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Abstract

Background: Several types of selective forces can act to promote parasite specialization. Parasites
might specialize on some suitable hosts at the cost of decreasing effectiveness when exploiting
other species of hosts, and specialization can be more easily selected for in hosts that the parasites
will easily find. Thus demographic characteristics of suitable hosts such as population density and
its spatial consistency could be key factors predicting probability of parasite specialization and
speciation. Here, we explore this hypothesis by studying the relationship between occurence of
specialized races of the European cuckoo (Cuculus canorus) (i.e. gentes) and mean and coefficient of
variation in population density estimated for 12 different European regions.

Results: The results were in accordance with the hypothesis because specialized cuckoo egg
morphs were more common in suitable hosts with high population density and low variation in
population density at the level of host species or genera.

Conclusion: We have presented evidence suggesting that population density and homogeneity of
geographic distribution of hosts explain, at least partly, the evolution of specialized egg-morphs of
the European cuckoo. These results are consistent with the hypothesis that resource (i.e., host)
predictability explains the evolution of host races and species of parasites.

Background

The study of evolutionary processes of host specialization
by parasites is of special importance for evolutionary biol-
ogists because it causes speciation events in parasites, and,
therefore, it is one of the main examples of ecological con-
ditions driving adaptive radiation of parasitic groups on
their hosts [1,2]. In general, among suitable hosts, the
degree of host specificity of parasites can be seen as an
equilibrium between two opposing evolutionary forces
that describe the trade-off in the ability to optimally para-
sitize different hosts: (1) to use the maximum number of

hosts encountered; and (2) to make best use of the most
frequently encountered hosts [3]. However, as the
number of potential host species increases, the probabil-
ity that a specialist parasite can locate a suitable host
decreases, reducing the advantages gained through spe-
cialization. In these cases, generalist parasites would expe-
rience greater fitness advantages and specialization would
no longer be adaptive [4]|. Thus, when trade-offs for
exploiting different hosts exist, relative host abundance is
the key to host specificity [3]. Given sufficient abundance
of target host, the benefits of specialization, which
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increase the parasite's efficiency in acquiring resources
from the most abundant host, outweigh the disadvantages
of interacting less well with other non-specific potential
hosts [4]. On the other hand, generalist parasites would
thrive in heterogeneous communities, as it allows a para-
site to reproduce successfully in many of the encountered
potential hosts. In other words, predictability of resources
(i.e., hosts availability) would be a key factor explaining
probability of host specialization [5]. If host populations
are unpredictable and ephemeral, generalist parasites are
more likely to occur [6].

Demographic parameters of both host and parasites
including host abundance and distribution at a large geo-
graphic scale (i.e. metapopulation level) are known to be
key factors explaining host-specialization by parasites [7].
Many parasites show common patterns of host specificity,
with higher host specificity where host abundance is high
and reliable [3,7]. In accordance with this pattern, in sev-
eral unrelated parasitic taxa, greater host specificity has
been detected in temperate, but not in tropical, regions
where the community of potential hosts is less diverse and
species are more abundant [see examples in [3]]. In addi-
tion, in a study involving five trophic levels (plant, phy-
tophage, parasite, parasitoid and hyper-parasite), a high
degree of specialization was detected at the lower trophic
levels correlating with a greater relative abundance of host
species [8]. Thus, demographic characteristics (relative
abundance and distribution) of potential hosts were in
fact shown to predict the evolution of specialized races or
species of parasites [3].

