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Recent evidence suggests that blue-green coloration of bird eggshells may be related to female and/or egg
phenotypic quality, and that such colour may affect parental effort and therefore the nutritional environment of
developing nestlings. Here we suggest that these relationships and the signal function of eggshell coloration would
affect the outcome of coevolution between avian brood parasites and their hosts in at least three different
non-exclusive evolutionary pathways. First, by laying blue-green coloured eggs, cuckoo females may exploit
possible sensory biases of their hosts, constraining the evolution of parasitic egg recognition, and thus avoid
rejection. Second, because of the relatively high costs of laying blue eggs, cuckoo females may be limited in their
ability to mimic costly blue-green eggs of their hosts because cuckoo females lay many more eggs than their hosts.
Furthermore, costs associated with foreign egg recognition errors would be relatively higher for hosts laying blue
eggs. Third, cuckoos may use coloration of host eggs for selecting individuals or specific hosts of appropriate
phenotypic quality (i.e. parental abilities). We here explored some predictions emerging from the above scenarios
and found partial support for two of them by studying egg coloration of European cuckoos (Cuculus canorus) and
that of their 25 main hosts, as well as parasitism and rejection rate of hosts. Cuckoo hosts parasitized with more
blue, green, and ultraviolet cuckoo eggs, or those laying more blue-green eggs, were more prone to accept
experimental parasitism with artificial cuckoo eggs. In addition, coloration of cuckoo eggs is more variable when
parasitizing hosts laying bluer-greener eggs, even after controlling for the effect of host egg coloration (i.e. degree
of egg matching). Globally, our results are consistent with the proposed hypothesis that host egg traits that are
related to phenotypic quality of hosts, such as egg coloration, may have important implications for the coevolu-
tionary interaction between hosts and brood parasites. © 2012 The Linnean Society of London, Biological Journal
of the Linnean Society, 2012, 106, 154-168.

ADDITIONAL KEYWORDS: blue-green egg colour — cuckoo parasitism — host egg discrimination — pigment
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INTRODUCTION defensive mechanisms such as parasite egg recogni-
tion and rejection. This in turn selects for counter-
defences in brood parasites, such as laying eggs that
mimic those of their hosts, giving rise to coevolution-
ary arms races (e.g. Davies, 2000). The European
cuckoo, Cuculus canorus, and its coevolutionary rela-
tionship with some of its hosts constitutes one of the
best examples of parasitic eggs mimicking those of
*Corresponding author. E-mail: jsoler@eeza.csic.es their hosts as a consequence of selection created by

Avian brood parasites exploit the parental care of
other species of birds (hosts) by laying their eggs in
nests of hosts that incubate and raise parasite off-
spring. Avian brood parasitism reduces breeding
success of parasitized hosts and, therefore, selects for
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hosts rejecting eggs that do not match the appearance
of their own eggs (Brooke & Davies, 1988). Matching
of host eggs by cuckoos even occurs in species that
parasitize multiple host species because different
individual cuckoos specialize in parasitizing a single
host species for which their eggs are mimetic, and egg
colour patterns are apparently inherited from parents
to offspring leading to the evolution of genetically
differentiated ‘gentes’ (host races) within the same
parasite species (see Gibbs, Brooke & Davies, 1996;
Gibbs et al., 2000; Fossgy et al., 2010).

Extensive surveys on more than 100 bird species
have revealed the simultaneous presence of two main
pigments in the eggshell of birds, namely biliverdins
and protoporphyrines that are responsible for blue-
green and brown-red egg colorations, respectively
(Kennedy & Vevers, 1976; Miksik, Holan & Deyl,
1996). Empirical data have shown that not only
derived (Miksik et al., 1996), but also basal avian
lineages including their extinct close relatives used
the same pigments to colour their eggs (Igic et al.,
2010). Thus, it is likely that cuckoos share with their
hosts the chemical basis to colour their eggs and
therefore have the potential to evolve eggs that mimic
those of their hosts (Igic et al., 2011). Biliverdins
possess strong antioxidant activity (McDonagh, 2001;
Kaur et al., 2003), which was the basic argument
supporting the hypothesis of blue-green egg coloration
functioning as a postmating sexually selected signal
of female birds (Moreno & Osorno, 2003). This
hypothesis first assumes that biliverdin-based egg
colours reveal the physiological condition of females
during breeding (see review in Reynolds, Martin &
Cassey, 2009), and, secondly, suggests that the use of
colour intensity to differentially allocate parental
effort would be beneficial for fathers (Moreno &
Osorno, 2003). Whereas the use of eggshell coloration
for adjusting paternal breeding effort has received
mixed support (see below), there is widespread
support for a relationship between eggshell colour
and physiological condition (Riehl, 2011). Indeed, it
has been shown that blue-green egg-colour intensity
is related to body condition, immunocompetence, and
oxidative status of females at breeding onset (Moreno
et al., 2005; Siefferman, Navara & Hill, 2006; Krist &
Grim, 2007; Hanley, Heiber & Dearborn, 2008;
Morales, Velando & Moreno, 2008; Soler et al., 2008).
In addition, it has been shown that blue-green col-
oration of eggs is heritable (Morales et al., 2010) and
that it may also signal the physiological condition of
eggs and developing embryos as shown by positive
correlations between blue-green colour intensity of
eggshells and immunoglobulin (Morales, Sanz &
Moreno, 2006), testosterone (Lopez-Rull, Miksik &
Gil, 2008), and antioxidant concentrations in the eggs
(Hargitai et al., 2008, 2010; Navarro et al., 2011; but

see Cassey et al., 2008a). Interestingly, these associa-
tions were also detected for European cuckoo eggs in
nests of the great reed warbler, Acrocephalus arundi-
naceus (Hargitai et al., 2010).

Laying blue-green eggs would therefore be rela-
tively costly for both hosts and parasites, and we here
hypothesize that costs of producing biliverdin-
pigmented eggs may affect the coevolutionary rela-
tionships between hosts and parasites. Indeed, there
is correlative evidence suggesting limitation of pig-
ments to colour eggs (Underwood & Sealy, 2002)
including those responsible for blue-green coloration
(Moreno et al., 2005). Moreover, it is known that
experimentally handicapped females (with some
primary feathers clipped) of spotless starlings
(Sturnus unicolor) laid paler blue eggs than control
females, which demonstrated the existence of
such costs (Soler et al., 2008). In addition, food-
supplemented female pied flycatchers laid bluer eggs
than controls (Moreno et al., 2006). Thus, on the one
hand, laying exaggerated blue-green coloured eggs is
costly and might reduce clutch size or the ability to
mimic blue-green host eggs, mainly for brood para-
sites that lay many more eggs than their hosts (Payne,
1973, 1974, 1977). On the other hand, costs incurred
by hosts because of breakage or erroneous rejection of
their own eggs when rejecting and detecting parasitic
eggs would be relatively higher for hosts laying more
intensely blue-green than for hosts laying paler eggs.
These two hypothetical scenarios would then affect the
evolution of egg recognition by hosts and, conse-
quently, the degree of mimicry of parasitic eggs.

The sexual selection hypothesis driving the evolu-
tion of blue-green coloration of avian eggs posits that
colour intensity predicts the nutritional environment
that offspring will experience in the nests (Moreno &
Osorno, 2003). In this scenario, at the intraspecific
level cuckoos may select good quality nutritional envi-
ronments for their offspring by selecting host nests
with intense blue-green coloration. The hypothetical
relationship between blue-green egg colour intensity
and variables related to nutritional environments
experienced by offspring has received mixed support.
A relationship between egg coloration and paternal
investment (Moreno et al., 2004; Hanley et al., 2008;
Soler et al., 2008; English & Montgomerie, 2011) or
nutritional condition of nestlings (Soler et al., 2008)
has been detected under natural conditions in some
study systems, although it is not always the case
(Krist & Grim, 2007; Honza et al., 2011). At the inter-
specific level, we have previously found a positive
relationship between blue-green colour intensity and
duration of the nestling period, which was interpreted
as evidence of egg coloration predicting parental
investment (Soler et al., 2005). Moreover, there exist
intraspecific correlative data suggesting nonrandom
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cuckoo parasitism in relation to host egg coloration
(Avilés et al., 2006; Cherry, Bennett & Moskat, 2007)
and phenotypic quality of female hosts (Polacikova
et al., 2011). If that was the case, brood parasites
could use host sexual signals (i.e. blue-green colora-
tion) revealing parental abilities for host selection.
The use of sexual signals by avian brood parasites has
been described in several systems (Soler et al., 1995;
Clotfelter, 1998; Moskat & Honza, 2000; Garamszegi
& Avilés, 2005; Parejo & Avilés, 2007). This preferen-
tial selection might constrain the exaggeration of
eavesdropped sexual signals (i.e. intensity of blue-
green eggshell colour) such as has been suggested for
sexually selected nest traits of magpies (Pica pica)
selected by great spotted cuckoos (Clamator glanda-
rius) (Soler et al., 1999).

