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Preface

When I was a child, I wanted to become computer scientist for a long time. Although I
am interested in computer sciences, I managed to learn biology quickly, and further,
due to my visual impairment, I finally choose to learn biology in secondary school.

Later, as I progressed in my studies at the Univeristy of Debrecen, it soon became
clear that my primary interest lies in animals, out of other fields of life sciences. This
is not surprising, because my attention has always been directed to birds and mammals
since we got our first dog when I was very young. As a result, I first became an
ecologist, then a zoologist.

Although I chose biology, as a consequence of the twist of fate, I got close to
informatics during my researches. This motivated me to deepen my knowledge in
mathematics to acquire a better understanding of the formulae behind the approaches I
am using. Thus, after I qualified as a teacher of biology, I studied mathematics. Hence,
I successfully became a teacher of mathematics, parallelly to my ongoing doctoral
programme.

Meanwhile, my interest focused on the evolution of life history and behaviour traits
in birds, especially on historical biogeographic patterns and the origin of migration in
several groups. The present dissertation is the result of the efforts I invested into
research during the past eight years, since I have begun to prepare my first thesis at
bachelor level at the Department of Evolutionary Zoology and Human Biology.

My related findings in the studies on raptors and passerines indicate novel insights
into the biogeography and evolution of these groups, and also regarding to migratory

behaviour and its related factors with significant implications for conservation aspects.



El6sz6

Amikor gyerek voltam, hosszi ideig informatikus szerettem volna lenni. Azéta is
érdekl6dom a szdmitastechnikai tudomdanyok irdnt, azonban a bioldgiat is nagyon
konnyen tanultam, nem mellesleg velesziiletett szembetegségem miatt igy dontottem,
hogy kozépiskoldban a bioldgiatanulés utjara Iépek.

Késobb, ahogy a Debreceni Egyetemen folytatott tanulmdnyaim eldrehaladtak,
hamar kideriilt, hogy leginkdbb az allatvildg érdekel az élettudominyok megannyi
teriilete koziil. Ez nem meglepd, hiszen figyelmem mindig is a madarak és eml6sok
felé¢ irdnyult, amiéta nagyon fiatalon megkaptam elsé kutydmat. Végeredményként,
elébb o6koldgus, majd zooldgus képesitést szereztem.

Annak ellenére, hogy a bioldgiat vélasztottam, a sors kiilonos fintora kdvetkeztében
mégis kozel keriiltem az informatikdhoz kutatdsaim sordn. Ez tovdbb motivalt
matematikai tuddsom elmélyitésére, hogy megérthessem azokat az ,,egyenleteket”,
melyek a mindennap haszndlt moddszerek mogott rejlenek. Ezért, miutdn mar
bioldgiatandri végzettségem is megszereztem, elkezdtem matematikat tanulni. A
folyamatban 1évd doktori programom mellett sikeresen elvégeztem a matematikatandri
szakot is.

Mindekozben érdeklddési korom egyre inkabb a madarak életmenet-jellegeinek és
viselkedésének evolicidja irdnydba fordult, kiilonos tekintettel az egyes csoportok
biogeografiai mintdzataira és a vonulds kialakuldsara. Jelen doktori értekezés annak a
hosszi munkdnak az eredménye, melyet az elmult nyolc évben fektettem be
kutatdsaimba, midta az elsd szakdolgozatommal kapcsolatos feladatokat megkaptam
az Evoliiciés Allattani és Humanbiolégiai Tanszéken, mint alapképzésben részt vevd
hallgaté.

A ragadoz6 és énekes madarak tanulmanyozdsa sordn olyan eredményeket sikeriilt
kimutatnom, melyek tobb szempontbdl is Gjak eme csoportok biogeografidjat és
evolucigjat illetden, ideértve a vonuldsi viselkedéssel és az azzal Osszefiiggd
tényezokkel kapcsolatos megéllapitdsokat, amelyek akar természetvédelmi

szempontbdl is alkalmazhatéak lehetnek.
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1. Introduction

Historical events have always been in the focus of mankind’s interest: from
fundamental questions such as ‘where did humans originate from’ to personal issues
such as ‘who was my great-grandfather’. Nations were born and buried because of the
knowledge or indeed, the ignorance of true history that could strengthen or weaken
societies. Motivated by this curiosity, the desire for knowledge led to turn interest to
science.

History and religion are inseparable in many nations’ culture. In this respect, birds
have always been a miraculous group of animals that people admired due to their
mysterious behaviour, magnificent appearance or surprising intelligence. For example,
birds in Celtic mythology represent knowledge, speech and prowess, and often
associated with the message or the messenger (Noodén 1992) in the form of eagle, owl,
starling, blackbird, raven and crow, even included in archaic Japanese stories. The
Romans believed in the messenger role of birds which carried the messages of gods in
the form of augurs, priests whom were deeply respected (Green 2009). Furthermore,
many raptors represent national and ethnic symbols: e.g. “golden kite” in Japan, “turul”
(considered as the saker falcon Falco cherrug) in Hungary, “golden-winged eagle” in
Mongolia, representing strength, law of living in harmony with nature, hope and origin
(Waida 1978). Crows, eagles and hummingbirds also played fundamental roles in tales
of American native Indians (Du Bois 1904). The Egyptians often depicted their gods
as birds, including falcons, hawks, vultures, and herons (March 1898, Buhl 1947). The
cattle egret (Bubulcus ibis) known as the Egyptian “Bennu” may have been the
inspiration for the Greeks’ mysterious ‘“Phoenix” bird. The Greeks, beyond religion,
tried to scientifically describe the world around them. For instance, Aristotle described
that migratory birds hibernate or simply hide during winter periods. As already seen
from these examples, imaginations and scientific explanations have already been born

in relation to bird migration (e.g. Heather 1939, Bairlein 2008, Somveille et al. 2015).
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This chapter aims to review the main changes in Earth’s history to provide
background for my main findings on biogeography and its consequences for the

evolutionary origin of migration in birds.

1.1. Historical biogeography and its consequences in the evolution of birds

Species have some regularities in distributions which allows the distinction of
biogeographic realms. However, as these patterns are continuously changing, they have
not remained constant during the geological history of Earth. The movements of
tectonic plates have inevitably driven the changes e.g. in the ratio of terrestrial/marine
surfaces, composition of the atmosphere, and consequently in climatic zonality,
including cyclic changes of orbital factors. The biosphere, the subject of our main
interest here, inseparably depends on the lithospheric crust system, but is divided into
separate components. These plates are drifting and more or less correspond to the main
biogeographic realms, however, they cannot be limited within the boundaries of
continents.

In the next three subsections, I summarise the major geo-biospheric changes that
drove the main climatic processes, after a brief overview of the past, focusing on the
Tertiary in terms of forming the current biogeographic division of the animal kingdom,

especially for birds.

1.1.1. Historical changes of the geo-biosphere

Tectonic movements and orogenic events played a fundamental role during the history
of Earth, thus in the formation of nowadays geographical surface and climatic zonality.
In the Late Carboniferous and Permian, all terrestrial surfaces on the globe had started
to converge. Laurentia (including North America, Scotland, Ireland, Greenland)
merged with Gondwana (South America, Africa, Arabia, Madagascar, India, Australia,
Antarctica), and the formation of the supercontinent of Pangea was completed by the

Triassic and Early Jurassic (Scotese and McKerrow 1990, Condie 1997, Scotese 2004).
11



The re-segmentation of Pangea started during the Late Jurassic. Nevertheless, the
movements of the recent continents suggest the formation of a new supercontinent in
the farest future.

Around 140-120 million years ago (Mya), the North Atlantic began to open up
(Condie 1997, Scotese 2004). By that time, the rest of Gondwana detached from South
America/Africa and the latter two completely separated in the Late Cretaceous.
Australia was split from Antarctica, and Madagascar also separated from India and
almost reached its current position around 100-80 Mya (Scotese 2004). India collided
with the southern parts of Eurasia during the Eocene, and the formation of the Alpine-
Himalayan collisional orogeny process started (Condie 1997, Cawood et al. 2009).
Africa also merged with Eurasia via Arabia, during the Oligocene, whilst the Panama
land bridge came into existence connecting North and South America. Hence, the
continents had almost occupied their present positions. The uplift of the Eastern
Cordilleras and the Andes, along the southern end of the Cordilleran accretionary
orogen events, also occurred during the Miocene (Gregory-Wodzicki 2000,
Hooghiemstra and Van der Hammen 2004, Barke and Lamb 2006).

The geo-biospheric events in the Tertiary played a significant role in the evolution
and radiation of Neognathae, resulting both major barriers and corridors for organisms,
also in recent times. India collided with Asia approximately 65-34 Mya, initiating the
uplift of the Himalaya and Tibetan Plateau (Molnar et al. 2010, Najman et al. 2010,
DeCelles et al. 2014, Zhang et al. 2018 and their references, but see also Zheng et al.
2000 for an alternative hypothesis). The elevation range of the area significantly
increased 8 Mya, during the Late Miocene (Harrison et al. 1992, Molnar et al. 1993,
Zhisheng et al. 2001) that formed barriers between the southern and northern part of
Asia and induced radical climatic changes as described in the next subsection.

Compared to other continents, the climate and biome zonality of Africa changed the
most dramatically during the Cenozoic, driven by important geotectonical changes. The
development of North African basins started in the Paleozoic-Mesozoic (Coward and
Ries 2003) and the Atlas belt significantly changed during the Cenozoic (see also Piqué
et al. 2002 for a comprehensive review). During the Early Miocene (20-18 Mya), Africa

12



merged with Asia via the Arabian Peninsula (Sanders and Miller 2002). However, the
Ethiopian Plateau already began to uplift during the Oligocene, almost simultaneously
with the emergence of the eastern branch of the East African Rift System during the
Eocene-Oligocene (Chorowicz 2005, Sepulchre et al. 2006). The western part of the
rift system began to develop around 12-10 Mya with major uplifts between 5-2 Mya,
forming a long north-south area bordered by chains of ridge. Furthermore, the South
African Karoo Plateau started to uplift during the Early Pliocene (Sepulchre et al.
2006).

Other important event in the geological history is represented by the South American
orogeny. Although the elevation of the West Indies started around 35-33 Mya, the
islands just occupied their almost-present locations after the Middle Miocene (Hedges
1996, Iturralde-Vinent and MacPhee 1999, Ricklefs and Bermingham 2008). After the
migration of the Caribbean Plate between Yucatan and South America, and the
narrowing of that corridor, the Nazca Plate collided with South America. The uplift of
the Eastern Cordillera and Central Andes occurred between 10-3 Mya (Gregory-
Wodzicki 2000, Hooghiemstra and Van der Hammen 2004, Barke and Lamb 2006,
Cawood et al. 2009), whilst the complete closure of the Panama isthmus finished during
the Pliocene (see discussions of the estimated time intervals in e.g. Rea et al. 1998,
Iturralde-Vinent and MacPhee 1999, Mercer and Roth 2003, Bonnefille 2010 and the
references therein).

Besides the southern connection of North America, representing its northern link to
Eurasia, an important biogeographical component — the Beringian land bridge and strait
is also discussed. Its significance lies in the simultaneous connection of land masses
and the separation of marine regions or vice versa, multiple times during the history
(Hopkins 1959). The time of an early opening of the Bering Strait is thought to take
place between 7.4-4.8 Mya, based on fossils of molluscs (Marincovich and Gladenkov
1999, but 4.3-3.1 Mya in some of the references therein), however the land bridge
remained accessible for the migration of humans and animals until 11,000 years ago

due to lower sea level (Hopkins 1959, Elias et al. 1996).
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All of these geographical changes had significant effects on the past and present-
day climate on Earth and consequently the recent composition of biogeographic realms

will be discussed in the next two subsections.

1.1.2. Climatic consequences of geo-biospheric changes

In the following subsection I provide an overview of those climatic changes that played
important roles in the biogeography of birds. These effects are classified into three
categories: (1) orbital cycles, (2) tectonic movements, (3) and biotic factors, which are
strongly interacted with each other, thus I prefer to summarise them following the
above geographical division. In general, after the Paleocene-Eocene thermal maximum,
the Earth’s climate cooled during the Oligocene, when the Antarctic ice shield began
to extend, but fluctuated including a warmer interval during the Middle Miocene and
the Pleistocene (Zachos et al. 2001, Ravelo et al. 2004). The development of Antarctic
and North Polar inland ice shields resulted in decreased sea level compared to the
previous times (Haq et al. 1987, Miiller et al. 2008). Although the current climatic
changes are characterised by more extreme conditions, our present day climate is part
of a long-term colder period.

The uplift of the Himalayas and the Tibetan Plateau caused significant changes in
the climate of Eurasia beginning during the Late Miocene or even earlier (Harrison et
al. 1992, Kutzbach et al. 1993, Molnar et al. 1993, Dupont-Nivet et al. 2008). The
elevating region had increasingly captured the wet air streams from the ocean which
facilitated the emergence of the monsoon system, whilst the central and inner part of
Asia became increasingly arid (Rea et al. 1998, Zhisheng et al. 2001, Molnar et al.
2010, Zhang et al. 2018). The two monsoon cycles are different in timing and location.
The South Asian monsoon includes the tropical monsoon of India, the Indochina
Peninsula, and the South China Sea and brings large amounts of precipitation in
summer, whereas the East Asian monsoon as a subtropical monsoon, affects the climate
of China, the Korean Peninsula, Japan, and Mongolia with dry winter and rainy

spring/summer (see Molnar et al. 2010, Zhang et al. 2018 for detailed review). These
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changes are connected to the expansion of grassland vegetation and the restriction of
forests during the Late Miocene (Harrison et al. 1992, Molnar et al. 2010), and
furthermore to the glaciation of the Tibetan Plateau and the cooling of the Northern
Hemisphere (Molnar et al. 1993, Rea et al. 1998, Zhisheng et al. 2001, Dupont-Nivet
et al. 2008).

The first savanna/grassland formations appeared during the Late Miocene in Africa
(Bobe and Behrensmeyer 2004, Bonnefille 2010). The cooling climate and aridisation
of North Africa led to the emergence of the Sahara and the shift of forested and
grassy/arid climatic zones by the Plio-Pleistocene, becoming similar to present
conditions (deMenocal 2004, Herndndez Fernande and Vrba 2006). This phenomenon
could be considered as a unique biospheric change different from the history of any
other continent.

Furthermore, the Andes in South America forms the only significant barrier to
atmospheric circulations in the Southern Hemisphere (Gregory-Wodzicki 2000). The
mountains extending in a north-south direction blocked the moist air currents from
Amazonia, and alongside the cooling climate from the Miocene the west coastal region
of the continent became thus more arid. The uplift of the Andes also resulted in the
backward flow of the Amazonas, which river plays a fundamental role in the
biogeography of South America, and it is heading toward the Atlantic in present days
(Sacek 2014).

Due to the cooling climate, aridisation and the formation of grasslands were typical
in North America (Flower and Kennett 1994). However, the Beringian region and
Alaska had warmer climate compared to the rest of the Arctic (Ruddiman and Kutzbach
1989), but the vegetation of the land bridge remained mostly tundra also during the
Pleistocene (Hopkins 1959).

These global climatic changes and the appearance of new vegetation types during
the Miocene fundamentally modified the former biogeographic realms and facilitated
the radiation of birds and other animals associated with different adaptations to open

grassy biomes.
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1.1.3. Recent biogeographical regionalisation

The distribution of animals has been classified applying several different approaches
during the last two centuries. To date, the actuality of traditional divisions is challenged
by some modern approaches which generates debate in numerous questions.

The original geographic division classified the ranges of animals into six major
regions: Palearctic, Nearctic, Ethiopian, Neotropical, Oriental, and Australian (Wallace
1876). According to the taxonomic summary in the books of Wallace, the above regions
are characterised by endemic families of birds (Table 1). Barely a century later, these
regions were refined, while keeping the main biogeographical classification such as
Eastern and Western Palearctic, Nearctic, Afrotropical, Neotropical, Indomalayan,
Australian, Oceanian, and Antarctic regions (Udvardy 1975).

Furthermore, a phylogenetical revision is also available based on vertebrates (Holt
et al. 2012), which was debated, especially considering its methodology (Kreft and Jetz
2013). Nonetheless, I provide here a brief summary of this approach and suggestions.
Using distributional and phylogenetic data on amphibians, birds, and mammals, the
following evolutionarily unique regions can be distinguished: Palearctic, Nearctic,
Afrotropical, Saharo-Arabian, Madagascan, Neotropical, Panamanian, Oriental, Sino-
Japanese, Australian, and Oceanian. Their phylogenetic measurements of diversity and
the amount of endemic species and families of birds (see Table 1) clearly support
Australia and South America as being biodiversity hotspots, the regions that were

separated from other continents in significant time intervals.
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Table 1. Bird families endemic to the Wallacean biogeographic regions as defined in
Wallace’s time. The Palearctic region forms an exception because none of the bird
families is exclusively typical for this region (Wallace 1876).