Here we explore this hypothesis in the European cuckoo,
a generalist brood parasite with host races specializing in
parasitizing particular host species [9-11]. As any interspe-
cific brood parasite, the European cuckoo lays its eggs in
the nests of other bird species, the hosts that incubate and
raise parasitic offspring. Because cuckoos often impose
severe fitness costs on parasitized hosts, recognition and
rejection of parasite eggs is of selective advantage for
hosts. On the other hand, mimicry of parasitic egg to
those of their hosts is advantageous for cuckoos because it
reduces the probability of hosts recognizing and rejecting
parasitic eggs. However, because egg appearance of differ-
ent cuckoo host species may drastically differ, and a
cuckoo female lay eggs of a specific colour pattern [12],
but cannot change the appearance of their eggs depending
on the parasitized host species, the advantage of egg mim-
icry when parasitizing hosts with similar eggs became dis-
advantageous when parasitizing other suitable hosts.
Consequently, the evolution of different cuckoo egg
morphs that mimic eggs of their hosts reflects specializa-
tion occurring in some, but not all suitable host species
[13,14]. In accordance with the hypothesis of demo-
graphic characteristics of hosts affecting the resolution of
the trade-off for the ability to adapt optimally to different
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hosts (see above), we predicted that specific egg-morphs
of European cuckoos should have evolved in hosts that
are evenly distributed at high density in their European
range.

To test this prediction suitable host species or genera were
classified as having or not having specialized egg morphs
(i.e., specific cuckoo gentes) following Moksnes and
Roskaft [9]. We collected information on population den-
sity of suitable host species for 12 European geographic
regions of similar area (Fig. 1). As an index of heterogene-
ity in population density, we estimated the coefficient of
variation (CV) in density among these twelve European
regions as an index of spatial distribution widely used in
ecology for characterizing uniformly (CV < 1), randomly
(CV =1) or contagiously (CV > 1) distributed species [e.g.,

[15]].

Results

As expected from the hypothesis of parasite specialization
being more common in abundant and evenly distributed
hosts, we found that European cuckoos have evolved
host-specific egg morphs for host species with higher pop-
ulation density and lower coefficients of variation in pop-
ulation density in different regions. That was the case
independent of whether the analyses were based on spe-
cies-specific data or phylogenetically independent con-
trasts (Table 1). These relationships were independent of
the allometric effects of body mass because the inclusion
of phylogenetic independent contrasts of body mass in a
multiple regression through the origin did not explain the
probability of evolution of specialized cuckoo-egg
morphs (with population density as a second independ-
ent variable: Beta (SE) = 0.154 (0.109), t;, = 1.41, P >
0.15); with CV of population density as a second inde-
pendent variable: Beta (SE) = 0.174 (0.109), t;, = 1.60, P
> 0.1), and it did not affect the percentage of variance
explained by population density (Beta (SE) = 0.260
(0.109), t4, = 2.52, P = 0.02) or by coefficient of variation
in population density (Beta (SE) = -0.287 (0.109), ts, =
2.64, P = 0.01). Furthermore, the addition of duration of
the nestling period (the second variable explaining host
selection by cuckoos [16] to the model did not affect the
conclusions (Table 2)

When analyzing the relationship between the existence of
cuckoo egg-morphs and population density and CV at the
genus level, we found similar results. Populations of gen-
era for which specialized cuckoo egg morphs had been
described, either at the level of species or genus, were
more dense and less heterogeneously distributed in
Europe than populations of genera for which a cuckoo
egg-morph had been described (Table 1; Fig. 2). Further-
more, the evolution of specialized cuckoo-egg morphs
was more common in genera that held a large number of
suitable host species (mean (SE): 4.70 (0.72) vs 1.71
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Country Area (km®) Region
Portugal 92389 1
Spain 497446 1
Andorra 468 2
France 543965 2
Austria 83858 3
Italy 301225 3
Liechtenstein 160 3
Switzerland 41293 3
Albania 28748 4
Bulgaria 110994 4
Croatia 56691 4
Greece 131994 4
Slovenia 20256 4
Hungary 93033 5
Moldova 33700 5
Romania 237500 5
Czech Republic 78864 6
Poland 312685 6
Slovakia 49036 6
Belgium 30528 7
Germany 356974 7
Luxembourg 2586 7
Netherland 41526 7
Ireland 70285 8
United kingdom 244110 8
Denmark 43094 9
Norway 323878 9
Sweden 449964 10
Belarus 207600 11
Estonia 45226 11
Latvia 64600 11
Lithuania 65301 11
Finland 338145 12
Figure |
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European countries within the twelve regions considered in the analyses. Information on areas (km?2) of different

countries is also provided.

