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Abstract

Although the biogeographic history of thrushes (Turdidae) has been extensively studied, a concise discussion of this topic
is still lacking. Therefore, in this study we aimed to investigate: (1) the evolutionary origin of the migratory behaviour of
the Turdus thrushes in a biogeographic context including (2) trans-Atlantic dispersal events, (3) possible colonization routes
into the Nearctic, and (4) relationships among life history traits, ecological factors, and migratory strategies within the most
comprehensive taxon set of 72 Turdus thrushes to date. We estimated the ancestral ranges of the studied species, primarily
by comparing main biogeographic models (dispersal-vicariance, dispersal-extinction-cladogenesis, BayArea models), and
performed phylogenetic generalized least squares analyses to identify relationships among distribution patterns, diet, body
measurements, clutch size, and migratory behaviour. We found that the most probable ancestral regions for all Turdus spe-
cies were located in the East Palearctic realm, followed by early colonization of the western Palearctic and Africa, and that
several trans-Atlantic movements occurred between 11 and 4 million years ago, which is earlier than previously thought.
Migration emerged as an ancestral behaviour of the genus Turdus, and differences in clutch size and main food types were
significant between migratory and non-migratory species. Correlated evolution was found between migration and along-
latitudinal mobility, main food type, and the shift in main food type between the seasons. We conclude that along-latitudinal
movements may have evolved earlier, simultaneously with the radiation of the Turdus thrushes, followed by the appearance
of meridional migration, associated with orographic and climatic changes. The increased clutch sizes observed in migratory
species and documented here for thrushes could serve as an important mechanism to compensate for losses due to mortality
during migration.
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Zusammenfassung

Phylogenie, Zugverhalten, Lebensgeschichte: ein Versuch, Liicken in der Biogeographie und Herkunft der Turdus-
Drosseln zu schlief3en.

Obwohl die biogeographische Geschichte der Drosselartigen (Turdidae) schon umfassend untersucht wurde, fehlt jedoch
eine umfassende Diskussion zu diesem Thema. Deswegen wollten wir in dieser Studie untersuchen: (1) den evolutionéren
Ursprung des Zugverhaltens in einem biogeographischen Kontext, einschlieBlich, (2) transatlantische Ausbreitungsereignisse,
(3) mogliche Kolonisationswege in die Nearktis und (4) Beziehungen zwischen lebensgeschichtlichen Merkmalen,
O0kologischen Faktoren und Zugstrategien innerhalb des bisher umfassendsten Taxonbestandes von 72 Turdus-Drosseln.
Wir haben die Herkunftsareale der untersuchten Arten berechnet, vor allem durch den Vergleich der hauptsidchlichen
biogeographischen Modelle (DIVA, DEC, BayArea) und wir haben generalisierte phylogenetische Analysen der kleinsten
Quadrate (PGLS) durchgefiihrt, um die moglichen Beziehungen zwischen Verbreitungsmustern, Nahrung, Korpermafen,
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GelegegroBle und Zugverhalten festzustellen. Wir fanden, dass das wahrscheinlichste Herkunftsgebiet aller Turdus-Arten
die ostliche Paldarktis ist, gefolgt von einer sehr frithen Besiedlung der Westpaldarktis und von Afrika, und dass mehrere
transatlantische Bewegungen zwischen 11-4 Millionen Jahren stattgefunden haben, also friiher, als zuvor angenommen.
Zugverhalten entstand schon in der Herkunftspopulation der Gattung Turdus, mit signifikanten Unterschieden in Gelegegrofie
und Nahrung von ziehenden und nicht-ziehenden Arten. Wir haben eine korrelierte Evolution zwischen Zugverhalten
und der latitudinalen Ausbreitung, der hauptsidchlichen Nahrung und saisonalem Nahrungswechsel. Wir schlie3en,
dass sich die latitudinale Ausbreitung schon sehr frith entwickelt hat, etwa gleichzeitig mit der Radiation der Turdus-
Drosseln, unmittelbar gefolgt von der Entwicklung meridionalen Zugverhaltens als Folge orographischer und klimatischer
Veridnderungen. Die bei Zugvogelarten beobachteten erhohten Gelegegrofien und hier auch fiir die Drosseln, konnten

wichtiger Kompensationsmechanismus zum Ausgleich der Mortalititsverluste wihrend des Zuges sein.

Introduction

Recent research into the phylogenetic biogeography of the
passerines (Fjeldsa 2013; Payevsky 2014; Qu et al. 2014,
Barker et al. 2015; Selvatti et al. 2015; Kennedy et al. 2016)
has deepened our understanding of their distribution and
the evolution of various life history traits. The estimation
of ancestral areas, life history and behavioural traits based
on the phylogeny of a species is a powerful approach (e.g.
Nagy and Tokolyi 2014; Barker et al. 2015; Jonsson and
Holt 2015; Selvatti et al. 2015; Moyle et al. 2016; Wang
et al. 2016). Although thrushes (Turdidae) constitute an ideal
group in which to explore such phenomena, relationships
among lineages have long confounded taxonomists (e.g.
Nylander et al. 2008; Voelker and Outlaw 2008; Olsson and
Alstrom 2013). This suggests a need to review the phylog-
eny of this highly complex family of birds, and to carefully
choose the taxa included in similar investigations.

More than 200 species have been classified into the Tur-
didae family (BirdLife International 2015a; see also the IOC
World Bird List, Gill and Donsker 2018), half of which are
considered to be Turdus or Zoothera, the two largest out of
nearly 20 genera (Klicka et al. 2005). Although the migra-
tion and biogeography of several groups within the fam-
ily have previously been studied (e.g. Nylander et al. 2008;
Voelker et al. 2013), none of these studies used correlated
evolutionary approaches to analyse the evolution of migra-
tion. The biogeographic assumptions also left underlying
mechanisms to be clarified, especially in Turdus thrushes.