Cuckoos may also exploit sensory biases in hosts
(see Alvarez, 1999) by exaggerating the amount of
biliverdin-related pigments in the eggshell if hosts
showed an innate preference for biliverdin-based col-
orations. At the intraspecific level, we know that a
single experimental egg of deep-blue coloration acts
as a super-normal stimulus for pied flycatchers,
Ficedula hypoleuca, resulting in improved physical
condition of nestlings (Moreno et al., 2008). If para-
sitic blue-green eggs were attractive for hosts, this
may reduce the probability of egg rejection at the
intraspecific level. At the interspecific level, blue-
green parasitic eggs could affect the evolution of egg
rejection, if hosts differ in sensory bias toward blue-
green eggs, and/or if the degree of blue-green colour
intensity of cuckoo eggs differs when parasitizing
different host species. Therefore, the use of sexually
selected signals by cuckoos, either for host selection or
as a super-normal stimulus would affect the evolution
of host defences (i.e. cuckoo egg recognition and rejec-
tion) and, therefore, the coevolutionary process
between brood parasites and their hosts (Dawkins &
Krebs, 1979).

Here, by studying egg coloration of the European
cuckoo and its hosts, as well as parasitism rate and
foreign-egg rejection rates of potential hosts, we
develop and test interspecific predictions of the above
non-exclusive scenarios suggesting new hypotheses
whereby eggshell coloration of cuckoos and hosts
would influence the coevolutionary process. (1) If
parasitic blue-green coloured cuckoo eggs are attrac-
tive to hosts, blue-green colour intensity of cuckoo
eggs should be negatively related to level of host
defences (i.e. parasitic egg recognition) after control-
ling for intensity of selection owing to parasitism.
Otherwise, hosts laying costly blue eggs may be those
suffering larger costs associated with foreign egg rec-
ognition, with lower rejection rates allowing effective
cuckoo parasitism through eggs that do not resemble
those of the hosts. In addition (2) if cuckoos eavesdrop

on sexual signals of their hosts (i.e. intensity of blue-
green eggshell colour) reflecting parental investment
(Soler et al., 2005), at the interspecific level, cuckoos
should prefer potential host species with such signals.
Finally (3) cuckoos may exploit possible sensory
biases of some hosts toward blue-green eggs (e.g. at
the cost of for instance reducing clutch size) and lay
bluer-greener eggs than their hosts, or lay nonmi-
metic (i.e. pale) eggs if recognition would rarely evolve
in hosts laying blue-green eggs (see above). These two
possibilities predict that colour variability of cuckoo
eggs would increase as intensity of blue-green colora-
tion of host eggs increases.

MATERIAL AND METHODS
DATA SET FROM THE LITERATURE

We gathered exhaustive information on egg-colour
and brood parasitism of 25 different European passe-
rines commonly parasitized by the European cuckoo
(Appendix 1). We did not use any selection criteria,
but simply used all species for which information on
brood parasitism related variables were available in
the literature described below and for which clutches
for measuring coloration were available in the visited
museums. Species-specific information on degree of
recognition of cuckoo parasitism and on level of para-
sitism relied on rates of rejection of nonmimetic model
cuckoo eggs (i.e. model eggs that looked markedly
different from the host eggs to the human eye)
reported by Moksnes et al. (1991) and Davies &
Brooke (1989), and percentage of cuckoo parasitized
nests reported in Soler (1999) for European passe-
rines. Previous work has shown that rejection rate
is a highly repeatable defence of host species
across different populations (Soler & Mgller, 1996;
Garamszegi & Avilés, 2005), and thus that level of
recognition of cuckoo eggs can be considered as a
species-specific attribute in comparative analyses.
Information on cuckoo parasitism for more than a
single host population is absent for most European
passerines, which precluded a sound analysis of reli-
ability for this trait (Soler, 1999). This information is
however available for many North American passe-
rines, and Garamszegi & Avilés (2005) found consis-
tently greater variance amongst than within species
in parasitism rate by the brown headed cowbird,
Molothrus ater. Thus, it is also likely that cuckoo
parasitism suffered by different host species was con-
sistent in different host populations.

The suitability of species as cuckoo hosts is related
to foreign egg rejection rates because suitable host
species are more likely to have experienced a long-
term relationship with the parasite (Brooke & Davies,
1988; Moksnes et al., 1991). Thus, we divided host
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species into two groups with respect to their suitabil-
ity according to Moksnes & Rgskaft (1995), who clas-
sified as unsuitable species those that build their
nests in holes or concealed places, those that feed
their young with food unsuitable for the cuckoo chick,
or those having nests/eggs that are too big to permit
successful ejection by the young cuckoo. Moreover,
the sex responsible for rejecting cuckoo eggs varies
amongst host species and apparently egg rejection by
males occurs in species in which males incubate
(e.g. Soler, Martin-Vivaldi & Pérez-Contreras, 2002).
Therefore, information on the sex involved in incuba-
tion was simultaneously considered with the traits of
interest in our comparative framework. We classified
species using a two-point scale as 0 (strict female
incubators) when no evidence of males incubating
existed, and 1 (both female and male incubators)
when evidence was reported for males incubating
according to information in Cramp (1998). Informa-
tion on nestling and incubation periods, nesting
habits, and degree of polygyny were obtained from the
appendices in Soler et al. (2005).

EGG COLOUR ESTIMATION FROM
MUSEUM COLLECTIONS

Cuckoo and host egg coloration and degree of match-
ing of host eggs by cuckoos were estimated by using a
spectroradiometer on 494 clutches belonging to 25
hosts species parasitized by the European cuckoo and
conserved at the Zoological Museums of Helsinki and
Copenhagen (median =seven clutches per species,
range = one to 259 clutches per species; Appendix 1).
Each of the measured clutches included a single
cuckoo egg. The results presented here come from
information on the 25 species, but identical statistical
significance was reached when analyses were
restricted to species with more than three available
clutches. Eggshell coloration may degrade with time
(Starling et al., 2006; Moreno, Lobato & Morales,
2011) and thus the use of eggshells conserved in
museums may be problematic. However, this effect is
most likely to influence components of between-clutch
variation (within species), and it can be considered
negligible when exploring interspecific variation
(Cassey et al., 2010) as is here the case.

Reflectance spectra in the range 300—700 nm were
obtained from all clutches using a spectrophotometer
(S2000, Ocean Optics) with a deuterium and a
halogen light source (DH 2000, Ocean Optics Europe).
Colour was measured in two randomly selected areas
of the surface of the eggs, each of c. 1 mm?2. A fibre-
optic probe provided illumination at a 45° angle and
transferred reflected light to the spectrophotometer.
Data from the spectrophotometer were converted
into digital information by a DAQ Card 700 and

passed into a computer, where a software package
(SPECTRAWIN 4.1) calculated reflectance spectra
relative to a standard white reference (WS-2). Total
reflectance was obtained for each nm waveband from
300 to 700 nm.

