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Abstract

Despiteintensiveresearclattentionover the decadesjany aspects of thevolutionaryhistory of

the bird family Corvidagemainto beassessedrhis dissertation focuses on sevesathdetails

such aghe(a) phylogenetic relationshipéh) biogeography, an¢t) evolutionary ecology of this
passeringadiation usingdiverse analyticahpproaches. Here, | focus on three subfamilies of the
family Corvidaeithe CyanocoracinaéNew Worldjays),distributed across most of the New
World, and theCrypsirininae(treepiesland Cissinaéblue/green magpig¢sbothdistributed in
tropical South and Southeast Asia. In chapter one, | reconstruct the geographic origin @fivthe N
World jays In chapter two, | investigate the molecular phylogenetics and biogeogratitey of
Crypsirininae and Cissinaasing genomavide sampling of molecular chatars Finally, in the
third and fourth chapters | reconstruct the climatic niches of the NWJs and treepies and
blue/green magpies, respectively, and attempt to understand the dynamics of climatic niche
through evolutionary time. Additionally, from theylbgenetic, biogeographiand niche
reconstruction outcomes of these focal clades, | attempt to understand how the combirsed effect
of different evolutionary phenomena have patretivay to the current diversity and

distributions inthe family Corvidae as whole.



Acknowledgments

Words cannot express nagepest gratitud® my mentor, DrA. Townsend Petersoifor
accepting me into his lab, and for his immense guidance, knowledgeuragemerand care
given throughout this long learning experiencadmirethe kindness and patience with which he
toleratedmy certainflaws; being the silent person | am with minimal communication skills, yet
hecontinued to have faith in meam extremelygratefulfor themotivational uplifthe gave me
every single timein a calm andovable way | cannot thankim and Rosa enough for everything
theyboth did formy husband and nauring our stay here in Lawrence.
| am grateful to my committee members Dorge SoberdrDr. Rokert Moyle, Dr. Leo
Smithand Dr. Megan Greerfer dedicating their time to serving on my commitfEleeir
support throughout mgraduatestudent career was invaluable. | am extremely thankful to Dr.
Moyle for supportingsome of my lab workinancially, andfor his valtable comments
throughout. | extend mthanks toDr. Julie Campbell for the immense support and guidance
given as a mentor throughout my time here gsaduate teaching assistatiings went
smoothly thanks therenormous help. | sincerely appreciate Aagje Ashe, who was a
phenomenal resource and was extremely helpful every step of théwa@yld also like to also
extend my thanks tdaime Keeler, Lori Schlenker and Dorothy Johanning, the administrative
teamthatprovidedassistance withll thepaperwork while making sure everything was in order.
| owe my sincere thanks all the KUENM group members and all my past and present
lab members for supporting me in various ways. | specifically want to thadies Li,
Narayani and Vijay BarvéAbdallahSamy Lindsay CampbellKate Ingenloff, Daniel Jiménez
Garcia Chris Hersz, Marlon Cobos, Claudia Nufiegbdu Elkeesh, Daniel RomerAli

Khalighifar, FernanddVlachadeStrede] and Ben Freemaior being great colleags



throughout my time spent here; thank you for being my extended family. | owe my special
thanks to Marlon Cobos for the enormous support héehase on my analyses whenever |
struggled; Marlon you were a great teacher to me.

| am also thankful to Peter Hosner (my first molecular lab trainer), for training me to
adapt to the molecular lab setting. Thank you for all the guidance and knowledgd gixtemd
my sincere thank® AlanaAlexander for the guidance in the Jand Matt Girard and Jesse
Holmes for the help given in data processing and statistical analysis.

There aresomany people and institutions that facilitated me as | progressed through my
PhD programand research at the University of Kandasst of all, | am gateful to Mark
Robbinswho is undoubtedly the moptolific andtalentedbird collections manager in the
world, for teaching me how to prep a bird for the very first time. | am thankful to diietlde
collectors,collection managers, and museum cumafor providing me withtissues fomy
dissertation workAmerican Museum of Natural Histo(AMNH), Louisiana State University
(LSU) Museum of Natural Science, Natiorfaiwan Normal UniversityNTNU), Yale Peabody
Museum of Natural HistoryMuseum ofComparative ZoologyMCZ), Carnegie Museum of
Natural History and Natural History Museum of Los Angeles CouiNyiM).

| extend my gratitude to the Lawrence Sri Lankan community for being my family away
from homel owe mythanks to my cousin Chamani aner family, who never let us feel lonely
or miserable in Lawrence, Kansas.

| cannot thank enough my parents Sujatha and Peter Ferfaarteir unconditional
love and the support given throughout these years. My father, a high school biology, teacher
my first inspiration for taking an interest in studying biology. Without their support andllove

would not be here todalywill remain indebted tahemboth all my life | am alsathankfulto my



brother, sister, grandmotheparentsin-law, all my inlaws and the rest of my familfor their
consistent support and encouragement

Finally, I would like to thank myelovedhusbangdmy best friendand myfavoritetravel
companionThilina de Silva, who stood right beside me tighout thisamazing journeyThank

you for your supportencouragementove, andall the exciting moments in life

Vi



Table of Contents

Title Page i
Abstract ii
Acknowledgements v
List of Figures viii
List of Tables IX
List of Appendices X
Introduction 1
Chapter 1: Reconstructing the Geographic Origin of the New World(ftagdy 4
Corvidae)
Introduction 6
Methods 8
Results 12
Discussion 17

Chapter 2: Molecular phylogenetics and historical biogeography of treepies and 21
blue/green magpies (family Corvidae)

Introduction 23
Methods 25
Results 31
Discussion 35

Chapter 3: Climatic niche reconstructions give new insights to the evolution of the43
New World jays (family Corvidae)

Introduction 45
Methods 47
Results 50
Discussion 53

Chapter 4Climatic niche stability versus dgmism and geographic range evolution 59
in treepies and blue/green magp(ieenily Corvidae)

Introduction 61
Methods 63
Results 65
Discussion 70
Literature Cited 75
Appendix | 89
Appendix Il 91
Appendix 11l 92
Appendix IV 94
Appendix V 108

Vil



List of Figures

Figure 1.3-Phylogeny othe familyCorvidae 13
Figure 1.2—Ancestral distributions of the members of the family 15
Figurel.3—Time-calibrated phylogeny of the family Corvidae 19

Figure 2.1—Placement of treepies and blue/green magpies within the corvid phylogény
Figure 2.2—Phylogenies of treepies based on Ufzia 31
Figure 2.3—Phylogenies of bluand green magpid¢smsd onUCE data 32
Figure 2.4—Phylogenies of treepies and blue/green magpies based on mitochondrél

genes and nuclear introns

Figure 2.5—Ancestral area estimates for treepies 37
Figure 2.6—Ancestral area estimates for blue/green magpies 38
Figure 3.1 -Geographic distribution of the NWJs clade 46
Figure 3.2—Ancestral niche reconstruction output of the NWJs 49
Figure 3.3—Temperature niche reconstruction of the NWJs 53
Figure 3.4—Humidity niche reconstruction of the NWJs 56
Figure 4.1—Geographic distribution of treepies and blue/green magpies 62

Figure 4.2—Climatic niche reconstruction in treepies (temperature and humidity) 67
Figure 4.3—Climatic niche reconstruction in magpies (temperature and humidity) 68

Figure 4.4—Temperature niche changes in some of treepies and blue/green magpié2

viii



List of Tables

Table 1.2 List of samples used in the study
Table 2.3—Model selection summary statistics for treepies

Table 2.2-Model selection summary statistics fdue/green mgges

16

34

34



List of Appendices

Appendix I.Detailed phylogeniesf mtDNA and nuclear introns 89
Appendix Il. Sampling and contig characteristics of treepies and blue/green magpié
Appendix Ill. Summary of the Mesquite input data for NWJs 92
Appendix V. Climatic niche reconstructiorier treepies and blue/green magpies 94

Appendix V. Climatic niche reconstructions under ML approach 108



Introduction

The avian family Corvidae is a monophyletic group of songbote¢ Passeriformes), which
includes crows, jays, magpijesd allies. The family consist of 24 genera and ~132 species
(Jgnsson et al. 2016; Ericson et al. 2005; Bonaccorso and Petersgrof@@7groupedh six
subfamilies i(e., Corvinae, Cissinae, Crypsirininae, Cyanocoracinae, Perisoreinae,
Pyrrhocoracinae), with a worldwide distribution. The group is represented in almost all habitats,
with its members livingindera broad variety of conditions. Thee b unusubkintelligene,
repertoire of vocalizationsind fascinating behavioral adaptations of the fanhidywe all

intrigued biologists for decades, drawing much research attention.

Quite a number aftudieshas focused orphylogenetic relationships amonggjor corvid
lineages (Bonaccorso and Peterson 2007; Ericson et al. 2005; Monteros and Cracraft 1997; Rice
et al. 2003) Other studies have focused on particular genera or sublindag€srmack et al.

2008; McCormack et al. 201Mlowever,manyaspects of corvid evolution remain unanswered,
including neglected lineages and unanswered questitame, this dissertation focuses on
several such unknown details of the phylogenetic relstis, biogeography, and evolutionary

ecology of thifamily, using numerous novel methods and approaches.

In Chapter 1, | investigated the geographic origin of New World jays, which was an
equivocal concemt the time of publishingl conducted a biogeogphic analysis along with
divergence time estimation, based on a dense phylogenetic hypothesis for the early branches of
corvids the goal waso explore how the New World jays (NW@liginated when some early
corvid lineagecolonizedthe Americas in thenistorical past. Biogeographic reconstructions
indicated that NWJs originated from an ancestor in the Eastern Palearctic or Eastern + Western

Palearctic, diversified in Mesoamerica, and spread subsequently to North and South America.



Furthermore, the groupas been diversifying in the New World since the late MioCEhis.

chaptemwaspublished inNeotropical Biodiversity

In Chapter 2, | explorethe molecular phylogenetics and biogeography of two-sister
clades of the family Corvidathetreepies and blue/green magpies.(subfamilies
Crypsirininae and Cissinae). The two clades include some afidhethreatened and most
colorful taxa of thédamily, andyetthese subfamilieare also among the leasell-known
corvids in terms of systematics and ecology. In this chappeoducedspeciedevel phylogenies
for treepies and blue/green magpies, inferred from thousands etaoittsarved element

sequence (UCEs) and up to 6 Sangezquenced gene regions followed by biogeographic

analyses for the two clades. Treepies and blue/green magpies originated in East Asia, and East

Asia and Sundaland, respectively, during the late Miocene and dispersédrmufsian

mainland later onThis chapter has been submitted for publicatiodotarnal of Avian Biology

In Chapter 3, | examined climate niche evolutinoitheNew World Jays (NWJs) by
mapping temperature and humidity niches on to a comprehensiveein@solved phylogenetic
framework, using a novehethodology that explicitly incorporates the uncertainty associated
with species’ c¢limate niches. This method
evolution that commonly resultsom other ancestral niche reconstruction analyses. My results
revealed thain NWJs, humidity niches tend to be more dynamic compared to temperature
niches, andhatdifferent clades display different degrees of niche conservatisraysniche
dynamism). In this chapter, | provide a synthetic view of ecologicaknitkthe NWJs, and its
evolution over time by relating observed evolutionary chatmgesp e ci es’ di st r i

ecological aspects, aith r t gedlogical history.

buti



In Chapter 4, | investigatedimatic niche stabilityversusdynamism, and geogohic
range evolution in treepies and blue/green magpiegeneralmy climate niche reconstructions
indicated that temperature niches in treepies and magg@esore dynamic than humidity
niches, perhaps suggesting that temperature acts as a more significant driver in shaping species
distributions and diversification, in the tropics. In this chapter, | also attempted to relate
environmentally driven evolutionapatterns to biogeographic processgth a goal toward

understandingpeciesdistributions across spatial and temporal scales.



CHAPTER 1*

Reconstructing thgeographicrigin of the New Worldays(family Corvidag

*Fernando, S. W., A. T. Peterson, aneHSLi (2017). Reconstructing the geographic origin of
the New World jays. Neotropical Biodiversity 3:82.



Abstract

We conducted a biogeographic analysis based on a dense phylogenetic hypothesis for the early
branches of corvids, to assess geographic origin of the New World jay (NWJ) clade. We
produced a multilocus phylogeny from sequencdbr@enuclear introns anthree

mitochondrial genesnd included at least one species from each NWJ genus and 29 species
representing the rest of thiee corvid subfamilies in the analysis. We used tHBI8A, S-DEC,

and BBM analyses implemented in RASP to create biogeographbigsteactions, and BEAST

to estimate timing of NWJ diversification. Biogeographic reconstructions indicated that NWJs
originated from an ancestor in the Eastern Palearctic or Eastern + Western Palearctic, diversified
in Mesoamerica, and spread subsequedntorth and South America; the group has been

diversifying in the New World since the late Miocene.



