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Abstract

Despite broad interest and recent experimentation, there is no single ecological model accounting for the adaptive significance
of the diversity of avian eggshell colouration. The often blue-green eggs of Turdus thrushes are a charismatic example of
this, having long captured cultural and scientific attention. Although the biology and evolutionary history of “true” thrushes
is well understood, little is known about correlated evolution between shifts in habitat and eggshell pigmentation, and how
these shifts map with Turdus biogeography. We applied phylogenetic comparative methods to assess the evolutionary timing
of divergence and variation of life history traits and eggshell colouration and maculation presence in the genus. We found
that eggshell colour diversified independently on several occasions in the past 11 million years, with much of the variation
occurring within the last 4 million years. The majority of Turdus species lay blue-green eggs and also tend to be sedentary
and forest-dwelling. Diet generalist species and species which have transitioned to a forest habitat are more likely to lay
white eggs (10% of studied species). In turn, lineages in any habitat were more likely to transition to blue-green eggs. We
found that variation in egg colour is increased in some clades, of which two lineages radiated in South America and the
East Palearctic, in the past 2—4 million years. These findings provide support for the hypothesis that white eggs are more
conspicuous to predators in open environments and that multiple, non-mutually exclusive constraints operate on the adap-
tive function of avian eggshell colour.
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Introduction

The appearance of bird eggs is highly variable, and most
species exhibit some degree of eggshell colouration in their
clutches. Avian egg colouration is the product of variable
levels and relative concentrations of two main eggshell pig-
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ments: biliverdin (responsible for green—blue hues) and pro-
toporphyrin IX (responsible for brown—red hues, e.g. Cassey
et al. 2012). These pigments allow shells to appear on a spec-
trum of blue-green to rusty-brown, or as beige-white when
unpigmented (Hanley et al. 2015). The eggs of at least some
non-avian dinosaurs within the lineage ancestral to birds,
the eumaniraptorans, already contained these pigments and
expressed these same coloured phenotypes (Wiemann et al.
2018, but see also Kilner 2006, Shawkey and D’Alba 2019).
Avian egg colouration expanded to its present diversity as a
function of the interplay between anti-predator constraints,
thermoregulation, and intra- or interspecific signalling func-
tions (Moreno and Osorno 2003; Cassey et al. 2012; Lahti
and Ardia 2016). For example, parasitic eggshell mimicry is
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a significant and dramatic driver of egg colouration among
obligate avian brood parasites (Aidala and Hauber 2010),
and both the antipredator crypsis (Westmoreland 2008)
and intraspecific signalling (e.g. Moreno et al. 2005; 2006;
but see Riehl 2011) functions for egg pigment have been
supported (Cassey et al. 2008). Egg phenotype, including
colouration, shows correlated evolution with nest structure
(Nagy et al. 2019b). These two elements of the (female)
parent birds’ extended phenotypes are thus likely to be also
functionally interrelated.

Where to build a nest is one of the most important deci-
sions a bird faces, with food availability and risk of preda-
tion being fitness-critical factors in nest-site selection (Mar-
tin 1987; Fontaine and Martin 2006; Bellamy et al. 2018).
Avian eggs are typically deposited in nests which have been,
in turn, constructed in diverse microhabitats. Thus, the struc-
ture and visibility of the nest and the eggs within are depend-
ent on that environmental milieu (Hansell 2000). It follows
that as egg traits should (and do) exhibit correlated evolution
with nest traits (e.g. Cassey et al. 2012; Nagy et al. 2019b)
and nest traits in turn are dependent on habitat type, the
evolutionary history of habitat use, and egg traits will show
interplay. Yet correlated evolution between egg colouration
and nesting habitat use remains poorly explored.

The true thrushes (genus Turdus) are a moderately speci-
ose clade presently native to five continents and introduced
to a sixth, with constituent species occurring in a wide range
of habitat types, including Neotropical jungle, Nearctic and
Palearctic woodlands and grasslands, African savannahs,
and East Palearctic forests (Nagy et al. 2019a). A parsimo-
nious revision of the clade supporting a dispersal-extinction-
cladogenesis plus founder event model has been provided
by Nagy et al. (2019a). Their results suggest that the clade
originated in East Asia (but see Batista et al. 2020), with two
early paths of dispersal, the ancestral species probably being
a within-zone or East to West (along-latitudinally) migratory
insectivorous species.