(0.29), t-test of log, ,-transformed data: t = 3.39, df = 29, P
= 0.002), even after controlling for phylogenetic effects
(Beta (SE) = 0.51 (0.16), t = 3.22, corrected df = 25, P =
0.004). The genera holding the largest number of species
were also those with the most dense (average population
density: log-transformed raw data: Beta (SE) = 0.43
(0.17), t = 2.72, df = 29, P = 0.017; using phylogenetic
independent contrasts; Beta (SE) = 0.48 (0.16), t = 2.97,
corrected df = 25, P = 0.01) and evenly distributed popu-
lations (lowest CV of population density: log-transformed
raw data: Beta (SE) = -0.54 (0.16), t = 3.46, df =29, P =
0.002; using phylogenetic independent contrasts; Beta
(SE) =-0.71 (0.13), t = 5.40, corrected df = 25, P < 0.001).

Discussion

We found evidence suggesting that cuckoo gentes have
evolved more often in abundant suitable host species that
are evenly distributed across the European continent. The
interpretation of these results in a coevolutionary scenario
of specialization largely depends on evidence supporting
a genetic basis of cuckoo gentes on the one hand, and the

appropriateness of our estimates of host density and het-
erogeneity in distribution on the other. Below we discuss
these assumptions related to our estimates and the impor-
tance of our results for evolutionary scenarios of parasites
specializing on suitable hosts.

Host density at the European continental range was esti-
mated for twelve different regions, mostly including more
than one country, while heterogeneity in distribution of
suitable hosts was estimated as the coefficient of variation
in population density in these twelve European regions.
These regions were of similar size and comprised most of
the European continent. The continental geographic scale
used here has the advantage of producing general estima-
tions largely independent of local variation at geographic
local scales that do not capture general patterns in distri-
bution of species. However, the level of heterogeneity in
estimated population densities would most likely increase
as the geographic scale decreases because heterogeneity in
variables explaining species distribution (e.g. habitat
requirements) also increases [17]. Therefore, if variation
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Table I: Among species and genera comparisons (I).
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With gentes Without gentes Statistical tests for log-transformed
variables
N Mean (SE) N Mean (SE) t-tests

Analyses with
species information

Log population density 10

Log CV of population density 10

-0.265 (0.444) 69

4764 (0.190) 69

-2.078 (0.324) t=2.08, P=0.041

5.274 (0.059) t=3.00, P =0.004

Phylogenetically independent contrasts Beta (SE) Corrected df Regression through the origin
Log population density 0.258 (0.110) 63 t=2.35,P=0.022
Log CV of population density -0.272 (0.110) 63 t=249,P=00Il6
Analyses with N Mean (SE) N Mean (SE) t-tests

genus information

Log population density 10 1.304(0.308) 21 -0.960 (0.474) t=3.13, P =0.004

Log CV of population density 10 4353 (0.151) 21  5.160 (0.111) t=4.22,P=0.001
Phylogenetically independent contrasts Beta (SE) Corrected df Regression through the origin

Log population density 0.464 (0.164) 27 t=2.82,P=00I5

Log CV of population density -0.580 (0.151) 27 t=3.83, P=0.001

Among species and genera comparisons of mean and coefficient of variation (CV) in population density of suitable host passerine species for which
the European cuckoo has or has not evolved specific gentes (i.e., highly mimetic egg morphs). Possible phylogenetic dependence of data was taken
into account by using pair-wise comparisons of closely related taxa (i.e., mean values of species with and without gentes within families) and

phylogenetically independent contrasts.

in habitat availability across geographic ranges is linked to
variation in habitat selection of different host species, the
geographic scale from which population density and level
of heterogeneity in population density was estimated will
be critical. A problem of non-stationary in our estimations
would mainly affect estimates for patchily distributed spe-
cies such as warblers associated with particular habitats
(i.e. woodlands, wetlands) where they live at a high den-