Regions Sub-regions Bird families

Ethiopian
Madagascar Paictidae (a family of pittas in Wallace’s time)
Leptosomidae (family with a single species:
Leptosomus discolor)
African mainland Musophagidae (turacos)

Coliidae (mousebirds)

Irrisoridae (insectivorous birds allied to the
hoopoes, corresponding family cannot be
found)

Serpentariidae (secretarybird)

Neotropical

Neotropical region Cotingidae (cotingas)

(mainland and islands)

Neotropical region Coerebidae (bananaquits)

except Chile

Brazil and Mexico Oxyrhamphidae (considered to be Oxyruncus
cristatus, part of Tityridae)
Pipridae (manakins)

Formicariidae (formicarids)
Rhamphastidae (toucans, Ramphastidae)
Bucconidae (puffbirds)

Galbulidae (jacamars)

Momotidae (motmots)

Cracidae (guans, chachalacas, curassows)

Aramidae (family with a single species:
Aramus guarauna)
Eurypygidae (family with a single species:
Eurypyga helias)

Chile Phytotomidae (plantcutters, part of Cotingidae)

Chionididae (sheathbills, Chionidae)
Thinocoridae (seedsnipes)

Neotropical region Dendrocolaptidae (woodcreepers, part of

except Antilles Furnariidae)
Tinamidae (tinamous, as a single family part of
Tinamiformes)

Brazil and Chile Pteroptochidae (tapaculos, part of
Rhinocryptidae)

Cariamidae (seriemas)
Palamedeidae (screamers, Anhimidae)
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Oriental

Australian

Nearctic

Antilles
Brazil

Oriental region
(mainland and islands)
Indochina and Indo-
Malaya

Austro-Malaya and
Australia

Australian region
(mainland and islands)

Polynesia

Australian region except

New Zealand

Austro-Malaya and New

Zealand
New Zealand

California

Todidae (todies)

Steatornithidae (family with a single species:
Steatornis caripensis)

Opisthocomidae (as a single family with a
single species: Opisthocomus hoazin, part of
Opisthocomiformes)

Psophiidae (trumpeters)

Phyllornithidae (green bulbuls in Wallace’s
time)

Liotrichidae (hill-tits, corresponding family
cannot be found)

Eurylaemidae (broadbills, Eurylaimidae)

Paradiseidae (bird-of-paradise, Paradisaeidae)

Casuariidae (cassowaries and emu)
Meliphagidae (honeyeaters)

Platycercidae (rosellas, part of Psittaculidae)
Drepanididae (Hawaiian honeycreepers)

Didunculidae (Didunculus strigirostris, part of
Columbidae)

Rhynochetidae (family with a single species:
Rhynochetos jubatus)

Trichoglossidae (lories, part of Psittaculidae)

Megapodiidae (megapodes)
Nestoridae (nestorid parrots)

Stringopidae (family with a single species.
Strigops habroptila)
Apterygidae (kiwis)

Chamaeidae (considered to be Chamaea
fasciata, part of Paradoxornithidae)

For studying the biogeographical origin of the above groups of birds I mainly
followed the traditional biogeographic division applying some practical modifications

described in the methods.
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1.2. Phylogenetic histories in Neognathae birds

Modern birds originated in the Late Cretaceous in the continents of Western
Gondwana, and their diversification has been accelerated after the Cretaceous-
Paleogene boundary (Brusatte et al. 2015, Claramunt and Cracraft 2015). The
Neornithes are divided into two major groups which clades separated more than 100
Mya. The Palacognathae contains the tinamous and ratites, whilst the groups of
Galloanseres and Neoaves are included in the Neognathae. In the next subsections I
focus on the evolution of the latter group in overviewing their radiation, especially in

Accipitriformes and the Turdidae and their closest relatives.

1.2.1. Major radiations of Neognathae

The Neognathae have been split into two major clades around 100-70 Mya forming a
basal branch including Galliformes and Anseriformes, and a highly diverse one
containing the rest of all extant birds of this group. The common ancestor of landfowls
and waterfowls appeared around the Cretaceous-Paleogene boundary in a terrestrial
region corresponding to South America, and the two clades evolved separately
thereafter (Brusatte et al. 2015, Burleigh et al. 2015, Claramunt and Cracraft 2015,
Prum et al. 2015).

These researches also suggest that nearly all orders of the Neognathae diverged
approximately 50 Mya, and by that time they spread into Africa, Madagascar, India,
and North America (Brusatte et al. 2015, Claramunt and Cracraft 2015). The
biogeographic patterns of early radiation of these groups are unclear in some points due
to methodological limitations.

Nevertheless, the diversification of avian lineages increased fast after that, leading
to a highly diverse group of vertebrates amounting to ten thousand species (Jetz et al.
2012, Ksepka and Phillips 2015). This acceleration is more likely based on the geo-
biospheric changes described above which is also reflected in the geographical

distribution of diversification rates and species richness (Voskamp et al. 2017). The
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most species-rich areas include the tropical regions where passerine lineages with high
diversification rates are presented (but see also temperate East Asia and North
America), whilst lineages with higher diversification rate among non-passerines are
almost exclusively typical in the Northern Hemisphere (Jetz et al. 2012).

The detailed evolutionary history and origin of Neognathae itself would demand a
longer monograph, thus I briefly summarise only some major considerations. The
historical biogeography of landfowls is obscure but the different results can be
combined to form an acceptable explanation. It is widely recognised that Africa and
the Indomalayan regions were significant hotspots in the early radiations of
Galliformes (Wang et al. 2017). However, the most basal clades were found to be
originated in Australasia and South America, in the order of branching, and the
common ancestor of the rest of the landfowls was suggested to disperse from South
America to Africa. This is only supported by the West Gondwanian origin of
Neognathae (Claramunt and Cracraft 2015) with the acceptance of the possible
dispersal routes of Megapodidae to Australasia via Antarctica (Wang et al. 2017).

Although many more important groups and their histories could be described
besides the basal branches, let only consider the top of the tree, indicating the core
landbirds (Telluraves). Out of the two major clades, one contains the Accipitriformes,
while the other includes the Turdidae, which separated around 70-60 Mya (Brusatte et
al. 2015, Claramunt and Cracraft 2015). The accipitrid birds of prey form the oldest
group among its relatives and are sisters to the owls (Strigiformes) and the rest of the
Afroaves (see for detailed phylogenetic and biogeographic history of some relevant
groups e.g. owls, Wink et al. 2009, woodpeckers, Fuchs et al. 2017, kingfishers,
Andersen et al. 2017). Therefore the name of ‘diurnal raptors’ may be misleading in a
phylogenetic perspective: although accipitrid and falconid raptors share similar
ecology and behaviour, they are not closely related groups (Mahmood et al. 2014,
Cenizo et al. 2016). The sister taxa of Falconiformes are represented by the parrots
(Psittaciformes) and the seriemas (Cariamiformes) and these three are basal to the
lineages of perching birds (Passeriformes, Brusatte et al. 2015, Claramunt and Cracraft

2015).
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Thorough description on the evolutionary history and diversification of passerine
birds are available in recent studies. For the contribution of islands to the diversity in
this group, see Jgnsson and Holt (2015), whereas for the origin and diversification of
songbirds in the New World look up Selvatti et al. (2015), and for the role of tectonic

collisions in the radiation of oscines the paper of Moyle et al. (2016) is recommended.

1.2.2. Phylogeny of Accipitriformes

Although both natural and sexual selection influence the species richness of accipitrids,
the former one plays a more prominent role in their diversification (Kriiger 2008).
Consequently, 240-270 extant or extinct species are known recently.

Many phylogenetic studies were published to clarify the relationships within a
specific group of raptors but only some of those included multiple gene sequences or
involved a comprehensive set of taxa and almost none of them dated the radiations of
the birds of prey (see discussion in Griffiths et al. 2007, do Amaral et al. 2009 and their
references).

The common ancestor of buteonine hawks (Buteoninae) originated between 27-13
Mya (do Amaral et al. 2009) which interval covers the estimated age of the first
appearance of the ancestor of aquiline eagles (Aquilini, Helbig et al. 2005).
Nevertheless, some of the buteonine hawks seem to form a younger clade then aquiline
eagles according to several studies (Griffiths et al. 2007). Moreover, none of these
subfamilies are monophyletic, except for the secretarybird (Sagittarius serpentarius,
Sagittariidae), the osprey (Pandion haliaetus, Pandionidae), and the large clade
containing the rest of the accipitrids.

Based on these uncertainties, it would be hard to form statements on the
phylogenetic relationships among the subfamilies of raptors, since several taxonomic
and classification changes have been proposed (Griffiths et al. 2007, do Amaral et al.

2009). Therefore the phylogenetic revision of the Accipitriformes is badly needed.
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1.2.3. Phylogeny of Turdidae

Many studies of thrushes aimed to investigate the phylogeny and biogeography of the
group, either focusing on one genus (i.e., Catharus, Outlaw et al. 2003, Winker and

Pruett 2006, Voelker et al. 2013, Turdus, Voelker et al. 2007, 2009), or through wider

taxonomic range (Klicka et al. 2005, Nylander et al. 2008).

The early radiation of Turdus was dated to around 7 Mya (Nylander et al. 2008,
Voelker et al. 2009), however the results of Jetz et al. (2012) showed that the first
appearance of the common ancestor of this group occurred approximately 15 Mya.

These contrasting time intervals suggest to revise the biogeographic history of Turdus

thrushes.
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Figure 1. Suggestion for revision of Geokichla and Zoothera. Phylogeny of species is based

on Jetz et al. (2012). See Results for novel findings.
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Although this group originates from Southeast Asia, the importance of Indomalayan
islands was also suggested (e.g. Nylander et al. 2008, Voelker et al. 2009). The
biogeographic history of Turdidae becomes more unclear in the case of Central and
South American species, despite the hypothesised trans-Atlantic movements. The most
basal group of thrushes, the Catharus (Voelker and Klicka 2008, but see also Klicka et
al. 2005) has also been originated in Central and/or South America (Outlaw et al. 2003).

The two branches of Zoothera is considered as polyphyletic taxa (Klicka et al. 2005,
Jetz et al. 2012). Nevertheless, all Geokichla have been classified as Zoothera, together
with Zoothera naevia and Z. pinicola. However, they were previously considered as
monotypic genera, Ixoreus naevius and Ridgwayia pinicola, respectively (Olsson and
Alstrom 2013). Currently, Zoothera includes all former Geokichla species (e.g.
Voelker and Outlaw 2008), that should be split into two generic groups (Figure 1): (1)
the monophyletic Geokichla and (2) the core Zoothera related to the subgenus Cochoa
(Jetz et al. 2012). The core Zoothera is suggested to be monophyletic including the
four, Catharus related species, Z. naevia, Z. pinicola, Z. margaretae, and Z. leucolaema

after their taxonomic revision.

1.3. Phylogeny, migration and biogeography

After reviewing the geo-biospheric changes and the major radiations of modern birds,
especially focusing on the Accipitriformes and the Turdidae, I summarise the main
hypotheses on the origin of migration in birds including the differences of
geographically distinct migratory systems and the brief overview of migratory
behaviour and related traits.

The space limitation of this work does not allow to present longer description of the
relationships among migration and other traits. For more detail in these topics the
monographs of Newton (2008), Cox (2010), and Milner-Gulland et al. (2011), or also

Dingle (2014) are recommended that are also referred below.
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1.3.1. The origins of migration in birds

Behavioural traits, such as migration are unable to be fossilised and hence current ideas
are only inferred from phylogenetic or biogeographic studies. The theories of the
evolution of migration in birds are categorised into three groups (Rappole and Jones
2002, Bruderer and Salewski 2008, Louchart 2008).

The ‘tropical origin’ hypothesis assumes that migratory birds derive from
populations or species occupying regions where environmental conditions were
annually constant. Starting from those source patches, northern areas were gradually
colonised to exploit the seasonally available food resoureces for reproduction.
However, the decreased chance to survival, e.g. during winter food limitation forced
these populations or species to return to south. According to a stepping-stone model
competition for food led tropical resident species to colonise the subtropics developing
partial migratory behaviour (Cox 1985). These birds continued to spread to higher
latitudes where they were able to breed successfully but returned to the tropics in
winters. An example for the ‘tropical origin’ hypothesis was provided for Catharus
thrushes (Outlaw et al. 2003 and the references therein for more examples). The North
American, migratory thrushes are sister to tropical species, and the ancestral range for
them found to be in the Neotropic. This pattern can also be true for intraspecific
comparison of populations e.g. in North American chipping sparrows (Spizaella
passerina, Mila et al. 2006), in which case the northern, long-distance migrant
populations descend from non-migratory Mexican populations.

The ‘northern origin’ hypothesis proposes that climatic or other ecological changes
on the breeding ranges of northern species could have led to the evolution of migration
due to the leaving of the highly seasonal habitats of temperate and arctic species during
winter (Bell 2005, Bruderer and Salewski 2008). However, this hypothesis has received
relatively low support to date.

Both the tropical and the northern origin hypotheses predicts that the migration
evolved from resident populations or species simultaneously with the range expansion

of these birds. Compared to them, the ‘shifting home’ hypothesis suggests the
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narrowing of formerly wider tropical belt as the source of the evolution of migration
(Louchart 2008). According to this hypothesis which considering paleoclimatic
changes, migration evolved as a consequence of winter range shift rather than assuming
the existence of an ancestral northern or southern breeding range.

Nevertheless, the shifting home is parallel to the idea of the origin of migration
without the expansion of the breeding ranges, as suggested by intra-tropical migrants
(e.g. Boyle et al. 2011). Variation and predictability of food sources or the ability to
explore and to use these sources appear to prompt some avian taxa for migration (Bell

2011).

1.3.2. Migratory systems in birds

The two major, geographically distinguishable migratory systems are represented by
the Palearctic-Afrotropical and the Nearctic-Neotropical systems (Newton 2008). The
most striking difference between the two is the result of zonality. The vegetation zones
follow an East-West direction in the Old World, whilst it follows a North-South axis
in the New World, particularly regarding the orientation of significant ecological
barriers.

Hundreds of species are migrating from the whole Palearctic region to sub-Saharan
Africa crossing broad plateaus and mountains (>2000 m) or extremely arid (<50-100
mm of annual precipitation) areas during the journey (Newton 2008). However, the
land bridge between North and South America, and the Caribbean islands provide more
continuous routes for migration than in the Old World, where the Mediterranean Sea
and the Sahara present hazardous areas for the passage of migrants. To a certain extent,
the Mexican Plateau may form such a barrier, as indicated by several bird species
wintering on its Northern border.

Furthermore, the distinction of Western Palearctic-Afrotropical and East Palearctic-
Australasian migratory systems is supported by several reasons. The Europe-African
migratory routes resemble the New World routes in the sense that birds face gradual

changes of landscapes along these routes, contrary to the more homogenous landscapes
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along the East Asian migratory flyways. Birds breeding on northern latitudes in East
Asia tend to be canalised along nearly barrier-free, continuous routes during migration.

The importance of this significant difference is supported by the number of
migratory species. While more than 200 species winter south of the Sahara in Africa,
and this number is even larger in south of Central America, only 161 species migrate
to Malaysia (Newton 2008). Moreover, the number of species overwintering south of
the Equatorial forest belt is 42 in South America and 28 in Africa, however, only 14 in
Australasia (Dingle 2014).

These evidences clearly justify the categorisation of species by migratory systems
and their separate inclusion in the analyses as it is treated in this dissertation on

accipitrid raptors.

1.3.3. Migration and other life history traits

Migratory behaviour influences and is affected by many ecological, behavioural and
life history related factors, including the distribution and diversification of birds
(Newton 2008). Here I mainly focus on those which seem to be significant in relation
to the studied groups of birds.

Body mass is a fundamental factor in determining nearly all aspects of birds’ life,
which could be related to overcome the limitation of food and/or harsh weather. In
relation to migration, body measurements affect, e.g. the timing and length of the
journey, the speed of flight and the manoeuvrability, and hence the mortality of birds
(e.g. Newton 2008, Cox 2010).

Before leaving the breeding/wintering range and at the stopover sites birds must
refuel their fat reserves to have enough energy source for migration. Therefore the diet
and hunting/feeding strategies also influence both body mass and migration (Newton
2008, Cox 2010). These strategies may require divergently adapted morphological
structures (e.g. Dingle 2014), thus differences in body measurements (e.g. body mass,

wing/tail ratio) and feeding ‘equipment’ (e.g. bill length) in relation to migration are

26



connected to resource partitioning and consequently to niche segregation (Brown
1976).

Feeding on seasonally available food sources is well-known in birds (del Hoyo et
al. 2016), and evolutionary changes in foraging behaviour in sedentary/migratory
lineages is documented for several groups (e.g. Rainio et al. 2012, Telleria et al. 2013,
Moyle et al. 2015). Nevertheless, niche partitioning includes seeking for suitable
habitats where food is available in appropriate quality and quantity, thus habitat type
in temperate-tropical migratory systems could govern the availability of suitable routes
and destination areas. For example, most of the North American and East Asian long-
distance migrants winter in forests, however it is less frequent in migrants from the rest
of the Palearctic (Rappole and Jones 2002, Newton 2008).

Life-history trade-offs, including the so far mentioned factors, are associated with
migratory behaviour (e.g. Dingle 2014). Furthermore, because migration has a
reproductive cost due to the higher risk of mortality, it is expected to be offset by further
mechanisms: for example, larger clutch sizes were found in many migratory species
(e.g., Bruderer and Salewski 2009 Jahn and Cueto 2012, Barve and Mason 2015, but
see also Bohning-Gaese et al. 2000).

The complexity of the impact and interaction of involved factors in relation to
migration is not entirely clear. Although an increasing number of papers are published
in this subject, comprehensive and/or well-designed analyses are still lacking for
several groups of birds. Thus my aims were (1) to estimate the evolutionary origin of
migration, (2) which could not have been done without a historical biogeographic
framework, and (3) to investigate relationships between life history-related traits and
migration in a phylogenetic context, (4) including correlated evolutionary patterns in

Accipitriformes and Turdus thrushes.
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1.4. Objectives and hypotheses

Studying spatiotemporal patterns in the evolution of behavioural traits in birds requires
biogeographical analyses and ancestral state estimations of traits considering common
phylogenetic histories of species. However, investigating recent correlations among
ecological and life history factors could also uncover significant consequences of
historical events.

In this work, I focus on the evolution of migration in birds. Migration is one of the
most complex phenomena related to many components of ecology (e.g. climate,
biogeography) and behaviour (e.g. reproduction and survival). Accordingly, my aims
were to (1) find climatic drivers of the biogeographic origin of the studied groups, (2)
investigate the evolutionary origin of migration, and (3) several aspects of traits related
to migration in these birds.

I chose two well-studied, widely known groups which play important roles in past
and recent human culture. Both raptors and thrushes are widespread taxa, although
some of the species in each group have very limited distributions that is fundamental
for identifying their biogeographical origins. Furthermore, the suggested southern
origin for both groups (Ericson 2012, Nylander et al. 2008) allows to compare
differences regarding tropical hotspots. Out of a larger set, significant diversity in
migratory behaviour and mobility, feeding ecology, reproductive biology, and body
measurements, can be observed among the members of both groups (Ferguson-Lees
and Christie 2001, del Hoyo et al. 2016), providing an opportunity to investigate
relationships of several traits.

Nevertheless, considering all similarities and differences between Accipitriformes
order and the Turdidae family, the question arises: whether is it possible to draw general
conclusions which apply for these two groups or even in wider taxonomic ranges?
Hence, I designed a comparative phylogenetic framework to investigate the following

hypotheses:
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1. Larger birds are more likely to become residents or vice versa, resident species
might become larger.
2. Food is a major limiting factor during both winter and on the move.

a. Species with a more generalist diet are more likely to survive at temperate
latitudes and be able to stay in winters.

b. In contrast, species feeding on alternative food sources are able to cope more
easily with food limitations, hence food generalism or the ability of switching
between food sources are more frequent among migratory species.

3. Differences in geographically distinct flyways are detectable (e.g. barriers,
continuity).

a. The availability of suitable habitat types could have influenced the presence
of corridors for tropical-temperate dispersal during the evolution of tropical-
temperate migration systems.

b. Novel niches, as a consequence of the shift in grassy and forested habitats
(changes in zonality) could have driven the radiation of birds into areas to be
colonised.

