
 

 

 University of Groningen

Avian sex allocation and ornamental coloration
Korsten, Peter

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2006

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Korsten, P. (2006). Avian sex allocation and ornamental coloration: A study on blue tits. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/28718050-a851-4654-917f-f306388a6830


I
Inheritance of plumage UV coloration

PA
R

T





2
Heritable variation in sexually selected
structural coloration in blue tits

Peter Korsten & Jan Komdeur 

C
H

A
PT

ER



CHAPTER 2

26

ABSTRACT

Despite overwhelming evidence for the importance of ornamental plumage in avian
mate choice, it is largely unclear what benefits drive the evolution of female prefer-
ences for bright male plumage colours. Most sexual selection models assume that
females obtain genetic benefits, such as more attractive offspring, by mating with
highly ornamented males. These models thus require the presence of heritable vari-
ation in ornament expression. However, evidence for heritable variation in sexually
selected plumage coloration is scarce. We used a four-year data set from a popula-
tion of wild blue tits Parus caeruleus to assess the repeatability and heritability of the
blue tit’s sexually selected ultraviolet/blue crown coloration. Previous studies on
female extra-pair mating behaviour, sex allocation and parental investment in rela-
tion to male crown colour provide indirect evidence for a heritable component of
the blue tit’s structurally based crown coloration, but a recent study on the inheri-
tance of blue tit crown coloration remarkably found no significant heritability (h2 <
0.11). In contrast to this study, we found significant heritable variation for crown
coloration in our blue tit population (h2 values from 0.23–0.41; based on mid-par-
ent–mid-offspring regression). It is unclear what causes this striking difference
between populations, and future studies should aim at elucidating this. 



INTRODUCTION 

Bright plumage coloration in birds has long been a main focus in the study of sexual
selection. (Darwin 1871; Hamilton & Zuk 1982; Andersson 1994; Hill & McGraw
2006b). There is overwhelming evidence for the importance of plumage characteris-
tics, both morphological (e.g. tail feather length), and coloration, in promoting
female mate choice and male-male competition (Andersson 1994; Hill & McGraw
2006b). However, it is much less clear what benefits drive the evolution of female
preferences for exaggerated male ornaments (Kirkpatrick & Ryan 1991; Arnqvist &
Kirkpatrick 2005). Derived benefits could either be direct, such as increased pater-
nal care (Heywood 1989; Hoelzer 1989), or indirect inherited effects (Fisher 1930).

The majority of current sexual selection models is built on the assumption that,
by mating with highly ornamented males, females obtain indirect genetic benefits
through the production of more attractive or higher quality offspring. Thus, a pre-
requisite of these models is that variation in ornament expression is heritable
(Mead & Arnold 2004). However, such evidence is scant, and restricted to only a
few species (Hill 1991; Norris 1993; Møller 1989; Qvarnström 1999; for a review
see Merilä & Sheldon 2001). Nevertheless, the existence of heritable variation for
plumage coloration is commonly assumed, for example in the study of avian sex
allocation in response to male sexual attractiveness (Ellegren et al. 1996; Sheldon et
al. 1999; Korsten et al. 2006). Central to these studies is the idea that females mated
to attractive males are selected to produce a higher proportion of sons because sons
inherit their father’s attractiveness (expression of plumage coloration) (Burley
1981; Fawcett et al. 2006). Similarly, studies on the differential allocation of
parental care in response to mate attractiveness assume that plumage ornamenta-
tion has a heritable component (Limbourg et al. 2004; Johnsen et al. 2005). These
studies hypothesize that a female should increase her level of parental investment
when mated to a more attractive or higher quality male because, assuming that the
properties of the male are inherited by the offspring, the reproductive value of her
brood will be increased (Sheldon 2000).