However, thrush species have adapted to a diverse range
of diets, with some generalists and some specialists within
the genus. Dietary generalism is associated with other
dimensions of plasticity in avian species, such as technical
innovation (Ducaez et al. 2015) and adaptation to anthro-
pogenic environments (Callaghan et al. 2019). Burin et al.
(2016) found that omnivorous avian lineages speciate less
often and become extinct at higher rates than specialists. In
turn, a greater diversity of avian dietary specialists is found
in forested areas (Benedetti et al. 2022). Whereas within a
passerine species maculation has been shown to inversely
correlate with body condition (Badas et al. 2017), the evi-
dence linking dietary breadth and eggshell colouration is
ambiguous (e.g. O’Hanlon et al. 2020).

Furthermore, both the plumage diversity (e.g. the repeat-
edly evolved sexual dichromatism: Luro and Hauber 2022)
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and the conspicuous egg colours (particularly those on the
blue-green spectrum) and maculation of Turdus eggshells
have been a consistent subject of interest for researchers
(Cassey et al. 2008; Lahti and Ardia 2016). Coexistence
attributes such as ecological differences in breeding aspects
and nest site selection have been also investigated in some
Turdus species (e.g. Gotmark et al 1995; Lomascolo et al.
2010; Mikula et al. 2014). However, correlated evolutionary
patterns between egg colouration and habitat use in these
phylogenetically and ecologically similar species remain
poorly understood.

Here, we aimed to examine (1) the biogeographic history
of Turdus in the context of a potential interplay between hab-
itat use and egg colouration and (2) the relationship between
dietary breadth and eggshell colouration by applying phylo-
genetically controlled comparative methods.

Materials and methods
Data collection

We collected egg size (length and width in millimetres) and
colouration data for 72 Turdus species from the Birds of the
World series (Cornell Lab of Ornithology, Ithaca, USA) as
our main source. A rudimentary egg shape (or the inverse
of elongation) metric was then calculated by dividing egg
width by egg length (sensu Escalona et al. 2018). The colour
of the eggs was determined by human-visual investigation
of available egg photos and descriptions; this is appropriate
since we are not analysing spectral information inclusive
of the ultraviolet range in this study: Both biliverdin- and
protoporphyrin IX-based eggshell pigments cause dramati-
cally different human-visible coloration of avian eggshells
(Cassey et al. 2012). Each species’ egg colouration was
determined to fall into one or more of the following catego-
ries: white, cream, beige, brown, blue, and green. There is
vast variation in thrushes’ eggshell hue, however, and so we
further grouped these categories into a binary of white/beige
or blue-green coloured eggs for further analyses (there were
no exclusively brown eggs in our sample). We also collected
data on egg maculation (human-visible: yes/no), however,
none of the predictor variables showed any statistical asso-
ciation with this or the egg shape variable (Table 1), and so
we excluded them both from further comparisons.
Information on the life history and ecology of species,
including average body mass, average clutch size, the dura-
tion of the breeding season, diet, and habitat selection, was
gathered by revisiting multiple sources described in Nagy
et al. (2019a). Duration of avian breeding season if often
extended in urban settings (e.g. Mgller et al. 2015), and
multibrooding species increase breeding season duration in
warmer habitats, suggesting greater ecological plasticity as
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Table 1 Relationship between egg maculation (a) and egg shape (b)
and their predictors in the exploratory analyses. Note: we used phylo-
genetic generalized least squares (PGLS) for egg shape (‘nlme’ pack-
age, Pinheiro et al. 2022)

Predictors p SE zZ p

(a) — Maculation (yes/no)

Body mass -0.025 0.027 -0932 0.351
Diet breadth 0.310 0.596  0.520 0.603
Seeds in diet -0.075 1.148  —-0.065 0.948
Open habitat -0.636 1.642 —-0.387 0.699
Forest habitat -0.501 1.182 —-0424 0.672
Clutch size 1.437 1.060  1.356 0.175
Length of breeding season ~ 0.412 0.365 1.130 0.259
(b) — Egg shape (PGLS) p SE t p
Body mass —-0.000 0.000 —-0.755 0.454
Diet breadth 0.009 0.010 0.938 0.353
Seeds in diet 0.029 0.021  1.398 0.168
Open habitat 0.059 0.039 1523 0.134
Forest habitat 0.009 0.026 0360 0.720
Clutch size —-0.006 0012 -0471 0.640
Length of breeding season ~ —0.002  0.004  —-0.408  0.685