4. Because migration may be costly due to the higher mortality during the migratory
journey, a definable shift to higher numbers in reproductive attempts, as

measured by clutch size, is expectable.
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2. Materials and methods

I used an integrative approach to study the evolution of migration and the historical
biogeography in two groups of birds, applying modern phylogenetic comparative
methods.

Gene sequences for building phylogenetic trees were obtained from GenBank
(http://ncbi.nlm.nih.gov/). Bioclimatic variables in raster format were downloaded
from the WorldClim database (http://www.worldclim.org/). Distribution patterns were
collected following the map library of BirdLife International (2015). Data on body
measurements, clutch size, feeding ecology, migratory behaviour, and habitat selection
were mainly collected from Ferguson-Lees and Christie (2001), Dunning (2008) and
from Jetz et al. (2008) for raptors, and from del Hoyo et al. (2016) for thrushes.

Analyses were carried out in the R statistical environment attempting to use the
latest version available (R Development Core Team 2017). In all other cases, the

appropriate software is referred.

2.1. Estimation of phylogenetic relationships

Gene sequences for /2S5 and 16S ribosomal RNA, ATP synthase subunit 6 and subunit
8, [-fibronigen intron 7, cytochrome c oxidase subunit 1, cytochrome b, NADH-
ubiquinone oxidoreductase subunit 2 and subunit 6 and recombinase activating gene 1
were searched in the database of GenBank (Table 2). The raw genetic information was
processed using ‘ape’ (Paradis et al. 2004) and ‘seqinr’ (Charif and Lobry 2007)
packages in R. MAFFT program was used for sequence alignment (Katoh et al. 2005),
and the alignments were run through Gblocks (Castresana 2000) for cleaning purposes.

The RAXxML (Stamatakis 2006) approach was applied on the created supermatrix to
identify the best starting tree for the Bayesian MCMC analyses implemented in BEAST
v1.8.3 (Drummond and Rambaut 2007). The best fitted substitution model for each of
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the ten genes, based on result of the model test in the ‘phangorn’ package of R (Schliep

2011) was set for each partition uniquely.

Table 2. Availability of gene sequences used for the reconstruction of the phylogeny of
Accipitriformes and Turdidae.

Number of Length of base Substitution

Gene species pairs model
Accipitriformes
128 ribosomal RNA 74 900 TIM2+I1+G
16S ribosomal RNA 53 1527 GTR+I+G
ATP synthase subunit 6 56 684 TrN+I+G
ATP synthase subunit 8 56 168 TrN+I+G
B-fibronigen intron 7 69 922 TVM+G
Cytochrome c oxidase subunit 1 86 1551 TIM2+I+G
Cytochrome b 164 1146 TIM3+I+G
NADH-ubiquinone
oxidoreduc?ase subunit 6 06 325 CIRHHG
Recombinase activating gene 1 87 2872 GTR+I+G
Turdidae
12S ribosomal RNA 61 385 GTR+I+G
16S ribosomal RNA 10 430 HKY+I
ATP synthase subunit 6 7 684 GTR+I
ATP synthase subunit 8 7 168 GTR+I
B-fibronigen intron 7 2 850 GTR
Cytochrome c oxidase subunit 1 36 649 GTR+I+G
Cytochrome b 71 1032 GTR+I+G
NADH-ubiquinone
oxidoreduc?ase subunit 2 06 1034 CIR+HG
NADH-ubiquinone
oxidoreduc?ase subunit 6 6 >19 CIR+G
Recombinase activating gene 1 5 1435 HKY+I

Uncorrelated relaxed molecular clocks approach was used for molecular dating
(Drummond et al. 2006). Fossil calibration points were added to set divergent times to
a maximum of 4 Mya for Buteo galapagoensis, 5.1 Mya for B. solitarius, and s
minimum of 37 Mya for Pandion haliaetus in accipitrid raptors (do Amaral et al. 2009).

Similarly in thrushes, priors were set for a minimum of 2.5 Mya for Turdus rufiventris,
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T. rufopalliatus, T. ignobilis, and T. plebejus (Emslie 1998), 2.6 Mya for T. pilaris, T.
philomelos, and T. torquatus (PaleoDB collection 124956, 124960, Harrison 1987) 3.5
Mya for T. viscivorus, and T. merula (Clot et al. 1976), and 5.3 Mya for T. iliacus
(Janossy 1991).

Independent Bayesian estimations were allowed to run for 50,000,000 generations
then the results were combined. A maximum clade credibility tree for Accipitriformes
was performed after removing 10% of the resulted trees as burn-in, using
TreeAnnotator v1.8.3. (Rambaut and Drummond 2016). The Bayesian analyses and the
creation of the final consensus tree were similar with small modifications in Turdus.
Additionally, to investigate the taxonomic relationships among 155 species of the
Turdidae family a consensus tree sampled after 5,000,000 generations were used as
starting tree for the analyses detailed above. Two more fossil calibration points were
used in this case setting the divergent times to a minimum of 2 Mya for Catharus

guttatus and Hylocichla mustelina (Emslie 1998).

2.2. Biogeographic models and analyses

Although the analytical approaches were the same for both raptors and thrushes, the
biogeographic regionalisation was modified due to practical reasons. Therefore,
breeding distribution of 180 accipitrid species was scored as present/absent depending
on the distribution pattern of the species in Nearctic, Palearctic, Neotropical,
Afrotropical, Malagasy, Indomalayan, following the maps in Ferguson-Lees and
Christie (2001). However, the distribution patterns of 72 Turdus species required the
split of some realms into subregions, thus Nearctic, Mexican, Neotropical, West and

East Palearctic, Afrotropical, Indomalayan, Australasian, and Antarctic (Figure 2).
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Figure 2. Biogeographic regionalisation used in the analyses. Colours correspond to those
used to represent the results of the historical biogeographic estimations.

This classification serves as operative biogeographic units, and although it is based
on Wallace’s biogeographic division, it is not identical to it. Because numerous species
are exclusively or partially distributed in Mexico, the distinction of the Mexican region
from the neighbouring realms is advisable. Moreover, because Australasian species
were not present in the dataset due to the clear underrepresentation of the genus Turdus,
this region was excluded from the analyses. Only Turdus poliocephalus is present in
some islands of the Australasian and Indomalayan regions, however it is clustered into
a mainly East Palearctic clade, thus its dispersal to these islands is more probable than
the other direction.

Ancestral range estimations were performed using probabilistic historical
biogeography methods in the ‘BioGeoBEARS’ package of R (Matzke 2013). The
Dispersal-Vicariance (DIVA, Ronquist 1997), the Dispersal-Extinction-Cladogenesis
(DEC, Ree et al. 2005, Ree and Smith 2008), and the BayArea model (Landis et al.
2013), paired each with founder-event speciation, were included and compared (Figure
3). For Turdus thrushes, the above approaches were complemented by a recently
developed method, known as the biogeographical stochastic mapping (BSM, Matzke
2016), which was repeated 50 times on the model with the lowest Akaike Information

Criterion (AIC) value. Although all three of the main biogeographic models can
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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.
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Figure 3. Comparison of the three major biogeographic regions using the combinations
of assumed processes. (Detailed summary and this figure are available at:
http://phylo.wikidot.com/ biogeobears - created by Nicolas J. Matzke.)
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2.3. Comparative phylogenetic methods

Migratory behaviour was categorised as (1) non-migrant, (2) partial migrant, when part
of the populations of a species perform seasonal movements and distinguishable
breeding-only and year-round distribution areas can be delimited, and (3) complete
migrant, when all of the populations of a species considered to be migrant and the
presence of breeding-only and wintering-only areas in its distribution pattern are the
typical (e.g. do Amaral et al. 2009). In correlated evolutionary analyses only binary
categories could be used, thus the above three type of behaviour were re-coded as non-
migratory and migratory, merging partial and complete migrants into the latter.
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Importantly, because a significant proportion of Turdus species (17%) are frequently
move on an East-West (along-latitudinal) axis, either being migratory or not, a new
variable was scored 1 if the pattern is described in the literature for the species, and in
any other cases it was assigned 0.

Average values for body mass of males and females measured in grams were used
where both were accessible, otherwise data on the available sex was included to
maximise the number of species in the analyses.

Flying skills inseparably depend on morphological parameters, in particular on the
ratio of wing to tail as a metric of aerodynamic characteristics of birds which
significantly affects the duration, length, or technique of flight during migration (e.g.
Newton 2008). Therefore, based on the length of wing and tail in millimetres, eight
categories were derived to measure body shape in Accipitriformes, calculating the
direction of the deviation from the average length: (1) both wing and tail are shorter
than average, (2) shorter wing and longer tail, (3) longer wing and longer tail, and (4)
longer wing and shorter tail were assigned into the appropriate category identified for
both small- and large-bodied species. The raw data for length of the body, wing, and
bill (in relation to different food sources) were used in the case of Turdus.

Diet was a major factor in both groups. Main prey types of accipitrid raptors were
listed into nine categories: (1) bird, (2) mammal, (3) reptile, (4) fish, (5) amphibian, (6)
crustacean, (7) insect, (8) worm (invertebrate prey other than insects), and (9) carrion.
Each category was assigned a score based on its share in the diet, whereas dietary
breadth and reliance on warm-blooded prey or carcasses (the mean dietary score of
mammals, birds, and carrion) were calculated for both breeding and non-breeding
season (following e.g. Roulin and Wink 2004). In turn, thrushes are considered to be
more omnivorous, however diet breadth was calculated for both seasons, similarly as
described above, to measure differences in feeding behaviour (degree of omnivory).
Furthermore for this group, change in food types between seasons was derived from
the dissimilarity in main food types compared between the breeding and the non-
breeding seasons. If this was the same in both seasons the score was 0 (means no

changes) else 1.
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Hunting behaviours of raptors were classified as hunting (1) in the air, (2) on the
ground, or (3) by both ways. Habitat preference was classified as open habitat
(grassland, savannah, and water surface) or closed (forest). Some more variables
related to breeding phenology and ecology were used for thrushes, including the length

of breeding season and the range of altitude.

2.3.1. Ancestral state estimation of traits

Bayesian ancestral state estimation was performed in BEAST (Drummond and
Rambaut 2007) to infer the migratory behaviour at ancestral nodes in the phylogeny of
birds of prey. Considering uncertainties in phylogenetic hypotheses, the Bayesian
estimation is better than former methods. The outcome of this analysis indicates the
probability of migratory or non-migratory states at each node, based on the trait values
of its ancestor and descendants.

Evolutionary changes and ancestral states in migratory behaviour of thrushes were
investigated by allowing the estimation of transition rates between non-migratory and
migratory states. The ancestral state for the root (i.e. the ancient behaviour of the
common ancestor of all Turdus) was estimated along the phylogeny using the
maximum likelihood method. These types of analyses were done in the ‘MultiState’
module of BayesTraits 2.0 (Pagel et al. 2004), which software is suitable for estimating
ancestral states and how discrete traits evolved on phylogenetic trees applying
Bayesian approach with maximum likelihood estimation of parameters.

Furthermore, stochastic character mapping was applied to map migratory behaviour
on the phylogeny of Turdus, simulated 1000 times in the ‘phytools’ package in R
(Revell 2012). This analysis was done on the binary categorisation of migration, as

well as on the partition of non-migratory, partial and complete migratory categories.
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2.3.2. Analyses of correlated evolution

Correlated evolution between migration and one of the predictors was tested using
‘Discrete’ module of BayesTraits (Pagel et al. 2004, Pagel and Meade 2006). Applying
this method, transition rates of correlated evolution can be estimated between a pair of
traits on a phylogeny, also including the evaluation of directions that have significant
information content for the evolution of migration. Because this approach can only be
applied for binary traits, all of the explanatory variables were re-coded.

The distribution (tropical, non-tropical) and diet specialism (generalist, specialist)
were included for birds of prey. Diet specialism was derived from diet breath, hence a
species is considered to be specialist if less than five prey types is consumed, otherwise
it is generalist.

In the case of thrushes the following variables were included: (1) main food type
in, and outside of the breeding seasons, (2) shift in food type between seasons, and (3)
the ability to make movements along latitudes. Binary values were assigned to main
food type (invertebrates, fruits/seeds), to difference in consumed food type between
seasons (the same type, shift from insectivorous to herbivorous or vice versa), and to

the ability of moving along latitudes (not typical, typical).

2.3.3. Models and model selection

A multivariate phylogenetic generalized linear mixed model implemented in the
‘MCMCglmm’ package in R (Hadfield and Nakagawa 2010) was used to determine
the effects of body size, habitat type, diet breadth, reliance on warm-blooded prey, and
the geographical location on migratory behaviour in accipitrid birds of prey. The
interaction between habitat and geographical occurrence was also included to model
the differences in habitat use among the species of Old versus New World.
Furthermore, in a second set of analyses, the multivariate phylogenetic generalized
least squares (PGLS) approach was applied with Brownian motion fitting in the ‘nlme’

package in R (Pinheiro et al. 2015), including habitat, hunting strategy, clutch size,
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dietary factors, wing-tail ratio, and body size dimorphism as predictors, to investigate
the differences among migratory systems in raptors. A model selection procedure of
the ‘MuMIn’ package in R was used to identify the most important variables (Barton
2015), considering only those models which has small difference to the best model
(AAIC < 4). To filter out the strong impact of species’ distribution on migratory
behaviour found after the first runs of model selection the dataset was split into three
classes of migratory system: (1) species of North and South America (N = 40), (2)
species of West Palearctic-Afrotropical migratory system (N = 50), and (3) species of
East Palearctic-Indomalayan migratory system (N = 33).

Similar methods were used for Turdus thrushes with some changes listed below.
The relationships between migratory behaviour and each explanatory variable were
identified using PGLS approach. Moreover, this design is especially important to find
factors that are associated with migration and which could be included in correlated
evolutionary analyses described above. Data fit was tested through two model sets: (1)
all pairwise models for species with all available variables (N = 60), and (2) omitting
missing values per variable, where the number of included species varied between 66
and 72. Analyses were repeated on 100 different phylogenetic trees to check the effect
of phylogenetic hypotheses.

Best-fitted A values were generated from likelihood-profiles of A (Kamilar and
Cooper 2013) derived from 500 runs on randomly selected values between O and 1, in
each PGLS run. Pagel’s A (Pagel 1997, 1999) is a possible representation of
phylogenetic signal (0 means that closer species on the phylogeny are not more similar
than distant relatives, whilst 1 indicates dependency), which is a statistical measure of
trait relatedness to phylogeny (Kamilar and Cooper 2013). To identify the degree of
difference in models where A was set to 0 and 1, likelihood ratio tests were applied.

Averaged A, estimated value of parameters, standard error, t and p-values were
calculated over the 100 runs, while the importance of explanatory variables was
estimated by using model selection as described above. The strength of this design is

sought in the identification of truly significant factors after permitting the variation of
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the sample size, and calculating the average values of 100 runs that allows to control

the effect of phylogenetic history.

2.4. Bioclimatic analyses

The bioclimatic variables have been made with the purpose of creating biologically
more meaningful climatic information that indicate annual tendencies, seasonality, and
limiting environmental factors (see the full list of variables and their calculation
methods at http://www.worldclim.org/bioclim). Variables of ten arc-minute resolution
were used, and first correlations among variables were calculated to avoid confounding
results (Hijmans 2015) where clusters were built based on Pearson’s correlation
coefficient. Uncorrelated variables (on separated branches with a preference for
quarters) were included into computer learning maximum entropy modelling
implemented in Maxent 3.3 (Phillips and Dudik 2008).

By this way, temperature seasonality, mean temperature of driest quarter, mean
temperature of warmest quarter, precipitation seasonality, and precipitation of driest
quarter were selected as predictors for 110 species in Accipitriformes. Similarly,
isothermality, temperature seasonality, mean temperature of driest quarter, mean
temperature of warmest quarter, annual precipitation, precipitation seasonality,
precipitation of driest quarter, and precipitation of warmest quarter were used for 71
Turdus species. Turdus daguae was excluded from the bioclimatic analyses due to its
consideration as subspecies of Turdus albicollis and consequently the inaccurate
determination of its distribution pattern. Furthermore, the calculation could not be
performed for Nesocichla eremita, T. bewsheri, T. helleri, and T. olivaceofuscus
because of the extremely small distribution of these species where MaxEnt was not
able to be trained.

Coordinates were sampled from distribution shape files of migratory species
(BirdLife International 2015). Coordinates from the distribution of each species were
randomly pinned based on the proportion of breeding range size of species compared

to the largest range. One thousand points from the largest range, and proportionally less
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from the others were selected. All runs were replicated five times by cross-validation
and the projections were extended for the whole distribution of species, including both

wintering and year-round areas where those were applicable.
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3. Results

In this chapter, I briefly summarise my formerly published finding regarding the
phylogeny and the evolution of migration of raptors and thrushes, and I also provide
the results of two new analyses that have not been published yet: (1) a comprehensive
phylogenetic reconstruction of 155 species from the Turdidae family and (2) some

bioclimatic analyses of Turdus thrushes complement the previous results.

3.1. Evolutionary origin of migration in birds of prey

The identification of temporal and spatial origin of migration requires the
reconstruction of phylogenetic relationships among lineages possibly with dating and
the estimation of ancestral biogeographic regions of the group in interest. In the
following subsections I collected the results of the ancestral area estimation, migratory
trait reconstruction and evolutionary analyses of migration in accipitrid raptors based

on our previously published papers (Nagy and Tokolyi 2014, Nagy et al. 2017).

3.1.1. Phylogeny of accipitrid birds of prey

The crown Accipitriformes, i.e. the split between the secretarybird (Sagitariidae) and
the rest of the raptor species was found to have occurred around 57-37 Mya, during the
Eocene. The second oldest descent of the osprey (Pandionidae) out the rest of the group
is estimated to have originated 50-37 Mya. The two earliest branches within the core
Accipitridae resulted in the appearance of elanid kites (Elaninae) between 45-29 Mya
and the group including Gypaetinae and Perninae around 35-23 Mya. All of the major
lineages according the aforementioned studies are been identified here with an

accelerated diversification rate from the Miocene to recent times (Figure 4).
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Figure 4. Phylogeny of 179 species in Accipitriformes (the bone tree was previously

published in Nagy and Tokolyi 2014).
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3.1.2. Historical biogeography and the origin of migration

Based on the best supported biogeographic model (DEC with founder-event speciation)
a southern origin was inferred for all raptor subfamilies. According to these analyses,
Accipitrinae, Aegypiinae and Gypaetinae have an Afrotropical origin, whereas
Elaninae and Perninae derive from the Neotropics. The ancestors of Buteoninae and
Harpiinae had a joint Afrotropical/Neotropical distribution, whilst Aquilinae have an
Afrotropical/Neotropical and Indomalayan origin, although the probabilites of these
latter results are low (<0.3). Circeatinae were assigned to the Indomalayan region with
relatively high probability. Lastly, the most likely ancestral distribution of Haliaeetinae

was located in Australasia (Table 3, Figure 5).
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Figure 5. Mapped phylogeny of Accipitriformes, indicating the most probable ancestral
area of each subfamily.