The blue tit Parus caeruleus with its structurally based (i.e. based on the
microstructure of the feather barbs instead of pigments; Prum et al. 1998) ultravio-
let(UV)/blue ornamental crown plumage is extensively used as a model species in
studies of avian sex allocation (e.g. Sheldon et al. 1999; Griffith et al. 2003; Dreiss et
al. 2006; Korsten et al. 2006) and differential allocation of parental care (Limbourg
et al. 2004; Johnsen et al. 2005). Recently, Hadfield et al. (2006) investigated the pre-
sumed inheritance of blue tit crown coloration in a large-scale cross-foster experi-
ment on a UK population (Silwood Park, UK). Despite a rigorous experimental set-
up involving large-scale cross-fostering and good statistical power, they found no evi-
dence for either a significant genetic or an environmental component that explained
the phenotypic variation in blue tit crown coloration. The apparent lack of heritable
variation is in contrast with previous studies on blue tits providing several lines of
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evidence to suggest that the UV/blue crown plumage is a sexually selected ornament
that plays an important role in mate choice. First, the blue tit’s crown coloration is
strongly sexually dichromatic, with males having more intensely coloured crown
feathers, especially in the UV part of the spectrum (Andersson et al. 1998; Hunt et al.
1998). Second, captive females preferred bright UV partners in mate choice trials
(Hunt et al. 1998) and assortative mating for crown coloration has been found in the
field (Andersson et al. 1998). Third, patterns of extra-pair paternity in wild blue tits
were found to be related to male UV coloration (Delhey et al. 2003). This latter find-
ing in particular suggests that indirect, genetic benefits – such as the inheritance of
attractive crown coloration by the offspring – are associated with variation in male
crown colour, because it is highly unlikely that females obtain any direct benefits
from extra-pair mates (Griffith et al. 2002). Finally, the occurrence of female adjust-
ment of primary sex ratio and paternal care to male crown coloration found in sever-
al populations is highly indicative of a heritable component of blue tit crown col-
oration (Sheldon et al. 1999; Griffith et al. 2003; Limbourg et al. 2004; Johnsen et al.
2005; Korsten et al. 2006, but see Dreiss et al. 2006). Given the accumulated indirect
evidence predicting a heritable component of blue tit crown coloration it is remark-
able that no significant heritability of crown coloration was found in a UK popula-
tion of blue tits (Hadfield et al. 2006). To improve our understanding of this appar-
ent paradox, it is important to investigate whether the low heritability of blue tit
crown coloration found by Hadfield et al. (2006) is also found in other blue tit popu-
lations and is therefore a general phenomenon. Knowledge of the variation in the
heritability of crown coloration among populations may also help to explain some of
the variability in sex ratio patterns found among different blue tit populations
(Sheldon et al. 1999; Griffith et al. 2003; Dreiss et al. 2006; Korsten et al. 2006).

We studied the inheritance of crown coloration in a blue tit study population in
the Netherlands (De Vosbergen). A serious complication in the assessment of the
inheritance of blue tit crown colour is posed by the large within-individual temporal
variations in crown coloration, which could potentially bias heritability estimates
downwards. First, crown coloration shows dramatic seasonal changes probably due
to feather wear and the accumulation of dirt after the annual moult (Örnborg et al.
2002; Delhey et al. 2006). Second, crown colour varies with individual age
(Andersson et al. 1998; Delhey & Kempenaers 2006; see Chapter 7). Third, popula-
tion-wide between-year differences in crown coloration can occur (Delhey et al.
2006). 

Therefore, we corrected our measurements of crown coloration for seasonal vari-
ation, and variation due to age and year effects. Subsequently, we estimated the
repeatability of crown colour measurements over time within individuals, both
between different seasons within a single moulted plumage and between plumages
produced in different annual moults. The repeatability of a trait within individuals
sets an upper limit to its heritability, and thus indicates the scope for heritable vari-
ation to be present (Falconer & Mackay 1996). Against these background data, we
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estimated the heritability of crown coloration based on parent-offspring regressions.
Finally, we tested if an experimental manipulation of the crown UV coloration of
the male parent affected crown coloration of the offspring.

METHODS

Study population and general field methods
The work was carried out on a nestbox population of blue tits at ‘De Vosbergen’
(53°08’N, 06°35’E), near Groningen, the Netherlands from 2001–2004. We caught
adults during three periods (seasons) of the year: 1) ‘winter’, between 19
November–12 February 2001/02 and 2002/03; 2) ‘early spring’, between 25
March–22 April 2002 and 2003, in the period before egg laying [males only]; and 3)
‘late spring’, between 6 May–10 June 2001-2004, during chick feeding. All captured
adults were ringed and blood sampled. Adults were sexed by the presence (=
female) or absence (= male) of an incubation patch during the breeding season or
based on molecular markers (primers P2 and P8; Griffiths et al. 1998). Unringed
adults were aged as first year or older based on the colour of the primary coverts
(Svensson 1992). We measured the reflectance of the crown feathers (see below for
details on the procedure). All nestlings were individually ringed and blood sampled
for sex identification. Based on their age at first catching, we classified individuals
according to the following age classes: 1) first year/moult (= age 1); 2) second
year/moult (= age 2); 1) older than second year/moult (= age 2+). Most birds
were ringed as nestlings or as first year adults, and therefore we knew their exact
age. Birds that were older than one year when ringed were assumed to be second
year at ringing. The age class of these birds is therefore a minimum estimate. For
further details on field methods and catching procedures see Korsten et al. (2006). 