Table 2: Between species comparisons (Il).

sity. We explicitly attempted to quantify this potential
problem in our estimations, and following recommenda-
tions by Osborne & Suarez-Seoane [17] we calculated
density and coefficient of variation in density for more
reduced geographic areas within the same European
regions. We found that dividing regions into geographic
sub-samples did not produce estimates that differed sig-
nificantly from the original estimates (see Material and

Raw data: GLZ (Binomial distribution and logit link function). Dependent variable: with vs without specialized cuckoo egg morphs

Population Density

CV population density

Body mass Duration of nestling period

Model |
Model 2

¥2=5.17,P = 0.023
¥2=7.72, P = 0.005

x2=0.74,P = 0.39
¥2=0.86, P = 0.35

¥2=0.66, P = 0.42
¥2=0.65, P = 0.42

Phylogenetically independent contrasts: Multiple regression throughout the origin

Beta(SE)
0.24(0.11), P < 0.04

Beta(SE)
Model |

Model 2 -0.28(0.11), P = 0.01

Beta(SE) Beta(SE)
0.16(0.11), P> 0.1 0.09(0.11), P> 0.4
0.19(0.11), P> 0.1 0.12(0.11), P>0.2

Comeparisons between species for which the European cuckoo has and has not evolved specialized egg morphs. Raw data were compared by means
of Generalized Linear Models and Chi-square statistic (df = | for all performed analyses). Phylogentically independent contrasts were compared by
means of regression analyses through the origin (corrected df = 64 for all performed analyses). Model | and model 2 respectively include population
density and coefficient of variation (CV) in population density as independent variables.
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Figure 2

Comparisons of host with and without cuckoo egg-
morphs. Mean and 95% confidence intervals for mean and
coefficient of variation in population density of European pas-
serine genera with species for which cuckoo-egg morphs
have or have not been described.

Methods). Therefore, we found no evidence of problems
related to spatial non-stationary estimates in our esti-
mates of population density and heterogeneity in distri-
bution [17].

The formation of parasite races involves genetic changes
that are part of adaptations to improve exploitation of a
particular host or environment. Size and colour patterns
of eggs have a strong genetic component [18,19] and vary
greatly among host species [e.g., [20,21]]. Furthermore,
strong evidence suggests that specific egg morphs with
genes coding for egg colour patterns are maternally inher-
ited and most likely located on the female-specific W-
chromosome [22]. Thus, egg-morphs of cuckoos that
mimic eggs of a single or few closely related host species
provide evidence for such specialization and race forma-
tion in the European cuckoo [13]. Here we used the ten
cuckoo egg morphs (i.e., gentes) assigned to a single host
species by Moksnes & Raskaft [9] in a study of egg collec-
tion at museums. Because the very large sample size and
broad geographic range used in that study, these cuckoo
egg-morphs is considered as evidence of host race evolu-
tion by cuckoos across Europe [11].

Specialization could occur for hosts that the parasites will
easily find [4]. Consequently, we predicted that cuckoo-
egg morphs should have evolved for abundant host spe-
cies [16]. In accordance, we found that cuckoo-egg
morphs have more frequently evolved in species of higher
average population density (see Results). These results
were not due to the use of species-specific cuckoo-egg
morphs exclusively because, when also including egg
morphs associated with entire genera, population density

http://www.biomedcentral.com/1471-2148/9/88

of genera explained the probability of having specialized
cuckoo egg morphs (Fig. 2).

Host density is a central species-specific trait explaining
specialization and speciation of parasites because it affects
probability of parasites locating preferred hosts. Speciali-
zation of parasites exploiting particular hosts invariably
provokes disadvantages when parasitizing other hosts,
and, consequently, the evolution of specialization can be
seen as a compromise between the use of the maximum
number of suitable hosts, and the use of the most frequent
suitable host encountered [4]. Furthermore, for similar
abundance of different suitable hosts, as the number of
species increases, the probability of parasite specializing
on a particular suitable host decreases. Consequently, rel-
ative host abundance is key to explaining host selection
and host specificity of parasites [see examples in [3]].
Although host abundance or related variables, sometimes
failed to explain host specificity [e.g., [23]], our results are
consistent with the hypothesis.

