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Abstract

Although egg color polymorphism has evolved as an effective defensive adaptation to brood para-
sitism, spatial variations in egg color polymorphism remain poorly characterized. Here, we investi-
gated egg polymorphism in 647 host species (68 families and 231 genera) parasitized by 41 species
of Old Word cuckoos (1 family and 11 genera) across Asia, Europe, Africa, and Australia. The diver-
sity of parasitic cuckoos differs among continents, reflecting the continent-specific intensities of
parasitic selection pressure on hosts. Therefore, host egg polymorphism is expected to evolve
more frequently on continents with higher cuckoo diversity. We identified egg polymorphism in
24.1% of all host species and 47.6% of all host families. The common cuckoo Cuculus canorus uti-
lized 184 hosts (28.4% of all host species). Hosts of the common cuckoo and of Chrysococcyx spe-
cies were more likely to have polymorphic eggs than hosts parasitized by other cuckoos. Both the
number of host species and the host families targeted by the cuckoo species were positively corre-
lated with the frequency of host egg polymorphism. Most host species and most hosts exhibiting
egg color polymorphism were located in Asia and Africa. Host egg polymorphism was observed
less frequently in Australia and Europe. Our results also suggested that egg polymorphism tends
to occur more frequently in hosts that are utilized by several cuckoo species or by generalist
cuckoo species. We suggest that selection pressure on hosts from a given continent increases pro-
portionally to the number of cuckoo species, and that this selection pressure may, in turn, favor the
evolution of host egg polymorphism.
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Although bird eggs display a variety of color morphs among species,
the ancestral state is believed to be a simple white shell, without
sophisticated pigments (Wallace 1889). A recent study has shown
that birds were not the first amniotes to produce colored eggs: egg
color pigments have been identified in preserved non-avian theropod
dinosaur eggs, but not in ornithischian or sauropod eggs (Wiemann

et al. 2018). Bird eggs may be pigmented to increase crypsis and to
reduce the risk of predation (Lack 1958). Alternatively, egg color-
ation may be a thermoregulatory mechanism that prevents the over-
heating or cooling of the embryo during development (Montevecchi
1976; Bertram and Burger 1981; Wisocki et al. 2019). However,
there is no single simple explanation for the variety of bird egg
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morphs, as eggs display innumerable colors and patterns, not only
among taxa, but also among species with similar nesting habitats
and structures, and even among individuals within a single popula-
tion (i.e., polymorphism) (Swynnerton 1916). One possible and per-
suasive explanation for egg color polymorphisms is that the
evolution of nest site selection and nest structure effectively reduced
egg predation risk, and secondary adaptations have resulted in
increased egg color diversity (Kilner 2006).

Avian brood parasitism may drive such secondary evolution
events, because egg morphs determine the success of parasitism or of
anti-parasite defences (Kilner 2006; Yang et al. 2010). That is, the
extent to which a parasite egg mimics host egg coloration deter-
mines brood parasitism success (Davies 2011) in that the choice to
reject an egg, and the precision of that rejection, depends on host
recognition of egg coloration, and the differences between the
morphs of the parasite and host eggs (Soler 2014). This coevolution-
ary arms race favors highly divergent parasite egg morphs, allowing
the parasite to mimic the eggs of a variety of host species (Davies
2000; Yang et al. 2015a). Correspondingly, the arms race also
favors the evolution of diverse egg morphs in hosts, because differ-
ences in egg morphs between parasite and host facilitate the correct
recognition and rejection of parasite eggs (Yang et al. 2010; but see
Hanley et al. 2017, 2019; Abolins-Abols et al. 2019).

Polymorphism is defined as the occurrence of 2 or more clearly
distinct phenotypes within a single population (Leimar 2005).
Interestingly, 3.5% of all birds species have polymorphic plumage
patterns that may have been generated due to selective pressure
from prey, predators, and/or competitors, and these patterns may be
maintained by disruptive selection (Galeotti et al. 2003). In birds,
egg coloration, as well as plumage, may be polymorphic. As bio-
logical variations among taxa are obvious (Darwin 1859), egg poly-
morphism is likely to be less common than egg morph diversity
among taxa. However, the former (egg polymorphism) appears to
be more well-characterized in the literature (Yang et al. 2010; Vikan
etal. 2011). This may be because egg polymorphism is a more recent
secondary adaptation, and, as such, the factors driving these varia-
tions are easier to deduce (Swynnerton 1916). Avian brood parasit-
ism is regarded as an important factor driving the evolution of egg
polymorphism in hosts (Kilner 2006; Spottiswoode and Stevens
2012). Indeed, host populations that have been under pressure from
parasitic cuckoos over evolutionary time are more likely to have
evolved more egg polymorphism than populations not under pres-
sure from cuckoo parasitism (Yang et al. 2015b). Therefore, host
egg polymorphism is associated with coevolutionary temporal inter-
actions with brood parasites such as cuckoos.

