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Abstract 

We take advantage of 20 years of life history data collected in a Dutch population of 
Common buzzards Buteo buteo to replicate earlier studies on fitness consequences of colour 
polymorphism in this species. We examined morph differences in adult apparent survival, 
breeding success, annual number of fledglings produced and cumulative reproductive 
success. We found that fitness (cumulative reproductive success) differed among morphs, 
with the intermediate morph having highest fitness. Assortative mating for colour morph 
was observed, and we found that assortative pairs were more likely to produce offspring 
than disassortative pairs, and their pair bonds lasted longer. Over our long-term study we 
found a phenotypic change with an increasing proportion of intermediate morphs. This 
apparent evolutionary change did not just arise from selection on individual phenotypes, 
but also from fitness benefits of assortative mating. We hypothesize that spatial variation in 
selection pressures on colour morphs could be a mechanism that maintains this genetic 
variation, but it remains to be tested if plumage colour effects on fitness depend on dispersal 
and habitat choice. 
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Introduction 

Identifying the processes that maintain genetic variation in populations over time is 
fundamental to evolutionary biology, as evolutionary responses are often based on the 
standing genetic variation (Lewontin 1974). One wide-spread type of genetic variation in 
animals is colour polymorphism: within-population variation in appearance across 
individuals independent of age and sex (Huxley 1955). Understanding the persistence of 
genetically determined phenotypic polymorphisms requires measuring the covariation 
between the genetic part of the trait and fitness (Roulin 2004b).  

Several mechanisms have been proposed to explain the maintenance of 
polymorphisms, and one of these is balancing selection. Frequency-dependent selection is 
a form of balancing selection where the rare allele has higher fitness than the more common 
alleles (Smith 1982; Sinervo and Calsbeek 2006). Another rarely observed form of balancing 
selection is overdominance, where heterozygotes have higher fitness than both 
homozygotes (Allison 1964; Knief et al. 2017). 

In birds, 3.5% of all species show plumage colour polymorphisms which are often 
genetically determined (Galeotti et al. 2003). Colour polymorphisms are particularly 
common in raptors (30% of species; Fowlie and Krüger 2003; Hugall and Stuart-Fox 2012). 
Among raptors, the Common buzzard, Buteo buteo, is one of the most variable species in 
terms of plumage colour. Individuals vary along a dark–light continuum, but for practical 
reasons this variation has often been categorized into three morphs: dark, intermediate and 
light (Kappers et al. 2017). Using parent-offspring comparisons, we previously showed that 
plumage colour is highly heritable (82%), independent of sex and not influenced by 
environmental factors such as shared nest environment and female and male parent identity 
(Kappers et al. 2018). Because the variation in these morphs has such a strong genetic basis, 
the covariation between phenotype and fitness can be considered as direct selection on the 
genetic component of the polymorphism. Previous studies on a German population 
provided evidence that the polymorphism could be explained by a one-locus two-allele 
inheritance system, with the intermediate morph being the heterozygote (Krüger et al. 
2001): both lifetime reproductive success and adult survival were higher for the 
intermediate morph than for the light and dark morphs (see also Jonker et al. 2014). The 
authors concluded that heterozygote advantage maintains the colour polymorphism in this 
species (Krüger et al. 2001).  

Fitness differences among morphs were also investigated in the related Swainson’s 
hawk, Buteo swainsoni (Briggs et al. 2011). Similar to the Common buzzard, this species also 
shows continuous colour variation, which has been categorized in three morphs. Using 32 
years of breeding data, Briggs, Collopy & Woodbridge (2011) found no evidence that 
intermediate individuals (presumed heterozygotes) had higher fitness; there were no 
differences in any of the examined fitness components between the morphs. Therefore, 
Briggs, Collopy & Woodbridge (2011) excluded both frequency-dependent selection and 
heterozygote advantage as mechanisms maintaining the colour polymorphism in this 
species. 
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Our aim is to replicate the study on fitness consequences associated with plumage 
colour morphs in the Common buzzard. Replications of this type are relatively rare 
(Nakagawa and Parker 2015), especially when carried out in the wild, because they require 
long-term datasets monitoring the lifetime of individuals in a population. Replication is 
essential to validate findings and it is a basic requirement for the advancement of any field 
of research to be able to generalize. Because outcomes in ecological and evolutionary 
studies often rely on specific ecological settings, it is likely that such replications will yield 
different outcomes, thereby showing the importance of studying the ecological causes 
underlying selection. An additional reason to replicate the previous study is that we recently 
showed that the colour polymorphism of the buzzard does not fit the originally proposed 
one-locus two-allele system of inheritance, but rather should be considered as a polygenic 
quantitative trait with high heritability (Kappers et al. 2018).  

Here, we use a 20-year study of a population of Common buzzards from The 
Netherlands to replicate the empirical findings on fitness consequences of colour 
polymorphisms from the original publications (Krüger et al. 2001; Jonker et al. 2014). 
Specifically, we investigate differences among morphs in adult survival, annual reproductive 
rates and cumulative reproductive success. 

An intriguing conclusion from the original study was that buzzard mate choice was 
maladaptive (Krüger et al. 2001), because pairs showed assortative rather than 
disassortative mating. This was supposedly maladaptive because to produce offspring with 
the highest fitness (the intermediate morph), light or dark individuals should mate with the 
opposite morph. Therefore, we also describe the mating patterns in relation to morph in our 
population and the fitness consequences of different mating combinations.  

Materials and methods 

Study site and population 

C.d.V. and A.A. studied Common buzzards from 1996 onwards in Friesland, The Netherlands 
(53°04' N, 6°13' E). The study site encompasses a 5724-ha area with 1400 ha of forested 
patches. The larger patches are spruce, pine and larch-dominated (~ 1000 ha), whereas the 
smaller patches (~ 400 ha) are oak-dominated. The study area contains on average 81 ± 14 
SD breeding pairs/year (range: 57-110). In each year, all territories were visited in late winter 
to determine whether they were occupied by a breeding pair. Breeding performance of each 
pair was assessed by multiple observations made both from the ground before egg laying 
and from climbing to and checking the nest before and after hatching. Here, we use data 
from a 20-year period (1996-2015), during which all breeding buzzards were colour-scored 
for overall plumage, using a seven-morph scale ranging from very dark to very light (Kappers 
et al. 2017). 

Individuals were identified based on plumage colour and pigmentation patterns 
scored from direct sightings in the field, photographs, captures (N=90), and – in most cases 
– from collected moulting feathers, combined with the location of the observation (266 
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adult females and 244 adult males). Each year, C.d.V. and A.A. tried to collect moulting 
feathers of all females during incubation around the nest and for all males in their territory 
after the breeding season. Individual identification was based on visual comparison of the 
highly diverse colour patterns with collected feathers from previous years. We confirmed 
this individual assignment through genetic profiling with microsatellites using DNA from the 
shafts of a subset of collected moulted feathers. Identification based on feather phenotype 
was correct for 99% of 199 analysed feathers (see appendix 1 in supplementary material). 