Phylogenetic relationships among thrush lineages and the
dating of evolution within this group still remains uncertain,
which also contrasts with reconstructions based on recently
developed methods (e.g. Jetz et al. 2012). Accordingly, the
beginning of Turdus radiation was dated to around 7 mil-
lion years ago (Mya) by Nylander et al. (2008) and Voel-
ker et al. (2009), while the more recent results of Jetz et al.
(2012), based on all extant bird species, show that the earli-
est common ancestor of this group may have appeared at
least 15 Mya. This contrasting date, up to twice the previ-
ous time interval, gives rise to new and so far unanswered
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questions regarding the biogeographic history of Turdus,
especially when and how trans-Atlantic movements pre-
sumably occurred. Although hypotheses for possible paths
have been formulated in the aforementioned works, these
questions have not yet been fully answered, and a concise
analysis and discussion of this topic are definitely needed.

The two biogeographically distinct groups of Zoothera
were considered as polyphyletic taxa in Klicka et al. (2005),
later corroborated by Jetz et al. (2012). Thus, a reconsid-
eration of the biogeographic history of the whole Turdidae
and the taxonomy of Zoothera thrushes is strongly recom-
mended, as described below. Recently, all Geokichla have
been classified as Zoothera; some species, e.g. Zoothera
naevia and Zoothera pinicola have been categorized into
this genus although they were previously considered the
monotypic genera, Ixoreus naevius and Ridgwayia pini-
cola, respectively (Olsson and Alstrom 2013). According
to the phylogenies of Jetz et al. (2012), Zoothera includes
all former Geokichla species (e.g. Voelker and Outlaw 2008;
Olsson and Alstrom 2013), split into two generic groups: the
monophyletic Geokichla and the core Zoothera related to the
subgenus Cochoa (see species list in Table S1). This latter
group may also be considered as monophyletic assuming
that the taxonomic position of the four, Catharus-related
species, Zoothera naevia, Zoothera pinicola, Zoothera mar-
garetae, and Zoothera leucolaema, will be revised later.

Considering these taxonomical uncertainties, it seems
straightforward to only use Turdus (s.1.) as a model system
including both Nesocichla eremita and Psophocichla litsit-
sirupa, and to recommend the above modifications for the
attention of taxonomists. Furthermore, dissimilarities in the
supposed timing of the evolution of Turdus require reconsid-
eration of the evolutionary history of this genus by applying
modern phylogenetic approaches based on molecular data
(this study).

Moreover, little is known about the evolution of migra-
tion in thrushes (but see Winker and Pruett 2006; Voelker
et al. 2013), which is hypothesized to be entangled with
biogeographic events during the radiation of the passerines
(see a general overview in Liedvogel and Delmore 2018).
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A number of migratory Turdus species have been recorded
as regular visitors to areas outside of their normal distribu-
tion [e.g. Turdus iliacus, Turdus ruficollis, Turdus unicolor,
but also the sedentary Turdus olivater, Turdus reeve, Tur-
dus rufogalliatus (ABA Checklist version 7.9.0; Crochet
and Joynt 2015)], and a very recent record is exemplified
by Naumann’s Thrush (Turdus naumanni) in Hungary
(Hadarics 2016), located at least 4500 km west of its known
range. This phenomenon is common among passerines, €.g.
also in buntings, warblers, and because these observations
mainly represent along-latitudinal mobility, we hypothesize
that migration along latitudes may be an earlier feature
of these species (along-latitudinal first hypothesis), as an
important trend in the speciation of this group. The correla-
tion between genetic variation and migratory behaviour has
also been reviewed by Pulido (2007). Furthermore, hypoth-
eses on spatial segregation in birds have been previously dis-
cussed and spatial segregation found to be related to factors
predicting migration strategy (e.g. Myers 1981; Smith et al.
2003; Mazerolle et al. 2005), body measurements (Belthoff
and Gauthreaux 1991), and other factors (see a review on
migratory systems by Faaborg et al. 2010; Liedvogel and
Delmore 2018). Despite this, the diversification in birds sug-
gested to have been promoted by the evolution of migration
(Sol et al. 2005; Winger et al. 2012, 2014; Rolland et al.
2014; Fuchs et al. 2015).

Hence, examining the relationships between migration
and factors of breeding phenology, body measurements,
feeding ecology, and habitat selection may uncover novel
patterns in the evolution and recent conditions of migra-
tion in Turdus thrushes. For example, the correlated evo-
lution of migration with these components has never been
studied. Feeding on different food sources is well known
in birds, especially in small passerines, depending on the
season (del Hoyo et al. 2016). These changes of feeding
behaviour between seasons prompt us to ask the questions:
what was the original behaviour of these birds, and how has
it changed? Following previous results on changing forag-
ing behaviour in sedentary/migratory lineages (Rainio et al.
2012; Telleria et al. 2013; Moyle et al. 2015) we formulated
the insectivorous first hypothesis that predicts insectivory
as an earlier state, predominantly in subtropical species,
while the change from insectivory to herbivory in temper-
ate zones implies transitions to migratory behaviour and vice
versa. Similar to this, in those lineages where the ability for
along-latitudinal movement occurs, stronger tendencies for
migration are suspected for the reasons given in the previ-
ous paragraph.

To answer the questions given above, note that the evo-
lutionary history of Turdus has been governed by major
geological events that have had significant impacts on the
global climate. Following the Paleocene—Eocene thermal
maximum, climatic trends showed cooling to the lowest

temperatures during the Oligocene with a smaller warm
peak in the Middle Miocene (Zachos et al. 2001; Arnaiz-
Villena et al. 2014). This interval coincides approximately
with the appearance of the common ancestor of Turdus, and
accelerating speciation in this group might be correlated
with novel habitat types becoming available. The emergence
of various savannah formations began during the Late Mio-
cene in Africa (Bobe and Behrensmeyer 2004; Fuchs et al.
2015). The cooling climate and aridisation of North Africa
led to the establishment of continental zonality of the con-
tinent in the Plio-Pleistocene, similar to present conditions
(deMenocal 2004; Hernandez Fernandez and Vrba 2006),
and provided an appropriate base for the colonization of new
ecological niches. Trends of climatic cooling and glacial-
interglacial phases over the past 15-10 million years (Zachos
et al. 2001; Ravelo et al. 2004) may also have substantially
driven biogeographic movements and the behavioural evolu-
tion of Turdus species, as seen in other groups [e.g. Cardu-
elini (Arnaiz-Villena et al. 2014); Falconidae (Fuchs et al.
2015); Emberizidae (Pickert et al. 2015)].