The estimation of ancient behavioural showed multiple independent origin of
migratory behaviour in Accipitriformes. Taking the Buteo hawks, Accipiter hawks, or
Haliaeetus eagles as examples, each group constitute of closely related species that are
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mainly migratory, consequently the most likely state for the ancestor of these species

is being migratory. However, most of these independent events concern a single

species, thus the appearance of migration is limited to the split off from its ancestor.

Hence, migration could have evolved in these lineages recently, beginning during the

Early Pliocene. Moreover, the oldest among the nodes that are undoubtedly estimated

as migratory, the ancestor of the goshawk (Accipiter gentilis) and the harriers (Circus

spp.), is aged to around 16-10 Mya.

Table 3. Geographic origin of subfamilies in Accipitriformes based on the best fitting
biogeographic model (DEC+]).

. Age (Mya Ancestral -
Subfamily Genera _ i%l terval) distribution Probability
. Accipiter, Circus, Kaupifalco, .
Accipitrinae Melig rax, Urotriorchisp 23.0; 15.1 Afrotropical 0.79
Aegypius, Gyps, Necrosyrtes,
Aegypiinae  Sarcogyps, Torgos, 12.6; 7.4 Afrotropical 0.78
Trigonoceps
Aquila, Hieraaetus,
Ictinaetus, Lophaetus, Neotropical /
Aquilinae Nisaetus, Oroaetus, 15.4;9.8 Afrotropical / 0.26
Polemaetus, Spizaetus, Indomalayan
Spizastur, Stephanoaetus
Busarellus, Butastur, Buteo,
Buteogallus, Geranoaetus, Neotropical /
Buteoninae  Geranospiza, Harpyhaliaetus, 16.7; 10.3 X 0.24
. . Afrotropical
Ictinia, Leucopternis,
Parabuteo, Rostrhamus
Circaetus, Dryotriorchis,
Circaetinae  Pithecophaga, Spilornis, 22.5;13.8  Indomalayan 0.87
Terathopius
Elaninae Elanus, Gampsonyx 29.4; 144 Neotropical 0.15
Gypaetinac gzggﬁtr‘éigﬁ’;é‘;ﬁges 29.0; 185  Afrotropical 0.99
Haliaeetinae Eiﬁ;ﬁ;ﬁég?ﬁﬁtﬁ’s 15.7;9.8 Australasian 0.30
.. Harpia, Harpyopsis, ) Neotropical /
Harpiinae Mafheiramlf)gusli Morphnus s LB Afrotr(I:pical 0.20
Aviceda, Chondrohierax,
Perninae Elanoides, Eutriorchis, 29.4; 18.7 Neotropical 0.15

Hamirostra, Leptodon,
Lophoictinia, Pernis
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Evolutionary analysis revealed that both complete and partial migration evolved
from a non-migratory state suggesting that partial migration is not an intermediate state
between complete migration and the lack of migration (Figure 6).

15.98
non-migratory " partial migrant

29.26
11.47 0.0
1.38 0.0

complete migrant

Figure 6. Evolutionary transition rates among levels of migratory behaviour in accipitrid
birds of prey.

Finally, tropical origin of migratory species is broadly supported due to the inference
of tropical or partly tropical ancestral area for most of the migratory lineages. Few
exceptions differ from this pattern, for instance Aquila heliaca and A. nipalensis
evolved within the Palearctic from non-migratory ancestors. Similarly, Buteo
platypterus and B. nitidus seem to have originated in the Nearctic from non-migratory

ancestors, although the posterior support for the phylogenetic reconstruction is low.

3.1.3. Bioclimatic effects on migration in different migratory systems

Maximum entropy modelling allowed the prediction of the wintering ranges of
migratory raptor species based on the breeding distribution where the presence of the
species is confirmed or highly probable. Wintering regions for migratory species are at
least as suitable for survival as their breeding ranges, i.e. species seek to find areas with
similar level of climatic limitations.

Environmental variables related to temperature are the most important limiting
factors for 12 of the 17 long-distance migratory accipitrid raptors, and for a total of 70

species among all. Highest values were gained for temperature seasonality, mean
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temperature of driest quarter and precipitation of driest quarter among Palearctic
migrants, and for mean temperature of warmest quarter, precipitation seasonality
among Nearctic migratory species which indicate differences between these migratory
systems. Furthermore, bioclimatic limitation is one of the major factors in the East
Palearctic-Indomalayan migratory system (see Table Al and Figure Al in the

Appendix).

3.1.4. Migration and life history traits in raptors

The first set of multivariate analyses of the ecological factors influencing migration
suggests that winter diet specialisation and habitat are associated with migration: (1)
species with generalist winter diet, and (2) in connection with open habitats are more
likely to be migratory. Additionally, directional tests of migratory behaviour paired
with geographic distribution and diet breadth were performed (Figure 7). According to
these analyses, migration appeared with a higher rate in lineages with a tropical
distribution and transitions to a non-tropical distribution are more likely in migratory
than in non-migratory lineages (see e.g. the genera of Buteo, Accipiter, Circus,
Hieraaetus, Elanus, Circaetus). Switches in the geographic distribution from a tropical
to a non-tropical distribution or vice versa in non-migratory lineages are lacking, whilst
they are relatively common among migrants. Furthermore, migration more likely arises
in specialist lineages than in generalists, and a generalist diet is more likely to have
evolved in migrants than in non-migrants. Hence, it appears that a wider range of diet
is an evolutionary response to the selective environments imposed by migratoriness,

rather than predisposing species for migration.
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Figure 7. Transition rates from correlated evolutionary tests between migratory
behaviour and (A) geographic distribution, (B) diet specificity in raptors.

However, in a second set of analysis, distribution, either categorised species on a
continental level or classified them into tropical/non-tropical or both regions, has
masked the effect of the other variables. Therefore, separating the species into
migratory systems was justified. The highly significant variables in the models selected
for North and South America and West Palearctic-Afrotropical regions are clutch size
and hunting strategy with high importance. Parameter estimates for clutch size were
similar, however hunting strategy was positively correlated with migration for North
and South America, whereas it was negative for West Palearctic-Afrotropic. Reliance
on warm-blooded prey or carcasses was significant only in the set of Nearctic-
Neotropic, but with a low importance. For East Palearctic-Indomalayan regions when
bioclimate (as categorical variable) was included in the model selection procedure
strongly supported differences were found in clutch size with a high importance level

for both factors.
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Figure 8. Phylogeny of 155 species in Turdidae, first published here.
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3.2. Phylogeny, migration and biogeography of Turdus Thrushes

Considering the aforementioned taxonomical uncertainties the use of Turdus (s.l.) as a
model system including Nesocichla eremita and Psophocichla litsitsirupa was
straightforward. The results are presented following Nagy et al. (2019). Furthermore, I
provide bioclimatic estimation for environmental limitation in 7urdus species and a
detailed phylogenetic analysis of Turdidae (first published here, Figure 8) to identify

future research directions.

3.2.1. Phylogeny of the Turdidae

The two monophyletic groups following the current naming of species are the
Catharus, with uniquely high posterior probabilities and the three species of Sialia. The
majority of Turdus with relatively well-supported nodes form the youngest clade within
the family including Nesocichla eremita and Psophocichla litsitsirupa, however five
species (T. rufopalliatus, T. maranonicus, T. lawrencii, T. subalaris, T. hauxwelli)
clustered within Myadestes, which group has lower posterior probabilities. Therefore,
Turdus is polyphyletic and Myadestes is paraphyletic. However, reconsidering the
taxonomic position of the above five species could prove or refuse the monophyly of
Turdus. Moreover, one of the earliest divergence of Turdidae contains mainly the
genera of Alethe, Myophonus and Brachypteryx, and together with two other species
(Chamaetylas fuelleborni, Heinrichia calligyna) they form a monophyletic clade
(Figure A2 in the Appendix).

The two most problematic genera are represented by the Zoothera and Geokichla.
Most of the species formerly classified as Geokichla are referred to as Zoothera in some
sources, but it seems to be debatable. The type species of Zoothera, however, is the
long-billed thrush (Zoothera monticola, Vigors 1832, Proc. Zool. Soc. London). The
clade containing this species is more closely related to the group including Catharus,
hence the true Zoothera is considered to be monophyletic (Figure A2 in the Appendix).

The species in the other group of Zoothera that contains the former Geokichla spp.
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should be transferred to Geokichla, which is also presumably monophyletic as the sister

to Turdus (Table 4).

Table 4. Species suggested for nomenclature revision. Names indicated in bold are also
considered as Geokichla in Voelker and OQutlaw (2008).

Current name” Suggested name Suggested genus Related to

Zoothera guttata Geokichla guttata

Zoothera schistacea Geokichla schistacea

Zoothera dohertyi Geokichla dohertyi

Zoothera interpres Geokichla interpres

Zoothera peronii Geokichla peronii

Zoothera cinerea Geokichla cinerea

Zoothera erythronota Geokichla erythronota

Zoothera mendeni Geokichla mendeni

Zoothera citrina Geokichla citrina

Zoothera princei Geokichla princei Geokichla' Turdus

Zoothera camaronensis  Geokichla camaronensis

Zoothera piaggiae Geokichla piaggiae

Zoothera tanganjicae Geokichla tanganjicae

Zoothera oberlaenderi  Geokichla oberlaenderi

Zoothera gurneyi Geokichla gurneyi

Zoothera wardii Geokichla wardii

Zoothera crossleyi Geokichla crossleyi

Zoothera spiloptera Geokichla spiloptera

Zoothera sibirica Geokichla sibirica

Zoothera mollissima

Zoothera dixoni

Zoothera andromedae

Zoothera dauma

Zoothera lunulata

Zoothera heinei I Catharus
. Zoothera .

Zoothera everetti and allies

Zoothera talaseae

Zoothera marginata

Zoothera monticola

Zoothera margaretae

Zoothera heinrichi

Chlamydochaera jefferyi Cochoa jefferyi Zoothera

Cochoa viridis Cochoa' +

Cochoa purpurea Catharus

Zoothera naevia Ixoreus neavius Included in:

Zoothera pinicola Ridgwayia pinicola Catharus clade!

Grandala coelicolor

Sialia coelicolor

' These clades have > 0.99 posterior probabilities on the phylogeny published here.

* These names are used in some sources, e.g. Jetz et al. (2012), GenBank.
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Nevertheless, the low posterior probabilities could be the result of the
underrepresentation of available genetic sequences of the concerned species (Table
A2). For example, most of the Zoothera spp. have just a few records or some species
have short sequences (e.g. Turdus iliacus, Hylocichla mustelina). Further molecular
genetic determination of these species could improve the accuracy of the similar

phylogenetic reconstructions.

3.2.2. Biogeographic history of Turdus radiation

According to the best fitting biogeographic model (DEC with founder-event
specieation), the possible ancestral regions for all Turdus species are located in East
Palearctic and/or Afrotropical realms (Figure A5 in the Appendix). The two earliest
clades containing Turdus mupinensis and Psophocichla litsitsirupa as well as T.
viscivorus and T. philomelos suggest very early dispersal from South-east Asia to

Europe and Africa, or eventually vice versa (Figure 9).
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Figure 9. Mapped phylogeny of Turdus thrushes, indicating major dispersal routes
during their early evolution.
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Nevertheless, the common ancestor of 68 species is assumed to be of
Afrotropical/Neotropical ancestral origin, which suggest multiple trans-Atlantic
movements starting from the Middle Miocene to recent times, as the examples of 7.
lherminieri, T. plebejus, and Nesocichla eremita show. The colonisation of Mexico and
North America occurred in five independent lineages from the direction of South
America within the past 6-2 Mya.

The summary of fifty biogeographical stochastic mappings also supports the result
of the best fitting model (Figure A6 in the Appendix). The estimated speciation events
including the possible processes are dominated by sympatry, anagenetic dispersal

events, founder event speciation, and vicariance, in a descending order.

3.2.3. The evolution of migration, life history traits and bioclimate

Out of the studied 72 Turdus species, 17 species is migratory. The results indicate that
migration emerged as an ancestral behaviour in an early phase of the evolution of this
group (Figure 10). Transition rates among states also confirm this finding due to the
loss of migration in multiple times. Furthermore, in Turdus, complete migration could

only have evolved or lost via partial migration.
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Figure 10. Evolutionary transition rates among levels of migratory behaviour in Turdus
thrushes: (A) three-level estimation, (B) two-level estimation.
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Based on the resulted values for 100 different phylogenies in PGLS analyses, it can
be concluded that tree structure has no effect on the models output. The estimated A
values show moderate level of phylogenetic signal in many cases where likelihood ratio
test reveals significant differences from pre-set A values. This implies that migratory
behaviour and the 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. Migratory
behaviour is more frequent in non-tropical species compared to those that breed in both
climatic belts, and less frequent in tropical species than in species with breeding areas
located in both tropical and non-tropical regions. Clutch size is higher in migratory
species which could imply shifts of main food type between breeding and non-breeding
seasons. The important factors relevant to migration indicate that migratory species
tend to be more mobile (rarities, i.e. frequently seen outside their distribution ranges),
and most of them frequently move along-latitudinal (East-West) axis.

Correlated evolution between migration and the ability of along-latitudinal
movements show that appearance and disappearance of East-West movements could
have frequently changed on migratory lineages, but the loss of this trait is most frequent
in sedentary lineages (Figure 11).

Based on the analysis of migration and main food type during the breeding season,
transition rates show that the emergence of sedentariness could be more frequent than
the evolution of migratory behaviour in herbivorous lineages. Additionally, a shift in
the main food type from fruits/seeds to invertebrates is moderately typical of non-
migratory lineages, however, analysis based on the main food type during non-breeding
season shows that the transition from fruits/seeds to invertebrates likely has a higher
rate in migratory lineages, than vice versa. The rates of changes in migratory behaviour
on herbivorous lineages are likely to represent corresponding transitions in the main

food type in the breeding season, however with a substantially lower value (Figure 11).
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Figure 11. Results of correlated evolutionary analyses between migratory behaviour and
predictor variables in Turdus.
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Analysis of migration and the shift in main food type between seasons demonstrates
that change in main food type is highly associated with changes in migratory behaviour.
Hence, migration could appear more frequently in lineages with the ability to frequently
change food sources. 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 insectivorous behaviour in migratory lineages where inversion has
also similar rate.

Bioclimatic limitation among 67 Turdus species is dominated by temperature related
factors (N = 39). Temperature seasonality, mean temperature of the warmest quarter,
precipitation of the driest quarter and precipitation of the warmest quarter showed the
highest importance values, drawing attention to recent climatic changes, which may be
even more significant in species having small distribution areas. However, among
migratory species the proportion of temperature related variables is 9/17, which
indicates that temperature or precipitation could equally determine the suitable areas
for both breeding and wintering within this group (Table A3 and Figure A4 in the
Appendix).
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4. Discussion

In this chapter, I discuss the most comprehensive phylogeny of Accipitriformes to date.
My findings provide the first evidence of the probable southern (Paleotropical) origin
of this group of raptors completed with the most probable evolutionary origin of
migratory behaviour. Although differences among geographically identified migratory
systems have been detected previously (e.g. Newton 2008), our papers (Nagy and
Tokolyi 2014, Nagy et al. 2017) were the first to find substantial dissimilarities among
geographic regions in migratory behaviour in relation to life history traits and climatic
conditions.

Furthermore, the broadest phylogenetic inference for the relationships of the genera
within the Turdidae family is first published here supporting the need for thorough
taxonomic revisions and suggesting further molecular phylogenetic considerations.
Moreover, the most comprehensive historical biogeographic estimation and the

evolution of migration in Turdus is also discussed in this chapter (Nagy et al. 2019).

4.1. Phylogeny, historical biogeography and migratory systems in raptors

All available genetic information was combined to produce a multi-gene phylogeny of
Accipitriformes including approximately two-third of extant species. The phylogenetic
hypothesis obtained from this analysis supports previous reports (e.g. Wink and Sauer-
Giirth 2004, Helbig et al. 2005, Lerner and Mindell 2005, Griffths et al. 2007, do
Amaral et al. 2009), showing that several traditionally established subfamilies (e.g.
Aegypiinae, Buteoninae, Aquilinae, Accipitrinae) are in fact polyphyletic or
paraphyletic.

For instance, Old World vultures form a polyphyletic clade containing: (1)
Gypaetinae which is monophyletic with Perninae and includes the bearded vulture

(Gypaetus barbatus) and the Egyptian vulture (Neophron percnopterus) and (2)
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Aegypiinae which comprises all remaining Old World vultures and is the sister clade
of Circaetinae. Accipiter hawks are paraphyletic and should include harriers (Circus
spp.), which are closely related to the clade containing goshawks (see also Pathak 2018
and the references therein). In addition, widespread paraphyly is observed in aquiline
eagles and buteonine hawks, similarly to previous studies (Helbig et al. 2005, do
Amaral et al. 2009).

Otherwise, several differences were found in the higher level relationships of
Accipitridae compared to previous works (e.g. Lerner and Mindell 2005, Griffiths et
al. 2007). Aquilinae and Harpiinae are sister clades, however with a moderate support
(posterior probability: 0.45). Harpagus kites are inferred as the sister group of the clade
containing Buteoninae and Haliaeetinae with relatively high support (0.83). Finally,
the sister relationship between the clade including Aquilinae and Harpiinae on one side
and the superclade of Buteoninae, Haliaeetinae and Accipitrinae on the other is strongly
supported (1.0).