For analyses, we grouped individuals into dark, intermediate and light morphs 
following a three-morph scheme that best approached the previous classification (see 
Kappers et al. 2017). This allowed a direct comparison with previous studies in Germany 
(Krüger et al. 2001, and see introduction).  

As our interest is also in potential ecological drivers of selection on colour morphs, 
we considered two environmental covariates that may affect annual variation in fitness 
components. (1) The North Atlantic Oscillation (NAO) index for the months December 
through March, which is indicative of the severity of the winter: positive values are typically 
associated with wetter and milder weather over western Europe, while negative values 
indicate drier and colder weather (updated from Jones et al. 1997). (2) An annual vole index, 
determined by the sum of the number of common vole Microtus arvalis holes in western 
Drenthe (approximately 20 km south from our study site) that were re-opened 24 hours 
after closing them in 35 grassland plots of 1 x 1 m in March and August (Bijlsma 2016). 
Common voles vary strongly in abundance between years, and are the primary food source 
for Common buzzards. The NAO and vole index were only weakly correlated (figure S1). 

Adult apparent survival 

We used Cormack-Jolly-Seber (CJS) models to analyse whether survival of breeding adults 
observed between 1996 and 2015 was associated with morph. The dataset included 266 
females and 244 males (155 dark, 253 intermediate and 102 light individuals). The CJS 
models separate the survival probability from the re-sighting probability using a maximum-
likelihood approach. We analysed the sexes separately because high mate fidelity in 
buzzards increases the probability of observing a pair, such that male and female partners 
are non-independent observations. We constructed our models using the program MARK 
(White and Burnham 1999) with package RMARK (Laake 2013) in R (R Core Team 2016).  

Our initial model for each sex included morph and year. First, we assessed the fit of 
these general models by performing goodness-of-fit (GOF) tests using the program RELEASE 
(Burnham 1987). The GOF of the CJS models (test 2 and 3) was satisfactory (males: 
χ2=198.29, df=112, P<0.0001; females: χ2=165.80, df= 112, P=0.0007). We found no 
indication of significant overdispersion (GOF test:  Ĉmales=1.77, Ĉfemales=1.48), but we 
corrected for the lack of fit of the model to the data by adjusting Ĉ from 1.0 to 1.77 for males 
and to 1.48 for females. 

We estimated two parameters: apparent survival (φ) and encounter probability (p). 
We used a hierarchical modelling approach, retaining only the best-ranked models from the 
previous step - based on Aikaike’s Information Criterion (AIC) - before considering a new 
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suite of covariates (Burnham and Anderson 2002). As p was considered a nuisance 
parameter, we modelled it first to obtain the best fit for resighting probability. We added 
the factors morph (m) and year (t) to account for potential differences in detectability 
between the three morphs as well as among the years. We compared models based on a 
combination of ΔAICc and model complexity (number of parameters) following Burnham & 
Anderson (2002). Models that only added complexity to a simpler model but did not improve 
the fit (usually falling within 2 AICc-values) were not considered competitive (Arnold 2010). 
As there was no support for a difference between morphs in resighting probability, we only 
kept the model with year in subsequent analyses (see table S1). 

To model survival (φ), we used a first set of models with morph and year and their 
interactions (m × t) as factors. We fitted all five possible models to the data. Subsequently, 
we added environmental variables that might affect survival probability. The new 
continuous variables included: the NAO-index, the vole-index and the average number of 
fledged chicks from the previous year as a measure of how stressful the breeding season 
had been, in addition to a number of biologically plausible interactions between these 
variables (see table S2 for full set of 24 models). Figure S2 shows yearly variation in the 
ecological variables for the period 1996-2015. We did not include minimal age (or breeding 
career length), because the age together with year severely reduces the degrees of freedom. 

Morph-assortative mating 

We assessed the level of morph-assortative mating by calculating the Pearson’s correlation 
between the colour morphs of pair members (for this we encoded 1 as dark, 2 as 
intermediate and 3 as light). We did this for two datasets, once considering all unique pair 
combinations of known colour morph from the entire study period (N= 400), and second, 
considering all breeding pairs repeatedly for each year of the study (N= 1566). For all 
breeding pairs we assessed the level of morph-assortative mating across and within years. 
Most of the breeding attempts in multiple years were with the same partner (females: 68%, 
males: 63%). In the remaining cases, individuals had multiple mates during their stay in the 
population (females: 19%, 10%, 2% and 1% with 2, 3, 4 and 5 mates, respectively; males: 
22%, 9%, 4%, 1% and 1% with 2-6 mates, respectively). The significance of the Pearson’s 
correlation coefficients was tested using a resampling procedure. The values of the morph 
of all individuals were randomized N= 100,000 times (over the years when comparing unique 
pair combinations with all breeding pairs; within year when considering breeding pairs 
repeatedly) and for each randomization we calculated the correlation coefficient. The 
significance level of the actual correlation coefficient is then given by (n*2)/N, where n is the 
number of randomized values that are equal to or more extreme than the observed 
correlation.  

We tested whether pairs with different degrees of assortment with respect to the 
plumage morph differed in the duration of their pair bond. For all unique pair combinations 
of known colour morph (n=400), the level of assortment by morph was defined in three 
categories: “2” for pairs where both members have the same morph (dark-dark, 
intermediate-intermediate, light-light), “1” for intermediate-dark or intermediate-light pairs 
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and “0” for dark-light pairs. We used a linear mixed model with pair duration in years (log10-
transformed) as the response variable and with the degree of assortment (factor with 3 
levels) as the independent variable. We included as random intercepts the first year of 
breeding (n=20, which also accounts for shorter pair durations in more recent years), female 
identity (n=264) and male identity (n=242). Results were back-transformed for illustrative 
purposes. 

Measures of reproductive success 

For each breeding season, we examined reproductive success of all territories where the 
productivity was known and the morph of both adults had been scored (n=1359). We 
defined yearly reproductive success as the number of fledglings produced in that year, which 
varied between zero and four (mean ±SD: 0.9 ±1.0, including all territories; 1.8 ±0.8, n=732, 
excluding unsuccessful nests and non-breeding pairs). Nestlings were considered fledged if 
their presence was recorded in the natal territory after the expected fledging date. For pairs 
that had two nesting attempts in the same breeding season we only considered the last nest 
as the first attempts were unsuccessful. 

We modelled variation in yearly reproductive success with a GLMM using package 
lme4 (Bates et al. 2015) in R (version 3.3, R Core Team 2016) using a Poisson distribution, a 
log-link and a Laplace approximation. As explanatory variables, we added morph of both 
attendant adults, the degree of assortment by morph of the pair (factor with 3 levels, see 
above), and “disturbance” (factor with three levels: nest disturbed by humans, nest take-
over attempt by Egyptian goose Alopochen aegyptiaca, no evidence of disturbance). We also 
added female identity (n=259), male identity (n=239) and year (n=20) as random intercepts. 