The uplift of the Eastern Cordillera and Central Andes
started around 10 Mya and continued until approximately
3 Mya (Gregory-Wodzicki 2000; Hooghiemstra and Van
de Hammen 2004; Barke and Lamb 2006). These geo-
logical transformations and the climatic changes thereafter
should have been sufficient to support the adaptive radiation
of this group (Nylander et al. 2008; Voelker et al. 2009).
The importance of studying this phenomenon has already
been supported by other examples among the passerines:
for instance, the basal branching in the Lepfopogon genus
occurred between 9 and 3 Mya (see Bates and Zink 1994 and
discussion therein), while the uplift of the Andes also played
a fundamental role in the divergence of the Thamnophilus
genus (Brumfield and Edwards 2007).

The uplift of the Eastern Cordillera and the Andes could
have enabled a pathway towards northern regions. However,
the West Indies began to form in the Middle Eocene, and
some of the major processes involved in this occurred after
the Middle Miocene (Hedges 1996; Ricklefs and Berming-
ham 2008) when the present shape of these islands emerged.
These events could form the basis of the colonization of the
Caribbean Islands (e.g. Turdus plumbeus, Turdus jamaicen-
sis, Turdus swalesi, Turdus lherminieri) and the dispersal
into North America.

Thus, the aims of this study were: (1) to find an accept-
able biogeographic explanation for the trans-Atlantic dis-
persal events of Turdus thrushes, (2) to examine their pos-
sible colonization paths in the Nearctic region in a revised
time interval, and (3) to summarize the broad description
of the worldwide biogeography of this group in the above-
mentioned context (4) based on a comprehensive phylogeny
of the genus. In the context of migration, we are also inter-
ested in (5) the evolutionary origin of migratory behaviour
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in Turdus thrushes (along-latitudinal first hypothesis); and
(6) the relationships between life history traits, ecological
factors (insectivorous first hypothesis), and migration within
this group (e.g. Alerstam et al. 2003; Newton 2008).

Methods
Phylogenetic analyses

We mainly follow the descriptions in Nagy and Tokolyi
(2014) and Johansson et al. (2018) with some modifications
listed below. Gene sequences for 12S and 16S ribosomal
RNA (128, 168, respectively), ATP synthase subunit 6 and
subunit 8 (ATP6, ATPS, respectively), p-fibronigen intron 7
(BF?7), cytochrome c oxidase subunit 1 (COX1), cytochrome
b (CYTB), NADH-ubiquinone oxidoreductase subunit 2
and subunit 6 (ND2, ND6, respectively), and recombinase
activating gene 1 (RAGI) were downloaded from GenBank
(http://ncbi.nlm.nih.gov/). We searched data by the name
of species following the taxonomic list of BirdLife Interna-
tional (2015a) due to a high matching rate of names in the
database. However, the validity of taxa were also checked
in IOC World Bird List (Gill and Donsker 2018). Available
genes per species are summarised in Table S2. However, it
is important to note that interpretation of phylogenies may
differ depending on the data type used (Reddy et al. 2017;
Nagy 2017), hence the support of some nodes in relation
to the genetically under-represented species may be lower.
Sequence alignment was done using MAFFT (Katoh et al.
2005) and cleaned with Gblocks (Castresana 2000). These
steps were performed using ape (Paradis et al. 2004) and
seqinr (Charif and Lobry 2007) packages in R version 3.2.4
(R Development Core Team 2016).

The randomised accelerated maximum likelihood
approach (Stamatakis 2006) was applied to find the best
scoring starting tree for the Bayesian Markov chain Monte
Carlo analyses conducted in BEAST version 1.8.3 (Drum-
mond and Rambaut 2007). The ten gene sequences were
partitioned and the best-fitting substitution model according
to the model test available in the phangorn package (Schliep
2011) was set for each (HKY+I-16S, RAGI; GTR-BF7,
GTR+G—ND6; GTR+I-ATP6, ATPS; GTR+G+I—128,
COX1, CYTB, ND2). The uncorrelated relaxed molecular
clocks approach was used for molecular dating (Drum-
mond et al. 2006). Calibration priors based on fossil data
were added following log normal distribution (mean =0,
SD =0.5, with corresponding offsets), including all of the
known oldest fossils among Turdus, to set divergent times
to a minimum of 2.5 Mya for Turdus cf. rufiventris, Turdus
cf. rufopalliatus, Turdus cf. ignobilis and Turdus cf. plebejus
(Emslie 1998), 2.6 Mya for Turdus cf. pilaris, Turdus cf.
philomelos and Turdus cf. torquatus [PaleoDB collection
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124956, 124960 (Harrison 1987)], 3.5 Mya for Turdus cf.
viscivorus and Turdus cf. merula (Clot et al. 1976), and 5.3
Mya for Turdus cf. iliacus (Janossy 1991). In contrast to
Nylander et al. (2008), we allowed the estimation of diver-
gence times instead of setting them to a fixed point (6.8
Mya). However, Janossy (1991) only considered an unspe-
cific part of the Miocene and did not provide exact times nor
intervals, thus we accounted for a minimum of 5.3 Mya for
the age of the T. iliacus fossil, when the epoch approximately
ended. These fossil records represent ancient occurrences of
species in almost all recent biogeographic regions, except
for the Nearctic where no data were found for records older
than at least 1 million years. The BEAST run was allowed
for 10,000,000 generations logging every 1000. The effec-
tive sample size of the parameters was checked in Tracer
version 1.7.1. (Rambaut et al. 2018) and was higher than 200
for the majority of the parameters. However, in the case of
a few parameters related to the substitution rates of under-
represented genes (BF7, ND6), the values were closer to
100. Therefore, the initial settings applied for the phyloge-
netic analysis were considered to be acceptable. A maximum
clade credibility tree (Fig. 1) was created from 10,000 trees
after removing 10% burn-in using TreeAnnotator version
1.8.3. (Rambaut and Drummond 2016).