Introduction

The New World jays (NWJs) are a monophyletic group of corfhimteros and Cracraft 1997)
presently considered to comprise 7 genéghelocomaCalocitta, Cyanocitta Cyanocorax
Cyanolyca GymnorhinusandPsilorhinug; the ~36 specie@adge and Burn 1994; Goodwin
1976)represent the product of a radiation across much of the Ameritesgroup has long
been a focus of research in behavioral egplan light of complex behavioral repertoires,

particularly as regards social behavyiBrown 1974, 1963; Peterson 1992)

The origins of corids can be traced to Australia, from where the ancestor of the family
dispersed to Asia, followed by radiations in Asia, Europe, and else@ibtey and Ahlquist
1985) Ericson and colleagu¢Bricsonet al. 2002; Ericson and Johansson 2003; Ericson et al.
2005)provided evidence that the origin of the oscine passerines, to which the Corvidae belongs,
dates to the split of the AustraRapuan tectonic plate from Antarctica in the e&dytiary,
~53M years ago. Thus, the replacement of the early Tertiary rainforests in Australia by drier
vegetation may have placed presumably feagsipted early corvids in more open habitats,
resulting in a new radiation that led to the present glolsédilolition of the family. However, a
recent studyJgnsson et al. 2016)timated the age ofdliamily at ~20M years. Colonization of
the New World by corvids occurred more recently, apparently via aBamsgian routgSibley
and Ahlquist 1985)The ancestor of NWJs, thought to be-fi&g lineages related tGissaand
Urocissg reached NortA mer i ca 10-8 M vy e ar(del Hoyp et al. 20090niceh e  Mi o
in the Americas, a rapid radiation in South America by the early Pliocene, was apparently
followed by a secondary radiation in North Amerfb#onteros and Cracraft 1997)his
hypothesis was not supported by the later analgé&onaccorso and Peterg@007) who

offered support for a hypothesis that the NWJ ancestor was in Mesoamerica or North America +



Mesoamerica, anthenradiated into North and South America independently. The origins of this
diverse clade are of considerable interest in light of questbout the biogeography of Asian
and American tropical grougBenz et al. 2006)morphological innovatiofZusi 1987) and the

evolutionary origins of social behavi(fusi 1987)

Several previous studies have examined the evolutionary history, phylogeny, and
biogeography of the NWJs, but invariably bdhea sparse representation of NWJ genera and
limited outgroup samplingMonteros and Cracraft (199@joposed a first hypothesis of
intergeneric relationships in the group based on cytochboseguences. Ericson et 2005)
added markers, butcluded only single species per genus. Saunders and Edi280dy
examined mitochondrial DNA control region (CR) variation among representatives of all NWJ
genera. Finally, Bonaccorso and Peter@f®7)deriveda multilocus phylogeny with mueh
improved NWJ species representation, and included a historical biogeographic analysis that

concluded that NWJ origins were in Mesoamerica or Mesoamerica + North America.

These previous studies, however, did not providécserit detail in terms of
representation of taxa of NWJs and other corvids to permit thorough understanding the
geographic origin of NWJs, or to identify their closest corvid relatives. The key deficiency has
been in terms of representation of taxa frbw deepest branches of the corvid phylogeny; thus,
we here derive a denser phylogenetic hypothesis by deriving DNA sequences for these early
lineages, placing several species of treepies, blue magpies, and green magpies in a molecular
phylogeny for the fst time, to permit more robust biogeographic analyses. In light of this new

dataset, we discuss geographic origins of NWJs, and offer a new hypothesis



Methods
Taxon and gene sampling

Taxon sampling included at least one species from each NWJ genus, 29 species representing the
rest of thefive corvid subfamilies, antlaniusas a definitive outgroupr@ble 1.). Frozen tissue
samples (muscle tissue) were obtained from the American MuskeNatural History,

Louisiana State University Museum of Natural Science, National Taiwan Normal University,
and the University of Kansas Natural History Museum. We also added DNA sequences from
GenBank from previous studiéandersen et al. 2015a; Bonaccorso 2009; Bonaccorso et al.
2010; Bonaccorso and Peterson 2007; Cibois and Pasquet 1999; Cicero and Johnson 2001,
Cracraft and Feinstein 2000; Ericson et al. 2005; Feldman and Og088dFuchs et al. 2011;
Gonzalez et al. 2008; HelBychowski and Cracraft 1993; Jgnsson et al. 2012; Kennedy et al.
2012; Kryukov et al. 2004; Kryukov et al. 2012; Morinha et al. 2016; Price et al. 2014, Slager et
al. 2014; Zhang et al. 2012; Monteros &rdcraft 1997jhat overlapped our sequenced gene

regions.

DNA sequences were obtained for three mitochondrial genes (cytochram€yb;
nicotinamide adenine dinucleotide dehydrogenase subunit 2, or ND2; and nicotiademidee
dinucleotide dehydrogenase subunit 3, or ND3), and three nuclear introns (the seventh intron of
thebetaf i bri nogen gene, or Bfib7; the second intr
fifth intron of the tr arm)sGeoeswareragplified usimgtthe f act o
following primers: Cytb, L1485{Primmer et al. 20023nd L428 and H49@Reddy 2008)ND2,
L5215 and H6318Sorenson et al. 1999D3, L10755 and H1115Chesser 1999) [ f i -b 7, F
B17U and FIBB17L (Prychitko and Moore 1997Myo2, Myo2 (Fjeldsa et al. 2003)nd Myo3f

(Sladeetal. 1993) and TGFpB 2, (Prgmé etaln2602)T GF 6



DNA extraction, PCR amplification, sequencing, alignmerd,raondel selection

DNA was extracted from frozen tissues using p
protocols (Qiagen DNeasy tissue kit). PCR amplifications were performed using Promega

GoTag Flexi DNA polymerase. We employed a touchdpratocol for amplification of ND2

and ND3, with annealing temperatures of 55°C and 50°C, respectively. Constant annealing
temperatures of 58°C, 50°C, 59°C, and 56°C wereused forCyf3 f i b7, Myo2, and
respectively. PCR products were sent to Beck@aulter Genomics (Danvers, MA) for

purification and final sequencing.

Sequences were cleaned, assembled, and aligned in Geneious 8.1.6 (Biomatters,
Auckland, New Zealand), and checked against an automated alignment in MBSt
2004) Sequence data were partitioned by codon position tochondrial DNA and by gene for
nuclear introns. We used MrModelTest 2\g/lander 2004jo identify appropate substitutional

models for each partition under the Akaike Information Criterion (AIC).

Phylogenetic analysis

Singlegene matrices were concatenated using Geneious 8.1.6 to produce an overall
mitochondrial dataset, a nuclear intron dataset, and a total combined matrix. Phylogenies were
estimated with Bayesian analysis (BA) and maxirdikalihood (ML) inference métods.

GARLI v2.01(Zwickl 2006)was used for the maximufikelihood analysis. We performed 100
independent analyses, and chose the tree with the best likelihood score. Nodal support values for
topologies were evaluated via 500 qmarametric bootstrap replicat@=elsenstein 1985 he

50% majorityrule consensus tree was acquired in PAUP*8wWofford 2003) 70% bootstrap



support was considered as indicative of solid nodal sufddlis and Bull 1993; Wilcox et al.

2002)

Bayesian phylogenetic estimates were obtained in MrBayes GAkgkar et al. 2004;
Ronquist et al. 2012; Ronquist and Huelsenbeck 20@®)independent Markov chain Monte
Carl o (MCMC) runs of 2 * 107 generations usin
conducted. We sampleckes every 2000 generations, and discarded the first 25% of the trees as
burnin. We used TRACER 1.@Rambaut et al. 2014) assess convergence of parameter
estimates and posterior probabilities. The remaining trees were summarized to obtain a 50%

majority-rule consensus tree.

Ancestral area reconstructions

We employed DIVA (Statistical DispersaVi cari ance Analysis), “Baye
Statistical DispersdExtinction-Cladogenesis (BEC, (Ree et al. 2005; Ree and Smith 2008)

and Bayesian Binary Method (BBM) analysis implemented in RASPYai12t al. 2010; Yu et

al. 2015)to reconstruct ancestral areas of corvid lineages. DIVA is an-easetd method in

which vicariance is assumed, and in@sgotential contributions for dispersal and extinction by
assigning a cogRonquist 1997)S-DIVA is an expansion of Bayd3IVA implemented by

Nylander et al(Nylander et al. 200&hat incorporates the entire posterior digition of tree

topologies, thus accounting for both phylogenetic and ancestral state uncéwtaistyal. 2015;

Yu et al. 2010)SDEC model has been implemented using the source code for the C++ version

of LagranggSmith 2010) This model gives the likelihood of all possible biogeographic

scenarios estimated at a given node,iaedmmarizes biogeographic reconstructions across all

10



usersumplied treeqYu et al. 2015)BBM is a statistical procedure in which a full hierarchical
Bayesian approach is used to reconstruct ancestral distributions at ancestréRnodasst
2004) it is implemented in RASRyherein the source code of MrBayes 3.i5. used to create

the MCMC analysis.

We definedeightgeographic areas (A = North America, B = Mesoamerica, C = South
America, D = Western Palearctic, E = Eastern Palearctic, F = Afrotropics, G-Maldya, H =
Australia). We assigned each speciesuided in the phylogenetic analysis to a region or regions,
based on published range mgeBird 2015) SDIVA, S-DEC, and BBM analyses were
conducted using 10,000 post bunrtrees derived from the overall combined data matrix from
the Bayesian MCMC procedure implemented in BEAST 1(@&&immond et al. 2012)-or the
S-DEC analysis, we considered the probability of disgdretween areas as equal, and all values
in the dispersal constraint matrix were set to 1. BBM analysis used the maximum clade
probability tree (condensed tree) from the BEAST analysis, and included two independent runs
of 10 chains (temp = 0.1) that réor 1M generations, sampling every 100 generations, but
discarding the initial 25% as bum. We used the F81+G evolutionary model for the analysis,
based on the results of the model testing described above. In all analyses, the maximum number
of areas ioluded in ancestral distributions was set to 2. We excluded the bdistliputed

outgroupLaniusfrom these analyses.

Timing of diversification

The fossil record for passerine birds is scarce and many described fossils lack information

necessary forse as informative calibration poinBarham et al. 2012Thus, we estimated the

11



time of diversification of NWJs using previously published ND2 substitution rate priors using
BEAST 1.8.2 under a relaxed clock model. We unlinked nucleotide substitution models, and
used MrModelTest 2.@ylander 2004jo obtain besfitting substitutional models. We linked

clock and tree models, used a bididsath speciation process)d ran them for 5 x108

generations, sampling every 50,000th generation. Convergence was examined in TRACER
(Rambaut et al. 20143l effective sample size (ESS) values were >200. We discarded the initial
25% of samples as buin. Calibrating a phylogeny based on empiricaltermired

mitochondrial DNA substitution rates offers only a rough estimate of actual time, though lacking
fossils within the clade, such an external rate calibration offers the only option for linking to
actual dategHosner et al. 2013ND2 is widely studiedn ornithology(Andersen et al. 2015))

we used two empirically estimated substitution rate priors derived from ND2 substitution rates
(2.4 and 3.3% / lineagemillion years) for Hawaiian honeycreepékerner et al. 201 1that

were derived based on three recently obtained gentalibration points, to estimate divergence

times for various corvid lineages.

Results

Topologies inferred via ML and BA analysis were highly congruent for the concatenated
mitochondrial and nuclear sequence data$aggire 11). Results from the BEAST analysis
were similar to the ML and BA topologies, except thgtrhocoraxwas placed asister to clade
A in the BEAST analysis (posterior probability 0.84); ML and BA could not resolve the
placement of this genus. In general, these masthgruent phylogenetic hypotheses all agreed
in identifying five clades within the corvids: A, includiendrocittg Crypsirina, Platysmurus

andTemnurusB, includingCissaandUrocissg C, includingCyanopicaandPerisoreusD,

12



Lanius
(Outgroup)

Pyrrhocorax graculus
Pyrrhocorax pyrrhocorax

4{&_ Temnurus temnurus
A . Platysmurus leucopterus

Crypsirina temia
*—0.67/60 Dendrocitta vagabunda

1.0/98 Dendrocitta frontalis
1.0/97 D

{ endrocitta formosae
Dendrocitta cinerascens

Cissa thalassina

0.89/55 B *_DCissa chinensis
Cissa hypoleuca

AP Urocissa flavirostris
_@ Urocissa erythrorhyncha
— Urocissa caerulea
|*— Cyanopica cooki
1.0/93 =——— cyanopica cyana
—1 0.72/47 A
Perisoreus canadensis
T Perisoreus infaustus
Perisoreus internigrans
Pica pica

—| o.e5/58 '

Podoces hendersoni
—1.0/8 * T Ptilostomus afer .

Garrulus glandarius
0.76/39 Nucifraga caryocatactes
. —: Corvus albus

*
* Corvus corax
Corvus macrorhynchos
* —| 0.99/82 )
Corvus coronoides
Cyanolyca mirabilis
* | * Cyanolyca viridicyana
Cyanolyca cucullata

E g Aphelocoma californica
* - Aphelocoma coerulescens
—{ 1

e Gymnorhinus cyanocephalus
% Cyanocitta stelleri
: Cyanocitta cristata
Cyanocorax yncas
substitutions/site *—@ Cyanocorax melandcyBss
T " Cyanocorax cayanus
Psilorhinus morio

*_:cmocma colliei

1.0/94

Calocitta formosa

Figure 1.1. Phylogeny of Corvidae based on Bayesian and Maximum Likelihood analyses of the combisetd data

Numbers athe nodes refer to Bayesian posterior probability/ML bootstrap support. Asterisks indicate 1.0 posterior
probability and 100% bootstrap support. Letters at nodes indicate five major clades of the family

13



including Corvus Garrulus, Nucifraga Pica, PodocesandPtilostomy and E, including,
AphelocomaCalocitta, Cyanocitta Cyanocorax Cyanolyca GymnorhinusandPsilorhinus
The NWJ clade (clade E) was placed as sister to clade D with strong support (posterior
probability 1.0, 100% ML bootstraps). Monophyly of the clades C, D, and E was highly
supported (1.0, 87%), although the sister relationshipeatoreusandCyanopicawas
ambiguous (0.72, 47%). PlacemenPafdocesas sister tdtilostomugEricson et al. 2005)as
not wellsupported; in contrast, a sister telaship betwee®odocesandPicawas better

supported, with a posterior probability of 0.95 and 58% bootstrap support.

S-DIVA, S-DEC, and BBM ancestral area reconstructions for NWJs produced congruent
results, estimating Mesoamerica as the Aposbable ancestral area for the common ancestor of
clade E(Figurel.2). According to SDIVA analysis, Mesoamerica + Eastern Patta was the
most probable ancestral area (p = 1.0) for the common ancestor of clades D dddE&EaBo
showed Mesoamerica + Eastern Palearctic as the most probable ancestral area (p = 0.63), and
Eastern Palearctic was the other possible area (p = @BWF) results were equivocal, with four
possible ancestral areas: Eastern Palearctic (p = 0.40), Eastern Palearctic + Western Palearctic (p
= 0.31), Western Palearctic (p = 0.16), and ambiguous (p = 0.13). Because all NWJ lineages
were connected to Amerigareas, uncertainty in phylogenetic arrangements within clade C had

no effect on our reconstructions of areas of lineages ancestral to the NWJs.