Additionally, we calculated cumulative reproductive success for both males (n=244) 
and females (n=266), as the total number of fledglings produced during their presence in 
the population which ranged from 0 to 38 for both sexes (mean ± SD = 5.2 ± 6.4, for males; 
4.7 ± 6.4 for females). For 60% of all individuals in the analysis, cumulative reproductive 
success (CRS) equals lifetime reproductive success (LRS) – assuming that individuals that 
were not observed during three consecutive breeding seasons had died – while for the 
remaining 40%, it reflects their fledgling production up to 2015.  We used cumulative 
reproductive success to not exclude successful individuals that were still breeding in the last 
three years of the study (13% of the 206 individuals for which CRS does not equal LRS had 
been recorded for at least 15 years). We also calculated lifetime fledgling production for the 
subset of 161 females and 143 males that were supposed dead in 2015, because they were 
not observed in 2013-2015.  

Cumulative reproductive success and LRS were modelled using a GLMM with a 
Poisson distribution, a log-link and a Laplace approximation. As explanatory variable we 
added the morph of each individual. We included the first year of the breeding career of an 
individual as random intercept, to account for between-cohort variation and for the fact that 
in more recent years some individuals were still alive. Moreover, we analysed CRS by adding 
to the previous model the number of breeding attempts as covariate. To avoid bias in the 
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cumulative fitness estimates due to detection rates <100%, we re-ran the analyses excluding 
individuals that were missing in the dataset for more than 2 years (34 of 510 adults, 6.6%).  

Changes in morph frequencies over time 

We examined temporal variation in morph frequencies for both males and females across 
the 20 years of the study. We used the data from all individuals for which the morph had 
been scored in each year (nfemales=1453 individual-years; nmales=1428 individual-years). 
Because some birds featured in multiple years, leading to pseudo-replication, we also 
assessed changes in morph frequencies of all individuals in their first year of breeding only 
(nfemales=266; nmales=244). 

We fitted a generalized linear model for each of the three morphs, where the 
dependent variable is the proportion of all individuals of a given morph and the independent 
variables are sex and year. The models were fitted with a binomial error distribution 
corrected for under-dispersion (i.e. using the quasi-binomial family). The robustness of the 
models was evaluated using non-parametric bootstrap with function Boot in package car 
(Fox and Weisberg 2011). 

Results 

Adult apparent survival 

Capture–recapture analysis showed no difference among the three morphs in the 
probability of resighting (p). P varied among years both in females and in males (table S1). 
Based on these models, mean annual resighting rates were 0.86 (95% confidence interval, 
CI=0.83-0.87) for males, and 0.87 (CI=0.85-0.89) for females.  

For both sexes we found little support for morph-dependent survival rates, with 
the model without other factors included having most support (table 4.1). For males, there 
is some support (delta AICc <2) for a model that includes morph, but effects of morph are at 
best minor (figure 4.1).  Based on overlapping confidence intervals of the best supported 
null model, males had similar survival (estimate=0.90, CI=0.88-0.91) as females 
(estimate=0.88, CI=0.86-0.90). Models that included ecological covariates (reflecting yearly 
variation in winter severity, food availability and the investment during the previous 
breeding season) were not better supported than the null model (table S3, figure S1). 
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Model n  AICc DeltaAICc Weight Deviance 

Males       

φ(.) p(t) 20 1128.624   0.0 0.719 665.47 

φ(m) p(t)  22 1130.507   1.87 0.280 663.22 

φ(t) p(t) 38 1153.688 25.84 0.000 652.90 

φ(t + m) p(t) 40 1155.713 27.13 0.000  650.68 

φ(t x m) p(t) 76 1222.682 94.05 0.000  638.94 

Females      
      
φ(.) p(t) 20 1942.118   0.0 0.881 1098.37 

φ(m) p(t) 22 1945.135   3.01 0.119 1097.26 

φ(t) p(t) 38 1956.208 14.09 0.000 1074.85 

φ(t + m) p(t) 40 1959.051 16.93 0.000 1073.46 

φ(t x m) p(t) 76 1990.324 48.20 0.000 1026.14 

Table 4.1: Results of a capture-recapture analysis for data on breeding male and female 
Common buzzards between 1996 and 2015. Buzzards are categorized by their colour morph 
(dark, intermediate and light). The analysis separates between survival probabilities (φ) that 
can be either constant (.), morph dependent (m), year dependent (t), or both morph and 
year dependent (m x t), and recapture probabilities (p) that are year dependent (t). All five 
possible models are displayed in decreasing order of AICc-values (fit to the data). Shown are 
the number of parameters (n), the corrected Akaike information criterion (AICc), Delta AICc 
(the difference in AICc between the current model and the best model), the proportional 
support for the model (i.e. the AICc weight) and the deviance. Models are corrected for 
overdispersion (Ĉ=1.77 for male and Ĉ=1.48 for female buzzards).  
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Figure 4.1: Apparent survival probabilities in relation to plumage colour morph for females 
(red) and males (blue). Filled dots show the survival estimates (± 95% CI) from our Dutch 
population, based on the capture-recapture model φ(m) p(t) (see Results and table 4.1). 
Open circles show the average survival probabilities (± se) for each morph in the German 
population after model averaging (data from Jonker et al. 2014: nmales=670, nfemales=669). 
Numbers on top indicate sample sizes for our study. 

Mating patterns 

Common buzzards showed weak positive assortative mating with respect to colour morph 
(Pearson’s r=0.13, n=400 unique pairs, P=0.01). The estimate of assortative mating was 
stronger when considering all breeding attempts (r=0.24, n=1566, P<0.001), suggesting that 
positively assorted pairs bred together for more years than disassortative pairs. Indeed, pair 
bond duration increased with the level of assortative mating (χ2=16.459, P<0.001), where 
the disassortative pairs (scored as 0) had a significantly lower pair bond duration than pairs 
that were intermediately assorted (scored as 1) or highly assorted (scored as 2) (figure 4.2, 
table S4). Note that there was no difference in pair bond duration between light-light/dark-
dark pairs (pooled, N = 64) and intermediate-intermediate pairs (N = 108; table S5). 
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Figure 4.2: Pair bond duration in relation to the level of assortative mating based on plumage 
morph. Shown are boxplots of pair bond duration (the number of years a pair bred in the 
population) for three classes of assortment by morph: “0” for dark-light pairs (n=36), “1” for 
intermediate-dark or intermediate-light pairs (n=192), and “2” for pairs where both partners 
had the same morph (n=172). Circles indicate statistical outliers. Asterisks indicate P <0.001 
(see table S4). Tukey post-hoc comparisons, 0-1: z=3.687, P<0.001; 0-2: z =4.016, P<0.001; 
1-2: z =0.676, P=0.7. 

We also estimated the level of assortative mating for each year separately. This 
showed a significant positive assortment in thirteen out of 20 years (all r> 0.18, all P<0.05 in 
1999, 2001-04, 2006-07, 2009-13, 2015; figure S3). Interestingly, in the first three years of 
the study we found no support for positive assortative mating by morph, but levels increased 
and stabilized thereafter at annual correlation coefficients varying around 0.27. 
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Reproduction 

Neither male, nor female morph explained any of the variation in the annual number of 
fledglings produced. However, pair assortment with respect to morph had a significant 
influence on reproductive success (table S6): assortative pairs fledged more offspring (figure 
4.3a, b). This result was mainly driven by a difference in nest success (the probability that a 
brood produced at least one fledgling) among pairs with different degrees of assortment by 
morph (figure 4.3c, d; table S7).  