Another demographic trait that could affect host speciali-
zation by parasites is the consistency in host abundance at
different locations because, as density, it also affects the
probability of parasites locating a host species and, there-
fore, the trade-off in the ability to optimally parasitize dif-
ferent hosts [3]. In agreement with this demographic trait
being important for cuckoos, comparative evidence sug-
gests that geographic range of potential hosts explains
host selection by the European cuckoo in Britain [16].
Therefore, specialization and race (i.e., gentes) formation
of cuckoos might have occurred in evenly distributed
hosts (see Introduction). Again, our results were consist-
ent with the prediction (Table 1, Fig. 2). These results were
independent of the potential allometric effects of body
size and nestling period for both host selection and demo-
graphic characteristics because the inclusion of these vari-
ables in our statistical model did not change the
conclusions (see Results).

The hypothesis of specialization on the most predictable
(i.e., abundant and evenly distributed) host resource was
first introduced by Ward [5]. In a host-parasite system,
large body size, long-lived or abundant hosts are consid-
ered the most predictable resources for parasites because
living on a more predictable host may increase parasite
fecundity and survival [23]. Because host adaptation
might promote race formation and speciation by reducing
gene flow [24,25], those evolutionary processes should
more commonly occur in parasites that exploit the most
predictable and abundant hosts [3]. In accordance with
this line of reasoning, host specificity is more common in
hosts that live longer (i.e., of large body mass) [23,26-29].
However, as far as we know, empirical evidence for the
importance of heterogeneity in the distribution of hosts
on parasite specialization does not exist in the literature,
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Figure 3
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Cyanopica cyanus

+ Lanius nubicus

+ Lanius collurio

+ Lanius minor

+ Lanius senator

Cettia cetti

Phylloscopus borealis
Phylloscopus trochiloides
Phylloscopus trochilus
Phylloscopus collybita
Phylloscopus bonelli
Phylloscopus sibilatrix
Cisticola juncidis
Hippolais pallida
Hippolais olivetorum
Hippolais polyglotta
Hippolais icterina
Acrocephalus arundinaceus **
Acrocephalus paludicola
Acrocephalus schoenobaenus *
Acrocephalus melanopogon
Acrochephalus dumetorum
Acrocephalus scirpaceus **
Acrocephalus palustris
Locustella naevia
Locustella fluviatilis
Locustella luscinioides

+ Sylvia borin

+ Sylvia atricapilla

+ Sylvia nisoria

+ Sylvia curruca

+ Sylvia hortensis **

+ Sylvia communis **

+ Sylvia conspicillata

+ Sylvia undata

+ Sylvia sarda

+ Sylvia cantillans

+ Sylvia melanocephala
Melanocorypha calandra
Callandrela brachydactyla
Erenophila alpestris
Lullula arborea

Alauda arvensis

Galerida cristata

Galerida theklae
Troglodytes troglodytes
Muscicapa striata
Cercotrichas galactotes
Erithacus rubecula **
Luscinia svecica

Luscinia luscinia
Luscinia megarhynchos
Phoenicurus phoenicurus **
Saxicola rubetra

Saxicoa torquata
Prunella modularis
Passer hispaniolensis

+ Anthus canpestris

+ Anthus trivialis

+ Anthus cervinus

+ Anthus pratensis

+ Anthus spinoletta
Motacilla alba **
Motacilla cinerea
Motacilla flava **

Chloris chloris **

+ Fringilla coelebs

+ Fringilla montifringilla
Calcarius lapponicus

+ Miliaria calandra

+ Emberiza citrinella

+ Emberiza cirlus

+ Emberiza schoeniclus

+ Emberiza rustica

+ Enberiza pusilla

+ Emberiza hortulana

+ Emberiza aureola

+ Emberiza melanocephala
+ Emberiza caesia

Phylogenetic relationships between suitable hosts of the European cuckoo. See Material and methods for sources.
Species with species-specific cuckoo egg morphs are shown with two asterisks after the species names, while those with spe-
cialized cuckoo eggs for the entire genus are shown with + symbol before the species names.

and, therefore, our results are the first to support this
hypothetical relationship.