BEAST relaxeeclock analysis based on the two substitution rate priors indicated that the
timetothe mostrecnt common ancestor for NWJs was 5. 8-
clade (clade E) from its si st eears¢Hgad.3d.Ogrcl ade

anal ysis estimated that the Corvidaesago kel y o

14



(DE) Pyrrhocorax graculus
(DEF) Pyrrhocorax pyrrhocorax

(G) Temnurus temnurus

(G) Platysmurus leucopterus

(G) Crypsirina temia
(G) Dendrocitta vagabunda
(G) Dendrocitta frontalis

Clade A

(GE) Dendrocitta formosae
(G) Dendrocitta cil

(G) Urocissa flavirostris

(G) Urocissa caerulea
(GE) Urocissa erythrorhyncha

(G) Cissa thalassina

Clade B

(G) Cissa chinensis

(GE) Cissa hypoleuca

(E) Cyanopica cyana
(D) Cyanopica cooki

(A) Perisoreus canadensis

Clade C

(E) Perisoreus internigrans

(DE) Perisoreus infaustus
(ADE) Pica pica

(E) Podoces hendersoni
(DEG) Garrulus glandarius
(F) Ptilostomus afer

(DE) Nucifraga caryocatactes
(ABDE) Corvus corax

(F) Corvus albus

(EG) Corvus macrorhynchos

Clade D

(H) Corvus coronoides

(B) Cyanolyca mirabilis

(C) Cyanolyca viridi

(B) Cyanolyca cucullata

« (A) Aphel

(AB) Aphelocoma californica

(A) Gymnorhinus cyanocephalus

(A) Cyanocitta cristata
(AB) Cyanocitta stelleri
(B) P morio
(B) Calocitta formosa
(B) Calocitta colliei
(BC) Cy ax yncas

Clade E

(C) Cyanocorax cayanus

(B) Cyanocorax melanocyaneus

DISTRIBUTION

North America . Afrotropics - Mesoamerica + South America (BC) . Eastern Palearctic + Indo-Malaya (EG)
B Mesoamerica Indo-Malaya B Mesoamerica + Eastem Palearctic (BE) [ Eastem Palearctic + Australia (EH)
M south America B Australia [ Western Palearctic + Eastem Palearctic (DE) [l Afrotropics + Australia (FH)

Western Palearctic  [Jl] North America + Mesoamerica (AB) [l Western Palearctic + Indo-Malaya (DG) W Ambiguous
. Eatern Palearctic North America + Eastern Palearctic (AE) Eastern Palearctic + Afrotropics (EF)

Figure 1.2. Reconstruction of the ancestral area of lineages of Corvidae. Pie charts indicate probability of various
ancestral area combinations. Pie charts at nodes were derived b€ @nalysis; the smaller charts abarel

below at the nodes obtained fronrDB/A and BBM analyses, respectively. Ancestral areas are shown only for basal
nodes. The New World jay clade (clade E), its sister clade (clade D) and all other basal clades (C, B and A) of corvids,
are outlined in fjht blue, orange and green boxes, respectively.

15



Table 1.1. List of samples used in the sty n Ba n k
Institutional abbreviationsAMNH, American Museum oNatural History; KUNHM, University of Kansas Natural History Museum; LSUMNS,

sequences

Louisiana State University Museum of Natural Science; NTNU, National Taiwan Normal University.

from previous

Institution/ GenBank Accession
Genus/species Locality
Sample # ND2 ND3 Cytb Myo2 Fib7 TGF
Aphelocoma californica GenBank AY030142 | AY030162 AY030116 - DQ912638 -
Aphelocoma coerulescens GenBank DQ912601 - u77335 AY395580 | AY395598 -
Calocitta colliei GenBank DQ912603 - DQ912591 - DQ912640 -
Calocitta formosa GenBank DQ912602 - U77336 | AY395581 | DQ912639 -
Cissa chinensis KUNHM 30894 \l_’iir?rt]”sg‘th'é°g;”e”r‘\"e“9°c KY492676 | KY492613 | JQ864488 | KY492636 | KY495261 ;
Cissa hypoleuca KUNHM 23241 | Yieinam: Dong Nai Vinh | v499677 | kyagz614 - KY492637 | KY495262 | KY492656
Cissa thalassina LSUMZ 19185 | Zoo/Captive KY492678 | KY492615 | KY492609 | KY492638 | KY495263 | KY492657
Corvus albus GenBank JQ024060 | JQU23990 | AY527262 - - -
Corvus corax GenBank JQ864446 - JQ864490 | KP070388 - KP070515
Corvus coronoides GenBank JQ023957 JQ024031 AF197837 - - -
Corvus macrorhynchos KUNHM 10955 zgzg@’::?;;ﬁggaya"? KY492679 | KY492616 | HEB05915 | KY492639 | KY495264 | KY492658
Crypsirina temia KUNHM 23219 KY495243 | KY492617 | KY492610 - - -
Cyanocitta stelleri GenBank KM115187 | AY030159 | KF208991 - DQY12642 -
Cyanocitta cristata KUNHM 2271 | USA: Kansas; Shawnee | KY495244 | KY492618 | X74258° | KY492640 | KY495265 | KY492659
Cyanocorax cayanus GenBank GU144814 - GU144857 - DQY12650 -
Cyanocorax yncas GenBank KJ455397 - KJ456245 | KJ454784 | GU144910 -
Cyanocorax melanocyaneus| KUNHM 9260 | El Salvador: La Laguna KY495245 | KY492619 | GU14489% | KY492641 | KY495266 | KY492660
Cyanolyca cucullata GenBank FJ598175 - - FJ598267 -
Cyanolyca mirabilis GenBank DQ912606 - DQ912592 - DQ912644 -
Cyanolyca viridicyana KUNHM 21176 | Peru: Puno KY495246 | KY492620 | U7733% | KY492642 | KY495267 | KY492661
Cyanopica cooki GenBank . . AY701180 . . .
Cyanopica cyana LSUMZ 17007 | Japan KY495247 | KY492621 | JQ393678 | KY492643 | KY495268 | KY492662
Dendrocitta cinerascens KUNHM 17738 | Malaysia: Sabah KY495248 | KY492622 | KY492611 | KY492644 | KY495269 | KY492663
Dendrocitta formosae KUNHM 23470 m:;zml\:‘geﬁaifé“Resew KY495249 | KY492623 | JQ86449% | KY492645 | KY495270 | KY492664
Dendrocitta frontalis KUNHM 15238 | Myanmar: Jed Lwe KY495250 | KY492624 | JQ864495 | KY492646 | KY495271 | KY492665
Dendrocitta vagabunda GenBank JQ864453 - JQ864496 | KJ454790 - -
Garrulus glandarius KUNHM11120 (K:L‘Lnghlﬁ‘,‘g[‘sr‘g g::;rve KY495260 | KY492625 | AB24255% | KY492647 | KY495272 | KY492666
Gymnorhinusyanocephalus | GenBank AY030141 AY030161 | AY030115 | AY395589 | DQ912651 -
Nucifraga caryocatactes KUNHM 25176 | China: Szechwan . KY492626 | KJA56365 | KY492648 | KY495273 | KY492667
Perisoreus canadensis LSUMZ 51588 | USA: Idaho KY495251 | KY492627 | PCU7733% | KY492649 | KY495274 | KY492668
Perisoreus infaustus GenBank - - P1U86042 AY395591 | AY395608 -
Perisoreus internigrans GenBank - - AY395621 - - -
Pica pica KUNHM 28683 #";’:;ﬁﬁ",&ﬁﬁgl r']“"ai; Han | vag5252 | Ky492628 | KI456396 | KY492650 | KY495275 | KY492669
Platysmurus leucopterus LSUMZ B58660 | Malaysia:Sarawak KY495253 | KY492629 | KY492612 - - -
Podoces hendersoni KUNHM 20618 wgl’;gﬁ"azogmgﬁg"bi; KY495259 | KY492630 - KY492651 | KY495276 | KY492670
Psilorhinus morio KUNHM 21842 gmﬁ‘; Campeche; KY495254 | KY492631 | DQO1259% | KY492652 | KY495277 | KY492671
Ptilostomus afer GenBank - - PAUB6040 | AY395594 | AY395613 .
Pyrrhocorax graculus gg?rmss JQ864479 | NC_02592% | JQ86452% - - -
Pyrrhocorax pyrrhocorax KUNHM 28865 g;;‘g;giy%”,'ngﬂ | SOUM: | Kva95255 | KY492632 | JQB64528 | KYA92653 | KY495278 | KY492672
Temnurus temnurus GenBank - - AY395626 | AY395596 | AY395614 -
Urocissa caerulea NTNU KY495256 | KY492633 | - KY492654 | KY495279 | KY492673
Urocissaerythrorhyncha KUNHM 11247 | Shina Dashane Nature | yqg5o57 | Kya92634 | KJ456508 | KY492655 | AY395615 | KY492674
Urocissa flavirostris KUNHM 15139 | Myanmar: Ma Jed KY495258 | KY492635 | JQ864528 . . KY492675
Lanius collaris GenBank AY529960 | JQ239269 | EF635018 | HQ996796 - HQY96870
Lanius collurio GenBank - - - - AY395617 -
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Discussion

Our biogeographic analysis was based on denser taxonomic samplingaflyheranches of the
corvid phylogeny than had been available in any previous study. Our results provided solid
evidence regarding the geographic origin of NWJs. Mesoamerica + Eastern Palearctic or Eastern
Palearctic was consistently identified as the thpogbable ancestral area for the ancestor of the
NWJ and its sister clade; thus, the lineage probably reached the New World from the Eastern
Palearctic through a trasBeringian route. An interesting observation that resulted from the
ancestral area recsinuction was the absence of the common ancestor of clades D and E in North
America(Figurel.2). A plausible explanation to this observation can be drawn from studies on
other taxa: for exampl&ox (2000) based ommammalian fossils, documented aridification of

North America during the late Miocene, thus linking it with increased seasonality. Similarly,
Kohn and Fremd (200&)ocumented decreased faunal diversity in western North America in the
late Miocene, whils they postulated to coincide with increased aridity and seasonality. The
ancestor of clades D and E probably largely bypassed North America during the late Miocene,
perhaps using western coastal habitats under the cistai#izing effects of the PadifiOcean

that may have offered temporary corridors for passage from the Eastern Palearctic to
Mesoamerica. Hence, early cladogenesas least among extant taxaf the NWJ lineage

probably took place either in Mesoamerica or in the Eastern Palearctic.

Our results indicated that the NWJs are most closely related to a clade confpigajng
PodocesGarrulus, and otherstricson et al(2005)identified IndeMalaya as the ancestral area
of origin of these taxa. In another stu@ylonteros and Cracraft 199coveredPerisoreusas
the sister taxon to the NWJ clade. Additionatlg| Hoyo et al. (2009)escribed a close

relationship between the NWJ ancestodCissa+ Urocissa Our results refute these
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hypotheses, with better taxonomic representation, a more robust multilocus dataset, and better

support (Figure 1).

All our analyses identified Mesoamerica as the most probable area for the most recent
common ancestor of NWJs. This result narrows down the resuisnaiccorso and Peterson
(2007) which showed the ancestral distribution of the NWJs asrelMlesoamerica or
Mesoamerica + North America. The proposed origi€alocitta+ Cyanocorax+ Psilorhinusin
Mesoamerica, dispersing thence into South AmégBoeaaccorso and Peterson 200/as
supported in our analysis. However, our results werkeanas to whether thiphelocomatr
Cyanocitttat Gymnorhinuglade originated in North America versus North America +

Mesoamerica.

Monteros and Cracraft (199@joposed the idea that the origin of the NWds the
result of a single dispersal event into the Americas, which could have taken place around the
early Miocene. However, our time calibration
Pliocene) origin for the NWJs (Figuie3), in which the ancest@robably dispersed to the New
Worl d from the Eastern Palearctic, or Eastern
(Figurel1.3). This event could have taken place when a continuous coniferous belt linked
Northern Asia and America across Berinfyjan mid-to-late Miocene to the late Pliocene
(Sanmatrtin et al. 2001yet the timing of our reconstructions does not appear to coincide with

any specific geological events that might have triggered the dispersal event.

Our time calibration estimated a | ate Mioc
common ancestqiMRCA) of NWJs. This timing makes intuitive sense considering the absence

of the MRCA in North America given the contin
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Figure 1.3. Approximate timeframe for the diversification of the Corvidae,puaitticular focus on New World jays.
Time scales are based on ND2 substitution rates of 2.4% ang@r3teage per million years. Bars at nodes indicate
the highest posterior density (HPD) interval. Numbers at nodes refer to Bayesian posterior pesbdlgtiers at
nodes indicate the five major clades of the family.
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time period, as stated aboffeox 2000) The time calibration further estimated the age of the
family Corvidae at ~8.0-5.9 M ydimateof,~208/lubst ant
years in the phylogeny of corvoid passerine b{d#sisson et al. 201&)loweve, we note that

the timing of Corvidad.aniidae split of the recent phylogeny of songbirds based on ~5000 loci

by Moyle et al. (2016%oincides with our estimate for the same node (not shown here).
Moreover, our time estimates for the NMRCA of
Cyanolyca and 2. 3 - Tyaiobbrayreaieringuitife sense, since dispersal of theses

clades from Mesoamerica into South America should-gat& the emergence of the Isthmus of
Panama, around 2.8 Myears 4g® ' De a e .tHoveever, ve 2n@pha6ide that our time

estimates are rough estimates of actual time, and must be considered with caution.