As part of other studies testing the causal links between brood sex ratio,
parental brood provisioning and male sexual ornamentation (see Korsten et al.
2006), the UV reflectance of the crown plumage of some of the males was manipu-
lated (after their crown reflectance had been measured) during the breeding sea-
sons of 2002–2003 (2002: 49 of 72 males manipulated; 2003: 49 of 102 males
manipulated). Manipulated males were either UV-reduced by applying a mixture of
preen gland fat and UV-absorbing chemicals to the crown feathers, or control-treat-
ed with preen gland fat only. We excluded all crown reflectance measurements of
these males from the time of UV manipulation until they had undergone their next
annual moult (which takes place after the breeding season, between late May and
late August; Cramp & Perrins 1993). The present analyses are based on 791 crown
reflectance measurements from 421 adults (214 males, 207 females). This data set
included 140 measurements of 95 adults that were born in our study population
(60 males and 35 females from 68 broods) from known parents, which we used for
the analyses on the inheritance of the crown coloration.
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Measurements of crown reflectance
The spectral reflectance of the crown feathers was measured with a USB-2000 spec-
trophotometer with illumination by a DH-2000 deuterium-halogen light source
(both Avantes, Eerbeek, The Netherlands). The measuring probe was held at a right
angle against the plumage such that both illumination and recording were at 90° to
the feathers. During each crown reflectance measurement we took five replicate
readings and smoothed each of these reflectance spectra by calculating the running
mean over 10 nm intervals. Following previous studies of blue tit crown coloration
(Andersson et al. 1998; Sheldon et al. 1999; Griffith et al. 2003; Delhey et al. 2003;
Korsten et al. 2006) we calculated three indices describing the variation in crown
coloration – ‘brightness’, ‘hue’, and ‘UV chroma’ – from each reflectance spectrum,
and averaged these across the five replicate spectra. ‘Brightness’ was the sum of
reflectance between 320–700 nm (R320–700), which corresponds to the spectral
range visible to blue tits (Hart et al. 2000). ‘Hue’ was the wavelength of maximum
reflectance, λ(Rmax). ‘UV chroma’ was the sum of reflectance between 320–400 nm
divided by the sum of reflectance between 320–700 nm (R320–400 / R320–700). Both
the ’hue’ and ‘UV chroma’ indices have previously been identified as predictors of
male attractiveness and viability in blue tits (Andersson et al. 1998; Sheldon et al.
1999; Delhey et al. 2003; Griffith et al. 2003). 

The UV chroma, hue and brightness indices were significantly inter-correlated
(UV chroma–hue: r = –0.73, P < 0.0001; UV chroma–brightness: r = 0.16, P <
0.0001; hue–brightness: r = 0.09, P = 0.016; all n = 791). We used principal com-
ponent analysis (PCA) to summarize the information contained in the three colour
indices and to reduce the number of colour variables in our analyses (following
Siefferman et al. 2005). We performed PCA on correlation matrices without factor
rotation and we extracted the first two PCs, which both had eigenvalues greater
than one. PC1, describing 57.9% of total variance, had strong loading on both UV
chroma (0.937) and hue (–0.922) (loading on brightness: 0.091), and thus indicates
more UV chromatic and more UV shifted spectra with greater values. PC2, describ-
ing 34.5% of total variance, had a particularly strong loading on brightness (0.990),
and thus indicates spectra with higher overall reflectance (achromatic brightness)
with greater values (loading on UV chroma: 0.106; and hue: 0.205). We used PC1
and PC2 in further analyses of crown coloration. Because PC1 was strongly depend-
ent on the two indices describing variation in UV reflectance, while PC2 mainly
depended on achromatic brightness, we will refer to PC1 and PC2 as ‘UV col-
oration’ and ‘achromatic brightness’, respectively.

Temporal variation in crown coloration
Our crown colour data set contained repeated measures on individuals in different
seasons (winter, early and late spring) and in different years (2001–2004). Variation
due to age (Andersson et al. 1998; Delhey & Kempenaers 2006; Chapter 7), season
(Örnborg et al. 2002; Delhey et al. 2006) and year effects (Delhey et al. 2006) could