Although egg color polymorphism in avian brood parasites has
received significant attention (Kilner 2006; Liang et al. 2012; Yang
et al. 2016b, 2018), few studies have investigated spatial variations
in color polymorphism at geographic scales. Furthermore, parasite
diversity that varies among different geographic areas may have a
significant impact on the occurrence of egg polymorphism in hosts.
Generally, host anti-parasite defences specifically target brood para-
sites due to coevolution (Langmore et al. 2009; Yang et al. 2014;
Noh et al. 2018). In geographic areas with higher parasite diversity,
parasitism pressure on hosts is generally high, because hosts encoun-
ter a variety of parasites that may pose distinct threats (Yang et al.
2014). Therefore, we predicted that hosts from geographic areas
with high parasite diversity would more frequently evolve egg poly-
morphism as an effective defence against brood parasites (Yang
et al. 2018). To test this prediction, we investigated host egg

polymorphism in 647 Old World cuckoo hosts across 4 continents
(Asia, Europe, Africa, and Australia). The objective of this study
was to characterize the factors that have contributed to the evolu-
tion of egg polymorphism in cuckoo hosts. Specifically, we aimed to
test (1) whether the number of cuckoo species targeting each host
species would predict the frequency of egg color polymorphism in
the hosts and (2) whether the frequency of color polymorphism dif-
fered among continents with different levels of cuckoo diversity, as
would be expected if a higher diversity of brood parasites increased

the selection pressure on host defences.

Materials and Methods

Data extraction

A complete list of the host species of Old World cuckoos was
obtained from Lowther (2014). We excluded some obviously unsuit-
able host species from this list (e.g., precocial birds). The validities
of 4 Hierococcyx species (the northern hawk cuckoo, Hierococcyx
byperythrus; the Philippine hawk cuckoo, Hierococcyx pectoralis;
the Malaysian hawk cuckoo, Hierococcyx fugax; and Hodgson’s
hawk cuckoo, Hierococcyx nisicolor) are controversial, and the
parasitism records for these taxa are poor. Following Lowther
(2014), we therefore considered these taxa an H. fugax species com-
plex (hereafter referred to as “Cuckoo complex” in the text, table,
and figures). Host eggs data were obtained from the electronic ver-
sion of the Handbook of the Birds of the World (http://www.hbw.
com; del Hoyo et al. 2013) and Web of Science (http://isiknowledge.
com, Clarivate Analytics).

Our classification of egg morphs as monomorphic or poly-
morphic was based on the principle that polymorphic eggs have 2 or
more clearly different morphs; all of the other eggs were considered
monomorphic (Leimar 2005). Ambiguously described differences
among egg morphs were not considered sufficient evidence of egg
polymorphism. For example, eggs described as “blue or greenish-
blue” or as “white or greyish-white” were not regarded as descrip-
tions of distinct egg phenotypes. Furthermore, eggs with 1 type of
continuous macular variation (e.g., the eggs of the great reed warb-
ler Acrocephalus arundinaceus) were not considered polymorphic.
However, eggs with different types of maculation (e.g., dots vs.
lines) were considered phenotypically different. To eliminate the
subjective expectations of human observers that might bias the
extracted data (Yang and Liang 2016), we used a blinded method to
classify host egg morphs: classifications were performed without
knowledge of other host data (i.e., species, size, distribution, and
habitat). Furthermore, 3 observers independently classified all of the
eggs without communicating with each other. Egg morph classifica-
tion was highly consistent among observers (intraclass correlation
coefficient=0.989, Fys0.1205=260.928, P < 0.001).