Ancestral state reconstruction applied on the above discussed phylogenetic
hypothesis suggests that migratory behaviour evolved multiple times among accipitrid
birds of prey. Most of these events probably occurred during the Pliocene or
Pleistocene, i.e. within 5 Mya. By comparison, do Amaral et al. (2009) reconstructed
the origin of migration in one Buteo clade at approximately 5 Mya which is supported
by these findings. Nevertheless, in true hawks (Accipitrinae), migration appears to be
more ancient behaviour and has evolved approximately 14-12 Mya, during the
Middle/Late Miocene (Nagy and Tokolyi 2014). More direct estimates based on the
age distribution of fossilized individuals found at Olduvai Gorge, in Tanzania, suggest
that this location served as wintering site for shorebirds belonging to Scolopacidae and
Charadriidae 1.9-1.74 Mya, implying that migration was present at this time (Louchart
2008 and the references therein). Hence, the origin of migration in accipitrid hawks
appears to be one of the oldest dates published so far. Similar estimates are important
if we want to understand the evolution of migration in a constantly changing

spatiotemporal context at a global scale (Louchart 2008).
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During the Late Miocene, the Earth’s climate had globally cooled (Zachos et al.
2001), which resulted in the expansion of grasslands and contraction of forest habitats,
e.g. the shift of habitat zones in Africa, possibly opening new spaces of niche
segregation for predatory birds (Brown 1976, Bobe and Behrensmeyer 2004,
Bonnefille 2010). The analyses suggest that accipitrid hawks appeared shortly before
this period, probably in the Afrotropical realm and colonised the whole world rapidly
thereafter. Since most extant species belonging to this lineage are at least partly
migratory today, it is likely that their ancestor also performed seasonal migratory
movements (Nagy and Tokolyi 2014). Alternatively, migration could have evolved
separately in these lineages due to similar selective environments (i.e. as a consequence
of convergent evolution rather than shared phylogenetic background).

Migration is a phylogenetically instable trait that can evolve very quickly (see e.g.
Zink 2011), independent evolution in multiple lineages in similarly selective
environments is a plausible explanation for the occurrence of migratory behaviour in
closely related species. However, this is clearly less parsimonious in explaining the
evolution of migration in true hawks, because this group contains both temperate-
tropical and intra-tropical migrants on different continents, which would imply
simultaneous, independent selection for migration in a wide variety of environments
on different parts of the world.

The estimation of historical biogeography and ancestral migratory behaviour
suggests that in raptors migration appeared mostly in species of southern origin,
possibly independently in different geographical migratory systems (do Amaral et al.
2009, Nagy and Tokolyi 2014, Nagy et al. 2017). This is further strengthened by
directional analyses which suggest that migration is more likely to evolve in tropical
species and that migratory raptors are more likely to switch to a non-tropical breeding
range. Therefore, parallel evolution of migratory behaviour and range expansions is
highly suggested. Interestingly, the transition rate from a tropical to non-tropical
distribution (and vice versa) is very low in non-migratory lineages, but not in migrants,

implying that range expansions were greatly intensified by migration in raptors.
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The tropical (southern) origin of migratory raptors is in line with the results of
previous studies in a variety of taxonomic groups (e.g. Joseph et al. 1999, Outlaw et al.
2003, Mil4 et al. 2006). The origin of all major lineages within Accipitridae can be
traced back to one of the southern biogeographic realms of Gondwanian origin. Hence,
both migratory and non-migratory species currently inhabiting the temperate zone
descend from the tropics. According to the findings, migration is more likely to emerge
in the tropics than in the temperate zone. Migratory raptors are more likely to disperse
and switch from a tropical distribution to a non-tropical one. Therefore, the relationship
between the colonisation of the temperate zone and the evolution of migration could be
the reverse of what is assumed (the lack of forested habitats in North Africa act as a
dispersal barrier, effectively filtering range expansions from South, Rappole and Jones
2003), i.e. migratory birds more likely to colonise novel habitats and expand their
distributions to North. Since all accipitrid birds of prey have tropical origin, their
ancestors should have undergone range expansions to the temperate regions
considering that some of the species (but not necessarily all) became migratory.

The results also indicate that winter diet specialisation, under different pressure e.g.
in West and East Palearctic, predicts the occurrence of migration in accipitrid birds of
prey, with migratory species relying on more variable diet. The ability to feed on
different food types could increase rate of survival in the temperate zone where food
availability is much lower during the winter (Newton 2008). This could partly explain
interspecific differences in migratoriness. Interestingly, the association between
migration and reliance on warm-blooded prey or carcass was only weakly significant
in species filtered to the New World, suggesting that these food sources alone might
not be enough to sustain most species in the temperate zone during winter. For instance,
two of the four vulture species that occur in Europe (Gyps fulvus, Neophron
percnopterus) are migratory, despite the fact that their major food source (carcass) is
most likely available during the whole year. However, the availability of carcasses
might also show seasonal fluctuations (e.g. Kendall et al. 2012).

Furthermore, the results show for raptors that clutch sizes are larger in migratory

species than in residents (more examples for wider taxonomic range in Martin 1995,
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Jahn and Cueto 2012, Barve and Mason 2015) in each of the three migratory systems
(Nagy et al. 2017). Increase in clutch size could be a consequence of the compensation
against higher mortality during migration (see e.g. Ketterson and Nolan 1982, Rappole
et al. 1989, Bell 1996, Alerstam et al. 2003). For instance, Schmutz and Fyfe (1987)
found that numerous migratory ferruginous hawks (Buteo regalis) did not survive their
first year. The hazards of migration were also emphasized in Klaassen et al. (2014)
where they demonstrated that mortality during migration is six times higher than in
other times of the year. However, uncovering other direct and indirect factors
underlying the correlation between the higher clutch size and migratory behaviour,
such as food predictability, environmental seasonality, require further investigations.

Additionally, the success of raising young depends on the level of success by
different hunting and feeding strategies. More successful hunters are expected to
provide more prey items and/or in better quality to feed the young. For example,
McDonald et al. (2004) showed that larger female brown falcons (Falco berigora),
having higher wing—tail ratios exhibited higher reproductive success. Thus, increased
breeding performance may induce enhanced preference for migratory behaviours due
to more effective hunting (birds with higher level of flying skills can be predicted as
more successful hunters) during the migratory route and on the wintering grounds
under different climatic conditions. Nevertheless, these findings support the idea that
seasonal climate may be related to the increased cost of breeding under unpredictable
environmental conditions (Jetz and Rubenstein 2011, Rice et al. 2013, Thomson et al.
2014, Rubenstein 2015).

Moreover, the importance of different prey classes in predicting hunting strategies
for different distribution areas is supported here. Previous studies have detected
morphological adaptations to a wide variety of prey (e.g. Rutz et al. 2006, Hertel et al.
2014) among different groups of raptors (Fowler et al. 2009, Sustaita and Hertel 2010).
For instance, the results of Otterbeck et al. (2015) imply beneficial effects of prey
specialisation, as pairs of Eurasian sparrowhawks (Accipiter nisus) were able to raise

more young related to higher constancy in prey size, which indirectly enhance higher
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success in hunting behaviour. A study on northern goshawks (Accipiter gentilis) also
showed similar results (Pérez-Camacho et al. 2015).

Hunting behaviour is substantially different for birds of prey between the migratory
systems of the New World and West Palearctic/Africa (Ferguson-Lees and Christie
2001). These strategies are associated with resource partitioning and niche segregation
among raptors with overlapping ranges (Brown 1976, Gamauf et al. 1998, Piana 2013).
Specifically, wintering areas in Africa include mainly open lands such as savannahs,
whereas the majority of South America is forested. Therefore, most of West Palearctic-
African migratory raptors inhabit open/semi-open landscapes, whereas a larger
proportion of the Nearctic-Neotropic migrants are connected to woody landscapes (e.g.
Circus, Buteo spp., respectively, do Amaral et al. 2009, BirdLife International 2015).
Such variation may lead to differences in hunting strategies. For example, Terraube et
al. (2014) found that foraging on diverse diet was related to higher hunting success in
migratory Montagu’s harriers (Circus pygargus).

The results of maximum entropy modelling suggest that climatic limitations
experienced on the wintering grounds make those areas for migratory species equally
suitable as their breeding ranges (see also Zurell et al. 2018). This partly explains why
species overwinter in Africa, while others regularly migrate to South-East Asia, often
from areas outside of assumptions (e.g. Aquila clanga, A. nipalensis, and other diurnal
raptors such as Falco amurensis, F. vespertinus).

Significant results obtained for East Palearctic-Indomalayan species highly
supported that breeding and wintering areas of these species are not separated by
geographical and consequently strict ecological barriers (Greenberg et al. 2008, Germi
et al. 2009, but see also Polakowski et al. 2014). The continuity of habitats equally
enhances the development of short- and long-distance migratory strategies, as predicted
by the maximum entropy modelling. In comparison, breeding and wintering areas are
prominently separated by barriers both in the New World and in West Palearctic/Africa.
The Mexican Plateau, the Gulf of Mexico, and the Caribbean Sea serve as barriers for
migratory species in Central America, similarly the Mediterranean Sea and the Sahara

are barriers for migrating birds from the Western Palearctic to Africa. In a study of
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satellite-tracked raptors, Strandberg et al. (2009) summarized the difficulties of birds
crossing the Sahara and found similarly high mortality rate for migratory juveniles as
in previous studies (e.g. Schmutz and Fyfe 1987).

Nevertheless, these findings are applicable on wider taxonomical scales, as the
importance of hunting and reproductive strategies in modulating distribution ranges is
predictable for migratory predatory birds. For example, European populations of the
insectivorous Eurasian scops owls (Ofus scops) migrate to Africa across the Sahara,
while a related species, the oriental scops owl (Otus sunia) has continuous breeding
and wintering areas in South-East Asia (Konig and Weick 2008, BirdLife International
2015). In Falconiformes, the other diurnal group of raptors, vicariant and migratory
species show remarkable geographical segregations. Although this order is
phylogenetically not closely related to Accipitriformes (e.g. Jarvis et al. 2014,
Mahmood et al. 2014, Prum et al. 2015, Cenizo et al. 2016), they share similar
ecological and morphological characteristics. For instance, red-footed falcons (F.
vespertinus) breed in the West Palearctic and winter in Africa, whereas their sister and
vicariant species, the amur falcons (F. amurensis) inhabit the East Palearctic and also
winter in Africa. This might be a result of parallel evolutionary histories of the two
species because both are insectivorous and connected to relatively open habitats.
Although habitat, migration, and diversification rate of falcons are highly associated,
the splits among falconid taxa are frequently younger than the estimated ancestral
migratory behaviour (Fuchs et al. 2015).

In summary, (1) migratory behaviour in raptor lineages could be emerged either as
an ancestral behaviour or a recent adaptation, (2) the dominant differences between the
three migratory systems of diurnal birds of prey are related to the connectivity of
breeding and wintering ranges, (3) bioclimatic conditions can emerge as limiting
factors on varying levels in biogeographic regions that are considered to be
homogenous, (4) diet specialisation, hunting success and reproductive success
measured as clutch size are associated with migration on both evolutionary and recent
scales, and finally (5) the importance of life history attributes in predicting distribution

is enhanced by distances and discontinuities between breeding and wintering grounds.
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4.2. Phylogeny, migration and biogeography in the genus Turdus

The results suggest association between the early colonisation of the Southern
Hemisphere and the evolution of migration in Turdus thrushes. Specifically, the
process of ‘along-latitudinal first’ type of migration could have enhanced the early
diversification of thrushes due to the colonisation of Africa possibly from two different
directions: either (1) from the north, through Europe, supported by the distribution of
the earliest splits of Turdus viscivorus and T. philomelos, or (2) from the south (east),
through India, as supported by the distribution of 7. mupinensis and Psophocichla
litsitsirupa. High probability of mobility, inducing migration as an ancestral behaviour
within this group is further confirmed by evidence of latitudinal dispersal and
speciation (Mazerolle et al. 2005, Faaborg et al. 2010, but see also Winger et al. 2012,
2014) which was also predicted for Amazonian birds (Salisbury et al. 2012). The north-
south migratory pattern could have emerged subsequently in thrushes as an adaptation
to bio-geospheric and climatic changes which also led to variation of climatic niche
dynamics and high diversification rate in some other groups (see e.g. Rolland et al.
2014, Cooney et al. 2016, Gémez et al. 2016).

On the one hand, the orogeneic events before the Late Tertiary, especially the uplift
of the Tibetan Plateau, may have forced birds to move along an East-West axis in Asia.
For instance, Arnaiz-Villena et al. (2014) discussed that the evolution of Carduelini
finches may have associated with the changes during the Late Miocene. This period
may also influence the evolution of the accentors, Prunellidae (Drovetski et al. 2013),
a radiation that might parallel the evolutionary history of Turdus in the temperate zone.
Additional examples can be observed in warblers, Parulidae and Phylloscopidae (Price
2010, Winger et al. 2012, Bloch et al. 2015) and also in buntings, Emberizidae (Packert
et al. 2015). Moreover, a supported Southeast Asian origin of Turdus and the whole
Turdidae is suggested by examining the distribution of the earliest splits (Brachypteryx
and Myophonus spp.) within the family (Figure A2 in the Appendix, see also Klicka et

al. 2005). Further biogeographic analyses are needed to answer this question.

63



On the other hand, movements along latitudes could have evolved earlier, facilitated
by the more contiguous tropical zone from East Asia through northern Africa to South
America. That pattern provided a corridor to the radiation of Turdus thrushes, followed
by the appearance of meridional migration within the group. Consequently, the
increased genetic differences due to speciation may have resulted as a response to
variation in migratory behaviour (Sol et al. 2005, Pulido 2007, Winger et al. 2012,
2014). Similar correlation between migratory behaviour and speciation rate has been
found in other bird groups (e.g. falconid raptors, Fuchs et al. 2015). Based on the results
and the chronology of the phylogenetic trees used in the analyses, the colonisation of
South America more likely occurred from the direction of Africa rather than from North
America, which assumption is in accordance with the South American origin of White-
throated Thrush (7. assimilis) and its allies (Nufez-Zapata et al. 2016). The youngest
clade of a larger set of Neotropical species possibly originated from Afrotropical
ancestors, thus it is doubtful to assume northern colonisation routes. Nevertheless, the
uplift of the Andes in the Late Tertiary (Gregory-Wodzicki 2000, Hooghiemstra and
Van der Hammen 2004, Barke and Lamb 2006) directed dispersal routes from South
America to the north, thus orographically channelising thrushes to North America.

However, in case of T. iliacus, a species nested in the older Neotropical clade,
together with some North American and other Eurasian species, a probable trans-
Beringian re-settlement of Eurasian regions is presumable which pattern can be found
in e.g. winter wren (Troglodytes troglodytes), pine grosbeak (Pinicola enucleator)
among passerines (Drovetski et al. 2004, 2010), and also in three-toed woodpecker
(Picoides tridactylus, Zink et al. 1995, 2002). Furthermore, Catharus thrushes, forming
an outgroup to Turdus (Outlaw et al. 2003, Winker and Pruett 2006), could have
originated from North America (Voelker et al. 2013) after their split and colonised the
northern regions from the direction of Asia as can be inferred from its sister relation to
Zoothera. In contrast, a Central or South American origin is also supported for the
Catharus (Outlaw et al. 2003) which are in line with the findings presented and
discussed here. The entire clarification of this uncertainty needs further biogeographic

analyses at the family level.
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These contradictory patterns call for reanalysing the biogeographic history of the
Turdidae after a deep taxonomic revision of the family. I found that in some sources,
species belonging to the genera of Geokichla and Zoothera are altogether named as
Zoothera which is incorrect. My broad scale phylogenetic estimation shows that the
true Zoothera 1is sister to the clade containing Catharus, and all Geokichla spp. are
sister to Turdus which supports previous results (del Hoyo et al. 2016 following
Voelker and Outlaw 2008).

Previous studies in relation to the evolution of migration have also 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 2015), while migratory/highly mobile species frequently move on an axis
along the latitudes. However, the loss of migration in crossbills (Loxia spp.) compared
to their sister taxa, including migratory Carduelis species (see a comprehensive
phylogenetic review in Nagy 2017), may have been driven by their adaptation to
feeding on pine seed (Benkman 2003, Parchman et al. 2006, Nguembock et al. 2009,
Thompson 2016), which food source is abundantly available during winter. In contrast,
other example is the Siberian accentor (Prunella montanella), a long-distance migrant
and also a regular vagrant in Western Europe and North America, it has many non-
migrant relatives (Drovetski et al. 2013, del Hoyo et al. 2016). These strategies, i.e.
adaptation to specific food sources or wintering under similar climatic conditions closer
to the breeding grounds could be regarded as evidences for a risk avoidance strategy
similar to cases where migratory species move on an axis along the latitudes rather than
crossing the Himalayas (e.g. Phylloscopus genus, Price 2010). The loss of migration
thus seems to be more frequent in the evolution of similarly behaving passerine groups,
as it is often related to changes in foraging (e.g. Moyle et al. 2015, but see also Fuchs
et al. 2015).

However, in Turdus thrushes, shifts in consumed food types between breeding and
wintering seasons were relatively common in migratory lineages and could have been

the result of flexibility to changing environmental conditions during migration and on
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breeding/wintering sites. Species with the ability of easily changing food sources, could
change migratory behaviour more frequently (see e.g. Parulidae, Gomez et al. 2016 or
a synthesis by Cooney et al. 2016). Although sedentary Turdus thrushes are mainly
tropical or subtropical species, the ‘insectivorous first’ hypothesis has been proposed
as a reasonable assumption to explain why evolutionary directions show that changes
in the main food type occurred frequently in migratory lineages and led to the
sedentariness of herbivorous taxa (Rainio et al. 2012, Telleria et al. 2013, but see Moyle
etal. 2015). However, please note that clear causal relationships are hardly defined and
only possible changes between evolutionary states can be highlighted, thus further
investigations will be required to resolve this uncertainty.

Correlated evolutionary analyses showed shifts from insectivorous to frugivorous
behaviour during the non-breeding season. These shifts might have been associated
with the appearance of migratory behaviour during the evolution, which flexibility is
supported by many examples (e.g. Sturnus vulgaris, Carpodacus erythrinus, Emberiza
koslowi, Prunella himalayana) of feeding behaviour in present bird species (Elkins
2010, 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 materials, including fruits (Telleria et al. 2013). Further work on bill shape and
size that should be highly correlated with different types of consumed food may support
these findings.

In addition, being a herbivorous resident bird or an insectivorous migrant has
important conservation consequences (Rainio et al. 2012). It has long been known that
migration and reproductive success have important trade-offs (Alerstam et al. 2003,
Newton 2008), for example, in a case study of wood thrushes (Hylochicla 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). Migratory strategies have already been suggested as one of
the possible explanations of the variation in adult survival among Turdus and Catharus
species (Boyce and Martin 2017). These may result in the increased clutch sizes seen

in migratory species as documented here for Turdus (see for other examples: Martin
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1995, Jahn and Cueto 2012, Barve and Mason 2015) as a mechanism to offset losses
during migration.