Biogeographic analyses

The availability of gene sequences and data on the ecol-
ogy and life history of the species (listed below) limited
the number of taxa included in our study, thus we collected
breeding distribution data for 72 thrush species from Bird-
Life International (2015b) that comprehensively cover the
whole Turdus genus out of the 200 species belonging to the
Turdidae family (BirdLife International 2015a). Species
were scored as present/absent in the following biogeographi-
cal realms/regions: Nearctic, Mexican, Neotropical, West
and East Palearctic, Afrotropical, Indomalayan, Australa-
sian, and Antarctic (Fig. S0). This regional classification
forms operative biogeographic units for our analyses and
should not be considered as identical to Wallace’s biogeo-
graphic subdivisions. Because many species are distributed
in Mexico and one of the Nearctic or the Neotropical realms,
we distinguished the Mexican region from the other large
realms due to its significant position as a potential barrier/
corridor. In our dataset, Turdus poliocephalus is the only
species also distributed in some islands of the Australa-
sian region, which suggests that Australasian species were
under-represented among Turdus. However, it is clustered
into an East Palearctic clade (see Figs. SO, S1-S5), thus its
dispersal to these islands is more probable than the other
way around. Therefore, we did not include Australasia as
a separate biogeographic region (see also “Discussion”).
Our own tree was used for the biogeographic analyses. We
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Fig. 1 Maximum clade cred-
ibility tree of the studied 72
species. Estimated age ranges
(95% highest posterior density
intervals) are shown as blue
bars and posterior probabilities
> (.8 are indicated by red dots
at each node. The presented
tree is rooted, ultrametric and
all nodes are bifurcated (color
figure online)

&

®

|

-

i

Ml'lﬁ

il

Miocene

Pliocene
Pleistocene

Neogene

Quat.

Psophocichla litsitsirupa
Turdus mupinensis
Turdus philomelos
Turdus viscivorus
Turdus bewsheri
Turdus libonyanus
Turdus plebejus
Turdus tephronotus
Turdus iliacus
Turdus migratorius
Turdus rufitorques
Turdus nigrescens
Turdus infuscatus
Turdus jamaicensis
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Turdus fulviventris
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Turdus naumanni
Turdus ruficollis
Turdus pilaris
Turdus Iherminieri
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performed ancestral range estimation using probabilistic
historical biogeography methods in the BioGeoBEARS
package (Matzke 2013). The dispersal-vicariance (DIVA)
(Ronquist 1997), dispersal-extinction-cladogenesis (DEC)
(Ree et al. 2005; Ree and Smith 2008), and BayArea model
(Landis et al. 2013), each complemented with founder-event
speciation, were calculated and compared using the Xz-test.
Biogeographical stochastic mapping (Matzke 2016) was
accomplished and repeated 50 times for the model with the
lowest Akaike information criterion value. The main dif-
ferences among the three major biogeographic methods
are indicated by the combinations of assumed processes:
although all three models can basically deal with dispersal,
extinction and narrow sympatry, in DIVA both narrow and
widespread vicariance, in DEC subset sympatry and narrow
vicariance, and in BayArea widespread sympatry, are also
allowed to be estimated (Fig. S8).

We repeated the biogeographic analyses and compared
the results using phylogenies for the subset of Turdus
thrushes downloaded from Birdtree (http://birdtree.org/)
where trees are generated using modified supertree and
supermatrix approaches combining genetic and taxonomic
information of all extant bird species (detailed description:
http://birdtree.org/methods/). A consensus tree was gener-
ated using these trees (Jetz et al. 2012) that did not show
lower posterior probabilities than either of the previously
published ones (Klicka et al. 2005; Voelker et al. 2007,
2009; Nylander et al. 2008). Because the node ages showed
high degrees of uncertainty based on the consensus tree from
Birdtree.org, as well as on our tree, we repeated the biogeo-
graphic analyses for the majority rule consensus tree made
by Nylander et al. (2008). However, Nylander et al. (2008)
did not even provide detailed information of estimated time
intervals, considering the facilitation of the containment
of probable geological ages. The dating of previously pub-
lished trees is supported by fossil records considered to be
remains of thrushes (Janossy 1991; Nylander et al. 2008)
and fits the chronology of our phylogenetic estimation that
was completed with the results of the biogeographic analyses
below. This detailed comparison was particularly necessary
to reveal consistencies in our ancestral biogeographic results
based on phylogenies constructed with different methods.
We conclude the same biogeographic history of the studied
group independently from the phylogenies used (see Sup-
plementary information, Additional information for the com-
parison of phylogenies).

Life history traits and migration
Data on migratory behaviour, body measurements, and life
history-related traits were collected from several sources

(see Table S3, del Hoyo et al. 2005; Clement and Hathway
2010; Rodewald 2016). The length of the breeding season
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was calculated using the start and end months for each spe-
cies, while the difference between maximum and minimum
altitude provided a range. Although thrushes are consid-
ered to be omnivores, diet breadth was calculated for both
within and outside the breeding season as the sum of the
consumed food types by species to measure differences in
feeding behaviour (degree of omnivory). Change in food
types between seasons was derived from the dissimilarity
in main food types between the breeding season and out-
side this period. If the main food type of a species was the
same in both seasons the score was 0 (which indicates no
change), otherwise it was 1. Similar to this classification,
when east—-west (along-latitudinal) movement was described
in the literature it was scored as 1 and in all other cases
it was assigned 0. We considered this differentiation to be
important because a significant proportion of the studied
species (17%) could be assigned to the along-latitudinal
movement category, which was either migratory or not.
We applied phylogenetic generalized least squares
(PGLS) in the nlme package (Pinheiro et al. 2015) to analyse
relationships between migratory behaviour and each paired
explanatory variable. This design is especially important to
find those single factors that are associated with migration
and which could be included in the correlated evolutionary
analyses described below. Two model sets were used as a
basis for testing data fit. First, we ran all pairwise models for
species (n=60) for which data were available for all vari-
ables, and then we allowed the omission of missing values
per variable (the number of included species varied between
66 and 72). The data structure was congruent in both sets,
thus we ran models of species with data for all variables for
100 different phylogenetic trees. Best-fitted A-values were
generated from likelihood profiles of A (Kamilar and Cooper
2013) derived from 500 runs for randomly selected values
between 0 and 1, used dynamically in each PGLS run. A
phylogenetic signal is a statistical measure of trait relat-
edness to phylogeny. Pagel’s A (Pagel 1997, 1999) is con-
sidered a possible representation of a phylogenetic signal,
hence A =0 indicates that phylogenetically closely related
species are not more similar than distant relatives, whilst
A=1 indicates a high phylogenetic signal (dependency) in
the evolution of a given trait (Kamilar and Cooper 2013).
We performed likelihood ratio tests to identify significant
differences in models where A was set to O and 1. Averaged
A, estimated value of parameters, SE, ¢- and p-values were
calculated over the 100 runs, while the importance of signifi-
cant and marginal variables was estimated by using model
selection in the MuMIn package (Bartori 2015). Those varia-
bles which proved to be significant after permitting variation
of the sample size, and calculating the average values of 100
runs that allows one to control for the effect of phylogenetic
history, should be considered as truly significant factors. All
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biogeographical and comparative analyses were performed
in R version 3.2.4 (R Development Core Team 2016).