CHAPTER 2

30



cause temporal variation in crown colour measurements within individuals. We
used multilevel statistical models that included individual identity as a random vari-
able to examine the effects on crown coloration of the following (fixed) variables: 1)
age (first moult, second moult, and above second moult); 2) season (winter, early or
late spring); 3) date of capture within these periods (centred for mean catching date
of that particular period); and 4) year in which the last autumn moult took place
(2000–2003). We constructed models for each of the two dependent variables PC1
(‘UV coloration’) and PC2 (‘achromatic brightness’) and the two sexes separately to
avoid unbalanced models due to the fact that no females were captured in the early-
spring period. Full models including all explanatory variables were reduced by
excluding variables in order of decreasing significance until only significant (P <
0.05) variables remained in the model. The second and third-order interactions of
age, capture period and date were initially also entered in the full models, but we
report significant interaction terms only (see Table 2.1). Non-significant third-order
interactions were removed before removing second-order interactions and non-sig-
nificant interactions of explanatory variables were removed before their main effects
were excluded. Estimates of residual PC1 and PC2 values of individuals, controlled
for the significant temporal variations in crown coloration, were derived from these
models and used for analyses on the inheritance of crown coloration.

We calculated the repeatability of crown coloration between the different sea-
sons for a single moulted plumage and also across moults at different ages.
Repeatability estimates were calculated based on residuals derived from the multi-
level models described above. Calculation was according to Lessells and Boag
(1987) with standard errors calculated following Becker (1984).

Heritability of crown coloration
Estimates of the narrow-sense heritability (h2) of crown coloration were calculated
using parent–offspring regression (Falconer & Makay 1996). The majority of the 95
surviving offspring of which we had crown colour measurements as adults fledged
from natural broods: 79 individuals from 58 broods from 2001–2003. In 2002, how-
ever, we cross-fostered 14 broods by swapping pairs of clutches with similar clutch
size and hatching date at around the day of hatching, as part of another experiment
in which we also manipulated UV coloration of the male parent during the chick
feeding period (either UV-reduced or control-treatment; the cross-fostering and UV
manipulation procedures were similar to the procedures described in Limbourg et
al. 2004). We recaptured 16 offspring from 10 of these cross-fostered broods as
adults and measured their UV coloration. Unfortunately, this small sample gave us
insufficient statistical power to draw any conclusions about the inheritance of crown
coloration in these offspring. Although some of the calculated heritability values
were substantially greater than  zero, none of them was significantly different from
zero, due to the large standard errors (mid-offspring–mid-parent value of foster
parents (h2 ± SE; PC1: 0.02 ± 0.53, PC2: 0.16 ± 0.34; mid-offspring–mid-parent
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value of biological parents: PC1: 0.50 ± 0.61, PC2: 0.34 ± 0.66). Therefore, we
excluded the cross-fostered broods from further analyses.

Parent-offspring relationships were established by capture of both the male and
female parent in the nestbox while feeding their chicks 7–15 days after hatching.
For three males and two females which had offspring surviving into adulthood from
two separate breeding attempts we only included the offspring of their first brood,
leaving 53 broods for the analysis. Of 2 of these 53 broods, we identified only the
female parent. Coloration of the male and female parent were not correlated (PC1:
r = 0.07, P = 0.61; PC2: r = 0.03, P = 0.82, both n = 51), and therefore we did not
need to correct our heritability estimates for assortative mating. Colour scores of
the two sexes (both parents and offspring) were standardized to zero mean and unit
standard deviation. For parents that had more than one offspring recaptured as an
adult, mean colour of the offspring (mid-offspring colour) was used (sexes com-
bined). Of the broods included in the analysis, the crown colour of 21 males had
been manipulated in the period before egg laying (UV-reduced: n = 12, control:
n = 9; see Korsten et al. 2006 for details on experimental procedures). We tested the
effect of this manipulation on offspring UV coloration.

Multilevel models were carried out with MLwiN 2.02 using the IGLS estimation
procedure. The significance of the explanatory variables was tested using the Wald
statistic, which follows a χ2-distribution. We used SPSS 13.0 for all other statistical
tests. P values < 0.05 were considered significant.

RESULTS

Temporal variation in crown coloration: effects of age, season and year
Males (n = 214) had more UV-chromatic and UV-shifted crown plumage than
females (n = 207) as indicated by their significantly higher PC1 scores (χ2 =
516.74, df = 1, P < 0.0001; Figure 1). Males also had higher achromatic brightness
than females (PC2: χ2 = 70.32, df = 1, P < 0.0001; Figure 2.1). 