Maximum entropy modelling showed that temperature related factors are the most
limiting components of current climate in Turdus thrushes, equally among migratory
and non-migratory species. For these small-bodied birds these results have remarkable
significance in predictable future distribution and migratory behaviour of species as a
consequence of ongoing climatic changes (Mgller et al. 2010).

To sum up the main results: (1) the presented findings provide estimations for the
biogeographical origin of the genus Turdus by locating their most likely ancestral area
into East Asia, (2) besides the support of the ‘along-latitudinal first’ hypothesis for
migration as probable explanation for distribution pattern in early colonisation of the
Western Palearctic and Africa, (3) followed by emerged trans-Atlantic events, and
finally (4) correlated evolution between migration and food types, distinguishing
seasonal shifts in the latter, predicts important plasticity in responding to changing

climate of geological history.

4.3. Synthesis

I found consistent patterns which are equally applicable for both Accipitriformes and
Turdidae, along with dissimilarities rooted in the different histories of the two groups.
However, inferring more general statements for wider taxonomic range requires further
research.

First, the southern origin of core landbirds is supported by the historical
biogeographic analyses of the studied groups, which is in line with the findings of
previous studies (e.g. Ericson 2012, Brusatte et al. 2015). However, the importance of
Africa and Southeast Asia in the early diversification of the Accipitriformes and of the
Turdidae, respectively, is in contrast with the South American origin of landbirds
(Claramunt and Cracraft 2015). In that work, biogeographic analyses of 230 species
were conducted. More than one-third of the species were partially or exclusively

distributed in South America, also including basal clades from this region. Further,
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considering that among the endemic species of each realm, the majority were of South
American origin, it could have biased the estimated origin of landbirds towards the
Neotropics. Despite the fact that in my taxon sets a large number of Neotropical species
were included, I found that South America could be an early destination rather than the
source of origin. Thus, the hotspot nature of Southeast Asia and Africa is confirmed
for these groups (see also Ericson et al. 2003, Ericson 2012). Nevertheless, further
analyses involving more species from different bird families are recommended.

Second, the emergence of grassland vegetation and hence the shift in forested
habitats provided novel niches available during the Late Miocene which accelerated
the diversification of both Accipitriformes and Turdidae, similarly to a general pattern
in all birds (e.g. Jetz et al. 2012). For instance, the majority of long-distance migrants
in the Nearctic winter in forests, whereas almost none of the Palearctic migrants follow
this strategy (Rappole and Jones 2002). The lack of forested habitats in North Africa
could have been a dispersal barrier. Therefore, climatic changes including the
intensified aridisation, completed with the orogenetic events during the Miocene could
have caused the appearance of barely liveable areas which facilitated the evolution of
migration in birds.

Third, recent bioclimatic conditions showed several limiting factors, mostly related
to temperature that have equal impact on birds’ behaviour on both of their breeding and
wintering areas. The differences in the geographically identifiable migratory systems
(e.g. Newton 2008) are related to the connectivity of the distribution of species. Hence,
the East Palearctic migratory system significantly differs from the West Palearctic or
from the Nearctic-Neotropic systems, especially in Accipitriformes. Additionally,
many Turdus species are endemic, with patch-like distributions to south of China, and
species breeding in northern East Asia have expanded range to the western regions
(Figure A3 in the Appendix). The result of maximum entropy modelling may show
significant signs for predicted population changes in passerine birds (Mgller et al. 2010,
Zurell et al. 2018). For instance, weakly suitable areas were found for several species
(e.g. Turdus iliacus, T. torquatus, T. subalaris, T. naumanni), which may indicate

decline in population sizes or complete disappearance of species from those areas.
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These findings can be used in development of biodiversity conservation programmes,
especially for species distributed on very small areas.

Fourth, migration appeared multiple times, independently in raptors from non-
migratory ancestors, whilst thrushes originated from migratory ancestors which is a
substantial difference in the origin of migration between the two groups. Furthermore,
migratory behaviour seems to be more facultative among accipitrid raptors which is
also indicated by the frequency of vagrants (Ferguson-Lees and Christie 2001).
However, in Turdus thrushes, migration might be a heritage rooting in the ‘along-
latitudinal’ mobility of ancestors.

Fifth, one of the most important components related to migration is represented by
feeding ecology patterns of birds (e.g. Boyle et al. 2011, Rainio et al. 2012, Terraube
et al. 2014). Although raptors and thrushes depend on significantly different food
sources, the evolution of migration highly correlated with evolutionary aspects of
feeding behaviour in both groups. Migration could have evolved in species with higher
plasticity in diet or on the other way around. Either being a generalist (larger diet
breadth in some raptor species, but do not forget that most thrushes are omnivorous),
or being able to easily adapt to different food sources (change in main food type in
thrushes) are highly associated with migratory lineages. Consequently, migratory
species could have easily survived during migration.

Sixth, alongside survival, reproductive success is the other major factor in the
evolution of organisms. I measured reproductive attempts in birds by clutch size and
compared it with migratory strategy. The generalisation of my findings support that
migratory birds suffer from higher mortality during migration (e.g. Alerstam et al.
2003, Jahn and Cueto 2012, Barve and Mason 2015, Boyce and Martin 2017), which
correlates with increased numbers in clutch sizes that may be an evidence for the trade-
off between migration and reproduction/survival. Increased clutch size for migrants has
been detected here in all three migratory systems of accipitrid birds of prey and also in
Turdus thrushes, indicating that this phenomenon could appear multiple times,
phylogenetically independently. Also investigating these finding in other bird families

would be beneficial.

69



5. Summary

Migration forms a significant part in the life cycle of temperate bird species. The
regular movements appear to have originated in parallel with the postglacial northern
expansion of tropical species, however, our knowledge is still poor regarding the early
states and climatic backgrounds in the evolutionary history of migration. Nevertheless,
this phenomenon is also influenced by several environmental and ecological factors,
such as surviving inappropriate climatic conditions. Hence, understanding the origins
and evolution of migratory behaviour requires integration of the biogeographic history
and ecology of birds in a phylogenetic context.

My aim was to find general conclusions in a wider taxonomic range, specifically:
(1) to find climatic drivers of the biogeographic origin of the studied groups, (2)
investigate the evolutionary origin of migration, and (3) several aspects of traits related
to migration in these birds. I chose two well-studied, widely known, but
phylogenetically distinct model groups of landbirds (Telluraves), similar in some
aspects (e.g. diverse feeding ecology, reproductive biology, species with very limited
distribution), but different enough for comparisons and contrasts.

Therefore, I designed three studies applying comparative phylogenetic framework
in each. First, molecular phylogenetic reconstruction and ancestral area estimation were
performed to investigate historical biogeography in 179 accipitrid birds of prey
(Accipitriformes). Ancestral state estimation, completed with correlated evolutionary
analyses were applied to infer the origins and evolutionary changes in migratory
behaviour in this group. Second, phylogenetic generalized least squares (PGLS)
method was used to examine the relationships among distribution patterns, diet,
hunting strategies, body measurements, clutch size, and migratory behaviour.
Furthermore, maximum entropy modeling was applied to investigate the bioclimatic

suitability of geographical ranges for migratory raptors.

70



According to the results, migration evolved multiple times in birds of prey. One of
the earliest events occurred in true hawks (Accipitrinae) during the Middle Miocene.
In most cases, a tropical origin was inferred for the non-migratory ancestors of
migratory lineages. Correlated evolutionary analyses indicate that migration evolved
in the tropics, suggesting that temperate species might be descendants of tropical ones.
Diet generalism is associated with migration among raptors. Moreover, clutch size and
hunting strategies proved to be the most important variables in the three migratory
systems. However, the geographic dissimilarities may mask important relationships
between life history traits and migratory behaviours. Indeed, the European-African and
the North-South American migratory systems are fundamentally different from the East
Asian system, owing to the presence versus absence of ecological barriers.

The second group of birds in the thirds study was the Turdidae (Passeriformes).
Standard set of methods were used to build the phylogenetic tree of Turdidae, which is
first published here. The above described approaches for raptors were also applied in
Turdus thrushes to identify relationships between distribution patterns, diet, body
measurements, clutch size, and migratory behaviour. The main biogeographic models
(DIVA, DEC, BayArea) were compared to infer historical biogeographic within the
group.

The results show that the most probable ancestor regions for all 72 Turdus species
were located in the East Palearctic and/or Afrotropical realms. Several trans-Atlantic
movements occurred between 11-4 Mya, including the earliest events found to date.
Migration emerged as an ancestral behaviour of the genus. Clutch size and main food
types are associated with migratory behaviour. Correlated evolution between migration
and along-latitudinal mobility, main food type, and the shift in main food type between
seasons show high importance. Along-latitudinal movements may have evolved earlier,
simultaneously with the radiations of Turdus thrushes, followed by the appearance of
north-south migration, in connection with the orographic and climatic changes. The
increased clutch sizes observed in migratory species could be important mechanism to

compensate losses to mortality during migration. The results of bioclimatic analyses
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imply possible conservation applications and predict the need of attention to important
patterns in changes of distribution and population trends in small passerines.

Finally, the generalisation of my findings can be summarised as follows. (1) The
southern origin of core landbirds is supported by the historical biogeographic analyses
of the studied groups. (2) The hotspot nature of Southeast Asia and Africa is confirmed,
thus South America could be an early destination rather than the source of origin. (3)
The emergence of grassland vegetation and hence the shift in forested habitats provided
novel niches available during the Late Miocene which accelerated the diversification
of both Accipitriformes and Turdidae, similarly to a general pattern in all birds. (4)
Recent bioclimatic conditions showed several limiting factors, mostly related to
temperature that have equal impacts on birds’ behaviour on both of their breeding and
wintering areas. (5) The differences in the geographically identifiable migratory
systems are related to the connectivity of the distribution of species. (6) The result of
maximum entropy modeling may show significant signs for predicted population
changes in passerine birds. (7) Migration evolved multiple times, independently in
raptors from non-migratory ancestors, whilst thrushes originated from migratory
ancestors, which is a substantial difference in the origin of migration between the two
groups. (8) Migratory behaviour seems to be more facultative among accipitrid raptors,
however, in Turdus thrushes, migration might be a heritage rooting in the ‘along-
latitudinal’ mobility of ancestors. (9) Migration could have evolved in species with
higher plasticity in diet or on the other way around. Either being a generalist (larger
diet breadth in some raptor species or the omnivory of thrushes), or being able to easily
adapt to different food sources (change in main food type in thrushes) are highly
associated with migratory lineages. (10) Migratory birds suffer from higher mortality
during migration, which can be observed as increased numbers in clutch sizes that may
be an evidence for the trade-off between migration and reproduction/survival. This

phenomenon could have appeared multiple times, phylogenetically independently.
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Osszefoglalas

Az emberiség torténetében szdmos példat taldlhatunk arra, miként toltenek be a
madarak kiilonbozd szerepeket a kultirdban és hitvilagban. Koszonhetd ez titokzatos
viselkedésiiknek (vonulds), pompds tollazatuknak (paradicsommadarak) és elképesztd
leleményességiiknek (dggal vaddszé j-kaledon varjak). Gondolhatunk az egyiptomiak
sOlyomfejli isteneire vagy a gorogok ,,fonixére”, a rdmaiak auguri tisztségére, vagy
akdr hozzank kozelebbi példakra is, tigy, mint a mongolok ,,aranyszdrnyd sasmadara”
vagy a magyarok ,,turulmadara”.

Eme nagymértékti érdeklddés vezetett oddig, hogy napjaikban mar tudoményosan
megalapozott ismeretek tomkelege all rendelkezésiinkre a madarak életmenetérol,
okologidjardl és viselkedésérol. Azonban a tudds boviilése sziikségszerlien ujabb
kérdések megvélaszolasit vonja maga utén.

Jelen dokumentum az elmult, kozel egy évtized kutatomunkdjanak osszefoglaldsa
és értékelése. Az angol nyelven irt doktori értekezés a nemzetk6zi tudomdnyos
kozonség elérését célozza meg, ugyanakkor legaldbb ennyire fontosnak tartom a hazai
nyilvanossdghoz val6 eljutast is. Ennek érdekében a kovetkez6 néhdny oldalon
igyekszem minél bdvebb Osszefoglalasat adni a ragadozé madarak €s az énekesek

(azon beliil is a rigék) kapcsan végzett vizsgdlataimnak és legfObb eredményeimnek.

Hattér

A Fold kérgét alkoté koOzetlemezek mozgasuk sordan jelentds felszinformalo
tevékenységet végeznek. Az iitkozések, felgylirddések és aldbukod lemezek alakitottak
ki és alakitjadk az egyes foldrészek domborzati viszonyait. A nagyszabdsu valtozasok
kovetkezményeként bolygénk klimdja és bioszférdja folyamatosan dtformalodik. A
Harmadiddszaki kontinensvandorldsok és hegységképzédések hoztak 1étre a ma ismert
arculatot. A Tibeti-fennsik és a Himal4ja felgytirodése az Eocénban kezdddott, mig

Afrika osszekapcsoléddsa Azsidval az Oligocén idészakra teheté. A Miocén
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idészakban mind Afrika teriiletén, mind pedig az Andok kiemelkedésével, DéI-
Amerikdban jelentds valtozasok mentek végbe. Ez az iddszak kiilondsen jelentds az
Ujmaddrszabdsiak (Neognathae) evolicidja szempontjabol is.

A Fold klim4ja ciklikus valtozast mutat, melyet nemcsak a techtonikus események,
hanem a Milankovi¢—Bacsdk-ciklus és biotikus tényezdk egyarant befolydsolnak. A
Paleocén-Eocén hdmérsékleti maximumot kdvetden a klima lehiilésnek indult, ahogy
az Antarktisz jégtakardja egyre inkabb kiteljesedett az Oligocén iddszak alatt. A
Miocén és a Pleisztocén melegebb iddszakai ellenére ez a jégképzodés folytatddott, és
az Eszaki-sark, valamint a szdrazfoldi jégtakar6k megjelenése kovetkeztében a
vildgtengerek szintje lecsokkent. Napjaink egyre széls0ségesebb viszonyai ellenére egy
viszonylag hiivos 1ddszak uralja Foldiink klimé4jat.

A Kozépsd-Miocén alatt elkezdddott valtozasok uj é€ldhelyek megjelenését
eredményezték. A lehtlilés és fokozatos szarazodas kovetkeztében Afrika fiives és erdds
él6helyei alapvetOen atalakultak. Az erddvel boritott teriiletek délebbre tolodtak és
északon megjelentek az elsd szavanna formdacidk. Ez a véltozds a tobbi foldrészhez
viszonyitva  egyediildllonak  tekinthetd. = Mindazondltal  terjeszkedési  és
differencidlodasi lehetdséget biztositott a madarak és mas allatcsoportok szdmaéra.

Az eddigi kutatdsok azt mutatjak, hogy kozel az Osszes Neognathae leszarmazasi
vonal kialakult mar 50 milli6é évvel ezeldtt, és a fajképzddési folyamatok jelentdsen
felgyorsultak ezt kovetden. Vizsgalddasaim sordn a szdrazfoldi madarak (Telluraves)
két csoportjaval foglalkoztam kiemelkedden. Egyrészt a vagdmadar-alakiakat
(Accipitriformes), masrészt pedig a rigok csalddjat (Turdidae) valasztottam
modellrendszerként. Mindkét csoport jelentds viselkedésbeli, okoldgiai €s alaktani
sokféleséget mutat, mely alkalmassd teszi Oket az Osszehasonlitasra. Ugyanakkor
eléggé kiilonboznek ahhoz, hogy szélesebb korben érvényes megéllapitdsokat is
vizsgaljunk.

A ragadoz6 madarak evolucidjat célzé vizsgélatok csupan az utobbi néhany évben
szolgaltak atfog6 eredményekkel, melyhez az én €s tarsszerz6im munkdja is jelentosen
hozz4ajarult. Korabbi ismereteink alapjan csupan az olyvek (Buteoninae) eredetérdl

voltak pontos ismereteink. A haldszsast (Pandion haliaetus), valamint a
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kigyaszkeselylit (Sagittarius serpentarius) magaban foglalé csalddokat leszamitva
tovabbi monofiletikus alcsalddokat nem sikeriilt elkiiloniteni. Ezért egy &atfogd
filogenetikai elemzés sziikségesnek bizonyult.

Hasonl6an tisztazatlan eseteket foglal magaban a rig6félék csaladja is, ahol nemcsak
filogenetikai, de nevezéktani bizonytalansigokat ugyszintén taldlhatunk. Kordbbi
forrasok alapjan a fajok tobbsége a Turdus és Zoothera nemekbe tartozik. Ez utdbbi
azonban magaban foglalja a mashol Gokichla nembe sorolt fajokat is. A felsorolt
bizonytalansdgok megkovetelték a rigdk rokonsagi kapcsolatainak, genetikai adatok
alapjan torténd Gjratérképezését.

A vizsgélt csoportok Oseinek elterjedését illetden, kordbbi tanulmanyok alapjin
tropusi eredet valdsziniisithetd. Azonban, néhdny esetben csupan feltételezéseket
kozoltek a téma kutatdi. Ezek a hézagok korszerli biogeogréfiai elemzések segitségével
kitolthetové valnak. Ezért a fobb fajkeletkezési modellek ©sszehasonlitisa djabb
megvilagitdsba helyezheti a két csoport eredetérdl alkotott elképzeléseinket.

A rokonsagi kapcsolatok és a torténeti biogeogrifia ismeretében célszerlinek
adédott a madarak korében rendkiviil jellemzd viselkedés, a rendszeres vonulds
eredetének és formalodasanak vizsgalata. Tobb elképzelés is sziiletett a vonulds elso
megjelenését illetden. A trépusi eredet hipotézis szerint a vonulds az egyenlitd
kozelében €16 populdciok fokozatos terjeszkedésének kovetkezménye. A madarak
taldltak olyan teriileteket magasabb szélességi korokon is, melyek az év bizonyos
szakaszaiban alkalmasak voltak a koltésre. Az elterjedési teriilet kiterjesztésével
egyetemben jelenhetett meg a vonuldsi viselkedés, az 4j koltd, és az eredeti teriilet
kozott. Ezzel szemben az északi eredet hipotézis alapjan a magasabb szélességi
korokon bekovetkezd kornyezeti valtozasok kdvetkezményeként jelent meg a vonulés.
Ez az elképzelés eddig viszonylag kevés csoport esetében igazolddott. A legijabb
feltételezés szerint az elterjedési teriilet sziikiilése eredményezte a koltd és teleld
teriiletek szétvalasat. A foldtorténet sordn a szélesebb tropusi 6v zsugoroddsa vonta
maga utén a teriiletek elkiiloniilését és igy a rendszeres vonulds megjelenését.