Accuracy of spectrophotometric measures may be
reduced when quantifying the background colour of a
spotted egg because the diameter of the optic fibre
sometimes exceeds the surface between two spots.
However, repeatability analyses of different measures
from the same and from different randomly selected
areas allowed us to quantify colour variability within
and amongst heavily spotted eggs of the great reed
warbler Acrocephalus arundinaceus (144 eggs) and of
190 pure immaculate blue eggs of the redstart, Phoe-
nicurus phoenicurus (see Avilés & Mpyller, 2004). Mea-
surements of the same randomly selected area of a
single egg resulted in highly repeatable reflectance
at the ultraviolet (300-400 nm), blue (400—475 nm),
green (475-550 nm), yellow (550—625 nm), and red
(625—-700 nm) wavebands (Pearson correlation coeffi-
cients, R = 0.94, P = 0.0001 for immaculate eggs, and
R =0.79, P = 0.0001 for spotted eggs). When compar-
ing measurements in two randomly selected areas of
the same egg, we found a moderate repeatability in
reflectance at the five colour regions as shown by the
highly significant correlation between the two mea-
surements (R = 0.46, P = 0.0001 for immaculate
eggs, and R =0.54, P =0.0001 for spotted eggs).
Therefore, we used mean values for each egg. In
addition, amongst-clutch variation was larger than
within-clutch variation. Thus, a mean host spectrum
for each clutch was calculated. By using these mean
values we do not consider colour pattern (e.g. spot
size, etc.), but a general value of egg coloration that is
related to pigment concentration in the eggshell. The
following analyses were therefore based on 494 pairs
of spectra (one mean host and cuckoo spectra for each
clutch).

Before proceeding with comparative analyses, we
tested whether mean coloration values for host and
cuckoo eggs saved at the museums and calculated on
mean host and cuckoo clutch spectra could be treated
as species-specific features. Analyses of the clutches
from the 25 host species allowed us to quantify colour
variability within and amongst host species, and
within and amongst cuckoo eggs laid in the nests of
different host species. We found a moderate repeat-
ability of egg coloration for all five spectra intervals
(i.e. colours) of host eggs (R = 0.612, Fsy460 = 23.97,
P = 0.00001), which is an important prerequisite for
comparative analyses. Likewise, although repeatabil-
ity was low (R = 0.178), variation in coloration of
cuckoo eggs laid in different host nests was higher
than variation amongst eggs found in a single host
species (Fas469 = 4.14, P = 0.0001). Therefore, colora-
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Figure 1. Factor loadings of the three first principal components from a principal components analysis as a function of
wavelength, derived from reflectance spectra from European cuckoo and host eggs.

tion of host and cuckoo eggs laid in nests of different
hosts can be considered species and cuckoo host race-
specific attributes, respectively.

STATISTICAL AND COMPARATIVE ANALYSES

Reflectance spectra of natural colours are smooth and,
therefore, the reflectance of adjacent wavelengths is
typically highly autocorrelated (Endler, 1990). Thus,
we performed principal component analyses (PCAs)
on reflectance data to reduce the number of correlated
variables into a few orthogonal variables summariz-
ing colour variation (Cuthill et al., 1999; Cherry &
Bennett, 2001; Soler et al., 2005; Avilés et al., 2006).
PCA allowed us to distinguish between achromatic
‘brightness’ variation represented by the first princi-
pal component (PC1) and chromatic variation repre-
sented by PC2 and PC3 (Endler & Théry, 1996).
Combined, these three first components explained
99.1% of the total variance of sampled eggs. PC1 had
high and negative loadings across the spectra (Fig. 1)
and hence, it described achromatic variation explain-
ing 93.2% of the overall variation in coloration. PC2
had high and positive loadings at the blue and green
regions and high negative ones at red wavelengths,
and it explained 70.6% of the chromatic variance (i.e.
4.8% of total variance). PC3 had positive loadings at
ultraviolet wavelengths and explained 16.1% of chro-
matic variance (i.e. 2.0% of total variance) (see Fig. 1).

As we found that host egg coloration explained
variance in cuckoo egg coloration (see Results), vari-
ability in PCA scores describing coloration of cuckoo
eggs found in different species of hosts was estimated

as the absolute residual value of the phylogenetically
controlled regression between cuckoo and host PC
scores.

However, values describing coloration of eggshells
of different species cannot be considered statistically
independent data observations because of common
ancestry, and phylogenetic relationships between
species should be taken into account in comparative
analyses (Harvey & Pagel, 1991). We incorporated
phylogenetic relationships (Appendix 2) based on
Jgnsson & Fjeldsa (2006), and polytomies of basal
nodes were solved following Sibley & Ahlquist (1990).
Branch lengths were arbitrarily assigned to one, but
constraining tips to be contemporaneous (Pagel,
1992).

To control for possible effects of a common ancestor
we performed phylogenetic generalized least square
regression (PGLS) analyses (Pagel, 1997, 1999) as
implemented in the R statistical computing environ-
ment (R Development Core Team, 2010) using ‘MASS’
(Venables & Ripley, 2002), ‘ape’ (Paradis, Claude &
Strimmer, 2004), and ‘mvtnorm’ (Genz & Bretz, 2011)
libraries) with an additional unpublished function by
R. Freckleton (University of Sheffield, pglm3.3.r
available upon request). The PGLS model is the same
as the usual least-squares regression model except for
the structure of the error term that includes a
variance-covariance matrix of the phylogenic relation-
ship amongst species that takes into consideration
the expected lack of independence of the observations
owing to the phylogenic history of the species
(Martins & Hansen, 1997; Pagel, 1997, 1999; Rohlf,
2001). We used the principle of maximum likelihood
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to fit models and likelihood ratio tests for testing
evolutionary hypotheses and also to estimate the
importance of phylogenetic corrections in the models
(M) (Freckleton, Harvey & Pagel, 2002), which vary
between 0 (phylogenetic independence) and 1 (species
traits covary in direct proportion to their shared evo-
lutionary history) (Pagel, 1997, 1999). We simulta-
neously estimated the parameters of regression
models and the degree of phylogenetic dependence (1),
which was included within the residual error term.

Comparative analyses were corrected for heteroge-
neity in data quality because of the large variation in
sample sizes (i.e. number of hosts with estimates of egg
coloration) amongst species by using weights (Garam-
szegi & Mgller, 2010). Briefly, following Garamszegi &
Mgller (2007), we combined variance factors owing to
phylogenetic and weight effects as error terms in the
form of a matrix using the @ = V + ¢W equation, where
V is the phylogeny matrix; W is the diagonal matrix of
1/weights; and ¢ is a constant (Martins & Hansen,
1997). By varying the c-constant, we calculated the
maximum likelihood of different combinations of the
phylogeny and weight matrices. At the combination
that resulted in the highest maximum likelihood, we
determined the slope of the effect in focus. This addi-
tional PGLS exercise was also performed in the R
statistical computing environment. However, A and ¢
cannot be simultaneously estimated in the same
model, and we set the degree of phylogenetic depen-
dence (A) to the most appropriate degree evaluated for
each unweighted model.

Before the analyses, rejection rates were arcsine
square-root transformed whereas parasitism rates
were transformed by the formula: log(100 X (arcsine
square-root(rate of parasitism)+ 0.01). After these
transformations, frequency distributions of both rejec-
tion and parasitism rates did not differ from nor-
mality (Kolmogorov—Smirnov test for continuous vari-
ables, P > 0.2). The frequency distributions of all vari-
ables quantifying eggshell coloration did not differ
from normality (Kolmogorov—Smirnov test for con-
tinuous variables, P > 0.15). The tested set of predic-
tions required holding constant the effect of a third
variable when evaluating the degree of association
between brood parasitic and egg colour variables.
Therefore, we used partial correlation coefficients and
type III decomposition of variance in our PGLS
models. Some of the predictions tested assume that
interspecific variation in blue-green colour intensity
of host eggs is associated with variation in intensity of
sexual selection (i.e. polygyny) and parental invest-
ment (duration of nestling period); trends that were
found in a larger data set by Soler et al. (2005). These
associations were reassessed with the subsample of
potential host species of the European cuckoo used
here.

RESULTS

HOST EGG COLORATION INDICATES INTERSPECIFIC
VARIATION IN DEGREE OF POLYGYNY AND
PARENTAL INVESTMENT

Supporting the assumption that interspecific varia-
tion in blue-green colour intensity of host eggs is
associated with variation in intensity of variables
reflecting sexual selection and parental investment,
we found that scores of this colour component (i.e.
PC2) were positively related to degree of polygyny
and duration of the nestling period (Table 1). This
was the case after controlling for the significant posi-
tive association with body mass and nesting habits
(i.e. larger values of blue-green colour intensity for
hole nesters) (Table 1). However, these are correla-
tions and other variables may contribute to these
relationships.