While controlling for significant year effects, older individuals had more intense
UV coloration (PC1) in both males and females (Table 2.1; Figure 2.1).
Furthermore, PC1 scores were strongly dependent on season in both sexes, with
highest PC1 scores in winter and early spring and strongly reduced scores during
late spring (although no females were measured during early spring) (Table 2.1;
Figure 2.1). In both sexes, PC1 was negatively related to the date of measurement
during the different seasons (Table 2.1). The temporal patterns of achromatic
brightness (PC2) were less straightforward (Figure 2.1). While controlling for sig-
nificant year effects, male PC2 was not significantly related to age (Table 2.1). Males
had higher PC2 scores in winter and early spring than in late spring. In females,
there was a significant main effect of season on PC2 (Table 2.1). In addition, the
interaction of age x season was significant, which is a reflection of the presence of a
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positive relationship of PC2 with age in late spring, but not in winter (Figure 2.1).
Residual values of PC1 and PC2 controlled for temporal variation, derived from

the multilevel models described above (Table 2.1) were used to calculate estimates
of repeatability and heritability.

Repeatability of crown coloration
The residual measures of male and female blue tit crown coloration were moderate-
ly repeatable, both between seasons within a single moulted plumage (Table 2.2)
and across moults at different ages (Table 2.3). Repeatability values between sea-
sons varied from 0.30–0.60 in males and from 0.18–0.35 in females (Table 2.2),
which indicates that although part of the phenotypic variation is explained by con-
sistent differences between individuals there remain large differences in within-
individual changes in crown coloration over time. Repeatability estimates tended to
be higher for crown UV coloration (PC1) than for achromatic brightness (PC2) and
seemed to be higher for males than for females. Repeatability of crown coloration
seemed also larger from winter to early spring, than from winter to late spring. 
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Figure 2.1 Blue crown UV coloration (PC1) and achromatic brightness (PC2) of males (A,C) and
females (B,D) of different age classes measured during different periods of the year. Females were
not measured in early spring. Graphs show mean values with standard errors. Based on 791
measurements of 421 individuals (214 males, 207 females). See also Table 2.1.



Repeatability of crown coloration between plumages grown in different moults
was of similar magnitude, and values varied between 0.12–0.52 in males and
–0.08–0.47 in females; Table 2.3). Also the across-moult repeatability values tended
to be higher for UV coloration (PC1) than for achromatic brightness (PC2; Table
2.3). Furthermore, repeatability values were higher in males than in females (Table
2.3). Furthermore, repeatability of achromatic brightness (PC2) was much higher
from the first to the second year than from the second to the third year or older.
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Table 2.1 Multilevel models of blue crown UV coloration (PC1; A,C) and achromatic brightness
(PC2; B,D) of male (A,B) and female (C,D) blue tits as dependent variables and individual as ran-
dom factor (based on 410 measurements of 214 males and 381 measurements of 207 females).
See also Figure 1. Residuals derived from these models were used for calculation of repeatability
and heritability estimates.

Variables Wald (χ2) df P

(A) Male UV coloration (PC1)
Age 10.309 2 0.006
Season 143.540 2 < 0.0001
Day of season 19.381 1 < 0.0001
Year of last moult 41.682 3 < 0.0001

Explained variance: 31.2%

(B) Male achromatic brightness (PC2)
Season 76.810 2 < 0.0001
Day of season 110.748 1 < 0.0001
Year of last moult 37.365 3 < 0.0001

Explained variance = 27.8%

(C) Female UV coloration (PC1)
Age 34.261 2 < 0.0001
Season 67.695 1 <0.0001
Day of season 5.745 1 0.017
Year of last moult 31.687 3 < 0.0001

Explained variance = 28.6%

(D) Female achromatic brightness (PC2)
Age 2.571 2 0.28
Season 15.436 1 < 0.0001
Day of season 7.615 1 0.006
Year of last moult 13.333 3 0.004
Age x season 9.725 2 0.008

Explained variance = 20.9%
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Table 2.2 Repeatability (r) of male and female blue tit crown colour measurements (UV col-
oration, PC1; achromatic brightness, PC2) between different seasons (winter, early and late
spring) within one year, that is within a single moulted plumage. Repeatabilities were calculated
for PC1 and PC2 scores controlled for within-individual variation due to effects of age, season,
day of season, and year of last moult (see Table 2.1). Males measured in early spring were not re-
measured in late spring. No females were measured in early spring. Multiple measurements of
the same individuals in one season were averaged. Of individuals that were measured in more
than one year, only measurements of the first year were included.

r ± SE F df P

UV coloration (PC1)
Winter–early spring 0.60 ± 0.11 4.035 35, 36 < 0.0001
Winter–late spring 0.47 ± 0.15 2.781 25, 26 0.006

Achromatic brightness (PC2)
Winter–early spring 0.56 ± 0.12 3.528 35, 36 0.0001
Winter–late spring 0.30 ± 0.18 1.844 25, 26 0.064