a covariate of breeding season length (Halupka and Halupka
2017). Thus, it is plausible that, as discussed above with
dietary breadth, these species do not allocate as much pig-
ment to each clutch. Where it could be clearly identified in
the literature, we recorded seven categories of diet (inverte-
brates, amphibians, reptiles, birds, mammals, fruits, seeds).
Diet breadth was the total number of consumed categories
by a species. We used this variable as a measure of diet spe-
cialisation, as we considered a species being more special-
ist if it forages on fewer food categories compared to other
species (Nagy et al. 2019a). The habitat of each species was
recorded as one of the four categories (open, open-woody,
forest-open, forest) based on the details available in the lit-
erature (e.g. del Hoyo et al. 2016; Rodewald 2016, for more
detail see Nagy et al. 2019a). The description of most spe-
cies clearly stated that a species more likely occupy ‘open’
or ‘forest’ habitats. However, in the case of some species,
the descriptions suggested distinguishing between habitat
types on a finer scale (Nagy et al. 2019a). If a species’ habi-
tat description included information suggesting the domi-
nance of open habitats over forested ones, we categorized it
as open-woody: 'Lighter open woodland, agricultural areas
with scattered trees' (e.g. T. falcklandii), 'open woodland,
thickets, savannah woodland' (7. pelios), 'mosaic of wooded
and open country, open grassland with scrub' (T. viscivorus).
Similarly, we categorized species’ habitats as forest-open if
they included information on forest preference over open
habitats, such as the following: 'Forest-open country mosaic,
clearings in primary forest, regenerating managed forest' (7.
iliacus), 'woodland, edges, scrub, and adjacent clearings' (T

reevei), “broadleaf deciduous and mixed evergreen forest,
also forest edge, light deciduous forest, secondary growth”
(T. cardis).

Statistical analyses

We applied a phylogenetic generalized linear mixed model
(PGLMM) approach for binomial data available in the ‘phyr’
package (Ives et al. 2020) to investigate the effect of life
history predictors on egg colouration (white vs. coloured)
in Turdus thrushes. All predictors were included in a full
model, from which least significant predictors (a>0.05)
were dropped by stepwise selection until the minimal model
was obtained. All predictors were centred and scaled before
entering them in the models.

We were also interested in estimating correlated evolu-
tionary patterns between egg colouration and habitat use in
thrushes. Therefore, we used the Discrete module of Bayes-
Traits v3.0 (Pagel et al. 2004; Pagel and Meade 2006) to
test if transitions occurred dependently or independently
during the evolution of egg colouration and habitat selec-
tion, i.e. changes in egg colour caused changes in habitat
use (or vice versa). We provided 1,000 randomly selected
phylogenetic trees for the maximum-likelihood estimations
and performed likelihood-ratio tests to evaluate significant
differences between the dependent and independent models.

To investigate the correlated changes in habitat use, and
egg colouration connected to the biogeographic history of
thrushes, we mapped the changes in both traits on the phy-
logeny of the species by applying stochastic character map
simulations 1,000 times using an ‘all-rates-different’ model
and the default settings of the function. This method is avail-
able in the ‘phytools’ package (Revell 2012).

In case of BayesTraits and stochastic character mapping,
we grouped ‘open’ and ‘open-woody’ species together as
‘open’ and the rest as ‘forest’. The phylogenetic trees used in
the analyses were originally created by Nagy et al. (2019a)
and Nagy (2019). Data preparation, PGLMM, stochastic
character mapping, and the processing of the results were
performed in R v4.0.3 (R Core Team 2020).