The phylogenetic trees of hosts and cuckoos were pruned
from the global bird phylogeny (http://birdtree.org) using the op-
tion “Hackett All Species: a set of 10,000 trees with 9993 OTUs
each” (Jetz et al. 2012). We sampled 5,000 pseudo-posterior
distributions and constructed a Maximum Clade Credibility tree
with mean node heights using TreeAnnonator v1.8.2 in the BEAST
package (Drummond and Rambaut 2007; Ricklefs and Jonsson
2014). We used the resulting host and cuckoo phylogenetic
trees (Supplementary Figure S1) for the following phylogenetic
regressions.
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Statistical analyses
We used MCMCglmm (generalized linear mixed models using
Markov chain Monte Carlo techniques) (Hadfield 2010) to estimate
the effect of continent (i.e., Asia, Europe, Africa, or Australia) on
the incidence of host egg polymorphism. MCMCglmm is a phylo-
genetic regression within a Bayesian framework that supports binary
dependent variables (Ives and Garland 2010), such as the mono-
morphic and polymorphic egg coloration patterns in this study. To
adjust for the phylogenetic dependence of host species in the
MCMCglmm analysis, we set the continent as the fixed effect and
considered the order, family, and genus of each host species as ran-
dom effects. We ran the MCMCglmm in 4 parallel Markov chains
for 23,000 iterations each, discarding the first 3,000 iterations as
burn-in, and using a thinning rate of 20. We assessed model conver-
gence using the Gelman—Rubin statistic with diagnostic values <1.1
(Gelman and Rubin 1992). We considered the effect of continent on
host egg polymorphism “significant” when the 95% Bayesian cred-
ible intervals of the parameter estimates overlapped zero (Kéry and
Royle 2016). Phylogenetic analyses were performed with R (http:/r-
project.org), using the MCMCglmm (Hadfield 2010), coda
(Plummer et al. 2016), and picante packages (Kembel et al. 2010).
Pearson or Spearman correlations were used to test the relation-
ships between values in pairs of categories, depending on whether a
1-sample Kolmogorov-Smirnov test indicated that the data were
normally distributed. Two-way ANOVAs were used to test whether
hosts producing polymorphic eggs were parasitized by more cuckoo
species than hosts producing monomorphic eggs. In this analysis,
the number of cuckoo species targeting each host (i.e., cuckoo diver-
sity) was considered the dependent variable, while the host egg
morph (i.e., monomorphic or polymorphic) and the continent were
considered fixed effects; the interaction between the 2 dependent
effects was also tested. All of the statistical analyses were performed
using IBM SPSS 20.0 for Windows (IBM Inc., USA).

Results

General information about cuckoos and hosts

Our analyses included 647 host species parasitized by 41 Old World
cuckoo species; the host species fell into 68 families and 231 genera,
while the cuckoo species fell into 1 family and 11 genera (Table 1).
We identified egg polymorphism in 24.1% of the 647 host species
and in 47.6% of the 68 host families. Most cuckoo hosts (97.8%)
belonged to the order Passeriformes (Supplementary Table S1).

Egg polymorphism across host families

The common cuckoo had the greatest number of hosts: 184 species
(28.4% of all host species). Egg polymorphism was common in these
host species (37.5% of all species). Hosts of Chrysococcyx cuckoos
also had a higher frequency of egg polymorphism than hosts parasi-
tized by other cuckoos. Eight cuckoo species parasitized hosts with
egg polymorphism frequencies >30%. The numbers of host species
and the numbers of host families targeted by each cuckoo species
were positively correlated with the number of hosts laying
polymorphic eggs (host species: r =0.84, n=41, P <0.001, Pearson
correlation; host family: r=0.77, n=41, P <0.001, Spearman cor-
relation). However, although the frequency of host egg polymorph-
ism (i.e., the proportion of hosts laying polymorphic eggs) was
significantly positively correlated with the number of host species
targeted by each cuckoo species, the number of host families tar-
geted by each cuckoo species was not (host species: r=0.42, n=41,

Table 1. The number of cuckoo species known from different conti-
nents, according to the definitions of this study

Europe Africa Australia Asia Occurrence®

Cacomantis J J 2
castaneiventris

Cacomantis flabelliformis J N
Cacomantis merulinus J J
Cacomantis pallidus J J
Cacomantis passerinus N N
Cacomantis sonneratii J J
Cacomantis variolosus J
Cercococcyx mechowi J

Cercococcyx montanus J

Chrysococcyx basalis J
Chrysococcyx caprius J

Chrysococcyx cupreus J

Chrysococcyx klaas J

Chrysococcyx lucidus J J
Chrysococcyx maculatus N N
Chrysococcyx minutillus J J
Chrysococcyx osculans N N
Chrysococcyx J J

xanthorbynchus

Clamator coromandus N
Clamator glandarius N N

ST NS T NS T NS N i S e T T = T = S I (ST ST NG NS )