UV coloration (PC1)
Winter–early spring - - - -
Winter–late spring 0.35 ± 0.13 2.081 46, 47 0.007

Achromatic brightness (PC2)
Winter–early spring - - - -
Winter–late spring 0.18 ± 0.14 1.313 46, 47 0.18

M
al

e
Fe

m
al

e

Table 2.3 Repeatability (r) of male and female blue tit crown colour (UV coloration, PC1; achro-
matic brightness, PC2) at different ages (1–2+) across moults. Repeatabilities were calculated for
PC1 and PC2 scores controlled for within-individual variation due to effects of age, season, day of
season, and year (see Table 2.1). Multiple measurements of one individual at the same age were
averaged. 

r ± SE F df P

UV coloration (PC1)
age 1–2 0.52 ± 0.13 3.145 29, 30 0.001
age 2–2+ 0.49 ± 0.15 2.885 26, 27 0.004

Achromatic brightness (PC2)
age 1–2 0.42 ± 0.15 2.445 29, 30 0.009
age 2–2+ 0.12 ± 0.19 1.265 26, 27 0.26

UV coloration (PC1)
age 1–2 0.41 ± 0.14 2.416 35, 36 0.005
age 2–2+ 0.26 ± 0.17 1.694 29, 30 0.08

Achromatic brightness (PC2)
age 1–2 0.47 ± 0.13 2.763 35, 36 0.002
age 2–2+ –0.08 ± 0.18 0.843 29, 30 0.68

M
al

e
Fe

m
al

e



Heritability of crown coloration
Crown UV coloration (PC1) showed significant heritable variation as indicated by
the heritability estimate derived from mid-parent–offspring regressions (h2 = 0.41
± 0.17 SE, F1,49 = 5.973, P = 0.018; Figure 2.2). The heritability estimate for the
achromatic brightness (PC2) of crown coloration was somewhat lower, and bor-
dered significance (h2 = 0.23 ± 0.13 SE, F1,49 =  3.317, P = 0.075; Figure 2.2).
Male UV manipulation – either unmanipulated (n = 30), UV-reduced (n = 12), or
control (n = 9) – had no effect on offspring UV coloration (PC1: F2,48 = 0.919, P =
0.41) or achromatic brightness  (PC2: F2,48 = 0.224, P = 0.80). 

We also derived heritability values from separate mother–offspring and
father–offspring regressions to assess if the inheritance of crown coloration was sex-
specific. Heritability values derived from single parent–offspring regressions are
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Table 2.4 Possible sex-linked inheritance or maternal effects influencing offspring crown col-
oration in blue tits.

Father Mother

h2 ± SE n h2 ± SE n

UV coloration Son 0.44 ± 0.30 39 0.44 ± 0.38 40
(PC1) Daughter 0.23 ± 0.23 25 0.26 ± 0.30 28

Achromatic brightness Son 0.03 ± 0.18 39 1.06 ± 0.35# 40
(PC2) Daughter 0.11 ± 0.17 25 0.04 ± 0.30 28

# < 0.005
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Figure 2.2 Mid-parent–mid-offspring regressions of residual blue crown UV coloration (PC1)
and achromatic brightness (PC2). For calculation of residuals see Table2.1.



estimated as twice the coefficient (slope) of the regression and the accompanying
standard errors are calculated by doubling the standard errors for the regression
coefficient, which leads to relatively high standard errors for the h2 estimates com-
pared to estimates based on mid-parent–offspring regressions (Falconer & Mackay
1996; Table 2.4). Given the large standard errors, our sample size proved to be too
limited to draw firm conclusions regarding sex-specific inheritance. Nevertheless
we briefly comment on the results, which are presented in table 2.4. 

Although, none of the h2 estimates for UV coloration (PC1) was significantly
different from zero, h2 values were substantial (between 0.23–0.44; Table 2.4) and
similar to the significant estimate derived from the mid-parent–mid-offspring
regression (h2 = 0.41 ± 0.17 SE) presented above. Heritability estimates seemed to
be higher for the variation in UV coloration in sons than in daughters, but did not
differ between the male and female parent (Table 2.4). The pattern of inheritance of
achromatic brightness (PC2) appeared more complex. There was a very high and
significant heritability of achromatic brightness for the mother–son relationship
(h2 =1.06 ± 0.35 SE, F1,38 = 9.371, P = 0.004), whereas the mother–daughter, and
father–son or daughter relationships all showed very low h2 values (between
0.03–0.11), which were far from significant (all P > 0.54).