HOST RESISTANCE AND COLORATION OF CUCKOO
AND HOST EGGS

Rejection rates of artificial nonmimetic eggs were
lower in potential host species parasitized with more
blue-green (i.e. PC2 colour scores) (Fig. 2) and ultra-
violet cuckoo eggs after accounting for parasitism
rate, and the sex implicated in incubation (Table 2).
Similar results were found when only suitable host
species were considered in the analyses (Table 2).
This negative association also appeared when consid-
ering host rather than cuckoo eggs in the statistical
models. However, in this case the model explained
half the variance explained by cuckoo eggs and the
effect of PC2 colour scores of host eggs did not reach
statistical significance when only suitable hosts were
considered (Table 2).

CUCKOO PARASITISM AND HOST EGG COLORATION

None of the variables describing host egg coloration
(PC1, PC2, PC3) were significantly associated with
rate of cuckoo parasitism once we controlled for rejec-
tion rate and the sex implicated in incubation
(Table 3). Similar results were found when only suit-
able host species were considered in the analyses
(Table 3).

VARIATION IN CUCKOO EGG COLORATION IN
RELATION TO HOST EGG COLORATION

As cuckoos may exploit sensory biases (by exaggerat-
ing the blue-green coloration of eggs) or enjoy possible
low rejection rates of hosts laying blue eggs, we pre-
dicted that variation in cuckoo eggs should be greater
when parasitizing hosts with blue-green eggs. When
analysing the relationship between colour compo-
nents of cuckoo and host eggs, brightness of cuckoo
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Table 1. Relationship between variables defining host eggs coloration [principal component 1 (PC1), PC2, and PC3] and log body mass, mating system
(monogamous = 0, monogamous-polygynous = 1, polygynous = 3; polygynandrous = 3), duration of nestling and incubation periods, and nest site (hole

nonhole = 2). Analyses are phylogenetic generalized linear models weighted by sample size

=1,

PC3

PC2

PC1

—-0.09

0.70, R2; =

F5)19 = 060, P

0.001, R%,; = 0.66

F5,19 = 10.3, P

=0.06, R%q, = 0.24

F5’19 = 255, P

Overall models

t20

Beta (SE)

t20

Beta (SE)

t20

Beta (SE)

Independent variables

0.498

0.69
-0.12
1.03
0.22
0.19

0.48 (0.70)
-0.09 (0.72)

0.032

2.32
3.09
5.05
-2.08
2.60

1.07 (0.46)
1.19 (0.39)
1.13 (0.22)
-0.45 (0.22)

0.973

0.03
1.82
-0.03

0.02 (0.73)
0.92 (0.51)
—-0.01 (0.37)

Nest site

0.905

0.006
0.000
0.051

0.085
0.979
0.484
0.045

Body mass

0.314

0.34 (0.32)
0.06 (0.30)
0.05 (0.24)

Mating system

0.830

0.71
-2.15

0.24 (0.34)
-0.53 (0.25)

Incubation period
Nestling period

0.851

0.018

0.44 (0.17)

eggs was positively related to brightness of host eggs
[PGLS; Beta (SE)=0.23 (0.06), ¢#=3.81, N =25,
P =0.0001; Fig.3]. However, chromatic values of
cuckoo and host eggs were not statistically signifi-
cantly associated [PGLS; PC2: Beta (SE) = 0.24 (0.13),
t=1.87, N=25, P=0.074; PC3: Beta (SE)=0.18
(0.09), t=1.88, N=25, P=0.07] (Fig.2). Thus, we
used absolute residuals of those relationships as indi-
cating variance in cuckoo egg coloration that was not
explained by colour of host eggs.

As predicted, variation in cuckoo eggs along a blue-
red axis increased as the intensity of blue-green col-
oration of host eggs increased [Fig.2; PGLS; all
species: Beta (SE)=0.18 (0.06), t=2.92, N=25,
P =0.008; suitable species: Beta (SE)=0.17 (0.07),
t=2.35, N=20, P=0.03]. This association did not
appear for other colour components [PGLS, bright-
ness: all species, Beta (SE)=-0.04 (0.04), ¢t=1.04,
N =25, P=0.31; suitable species: Beta (SE)=-0.002
(0.04), t=0.06, N =20, P=0.95; UV: all species, Beta
(SE)=0.03 (0.07), t=0.49, N=25, P=0.63, suitable
species Beta (SE)=-0.04 (0.07), t=0.52, N =20,
P=0.61].

DISCUSSION

We found that (1) host species parasitized with bluer-
greener cuckoo eggs were more prone to accept experi-
mental parasitism with nonmimetic model eggs
(Fig. 2); and that (2) variation in cuckoo egg colora-
tion was more pronounced when parasitizing hosts
that laid blue-green eggs; however (3) host egg col-
oration did not predict the frequency of parasitism by
the European cuckoo. In addition, for the pool of host
species considered, previously detected associations
between interspecific variation in blue-green colour
intensity of eggs and amongst-species variation in
mating system and duration of nestling period were
corroborated. These comparative results provide
support for two of the three proposed scenarios, sug-
gesting a role of blue-green coloration of host and
cuckoo eggs in the coevolutionary interaction between
brood parasites and their hosts. Below we discuss
these results and their possible implications for the
coevolution of hosts and parasites using egg signals
that are attractive for hosts.

The interspecific relationship between cuckoo egg
coloration and probability of detecting and rejecting
nonmimetic model eggs was only observed for the
chromatic component of coloration, and this appeared
to be independent of possible confounding factors
such as level of parasitism and the role of sexes in
incubation. Recognition and rejection of parasitic eggs
is the most common and effective host defence against
interspecific brood parasitism in birds (Rothstein,
1990), probably reflecting intensity of selection from
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Figure 2. Relationships between rejection rate of artificial nonmimetic cuckoo eggs and coloration [i.e. principal
component 2 (PC2) scores] of cuckoo eggs. The slope in the figure was estimated by means of phylogenetic generalized

linear models.

Table 2. Rejection rate of artificial cuckoo eggs in relation to egg coloration of cuckoos (C) and hosts (H) as estimated by
the scores of a principal component analysis on spectrophotometric values (PC1, PC2, and PC3), the sex implicated in
incubation and level of parasitism. Analyses are phylogenetic generalized linear models

All potential hosts (N =25)
Overall models

F5’19 = 416, P = 0.01, Rzadj. = 0.40

Suitable host species (IV = 20)
F5,14 = 546, P = 0005, R2adj = 054

Independent variables Beta (SE) too P Beta (SE) tis P

Parasitism —-0.14 (0.04) 3.33 0.004 —-0.17 (0.04) 4.18 0.001
PC1C 0.32 (0.25) 1.28 0.216 0.43 (0.25) 1.76 0.101
PC2 C -0.22 (0.08) 2.74 0.013 —-0.18 (0.08) 2.30 0.037
PC3 C —-0.34 (0.15) 2.26 0.036 —-0.45 (0.15) 3.06 0.009
Incubating sex 0.25 (0.18) 1.39 0.180 0.27 (0.17) 1.60 0.132

Overall models

F5,19 = 217, P = 010, Rzadj_ = 020

F5y14 = 179, P = 018, Rzadj = 017

Parasitism -0.04 (0.05) 0.87
PC1 H -0.12 (0.11) 1.14
PC2 H —-0.18 (0.07) 2.47
PC3 H 0.12 (0.10) 1.13
Incubating sex 0.25 (0.20) 1.26

0.400 -0.05 (0.05) 0.97 0.351
0.270 -0.14 (0.12) 1.22 0.242
0.023 -0.16 (0.08) 2.01 0.064
0.270 0.10 (0.11) 0.85 0.410
0.224 0.26 (0.21) 1.23 0.238

brood parasitism (Davies & Brooke, 1989). Here we
used rejection rates of experimental nonmimetic eggs
as a proxy for egg recognition and rejection ability of
potential hosts. Thus, our results are in agreement
with our expectation that for a similar intensity of
selection owing to parasitism, the evolution of recog-
nition and rejection ability is relatively more delayed
in hosts that are parasitized with ‘attractive’ eggs
than in other hosts.