Figure 4.3: Yearly reproductive success in relation to the degree of pair assortment by 
morph. Three classes of assortment by morph are considered: “0” for dark-light pairs (n=93), 
“1” for intermediate-dark or intermediate-light pairs (n=674), and “2” for pairs where both 
partners had the same morph (n=592: nDxD=156, nIxI=324, nLxL=112). (a) Boxplots of the raw 
data for the number of fledglings per brood (text on top represents total sample size for the 
three levels); (b) mean number of fledglings per brood ± 95% confidence intervals from the 
GLMM model with as independent variables female morph, male morph and disturbance: 
assortative pairs fledged more offspring (Tukey post-hoc comparisons, 0-1: z =0.70, P =0.75; 
0-2: z =1.8, P =0.16; 1-2: z =2.33, P =0.047 (see table S6); (c) nest success, i.e. the probability 
of producing at least one fledgling (mean ± 95% CI, see table S7); (d) fledgling productivity 
when considering only successful nests (with at least one offspring fledged). Shown are 
means ± 95% CI (table S7).   
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Individual cumulative reproductive success was dependent on morph for both 
males (χ22=6.04, P=0.05) and females (χ22=13.361, P=0.001). In females, the intermediate 
morph had a significantly higher CRS than the dark morph and in males it had a significantly 
higher CRS than both extremes (figure 4.4, table S8). When re-running the analysis on the 
subset of individuals that were not missing for more than 2 years from the population, we 
found that the intermediate morph had significantly higher CRS than the dark morph in both 
sexes (table S9). Interestingly, when including the number of breeding attempts this was 
highly significant, while the effect of morph on CRS was no longer significant (table S10). 
When considering LRS on the subset of individuals that were assumed dead (after not having 
been observed in three consecutive breeding seasons) we found no significant effect of 
morph for females and a significant difference between intermediates and dark morphs for 
males (table S11). 

Figure 4.4: Cumulative reproductive success for females (n=266) and males (n=244), as the 
total number of fledglings produced during their presence in the population, in relation to 
the morph of each parent (D=dark, I=intermediate, L=light). CRS was modelled using a 
GLMM with a Poisson distribution, a log-link and a Laplace approximation (table S8). Shown 
are average cumulative reproductive success ± 95% confidence intervals.  
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Morph frequencies over time 

Over the entire study period, 155 out of 510 individuals (30%) belonged to the dark morph, 
253 (50%) belonged to the intermediate morph and 102 (20%) belonged to the light morph. 
Frequencies were similar for males and females: (males: 33% D, 51% I, 16% L; females: 28% 
D, 48% I, 24% L; numbers given in figure 4.5).  

Figure 4.5: Yearly proportions of buzzards of the three plumage colour morphs between 
1996 and 2015 (dark=brown, intermediate=orange, light=beige). We used the data from all 
individuals for which the morph had been identified in each year (Nfemales=1453 individual-
years; Nmales=1428 individual-years) and from all individuals in their first year of breeding 
only (Nfemales=266; Nmales=244). (a) All females in the breeding population; (b) all males in the 
breeding population; (c) all females that bred for the first time; (d) all males that bred for 
the first time. Numbers on top indicate sample sizes. 
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Morph frequencies varied significantly among the years for both sexes, with 
intermediates becoming more frequent compared to the extreme morphs as the study 
progressed (figure 4.5, table S12, figure S4).  

Discussion 

A previous study on Common buzzards suggested that the colour polymorphism was 
maintained by heterosis, assuming a simple one-locus two-allele inheritance system with 
the intermediate morph being the heterozygote (Kruger et al 2001). This study showed that 
the intermediate colour morph had the highest fitness. In agreement with Krüger et al. 
(2001), we found that fitness (cumulative reproductive success) differed among morphs, 
with the intermediate morph having highest fitness. In contrast to this earlier study, 
however, we found a phenotypic change with an increasing proportion of intermediates 
over a 20-year period. This apparent evolutionary change did not just arise due to selection 
on individual phenotypes, but likely also from fitness benefits of assortative mating. As 
assortative pairs were more successful in raising chicks than disassortative pairs and 
assortatively paired intermediates produce higher percentage of intermediate offspring 
(74%) than by following a simple Mendelian inheritance system (50%) (Kappers et al. 2018), 
which could lead to a decline in frequencies of extreme phenotypes. This could lead to a 
positive feedback loop, for example if the extreme morphs take longer to find a suitable 
(assortative) mate, and ultimately to a decline in the extreme genotypes. 
 Because our study is a replication of the earlier studies on fitness consequences of 
colour polymorphisms in Common buzzards (Krüger et al. 2001; Boerner and Krüger 2009; 
Jonker et al. 2014), we first discuss differences and commonalities between the two studies, 
focussing on the different fitness components considered. These differences could arise 
through differences in ecological settings between the two populations, and hence the 
selection pressures on the buzzards, or through methodological differences.  
 In both studies, adult survival only differed minimally between the morphs, 
whereby the intermediate morph had slightly higher estimated annual survival (Fig. 1). 
However, overall annual survival was considerably lower in the German compared to the 
Dutch population (Jonker et al. 2014; Fig. 1). Both studies were based on large sample sizes 
and a long-term dataset and used similar methods for analysing annual survival. However, 
no (morph-specific) resighting rates have been reported for the German population. The 
method of individual identification of the breeding buzzards differed between the studies; 
the German study relied mostly on visual observations and photos, whereas we mostly used 
the unique banding patterns of moulted feathers. Whether this difference affects survival 
estimates remains unknown, but it seems unlikely that it could explain the much lower 
estimated survival rates in the German population. Individuals of the dark morph are 
probably most difficult to distinguish, but they constitute only 13% of the German 
population (Boerner & Krüger, 2009). Alternatively, selection pressures may be different in 
Germany, leading to lower local survival. This is not unlikely, given that the two populations 
differ in two relevant aspects. (1) The German population increased fourfold between 1989-
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2015 (Mueller, Chakarov, Krüger & Hoffman, 2016), whereas the Dutch population was 
rather stable. (2) Eagle-owls (Bubo bubo) colonized the German area as predators of 
buzzards since 2003 (Mueller, Chakarov, Krüger & Hoffman, 2016), but are absent in the 
Dutch population. In addition, a constant effort to defend against poaching in the Dutch 
study area could have helped in maintaining a stable number of adults holding territories. 
Our survival estimates are comparable to those reported for adult Common buzzards from 
a UK population (88-91%, Kenward et al., 2000) and they are also similar to survival rates 
observed for other medium-sized hawks (reviewed by Newton, Mcgrady & Oli, 2016).  
 In the Dutch population, annual reproductive success was unrelated to morph. No 
comparative data have been published for the German population. However, in the Dutch 
population the mean number of fledglings seems about 50% lower than in the German 
population (Krüger, 2004). These data may not be directly comparable, because we included 
all pairs that held a territory, while Krüger (2004) only included breeding pairs.  
 In both populations, there is evidence for assortative mating for colour morph. Our 
study shows that assortative pairs were more likely to produce offspring, and that pair bonds 
lasted longer. In contrast, assortative mating in the German population was considered 
maladaptive, because under the hypothesis of simple Mendelian inheritance, light-dark 
pairs would produce 100% intermediate offspring with higher fitness (Krüger, Lindström & 
Amos, 2001). However, this simple inheritance patterns is not consistent with the data 
(Kappers et al., 2018). It remains unclear why assortative pairs in the Dutch population 
performed better, but it might be related to behavioural compatibility or to local habitat 
matching. Evidence for the former comes from a study on another polymorphic raptor, the 
black sparrowhawk, Accipiter melanoleucus (Tate, Sumasgutner, Koeslag & Amar, 2017). 
This study showed that neither of the two morphs had an advantage in terms of productivity 
or survival, but that the morph combination of adult pairs significantly influenced 
productivity. Mixed-morph pairs produced more offspring per year than same-morph pairs, 
possibly due to behavioural complementarity (Tate, Sumasgutner, Koeslag & Amar, 2017). 
Although in this case disassortative rather than assortative pairs had higher success, the 
study shows that pair-level fitness advantages may play an important role in promoting and 
maintaining a colour polymorphism in species with biparental care.  
 In both populations, there is clear evidence that long-term fitness measures differ 
between the morphs in favour of the intermediates. However, the effect sizes were much 
larger in the German population, where the intermediates produced at least twice as many 
fledglings during their lives compared to dark or light morphs (Boerner & Krüger, 2009). In 
our population intermediates had a 15% higher fitness. In the German population, the 
fitness differences between the morphs were due to both differences in mean life span and 
differences in reproductive success (Krüger, Lindström & Amos, 2001). However, we found 
no significant difference in reproductive success between the morphs after controlling for 
the number of breeding attempts (table S9).  
 Krüger, Lindström & Amos (2001) suggested that the higher fitness of individuals of 
the intermediate morph is due to (1) intermediates breeding in the highest quality 
territories, and (2) dark and light individuals having a lower breeding propensity. Hence, they 
suggested that the competitive advantage of individuals of the intermediate morph (Krüger, 
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2002), in combination with large variation in territory quality, resulted in the observed 
fitness advantage. Chakarov, Boerner & Krüger (2008) further suggested that the success of 
intermediate morphs could be related to parasite resistance. The study shows that buzzard 
nestlings with darker plumage were more susceptible to an ectoparasite (the carnid fly, 
Carnus haemapterus), while nestlings infected with a blood parasite (Leucocytozoon toddi) 
showed a higher infection intensity when they had lighter plumage. This suggests that the 
two parasite species might exert opposite selection pressures on plumage colour of the host, 
such that intermediate buzzards could have an advantage (Chakarov, Boerner & Krüger, 
2008). However, the results depended on offspring sex and on food availability (vole 
density). Thus, the role of parasites in maintaining the colour polymorphism remains 
unclear. The lower fitness differences between the morphs in our population could be 
explained if territory quality is less variable in our study area. Given that competitive abilities 
may differ between morphs, it would be interesting to assess morph-dependent survival in 
the nest and post-fledging, and age at first breeding in relation to colour morph. 