DISCUSSION

Our results show the presence of significant heritable variation for the sexually
selected UV/blue crown plumage in our blue tit study population. Offspring resem-
ble their parents in UV coloration (PC1; h2 = 0.41 ± 0.17 SE). In addition, there
was a suggestion of heritable variation in achromatic brightness (PC2; h2 = 0.23 ±
0.13 SE), but the heritability estimate only bordered significance. This lack of sig-
nificance could be due to the limited power of our analysis, which was based on rel-
atively few broods (compare to e.g. Hadfield et al. 2006). Similar studies have shown
heritable variation for pigment-based plumage ornaments (both for carotenoids and
melanins) (e.g. Hill 1991; Norris 1993; Møller 1989; Qvarnström 1999; but see
Griffith et al. 1999a), but the present study is, to our knowledge, the first to report
heritable variation in a structurally based plumage ornament. This result is impor-
tant as it confirms one of the main underlying assumptions of several studies on sex
allocation and differential parental investment in relation to male attractiveness in
the blue tit (Sheldon et al. 1999; Griffith et al. 2003; Limbourg et al. 2004; Johnsen et
al. 2005; Korsten et al. 2006). We are aware that due to lack of cross-fostering in our
study we are not able to separate genetic and early environmental effects, and there-
fore our heritability estimates may be inflated. However, it should be noted that the
predictions of both verbal and mathematical models of sex allocation and differen-
tial parental investment in response to male attractiveness are not dependent on
whether the resemblance between fathers and offspring is exclusively due to genetic
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inheritance or is also caused by the presence of common environmental or parental
effects (Sheldon et al. 2000; Fawcett et al. 2006). Additional experiments, using a
cross-fostering design, would reliably separate the genetic and environmental com-
ponents of the variation in crown coloration in our study population. 

Another limitation of our study is that we have no information on extra-pair
paternity for the full data-set. Extra-pair paternity may cause a downward bias of
the heritability estimates for the male–offspring relationship. However, extra-pair
paternity rates are generally relatively low in blue tits (10–15%; Kempenaers et al.
1997; Krokene et al. 1998; Leech et al. 2001, Delhey et al. 2003; P. Korsten, C. M.
Lessells, A. C. Mateman, J. Komdeur, unpublished data; see also Box D) and such a
low rate of extra-pair paternity should result in only a slight underestimation of her-
itability (Charmantier & Réale 2005). 

Our results are in direct contrast to the outcome of a recent study also investi-
gating the inheritance of blue tit crown coloration, which found no significant heri-
table variation in crown coloration (Hadfield et al. 2006; h2 < 0.11). At this stage
we can only speculate what factors could have been responsible for the difference.
There are several differences in methodology between the studies that may have
played a role. Most importantly, Hadfield et al.(2006) used large-scale cross-foster-
ing (in combination with an ‘animal model’ approach for estimating heritability; see
Kruuk 2004) to separate genetic and environmental effects, whereas we did not.
Although we were therefore not able to separate genetic and early environmental
effects, the lack of cross-fostering in our study may have increased the probability of
detecting a significant resemblance in crown coloration between parents and off-
spring particularly if small-magnitude genetic and environmental effects act in the
same direction. 

Another difference between the two studies lies in the quantification of the
variation in crown reflectance spectra. Hadfield et al. (2006) quantified this varia-
tion using ‘colour contrasts’ based on a biophysical model of photon catches by the
blue tit visual receptors (Vorobyev et al. 1998; Endler & Mielke 2005), whereas we
used more conventional ‘objective colorimetrics’ which describe specific variation in
the shape of the reflectance curves (Andersson & Prager 2006; Montgomerie 2006).
However, we believe that this difference in the type of estimation itself is unlikely to
account for the different results, because we expect that the type of contrast values
used by Hadfield et al. (2006) in practice largely capture the same variation in crown
reflectance spectra as our ‘UV chroma’ and ‘hue’ indices (which were summarized
by PC1). It should be noted, however, that we also calculated heritability estimates
for the variation in achromatic brightness (PC2); Hadfield et al. (2006) removed this
variation prior to their calculation of ‘colour contrasts’. There is substantial varia-
tion in achromatic brightness of the blue tit crown plumage (Figure 2.1) and birds
are likely to be able to perceive such variation (Schaefer et al. 2006), although prob-
ably not with the single cones used for colour discrimination, but with an additional
type of receptor cells called double cones (Jones & Osorio 2004). Hadfield et al.
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(2006) have therefore excluded a potentially important aspect of the blue tit’s
crown coloration from their analyses. Indeed we found a tendency for heritable vari-
ation in this component in our population.