The existence of sensory biases towards blue-green
egg coloration by hosts at the intraspecific level would
predict that relatively more blue-green model cuckoo
eggs were accepted more frequently than less blue-
green cuckoo models. Available information from such
experiments in the literature, however, does not
unequivocally support this prediction. Davies &
Brooke (1989) experimentally parasitized the nests of
22 host species of the European cuckoo with four
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Table 3. Level of cuckoo parasitism in relation to host egg coloration as estimated by the scores of a principal component
analysis on spectrophotometric values (PClr, PC2r, and PC3r), the sex implicated in incubation and rejection rate of
artificial cuckoo eggs. Analyses are phylogenetic generalized linear models

All potential host species (N = 25)
F519=3.39, P=0.023, R%4 =0.33

Overall models

Suitable host species (N = 20)
F514=2.97, P=0.049, R%,4=0.34

Independent variables Beta (SE) tao P Beta (SE) tis P

Rejection -1.32 (0.66) -1.99 0.061 -1.58 (0.72) 2.21 0.045
PC1 0.48 (0.27) 1.77 0.092 0.43 (0.29) 1.50 0.156
PC2 —-0.28 (0.33) -0.84 0.412 0.12 (0.40) 0.29 0.777
PC3 0.49 (0.27) 1.80 0.088 0.27 (0.33) 0.82 0.424
Incubating sex 1.26 (0.79) 1.60 0.125 1.34 (0.78) 1.73 0.106

different model cuckoo eggs in Britain. Aside testing
rejection with model eggs resembling in appearance
the host ones (i.e. mimetic models), each host species
in that study except the wren (Troglodytes troglo-
dytes) was tested against at least two nonmimetic
models. Models painted with acrylic paints matched
the colour of four gentes of cuckoo females, namely
pied wagtail (Motacilla alba), meadow pipit (Anthus
pratensis), reed warbler (Acrocephalus scirpaceus),
and redstart (Phoenicurus phoenicurus). The back-
ground coloration of the four cuckoo models ranged
from immaculate pale blue eggs in the redstart to the
brownish-grey eggs of the meadow pipit type (Davies
& Brooke, 1989), therefore providing for those host
species parasitized with blue model eggs and laying
nonblue eggs (N = 15 host species) a test of the value
of blue egg coloration in recognition of nonmimetic
eggs. They failed to find biases toward acceptance of
blue models amongst the tested host species (table 3
in Davies & Brooke, 1989). Similarly, Peer, Robinson
& Herkert (2000) performed egg recognition experi-
ments in nests of seven hosts of brown-headed
cowbird with mimetic eggs (white with brown spots)
and nonmimetic blue eggs. One host did not reject
any eggs, but five hosts rejected the nonmimetic blue
eggs more often that the mimetic white eggs. It is
apparent in these studies that it is the degree of
similarity that affects host rejection. More recently,
however, in a population of song thrushes, Turdus
philomelos, Honza, Polacikova & Prochazka (2007)
performed egg recognition experiments with a battery
of mimetic and nonmimetic model eggs varying in
blue-green colour intensity. They found that two of
the mimetic model blue eggs were rejected at a high
rate and that nonmimetic green eggs were more
frequently accepted than mimetic eggs. However,
these mimetic model eggs for human vision were
highly contrasted against host eggs for avian visual
perception (Cassey et al., 2008b). These results taken
together at least suggest that the importance of

blue-green colorations of brood parasitic eggs as a
host supernormal stimulus varied amongst host
species.

The above scenario suggests that cuckoos laying
exaggerated blue-green parasitic eggs may gain
advantages in terms of reducing host rejection of
eggs. However, blue-green pigment used to colour
eggs is presumably limited (Moreno et al., 2005;
Soler et al., 2008), and is correlated with concentra-
tions of antioxidants and other costly substances in
the egg yolks (see Introduction). Thus, exaggeration
of blue-green egg coloration will not be easy for
cuckoos because they may lay more than 20 eggs per
season (Payne, 1973, 1974). Cuckoos lay small eggs
relative to their body mass and could in any case
reduce clutch size and lay a smaller number of eggs,
at least when exploiting hosts with a sensory bias
towards blue-green eggs. Information for testing the
association between clutch size and colour of cuckoo
eggs is currently unavailable and, therefore, this
possibility cannot be further explored. By contrast,
hosts laying costly blue-green eggs would experience
higher costs associated with recognition errors,
which therefore may delay the evolution of foreign
egg recognition. We found partial support for this
scenario as blue-green colour intensity of host eggs
predicted rejection rates of their foreign eggs when
considering all potential hosts species, although this
relationship disappeared when only considering suit-
able hosts.

The two scenarios listed above (exaggeration of
blue-green coloration by cuckoos or the low rejection
rates of hosts that lay blue eggs) suggest that cuckoos
may exploit sensory biases of some hosts towards
blue-green eggs, or may lay nonmimetic eggs as rejec-
tion rate is negatively related to intensity of blue-
green coloration of host eggs. These two possibilities
would mainly occur in host species laying blue-green
eggs because a sensory bias toward exaggerated blue-
green eggs is more likely, and recognition errors are
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Figure 3. Relationships between (A) brightness [principal
component 1 (PC1)] and (B) chroma [PC2: blue-red (B);
PC3: UV (C)] of cuckoo and host eggs. The slope in the
figure was estimated by means of phylogenetic generalized
linear models.

relatively costlier for them. However, our data do not
allow the relative importance of these two possibili-
ties explaining colour variation in cuckoo eggs to be
tested. However, together these possibilities predicted
a positive association between colour variability of
cuckoo eggs and intensity of blue-green coloration of
host eggs (see Introduction). In accordance with this
prediction we found that residuals of cuckoo egg col-
oration after controlling for coloration of host eggs
were larger when parasitizing species that lay more
blue-green eggs (Fig. 3). Cuckoos parasitizing the five
host species with more blue-green eggs lay intensely
coloured blue eggs in nests of Oenanthe oenanthe,
Ficedula hypoleuca, and Phoenicurus phoenicurus,
but not in nests of Prunella modularis (three cuckoo
eggs in dunnock nests in Denmark were as blue as
the eggs of the host, A. P. Mgller, unpubl. data) or
Turdus philomelos. When parasitizing the first three
species, cuckoos may be exploiting a sensory bias of
hosts toward intensely coloured blue-green eggs or
simply mimicking host eggs. When parasitizing the
other two host species, they could exploit the poor
rejection rates of foreign eggs of hosts laying costly
blue-green eggs, which may be the case for the
dunnock and the song thrush (see rejection rates of
nonmimetic model eggs in Appendix 2). In any case,
mechanisms underlying the detected relationships
should be tested interspecifically to reach firm con-
clusions. Independently of the mechanisms acting
on different host—parasite systems, apart from the
hypothesis of blue-green eggshell colour being a costly
signal that may be attractive and/or costly for hosts
(at least for some species), we are unaware of alter-
native hypotheses able to explain the detected trends
between cuckoo egg variation (i.e. residual colour) and
host eggs.

The last proposed evolutionary scenario is related
to the possibility that cuckoos eavesdrop on host egg
coloration for host selection (Parejo & Avilés, 2007).
We however did not find evidence of such relation-
ships in our data set. It is possible that, at the
intraspecific level, cuckoos select individual hosts of
good parental ability as shown by the blue-green
colour intensity of their eggs and that, at the
interspecific level, other host characteristics were
more important in determining prevalence of brood
parasitism.

To summarize, we proposed different non-exclusive
evolutionary scenarios where attractiveness or costli-
ness of blue-green pigmented eggs could potentially
affect the coevolutionary relationships between brood
parasites and their hosts. We found comparative evi-
dence consistent with two out of three scenarios, but
intraspecific experimental approaches are necessary
to evaluate the importance of this hypothesis for
different host species of brood parasites.

© 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 106, 154-168



164 J.J. SOLER ET AL.

ACKNOWLEDGEMENTS

We thank the staff of the ornithological section of the
Zoological Museum of the University of Copenhagen
(Denmark) and the Natural History Museum, Hels-
inki (Finland) for help and facilities during data col-
lection. We also thank three anonymous reviewers for
their helpful comments. This research was partially
funded by a European Community Postdoctoral
project (MCFI-2000-00023) to J. M. A. and by the
Ministerio de Educacién y Ciencia/FEDER (CGL2004-
01777/BOS and CGL2005-04654/BOS) to J. M. A. and
J. J. S. While writing the manuscript J.dJ. S., and
J. M. were funded by the Ministerio de Educacién
y Ciencia/FEDER (CGL2010-19233-C03-01 and -03)
and J. M. A. by Ministerio de Educacién y Ciencia/
FEDER (CGL2008-00718/BOS).