The scarcity of evidence supporting the importance of
host density and distribution as variables related to pre-
dictability of resources (hosts) for parasites could be due
to the parasite-host model systems being used in previous

studies. Most of these studies were performed on internal
parasites of fishes and flies [see, [23], and references
therein] for which host body size is a variable that reflects
predictability of resources for parasites. Evidence for the
importance of host density explaining specialization by
parasites came mainly from plant-phytophagous insect
systems [see, [4]] where apart from size of hosts, host den-
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sity per se is an important variable reflecting predictability
of resources for adults or larvae. For cuckoos, abundance
and distribution of suitable hosts are variables that closely
reflect predictability of suitable host species (i.e.,
resources in brood parasite - host systems), which, as pre-
dicted by Norton and Carpenter [3], explains the associa-
tion between these variables and probability of race
formation in the European cuckoo. Thus, the association
between patterns of geographic distribution of hosts
(population density and heterogeneity) and evolutionary
processes associated with specialization of parasites (i.e.,
speciation or evolution of races) should be predicted only
in the case when population density and heterogeneity of
distribution of hosts represent resource availability for
parasites as in the case of brood parasites.

We have found an association between probability of spe-
cialized egg morph evolution and number of suitable host
species within a genus. Although this result could suggest
a possible role of cuckoos in the diversification of host
genera, as in other parasite-host systems [2], it is more
likely that the specialization of cuckoos on diversified
host genera including abundant and homogeneously dis-
tributed species is of selective advantage. Closely related
bird species tend to lay similar eggs [30]. Moreover, host
ability to recognize foreign eggs depends on degree of
mimicry between host and parasitic egg [e.g., [31,32]],
and, thus, when egg-recognition ability improves in one
but not in other host species within a given genus, cuckoo
egg-morphs might still have success parasitizing some
species in the genus.

Conclusion

We have presented evidence suggesting that population
density and homogeneity of geographic distribution of
hosts explain the evolution of specialized egg-morphs of
the European cuckoo. These results are consistent with the
hypothesis that resource (i.e., host) predictability explains
the evolution of host races and species in parasites.

Methods

Cuckoo egg morphs

Information on specialization by the European cuckoo in
different host species is available from studies performed
at different localities by different authors [33,34], but also
from comparisons of cuckoo eggs stored at different
museums that were collected from a very wide geographic
range of localities [9]. We have in the present analyses fol-
lowed Moksnes & Roskaft [9] who analyzed clutches from
27 different museum collections from 13 different Euro-
pean countries and established 15 cuckoo egg morphs;
ten of these were assigned to a single species of host. The
use of this classification has the advantage of being based
on the work of the same observers with the possibility of
comparing cuckoo eggs laid in nests of very different host
species. Furthermore, this classification was made before

http://www.biomedcentral.com/1471-2148/9/88

we started our study, and thus the scientists performing
the classification of cuckoo gentes were unaware of the
hypothesis being tested here. After this classification some
other species-specific cuckoo egg morphs have been pro-
posed as gentes occurring at a very local scale, although
these otherwise need further confirmation [33-35] and,
therefore, were not considered in the present study.