Our results provide novel insights to the biogeographic origin of NWJs, offering a solid
hypothesis based on different ancestral area reconstrungthods, backed by strong support
from a robust, multilocus phylogeny. However, clearly, more complete taxon representation with
genomelevel sampling could perhaps improve support for some remaining ambiguous nodes in
the phylogenetic hypothesis. Sum improved phylogeny would help to resolve ambiguities
associated with some of our phylogenetic and geographic hypotheses, and could allow insight

into other important questions, such as tropieaiperate transitions in the family.
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CHAPTERZ2

Molecularphylogenetics and historical biogeography of treepies and blue/green magpies (family
Corvidae)
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Abstract

Treepies and blugreen magpiesubfamilies Crypsirininae and Cissinaee two clades of the
family Corvidaeconfined tosouthern an@astern Asiawhichinclude some of the most colorful

and threateneblird species, yet they are also among the least understoad groups in terms

of theirecology and systematics. To date, no robust phylogenetic hypothesis has been proposed;
hencetheir geographic origin and the history of diversification remain unclear. Here, we present
speciedevel phylogenies of (a) treepies and (b) iidmeenmagpies, inferred from thousands of
ultra-conserved elements (UCEs) and ugitoSangersequenced gene regiofmiclear introns

and mtDNA).Biogeographic reconstructions indicate that the treepie and blue/green magpie
clades originated in East Asia, and in East Asia and Sundaland, respectively, during the late
Miocene. Dispersal of treepiestof the Asian mainland and into both the Indian Subcontinent
and Sundaland occurred around the MioeBhecene boundary, whereas much of the
diversification of the blue/green magpie clade occurred after théhadene Our

biogeographic and divergentieme analyses suggest thmith treepies and blue/green magpies
dispersed into the Indian Subcontinent during the-lRlidcene, reaching all the way to Western

Ghats and Sri Lanka.
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Introduction

Distributed acrosthetropical and subtropical forests @futhern and eastern Asia, treepies and
bluelgreen magpiesepresentwo sulclades in the family Corvidag&ricson et al. 2005;

Fernando et ak017; Goodwin 1976)These lineages, which represent two espljts within the
family (nonsister to one another; see Figdre), include some of the most colorful and
threatenedbird species, yet they asdso amonghe leastvell-understood groups of the family in
terms oftheir phylogenetics and ecology. Numerous phylogenetic stiidesfocused on the
relationships of major corvid lineagé3onaccorso and Peterson 2007; Ericson et al. 2005;
Monteros and Cracraft 1997nd on key sublineagéBonaccorso 2009; Bonaccorso et al. 2010;
Peterson 1992However, to date, no detailed phylogeoer biogeographic hypotheses exist

for thetreepie and blugreen magpie clades, mairityr lack of molecular datan which to base

conclusions about relationships.

The blue/greemagpiesncludefive species of blue magpies in the gebluscissa(U.
caerulea U. erythrorhynchaU. flavirostris, U. ornata, andU. whitehead), and four species of
green magpies in the gen@gssa(C. chinensisC. hypoleucaC. jefferyi andC. thalassing
(Madge and Burn 1994; Van Balen et al. 20013)e blue magpies inhabit the forests of southern
and eastern Asjand are among the most colorful spearethe family Whi t ehead’™ s Magp
(U. whiteheadi has a shorter tail and no trace of blue ipitsnageand as suchis an
exception UrocissaerythrorhynchaU. flavirostris, andU. whiteheadrange across tropical
South and Southeast Asigheread). caeruleaandU. ornataare restricted to islanq$aiwan
andSri Lanka, respective)y The green magpies differ from the blue magpies mainly in having

shorter tails and predominantly green and chesirugd coloration. They are found in Southeast
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Asia and on major islands of the Sunda Shik# two groups arphylogenetically each others

closest relativegEricson et al. 2005; Goodwin 1976; Jgnsson et al. 2016)

The treepies are a group of letagled, largely arboreal corvids that inhaBduthand
Southeast Asia. They do not have bright cglarsd have thick bifl with strongly curved
culmers (del Hoyo et al. 2009)This clade comprisesdio genera@endrocittg Crypsirina
TemnurusandPlatysmuruy and 11 speciedgnsson et al. 201@)endrocittaincludes? species
(D. bayleyi D. cinerascensD. formosaeD. frontalis D. leucogastraD. occipitalis andD.
vagabund® Two species o€rypsirina(C. cucullataandC. temig aredistributed in Southeast
Asian lowland forestandare some of the smallesizedmembers of the familyFinally,
Platysmurusand Temnurusare monotypic genera foundtime Malay Peninsula and Sundaland,

and Indochinarespectively.

Tropical South and Southeast Asia rank among the most spietiesgions in the
world, with high degrees of endemis@eological and climatiprocesses hawgpparently
altered the spatial distribution of terrestrial habitats in this regiamaticallythrough timegBird
et al. 2005) promoting speciatioand Ineage diversificatiorHowever, patterns arutocesses
of diversificationin regional biotas remaimoorly understoogdparticularlyon the Indian
Subcontinent where onlyfaw studies have documented speciation patterns and biogeographic
histories(Reddy 2014; Tamma and Ramakrish2@d5) Dendrocitta(three species) and
Urocissa(one species) are the only two corvid genera that have colonized peninsular India, apart
from the widespread gen@orvus Hence, analyzing the diversification and colonization of such
taxa should also ge insights into the general biogeographic patterns of the liSdiacontinent,

during that period of geological history.
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Pyrrhocoracinae

Crypsirininae (Treepies)

Cissinae (Blue and green magpies)

Perisoreinae

1 Cyanocoracinae

Corvinae

Figure 2.1. Placement of the two focal clades (treepies and blue/green magpies) within the overall corvid
phylogenetic framework

In this study we aim to develop a first robust, spedegel phylogenetic hypothes for
thetreepie and blue/green magplades, using genomeide, ultra-conserved elements (UCES),
and Sangesequence gene regiondJsing these phylogenetic hypotheses, we investigate
patterns of biogeography, colonization history, and diversification of the two clades, with
reference to cliratic and geological history of the region. We specifically explore and test the
hypothesis of an East Asiaersusa South Asian (Indian Subcontinent) origin for each of these
two clades; we also explore PlioceRkistocene biogeographic patterns of theseclades on

the Indian Subcontinent, based on our phylogenetic and biogeographic inferences.

Materials and methods
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Sampling and DNA preparation

In this study, we incorporated eight of the nine recognized magpie species, @dkidssa

thalassinaWe also included 10 of the 11 recognized treepie spéaatdng onlyCrypsirina

cucullata We extracted and purified DNA from fresh musitésuespr from toepads from

museum specimengsing Qiagen DNeasy Blood and TissuesKito | | owi ng t he manuf
protocok. To extract DNA from toepads, wseda laboratory spade which no previous corvid

work had been conductet, minimize risk of containation(Mundy et al. 1997)DNA extracts

were quantified using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).

Library preparation and sequencing of ukcanserved elements

For fresh tissue samplesewheared 500g DNA of each sampléo 406-600 bp in 50 ml
volume using a Covaris S220 sonicator. We followed methods detai@d/aros et al. (2019a)
andMoyle et al. (2016jor library preparation. Kapa Biosystetisrary prep kits were used to
perform % reactions of er@pair, Atailing, and adapteligation. To allow dual indexing, we
ligated universal iTru stulf€lenn et al. 2016We inorporatedTru duatindexes(Glenn et al.
2016)in library fragments using a iGycle PCR, anduantified libraries using a Qubit 2.0
fluorometer. For enrichment, we combined libraries in pools of 8 equimolar samples of tissues
and toepads separately, and performed targathenent using a commercially synthesized
Mycroarray MYbaits kit fotetrapods (UCE 5K version 1), which targe@60 UCE lociWe
amplified the fragments in a 4&&cle PCR amplification stepndquantified and sequenced
themin a highthrouglput pairedend run of 100 cycles on an lllumina HiSeq 2500 System at

OMREF Clinical Genomics Center (Oklahoma City, Oklahoma).
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Data assembly

For contig assembly and alignmgwe followed the Python package PHYLU@Eaircloth

2015) which is described ihttps://github.com/fairclottab/phyluce Low-quality bases and

adaptor sequences were trimmed using ILLUMIPROCESSOR ver. 1

(https://github.com/fairclothlab/illumiprocesspiWe assembled cleaned reads into contigs using

TRINITY 2.0.6 (Grabherr et al. 2011and extracted contigs for each taxon that matched UCE

loci. We then assembled two data setsriagpies and treepies, one containing8Jaci

representeth all speciegcomplete matrix)and the other containing UCE loci that were present

in at least 75% of speci¢imcomplete matrix)We alignedoci using MAFFT(Katoh and

Standley 2013)and trimmed ucertain alignment regions using GBLOCKS 0O(€hstresana
2000)with default parameters, except for the minimum number of sequences for a flank position,

which we set at 65% of taXAndersen et al. 2018; Moyle et 2016)

Mitochondrial DNA (mtDNA) and nuclear introns

We also createdeparatenatrices for treepies and magpies using availséigiences ahtDNA
and nuclear introdata,with the aim of including two species of treepiBtatysmurus
leucopterus, Crypsirina temiand one species of magplidrocissa caerulepfor which we
lackedUCE data. We selected three mitochondrial reg{opgchromeb, or Cyb; nicotinamide
adenine dindeotide dehydrogenase subunit 2, or NDi2ptinamide adenine dinucleotide
dehydrogenase subunit 3, or ND3), and three nuclear introns (seventh intron of-the beta

fibrinogen gene, or Bfib7; second intron of
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transforming growth factor 2, or @®EFpB2) from
Fernando et al. 20179r treepies and magpies. For speeids UCE data but no previously

published Sangesequenced dafae., Dendrocittabayleii, D. leucogastraD. occipitalis

Urocissa ornataandU. whitehead), we extracted mtDNA regions from UCE reads using

GENEOUS 8.1.6 (Biomatters, Auckland, New Zealand). We concatenated nuclear and mtDNA
sequencetproduce combined matrices for treepies and magpies, sepdiatele in

phylogenetic analyse®e usedPyrrhocorax(the oldest branch of the familgps the outgroup

taxon to root the trees in both clades.

Phyloganetic analyses
Ultra-conserved elements (UCES)

We performed maximum likelihood (ML) inference on the complete and incomplete ddtar sets
magpies and treepisgparatelyusing RAML 8.2.4 (Stamatakis 2014underageneral time

reversible (GTR) model of rate substitutiith gammadistributed rates among sité¢ode

supportwas evaluatedsing 500 rapid bootstrap replicat¥¢e used he * aut oMRE’® opt i
RAXML to test for convergence of bootstrap repksatVe also estimated phylogenies for all

multilocus alignments with SVDQUARTET&hifman and Kubatko 2014 method of

phylogenetic inference consistent under the multispecies coalescent model, as implemented in
PAUP* ver. 4.0a157Swofford 2003) We computed th&VDQUARTETS optimal tree and 500

bootstrap replicateseconciling quartetasing theQFM dgorithm.

mMtDNA and nuclear introns
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We estimated phylogenies for treepies and madpegsaratelylsing the total concatenated data
setsof mtDNA and nuclear introndviL tree searches were performedRAxXML 8.2.6 on the
Cyberinfrastructure for Phylogenetic Research pg¢kdler et al. 2010) with 5000

nonparametric bootstrap replicatélsenstein 1985Lonvergence of bootstrap replicategsw
tested using the *‘ altilnecMBd&cdBaygsian anabswveren RAX ML
conducted in BEAST 2.3.@Bouckaert et al. 2ZD4) implemented with BEAGLKAyres et al.

2011) To calibrate divergence times, we used a secondary node calibration poiQlivenos

et al. (2019byorresponding tthe split for thebase of théamily Corvidae We used a birth

death tree prior and an uncorrelated lognormal (UCLN) relaxed clock. Two independent MCMC
runs of 1@ generationsvere executed with unlinked site models for each partition. Convergence
of parameter estimat&gs examined using RACER 1.6 (Rambaut and Drummond 200¥Ye
sampled trees every 2000 generatjamsl discarded the first 25% of trees asbar The

remaining trees were summarized to obtain a 50% majardiéyconsensus tree.

Since we did not resolve the sister relationshipemdrocitta vagabundandD.
frontalis (for which we got >99.9% bootstrap for UCE data)ikelihood and Bayesian analyses
of our marker gendata, we incorporatea hybrid phylogenetiphylogenomic approach as
describd in Leaché et al. (20140 obtaina best timecalibrated tredor treepiedor the
biogeographic analysis. Here, we combined the final posterior distribution etalbeated
species trees obtained from the BEAST analyses and filtered them using the tree obtained from
the UCE incomplete loci as the bacdke constraint in PAUESwofford 2003)based on
topology only. Thigorocedureetdaned only the topologies in the posterior distribution of trees

that were consistent with the UCE backbone constraint imposed by the phylogenomic tree. We
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then used TREEANNOTATOR 2.3(Bouckaert et al. 2014) estimate the maximum clade

credibility (MCC) tree from the filtered posterior distrilmrt of species trees.