REFERENCES

Alvarez F. 1999. Attractive non-mimetic stimuli in Cuckoo
Cuculus canorus eggs. Ibis 141: 142-144.

Avilés JM, Mgller AP. 2004. How is host egg mimicry
maintained in the cuckoo (Cuculus canorus)? Biological
Journal of the Linnean Society 82: 57-68.

Avilés JM, Stokke BG, Moksnes A, Rgskaft E, Asmul M,
Mpgller AP. 2006. Rapid increase in cuckoo egg matching in
a recently parasitized reed warbler population. Journal of
Evolutionary Biology 19: 1901-1910.

Brooke MdL, Davies NB. 1988. Egg mimicry by cuckoos
Cuculus canorus in relation to discrimination by hosts.
Nature 335: 630-632.

Cassey P, Ewen J, Blackburn T, Hauber M, Vorobyev M,
Marshall N. 2008a. Eggshell colour does not predict mea-
sures of maternal investment in eggs of Turdus thrushes.
Die Naturwissenschaften 95: 713-721.

Cassey P, Honza M, Grim T, Hauber ME. 2008b. The
modelling of avian visual perception predicts behavioural
rejection responses to foreign egg colours. Biology Letters 4:
515-5117.

Cassey P, Portugal SJ, Maurer G, Ewen JG, Boulton RL,
Hauber ME, Blackburn TM. 2010. Variability in avian
eggshell colour: a comparative study of museum eggshells.
PLoS ONE 5: e12054.

Cherry MI, Bennett ATD. 2001. Egg colour matching in an
African cuckoo, as revealed by ultraviolet-visible reflectance
spectrophotometry. Proceedings of the Royal Society of
London. Series B. Biological Sciences 268: 565-571.

Cherry MI, Bennett ATD, Moskat C. 2007. Do cuckoos
choose nests of great reed warblers on the basis of host
egg appearance? Journal of Evolutionary Biology 20: 1218—
1222.

Clotfelter ED. 1998. What cues do grown headed cowbirds
use to locate red-winged blackbird host nests? Animal
Behaviour 55: 1181-1189.

Cramp S. 1998. Cramp’s the complete birds of the Western
Palearctic. Oxford: Optimedia, Oxford University Press.

Cuthill IC, Bennett ATD, Partridge JC, Maier EJ. 1999.
Plumage reflectance and the objective assessment of avian
sexual dichromatism. American Naturalist 153: 183-200.

Davies NB. 2000. Cuckoos, cowbirds, and others cheats.
London: T. & A. D. Poyser.

Davies NB, Brooke MdL. 1989. An experimental study of
coevolution between the cuckoo, Cuculus canorus, and its
host. I. Host egg discrimination. Journal of Animal Ecology
58: 207-224.

Dawkins D, Krebs JR. 1979. Arms races between and
within species. Proceedings of the Royal Society of London.
Series B. Biological Sciences 205: 489-511.

Endler JA. 1990. On the measurement and classification of
colour in studies of animal colour patterns. Biological
Journal of the Linnean Society 41: 315-352.

Endler JA, Théry M. 1996. Interacting effects of lek place-
ment, display behavior, ambient light, and color patterns in
three neotropical forest-dwelling birds. American Naturalist
148: 421-452.

English PA, Montgomerie R. 2011. Robin’s egg blue: does
egg color influence male parental care? Behavioral Ecology
and Sociobiology 65: 1029-1036.

Fossoy F, Antonov A, Moksnes A, Roskaft E, Vikan JR,
Mogller AP, Shykoff JA, Stokke BG. 2010. Genetic differ-
entiation among sympatric cuckoo host races: males matter.
Proceedings of the Royal Society of London. Series B. Bio-
logical Sciences 278: 1639-1645.

Freckleton RP, Harvey PH, Pagel M. 2002. Phylogenetic
analysis and comparative data: a test and review of evi-
dence. American Naturalist 160: 712-726.

Garamszegi LZ, Avilés JM. 2005. Brood parasitism by
brown-headed cowbirds and the expression of sexual char-
acters in their hosts. Oecologia 143: 167-1717.

Garamszegi LZ, Mgller AP. 2007. Prevalence of avian
influenza and host ecology. Proceedings of the Royal
Society of London. Series B. Biological Sciences 274: 2003—
2012.

Garamszegi LZ, Mgller AP. 2010. Effects of sample size
and intraspecific variation in phylogenetic comparative
studies: a meta-analytic review. Biological Reviews 4: 797—
805.

Genz A, Bretz F. 2011. Computation of multivariate normal
and t probabilities. Heidelberg: Springer-Verlage.

Gibbs HL, Brooke MdL, Davies NB. 1996. Analysis of
genetic differentiation of host races of the common cuckoo
Cuculus canorus using mitochondrial and microsatellite
DNA variation. Proceedings of the Royal Society of London.
Series B. Biological Sciences 263: 89-96.

Gibbs HL, Sorenson MD, Marchetti K, Brooke MdL,
Davies NB, Nakamura H. 2000. Genetic evidence for
female host-specific races of the common cuckoo. Nature
407: 183-186.

Hanley D, Heiber G, Dearborn DC. 2008. Testing an
assumption of the sexual signaling hypothesis: does glue-
green egg color reflect maternal antioxidant capacity? The
Condor 110: 767-771.

Hargitai R, Csaba M, Miklos B, Gil D, Lopez-Rull I,
Solymos E. 2010. Eggshell characteristics and yolk com-

© 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 106, 154-168



BLUE-GREEN EGGS AND BROOD PARASITISM 165

position in the common cuckoo Cuculus canorus: are they
adapted to brood parasitism? Journal of Avian Biology 41:
177-185.

Hargitai R, Herenyi M, Torok J. 2008. Eggshell coloration
in relation to male ornamentation, female condition and
egg quality in the collared flycatcher Ficedula albicollis.
Journal of Avian Biology 39: 413—-422.

Harvey PH, Pagel MD. 1991. The comparative method in
evolutionary biology. Oxford: Oxford University Press.

Honza M, Polacikova L, Prochazka P. 2007. Ultraviolet
and green parts of the colour spectrum affect egg rejection
in the song thrush (Turdus philomelos). Biological Journal
of the Linnean Society 92: 269-276.

Honza M, Pozgayova M, Prochazka P, Cherry M. 2011.
Blue-green eggshell coloration is not a sexually selected
signal of female quality in an open-nesting polygynous pas-
serine. Die Naturwissenschaften 98: 493—499.

Igic B, Cassey P, Grim T, Greenwood DR, Moskat C,
Rutila J, Hauber ME. 2011. A shared chemical basis of
avian host-parasite egg colour mimicry. Proceedings of
the Royal Society of London. Series B. Biological Sciences
doi: 10.1098/rspb.2011.1718.

Igic B, Greenwood D, Palmer D, Cassey P, Gill B, Grim
T, Brennan P, Bassett S, Battley P, Hauber M. 2010.
Detecting pigments from colourful eggshells of extinct birds.
Chemoecology 20: 43—48.

Jgnsson KA, Fjeldsa J. 2006. A phylogenetic supertree of
oscine passerine birds (Aves: Passeri). Zoologica Scripta 35:
149-186.

Kaur H, Hughes MN, Green CJ, Naughton P, Foresti R,
Motterlini R. 2003. Interaction of bilirubin and biliverdin
with reactive nitrogen species. FEBS Letters 543: 113-119.

Kennedy GY, Vevers HG. 1976. A survey of avian eggshell
pigments. Comparative Biochemistry and Physiology. Part
B, Biochemistry & Molecular Biology 55: 117-123.

Krist M, Grim T. 2007. Are blue eggs a sexually selected
signal of female collared flycatchers? A cross-fostering
experiment. Behavioral Ecology and Sociobiology 61: 863—
876.

Lopez-Rull I, Miksik I, Gil D. 2008. Egg pigmentation
reflects female and egg quality in the spotless starling
Sturnus unicolor. Behavioral Ecology and Sociobiology 62:
1877-1884.