Evolution of migration

We investigated evolutionary changes and ancestral states in
migratory behaviour. Non-migratory and migratory behav-
iour were classified as completely (all of the populations)
and partially (some of the populations) migrant species
within the latter category. First, we calculated transition
rates between the categories coded as non-migratory and
migratory. Second, ancestral state estimation was performed
for the phylogeny using the maximum likelihood method
to find the most probable state on the root, i.e. the ancient
behaviour of the common ancestor of all Turdus. These anal-
yses were done using the MultiState module of BayesTraits
2.0 (Pagel et al. 2004), which is applicable for estimating
ancestral states and reconstructing how traits containing a
few discrete states evolved on phylogenetic trees using a
Bayesian approach and allowing maximum likelihood esti-
mation of parameters.

We tested correlated evolution between migration and
(1) main food type in, and out of, the breeding season; (2)
shift in food type between seasons; and (3) the ability of
the thrushes to move latitudinally. These analyses were run
using the Discrete module of BayesTraits 2.0 (Pagel et al.
2004), a method which allows transition rates of correlated
evolution to be estimated between a pair of traits in a phy-
logeny. These results complete the outcome of PGLS mod-
els regarding the aforementioned variables by which not
only the estimation of correlation between traits is allowed
but also the evaluation of well-defined directions that have
significant information content for the evolution of migra-
tion. However, because this approach can only be applied
to binary variables, we coded species as sedentary (0) and
migratory (1). The same values were assigned to main food
type (O—invertebrates, 1—fruits/seeds), to difference in
consumed food type between seasons (0—the same type,
1—shift from insectivorous to herbivorous or vice versa),
and to the ability to move latitudinally (O—not typical,
1—typical).

Furthermore, we mapped migratory behaviour on the
phylogeny by applying stochastic character mapping for each
trait simulated 1000 times in the phytools package (Revell
2012). All analyses were repeated on the partition of migra-
tory behaviour from non-migratory, as well as partial and
complete migration categories. As these two approaches are
independent, BayesTraits and stochastic character mapping
were expected to provide different results. The former is a
robust method, while the latter approach allows better visu-
alization tools for the estimated pattern.

Results
Biogeographic history of Turdus

Among the six biogeographical models, the DEC model
with founder-event speciation fits the data the most parsimo-
niously (Table 1). All alternative models with founder-event
speciation showed highly significant differences (p < 0.001)
from the corresponding null model. According to the
DEC+] model, the possible ancestral regions for all Turdus
species are East Palearctic and/or Afrotropical realms, which
appear in all of the acceptable combinations (see most prob-
able state in Table 2). Two early diverging species (Turdus
mupinensis, Psophocichla litsitsirupa), as well as the com-
mon ancestor of Turdus viscivorus and Turdus philomelos,
suggest very early dispersal from Southeast Asia to Europe
and Africa, or eventually vice versa. Nevertheless, the com-
mon ancestor of the remaining 68 species is assumed to be
of Afrotropical/Neotropical origin, which suggests early,
multiple trans-Atlantic movements approximately 10 and 9
Mya (nodes 77, 78, 92 and 96, Table 2). The ancestor of a
large clade containing 19 species returned to Southeast Asia
between 9.8 and 7 Mya. This event was followed by rapid
speciation including the occupation of the Indomalayan
region. Simultaneously, several repetitive trans-Atlantic
movements are also supported by our analyses including
both back and forth passage (main movements at nodes 82
and 115, respectively, Table 2; see also Fig. 2). These multi-
ple events started around 11 and 9 Mya and continued until
recent times, as the examples of Turdus lherminieri, Turdus

Table 1 Summary table for

. . LnL p d e j AIC AAIC Weight
biogeographic models
DEC+J —123.81 3 0.0043 0.0000 0.0107 253.6253 0.0000  0.8469
DIVALIKE+] —-12553 3 0.0049 0.0000 0.0106 257.0615 3.4362  0.1519
BAYAREALIKE+] —130.84 3 0.0035 0.0013 0.0168 267.6743  14.0490  0.0008
DEC —132.68 2 0.0064 0.0038 0.0000 269.3512 15.7258  0.0003
DIVALIKE —133.62 2 0.0073 0.0000 0.0000 271.2326 17.6073  0.0001
BAYAREALIKE — 15524 2 0.0060 0.0549 0.0000 314.4786 60.8533  0.0000

LnL Log likelihood, AIC Akaike information criterion
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Table 2 Result of ancestral state

N . Node no.? Node age (Mya) Ancestral state Probability
estimation according to the best
biogeographic model (DEC+J) 73 (Root) 21.0735 Afrotropical, Neotropical, Western 0.2348
Palearctic, Eastern Palearctic

76 11.0187 Afrotropical, Neotropical 0.2582
77 10.3533 Afrotropical, Neotropical 0.2761
78 10.2974 Afrotropical 0.6432
92 9.739 Afrotropical 1
96 9.7609 Neotropical 0.3713
98 7.1411 East Palearctic 0.9554
115 9.2323 Neotropical 0.9999
82 9.9376 Neotropical 0.9873
87 5.3897 Neotropical 0.8188
90 5.5532 Neotropical 0.8769
125 2.044 Neotropical 0.9452
133 5.977 Neotropical 0.9924
139 4.5183 Neotropical 0.9921

Mpya Million years ago

“Numbers correspond to those in Fig. SO. For more details, see Figs. S1-S5

plebejus, and Nesocichla eremita show (ages of the ancestors
of these species are 11.02, 8.43 and 4.31 Mya, respectively).
The youngest dispersal events relating to the colonization
of Mexico and North America occurred in five independent
lineages from South America (nodes 87, 90, 125, 133 and
139, Table 2) within the past 6-2 Mya.