Results

The vast majority of the studied Turdus species lay colour-
ful eggs (n=60) and only ~ 10% have white eggs (Fig. 1).
We excluded 6 species from PGLMMs due to the lack of
egg colour information; however, they were used in the cor-
related evolutionary analysis that can handle missing data.
After removing the non-significant predictors from the full
model (Table 2), we found that diet generalist species are
more likely to lay white eggs, similarly to species living
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Fig. 1 Distribution of egg
colouration across regions in
Turdus thrushes. Numbers
correspond to the number of
species in our sample laying
beige-white, or blue-green eggs
in each region

b

Beige-White
Blue-Green

Table 2 Relationship between egg colour and its predictors in the full
and minimal PGLMM. Significant results are indicated with *

Predictors s SE Z P

Full model AIC: 41.823

Body mass —1.503 0947 —1.588 0.112
Diet breadth* 1.456 0.679 2.146  0.032
Seeds in diet —-0.116 0.672 —-0.173 0.862
Open habitat —-4.640 1357223 —-0.003 0.997
Open-woody habitat 0.683 0.742 0.921 0.357
Forest-open habitat —1.048 0.958 —1.094 0.274
Clutch size 0.343 0.810 0423 0.672
Length of breeding season 0.629 0.689 0913 0.361
Final model AIC: 34.133

Body mass* —1.637 0.762 —2.149 0.032
Diet breadth* 1.702 0.602 2.826  0.005
Open-woody habitat* 1.320 0.543 2429 0.015

in ‘open-woody’ habitats. Larger species, however, are less
likely to do so.

We found that the dependent and independent evolu-
tionary models, investigating the evolutionary transitions
in egg colour and habitat use on all trees, are statistically
similar based on the likelihood-ratio tests. Despite the non-
significant differences, dependent models had higher log-
likelihood values, indicating better fit; therefore, we only
show the results for them (Fig. 2). Evolutionary transitions
to forest habitats occurred with a higher rate in lineages lay-
ing white eggs compared to lineages laying colourful eggs.
However, lineages laying colourful eggs were less likely to
have switched to open habitats during evolution. When spe-
cies of either colourful- or white-egg lineages transitioned
to open or forest habitat, eggs tended to remain or become
colourful.

The stochastic character mapping of habitat changes and
the diversification of egg colouration allowed us to identify
and assign a time scale to the most important diversification
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Fig.2 Evolutionary transitions between egg colouration and habitat
selection. States of traits (clockwise, starting from the upper right
corner): Colourful eggs and open habitat (1, 0); colourful eggs and
forest habitat (1, 1); white eggs and forest habitat (0, 1); white eggs
and open habitat (0, 0)

events during the genus’ evolution (Fig. 3). By comparing
the branches to the results of previous ancestral biogeo-
graphic estimations, we found that the geographic and cli-
matic events during the last 2—4 million years could have
induced these changes in at least two different lineages in the
Eastern Palearctic and in the Neotropical regions.

Discussion

Most Turdus species are mainly sedentary, tropical, and
blue-green egg-laying. Having evolved in the East Palearc-
tic (Nagy et al. 2019a; Nagy 2020), true thrushes likely
spread to the West Palearctic and Africa (Nagy et al.
2019a). Furthermore, Nagy et al. (2019a) proposed that
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Fig.3 Stochastic character mapping of habitat changes a and the »

diversification of egg colouration b

along-latitude migratory behaviour of early thrush species
may have led to the re-centring of habitat ranges for some
populations, and consequently been a driving force in the
speciation and geographic distribution of thrush species.
One possible consequence here could be the evolution of
species native to the West Palearctic and Africa. Alterna-
tively, Batista et al. (2020) recovered monophyletic Afri-
can and South American clades from a lineage dispers-
ing to the Antilles in the early Pliocene, with a Central
American radiation separately colonized North America
in this phylogeny.

Despite the available information on the biology and
evolutionary history of the Turdus species (see references
above), the existence of correlated changes in habitat uses
and eggshell colouration, as well as its connection to their
biogeography, have remained poorly understood. Here, we
report that the diversification of Turdus egg colour appears
to have happened multiple times in independent lineages.
Most species laying eggs with colourful shells are seden-
tary, forest-dwelling, and invertebrate-and-fruit eaters. Our
findings that white egg-laying lineages are more likely to
also feature transitions to forest habitat (Fig. 2) and to live
in open-woody habitat are consistent with the hypothesis
that white eggs are visually conspicuous to predators in the
absence of dense vegetation (Nagy et al. 2019b). In birds,
life history traits are known to covary with nest predation
risk, which may differ substantially among nest sites (Martin
1995). In particular, predation is an important selective force
in the evolution of eggshell colouration, but selective pres-
sures on colour evolution may vary between nest sites within
open-nesting species (Weidinger 2001). The white egg lay-
ers are also large-bodied diet generalists (Table 1), with the
notable exception of T ignobilis and T. unicolor, which lay
exclusively white eggs and are not phylogenetically close
(Fig. 3) yet are open-habitat dwelling species.