Martins EP, Hansen TF. 1997. Phylogenies and the com-
parative method: a general approach to incorporating phy-
logenetic information into the analysis of interspecific data.
American Naturalist 149: 646—667.

McDonagh AF. 2001. Turning green to gold. Nature Struc-
tural Biology 8: 198-200.

Miksik I, Holan V, Deyl Z. 1996. Avian eggshell pigments
and their variability. Comparative Biochemistry and Phy-
siology. Part B, Biochemistry & Molecular Biology 113:
607-612.

Moksnes A, Rgskaft E. 1995. Egg-morphs and host prefer-
ences in the common cuckoo (Cuculus canorus): an analysis
of cuckoo and host eggs from European museum collections.
Journal of Zoology 236: 625—648.

Moksnes A, Rgskaft E, Braa AT, Korsnes L, Lampe HM,

Pedersen HC. 1991. Behavioural responses of potential
hosts towards artificial cuckoo eggs and dummies. Behav-
tour 116: 64—89.

Morales J, Kim SY, Lobato E, Merino S, Tomas G,
Martinez-de La Puente J, Moreno J. 2010. On the
heritability of blue-green eggshell coloration. Journal of
Evolutionary Biology 23: 1783-1791.

Morales J, Sanz JJ, Moreno J. 2006. Egg colour reflects the
amount of yolk maternal antibodies and fledging success in
a songbird. Biology Letters 2: 334-336.

Morales J, Velando A, Moreno J. 2008. Pigment allocation
to eggs decreases plasma antioxidants in a songbird. Behav-
toral Ecology and Sociobiology 63: 227-233.

Moreno J, Lobato E, Merino S, Martinez-de La Puente
J. 2008. Blue-green eggs in pied flycatchers: an experimen-
tal demonstration that a supernormal stimulus elicits
improved nestling condition. Ethology 114: 1078-1083.

Moreno J, Lobato E, Morales J. 2011. Eggshell blue-green
colouration fades immediately after oviposition: a caution-
ary note about measuring natural egg colours. Ornis
Fennica 88: 51-56.

Moreno J, Lobato E, Morales J, Merino S, Tomas G,
Martinez-de la Puente J, Sanz JJ, Mateo R, Soler JdJ.
2006. Experimental evidence that egg color indicates female
condition at laying in a songbird. Behavioral Ecology 17:
651-655.

Moreno J, Morales J, Lobato E, Merino S, Tomas G,
Martinez-de la Puente J. 2005. Evidence for the signaling
function of egg color in the pied flycatcher Ficedula hypo-
leuca. Behavioral Ecology 16: 931-937.

Moreno J, Osorno JL. 2003. Avian egg colour and sexual
selection: does eggshell pigmentation reflect female condi-
tion and genetic quality? Ecology Letters 6: 803-806.

Moreno J, Osorno JL, Morales J, Merino S, Tomas G.
2004. Egg colouration and male parental effort in the pied
flycatcher Ficedula hypoleuca. Journal of Avian Biology 35:
300-304.

Moskat C, Honza M. 2000. Effect of nest and nest site
characteristics on the risk of cuckoo Cuculus canorus para-
sitism in the great reed warbler Acrocephalus arundinaceus.
Ecography 23: 335-341.

Navarro C, Perez-Contreras T, Aviles JM, McGraw KdJ,
Soler JdJ. 2011. Blue-green eggshell coloration reflects yolk
antioxidant content in spotless starlings Sturnus unicolor.
Journal of Avian Biology 42: 538-543.

Pagel M. 1992. A method for the analysis of comparative
data. Journal of Theoretical Biology 156: 431-442.

Pagel M. 1997. Inferring evolutionary processes from phylog-
enies. Zoologica Scripta 26: 331-348.

Pagel M. 1999. Inferring the historical patterns of biological
evolution. Nature 401: 877-884.

Paradis E, Claude J, Strimmer K. 2004. Analyses of phy-
logenetics and evolution in R language. Bioinformatics 20:
289-290.

Parejo D, Avilés JM. 2007. Do avian brood parasites
eavesdrop on heterospecific sexual signals revealing host
quality? A review of the evidence. Animal Cognition 10:
81-88.

© 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 106, 154-168



166 J.J. SOLER ET AL.

Payne RB. 1973. Individual laying histories and the clutch
size and number of eggs of parasitic cuckoos. The Condor
75: 414-438.

Payne RB. 1974. The evolution of clutch size and reproduc-
tive rates in parasitic cuckoos. Evolution 28: 169-181.

Payne RB. 1977. The ecology of brood parasitism in birds.
Annual Review of Ecology and Systematics 8: 1-28.

Peer BD, Robinson SK, Herkert JR. 2000. Egg rejection by
Cowbird hosts in grasslands. Auk 117: 892-901.

Polacikova L, Hauber ME, Prochazka P, Cassey P,
Honza M, Grim T. 2011. A sum of its individual parts?
Relative contributions of different eggshell regions to intra-
clutch variation in birds. Journal of Avian Biology 42:
370-373.

R Development Core Team. 2010. R: a language and envi-
ronment for statistical computing. Vienna: R Foundation for
Statistical Computing.

Reynolds SJ, Martin GR, Cassey P. 2009. Is sexual selec-
tion blurring the functional significance of eggshell colora-
tion hypotheses? Animal Behaviour 78: 209-215.

Riehl C. 2011. Paternal investment and the ‘sexually selected
hypothesis’ for the evolution of eggshell coloration: revisit-
ing the assumptions. Auk 128: 175-179.

Rohlf FJ. 2001. Comparative methods for the analysis of
continuous variables: geometric interpretations. Evolution
55: 2143-2160.

Rothstein SI. 1990. A model system for coevolution: avian
brood parasitism. Annual Review of Ecology and Systemat-
ics 21: 481-508.

Sibley CG, Ahlquist JE. 1990. Phylogeny and classification
of birds: a study in molecular evolution. New Haven, CT and
London: Yale University Press.

Siefferman L, Navara K, Hill G. 2006. Egg coloration is
correlated with female condition in eastern bluebirds (Sialia
stalis). Behavioral Ecology and Sociobiology 59: 651-656.

Soler JJ. 1999. Do life-history variables of European cuckoo
hosts explain their egg-rejection behavior? Behavioral
Ecology 10: 1-6.

Soler JJ, Martinez JG, Soler M, Mgller AP. 1999. Host
sexual selection and cuckoo parasitism: an analysis of
nest size in sympatric and allopatric magpie Pica pica
populations parasitized by the great spotted cuckoo
Clamator glandarius. Proceedings of the Royal Society
of London. Series B. Biological Sciences 266: 1765—
1771.

Soler JJ, Mgller AP. 1996. A comparative analysis of the
evolution of variation in appearance of eggs of European
passerines in relation to brood parasitism. Behavioral
Ecology 7: 89-94.

Soler JJ, Moreno J, Avilés JM, Mgller AP. 2005. Blue and
green egg-color intensity is associated with parental effort
and mating system in passerines: support for the sexual
selection hypothesis. Evolution 59: 636—644.

Soler JJ, Navarro C, Contreras TP, Avilés JM, Cuervo
JdJ. 2008. Sexually selected egg coloration in spotless star-
lings. American Naturalist 171: 183-194.

Soler JJ, Soler M, Mgller AP, Martinez JG. 1995. Does
the great spotted cuckoo choose magpie hosts according to
their parenting ability? Behavioral Ecology and Sociobiol-
ogy 36: 201-206.

Soler M, Martin-Vivaldi M, Pérez-Contreras T. 2002.
Identification of the sex responsible for recognition
and the method of ejection of parasitic eggs in some
potential common cuckoo hosts. Ethology 108: 1093—
1101.

Starling M, Heinsohn R, Cockburn A, Langmore N. 2006.
Cryptic gentes revealed in pallid cuckoos Cuculus pallidus
using reflectance spectrophotometry. Proceedings of the
Royal Society of London. Series B. Biological Sciences 273:
1929-1934.

Underwood TdJ, Sealy SG. 2002. Adaptive significance of
egg coloration. In: Deeming DC, ed. Avian incubation,
behaviour, environment and evolution. Oxford: Oxford Uni-
versity Press, 280—289.