The summary of 50 biogeographical stochastic map-
pings also supports the result of the DEC+J model (see
Figs. S1, S2). Speciation events occurred 71 times during
the evolution of Turdus thrushes (Fig. S3), separately for the
possible processes as follows: anagenetic dispersal events
(15.52+1.23), sympatry (53.86 +1.92), subset sympatry
(5.44 +£2.12), founder event speciation (8.26 + 1.43) and
vicariance (3.44 +1.26).

Life history traits and migration

The results of our pairwise modelling show optimal data fits
in all cases and similar significance values detected for the
corresponding variables in both sets (Table S5-S6). Based
on run values for 100 different phylogenies, we conclude that
tree structure has no effect on estimations (see averaged val-
ues in Table S4). Estimation of A does not show strong phy-
logenetic signal, nevertheless, the values range between 0.6
and 0.7 in many cases where the likelihood ratio test shows
significant differences (< 0.001) from both of the models
with pre-set A-values, which implies that migratory behav-
iour and related traits probably evolved more dependently
than independently among the lineages of Turdus thrushes.

Five out of the variables of substantial support were
highly significant (p <0.001). Considering the comparison
of breeding ranges among species, migratory behaviour is
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more frequent in non-tropical species compared to those that
breed in both climatic belts, and less frequent in tropical spe-
cies than in species with breeding areas located in both tropi-
cal and non-tropical regions. Estimated parameters show
that clutch size is higher in migratory species that exhibit
shifts of main food type between breeding and non-breeding
seasons. The important factors relevant to migration, based
on the results of model selection, are also highly signifi-
cant, which indicates that migratory species tend to be more
mobile (represented by rarities), and most of them frequently
move along a latitudinal (east—west) axis.

Biologically meaningful interactions among variables
such as interactions among breeding range and factors of
breeding phenology or habitat and dietary variables, had
no significant effect on migratory behaviour. Furthermore,
importance levels of variables estimated by model selection
when migration was categorized into three classes were: 1
for breeding region, 0.99 for bill length, and 0.98 for the
ability to move along latitudes. Repeating the analysis on
migration in two categories showed the following impor-
tance levels: 1 for breeding belt, 0.91 for the ability to move
along latitudes, 0.74 for bill length, and 0.65 for clutch size.

Evolution of migration

Out of the complete set of 72 thrush species, 55 species were
classified as non-migratory, seven as partially migratory, and
ten as complete migrants. Our results indicate that migra-
tion emerged as an ancestral behaviour in an early phase of
Turdus evolution (Figs. S6, S7); the probability of migra-
tory behaviour at the root of the phylogeny was estimated
to be 0.52 in the analysis where this behaviour was split
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Fig.2 Mapped phylogeny of Turdus thrushes indicating the major
dispersal routes during their evolution. The most probable distribu-
tion of the common ancestor of Turdus mupinensis and Psophocichla

into two, and 0.67 for three categories (0.34 for partial and
0.33 for complete migration). Transition rates among states
also confirm that migration was lost multiple times during
evolution; the transition from non-migratory to one of the
migratory states was estimated to be between 0 and 0.03, and
the range from migratory states to a non-migratory state was
0.03-0.24. Furthermore, we found that in Turdus complete
migration could only have evolved or been lost via partial
migration (transition rates are 0.55 and 0.25, respectively).

Correlated evolution between the ability to move along
latitudes and migration shows that the most probable ances-
tral state of all species could be a combination of migratory
and along-latitudinal movement (0.26), while neither of the
two states of along-latitudinal movement were assigned sim-
ilar probabilities (0.24). The appearance and disappearance
of movements along latitudes thus could have frequently
changed in migratory lineages (Fig. 3). The state of migra-
tory behaviour is probably associated with the ability to

litsitsirupa was in East Palearctic/Afrotropical regions (probability
0.4), whilst Turdus viscivorus and Turdus philomelos have ancient
distributions in the East Palearctic region (probability 0.5)

move along latitudes, and the loss of this trait is most fre-
quent in sedentary lineages.

Based on the analysis of migration and main food type
utilized during the breeding season, transition rates show
that sedentariness may have emerged more frequently than
migratory behaviour in herbivorous lineages (Fig. 3). In
contrast, a shift in the main food type from fruits/seeds
to invertebrates is moderately typical of non-migratory
lineages. Repeating this analysis based on the main food
type between breeding seasons shows that the transition
from fruits/seeds to invertebrates likely was at a higher
rate, especially in migratory lineages, than vice versa
(Fig. 3), the latter rate being almost equal to that of a tran-
sition between predominant food types from invertebrates
to fruits/seeds in both lineages. The rates of changes in
migratory behaviour in herbivorous lineages are likely to
represent corresponding transitions in the main food type
in the breeding season, however, with a substantially lower
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0.00 0.00
sedentary —_— migratory sedentary —_ migratory
non-typical - non-typical the same food type the same food type
0.31 0.21
‘ The ability of latitudinal Shift in consumed food
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27.91 0.17

Fig. 3 Transition rates of correlated evolution between migration and one of the explanatory variables

value. Based on data for the breeding season, the most
probable ancestral state is a combination of sedentariness/
migration and herbivory (both 0.32), but this cannot be
clearly derived from the results of the analyses of data
from outside the breeding season as probabilities for the
combination of migratory/sedentary and insectivorous/
herbivorous states are ca. 0.25+0.01.