Biogeographic analysis

We used BOGEOBEARS (Matzke 2013ajmplemented in R (R Core Tea()16) to infer
ancestral distributiaof treepies and magpies separatelylBSEOBEARS useseveral
probabilistic modelsDEC-LIKE, alikelihood implementation of Dispersal Extinction
CladogenesiéRee and Smith 2008DIVALIKE , alikelihood implementation of Dispersal
VicananceAnalysis(Ronquist 1997; Yu et al. 20), and BAYAREALIKE, alikelihood
implementation of BAYAREALandis et al. 2013BIOGEOBEARSfitsthem to phylogenetic
hypotheses in a likelihood framework given udefined geographic areaghis program also
incorporates +J under each model, a parameter that represents feentespeciation, which
allows daughter lineages to jump into novel areat occupied by the ances{datzke 2013h)

According to the cuent species distributior{del Hoyo et al. 2009; eBird 2015ye
assigned treepies and gmaes to one or more biogeographic regions (treepies: India, Mainland
Asia, Sundalandand Andaman Islands; magpies: Mainland Asia, Sundaland, Sri Lamda
Taiwan).We set the maximum range size to all four regions in each andljxsisme-calibrated
maximum clade credibility tree inferred fromarker gensequences from BEAST was used
and each mod e-LIKEsBAYAREAGLIKEDeach with and without +j) fit was
assessed usirtge Akaike information criterion (AlIC)Jump parameter in the DEC +j medd
gives it the propensity to explain all biogeographic variat{®ee and Sanmartin 2018)
However we believe that the +j parameter comes in handy in this studgw of the inclusion

of insular taxa in both clades.
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Results

Molecular data matrices and phylogenetics

Our complete and incomplete UCE data matrices included eight and seven spihaé®epie
and magpielades respectively. The complete matfor treepies comprise®l9loci and
277,963bp, whereaghat formagpies compriseti060loci and346,365bp. The incomplete
matrices of treepies and magpies contai8d5loci and1,302456 bp, and4,043loci and
1,711,954 bp, respectivelfUCE sequence capture statistics are showippendix Il). Our
concatenate®angersequencedatamatrix for reepies and magpies encompassed 6 loci with

4394and4647bp, respectively
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Figure 2.2 Phylogenies of treepies based on ultomserved element (UCE) data sets from RAXML (panels a and b)
and SVDQUARTETS (panels ¢ and d) analyses. Panels a and c are based on the complete matrix of 919 UCE loci;
panels b and d are based on the incompletednwdtd 375 UCE loci. Node labels represent bootstrap support.
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Figure 2.3. Phylogenies of blue/green magpies based oncuoltserved element (UCE) data sets from RAXML
(panels a and b) and SVDQUARTETS (panels ¢ and d) analyses. Panelsarabédged on the complete matrix of
1060 UCE loci; panels b and d are based on the incomplete matrix of 4043 UCE loci. Node labels represent bootstrap

support.
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Figure 2.4RightPhylogeny of blue/green magpies based on Bayesian and maximum likelihood (ML) analyses of the
combined dataset of mitochondrial DNA and nuclear intron data. Numbers at the nodes refer to Bayesian posterior
probability/ML bootstrap support.eft Phylogenyof treepies based on Bayesian and ML analyses of the combined
dataset of mitochondrial DNA and nuclear intron data. Numbers at the nodes refer to Bayesian posterior

probability/ML bootstrap support.
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Complete and incomplete data of UCE of treepies prodsiogithr topologies, except in
the case of a singl@oorly supporteshode(Figures2.2a and2.2b); bootstrap support 86, in the
RAXML analysisof thecomplete data matrpall other analysersesulted in a topology in which
DendrocittacinerascengndD. occipitaliswere sister to each otherth high nodal supporiThe
results of all UCE analytical approaches for treepies agreed with the outcome of the concatenated
Sangersequenced, markérasedanalysis, excepghat UCE analyses placdd. vagabundaand
D. frontalis as sister speciebdotstrap supportiD%), whereashe markeibased analysetid
not recover this relationshifn view of these disagreemenige adopted a hybrid phylogenetic
phylogenomic approach, using ancomplete maitx UCE topology for treepies as a backbone
constrainwith whichto obtain aime-calibrated BEAST tree for our downstream biogeographic
reconstructionsAll analytical approaches of UCE and concatenated mtDNA and nuclear intron

sequence data of magpieeguced identical topologies (Figur28 and2.4).

Biogeographic reconstructions and divergence timing

Treepies—DEC was chosemsthe bestfit biogeographic model for treepies, and was marginally
better supported thahe DEC+j model(Table2.1). This reconstructionevealed that at around
10.0-6.4 Mya, the ancestral range of the treeéele wasn mainland AsiaCrypsirinadiverged
from Dendrocittaduring the late Miocene (approximately 7.3 Mya)dPlatysmurussplit from
Temnurusapproximately 5.8 Mya

The analysis further revealed first signs of dispersal of treepies out of mainland Asia (B)
at around the MiocerRliocene boundaryrhis lineage(thecommon ancestor @endrocitta

bayleii, D. cinerascensD. formosaeD. leucogastraandD. occipitalig hada broaddistribution,

33



Table2.1. Model selection summary statistics for treefiiem BioGeoBEARS.

Model LnL # parameters d e i AIC AIC weight
DEC -20.89 2 0.026 1.00E12 0 45.77  0.36
DEC+J -19.96 3 0.02 1.00E12 0.1 4593 0.33
DIVALIKE -21.69 2 0.035 1.00E12 0 47.38 0.16
DIVALIKE+J -21.01 3 0.026 1.00E12 0.079 48.01 0.12
BAYAREALIKE -26.67 2 0.035 0.12 0 57.34  0.0011
BAYAREALIKE+] -22.65 3 0.02  0.0000001 0.11 51.3 0.023

Table 22. Model selection summary statistics for blue and green magpies from BioGeoBEARS.

Model LnL # parameters d e i AIC AIC weight
DEC -16.79 2 0.031 0.016 0 37.58  0.0085
DEC+J -11.53 3 0.0031 1.00E12 0.21 29.05 0.61
DIVALIKE -16.26 2 0.047 1.00E12 0 36.51 0.015
DIVALIKE+J -12.16 3 0.014 1.00E12 0.26 30.31 0.32
BAYAREALIKE -18.78 2 0.031 0.2 0 4155 0.0012
BAYAREALIKE+J -14.2 3 1E07 0.085 0.094 3441 0.042

across mainland Asia (B), India (A), part of Sundaland #8Ylthe Andaman Islands (D), during
the early Pliocenésee Figur@.5); The Andaman population split from the rest of the clade at
around the same time. The rest of the group experienced clatogm@ats inthe Pleistocene
D. cinerascenandD. occipitaliswereisolated in Sundaland (CG3ndD. leucogastraandD.

formosaesplitin mainland Asia (B) and India (A).

BlueGreen Magpies-DEC+j was identified as the beft biogeographic model for the
blue/green magpielade(Table 22). We incorporated thBEC+j model in our ancestral range
reconstructionn view ofthe inclusion of insular taxa this clade, despite the recent criticism of
AIC-basednodel selection when assessing these m@Bels and Sanmartin 2018)C
selected the DEC+gs the best fit model for our analysis. However, DEC gasmmilar

reconstruction to DEC+j model only except for two nodes indtueissaclade.
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Ourtime calibration indicated a late Miocene origin for this clade, with time to the most
recent common ancestor (TMRCA) at ~7.1 Mya, during whidle the taxon inhabited
mairland Asia and Sundalandmongthedescendants, trencestor ofJrocissahada mainlanéd
Asian origin,whereaghe ancestor oCissawas presenvn both mainland Asia and Sundaland
(see Figure.6). Our results further revealed that the common ancestdr @ataandU.
whiteheadinhabited mainland Asia during the late Pliocene (~3.1 Mya@rnatawas isolated
in Sri Lanka,andU. whiteheadidiversifiedonthe Asan mainland subsequentiihesiger
clade comprisingU. caerulea U. erythrorynchaandU. flavirostris, appears to have originated
during the early Pleistocene, in mainland A&waentually, a subset of this clade colonized
Taiwan and gave rise td. caeruleg and the remainintaxa diversified in mainland Asi@ur
results further indicated that the origin and the diversification of green magpies took place in
mainland Asia an&undaland, with much of the speciation within this clade happening during

the latter half of the Pliocene.

Discussion

Our phylogenetic hypotheses and biogeographic reconstructions indicated a complex
biogeographic history for both of the corvid cladedemstudy. Specifically, both clades appear
to have originated in East Asia. The ancestral treepies colonized areas outside of East Asia
both the Indian Subcontinent and Sundalasadound the Miocen®liocene boundary; in

contrast, parallel colonization aus in the blue/green magpie clade occurred later, after the mid

PlioceneOur results suggest thiavth clades colonized the Indian Subcontinent during the mid
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Pliocene, reaching all the way to Western Ghats and Sri Lanka by approximately the Late

Pliocere.

Relationships of treepies, and blue/green magpie clades

In this study, wénave developed first phylogeetic framework,based on genom&ide UCE
dataandsequencesf mtDNA and nuclear intra) resolving thespeciedevel relationships of
boththetreepieandtheblue/green magpielades of the family Corvidae. For the magpies, we
obtained high nodal support (100% bootstia@ll analyses of UCE datanalysis of mtDNA
and nuclear intron datacovered similar relainships with >0.9 posterior probabilésfor all

the nodes and >93% bootstrap suppaxtept in the case of a single node

We observed slighdiscordance between topologies obtained from UCE sequandes
mtDNA and nuclear intron dat@o force the highly supported relationships from the incomplete
UCE data analysis on ttf@anger dattopology of treepies, we used a constraint method
obtaining a speciegvel topology, which we incorporated @ur biogeographic analysisVe

discuss our biogeographic hypotheses testing for the two clades separately.

Origin and diversification of treepies

According to our biogeographic reconstruction, the common ancestor of the treepies ranged
across mainland Asia, at ~160 Mya.The ancestral treepies gave rise to the four extant
genera Crypsiring Dendrocittg PlatysmurusandTemnuru$ during the la¢ Miocene within
mainland AsiaTemnurusvas restricted to the Asian mainlantdereas?latysmurusand
Crypsirinasubsequently extended their ranges to Sundaland, probably after the Miocene, when

landmasses of Sundaland were connected to the maialend’ex et al. 2010; Hall 2009)
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during a period oflramatic sea level fluctuationSur reconstructionlid not includeCrypsirina

cucdlata, which is distributed in mainlanéisia (B).
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Figure 25. Ancestral area estimates for blue/green magpies obtained usiDg@eodel in BioGeoBEARS. Bars

at nodes indicate the highest posterior density (HPD) interval. Ancestralpesbabilities before and after
cladogenesis are shown by pie charts at nodes and corners, respectively. Letters at the pie charts indicate the area with
the highest probability. Colored squares at tips indicate distribution of extant species, whictondrtespe colored

regions on the map (A = India, B = Mainland Asia, C = Sundaland, D = Andaman Islands). Maps to the right side
indicate current distribution of each species.
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Figure 2.6. Ancestral area estimates for blue/green magjptiasmed using the DEC+j model in BioGeoBEARS. Bars

at nodes indicate the highest posterior density (HPD) inteAatestral area probabilities before and after
cladogenesis are shown by pie charts at nodes and corners, respectively. Letters atdhis pidichte the area with

the highest probability. Colored squares at tips indicate distribution of extant species, which correspond to the colored
regions on the map (E = Sri Lanka, F = Mainland Asia, G = Sundaland, H = TaMag.to the right indida the

current distribution of each species.

The relatively speeisrich treepiegenusDendrocittashoweda morewidespread
ancestratlistribution. The first branching eveintthis clade probably happened ~6 Mya, giving
rise to the common ancestor@ffrontalisandD. vagabundaaccording to our results, this
ancestral taxon existed in mainland Asia. Possibly as a conseqidiaeg a habitat generalist,
its daughter specie®( vagabundawas able te@xpand across a wide area (inclusivenoichof

mainland India), and acrossanyhabitat types (dry woodlands to moist broadézHorest del
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Hoyo et al. 2009)The common ancestor of the sister subclade (compiisibgyleii, D.
cinerascensD. formosaeD. leucogastraandD. occipitalis) expanded its range tbeIndian
mainland, Sundaland, atite Andaman Islands during the early Pliocefiee avifauna of the
Andaman Islands is known to be closest faunistically to that of southwestern giwea

1873; Ripley and Beehler 198%owever, the Preparis Straithich runs from southern Burma
to the Andaman Islands a deepvater barriethathas been unbroken since the fiiertiary
(Ripley and Beehler 1989The only plausible explanation for speciation of birds across the

Preparis Strait is considered as dispeid@wed by isolationRipley and Beehler 1990)

Colonizationof the Andaman Islands in the case of treepies may have hapgpened
islandhopping of permanent water barriers duringleeal changes, leading to the evolution of
D. bayleii. The sister clade inhabitedbroad area dhdia, Sundalandandthe Asian mainland
in thelate PlioceneDuring the early PleistocengSundaland populatiormobablydiverged from
the rest of the populations, giving rise to the two SundalandRaxanerascensandD.

occipitalis

Dendrocittaleucogastracurrently inhabit the humid evergreen hill forests of the Western
Ghats an isolated coastal mountain chain inthovesernindia. Its sister taxorD). formosagis
widespreaginhabiing most of Chinaand theHimalayan foothillswith an isolated population in
the Eastern Ghats of India. Perhaps, the common anceflofawmosaeandD. leucogastraa
widespread taxon, existed across the Western Ghats through mainland Asia, connected by a
retracting humid forest stretch that fell across the Eastern Ghats during the late Pleistocene times
(Karanth 2003)Pleistocene climatoscillations and resultant fragmentation in the huomelsts
in Eastern Ghats probably caused a disjunction in this ancestral population, givingxise to

formosaen theeasernandD. leucogastran thewedern parts of the range.

39



Origin anddiversification of blue/green magpies

Our ancestral area reconstruction kd#& single nominal specieSjssa thalassinavhich is
found inJava.This gap in coverageoes noaffectour biogeographic analysiBanksto its
distribution in the same are8yndalanylasits sister taxonC. jefferyi. Our results suggest that
this clade originated in mainland Asia and Sundaland duhatate Miocene, when Sundaland
was probably a single land mgs#all 2009) Theancestral populatioaventuallysplit, giving

rise to blue magpiedJfocissg and green magpie€icsa by themid-Pliocene.

The origin and the diversification of green magpies probably took place in the same
regions (nainland Asia and Sundalandeemingly, much of the speciationthis clade
happened during the latter half of the Pliocériiee blue magpies, however, are abgenh the
Sundaland, yagheywent on to colonize the Indian Subcontinent and Taiwan. The group
experienced its first split during the rArliocere, creatingthe subclade comprising the common
ancestor ofJrocissaornataandU. whiteheadjwhich probably ranged all the way acrdbe
Indian Subcontinertb Sri LankaUrocissa ornatanhabitsthetropical broadleaf evergreen
forests of Sri Lanka, where its rangeestricted to the central mountains and foothills of the wet
zone.Urocissa whiteheads found in tropical broadleaf evergreen forestthielowlands and
foothills of Hainan, Ching&del Hoyo et al. 20091adge and Burn 19947 his massive
disjunctionbetweerthe current ranges of these sister taxa suggests that their common ancestor
inhabited an areeomprising much ofmainland Asia and the Indian Subcontindating the

mid-Pliocene times
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However,giventhe absence of modern blue magpie taxa in mainland India, our analysis
was not capable of reconstructiagancestral area of the clade within Indtassil records of
flora and fauna indicatemajor vegetational shift in Indjavith warm humid tropial climatesin
lowland areas in the early and rdid Miocene shifing to cooler and drier conditions the late
Mioceneand earlyPlioceng(Patnaik 2016)The upliftof the Himalayan range, and
intensification of the Asian monsoons were mainly responsible for this climatic c(Reigeik
2016) and as a resuitet evergreen forests in northern India were displaced by deciduous forests
(Quade et al. 1995We suggestith caution, that). ornata(or its ancestral populations),
probably once inhabited mainland Indrwever givenvegetaional and climate change, the
taxon was forced southwards, until it lostalits Indianrange and evolved in isolation in Sri

Lankan rainforests.