We set out to repeat a previous study and to explain the maintenance of the colour 
polymorphism in buzzards. We conclude that the mechanism suggested by Krüger, 
Lindström & Amos (2001) for the maintenance of this polymorphism (over-dominance) 
seems unlikely (see also Kappers et al., 2018). Instead, our results suggest that morph 
frequencies have changed directionally over the past years, with an increase in the 
proportion of intermediates. However, we failed to identify an ecological factor to explain 
this apparent evolutionary change. Intriguingly, in both populations intermediates seem to 
have a fitness benefit, suggesting a potential for evolutionary change. Nevertheless, these 
populations are still highly variable for this genetically determined trait. To solve this 
evolutionary paradox, we need a better understanding of the ecological causes behind the 
fitness differences. Several key pieces of information are still missing. First, we have no 
knowledge about morph-specific differences in survival until breeding, and in the likelihood 
to obtain a breeding territory. In the dimorphic juvenile mute swans Cygnus cygnus, the grey 
morph survived better, but started breeding later in life (Conover, Reese & Brown, 2000). 
Different buzzard morphs might have different early life-history strategies, countering the 
selection in favour of intermediate adult breeders. Second, we have little information about 
spatial variation in selection pressures on colour morphs (Gillespie & Turelli, 1989), and 
about phenotype-habitat matching (Edelaar, Siepielski & Clobert, 2008). There is ample 
evidence for clines or variation in colour morphs over larger (Antoniazza et al., 2010; Amar, 
Reynolds, Van Velden & Briggs, 2019) and smaller (Amar et al., 2014; Sordahl, 2014) spatial 
scales in raptors. However, there is relatively little evidence for a morph-by-habitat 
interaction on fitness (Dreiss et al., 2012). Our study clearly highlights that understanding 
the evolutionary dynamics in natural populations requires not only a long-term effort in 
monitoring a focal population, but also needs to include measures of fitness consequences 
that typically accrue outside the specific study site (dispersal and habitat choice, spatial 
variation in fitness parameters).   
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Supplemental Material 

Figure S1: The relationship between the NAO index for December to March and the voles 
index during the study period 1996-2015 in the NE of The Netherlands (Pearson’s r=0.36, N 
= 20, p=0.11). The North Atlantic Oscillation (NAO) index is based on the surface sea-level 
pressure difference between the Subtropical (Azores) High and the Subpolar Low. Negative 
values of the DJFM NAO index indicate colder winters. 
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Figure S2: Pearson’s correlation coefficients between the morph of the male and that of the 
female of a pair for all years of the study. The significance of the Pearson’s correlation 
coefficients was tested by using a resampling procedure (100,000 simulations, see Materials 
and methods). Red dots indicate P<0.05.   
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Figure S3: Yearly variation in environmental variables for the period 1996-2015 used in the 
capture-recapture analysis (see Methods and tables S2 and S3). Shown are the winter 
severity (upper panel, NAO index from December to March), food abundance (middle panel, 
vole index) and the average number of fledged chicks (bottom panel).   
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Figure S4: Proportion of all individuals of a given morph dependent on sex and year. Every 
morph was modelled using a GLM with binomial error distribution corrected for under-
dispersion (i.e. using quasi-binomial family). See table S11. Shown are the model fit and the 
95% confidence intervals. 
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Table S1: Results of a capture–recapture analysis for data on breeding male and female 
Common buzzards between 1996 and 2015. Buzzards are categorized by their colour morph 
(dark, intermediate and light). The analysis separates between survival probabilities (φ) that 
are kept constant (.), and re-sighting probabilities (p) that can be either constant (.), morph 
dependent (m) or year dependent (t). The three possible models are displayed in order of 
their fit to the data. Statistics given for each model include number of parameters, corrected 
Akaike information criterion (AICc), Delta AICc (that gives the difference in AICc between the 
current model and the best model), the proportional support of the model (i.e. the AICc 
weight) and the deviance. Models are corrected for overdispersion (Ĉ=1.77 for male and 
Ĉ=1.48 for female buzzards). 
 

