 
evolutionary change, these populations are still highly variable for this genetically 
determined trait. In our population there may not be selective advantages or evident 
differences in life-history strategies that maintain different morphs. Factors such as sexual 
selection (e.g. assortative mating, see Lank and Fraser 2002) may maintain multiple morphs 
within the population, because of a certain inheritance pattern that always produces all 
morphs, not requiring further explanations of striking fitness differences. 

Fitness differences among morphs were also investigated by Briggs and colleagues 
(2010) in another raptor species of the genus Buteo, the Swainson’s hawk Buteo swainsoni. 
This bird of prey, similarly to the Common buzzard, shows continuous colour variation and 
has been categorized in three morphs. The authors investigated 32 years of breeding data 
and found no evidence that intermediate individuals (presumed heterozygotes) or the 
extreme morphs had increased levels of any component of fitness examined (Briggs et al. 
2011). Therefore, Briggs et al. (2011) excluded both frequency-dependent selection and 
heterozygote advantage as mechanisms maintaining the colour polymorphism in this 
species. Interestingly, when looking at the large-scale distribution of Swainson’s hawk 
morphs in their breeding range in North America, Amar and colleagues found a clinal 
variation with respect to plumage coloration, likely associated with temperature and rainfall 
(Amar et al. 2019). 

In polymorphic species of birds, clinal variation in plumage coloration is frequently 
observed. Among colour-polymorphic birds, at least 20% show a cline in the relative 
frequency of morphs (Galeotti et al. 2003). Adaptation to local conditions should be reflected 
in relative changes of morph frequency as local habitat or climate conditions select against 
inappropriate phenotypes, resulting in clines across large spatial scales. For species with 
large ranges, quantifying the presence or nature of a cline is hampered by the requirement 
to collect unbiased field data for many specimens across extensive geographical areas. 
Therefore, despite clinal variation being fairly common, it has only been empirically explored 
in few species, such as Black sparrowhawk (Amar et al. 2014), Barn owl Tyto alba (Antoniazza 
et al. 2010) and Bananaquit Coereba flaveola (MacColl and Stevenson 2003). 

A possibility for the Common buzzard could be that there is spatial variation in 
selection pressures on colour morphs (Gillespie and Turelli 1989), and phenotype-habitat 
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matching (Edelaar et al. 2008) at the species level. There is evidence for clines in colour 
morphs over large (Antoniazza et al. 2010; Amar et al. 2019) and smaller (Amar et al. 2014; 
Sordahl 2014) spatial scales in raptors, although there is relatively little evidence for a 
morph-by-habitat interaction on fitness (Dreiss et al. 2012). For my study species, 
remarkably little is known about the geographical distribution of the morphs (Ulfstrand 
1977). Therefore, as part of the initial idea of my thesis I launched the “Buteo Morph” project 
where citizen scientists could enter their sightings and classify individuals on a seven-morph 
scale, in order to map morph distribution for the Common buzzard on a large scale. 
Preliminary and unpublished data seem to show clinal variation in morph frequencies of 
Common buzzards (see figure 6.1), confirming anecdotal information about the presence of 
higher proportions of darker morphs in the south and increasing frequencies of lighter 
morphs in the north-west across their breeding range in Europe. 

Figure 6.1: Raw data on the distribution of Common buzzard morphs collected by citizen 
scientists for the project Buteo-Morph from mid-2015 to mid-2017. Blue gradient 
corresponds to variation from darker morphs (1) to lighter morphs (7).  
 
However, I did not investigate yet whether environmental factors may drive the spatial 
structuring of morphs in the species’ range, and thus future research is needed.  

This would surely fill the gap for the large-scale variation, but would still not explain 
why on the small scale – i.e. in one study population – we find such notable variation. What 
I missed to test in this thesis, is whether there was a phenotype-habitat matching in our 
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breeding population that could help us understand the presence of different morphs, even 
when intermediates seem to have an advantage over the years. I was able to look at habitat 
choice for juveniles during their first months of dispersal, but local habitat choice for 
breeding adults might also be very important to consider. A fitness advantage in adults could 
also be counter balanced by a different fitness trend in juveniles until their first breeding 
attempt, that unfortunately I could not completely quantify. When looking at first-time 
breeders in our population, we see that immigration of different morphs does not seem to 
be very structured over the years (figure 4.5c-d). Unfortunately, it was difficult to get data 
on whether the new breeders are immigrants from other populations or morphs recruited 
from ours. Worth to consider is that, as we found assortative mating, new immigrants might 
also be constrained by which morph is looking for a new mate to keep holding the territory 
in a certain season. Although I have been lucky enough to work with an incredible dataset, 
for a long-lived species like the common buzzard - that can live a couple of decades - it is 
risky to affirm that there is natural selection in place. For example, I did not have lifetime 
data for about 40% of the individuals, and of these, about 13% have been observed for 15 
years out of the 20 of the study. We cannot rule out that there might be a positive frequency-
dependent selection acting on our population, but we would need to keep monitoring the 
morphs for longer time to see evolutionary changes. 
 

My thesis clearly highlights that understanding of evolutionary dynamics in natural 
populations requires not just a long-term effort in monitoring a focal population, but also 
needs to include all possible fitness consequences that may often accrue outside the specific 
study site (dispersal and habitat choice, spatial variation in fitness consequences on the 
smaller and larger scale). 
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