Most speciation events of taxa in the wet zone of Sri Lankdaieethe Quaternary
period(Cadle et al. 1990; Schulte 1l et al. 200&hichcoincides withour timeline for the
splitting of U. ornatafrom U. whiteheadiAccording to our results, the othdrocissasubclade
comprisingU. caerulea U. erythrorynchaU. flavirostris, and their ancestors, perhaps originated
in mainland Asia during early PleistocetirocissaflavirostrisandU. erythrorynchadiversified
in mainland AsiawhereadJ. caeruleais likely the result of isolation ohaiwan. During
Pleistocene glaciations, sea levels were |diZzéangl989) andthe TaiwanStrait was probably
exposed as a broad labddge connecting the mainlaf@hang 1989; Rohling et al. 1998)us

encourag the colonization process.

Colonization of the Indian Subcontinent
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Our biogeographic analyses toro corvid clades in the tropical Asiadicate first signs of
dispersal of both clades into the Indian subcontinent during théhadene (4 mya). Timing

of these colonization events, and our webolved phylogenguggest stronglthat the
subcontinental treepie and blue magpie taxaaebset of the diverse avifaunal lineages in
Southeast Asia and the Himalayas, similar to theszfsmany other avian familiegKaranth
2003; Robin et al. 2017Past work on subcontinental biogeografitgranth 2003yliscuss four
potentialhypothetic dispersal routes that the \wehe species took to reach the Western Ghats
and Sri Lanka from mainland Asia northeastrnindia: (1) he Aravalli range, (2) the Brij
region, (3) the Vindhy&atpura ranges, and (4) the Eastern Ghats. Our biogeographic
reconstruction suggests that the common ancestdragissa ornataeandU. whiteheadi

probably existe@n the IndiarSubcontinent during tlate Pliocene (~3.5 mya) at the earliest,
and the same story applies to veeheDendrocittataxa. Interestinglyatthis point in time (i.e.
late Pliocene and afterwards), humid forests existed only along the Eastern Ghats dispersal route,
and the restf the dispersal routes were taken over by thezdne(Karanth 2003)
Consequently, the ancestral treepies and blue magyisslikelydispersed across India, to

Western Ghats and Sri Lanka via the Eastern Ghats dispersal rou
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CHAPTER 3

Climatic niche reconstructions give new insights to the evolution of the New World jays (family

Corvidae)
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Abstract

Evolution of species’ climatic niches through
ultimate goals being (1) to understand the associations between climatic niche evolution and
lineage diversification, and (2) to provide ecological explanationsurrent species distribution
patterns and predict how distributional patterns will be impacted by future climate changes. The
New World jays (NWJs) form a weditudied bird lineage within the family Corvidae, however,

little understanding exists of tledfects of climate on the diversification process in this clade,

despite the availability of large amounts of occurrence data and well resolved phylogenetic
hypotheses. In this study, we attempt to reconstruct ancestral climate niches of New World Jays
(NWJs) by mapping temperature and humidity niches on to a comprehensive aresoletd
phylogenetic framework. We employed an improved methodology that explicitly incorporates

the uncertainty associated with knowledge of climate niches of species, byecmgsan

accessible area for the species, to avoid overinterpretation of niche changes throughout the
evolutionary history. Our ancestral reconstructions indicated that humidity niches are more
dynamic compared to temperature niches, and that diffeahéslexhibit different degrees of

niche conservatism versus niche dynamism. We attempted to relate niche dynamism in lineages
to species’ ecology, geological hi story, and

synthetic view of ecological nie and its evolution over time in the history of the NWJs.
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Introduction

Understanding the factors that influence spec
intense interest in ecology and biogeogralyesson 2000; MacArthur 1984nvironmental

conditions are considered as important extrindiceénces that shape these distributions across

diverse spatial and temporal scalegcArthur 1964) During the past decade, the evolution of
species’ climatic niches through time has bec
understand associations between climatic niche evolution and lineage diversi{iGatiora

Navas and Rodrigueey 2018; Nyarand Reddy 2013; Peterson et al. 1999; Ribeiro et al.

2017) On shorter timescales, understanding patterns of climatic niche evolution could also

provide ecological explanations for current distributions of species, and predictions of how

distributional patterns will be impacted by future charigadimate.

Phyl oclimatic studies-i.e., analyses of cl
often involve phylogenetic comparative frameworks that combine a phylogenetic hypothesis
with either ecological niche model (ENM) outpyEith et al. 2011; Graham et al. 2004;
Peterson et al. 201,19r with raw climate data correspondingstp e c i e s’ known occur
(Ackerly et al. 2006; Evans et al. 2008)uantifying niches from ENMs is probably the most
commonly used approach, but depend perilously on extrapolation routines in the ENM
algorithms (Owens et al. 2013). More geally, empirical estimates of ecological niches are
often incompletely characteriz¢®@wens et al. 2013; Saupe et al. 20@®)ng to at least three
factors: (1) existing abiotic conditions not being fully representative, (2) biotic interactions that
may | imit species’ environmental wusamof, and (

geographic and environmental spé8eberon 2007; Peterson et al. 20B8upe et al. (2017)
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demonstrated that phylogenetic analyses of incompletely characterized niches inflate estimates of
evolutionary change over time, leading to incorrect reconstructions of ancestraRitaes. et

al. (2017) in an analysis of niche evolution and diversificatioGgosittaminers, used explicit
consideration of speciespecificaccessible ared() hypothese$Soberon and Nakamura 2009)

to account for incomplete knowledge of climate occupancy, such that errors in estimates of

evolutionary change are minimized.

Figure 3.1 RightGeographic distribution of the NWJs clade: sampled occurrence points used in niche reconstruction
analyses are indicated by red datsftan example showinlyl (dispersal limitations) foAphelocoma californica
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The New World jays (NWJgrea wellstudied bird lineage in the family Corvidae,
distributed broadly across the Anwas (Figure3.1). It is a monophyletigroupthat includes
~36 species in seven genedphelocomaCalocitta, Cyanocitta CyanocoraxCyanolyca
GymnorhinusandPsilorhinus(Goodwin 1976; Madge and Burn 1994; Zusi 198 He NWJ
clade is, arguably, one of the bssiidied bird lineages in terms of evolutionary history,
biogeography, and behavioral ecold@pnaccorso and Peterson 2007; Brown 1963, 1974;
Ferrando et al. 2017; Woolfenden 197Blpwever, little understanding exists of effects of
climate on the diversifidaon process in this group, despite the availability of large amounts of
occurrence data, highlesolved phylogenies, and broad interest in the ornithological community
for this group. Hence, here, we examine climatic niche evolution in the NWJs, usegjrah
reconstruction and phylogenetic comparative methods, ar@sglved phylogenetic hypothesis,

and an improved methodology that accounts explicitly for uncertainty related to climate niche.

Methods

Phylogenetic hypothesis

Our ancestral reconstruati was based on the latest phylogenetic hypothesis for NWJs, derived
from nextgeneration sequencing of ukcanserved elemen{t)CEs) using 3142oci. We

included 45 NWJ taxa in this analysp@vided byJohn McCormackab at Occidental Collage

Occurrences andlimate data

47



Primaryoccurrence data were assembled for 45 NWJ taxadigind (2015) We quality

controlled the occurrence data via careful comparisons with distributional(Biegtisife
International 2018; Madge and Burn 1994; Pitelka 1961 occurrence data were plotted on
maps and vetted gpecialists in the group to deteand remove any outliers that could represent

errors or extralimital occurrences.

Climate data at 10’ resolution (~18 km at
dataset, a highesolution global dataset of remotalgnsed climatic variables relexdo
speci es’ (Vegadtal 2dd\Weiused ta/o relatively uncorrelated bioclimatic
variables, mean annual temperature and specific humidity, in our analysis. We diefined
hypothese$Soberén and Nakamura 2036) each taxon based on their geographic distributions
and biological requirements (Figusel). We used the distribution of occurrence data within an
M area to determine certainty/wrtainty of niche limits of a taxon. This explicit consideration
of certainty/uncertainty related to climate niche was implemented as a useful approach in

avoiding overinterpretation of the information available about the niche.

Character matrices

The rames of tolerances across all NWJ species for temperature and humidity were divided into
15 and 19 bins, respectively. Each bin was set to 1 for presences and 0 for absences. If the limit
of the presences matched t Maragthewdastrofdhe mresii.e.a | I
those more extreme) were classified as uncertain. Since suitable bin ranges could change

depending on the size of the bins, we classified bins on either side as uncertain if only one bin
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flanked the suitable range (s&pperdix Il1). Via this procedure, we obtained character matrices
for the two bioclimatic variables. These matrices were considered as summaries of the state of
knowledge regarding the current climate niches of each of the NWJ taxa. We followed this
method sine distinguishing between environments manifested or not manifested Mitisin

vital in avoiding overestimation of actual evolutionary chaf®gupe et al. 2017)

Temperature niches

| INRARRAARANAIE
- N

WU Present NN Absent Uncertain

Figure 3.2. Summary of ancestral niche reconstruction output under parsimony afalyssperature anBottom
humidity niches of each ancestral node of the NWJ clade.
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Climatic niche optimization

Using the twecharacter matrices, we tracedolution in each bin for every node in the

phylogeny as means of reconstructing the climatic niches piecemeal. These reconstructions were
done using routines in Mesquite3.2 (Maddison and Maddison 201%)e performed both

parsimony ad maximum likelihood (ML) analyses: parsimony reconstruction methods find the
ancestral states that require the least number of character changes given the tree and observed
character distribution, whereas ML methods recover ancestral states using istochast

evolutionary models that maximize the probabilities of the observed Esataster et al. 1997;

Pagel 1999) We performed ML analysis under the Mk1 model; in our dditput, we took

probability >0.8 as present,” (2) probabilit
0.8 as “uncertain.”. We used reconstructed te
(Figure3.2) in the tree to analyze degrees bange at a given node (compared to its most recent

ancestor), and overall to understand patterns of evolutionary change in the climatic niche

(Figures3.3and3.4).

Results

Phylogenetic hypothesis used in this analysis recovered that the NWJs comprisgpaytetic
group and identified five major clades: (1) Clade@yanolyca (2) Clade BCyanocittaand
Gymnorhinus(3) Clade C:Aphelocoma(4) Clade D: som€yanocoraxplusCalocittaand

Psilorhinus and (5) Clade E: remaining speciesCyfanocorax
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The two different approaches that we empleygarsimony and Mi-recovered similar
general patterns for the evolution of NWJ climate niches. However, disagreements were
observed at a few nodes, ahe ML reconstruction was accompanied by greater uncertainty
compared to the parsimony analysis. Thus, we interpret our results based on the parsimony

reconstruction

Temperature niches

Our climate reconstruction for mean annual temperature showed that ma@sigppstsent NWJ

taxa (extant and extinct) tend to have maintained an unchanged climate niche in terms of
temperature across numerous speciation events, throughout their evolutionary history. However,
certain ancestral nodes indicated signs of substaatmgddrature niche expansions and

retractions (see Figufel). Overall, we recovered three expansions and ten retractions, within a

phylogenetic framework that consisted of a total of 43 internal nodes.

We observed significant changes in temperature nichiee evolutionary history of
clade A, compared to the rest of the NWJ clades (Figudeall of the events are retractions
with a mix of retractions from warmer and colder borders. A drastic niche expansion into colder
climates can be observed in thekition of the common ancestor of clade B (comprising
Gymnorhing andCyanocittg, with the broadest gain of temperature occupancy anywhere in the
evolutionary history of NWJS.wo other significant retraction events were observed in clade C,
in the speation events oAphelocomaoerulescenandthe common ancestor of the clade

containingA. sumichrastandA. woodhousejifrom colder and warmer climates respectively.
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The first niche expansion event (into higher temperature) in the history of NWJaaade
observed in the speciation of the ancestor of clades, D and E (BigurA significant retraction
from warmer conditions was notedtmnansition from node 36 to 4@lade E in Figur&.3).
Downstream evolutionary events for clade E portrayed a relatively conserved temperature niche,
with only a single niche retraction from warmer climates during the speciatfon of
sanblasianugFigure3.3). The only niche change in clade D was observenhguihe evolution

of C. cristatellus where the species has retracted its niche from cold climates.

Humidity niches

Ancestral reconstructions for specific humidity (Figurd) &hdicated that the humidity niche is
relatively more dynamic compared to tleenperature niche in NWJs. The humidity niche
reconstruction revealed seven expansion and 19 retraction events in the course of NWJ
evolution; only one event was manifested as a niche shift (expansions and retractions; Figure
3.4). Out of 43 nodes assessedly 10 nodes (discounting uncertainties) showed a conserved

humidity niche as compared to their ancestors.

In clade A, all observed niche changes were associated with retraction events. The slight
shift towards low humid climates during the evolutairthe common ancestor of clades B and C
(node 4) is the first humidity niche change observed in the evolutionary history of NWJs. The
most extreme niche retraction event was associated with the evoluymuoiorhinugclade B),
where the humidity nichef its ancestral niche was retracted from high humid climates.

Whereas, clades, C, D and E show different degrees of niche expansion and retraction events.
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Figure 3.3. Temperature niche reconstruction under parsimony analysis. Boxes on the righhtrepreset
temperature niches of the NWJ species. Boxes at nodes indicate the degrees of temperature niche change at a given
node compared to its most recent ancestor.