Moksnes & Raskaft [9] also classified potential hosts as
being unsuitable as cuckoo hosts, either because they are
hole-nesters, or because they feed their young with food
unsuitable for the cuckoo chick, or because they have
nests/eggs that are too large to permit successful ejection
by the young cuckoo [9]. Among suitable hosts, they dis-
tinguished between those with and without specific egg
morphs. We considered all suitable hosts and the green-
finch Carduelis chloris, a granivorous species that is known
to be able to successfully rear cuckoo nestlings [36]. Thus,
our analyses comprise data for 79 passerine species (see
Additional file 1). Moksnes & Raskaft [9] also described
five different morphs of cuckoo eggs that were not species-
specific, but associated with entire passerine genera
(Fringilla, Sylvia, Anthus, Lanius and Emberiza). Thus, we
considered in our analyses suitable host species for which
cuckoos had and had not evolved species-specifics egg
morphs. At the level of genera, we considered those with
specialized described cuckoo-egg morphs together with
others that included suitable species with specific cuckoo
egg morphs as the genus for which cuckoos are special-
ized.

Information on body mass and the duration of the nesting
period was included in the models because these variables
are likely related to the quality of parental care (i.e., dura-
tion and feeding rates) that cuckoo nestlings receive when
reared by different host species, and, therefore, they could
affect host choice and the evolution of specialized cuckoo-
egg morphs [16]. Data were obtained from Cramp [37]
and Soler et al. [16].

Demographic parameters

Estimation of population density and heterogeneity in
density was based on maximum and minimum numbers
of breeding pairs of different species reported by Tucker
and Heath [38] and Hagemeijer and Blair [39]. We started
with Tucker and Heath [38] by recording maximum and
minimum numbers of breeding pairs for the 31 countries
included in their appendix. Afterwards, for each species,
we looked for information on countries not explicitly
mentioned in Tucker and Heath's list, but within the top-
ten list in Hagemeijer and Blair [39], where we recorded
minimum and maximum population size to be included
in our data set. For countries where the species was
present [based on maps in [39]], but with no information
on maximum and minimum numbers of breeding pairs
in either of the two books, maximum and minimum val-
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ues estimated for the group "other countries" in Hageme-
ijer and Blair [39] were distributed among countries
proportionally to the area of these countries (Fig. 1). That
was done after subtracting maximum and minimum pop-
ulation density of countries for which we collected data
from Tucker and Heath (1994) that were not present in
the top-ten list of Hagemeijer and Blair [39]. With these
minimum and maximum population sizes we estimated
geometric means for each species and country as
(e((log(minimum+1)+10g(maximum+1))/2)))[ which is appropriate
for data of exponential nature as is the case for population
size. Population density for each species and country was
thus estimated as geometric means divided by area in
square kilometres. For the estimation of demographic
parameters at the level of genera, we pooled demographic
data of potential hosts within the same genus. For each
country we added minimum and maximum population
sizes estimated for all species within the same genus. Pop-
ulation density for each genus and country was estimated
as the geometric means of these maximum and minimum
values divided by area in square kilometres.

We tried to reduce variation in estimates of population
density related to size of different countries (i.e. the small-
est countries might have reduced habitats diversity com-
pared to large countries) by defining 12 different
geographic regions of similar area as shown in Fig. 1.
Importantly, by including more than one country in dif-
ferent geographic regions would allow us to estimate
repeatability of estimations for the same regions (see
below). For each of these geographic regions we summed
population sizes (geometric means) as well as the area of
each country within a region. Finally, for each species, we
estimated means, standard deviations, and sums of popu-
lation geometric means and population density. After-
ward, we estimated the coefficient of variation as the
percentage of the standard deviation divided by mean
population density, which by definition reflects variation
in population density of different areas (i.e., standard
deviation) controlled for mean population density. Coef-
ficient of variation (CV) is an index of spatial distribution
widely used in ecology for characterizing uniformly (%CV
< 100), randomly (%CV = 100) or contagiously (%CV >
100) distributed species [15]. Thus, low and high CV-val-
ues would indicate homogeneous and heterogeneous dis-
tributions, respectively.