Model n AICc DeltaAICc Weight Deviance 

Males       

φ(.) p(t) 20 1128.624 0.0 0.4462 665.472 

φ(.) p(.)     2 1129.014 0.39 0.380 702.487 

φ(.) p(m) 4 1130.784 2.16 0.157 700.236 

Females      
      
φ(.) p(t) 20 1942.118 0.0 0.999 1098.373 

φ(.) p(.)     2 1977.501 35.38 0.000 1170.370 

φ(.) p(m) 4 1981.450 39.33 0.000 1170.299 
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Table S2: List of candidate set of 24 models of a capture–recapture analysis for data 
on breeding male and female Common buzzards between 1996 and 2015. Buzzards 
are categorized by their colour morph (dark, intermediate and light). Survival 
probabilities (φ) can be either constant (.), or dependent on morph (m), year (t), 
voles abundance (v), fledgling success of the previous year (f), winter severity (w), 
and plausible interactions between these terms. Re-sighting probabilities (p) are 
year dependent (t). 

  
Model number Specification 

1     φ(.) p(t) 

2     φ(m) p(t)  

3     φ(t) p(t) 

4     φ(v) p(t) 

5     φ(f) p(t) 

6     φ(w) p(t) 

7     φ(t + m) p(t) 

8     φ(w + m) p(t)  

9     φ(v + f) p(t) 

10     φ(v + m) p(t)  

11     φ(f + m) p(t) 

12     φ(v + w) p(t) 

13     φ(f + w) p(t) 

14     φ(m + v + w) p(t) 

15     φ(m + w + f) p(t) 

16     φ(m + v + f) p(t) 

17     φ(f + v + w) p(t) 

18     φ(m + v + f + w) p(t) 

19     φ(v * m) p(t)  

20     φ(f * m) p(t)  

21     φ(v * w) p(t) 

22     φ(w * m) p(t)  

23     φ(v * f) p(t) 

24     φ(t * m) p(t) 
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Table S3: Output of the best models (ΔAICc <2) from a candidate set of 24 capture–recapture 
models for data on breeding male and female Common buzzards between 1996 and 2015. 
Buzzards are categorized by their colour morph (dark, intermediate and light). The analysis 
separates between survival probabilities (φ) that can be either constant (.), morph 
dependent (m), year dependent (t), dependent on winter severity (w), voles abundance (v), 
fledgling success (f) or plausible interactions among these variables, and recapture 
probabilities (p) that are year dependent (t). The best models are displayed in order of their 
fit to the data. Statistics given for each model include number of parameters, corrected 
Akaike information criterion (AICc), Delta AICc (that gives the difference in AICc between the 
current model and the best model), the proportional support of the model (i.e. the AICc 
weight) and the deviance. Models are corrected for overdispersion (Ĉ = 1.77 for male and 
Ĉ = 1.48 for female buzzards). 
  

Model n AICc DeltaAICc Weight Deviance 

Males      

φ(.) p(t) 20 1128.624 0.0 0.21 665.47 

φ(w) p(t)   21 1129.353 0.72 0.15 664.13 

φ(v) p(t) 21 1130.495 1.87 0.08 665.27 

φ(m) p(t) 22 1130.507 1.88 0.08 663.22 

φ(f) p(t) 21 1130.687 2.06 0.07 665.47 

Females      
      
φ(.) p(t) 20 1325.031 0.0 0.29 741.92 

φ(f) p(t) 21 1326.333 1.30 0.14 741.16 

φ(v) p(t) 21 1327.056 2.02 0.10 741.88 

φ(w) p(t)   21 1327.093 2.06 0.10 741.92 
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Table S4: Pair bond duration (the number of years a pair bred in the population) in relation 
to the degree of pair assortment based on plumage morph (three levels: “0” for dark-light 
pairs as reference category, n=36; “1” for intermediate-dark or intermediate-light pairs, 
n=192; and “2” for pairs where both partners had the same morph, n=172). 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
  

Predictors  Estimate SE P 

Intercept  0.45 0.14  

Assortative mating score: 1  0.50 0.13 <0.001 

Assortative mating score: 2  0.55 0.13 <0.001 

Random Effects     

σ2 0.49    

τ00 female ID 0.03    

τ00 male ID 0.00    

τ00 startYear 0.09    

ICC female ID 0.06    

ICC male ID 0.00    

ICC year 0.14    

Observations 400    
Marginal R2/Conditional R2 0.036/0.228   
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Table S5: Pair bond duration (the number of years a pair bred in the population) in relation 
to pair morph in positive assortative mated pairs (two levels: “Extremes” for dark-dark and 
light-light pairs as reference category, n=64 of which nD-D=41 and nL-L=23; “Intermediates” 
for intermediate-intermediate pairs, n=108). 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
 
  

Predictors  Estimate SE P 

Intercept  1.08 0.11  

Intermediates  -0.09 0.12 0.48 

Random Effects     

σ2 0.32    

τ00 female ID 0.03    

τ00 male ID 0.13    

τ00 startYear 0.08    

ICC female ID 0.05    

ICC male ID 0.23    

ICC year 0.14    

Observations 172    
Marginal R2/Conditional R2 0.003/0.419   
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Table S6: Results of a GLMM model testing for variation in individual annual reproductive 
output dependent on morph of both attendant adults (“intermediate” as reference 
category), the degree of assortment by morph of the pair (three levels: “0” for dark-light 
pairs as reference category, n=93; “1” for intermediate-dark or intermediate-light pairs, 
n=674; and “2” for pairs where both partners had the same morph, n=592), and disturbance 
(3 levels, “no evidence of disturbance” as reference category). We defined yearly 
reproductive success as the number of fledglings produced in that year for all nests where 
the morph of both parents was known. 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
   

Predictors  Estimate SE P 

Intercept  -0.36 0.19  

Male morph: Dark  0.06 0.09 0.47 

Male morph: Light  -0.01 0.12 0.89 

Female morph: Dark  0.08 0.09 0.41 

Female morph: Light  0.07 0.11 0.51 

Assortative mating score: 1  0.11 0.16 0.48 

Assortative mating score: 2  0.30 0.17 0.07 

Disturbance: Egyptian goose  -0.95 0.38 0.013 

Disturbance: Human  -1.05 0.11 <0.001 

Random Effects     

σ2 0.86    

τ00 female ID 0.08    

τ00 male ID 0.08    

τ00 year 0.10    

ICC female ID 0.07    

ICC male ID 0.07    

ICC year 0.09    

Observations 1359    
Marginal R2/Conditional R2 0.132/0.334   
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Table S7: Results of GLMM models testing for variation in individual annual reproductive 
output as nest success (left) and fledgling productivity of successful nests (right) dependent 
on morph of both attendant adults (“intermediate” as reference category), the degree of 
assortment by morph of the pair, and disturbance (3 levels, “no evidence of disturbance” as 
reference category).  