Discussion

In this study, we examined evolutionary patterns in the climate niche o Ndydeconstructing
ancestral character states for mean annual temperature and specific humidity, using the most

recent and comprehensive phylogenetic hypothesis for the clade. Both ML and parsimony
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reconstruction approaches demonstrated similar evoariidnends for ancestral climate niches

of the NWJs, with many parallels and only a few disagreements. The ML reconstruction showed
a comparatively greater number of uncertainties, in terms of reconstructing presences and
absences in climate bins. Thisuksould be a consequence of (1) our extreme caution in

scoring absences within tiv area (see Methods for details), and/or (2) the narrow probability
ranges we considered as true presences (p > 0.8) or true absences (p < 0.2) in our reconstructions
of ancestral states for climate bins. Still, adopted these interpretation criteriado avoi
overinterpretation of our results; the former aided in coping with the issue of psleseiaces,

and the latter helped us distinguish between reconstructed presences and absences with high
confidence. Given the greater degree of uncertainty associatetheiML approach, and the

general agreement between the two sets of results, we discuss in detail only the results obtained

by the parsimony analysis.

In general, our ancestral reconstructions indicated that temperature niches evolve at a
relatively slaver rate compared to humidity niches. We categorized climate niche changes
observed in NWJs into three types: (a) niche expansions (red boxes in Bi@aed 34), (b)
niche retractions (black boxes in FiguBe8and3.4), and (c) niche shifts (both pansions and
retractions at the same node). Without explicit consideration of accessible area for each species,
reconstructed niche expansion can be a consegq
(2) overcoming a dispersal barrier, giving #eecies access to new climate conditions that were

already part of the species original ni che.
events were true events of niche evolution, or mere artifacts of charlgesequires careful

consideratin of dispersal and access of species; our explicit consideratMrafeach species,
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and consequent gaps in information, represent a useful approach to avoiding this

overinterpretation of niche changes.

Out of the two climatic dimensions we considefeamidity can be considered as less
evenly and predictably distributed across space, compared to temperature, which is often closely
related to elevatio(Pepin et al. 2015)Geographic barriers such as mountains can affect
movements of air massessulting in noticeable differences in humidity and precipitation
between windward and leeward sides. To understand the likely association between
diversification and climate, taking the current species distributional patterns into consideration is
important. NWJs are broadly distributed across both North and South America. Of the two NWJ
lineages that reached South AmeriganusCyanolyca(Clade A in Figure 2includes species
that inhabithumid montane forest that range from Mexico to Bolivia. The dedemprised of
nine allopatric species with highly subdivided ran@iéslimayr 1934hat appear to have
originated with formation of geographic barriers that promoted speci@mraccorso 2009)

Our humidity niche reconstruction indicated that six of the eight splits within this clade were
asseiated with nordirectional niche retractions (withdrawing from both high and low humid
conditions), whereas three retractions were tmggnitude withdrawals (losing at least 2 climate
bins) from the humidity niche of the immediately ancestral node. Os&lylity is that the non
directional retractions are artifacts of dispersal limitations: glacial climate fluctuations in
montane regions leading to repeated formation and disappearanceisisklg could be one
explanation, forming dispersal corriddostween oncéragmented range areas. However, we

took good care in delimitinlyl areas for these species, and temperature niche reconstructions for

the same clade resulted in just two retraction scenarios (losses of 1 climate bin each).
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Figure 34. Humidity niche reconstruction under parsimony analysis. Boxes on the right represent current humidity
niches of the NWJ species. Boxes at nodes indicate the degrees of humidity niche change at a given node compared

to its most recent ancestor.

A dramatictemperature niche expansion was obsenvede climate niche

reconstructions for Clade B, comprisi@ymnorhinusandCyanocitta Obviously, this situation

represents a true niche expansion, in where the niche breadth of the clade actually increased, as
evident inbroad current distributions of the component taxa, compared to the distribution of its

sister clade (Clade C) taxa unifigghother interesting observation in Clade B was the similarly
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broad temperature tolerances of all three extant speciethebsmbstantial amount of humidity

niche variation betwee@ymnorhinusandCyanocitta

Clade C includes thaphelocomawhich showg diverse distributions in terms of
geographyPitelka 1951) cur r ent sgneateiinecloud forkst, pitoak fotest, t |
woodland, scrub, deserts, and even mangr{Reterson and Vargas 1998)ur temperature
niche reconstruction of the clade indicates two significant niche retraction events. The retraction
event associated with the speciation evef. @oerulescenshows a dramatic retraction from
colder climates and a slight retractionrfrdot climates. Similar retraction was noted in
humidity, where the niche has been retracted from low humid climates. As evident in both
temperature and humidity changes, this situation possibly represents a true niche retraction,
wherein the niche breadtf the clade actually decreased. Being a habitat specialist, living
mainly in scrub woodlands of peninsular Florida, the restricted distributidnooferulescens

supports the observed niche retraction event.

Temperature niche reconstruction in claBesnd E demonstrated a scenario in which
niche conservatism prevails through numerous speciation events. Temperature niches remained
unchanged, except only in the case of three retraction events. Taxa within these clades are good
dispersers, and show bobaurrent distributions across most of tropical South and Central
America. Perhaps, their common ancestor, which had broad climate niche tolerances, initially
occupied a broad range, with subsequent allopatric speciations. Under such circumstances, the
original climate niche could remain unchanged across many speciation @egetson et al.
1999) One requirement for such a phenomenon to take place would be a relatively evenly

distributed climate across the ancestral landscape; current mean anmeghtare patterns for
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tropical South America seem to fulfill this condition. Validity of this hypothesis can be further

tested through detailed biogeographic analysis.

In summary, we attempted to reconstruct ancestral climate niches of NWJs, in terms of
temperature and humidity niche reconstructions, in amsblved phylogenetic framework. In
effect, we tried to observe how two dimensions of the climate niche behave through evolutionary
time in NWJs. Our results revealed that humidity niches are nymigmdc, compared to
temperature niches, and that different clades exhibit different degrees of niche conservatism, or
niche dynami s m. Finally, we attempted to rela
geological history, and distributional patteriibe result is a synthetic view of ecological niche

and its evolution over time in the history of the NWJs.
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CHAPTER 4

Climatic niche stability versus dynamism and geographic range evolution in treepies and
blue/green magpig$amily Corvidae)
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Abstract

In this study, we attempted to reconstruct the climatic niches of twasiatar clades (treepies

and blue/green magpiesf the family Corvidae that are distributed across the tropical and
subtropical forests of southern and eastern Asia. Their subsequent origin at around the same time
period as well as similar current distributional patterns made them ideal candidatasitoe

the implications of evolving niches in two closely related clades under the effects of dramatic
geological and climatic changes. Our climate reconstructions indicated, in general, temperature
niches in both treepies and magpies seem to be morendyttean the humidity niches,
indicating, perhaps, temperature acts as a mo
and diversification in the tropics. Moreover, the observed temperature niche modifications
associated with speciation evemmt$oth clades may relate to past climatic changes in the region.
We attempted to relate environmentally driven evolutionary patterns to biogeographic processes

in an attempt to understand species distributions across spatial and temporal scales.
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Introduction

Understanding patterns of climatic niche evolution in species has become aniateasofe

studyin the pastfew decadésCavender - Bares et #dzakardd Wikrds; Eat o
2006; Pie et al. 2017Two major hypotheses linking niche evolution and speciation have been
proposed, yet these ideas contrast drastioalg predicts that spetionis greatest in lineages
with rapidly evolving climatic niche@ozak and Wiens 2007; Moritz et al. 2008)counter
hypothesis predicts that diversification is higher when climatic niches evwe slowly

(Cadena et al. 2012; Kozak and Wiens 206f@nce, the role of climatic niclthangan
diversification remains unclear. Furthermore, studying climatic niche evolution has become
imperativeto understand patterns of current species diversity and distributions, to evaluate the
effects of climate change on spetidistributions and extinction&ahill et al. 2013; Latinne et

al. 2015; Peterson et al. 200&hd to predict possible biological invasigBsoennimann and

Guisan 2008; Broennimann et al. 2012)

Changes in species' climatic niches have been evaluated in many taxa via different
approachegDuran et al. 2013; McNyset 2009; Peixoto et al. 2017; Pie et al. ,2017)
demonstrating different evolutionary patterns in different groups. Consequenthgerstand
the evolutionary trends of climatic niche dynamics, one needs to focus tersiaales
(exhibiting less extreme variation in terms of evolutionary history and geography), with an
approach that minimizes errors in niche estiméBasipe et al. 2018)dditionally, closely
related clades are likely to have similar nicffesterson et al. 1999)etecting changes amongst
such taxa is interesting and intriguing in termsinderstanding such changes and their causes

and effecton geographic distributions
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Figure 4.1.Top Geographic distribution of treepieBpttomGeographic distribution of magpies: sampled occurrence
points used in niche restrictions are indicated by colored dots.

Distributed across the tropical and subtropical forests of southern and eastern Asia
(Figure4.l), treepies and blue/green magpies are twesmisr clades that branch off
sequentiallyas the 2nd and 3rd deepest splits, respectively) within the crowp gfdhe
family Corvidae(Fernando et al. 2017; Jgnsson et al. 20I6¢ magpies include five species of

blue magpies in genudrocissa and four species of green magpies in gedissa(Madge and
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Burn 1994; Van Balen et al. 2013)reepies inhabit South and Southeast Asia and comprise four
generaDendrocittg Crypsirina TemnurusandPlatysmuruyand 11 speciedgnsson et al.

2016) Both clades have originated during the late Miocene in East Asia, and in East Asia and
Sundhland, respectively, and have subsequently diversified into the Indian Subcontinent

(unpublished chapter 2).

Tropical South and Southeast Asia has a complex geological and climatic (istdrgt
al. 2005) These processes have apparently altered spatial distribatitarrestrial habitats in
this region dramatically through time, promoting speciation and lineage diversififairdret
al. 2005; Esselstyn et al. 2009)jnce environmental conditions are important extrinsic factors
that shape speciedistributiors across spatial and temporal scdMacArthur 1984) historical
biogeography probabiyteracts withphylogenetic patterns of niche variation in species
(Borcard et al. 1992; Eckleton and Jetz 200%lowever, limited knowledge exists on the
influence of climatic variation on the diversification and distribution of birds in this region.
Owing to their distributional patterns in southern and eastern Asia accompanied by rolenagea
species numbers, treepies and blue/green magpies form two independent systems of parallelly
evolved yet closely related clades, ideal for studying climatic mdghamicsin a phylogenetic
context. In this study, we investigate how climatic n&dhae evolved in treepies and blue/green
magpies over time, and how past climatic fluctuations and geological events have shaped
speciesdistributions within these two clades using novel ancestral niche reconstruction and

comparative phylogenetic methods.

Methods
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Phylogenetic hypotheses

We usedhe bestsupportedopologies (separately for treepies and magpies) from our previous
study, derived from a hybrid phylogenepibylogenomic approacipéper submitted that
incorporated ultraconserved elements (UCEand mitochondrial DNA and nuclear introns. We
conducted timealibrated Bayesian analyses in BEAST 2(®8@uckaert et al. 2014)

implemented with BEAGLEAyres et al. 2011)A secondary node calibration po{@liveros et

al. 2019b) correspondtig to the split for the base of the family Corvidaas used to estimate
divergence times. We used a bideath tree prior and an uncorrelated lognormal (UCLN)

relaxed clock. Two independent MCMC runs of 100 million generaBacbwere executed

with unlinked site models for each partition. Convergence of parameter estimates was examined
using TRACER 1.§Rambaut and Drummond 2007yees wee sampled every 2000

generations, and the first 25% of trees was discarded asrbWie summarized the remaining

trees to obtain a 50% majoritule consensus tree. All species represented in the phylogenies (10

treepies and 8 magpies) were considendtieé nichereconstructions.

Input data

We assembled occurrence data for treepies and magpiesBiodn(2015)and the Global

Biodiversity Information Facility (GBIFhttp://www.gbif.org. For quality control, v& compared

the occurrence data with species distributional nfdgelsHoyo et al. 2009; Goodwin 1976;
Madge and Burn 1994)nd removed any recathat could represent errors or extralimital
occurrences. Cli mate data at 2.5’ resoel ution

resolution global datasderived from remotely sensed data soufdega et al. 2017)NVe used
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15 variables9 related to temperatueand6 related to humidityin our analysisWe did not

consider bio 8, 9, 18 and 19 in the analysis because they included odd spatial artifacts.

Climatic nichereconstructions

Based on each speci es natugaehtstgrywe detimited hypotlsesesaf b ut i o
accessible aredd (Barve et al. 2011; Soberén and Nakamura 2009; Soberdn and Peterson
2005)for each species. We incorporatbdseareasn characterizing sets of conditions available

to a species thabnstitutespeciesniche limits for each variablellowing Owens et al. (2020)

This approach reduces risk of overestimation of amounts or rates of ecological niche evolution of
the taxa under considerati@®aupe et al. 2018¥s it does not identify evolutionary change when
niche limits are uncertaiWe prepared tables of binned niche characé&res performed

ancestral niche reconstructions, and identifieth@ievolution for treepies and blue/green

magpies using the package nichevol (Cobos et al. 2020) in R 3.6.3 (R Core TeanT2620).

niche reconstructions were performed unaleih maximum parsimony and maximum likelihood
methods. To visualizeve representkreconstructed ancestral niches and evolatipchange of
nichesin our phylogenyfor certain sister species, we projected the observed niche

reconstructions and changes into geographic s

Results

We reconstructed climatic niches of treepies and blue/green magpies separately for all the
available bioclimatic variablassed however, herewe describen detailniche evolution for (a)
mean annual temperatutadl), and (b) mean annual specific humidityol 2), which are
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relatively uncorrelated variables. Ancestral reconstructions faethaining climatioszariables

(that are related to temperature and humidity) are presentedAppleadicegAppendix V).

For both treepie and magpie clades, parsimony and maximum likelihigd
approaches yielded similar niche reconstructitdmsgh with slight discrepancie$JL
reconstructions were associated with more uncerté&otypared to that of the parsimony
method) resulting in less obvious evolutionary niche dynamics. As a consequence, we chose to
discuss the outcomes of our parsimony ysia) while presenting the ML reconstructions for

both clades in thAppendicegAppendixV).