Ugyanakkor nem csak idoben, hanem térben is kiillonbséget lehet tenni a vonulasi

mintdzatokban. Alapvetden hirom jelentés vonuldsi rendszert kiilonithetiink el: Eszak-
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és Dél-Amerika, Afrika és Eurdpa, valamint Eszakkelet-Azsia és az Indonéz-
szigetvilag vonuldsi rendszereit. A legszembetlinobb kiilonbség kozottiik, hogy mig az
elso kettd esetében jelentds foldrajzi akadélyai vannak a vonuldsnak (Mexikoéi-fennsik,
Karibi-térség, Foldkozi-tenger, Szahara), addig utébbi gyakorlatilag folytonos
rendszert alkot. Felmeriilhet a kérdés, hogy milyen tovabbi eltérések, esetleg
hasonldsagok mutathatéak ki az egyes régiokban?

Az elébb attekintett szempontokra alapozva, elsé 1épésben 179 ragadozd, valamint
155 rigéd faj torzsfajat hoztam létre a genetikai adatbazisban elérhetd szekvencidk
alapjan. Az elkésziilt fak a biogeografiai és 0sszehasonlité filogenetikai vizsgalatok
fontos részét képezték. Modern modszerek felhasznalasaval a vonulés kialakuldsat és
a vele Osszefiiggd tényezoket vizsgaltam a kovetkezo allitdsok probdjaként:

1. Nagytestli fajokndl gyakrabban kialakul a vonuléds, hacsak nem a vonulés
kovetkezménye a testméret novekedése.

2. A t4plélék erds korlatozo tényezd, mind a téli idoészakban, mind pedig a vonulds
soran.

a. Minél véltozatosabb taplalékot fogyaszt egy faj, anndl nagyobb eséllyel
képes tulélni a mérsékelt égdvben, s6t a téli idOszakban is képes
koltoteriilete kozelében maradni.

b. Ezzel ellentétben, azok a fajok, melyek képesek kiilonb6zo
taplalékforrasokat hasznositani, konnyebben datvészelhetik a 0
taplalékforrasban mutatkozé hidnyokat. Ennélfogva ez a jelenség
gyakoribb a vonul6 fajok kérében, masrészt a vonulo fajok konnyebben
valtanak taplalékforrast.

3. Fontos eltérések azonosithatéak a foldrajzilag elkiilonithetd vonulési
rendszerekben.

a. A trépusi-mérsékelt Oovi vonuldsi rendszerek kialakuldsdban fontos
szerepet toltenek be az eltéré élohelyek, melyek alkalmas folyosodkat

jelolhetnek ki a 1étrejovo vonuldsi ttvonalak szamara.
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b. Az djonnan elérhetévé valé €élohelyek (niche-k), tigy, mint a fiives és
erdei él0helyek aranyanak megvaltozdsa a Miocénben, el0segithették a
madarak szétterjedését.
4. Mivel a vonulés koltséges a nagymértékii elhullasi ardny miatt, ezért a vonulo
fajok esetében megnovekedett fészekalj-méret varhaté a szaporoddsi siker

novelése érdekében.

Eredmények

A vizsgalt 179 ragadoz6é madarfaj kozos 6se tobb, mint 60 millié évvel ezeldtt
jelenhetett meg. Ezt kdvetden valt el a kigyaszkeselyll, majd a haldszsas a tobbi fajtol
(57-37 millié éve). Két tovabbi korai elvalas kovetkeztében (50-20 millié éve) az
Elaninae alcsaldd, valamint a Gypaetinae/Perninae rokonsagi kor kiiloniilt el a tobbi
alcsaladtdl. Az Osszes faj kozos Ose valdszinlisithetden afrikai eredetli, de barmely
alcsaladot vessziik figyelembe, minden esetben valamely tropusi teriilet adodik Osi
elterjedési teriiletnek.

A vonulés tobb kiilonb6zd leszdrmazdsi vonalon, fiiggetleniil jelenhetett meg a
ragadozok korében. A teljes vonulds (a faj/populdciok Osszessége vonuld), illetve a
részleges vonulds (bizonyos populdciok, vagy egyes foldrajzi egységek tekintetében
figyelhet6 meg vonulds) egyarant a nem vonuld allapotbdl szarmaztathatd, dtmenet
nélkiil. Kovetkezésképpen, a viselkedésbeli valtozds parhuzamosan mehetett végbe a
fajok mérsékelt égov irdnydba torténd terjeszkedésével. A bioklimatikus elemzések
kimutattdk, hogy mind a vonuld, mind pedig a nem vonul6 fajok esetében valamely
homérséklettel Osszefiiggd valtozé az, amely meghatdrozza az elterjedési teriilet
megfeleloségét. A bioklimatikus véltozok alapjan jol elkiilonithetéek az emlitett
vonuldsi rendszerek. A kiilonb6zd életmenet-jellegek és okoldgiai tényezok koziil a
taplalkozas véltozatossdga, az éldhely és a fészekalj-méret mutatott jelentOs
Osszefiiggést. A vonuldsi viselkedés megjelenése vonta maga utidn a szélesebb
taplalékforrashoz valé alkalmazkoddst, mely nyilvan az élohelyek valtozatossagdban
is megnyilvanul. Afrikdban a nyilt él6helyekhez, mig mashol foként az erdd boritotta

teriiletekhez kellett alkalmazkodniuk a vonul6 fajoknak. Fontos eredmény, hogy
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mindhdrom vonulési rendszerben kimutathat6an tobb tojast raknak a vonuld fajok a
nem vonuldkhoz képest.

A rigofélék (Turdidae) filogenetikai rokonsdgaval kapcsolatban itt teszem kozzé
eldszor azt a torzsfat, mely az utdbbi évtizedek legatfogdbb fajkészletén alapszik. Az
eredmények értelmében a Turdus nemzetség polifiletikus (a fajok eltérd 6stol
szarmaznak — legaldbbis a jelenlegi nevezéktan alapjan), amennyiben azt az 5 fajt is
figyelembe vessziikk, melyek mdas dgakkal mutatnak rokonsdgot. A galléros rigét
(Zoothera monticola) magéban foglal6 elagazas monofiletikus egységnek (a k6zos Ost
és annak leszdrmazottait is tartalmazza) tekinthet6. Mivel ez a faj a nemzetség
tipusfaja, ezért ez a vonal kell, hogy alkossa a valédi Zoothera nemzetséget, melynek
legktzelebbi testvércsoportja az amerikai fiilemiilerigékat (Catharus) is magdban
foglal6 4g. A masik, szintén monofiletikus csoport, a Turdus testvércsoportja. Az ide
tartoz6 fajokat egységesen, a Geokichla nembe sziikséges sorolni, mert egyértelmiien
elkiiloniilnek az el6bb emlitett Zoothera vonaltol. A 72 Turdus faj eredete
egyértelmiien trépusi. Valdsziniileg Délkelet-Azsia és/vagy Afrika lehetett a kozos 6s
elterjedési teriilete. A csoport szétterjedése sordan, viszonylag hamar elérte DéEI-
Amerikat (15-10 millié éve), melyet tobbszori transz-atlantikus attelepiilés kovetett.
Alapvet0 kiilonbség, a ragadozdokkal szemben, hogy a vonulasi viselkedés lehetett az
Osi 4llapot, melyet a szétterjedés soran mutatkoz6 €s a mai, vonul6 fajok tobbségénél
megfigyelhetd koltési elterjedés kelet-nyugati lefutdsa is aldtdmaszt. A vonulés
megjelenése szoros Osszefiiggést mutat a rigdk kelet-nyugati mozgékonysagaval.
Ebben a csoportban is kimutathaté a taplalkozas-bioldgia és fészekalj-méret vonuld
fajokndl mutatott eltérése. A vonuldsi viselkedés a taplalékforrdsban torténd valtas
képességével nagyban Osszefiigg. Ez magyardzata lehet annak a megfigyelésnek is,
hogy szdmos énekes madar koltési €s telelési idészakban eltérd taplalékot fogyaszt.
Hasonl6an a ragadozokhoz, a vonul6 rigéfajok esetében is, megnovekedett fészekalj-
méret jellemz6 a nem vonuld fajokhoz viszonyitva. Végezetiil, eddig még
bioklimatikus elemzéseket nem kozoltek rigékra, mely eredmények alapjdn fontos
természetvédelmi kérdésekben nyilnak udjabb lehetdségek. Az elterjedési teriiletek

megfelelésége azt mutatja, hogy egyes peremteriiletek kevésbé alkalmasak a fajok
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szamdra, ami elOrevetitheti a kozeljovoben bekovetkezd, lehetséges elterjedési és

populécids valtozasokat.

Szintézis

Eredményeim alapjan fontos kovetkeztetéseket lehet levonni szélesebb taxondmiai
korben. Annak ellenére, hogy a ragadozé madarak €s az rigdk két, eltérd csoport, mégis
sikeriilt mindkét modellrendszerben hasonlé mintédzatot taldlni.

Eldszor is, megerdsitést nyert a szdrazfoldi madarak trépusi eredete. Azonban a
korabbi elképzelésekkel ellentétben, Délkelet-Azsia és Afrika bizonyult fontos
fajképzodési gocteriiletnek. Az itt bemutatott két csoport alapjdn DéEl-Amerika egy
nagyon korai célteriiletnek, mintsem a szétterjedés forrasanak tekinthetd. Tovébbi,
sokfajos elemzések segithetnek a kérdés tisztazasaban.

Misodszor, az tjonnan megjelend fiives élohelyek, valamint az erdds teriiletek
ardnydnak véltozasa a Kés6-Miocén lehiilés és szdrazodas kovetkeztében, alapvetden
beindithatta a maddrcsoportok szétterjedését, felgyorsitva ezzel a fajképzddést.
Mindazondltal viselkedésbeli véltozdsokat is eldidézhetett, melyek a vonulds
kialakuldsat segitették.

Harmadszor, a jelenkori viszonyok bioklimatikus modellezése lehetdvé tette a fajok
szamdra megfeleld teriiletek azonositdsat. Habdr a legtobb faj érzékeny valamely
homérsékleti véltozdval szemben, a foldrajzilag elkiilonithetd vonulasi rendszerekben
is kiilonbségek mutatkoznak. Ez részint a nagyobb Okoldgiai akadalyok meglétének
vagy hidnydnak is koszonhetd. Minden esetre, a modellek alkalmazhaténak
bizonyulnak olyan fontos eldrejelzések elkészitésére, melyek természetvédelmi
szempontbodl jelentdsek lehetnek, eldre vetitve a fajok elterjedésében €s populacids
mintdzataiban torténd lehetséges valtozasokat.

Negyedszer, a vonulas kialakuldsa mds-mas csoportokban eltérd lehet. A ragadozok
esetében nem vonul6 6sokbdl leszarmazott vonalakon, tobbszor, egymastol fiiggetleniil
jelent meg ez a viselkedési forma. Ebben a csoportban inkdbb fakultativ jellege van a

viselkedésnek, melyet a nagyszamu, kéborlé egyedek megfigyelése is aldtdmaszt.
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Ezzel ellentétben, a rigdk esetében sokkal mélyebben gyokerezik a vonulas, és egyfajta
orokségnek tekinthetd, Osszefiiggésben a rendszeres kelet-nyugati mozgasokkal.

Otodszor, az egyik legfontosabb, vonuldssal Osszefiiggd tényezd a fajok
taplalkozasa. Az eredményekbdl kitlinik, hogy a vonulds kialakulhat akkor is, ha egy
faj tobb, kiilonbozd taplalékforrast képes hasznositani, de akkor is, ha képes a
taplalékforrasok kozotti, rugalmas véltasra.

Végezetiil, a vonulds sordn elszenvedett veszteségek és a madarak szaporoddsi
sikere kozott csereviszony 4ll fenn. Tobb esetben kimutathatdé megnovekedett
fészekalj-méret vonul6 fajokndl. Ez a mintdzat megerdsiti az elébb emlitett
Osszefiiggés jelentdségét. Tovabbi madarcsoportokon végzett vizsgalatok segithetnek
annak feltardsdban, hogy ez a csereviszony tobbszor, szdrmazastdl (filogenetikailag)

fliggetleniil jelenik meg a madarvildgban.

Az értekezés alapjat képezé kozlemények:

Nagy Jeno és Tokolyi Jacint (2014). Phylogeny, historical biogeography and the
evolution of migration in accipitrid birds of prey (Aves: Accipitriformes). Ornis
Hungarica, 22, 15-35.

Nagy Jené, Végvari Zsolt és Varga Zoltan (2017). Life history traits, bio-climate and
migratory systems of accipitrid birds of prey (Aves: Accipitriformes). Biological
Journal of the Linnean Society, 121, 63-71.

Nagy Jend, Végvari Zsolt és Varga Zoltan (2019). Phylogeny, migration and life
history: filling the gaps in the origin and biogeography of the Turdus thrushes. Journal
of Ornithology, 160, 529-543.
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teriiletének szakavatottja, €s aki kutatdsaimat igazitja, lehet0séget adva arra, hogy igen
hasznos megbeszélések részese lehessek, melyekbdl rendkiviil sokat tanulok. Nagyon
koszonom Végvari Zsolt felbecsiilhetetlen hozzdjaruldsait és bardtsagit, aki a
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alapjat képezo kozlemények angol nyelvi lektordldsaban nytjtott hatalmas segitséget.
Szeretném megkoszonni Biiki J6ézsefnek és munkatdrsainak, hogy hozzéaférést
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Appendix

Table Al. Variable importance (%) based on model averages of maximum entropy
modelling of Accipitriformes. Highest values are indicated in bold.

Temperature Precipitation
Mean of Mean of Mean of
Species AUC  Seasonality driest warmest Seasonality driest
quarter quarter ! quarter
Accipiter bicolor  0.5775 2.8821 20.1638 20.9257 14.4276 41.6008
Accipiter gularis ~ 0.6084  8.8615 33.6877 13.6120 22.8412 20.9977
Aeipitn 0.7063  12.0605 8.7965 77.0273 2.0561 0.0597
rufiventris
Accipiter 0.6665  17.6452 25.3855 14.3132 18.2337 24.4204
soloensis
eyl 0.6117  36.7241 10.9351 12.5675 23.9845 15.7888
superciliosus
Accipiter tachiro 0.6751 30.4718 8.7588 22.0374 10.2314 28.5006
Accipiter virgatus ~ 0.6371  15.4676 23.6768 18.6124 32.0842 10.1590
Aquila adalberti ~ 0.5793  20.0000 20.0000 0.0000 20.0000 0.0000
Aquila clanga 0.6088  25.7949 9.7968 18.9838 37.8676 7.5569
Aquila nipalensis ~ 0.6485  29.6088 26.4372 24.0238 13.7935 6.1366
Aquila pomarina  0.6152  60.4439 22.6187 1.3688 14.5157 1.0529
Aquila spilogaster  0.6376  28.0270 14.4686 21.3440 32.1121 4.0484
Aquila verreauxii ~ 0.6382 23.7901 5.3092 19.0278 33.9892 17.8836
Aviceda 0.6719  22.0618 36.8531 13.8189 7.9079 19.3584
subcristata
Emseailivs 05712 319156  8.0318 27.9035 140035 18.1457
nigricollis
Butastur indicus ~ 0.6237  6.8384 36.6606 27.9970 10.0013 18.5027
LRI 0.6076  18.2757 9.1735 9.1819 12.6368 50.7321
rufipennis
Buteo
A lbicoudatus 0.5876  38.2173 11.9837 13.8247 28.5702 7.4041
Buteo augur 0.5996  56.3220 8.5484 4.0589 14.7441 16.3267
Buteo auguralis 0.6566  19.0870 17.5819 29.0799 18.4333 15.8178
LD 0.6955  0.0000 92.1458 6.2502 0.0000 1.6040
brachypterus
Buteo . 0.7080  0.0000 99.6691 0.0000 0.3309 0.0000
galapagoensis
Buteo hemilasius ~ 0.6075  22.4618 26.5569 13.8746 17.6161 19.4906
Buteo lagopus 0.6105  30.5498 34.9786 8.2842 5.7809 20.4066
Buteo leucorthous  0.6131  14.6050 20.9765 11.5287 20.5552 32.3345
Buteo 0.5615  27.3516 22.5798 21.6361 11.5487 16.8838
magmrostrls
Buteo nitidus 0.5874  17.7024 31.8704 12.5396 23.0103 14.8774
Buteo oreophilus ~ 0.6067  32.1914 0.0000 4.8620 20.5270 22.4197
Buteo platypterus ~ 0.6034  13.8594 9.2688 35.6660 19.2602 21.9456
Buteo polyosoma  0.6487 41.7965 18.6154 11.1895 20.4361 7.9626
Buteo ridgwayi 0.5820  0.0000 0.0000 7.4693 52.5307 0.0000
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Buteo rufofuscus
Buteo solitarius
Buteo swainsoni
Buteo ventralis
Buteogallus
aequinoctialis
Buteogallus
meridionalis
Buteogallus
urubitinga
Chondrohierax
uncinatus
Circaetus
cinerascens
Circaetus cinereus
Circaetus
fasciolatus
Circaetus gallicus
Circaetus
pectoralis

Circus macrourus
Circus pygargus
Circus ranivorus
Elanoides
forficatus

Elanus leucurus
Eutriorchis astur
Gampsonyx
swainsonii
Geranoaetus
melanoleucus
Geranospiza
caerulescens
Gypaetus barbatus
Gypohierax
angolensis

Gyps africanus
Gyps bengalensis
Gyps coprotheres
Gyps
himalayensis
Gyps indicus
Gyps rueppelli
Gyps tenuirostris
Haliaeetus
leucogaster
Haliaeetus vocifer
Haliaeetus
vociferoides
Haliastur indus
Haliastur
sphenurus