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
  

  Nest success Fledgling productivity 
(of successful nests) 

Predictors  Estimate SE P Estimate SE P 

Intercept  -0.19 0.42  0.49 0.14  

Male morph: Dark  0.19 0.21 0.36 0.05 0.06 0.43 

Male morph: Light  -0.09 0.28 0.74 0.01 0.09 0.91 

Female morph: Dark  0.11 0.21 0.60 0.03 0.06 0.60 

Female morph: Light  0.02 0.24 0.92 0.08 0.07 0.30 

Assortative mating score:1 0.26 0.36 0.46 0.03 0.13 0.79 

Assortative mating score:2 0.77 0.36 0.036 0.05 0.13 0.67 

Disturbance: Egyptian goose -1.64 0.63 0.009 -0.21 0.38 0.57 

Disturbance: Human -2.16 0.21 <0.001 -0.08 0.11 0.45 

Random Effects        

σ2  3.29   0.45   

τ00 female ID  0.41   0.00   

τ00 male ID  0.50   0.00   

τ00 year  0.37   0.01   

ICC female ID  0.09   0.00   

ICC male ID  0.11   0.00   

ICC year  0.08   0.02   

Observations  1359   732   
Marginal R2/Conditional R2 0.138/0.379  0.004/0.026  
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Table S8: Cumulative reproductive success (CRS) for females and for males, as the total 
number of fledglings produced during their presence in the population, dependent on 
morph of each parent (“intermediate” as reference category). CRS was modelled using a 
GLMM with a Poisson distribution, a log-link and a Laplace approximation. 

 

 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
 
  

 Female CRS   Male CRS 

Predictors Estimate SE P   Estimate SE P 

Intercept 1.26 0.18    1.48 0.11  

Dark morph -0.24 0.06 <0.001   -0.13 0.06 0.040 

Light morph -0.11 0.07 0.11   -0.16 0.08 0.044 

Random effect         

σ2 0.27 

0.61StartYear 

0.69 StartYear 

 0.22   

τ00  0.22 StartYear   

ICC  0.51 StartYear   

Observations 266  244   
Marginal R2/Conditional R2 0.012/0.698  0.012/0.514  
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Table S9: Cumulative reproductive success (CRS) for females and for males, as the total 
number of fledglings produced during their presence in the population, dependent on 
morph of each parent (“intermediate” as reference category). CRS was modelled using a 
GLMM with a Poisson distribution, a log-link and a Laplace approximation, on the subset of 
individuals that were not missing for more than 2 years from the population. 
 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
 

  

 Female CRS  Male CRS 

Predictors Estimate SE P  Estimate SE P 

Intercept 1.24 0.18   1.49 0.12  

Dark morph -0.28 0.06 <0.001  -0.15 0.06 0.018 

Light morph -0.13 0.07 0.07  -0.15 0.08 0.97 

Random effect 
       

σ2 0.27  0.22  

τ00 0.63StartYear  0.25StartYear 

ICC 0.70StartYear  0.53StartYear 

Observations 251  225  
Marginal R2/Conditional R2 0.015/0.703 0.013/0.538  
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Table S10: Cumulative reproductive success (CRS) for females and for males, as the total 
number of fledglings produced during their presence in the population, dependent on 
morph of each parent (“intermediate” as reference category) and on the number of 
breeding attempts as covariate. CRS was modelled using a GLMM with a Poisson 
distribution, a log-link and a Laplace approximation. 
 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
  

 Female CRS  Male CRS 

Predictors Estimate SE P  Estimate SE P 

Intercept 0.22 0.09   0.60 0.05  

Dark morph -0.01 0.06 0.89  0.05 0.05 0.36 

Light morph -0.02 0.07 0.68  0.05 0.08 0.97 

N of breeding 
attempts 0.15 0.005 <0.001  0.12 0.003 <0.001 

Random effect        

σ2 0.27  0.22   

τ00 0.10StartYear  0.00 StartYear   

ICC 0.26 StartYear  0.00 StartYear   

Observations 266  244   
Marginal R2/Conditional R2 0.631/0.728 0.665/0.665  
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Table S11: Lifetime reproductive success (LRS) for females and for males, as the total 
number of fledglings produced in their lifetime, dependent on morph of each parent 
(“intermediate” as reference category). LRS was modelled using a GLMM with a Poisson 
distribution, a log-link and a Laplace approximation, on the subset of individuals that were 
assumed dead after not having been observed during three consecutive breeding seasons 

 

σ2 = Variance 
τ00 = Ratio of population variance between groups 
ICC = Intraclass Correlation Coefficient 
 
.  

 Female LRS  Male LRS 

Predictors Estimate SE P  Estimate SE P 

Intercept 0.40 0.21   0.73 0.22  

Dark morph -0.11 0.10 0.30  -0.29 0.10 0.003 

Light morph 0.03 0.11 0.77  -0.06 0.11 0.60 

Random effect        

σ2 0.52  0.42   

τ00 0.55StartYear  0.56StartYear   

ICC 0.52StartYear  0.57StartYear   

Observations 161   143   
Marginal R2/Conditional R2 0.003/0.518  0.018/0.578  
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Table S12: Proportion of a given morph from the total dependent on sex and year. Every 
morph was modelled using a GLM with binomial error distribution corrected for under-
dispersion (i.e. using quasi-binomial family). Dispersion parameter were 0.387, 0.407 and 
0.316 for the models on proportion of dark, intermediate and light morph respectively. 
Shown are the non-parametric bootstrap confidence intervals (CI). 

  

  

Predictors Estimate SE P 2.5% CI 97.5% CI 

Proportion of dark morph individuals   

Intercept 91.31 12.48 <0.001 63.23 113.7 

Year -0.045 0.006 <0.001 -0.057 -0.032 

Sex: Male 11.74 17.45 0.51 -21.17 47.15 

Year*Sex: Male -0.005 0.008 0.51 -0.023 0.010 

Proportion of intermediate morph individuals   

Intercept -1.04 x102 1.19 x101 <0.001 -129.9 -81.68 

Year 5.19 x10-2 5.91 x10-3 <0.001 0.040 0.064 

Sex: Male -4.06 x101 1.70 x101 0.02 -79.81 -2.108 

Year*Sex: Male 2.03 x10-2 8.47 x10-3 0.02 0.0011 0.039 

Proportion of light morph individuals   

Intercept 34.020 12.01 0.007 2.375 65.33 

Year -0.017 0.006 0.006 -0.0332 -0.0017 

Sex: Male 62.177 19.05 0.002 21.67 100.6 

Year*Sex: Male -0.031 0.0095 0.002 -0.050 -0.011 
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Appendix 1. Identification of individuals of the polymorphic Common buzzard 

using phenotypic characteristics of shed feathers. 

Female Common buzzards start moulting their flight feathers in the late nestling rearing 
phase, whereas males typically moult between July and October, after the bulk of 
provisioning of the offspring has been completed (Dare 2015). Between 1995 and 2012, we 
collected 205 shed feathers from 10 occupied breeding territories. Feathers were found 
below occupied nests and at nearby perches between June and October. All shed feathers 
(primaries, secondaries, tertials, tail feathers and upperwing coverts) came from mature 
birds (5 females and 5 males) and were stored at room temperature in paper envelopes 
according to site and date of collection. We compared feathers collected in the same 
territory in different years (4 years for 8 territories, 5 years for 2 territories; on average 4.9 
feathers per year per territory, range: 1-5). Buzzards in the study population are resident, 
persistently use the same nesting areas and only breed once a year, hence are unlikely to be 
represented at multiple sites in the same year (see also Dare, 2015).  