Clamator jacobinus J J
Clamator levaillantii J

Cuckoo complex® J
Cuculus canorus J J
Cuculus clamosus J

Cuculus gularis J

Cuculus Lepidus N
Cuculus micropterus J
Cuculus poliocephalus J J
Cuculus rochii J

Cuculus solitarius J

Eudynamys cyanocephalus N
Eudynamys scolopaceus N
Hierococcyx sparverioides N
Hierococcyx vagans J
Hierococcyx varius J
Pachycoccyx audeberti J

Scythrops novaehollandiae J J
Surniculus dicruroides J
Surniculus lugubris J
Urodynamis taitensis J

Sum 2 14 16 25

e e e e e e T e S T e NS T NG I NS T

2The number of continents for the occurrence of each cuckoo., ®“Cuckoo
complex” refers to 4 species in the genus Hierococcyx (see the text for further
explanations).

P=0.006; host family: r=0.16, n=41, P=0.324, Spearman cor-
relation; Figure 1).

Host egg polymorphism in the families most commonly
parasitized by cuckoos

All of the cuckoo species parasitized species in the Passeriformes and
19.5% of the cuckoo species also parasitized other bird orders
(Supplementary Table S1). All instances of host egg polymorphism
identified in this study were recorded in the passerines, with the
exception of 1 phoeniculid species in the Bucerotiformes. Within
the Passeriformes, most hosts were in the family Muscicapidae
(76 species), followed by the Leiothrichidae (48 species) and the
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Figure 1. The relationship between the frequency of host egg polymorphism and the number of host family/species targeted by various cuckoo species.

Acanthizidae (48 species). The pattern of host utilization by cuckoos
differed from the distribution of hosts among families. However,
Pearson correlations showed that the number of host species in a
family was positively correlated with the number of cuckoo para-
sites (r=0.70, 7 =68, P <0.001, Pearson correlation). Furthermore,
the number of host species in a family was also positively correlated
with the frequency of egg polymorphism in that family (r=0.86,
n=68, P <0.001, Pearson correlation).

Host egg polymorphism among continents
The greatest proportions of host species and families with poly-
morphic eggs were located in Asia (26.8% of all species and 42.2%

of all families). The proportions of host species and families with
polymorphic eggs in Africa were only slightly lower, but Australia
and Europe had relatively few instances of host egg polymorphism.
The estimated effect of continent on the occurrence of host egg poly-
morphism excluded zero, indicating that continent was a significant
predictor of host egg polymorphism (Figure 2). The hosts producing
polymorphic eggs were parasitized by more cuckoo species that the
hosts producing monomorphic eggs (F=4.447, df = 1, P=0.035,
ANOVA; Figure 3). The number of cuckoo species targeting each
host species also differed across continents (F=21.704, df = 3,
P <0.001, ANOVA; Figure 3). However, no interaction effects be-
tween continents and egg morphs were found (F=0.342, df = 3,
P=0.795, ANOVA).
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Discussion

In this study, we identified egg polymorphism in 24.1% of 647 host
species and in 47.6% of 68 host families. In addition, both the num-
bers of host species and the numbers of host families targeted by the
cuckoo species were positively correlated with the frequency of host
egg polymorphism. In cuckoo hosts, polymorphic eggs have most
likely evolved as a specific adaptation to parasitism (Kilner 2006;
Yang et al. 2010). When targeting hosts with polymorphic eggs,
cuckoos are at a distinct disadvantage, because polymorphic host
eggs considerably reduce the rate of parasitism success (Yang et al.
2016a, 2018). In a cuckoo-host system where the cuckoo lays mi-
metic eggs and the host rejects dissimilar eggs, the appearance of an
additional host egg morph that is laid at a similar rate to the original
morph halves the probability that the cuckoo egg morph will match
that of the host. The rate of successful parasitism will further decline
if the host evolves 3 egg morphs (Yang et al. 2010). Thus, the

Posterior means and 95% Bayesian credible intervals

Africa — .