The analysis of migration and the shift in the main food
type between seasons gives a similar estimation of ances-
tral states (i.e. the probability of all states is 0.25 +0.03).
However, a change in the main food type is highly associ-
ated with changes in migratory behaviour, which indicates
that migration could appear more frequently in lineages in
which birds could have frequently changed food sources
(Fig. 3). Furthermore, transition rates show a shift in diet
from consumption of the same food type in both seasons to
the frequent alternation between herbivorous and insectivo-
rous behaviour in migratory lineages where inversion also
has a similar rate.

Discussion

Our study provides new insights into (1) the biogeography
of 72 Turdus thrushes, revealing the major biogeographic
events behind the radiation of this group; (2) identifies the
most probable paths in the colonization of newly available
habitats; and (3) especially focuses on how the ability for
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movement along latitudes could have helped in this pro-
cess and in the emergence of migration in this group. Fur-
thermore, we discuss (4) correlated evolutionary scenarios
between feeding and migration that allow us to explain
several life history aspects including survival (the ability
to find food under different climatic conditions and/or dur-
ing migration), and (5) trade-offs between migration and
reproductive success. In these respects, our study could be
considered pioneering.

First, although global songbird radiation is considered to
have originated in the Australasian region (e.g. Fjeldsa 2013;
Moyle et al. 2016; but see also Jonsson and Holt 2015), our
findings provide new estimates of the biogeographical origin
of the genus Turdus, by locating their most likely ancestral
area in East Asia. According to our phylogenetic recon-
struction, all basal nodes show posterior probabilities larger
than 0.9, which suggests a more reliable biogeographic
approach. Second, our results support our along-latitudinal
first hypothesis for migration as a probable explanation for
early colonization of the western Palearctic and Africa, fol-
lowed by emerged and repeated trans-Atlantic events.

Specifically, we suggest that an along-latitudinal-first type
of migratory strategy might have been possible in two dif-
ferent directions: either (1) along a northern route, through
West Asia and Europe, which is supported by the distribu-
tion of the common ancestor of Turdus philomelos and Tur-
dus viscivorus; or (2) via southward dispersal, through India,
as supported by the ancient distribution of Turdus mupin-
ensis and Psophocichla litsitsirupa. The latter two species
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form a sister group to all other Turdus, while the former are
widely dispersed Palearctic species; these groups represent
the two most ancient splits within the genus (Fig. 2). A high
probability of mobility, inducing migration as an ancestral
behavioural type within this group, is further confirmed by
evidence of latitudinal dispersal, which possibly resulted in
sympatric speciation (Mazerolle et al. 2005; Faaborg et al.
2010; but see also Winger et al. 2012, 2014). However, in
the DEC model with founder event speciation, anagenetic
events may be underestimated (Ree and Sanmartin 2018),
but are not negligible in Turdus, according to the results of
biogeographic stochastic mapping. This mode of speciation
was also predicted for some Amazonian birds (e.g. Salisbury
et al. 2012). The north—south migration could have emerged
subsequently in thrushes as an adaptation to large-scale geo-
logical and climatic changes, which also led to an enhanced
variation of climatic niche dynamics and a high diversifi-
cation rate in some other groups (see e.g. Sol et al. 2005;
Rolland et al. 2014; Fuchs et al. 2015; Cooney et al. 2016;
Gomez et al. 2016). To further support the above explana-
tion, examples can be seen among rarities and in the distri-
bution patterns of many migratory species. Birds observed
as rarities in North America mainly originated from Europe,
and rarities in Europe are usually western marginal occur-
rences of East Asian species (Crochet and Joynt 2015; ABA
2016). Furthermore, the density of migratory Turdus species
(darker colours, Fig. S9) shows that many species breed in
an extended area along an east—west axis in the Palearctic
region and winter far west of their easternmost breeding dis-
tribution (BirdLife International 2015b).

In contrast to the above, orogenesis prior to the Late Ter-
tiary, in combination with the uplift of the Tibetan (Qinghai-
Tibet) Plateau, may have forced the lineage to move along
an east—west axis in Asia. Arnaiz-Villena et al. (2014) sug-
gested that changes during the Miocene may have had a
significant impact on the evolution of Carduelini finches,
and this geological period may have also been influential in
accentors (Prunellidae) (Drovetski et al. 2013), in a radia-
tion that might parallel the evolutionary history of Turdus
[additional examples can be seen in warblers (Parulidae and
Phylloscopidae) (Price 2010; Winger et al. 2012; Bloch et al.
2015), and buntings (Emberizidae) Pickert et al. 2015]. Oro-
genic events in the Late Tertiary [especially the uplift of the
Andes (Gregory-Wodzicki 2000; Hooghiemstra and Van de
Hammen 2004; Barke and Lamb 2006)] formed possible
routes for South American biota to access the north. Global
cooling in the Upper Miocene (Zachos et al. 2001) drove
these species to develop migratory behaviour as a conse-
quence of climatic constraints in the Northern Hemisphere.
Movements along latitudes thus could have evolved earlier,
facilitated by the more contiguous tropical zone from East
Asia through northern Africa to South America, providing
a corridor for the radiation of Turdus thrushes, followed by

the appearance of meridional migration within the group as
increased genetic differences due to speciation, which may
have been a response to variation in migratory behaviour
(Sol et al. 2005; Pulido 2007; Winger et al. 2012, 2014).
A significant correlation between migratory behaviour and
speciation rate has also been detected in other bird groups
[e.g. some groups of New World songbirds (Winger et al.
2014); harriers (Oatley et al. 2015); falconid raptors (Fuchs
et al. 2015)], but also in Catharus, considered a sister group
of Turdus (Outlaw et al. 2003; Winker and Pruett 2006).