To identify adult individuals, we compared feathers from year to year using three 
phenotypic characteristics: feather length, colour and pattern of pigmentation (figure A1). 

Figure A1: Two examples of individual identification based on characteristics of moulted 
feathers. Dorsal side of moulted feathers collected at the same nest site in different years 
for a light morph female (top row) and a dark morph female (bottom row). The arrow points 
at a misidentified feather. 
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We extracted DNA from a 5 mm clipping of the basal calamus tip and a 1 cm slice 
of the calamus wall just below the superior umbilicus (blot clot region, see Horwáth et al. 
2005). The material was chopped down to small pieces in a digestion solution containing 
300 μl TNE (10mM Tris-HCl, 100mM NaCl, 10mM EDTA; pH8), 25 μl Proteinase K (25 mg/ml), 
15 μl 20% SDS and 20 μl freshly prepared 1 M DTT. The material was incubated at 56 °C until 
completely lysed (overnight up to 24 h). If necessary, more DTT and/or Proteinase K was 
added. From this lysate the DNA was purified with a standard phenol-chloroform extraction 
method (e.g. Sambrook 1989) and subsequent ethanol precipitation. Finally, the DNA was 
dissolved in 40 ul TE buffer. 

We genotyped all samples at twelve microsatellite loci (and one sex chromosome-
linked marker, table A1). Microsatellite amplifications were performed in multiplexed PCRs 
using the Qiagen Type-it Microsatellite PCR Kit and primer mixes containing six or seven 
primer pairs (mix 1 and 2; table A1). The forward primer of each pair was fluorescently 
labelled with 6-FAM, VIC, PET or NED (Dye Set G5, Thermo Fisher Scientific). Differences in 
amplification efficiency and dye strength of the primers were accommodated by adapting 
the primer concentrations in these mixes (details given in table A1). Each 20 μl multiplex PCR 
contained 2 ul of above DNA extract, 10 μl of the 2x Type-it Microsatellite PCR Master Mix 
and 2 μl of one of a primer mix. Cycling conditions were: 5 min initial denaturation at 95 ˚C, 
35 cycles of 30 s denaturation at 94 ˚C, 90 s annealing at 53 °C (primer mix 1) or 51 °C (primer 
mix 2), and 1 min extension at 72 ˚C, followed by a 30 min completing final extension at 60 
˚C. After amplification, 3 μl of the PCR products were added to 13ul formamide containing 
the GeneScan 500 LIZ Size Standard, heat denatured and resolved in POP4 polymer on an 
ABI 3130 Genetic Analyzer. Raw data were analysed and alleles assigned using the 
GENEMAPPER 4.0 software. 

We successfully genotyped 97% (199/205) of all feathers at 6-12 loci (mean: 11.8).  
Between 2 and 9 alleles were scored per locus, with an average of 4.8 alleles per marker. 
For 8 territories, all collected feathers (n=20 per territory) that were phenotypically 
identified as being from the same individual, showed complete genotype matching. For the 
remaining two territories with a total of 20 and 21 feathers collected, respectively, the 
genotype of two feathers (one in each territory) did not match with that of the other 
feathers found in the same location (n=10 and 11 mismatches at 12 genotyped loci for the 
two feathers, respectively). Thus, we concluded that these two feathers came from a 
different individual. Overall, the genetic markers suggested that the 199 samples came from 
12 unique individuals. The false positive error rate of feather assignment (feathers wrongly 
assigned to the same individual based on phenotype) was 2/199 = 1%.  
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Table A1: Details of microsatellite and sex chromosomal markers used to genotype feathers 
from 10 nesting territories of the Common buzzard Buteo buteo. “Label” refers to the 
fluorescent label used for the forward primer; C refers to primer concentration in the 
multiplex primer mix 1 or 2. Ta = the annealing temperature; n = the number of alleles. 

Locus Reference Label Primer sequences  
(5’ - 3’) 

C (μM) Multiplex  
Mix 

Ta  
(°C) 

Size range 
(bp) 

n 

Bbu03 Johnson  
et al. (2005) 

PET GATCAAAGTACTTGA
CAGTGTCCCAGGTAC
ATGCGTACATACTTC 

0.39 μM 1 53 209 - 217 5 

Bbu06 Johnson  
et al. (2005) 

PET 
ACCAGTTCCATTCTG
CTTGCTTACTTGAAA
CTGTAAACCTTCGTT

G 

0.24 μM 2 51 112 - 118 3 

Bbu11 Johnson  
et al. (2005) 

VIC 
ACTTCACTTATGAAA
ACAGACCAAATCACC
AGGTTGCAGCTGAGT

G 

0.15 μM 1 53 127 - 131 3 

Bbu17 Johnson  
et al. (2005) 

PET GAGGTCACTGGCTC
GAGATGGCATTTTGC

TTTGGATTTAAGC 
0.17 μM 2 51 171 - 177 4 

Bbu14 Johnson  
et al. (2005) 

6FAM 
CAAATGTTCTCAACA
GCTTAAGTCCTCATT
ACTACTGTTAGAAAT

AGGCTTG 

0.18 μM 1 53 131 - 139 3 

Bbu30 Johnson  
et al. (2005) 

PET GACCAGAAGCCTTGA
CTTGCTTTGCTTCCT

GAATAGGATGG 

0.2 μM 1 53 153 - 157 3 

Bbu33 Johnson  
et al. (2005) 

VIC TGCCGCCATCTTACT
GAAGATCACAAGATA

GCCAGCTATGG 

0.28 μM 1 53 160 - 168 5 

Bbu34 Johnson  
et al. (2005) 

NED AGACCAGCAAACCCA
AACAGTTGATATATC
TTGCTCCATGCTG 

0.17 μM 2 51 143 - 157 8 

Bbu42 Johnson 
 et al. (2005) 

6FAM GGGATAAGAATGCCA
GAACTTGTGGGTGG
CTAAATCTTGAGG 

0.15 μM 2 51 140 - 182 9 

Bbu46 Johnson  
et al. (2005) 

6FAM TGAACCCTGGAGAAA
GATGCCAATTTGGGG

AGACGTGATG 

0.14 μM 1 53 155 - 189 6 

Bbu51 Johnson  
et al. (2005) 

VIC GACCTGGTGCTCTGC
ATTCTGAAACAGATT

TGATTCTGGATG 

0.32 μM 2 51 148 - 170 7 

Bbu59 Johnson  
et al. (2005) 

NED CCTGCCACAGGGTAT
TACTATGACAGGCTC
GCTAAAGGAACAAG 

0.14 μM 1 53 130 - 132 2 

3007/3112 
Ellegren & 

 Fridolfsson 
(1997) 

PET TACATACAGGCTCTA
CTCCTCCCCTTCAGG

TTCTTTAAAA 
0.7 μM 2 51 380 – 386 2 



  MORPH-DEPENDENT FITNESS 

89 

  



CHAPTER 4 

90 


	Chapter 4