L ]

Asia —

Australia

Europe —

L R By SOy S S A -0 gl R A Pyt o

-6 -4 -2

Figure 2. The posterior estimates of the effect of continent on the occurrence
of host egg polymorphism. The black dots indicate the posterior means and
the bars indicate the 95% Bayesian credible intervals of the parameter
estimates.

probability that the cuckoo egg will match the host egg is negatively
correlated with the number of host egg morphs. However, it should
be noted that this hypothesis assumes that cuckoos do not actively
target nests where the host egg matches the cuckoo egg (Yang et al.
2016c¢). Obviously, if cuckoos only parasitized host nests containing
eggs that match the cuckoo eggs, polymorphic host eggs cannot
have evolved as a specific adaptation to cuckoo parasitism, because
cuckoos would always choose host nests containing the eggs most
similar to those of the cuckoo in order to maximise the egg accept-
ance rate (Honza et al. 2014). However, recent experimental studies
have provided unambiguous evidence that cuckoos do not select
specific host eggs when parasitizing host nests (Yang et al. 2016c,
2017). Therefore, egg polymorphism is an effective defence against
cuckoo parasitism and it occurs more frequently in hosts that are
parasitized by multiple families and species of cuckoos.

Cuckoos reduce host rejection risk by laying eggs in host nests
containing eggs with matching phenotypes (Table 1). Many hosts
have evolved egg polymorphism to counter cuckoo parasitism, but
only rarely have cuckoos evolved correspondingly polymorphic eggs.
Yang et al. (2010) identified this type of egg polymorphism between
the common cuckoo and its parrotbill Paradoxornis alphonsianus
host, while Vikan et al. (2011) described a similar situation between
the common cuckoo and 2 host species: the brambling Fringilla mon-
tifringilla and the chaffinch Fringilla coelebs (Vikan et al. 2011).
Recently, polymorphic parasite eggs were also identified in the plain-
tive cuckoo Cacomantis merulinus, which parasitizes the common
tailorbird Orthotomus sutorius (Yang et al. 2016a). In such cases,
polymorphism arises in both species as a result of frequency-
dependent selection (Majerus 1998; Yang et al. 2010). Therefore, al-
though egg polymorphism has been identified in cuckoos, it remains
much more common in hosts than in cuckoos because cuckoo egg
polymorphism cannot increase the overall rate of successful parasitism
on hosts that lay polymorphic eggs (Yang et al. 2018).

Our results indicate that the frequency of host egg polymorphism
not only varies in time, as has been shown previously (Lahti 2005;

3:5

3.0

2.5 I

2.0

Number of cuckoo species

1.5 1 I

1.0 4

T T
Austrilia Africa

T T
Asia Europe

Continents

Figure 3. The number of cuckoo species (mean=SE) targeting each host species among continents and the number of cuckoo species targeting hosts producing

monomorphic (black circles) and polymorphic (white circles) eggs.
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Yang et al. 2015b; Wang et al. 2016), but also in space. Host egg
polymorphism occurs more frequently in Asia and Africa than in
Australia and Europe, possibly due to the variation in cuckoo diver-
sity among continents: 25 cuckoo species are known from Asia, 14
from Africa, 11 from Australia, and 2 from Europe. Consistent with
our prediction that higher cuckoo diversity would lead to a higher
frequency of egg polymorphism in hosts, this study found that Asia
has the highest diversity of Old World cuckoos (Payne 2005), and,
correspondingly, the highest frequency of host egg polymorphism.
Although there are substantially fewer cuckoo species in Africa than
in Asia, the frequency of host egg polymorphism in Africa was simi-
lar to that in Asia. However, this does not necessarily contradict our
hypothesis, as there are many avian brood parasites in Africa besides
cuckoos (e.g., honeyguides and finches) (Davies 2000; Payne 2005).
Therefore, the selection pressure associated with brood parasite
diversity in Africa may resemble that in Asia. Furthermore, as we
predicted, hosts producing polymorphic eggs were utilized by more
cuckoo species than hosts producing monomorphic eggs, and this
tendency was consistent across continents. That is, egg polymorph-
ism tends to occur in hosts that are parasitized by multiple cuckoo
species. Finally, the number of host species targeted by each cuckoo
species was positively correlated with the frequency of host egg
polymorphism. Because the number of host species targeted by each
cuckoo species might reflect the degree of cuckoo generalization or
specialization (i.e., cuckoo species are more generalized when they
parasitize multiple host species and vice versa), this result implied
that parasitism by generalist cuckoos tends to increase the frequency
of egg polymorphism in hosts. In summary, our results suggested
that the evolution of egg polymorphism is linked to brood parasit-
ism and higher brood parasite diversity promotes the frequent evolu-
tion of host egg polymorphism due to the increase in parasitic
selection pressure.
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