0.7176
0.5913
0.5865
0.6455

0.5726

0.5726

0.5803

0.5897

0.6327
0.6353
0.6286
0.6167
0.6230

0.6025
0.6337
0.6634

0.6101

0.5763
0.7364

0.5763

0.5905

0.5755
0.6408
0.6747

0.6416
0.6088
0.6790

0.6385

0.6580
0.6519
0.6719

0.6220
0.6120
0.6258
0.6021
0.5971

38.5291
17.7975
13.5509
40.9127

63.9353

6.2558

15.9414

33.7893

16.7817
15.0790
24.2080
28.5044
25.8889

27.5128
26.1671
29.9850

25.4745

13.8236
99.4340

24.2134

29.0866

30.2031
17.3276
22.3998

18.5189
7.6420
23.4709

26.6750

4.8145
33.9388
36.3831

14.5741
23.2881
0.0000
30.6512
15.0644

24.5875
0.0000

12.9989
5.2521

32.6783
20.0990
7.8778
17.9841

30.1851
36.6986
0.1667
20.7921
38.6965

13.9147
37.9561
22.1361

7.9612

13.1735
0.0000

31.2097
25.4574

20.6452
20.1334
10.6530

36.9203
21.4871
2.8933

35.0803

16.7370
7.0409
22.1041

12.1093
17.0076
4.9703

11.2684
28.1733
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14.3132
0.0000
12.2489
2.1622

0.0000

11.9749

21.4820

18.7248

24.4052

25.9145
0.7350
6.9520
4.7078

11.0623
9.1452
12.0309

30.4219

11.5880
0.0000

8.0576

13.4945

14.1284
10.1857
4.3783

17.8346
11.3494
4.3986

10.8022

0.3575
43.3959
29.7341

23.4767
20.0685
1.5644
26.8069
5.1867

3.2338
20.0000
44.9985
29.7519

0.8126

28.2502

27.5068

20.3114

17.3438
16.2506
19.2738
10.8168
4.3677

13.9852
7.0901
9.2375

10.7288

16.3899
0.0000

21.0146

5.7049

24.3966
16.1987
48.9391

21.7634
12.0077
47.5324

7.0853

17.9602
6.3444
6.5988

11.1031
19.9606
0.0000
8.1029

22.4651

19.3364
2.2025
16.2030

21.9211

2.5737

33.4201

27.1920

9.1903

11.2842
6.0573
55.6164
32.9348
26.3392

33.5250
19.6416
26.6105

25.4136

45.0251
0.5660

15.5048

26.2566

10.6267
36.1546
13.6297

4.9628
47.5138
21.7048

20.3572

60.1307
9.2799
5.1799

38.7369
19.6753
93.4653
23.1705
29.1104



Harpagus
bidentatus
Harpagus diodon
Harpia harpyja
Harpyhaliaetus
coronatus
Harpyhaliaetus
solitarius
Hieraaetus ayresii
Hieraaetus
fasciatus
Hieraaetus
kienerii
Hieraaetus
pennatus
Icthyophaga
ichthyaetus
Ictinaetus
malayensis
Ictinia
mississippiensis
Kaupifalco
monogrammicus
Leptodon
cayanensis
Leucopternis
albicollis
Lophaetus
occipitalis
Melierax canorus
Melierax
poliopterus
Micronisus gabar
Morphnus
guianensis
Necrosyrtes
monachus
Nisaetus alboniger
Nisaetus nanus
Nisaetus
nipalensis
Oroaetus isidori
Pandion haliaetus
Parabuteo
unicinctus

Pernis apivorus
Pithecophaga
jefferyi
Polemaetus
bellicosus
Polyboroides

typus

0.6011

0.6803
0.5837

0.6273

0.6760
0.6572
0.6751

0.6121

0.6519

0.6432

0.6660

0.6082

0.6211

0.5722

0.5909

0.6305
0.6579
0.6465
0.6285
0.5780

0.6121

0.6432
0.6433

0.6629

0.7322
0.5822

0.5889
0.6007
0.6203

0.6085

0.6265

25.7893

24.1316
36.7218

23.2163

7.3604
24.5886
8.3289

17.7559

17.5735

24.3393

22.6218

15.4787

35.3591

21.8244

39.7131

31.1870
25.2795
42.4794
16.4029
36.2583

29.3329

21777
14.6254

37.7057

35.2481
21.0256

10.5526
38.2969
20.0000

5.0596

61.1766

12.1258

28.1446
15.3027

17.6731

29.3392
28.8528
12.3862

24.9280
44.1645
16.6997
19.0851
25.1076
10.6754
17.8307
5.7504

16.4565
7.1308
18.4659
47.6350
10.2694

5.9549

39.1643
2.2100

9.3436

36.4059
41.7847

28.5396
17.8378
8.9018

36.8848

3.8870
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3.1275

24.7198
14.3611

13.9302

54.6728
5.1580
23.9886

19.9182

14.1110

9.5299

21.2527

1.5610

25.3751

20.4419

23.9656

13.4180
6.7302
2.8607
15.1479
15.6186

12.9672

21.6554
5.4250

23.2839

0.6540
12.8679

8.2531
14.6928
0.0000

32.9008

11.5796

33.7557

9.3386
13.9727

30.9216

5.0049
23.3039
43.4684

18.7101

14.5278

12.7913

20.9916

29.2383

11.7064

32.4169

14.3376

19.5013
17.6343
11.3891
12.0497
11.6459

28.6406

5.2955
55.7615

7.0032

15.1483
11.3616

23.2534
9.3246
0.0000

15.6723

19.7787

25.2016

13.6654
19.6416

14.2587

3.6226
18.0967
11.8279

18.6878

9.6232

36.6398

16.0488

28.6144

16.8840

7.4861

16.2334

19.4373
43.2253
24.8049
8.7644
26.2078

23.1044

31.7072
21.9780

22.6636

12.5438
12.9602

29.4013
19.8479
51.0982

9.4825

3.5782



Sagittarius
serpentarius
Sarcogyps calvus
Spizaetus
africanus
Spizaetus
cirrhatus
Spizaetus
lanceolatus
Spizaetus ornatus
Spizaetus tyrannus
Spizastur
melanoleucus
Stephanoaetus
coronatus
Terathopius
ecaudatus
Torgos
tracheliotos
Trigonoceps
occipitalis

0.6434
0.6313
0.6635

0.6255

0.5889

0.5999
0.5995

0.5914

0.6786

0.6138

0.6292

0.6748

16.5037
22.8221
36.0250

25.9924

0.0000

10.0716
35.6045

21.4397

14.7338

27.4434

31.1885

12.6347

19.1092
7.8934
0.7200

17.7362

20.0000

39.0099
25.0454

27.2993

6.2570

16.8967

22.4269

12.8205

27.9871
24.2783
4.0309

23.8628

0.0000

12.1350
10.6216

28.0042

10.2712

18.0402

25.3035

9.2255

27.3708
15.1353
36.3997

21.1260

40.0000

3.6638
12.8925

10.8741

8.6270

19.6686

16.7497

34.7579

9.0293
29.8709
22.8243

11.2827

0.0000

35.1196
15.8360

12.3828

60.1110

17.9511

4.3314

30.5613
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Figure A1l. Suitable areas for raptor species within their distribution ranges. The colour

gradient indicates the degree of suitability (from 0 — white, to 1 — black).
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Polc?maetus Spizaetus ornatus
bellicosus /
, . ¢
Polyboroides Spizaetus p
typus tyrannus "j
Sagittarius Spizastur
serpentarius melanoleucus
Stephanoaetus A
Sarcogyps calvus coronatis t
Spizaetus B Terathopius
africanus \h‘ ecaudatus
I» Ky
Spizaetus \g Torgos
cirrhatus tracheliotos

5.~
Spizaetus " Trigonoceps sd t.?
lanceolatus occipitalis f
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Table A2. Data on species of Turdidae in detail. N is the number of records, Bp is the
average length of base pairs.

Species N Bp. Species N Bp. Species N Bp.
Alethe 4 aps0 bsophocichla g 4pq 50 Turdus 23 659.70
choloensis litsitsirupa olivaceus
Alethe 58 79633 Ol 9 65033 Lurdus 9 72378
diademata currucoides olivater
Alethe 37 84305 Sialia 39 546,64 Lurdus 34 591.41
poliocephala mexicana pallidus
Alethe 5 903.80 Sialia sialis 21 55038 Turdus 127 261.55
poliophrys 2 pelios 8
Brachypteryx > 1075 Stlzorhlna 7 66457 Tu.rdus 26 691.50
hyperythra fraseri philomelos 3
Brachypteryx ¢ 94 75 Turdus 45 768.11 Lurdus 19 641.68
leucophrys albicollis pilaris
Brachypteryx 57 5,7 ;3 Turdus 9 72078 Lurdus 10 71520
montana 5 albocinctus plebejus

Turdus
Brachypteryx 6 85117 amauochalini 30 64343 Lurdus T ge8.41
stellata S plumbeus 1

Turdus

Catharus 16 71381 Lurdus 45 1086 hocephalu 64  884.44
aurantiirostris assimilis 2 S
Catharus 1 743,93 Turdus 10 811,10 rurdus 7 744.14
bicknelli 3 aurantius reevei
Catharus dryas 28 693.43 L rdus 11 73197 lurdus 11 78291

bewsheri rubrocanus
Catharus 12 Turdus Turdus
frantzii 4 59215 poutboul 8 65125 hicoltis 16 70181
Catharus 22 64741 Turduscardis 17 666.18 Lurdus 5 689.20
fuscater rufitorques
Catharus 57 72682 Turdus 8 69325 Tu?dus . 23 1432.3
fuscescens celaenops rufiventris 0
Catharus 20 68770 Iudus 14 77350 Lurdus o3 10710
gracilirostris chiguanco rufopalliatus 2
Catharus 16 903.94 Turdus 33 63627 Turdus 7 74499
guttatus 1 chrysolaus serranus
Catharus 13 73323 Turdusdaguae 12 109> Turdus 8 57875
mexicanus 2 subalaris
Catharus 20 g4gpy Turdus § 550.13 Lurdus 7 74243
minimus 2 dissimilis swalesi
Catharus Turdus 11 Turdus
occidentalis L2 PULE falcklandii 7 Ut tephronotus . 2
Catharus 19 807.36 Turdus feae 4 69550 rurdus 75 440.24
ustulatus 5 torquatus
Chaetops 2 557 Lurdus 10 714 Turdus 5 72440
aurantius flavipes unicolor
Chaetops 13 87062 Lurdus 7 74329 Lurdus 25 747.52
frenatus fulviventris viscivorus
Chamactylas 4 99475 Lurdus 18 74678 Zoothera 5 712.80
fuelleborni fumigatus andromedae
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Chlamydochaer
a jefferyi

Cichlherminia
lherminieri
Cichlopsis
leucogenys
Cochoa
purpurea

Cochoa viridis

Entomodestes
coracinus
Entomodestes
leucotis
Geokichla
citrina
Geokichla
interpres
Grandala
coelicolor
Heinrichia
calligyna
Hylocichla
mustelina

Ixoreus naevius

Myadestes
coloratus
Myadestes
elisabeth
Myadestes
genibarbis
Myadestes
melanops
Myadestes
obscurus
Myadestes
occidentalis
Myadestes
ralloides
Myadestes
townsendi
Myadestes
unicolor
Myophonus
borneensis
Myophonus
caeruleus
Myophonus
glaucinus
Myophonus
melanurus

10

21

30

53

25

12

35

12

40

39

29

26

12

761.71

628.82

879.20

518.40

783.40

732.50

729

748.80

1019.5

746.29

699

447.85

644.04

863.92

909.25

863.77

816.92

802.50

912.03

793.05

812.66

804.77

951

777.17

742

671.50

Turdus
fuscater

Turdus grayi

Turdus
haplochrous
Turdus
hauxwelli

Turdus helleri

Turdus
hortulorum
Turdus
ignobilis
Turdus iliacus

Turdus
infuscatus
Turdus
jamaicensis
Turdus
kessleri
Turdus
lawrencii
Turdus
leucomelas
Turdus
leucops
Turdus
libonyana
Turdus
ludoviciae
Turdus
maculirostris
Turdus
maranonicus
Turdus
menachensis

Turdus merula

Turdus
migratorius
Turdus
mupinensis
Turdus
naumanni
Turdus
nigrescens
Turdus
nigriceps
Turdus
nudigenis

109

10

43

27

21

11

29

63

15

32

14

14

14

62

12

32

16

33

696.50

865.93

695

706.11

535.62

2179

587.19

381.49

698

742.14

673.50

656.53

618.94

942

699.64

791.33

809.67

629.64

340.67

700.09

713.04

647.57

1116.7

742.43

656.94
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Figure A2. Phylogeny of Turdidae. Numbers indicate posterior probability values.
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Figure A2. Continue.
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Figure A3. The density map of 72 Turdus species. Most of the migratory species breed in
an extended area along an East-West axis. This pattern of breeding and wintering areas
might be a fingerprint, as a consequences of the ‘along-latitudinal first’ type of migration
in this group.
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Table A3. Variable importance (%) based on model averages of maximum entropy
modelling of Turdus species. Highest values are indicated in bold.

Temperature Precipitation
Mean of Mean of ' Mean of Mean of
Species AUC Isothermality  Seasonality driest warmest ! Annual  Seasonality driest warmest
quarter quarter ! quarter quarter
srierts Tk 0.7421 9.106 12,3046 19.611 93201 22541  18.2467 14764  7.3042
litsitsirupa
Turdus 0.6566 16.0821 7.3944 10.7276  17.0413  11.7841 14.9304 14.7637 7.2764
albicollis
Turdus
! 0.7621 0 0.0006 0 477582 20.8287  24.4569 3.707 3.0487
albocinctus
Turdus 0.7101 36.274 12.3993 154375 105174 44997 3.0958 13.2435 4.5329
amaurochalinus
) 0.7148 52852 11.9602 0.2679 3.5476 6.2543 4.8475 67.2116 0.6258
assimilis
Turdus 0.5937 1.0274 28.0512 0 0 20 0 0 10.9215
aurantius
Turdus
0.6856 11.45 3.1545 42.3402 3.4561 27133 3.0395 27.7219 6.1244
boulboul
Turdus cardis 0.7431 1.0909 25.002 10.685 5.2567 5.3051 0.4416 47.2972 4.9216
LD 0.6666 0 0 0 50 0 0 0 0
celaenops
Turdus 0.6703 1.5648 18.6668 11.2483 54367  20.0255 2.6411 16.6975  23.7193
chiguanco
Turdus
0.6132 20.753 17.9901 0.9717 1.5735 0 17.6734 20 21.0381
chrysolaus
Turdus 0.7849 13.7561 11.377 4.9428 5.3815 15.7852 4.7474 40.0802 3.9298
dissimilis
i 0.6878 11.2813 33.0343 8.9165 47412 3.0998 11.6397 4.8515 224358
falcklandii
Turdus feae 0.7126 40.5188 0 0 1.3047 1.7193 0 18.6214  37.8357
Turdus flavipes  0.6886 0 1.0179 8.9923 26.7945 0 48.3043 1.586 13.3049
Turdus 0.62 20 0.1235 0 20 0 19.8473 0 20.0292
fulviventris
e 0.7104 4.7749 5.4767 10.413 12,9422 127755 25.7701 13.1469 147007
fumigatus
Turdus fuscater  0.6781 6.1273 16.8343 0 21.5784 17872 19.4606 0.0153 34.1969
Turdus grayi 0.7852 2.9878 3.7297 3.5833 9.1057 282152  22.2608 119712 18.1462
Turdus 0.6988 0 0 17.5618  77.3301 0 0 5.1082 0
haplochrous
LT 0.6876 11.5662 12.226 4.0422 221939 20.7257 7.8259 17.4806 3.9395
hauxwelli
Turdus 0.6709 16.001 13.6748 174625 223852 11.4422 10.6994 42342 4.1007
hortulorum
T 0.765 7.1184 5.973 194409 161059 55181 12.288 10.0301  23.5257
ignobilis
Turdus iliacus 0.5992 18.4372 10.9324 126912 15.1624  8.6451 21.9235 2.1988 10.0094
s 0.6113 18.5263 0.7141 38.7142 0.5888 0 0 0 1.4566
infuscatus
Turdus 0.5722 0 20 20 0 0 0 0 0
Jjamaicensis
Turdus kessleri  0.6813 0.5458 5.6383 545198  11.7398  2.2681 10.0415 13.628 1.6186
Turdus 0.7337 15.1744 22.6383 9.064 112016  18.3894 9.9419 5.5155 8.0748
lawrencii
e 0.6722 8.7543 13.2216 10.9832 98599  23.4284 19.6829 5.6523 8.4174
leucomelas
Turdus leucops  0.7801 15.5763 25.3312 0 307546 27.7673 0 0.0723 0.4983
UrRiD 0.8 0.5035 4.6301 32.5644 07689 129029  48.6301 0 0
lherminieri
Turdus 0.7041 8.1455 12.0461 4.9986 8.3609 11.297 18.841 28.7536 7.5572
libonyanus
i 0.6363 0 0 20 0 0 20 20 20
ludoviciae
Turdus 0.6852 0 0 0 100 0 0 0 0
maculirostris
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Figure A4. Suitable areas for Turdus thrushes within their distribution ranges. The colour
gradient indicates the degree of suitability (from 0 — white, to 1 — black).
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Figuere AS. Results of the six biogeographic models for Turdus thrushes, ordered by
descending AIC values: (A) DEC+j, (B) DIVA+j, (C) BayArea+j, (D) DEC, (E) DIVA, (F)
BayArea. Pies indicate the most probable ancestral states.
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Figure AS. (A) DEC+j, continue.
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Figure AS. (B) DIVA+
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Figure AS. (B) DIVA+j, continue.
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Figure AS. (C) BayArea
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Figure AS. (C) BayArea+
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Figure AS. (D) DEC.
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Figure AS. (D) DEC, continue.
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Figure AS. (E) DIVA.
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Figure AS. (E) DIVA, continue.
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Figure AS. (F) BayArea.
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Figure AS. (F) BayArea, continue.

[ERdiurdus_rubrocanus

urdus_albocinctus

T
alurdus_kessleri

I Turdus_

[ERdiurdus_feae

urdus_obscurus

[EPalurdus_pallidus

urdus_unicolor

urdus_cardis

Urdus_hortulorum

rdus_boulboul

¢ [WEEERATR s meruia

[A] Turdus_pelios

[ Turdus_
Turdus_olivaceus

Turdus_helleri

{A] Turdus_ludoviciae

Turdus_bewsheri

[A] Turdus_|
® urdus_plumbeus
@ Turdus_aurantius

urdus_migratorius

urdus._rufitorques

urdus_infuscatus

[Nj Turdus._r

T
aldus._iliacus

[N Turdus_swalesi

[ Turdus,

ERam

1EPq] =

[Nj Turdus_plebejus

{A] Turdus_t

[ Turdus_|

TR i
WPaEPadus_viscivorus

20 15

132



Figure A6. Results of biogeographic stochastic mapping for 72 Turdus species. Colours
are corresponding to the biogeographic regionalisation on Figure 2.
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Figure A6. Continue.
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