Reliability of such heterogeneity values was tested by
means of repeatability estimations. First, we estimated
repeatability of values for different countries within the
same regions. Briefly, for the nine European regions with
more than one country we selected the two countries with
the largest area. Then, we estimated the means and the
coefficient of variation of densities of the nine regions for
all analyzed species taking into account countries with the
largest area within each region on the one hand, and

http://www.biomedcentral.com/1471-2148/9/88

countries with the second largest area within each Euro-
pean region on the other hand. Finally, repeatability of
these values for species that appeared in both data sets was
estimated by means of one-way ANOVAs. Both repeatabil-
ity of mean (R = 51.0%, F = 3.38, df = 73, 74, P < 0.0001)
and that of coefficient of variation of population density
(R =65.5%, F=4.80, df = 73, 74, P < 0.0001) estimated
for all analyzed species were highly significant. These
results indicate that estimations for our twelve European
regions are not influenced by the identity of countries
within the same region or any associated difference (e.g.,
countries using different sampling methods or effort, or
habitat diversity varying between countries) and validate
the use of mean values per area.

Second, to rule out the possibility that our estimations
depended on the European regions included in the analy-
ses, we estimated means and coefficients of variation of
population density for each species by taking into account
regions with even and uneven identification numbers in
Table 1, separately. Finally, we used one-way ANOVAs to
estimate repeatability of means and coefficients of varia-
tion of population size estimated for different species
using the two groups of European regions. Again, both
mean (R =84.6%, F=12.01,df =78, 79, P <0.0001) and
coefficient of variation of population density (R = 72.9%,
F=6.39,df =78, 79, P <0.0001) estimated for all species
were significantly repeatable. These results indicate that
our estimates of population density and heterogeneity do
not depend on the European region for which data were
collected and, consequently, our estimates can be consid-
ered species-specific characteristics.

Comparative analyses

Phylogenetic relationships among different species were
based on recent publications [40-42] (Fig. 3). We
assumed all polytomies (N = 14) to be unresolved. Branch
lengths were assigned using three different methodolo-
gies: (i) all were set equal to one; (ii) by arbitrarily assign-
ing all inter-node branch segments equal to one, but
constraining tips to be contemporaneous [43]; and (iii)
by tips being contemporaneous, the depth of each node
being arbitrarily set to one less the number of tip species
that descended from it [44].

To control for the possible effect of common phylogenetic
descent, we used Felsenstein's [45] independent compari-
son method as implemented in the computer program
PDAP (Vers. 6.0, module PDTREE) by Garland et al. [46]
and Garland & Ives [47]. This method finds a set of inde-
pendent pair-wise differences or contrasts, assuming that
changes along the branches of the phylogeny can be mod-
elled by a Brownian motion process (successive changes
are independent of one another), and that the expected
total change over many independent changes is zero [48].
Therefore, pair-wise differences in the phylogenetic tree
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are independent of each other [48]. The advantage of the
independent comparison approach is that, by partitioning
the variation appropriately, all contrasts can be used to
assess a hypothetical comparative relationship [48]. These
contrasts were estimated for each variable using the three
kinds of trees differing in branch length (see above).
Moreover, to check whether the contrasts were independ-
ent of branch length, we plotted absolute contrast values
versus their standard deviations (square roots of sums of
corrected branch lengths) [43,49,50]. After Bonferroni
correction, in no case did we find a significant correlation
when branch lengths were all adjusted to one, but when
using arbitrary methods of Pagel and Grafen, absolute val-
ues of contrasts of population density were significantly
related to the standard deviation (P < 0.05). Thus, for all
variables we used estimated contrasts when branch
lengths were arbitrarily assigned to one. These were subse-
quently used in multiple regression analyses through the
origin, using the existence of specific cuckoo races for a
target host species or genus (dependent variable: dummy
continuous variable with values 1 and 0, respectively,
indicating species with and without cuckoo gentes), and
the mean and coefficient of variation in host population
density (independent variables). Conservatively, we esti-
mated degrees of freedom by subtracting the number of
polytomies in the phylogenetic trees from those estimated
by the statistical program, and we used two-tailed P-val-
ues.

After natural logarithmic transformations distributions of
both mean and coefficient of variation of population den-
sity did not differ significantly from normality (Kol-
mogorov-Smirnov test for continuous variables, P > 0.15).
Values reported are means (SE).
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