Venables WN, Ripley BD. 2002. Modern applied statistics
with S. New York: Springer.

© 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 106, 154-168



BLUE-GREEN EGGS AND BROOD PARASITISM 167

(D

9650 0L6'6 691°0 089°0— 0690 1€1°0 38T €290 it ¢l  snoweSouoly uwddQ  $L'G9 T0°0 n A sojpwopyd snpany,
(1) sazdpojSo.y

6T0'TT  S9L'G L8S°0 999'0— €8T°0- 8€¥% 861°0 zeee- LT o1 8L1od-ouoy  -Twreg 0 $0°0 S a sajlpopsoL],

L60'T h0'T %€6'0— GLS0- 9120 L8€°0 SLT'T- 1800 48 48 3Lfod-ouopy  uwadQ 00T L0°0 S WA (1) stunwwod v1ahg

€8G°0 780°L 0LT0 ¥¥6°0 €60°0 0ST'T 29¢'T- TV00 0T 4 3L1od-ouopy  wedQ L'99 z€0 S WA (L) uri0q v1a)hG
(om

o¥6'% 630'T 8€€°0 LTI8°0— 902°0- LI60 169'T- T¥8°0— 4 1T snowedouoly uwdd(Q  g6'9L LT0 S WA D]1dDOLLD D1JLS
(8)

8LT0 T9L°0T  2¥S0 €1g°0— €8%°0 ¥60°2 ¥03'% 6130 4 gl  snoipueukjog uwedQ  €T'E €6'T S d S1DINPOW DIjAUNLJ
(9) snryoo.q

09L°6 09¢g'e $91°0 FLLO 880°0— 68L°0 G68°0— GVSG— it €1 3Ljod-ouoly  -rureg 06 900 S A sndodsop]yd
(€

6VLTT  TL8¥ 01T°0 ¥%5°0 1€7°0 $3€C 1120~ €9%'5— it €1 3L1od-ouoy  -Twreg 00T 0 S A 012947700 sndossoplyq
(ey) snunotuaoyd

%68'% 168'T 6550 291G 9LT'0 €080 €89'T 390~ <l it 3A1od-ouopy 9[0H g'Ie €00 S A SNUNIIU0YJ
(€

602'8 Vid%7 €89°0— ¥99'T 5280] €680 L38°0 $88'T- o1 it B£1od-ouopy a[0H 6'g 0 n ad 2YFUDUI0 YJUDUI()
(31)

85V'G 8899 $9¢°0 6L¥%0 98%°0 88G°0— 9VLT- SFT0 it ¢l  snoweSouoly -WOS  3Z'GL 310 S WA Dj0LLps DADIIISNPT

TEL'T L88'T 8170 G89°0— 9260 9T'1 T¥eT- G190 el ¢l  snowedouoly  uwedQ 08 €10 S A (€g) pany/ vyproLIOP

898'9 L9v'e 7610 3ST0—  €9L°0 9¢g'1 3%5°0— 9850~ o1 1 snoweSouoly  -Twdg  LT'EL v'0 S aq (L) PqqD D720

298F  €F0'T I61°0- G69°0- €380— F¥PI'T- LS6'0— G 1— it GI  snowedouoly  uwddQ SIL T0°0 S A (9) 014m]100 sniunT

£eg'e 0191 89%°0 eVT0 €89°0 LLT'T 162°0- 6800 v1 ¢l  snowedouoly wedQ 6319 100 S A (9) 5927200 D]1SULL]
(6)

898'9 svv'e $€0°0- 806'T 89¢°0 912°0— 996°0 980°'T- ST €1 3A1od-ouoy 9[0H 0 0 n A DonajodLy vINPasty
(L)

891°9 060°G 0¥¥%°0 9950 LOV'0 0LT'T- 8¥ST- €¥9°0- it it 3L1od-ouoy  -Twreg 0% 630 S A DJN22QNL SNODYILLG
(@)

3350 €76°0 $50°% 9L0°0— 0L3T §9€'% 99T°0- T0€'T €1 4! 3ffod-ouopy  wedQ 96 ST°0 S WA sn21u20YyIs DZIEQUIF
(9

€LLO 08%'% 8920 9%%'0— 8890 689'T 089°0— ¥IE0 el ¢l  snowegouoly  uwadQ 00T 100 S A D]]0ULLI10 DZ1L2QUITT

3L8°0 88T°0 310°0— LIS0- ¥06°0— €€3°0 139°0-  9TIL0- ST 4! 8fod-ouoy  uwedQ  FIFG S0°0 n A (T) swopya s107yy
()

L8T'TT  ¥9LG TL6'T 312°0—- 600°T L9€'T— 8000 €L8°0— 4 €1 8L1od-ouopy  uwedQ 0 11°0 n A puQDUUDI S1]aNPID))

839°S 200G GG6'0 90— SI0T LLT'E g67'0— 299’1 it it 8fjod-ouopy  wedQ  €8'9% 992 S A (1) s1suoud snyjuy
(6Gg) snaond.u1ds

OV’ 1T €681 83T°0— GL90- 9€9°0 LOE'T ¥6€°0— 9L9°0 4 4 3fod-ouopy  wadQ  gY'T9 $9'¢ S WA snjoydado.soy
Am.c msﬁwﬁaoﬁmc.&om

90T°¢ GLL'Y 8L6°0 €08'0- 6¥¥0 oLT YIVI-  GL60 €1 4! 3Lod-ouopy  wedQ 0% €€°0 S WA snypydadooy
(F1) srgsnyod

¥o9y  9VSV 8€€°0 G8G'0—  LZ¥0 3L9'T €10°0— 809°0— 4 4 8fjod-ouopy  wadg  $8'98 88'T S WA snyoydaso.dy

bv SV €Vdd &gVvdd TVOd €Vdd gVvVdd 1VDd (s&ep) (s&ep) wa)sAs s (LYY (»¥d SH X08 (N) sewoadg

ported ported Sunep 1SON. Sunjeqnouy

SumpyseN  uoryRqNOUT

‘pose(q a1om sosk[eue Arjewojoydoajoads
UOIYM U0 SOYdIN[d JO IaqUINU 0} IdJox () sozis o[duwreg "UMOUS Os[e ote s330 S1S0Y PUB 003oNI USSMIS(Q S)SBIJU0D [BNSIA (QV) OIJRWOIYD PUB (PY) dJRWOIYIY
's330 003oN0 pue 3150y JO S8I109s (VOJ) SIsA[eue jusuoduwod [edmourid jo senfea pue ‘spouiad Sur[jseu pue uorjeqnoul ‘(snouksAjod ‘SAJod) wesAs Surjewr ‘(syseu
9[0H puR (-Tweg) pawop ‘uad() 931Is JsoU (% ‘YY) 93ed uorosler (g, “4J) orel wsnisered ‘(a[qeymsun ‘) e[qelms ‘g ‘SH) A[Iqeims 3soy ‘[(J\) 29eqnoul s[eW pur
9[BWJ [J0( PUR () S9IBRQNOUIL 9[BWSJ A[UO0 ‘Xos SUIjeqnoUJ] UOI}BqNOUL Ul SOXdS JO 9[0I U0 UOIJRULIOJUT YJIM SOSATRUR o1} Ul PaIoPISU0d so10ads 1S0Y 003ond [B1JU8)0J

I XIANHddV

© 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012, 106, 154-168



168 J.J. SOLER ET AL.

APPENDIX 2

Phylogenetic relationships amongst passerine cuckoo-host species included in the analyses.

{Emberiza schoeniclus

Emberiza citrinella

| Chloris chloris
4'£Carduelis cannabina
Fringilla coelebs

Prunnella modularis

e Motacilla alba
_EMotaci//a flava
-Anthus pratensis
— Sylvia borin
4|£Sylvia atricapilla
Sylvia communis
{Phylloscopus trochilus
Phylloscopus collibita

— -Acrocephalus scirpaceus
4|——|:Acrocephalus palustris
-Acrocephalus schoenobaenus

Troglodytes troglodytes
Erithacus rubecula

EPhoenicurus phoenicurus
— Oenanthe oenanthe
——Muscicapa striata
L—Ficedula hypoleuca

Turdus philomelos
Lanius collurio
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