Colourful eggs appear in the basal lineages Psophocichla
litsitsirupa and T. mupinensis, as well as the early-diverging
West Palearctic T. philomelos. and T. viscivorus, recovered
here as the sister taxon to 7. philomelos, lays blue-green
eggs—the earliest evidence of egg colour diversification
in the genus. The divergence between 7. philomelos and T.
viscivorus appears to have occurred about 10 million years
ago (Fig. 3b) and would likely have occurred in the West
Palearctic. Although Turdus species are typically described
as forest-dwelling, some species may have a generalist char-
acter and occupy open or mosaic habitats. While 7. philo-
melos generally occupies forest habitat, 7. viscivorus more
recently, colonises open-woody habitats, mainly mosaic of
wooded and open country, or open grassland with scrub
(Fig. 3a).
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The common ancestor of the remaining 68 species dis-
cussed here appears to have an Afrotropical/Neotropical
origin (Nagy et al. 2019a). Thrushes are robust over-water
dispersers (Batista et al. 2020) and a likely route between
these two tropical zones would be by way of the Antilles
(Nagy et al. 2019a; Batista et al. 2020). The presence of the
blue egg-laying T. lherminieri in tropical forest habitat in
the Lesser Antilles, and its status as the sister taxon to the
remaining 67 species, is consistent with this biogeographic
history. Multiple trans-Atlantic migrations followed this
migration event (Nagy et al. 2019a).

The phylogenetic and biogeographic distribution of egg-
shell colour characterized in this study suggests that egg
colour diversity is likely a response to a multiple interacting
constraints, rather than being predicted by a single or few
consistent ecological factors (consistent with: Kilner 2006;
Cassey et al. 2008, 2012). However, diversity appears to be
somewhat clustered phylogenetically, with some clades more
disposed to diversify than others. The presence of white
eggs in lineages transitioning to forest habitat indirectly
supports a crypsis explanation for the relatively colourful
eggs of species nesting in more open environments (English
and Montgomerie 2011, but see Lahti and Ardia 2016). A
non-mutually exclusive alternative is that blue and green
eggshells are acting as thermoregulatory and photoprotec-
tive 'parasols” (Hanley et al. 2015; Lahti and Ardia 2016;
Wysocki 2015). Typically, Turdus nests are open-cup struc-
tures with relatively high exposure to solar radiation (e.g.
Wysocki et al. 2015; Ganai et al. 2018; Tomiatoj¢ and Neu-
bauer 2018; Jara et al. 2019; Yang et al. 2019; Yi et al. 2020;
Batisteli et al. 2021; Turner and Hauber 2021), and heating
or cooling beyond thermal limits, as well as prenatal expo-
sure to UV-B radiation, might have detrimental effects on
embryonic development (Maurer et al. 2011). Thus, open-
nest forest-dwelling bird eggs exhibit a trend to matching
the ambient light colour, which can vary from blue to green
depending on the density of surrounding vegetation and the
height of the nest (Lahti and Ardia 2016).

As in other studies assessing specific ecological traits in
relation to the diversity of avian egg colour, our results sug-
gest that multiple, non-mutually exclusive constraints oper-
ate on this trait (e.g. Kilner 2006; Cassey et al. 2008, 2012;
Cherry and Gosler 2010; Lahti and Ardia 2016).

Conclusions for future biology

We find evidence for phylogenetic grouping of more colour-
ful eggshells in the Turdus thrushes. At least two of these
groups radiated in the last 2—4 million years in South Amer-
ica (the Nesocichla eremita, T. ignobilis, T. amaurochalinus
clade) and in a lineage that returned to the East Palearctic
(T. torquatus, T. naumanni, T. ruficollis, T. pilaris clade).
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Given the stochastic distribution of other-than-blue egg col-
our in this phylogeny, we encourage further work to focus
on comparing specific ecological (in particular nesting biol-
ogy) habits of these taxa; for example, the typical ambient
lighting of these nests and the umwelt of specific predators
likely to constrain eggshell-coloration based crypsis in these
habitats. Finally, future studies on the functional basis of
eggshell colouration, and the associated evolutionary and
behavioural traits, will benefit from incorporating advances
in avian visual modelling, which may yield different con-
clusions than data using human visual assessment (Stevens
2011).
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