After controlling for year effects, crown colour appeared to be extremely vari-
able within individuals (males and females), and showed strong seasonal shifts,
with decreasing intensity of UV coloration (PC1) and increasing achromatic bright-
ness (PC2) with the progression of time after moult. This strong seasonal pattern in
crown coloration, which was comparable in magnitude to the sexual dichromatism,
was also found in other blue tit populations and is probably due to wear of the
crown feathers (Örnborg et al. 2002; Delhey et al. 2006). Furthermore, colour varia-
tion related to individuals’ age existed in our population. Older birds (males and
females) had slightly more intense UV coloration (PC1) than young birds (cf
Andersson et al. 1998; Delhey & Kempenaers 2006; Chapter 7). Achromatic bright-
ness (PC2) was not related to age in males, but during late spring achromatic
brightness was positively related to age in females. After correcting for the large
within-individual variation in crown colour, both the intensity of UV coloration and
achromatic brightness were moderately repeatable between different periods of the
year within a single moulted plumage and between plumages of different moults,
indicating the potential for a heritable component of crown coloration, as we indeed
found. The fact that the repeatability of blue tit crown coloration was relatively low,
however, also indicates the importance of collecting multiple measurements on the
same individuals over a year as this will improve the accuracy of crown colour esti-
mates for individual birds (Falconer & Mackay 1996). In general, the large within-
individual variability of blue tit crown coloration could potentially obscure interest-
ing patterns or even create spurious relationships and should thus be taken into
account when studying blue tit crown coloration.

It is unknown what the functional significance of the large-within individual
colour changes are, in particular between seasons. The decline of UV coloration
over the year may be adaptive, and related to a shifting balance between benefits of
a strong UV signal used in mate attraction during winter and early spring and costs
such as the risk of detection by predators. For example, male rock ptarmigans
(Lagopus mutus) soil their conspicuous white breeding plumage with dirt as soon as
mating has taken place to increase crypsis (Montgomerie et al. 2001). On the other
hand it has been hypothesised that the magnitude of the decrease in UV coloration
after moult may be related to individual quality (Delhey et al. 2006). According to
this idea high quality individuals are better able to prevent their plumage from
degradation, because they can invest more time and energy in maintenance of their
feathers (e.g. in the form preening behaviour). Indeed, the seasonal change in hue
was negatively related to a measure of body size (tarsus length), whereas the loss of
body mass between winter and spring was related to the magnitude of the decline
in UV chroma, supposedly indicating a cost of feather maintenance (Delhey et al.
2006). However, female extra-pair mate choice was not related to variation in the
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magnitude of the seasonal declines (Delhey et al. 2006). Clearly, further research is
needed to better understand the causes and consequences of the large within-indi-
vidual variation in blue tit UV coloration.

An important question is how the between-individual variation (which
appeared heritable in our population) and in particular the sexual dichromatism in
crown coloration is maintained. The sexual dichromatism indicates that selective
pressures on crown coloration differ between the sexes. The sexual dichromatism
could then be viewed as the result of a different balance in the costs (e.g. increased
predation risk) and benefits (e.g. more successful mate attraction) of crown UV col-
oration in males and females. If selective pressures on male and female crown
colour expression counteract each other to some extent, then the observed level of
female UV coloration may be the result of a non-adaptive genetic correlation with
male ornamentation, combined with incomplete sex-limitation of ornament expres-
sion (Kraaijeveld et al. submitted). Such a situation has been described for the orna-
mental red bill coloration of zebra finches (Taeniopygia guttata; Price & Burley 1993,
1994; Price 1996). In zebra finches, males with redder bills are more successful in
mate attraction and have higher fitness, while in females individuals with more
orange (less red) bills have higher fitness (Price & Burley 1994). This leads to a sit-
uation in which there is sexually antagonistic selection (Rice 1992) on bill col-
oration, with males selected to become more red and females to become more
orange (Price & Burley 1994). A genetic correlation between bill coloration in males
and females prevents the evolution of more pronounced sexual dichromatism (Price
& Burley 1993, 1994; Price 1996). It is not unlikely that a similar situation exists
for the blue tit’s crown coloration. It is interesting in this respect that we found
some suggestion of sex-linked inheritance (or a maternal effect) affecting one aspect
of crown colour expression (Table 2.4), which might be expected in case of such
sexually antagonistic selective pressures (Merilä & Sheldon 2001). The possibility
that there is sexually antagonistic selection on blue tit crown coloration certainly
deserves further attention, and this idea could be tested by a quantification of the
fitness consequences of variation in crown coloration in both males and females.
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