Based on the results and the chronology of phyloge-
netic trees used in our study, dispersal to South America
may have occurred from the direction of Africa rather than
from North America, which is in accordance with the South
American origin of White-throated Thrush (Turdus assimi-
lis) and its allies (Nufiez-Zapata et al. 2016). The larger set
of Neotropical species form a younger clade in our analyses
with possibly Afrotropical ancestors, thus northern coloni-
zation routes are unlikely (Fig. SO). However, in the case
of Turdus iliacus, a species nested in the older Neotropi-
cal clade, together with some North American and other
Eurasian species, a probable trans-Beringian resettlement
of Eurasian regions is possible, the pattern of which can be
found in, e.g. Winter Wren (Troglodytes troglodytes), Pine
Grosbeak (Pinicola enucleator), among passerines (Drovet-
ski et al. 2004, 2010), and also in Three-toed Woodpecker
(Picoides tridactylus) (Zink et al. 1995, 2002). Furthermore,
Catharus thrushes, an outgroup of all species in our dataset
(see Table S1 and also Outlaw et al. 2003; Winker and Pruett
2006), could have originated from North America (Voelker
et al. 2013) after the split from Turdus, and colonization of
the northern regions from the direction of Asia. Neverthe-
less, a Central or South American origin is supported for
the Catharus (Outlaw et al. 2003), which is in line with our
results. Moreover, the highest uncertainties were found in
the large clade containing mainly Neotropical and Afrotropi-
cal species, which may be due to either the under-representa-
tion of genetic information for these species or the frequent
mixing between the populations on both sides of the Atlantic
Ocean that resulted in infering histories of the studied gene
sequences (Reddy et al. 2017; Nagy 2017). Therefore, these
contradictory patterns call for the re-analysis of the biogeo-
graphic history of the Turdidae after a deep taxonomic revi-
sion, as suggested in the Introduction.

Previous studies have shown that species are able to
remain migratory if they occupy boreal regions, including
mountainous habitats. For example, in the Carduelini tribe,
most species are distributed in either mountainous or boreal
areas (Arnaiz-Villena et al. 2001; BirdLife International
2015b), while migratory/highly mobile species frequently
move on an axis along the latitudes (also Phylloscopus
sp.). However, the loss of migration in crossbills (Loxia
spp.) compared to their sister taxon, including migratory
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Carduelis species, may have been driven by their adapta-
tion to feeding on the seeds of pine cones (Arnaiz-Villena
et al. 2001; Benkman 2003; Parchman et al. 2006; Nguem-
bock et al. 2009; Thompson 2016). The Siberian accentor
(Prunella montanella), a long-distance migrant between
Siberia and the Tibetan Plateau and also a regular visitor to
Western Europe and North America, is a member of an avian
family that includes many non-migrant species (Drovetski
et al. 2013; del Hoyo et al. 2016). A risk-avoidance strat-
egy is more likely in similar cases where migratory species
move on latitudinal axis rather than crossing the Himalayas
[e.g. Prunella and Phylloscopus (Price 2010; Drovetski et al.
2013)]. The loss of migration thus seems to be more frequent
during the evolution of similarly behaving passerine groups,
as the loss of migratory behaviour is often related to changes
in foraging (e.g. Moyle et al. 2015; but see also Fuchs et al.
2015). Correlated evolution between migration and food
types, distinguishing seasonal shifts in the latter, predicts
important plasticity in response to the changing climate
of geological history. In Turdus thrushes, shifts from con-
suming the same food type or switching food type between
breeding and wintering seasons were relatively common in
migratory lineages, and could have been the result of flex-
ibility to changing environmental conditions during migra-
tion and on breeding/wintering sites. Species with the ability
to easily switch food sources could change their migratory
behaviour more frequently [see e.g. in the Parulidae (Gémez
et al. 2016), or the synthesis by Cooney et al. (2016)].
Although sedentary Turdus species have mainly tropical/
subtropical distributions (BirdLife International 2015b; del
Hoyo et al. 2016), the insectivorous first hypothesis has been
proposed as a reasonable explanation for the sedentariness
of herbivorous species, including frugivorous taxa, due to
changes in the main food type that occurred frequently in
migratory lineages (Rainio et al. 2012; Telleria et al. 2013;
but see Moyle et al. 2015). However, note that we are unable
to clearly define complete causal relationships, and are only
able to highlight possible changes between evolutionary
states; further investigation is required to further explore
this correlation.

Further evidence supporting a shift in main food type
between seasons in passerine species has been presented
in this analysis (similarly to e.g. Rainio et al. 2012; Tel-
leria et al. 2013). Correlated evolutionary analyses showed
that, among migratory thrushes, shifts from insectivorous
to frugivorous behaviour during the non-breeding season
might have been frequent during evolution, the flexibility
of which is supported by many examples (e.g. Carpoda-
cus erythrinus, Emberiza koslowi, Prunella himalayana) of
feeding behaviour in present bird species (del Hoyo et al.
2016). A clear trend in a recent shift in food types emerges
not only in resident species but also in migratory birds, as
they are increasingly dependent on plant matter, including
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fruits (Telleria et al. 2013). Further work on bill shape and
size, which should be highly correlated with consumed food
type, may support these findings.

In addition, whether a bird is a herbivorous resident
or an insectivorous migrant has important consequences
for its conservation (Rainio et al. 2012). It has long been
known that there are important trade-offs between migration
and survival (especially reproductive success) (Alerstam
et al. 2003; Newton 2008); for example, in a case study of
Wood Thrushes (Hylocichla mustelina), resident birds had
higher survival rates than vagrants (Rappole et al. 1989), as
migrants are more frequently exposed to mortality factors
than residents (e.g. Ketterson and Nolan 1982; Bell 1996;
Alerstam et al. 2003; Newton 2008). Strategies related to
migration have already been suggested as one of the pos-
sible explanations for the variation in adult survival among
Turdus and Catharus species (Boyce and Martin 2017),
e.g. the increased clutch sizes seen in migratory species, as
documented here for Turdus (for other examples, see Martin
1995; Jahn and Cueto 2012; Barve and Mason 2015; Nagy
et al. 2017), may be a mechanism to offset mortality during
migration.

In conclusion, using integrative data on the distribution
and life history of Turdus thrushes, we obtained (1) robust
results for the biogeographical origin of the genus that sup-
port our along-latitudinal first hypothesis for migration as a
probable explanation for this group’s distribution pattern in
the early colonization of the western Palearctic and South
America through Africa, and (2) found correlations between
migration and food types that may have been important for
the evolution of these birds.
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