Treepies

Temperature nichésReconstruction of the temperature niche (in the form of mean annual
temperature) for treepies showed several niche expansiaetaaction scenarios throughout the
cl ade’ s c ourFgwedd)fsix ef the 18 spediation evénts walsociated with
temperature niche modificatioralthough most were quite minor in magnituddae niche shift
observed in the late Pleistocene transition from the most recent ancd&3tmdiocitta formosae
is one example adramaticexpansion of the temperature tolerance of the lineage towards colder
climates accompanied bynainor retraction fom the warmer climategnother instance of a
drastic niche expansion was reconstructed at around the MiBtiecene boundary associated
with the speciation event that gave rise to the common ance$ofrohtalis andD.
vagabundaout of the twadaughter species, the former further exmahts niche towards
warmerconditions while the latter withdrawslightly from its ancestral warm temperature

tolerance.
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Figure 4.3. Climatic niche reconstruction in magpteg; temperature nichégottom humidity niche. Bars at the
nodes represent theeconstructed niches in each ancestor and bars at the branches represent the niche change
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furthermore, two faint retractions of ttemperature nichdrbm warmer climatesyere

observedluring the speciation events Df occipitalisandTemnurus temnuruSome smail

scale modifications in the climatic niche wer
distributional area, when gjected onto geographic space based on current global climatic

conditions geee.g niche retraction iD. frontalis Figure4.4).

Humidity niches—-Compared to temperature niches, the reconstructed humidity niche
(mean annual specific humidity) for the treepie clade was more conserved; only four out of the
18 diversification events were accompaniedhyniche differentiation (Figurd.2). All
obsened niche modificationg/ere ofretractions from high humidityas seen in the speciation
process oD. formosaeD. frontalis, D. occipitalis, andD. vagabundaFor the most part, the
treepie clade has maintained a stable humidity niche whdergoing diversification and

speciation.

Magpies

Temperature nichéOur niche reconstruction of mean annual temperature for the magpies
reveals that the clade has undergone several niche changes throughout its evolutionary history
(Figure4.3); out ofthe 14 speciation events, five were associated with changes in temperature
niche. The most extreme temperature niche expansionssasiatedvith the speciation process

of Cissa chinensjghis expansion came in the form ofli@maticgainin cold tolerance and a

slight gain in warm toleranceglative to its immediate ancesttltocissa erythronynchag U.

ornata andC. hypoleucaexhibitedslight expansions into warmer climates. The only retraction
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episode in the temperature niche evolundmagpies was during the speciation ever.of

jefferyi, in terms of cold tolerance

Humidity niches-Similarly as with treepies, the humidity niche of magpies &tbw
fewer evolutionary modificatiscompared to the temperature niche; out4tpeciabn events,
only two shovedchanges in humidity nichéimensionsA substantial humidity niche expansion
occurred in the same speciation event (associated3igta chinens)sas with the temperature
niche. FurthermoreCissa jefferyshoweda niche retraction from low humidigonditions

during its speciation event.

Discussion

In this studywe attempted to reconstruct the climatic niches of twesister clades (treepies

and blue/green magpies) of the family Corvidae that are distrilbiteds the tropical and
subtropical forests of southern and eastern Asia. This region has a complex geological and
climatic history, which is thought to have altered the spatial distribution of terrestrial habitats
dramatically during the Cenozoic giorley 2012) Such changes in habitat, perhaps, impacted
speciation and diversification patterns of birds in this region. Being two tropical lineages that
belong in the same family, with subsequent origins at arounshthe timeperiod(~7-8 million

years Chapter2), and with similar distributional patterns, treepies and blue/green magpies form
ideal candidate cladegith whichto examine themplicationsof evolving nichsin two closely

relatedcladesunder the effeis of dramatic geological and climatic changes.

According to our climate reconstructions, in general, temperaturesiicheth treepies

and magpies seem to be more dynatménthe humidity nichs. This observation is contrary to
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our previous studiesnroNew World jaysn whichwe foundtemperature nictssto be more

conserved. NWJs are a group of corvids that have radiated successfully in the Americas, across
tropical, subtropical, and temperate environmeP&hapstemperature acts as amn

significent factor in shaping speciedistributions and diversification in the tropitgn in the
temperate regions. Consequently, the observed temperature niche modifications associated with
speciation events maglate to past climatic changes in the region. Interestingly, all observed

humidity niche changes were associated with temperature niche transformations, in both clades.

Speci es’ bi ogeographic history p@Bacad an i m
et al. 1992; Feckleton and Jetz 20Q9) is worth noting that all areas displayed as suitable for
specieqas regards reconstructed environmental spacéiatributional potentiglmay not have
beenactuallyoccupied by the ancestral speciesinly due to (a) acssibility issues, (b) habitat
alterationsand (c) limitations imposed by biotic interactioeach ofwhich probably
constrainedpeciesdistributions in the past. Hence, in reality, one may not observe species
distribution across all areas predictedsaitable by niche models, even at present. Therefore,
interpretations concerning climatic niche evolution and historical biogeography shaultibe

with caution.

Treepies—The niche reconstruction for the mean annual temperature of treepiesdshow
two significant expansion events during their evolutionary higteigure4.2), bothbeing
expansions into colder climatd3uring the speciation procetsat lead tdendrocitta formosae
a notable shift in the temperature (as compared to the ancesh@) can be witnessed in the
form of a drastic expansion towards colder climates and a slight withdrawal from warmer
temperatures, associated with a humidity niche retraction from high humid cliifigtee4.2).

These niche modifications appear to hageumulated iD. formosaeduring the latéPleistocene

71



W Niche expansion to warmer temperature
W Niche cxpansion to colder temperature
Ancestral niche

Uncertainity
® Occurence points of Cissa chinensis
— “M™arca boundary

Cissa chinensis

— “M” area houndary

T %
(3

W Niche expansion Lo warmer lemperature
Ancesttal niche
Uncertainity

® Occurence points of Gissa hypoleuca

Vo ¢
M niche expansion to colder temperature
B Niche retraction from warmer temperature”
Ancestral niche
Uncertainity
® Occurence points of Dendrocitto formosae
— “M"arca boundary

Ancestral niche

Uncertainity

@ (ccurence points of Dendrocittu levcogastra
— “M"area boundary

M Niche retraction from warmer temperature”
Ancestral niche
Uncertainity
@ Occurence points of Dendrocitta frontalis
— “M"areca boundary

B Niche expansion to warmer temperature .

Ancestral niche

Unéertainity
® Occurence points ol Dendrocitta levcogastra
“M" area boundary

Figure 4.4. Temperature niche evolution in the sister speojgsZissa chinensiandC. hypoleucanagpiesmiddle
Dendrocitta formosaandD. leucogastraand,bottom D. frontalis andD. vagabundareepies. All the niche changes

di spl ayed are wi

t h

respect

to today’' s distribut

72

on

of



soon after the ancestral population diverged to form the two sisteDabau¢ogastrabeing the
other). Our results further suggest ttie ancestral species probaldgembled. leumgastra

in terms of its ecology, but was a widely distributed taxon that ranged across the tropical
Indomalayarregion (Figure 4); this species obviously favored humid foreatsjthus existed
along the drest stretclin theEastern Ghats during the late Pleistocgaanth 2003)

connecting Western Ghats with mainland ABikistocene climate oscillations and resultant
fragmentation of the humid forests in Eastern Gphatbably caused a disjunction in this
ancestral population, giving rise b leucogastran the westermndD. formosaén the eastern
parts of the rangé\t around the same time period, ceeinperate forest coverage spread across
northeasérn China(Stebich et al. 2009he observed significant niche modification®in
formosagboth in temperature and humidity) could probably betduyshysiological adaptations
of this lineage that ensured its existence and enhanced its dispersal capability in across ever

transforming habitats.

The ancestral temperature niche of geausDendrocittaexperienced a massive change
during the evolution fathe ancestral species Bf frontalisandD. vagabundawhich is an
expansion into colder climates that occurred during the late MioBamelrocitta vagabundis
a widespread taxon that inhabits most of India, also extending eastwards across lowland
Southeast AsidDendrocitta frontalisin contrast, is a species that inhabits dense rtixeaid
forests in the Eastern Himalayas, northern Myanmar, southern @hohaorthern Vietham. The
most recent common ancestor of these two taxa extended its geographic range into Himalayas
(Chapter 2, andperhaps expanded its temperature niohtbée same time perio®ur
temperature niche reconstruction further indidatslight expansion into warmer climates, and a

slight retraction from warmer climates, respectiyelyD. vagabundandD. frontalis. Our
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projections of the reconstructed ancestral niches and niche modifications (for these taxa) in
geographic space revealidtt slight changes in climatic tolerances lead to largescale

modifications in distributiongbotentialof speciegFigure4.4).

Our humidity niche reconstruction indicates a drastic niche retraction from humid
climates during the evolution @f. frontalis. Fossil evidence suggests that during the-mid
Miocene much of India was covered in humid forests that was continuous with Southeast Asian
forests(Karanth 2003)However, change in climate as caused by the evolution of Asian
monsoons due to phased uplift of the HimalayasthadibetanPlateau(Zhisheng et al. 2001)
probably resuéd in the gradual retraction of these forests. Thus, the ancestor of the two species,
perhaps, a taxon that inhabited humid climadegersified giving rise to daughter species that

were more adapted to drier climates.

Our reconstructions for temperaguand humidity niches shaaretractiors from higher
temperatures and high humidity during the evolutioB ofccipitalis, a taxacurrently
distributedon the island of Sumatra in Indonesia. During the Pliocene and Pleistocene,
Sundaland formed a contious subcontinental landmass connecting the Indoned&rds with
the Asian mainlan@aile 1973; Hall 2009; Sartono 1973; Tjia 1980ur previous
biogeographic reconstructionSi{apter 2 indicate that the ancestor of bd@hcinerascensand
D. occipitalis (currently distributed in Borneo) inhabited Sundaland during the early Pleistocene,
perhaps when thesglands were connectad period oflowered sea levels. With rising sea levels
and consequent vicariance, the two island populations perhaps speciaidingrascensnd

D. occipitalis

Magpies—Our ancestral reconstruction for magpies indicated a substantial expansion in

the temperate niche into colder climates, during the evolutiolCafsa chinensighe same
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speciation event was also accompanied by a slight expansion into warmer climates. However,
once projected onto geographic space under current climatic conditions, thigxglighsion of

the temperature niche into warmer climates converts to massive gains in terms of suitable
distributional area for this speciesuch morehan does the expansion into colder temperatures
(Figure 44), indicating the importance of prevaleningditic conditions antheir distributionsfor

thesuccess of a species.
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Appendix I. Detailed phylogenies
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Phylogeny based on BA and ML analyses of the combined nuclear data set. Numbens@esirefer to
Bayesian posterior probability/ML bootstrap support
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Phylogeny based on BA and ML analyses of the combined mitochondrial data set. Numbers at the
nodes refer to Bayesian posterior probability/ML bootstrap support
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Appendix Il.Sampling and contig characteristics

No of Mean and (range)
Species Sample number UCE UCE contig lengtfF
contigs (bp)
Treepies

Dendrocitta baylefi AMNH Birds SKi6l77100 3761 HdodPp OH

Dendrocitta cinerascens LSUMZ birdsTissues 3866 4571 PpH®PD O
Dendrocitta formosae KU Birds 119295 4481 pnp®d OH
Dendrocitta frontalis KU Birds 124847 4439 pndodd OH

Dendrocitta leucogastfta YPM VZ YPM ORN 02448 4050 oOHO®n ¢
Dendrocitta occipitalis ~ YPM VZ YPM ORN 04100 3773 oMo ®dp OH
Dendrocitta vagabunda CM Birds S15216 4120 opn®dH OH
Temnurus temnurds LACM Birds 24756 2094 HNnH®n OH

Blue and green magpies

Cissa chinensis KU Birds 122970 4462 pondp OH
Cissa hypoleuca KU Birds 116798 4461 pMc ®M OH
Cissa jefferyi LSUMZ9185 4478 cnmdm OH
Urocissa erythroryncha KU Birds 98934 4198 pco®dm OH
Urocissa flavirostris KU Birds 124738 4592 ppddc OH
Urocissa ornata YPM VZ YPM ORN 02025 2320 HCM®T OH
Urocissa whiteheatli MCZ Orn 238481 2740 HTp®PH OH

* Toepad samples
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AppendixIll . Summaryof the Mesquite input data.

Temperature niches of each terminal taxa of the NWJ clade

Taxon

Bins
1 2 3 4 5 6 7 8 9 10 11 1z 13 14 15
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Humidity niches of each terminal taxa of the NWJ clade

Taxon

Bins

1
(195300

(301-206)

3
[407-512)

4
(513-618)

5
(619-724)

3
(725-830)

7
(831-935)

8
(937-1042)

]
(1043-1148)

10

[1145-1254)

(1255-1380)

(1351-1465)

(1267-1572)

14
(1573-1575)

(15731784

(1785-1890)

7
(1251-1996)|

12
(1997-2102)

13
[2103-2208)

|Aphelocoma californica

1

0

0

|Aphetocoma coerulescens

[

|Aphetocoma sumichrasti remota

E

|Aphelocoma sumichros sumichrasti

|Aphelocoma uitramaring

|Aphelocoma unicolor

arizonae

[Aphelocoma wollweberi couchii

|Aphelacoma wollweberi graciiis

| [ | | |

|Aphelacoma woilweberi patosing

|Aphelocoma woodhouseil cyanotis

|Aphelocoma woodhouseil grisea

Caiocitta colliei

Calocitta farmosa

Cyanocitta cristata

Cyanocia stelieri

Cyanocorax affinis

Cyanocorax beecheii

Cyanocorax caeruleus

Cyanocorax cayanus

Cyanocorax chrysops

Cyanocorax cristateilus

Cyanocorax

Cyanocorax cyanopogan

Cyanocorax dickeyi

Cyanocorax heiprini

Cyanocorax luxuosus

Cyanocorax melanocyancus

Cyanocorax mystacalis

Cyanocorax sanblasianus

Cyanocorax vioioceus

Cyanocorax yncas

Cyanocorax

Cyanolyca argentigula

Cyanolyca armilata

Cyanolyca cucuilara

Cyanolyca miribilis

Cyanolyca nana

Cyanolyca pulchra

Cyanolyca pumile

Cyanolyca turcosa

Cyanolyca viridicyanus

cyanacepha

|Psilorhinus morio
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|j| Absence within M

Presence|j| Absence outside M

Uncertain
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AppendixIV. Climatic niche reconstructiarior rest of the bioclimatic variablasder
parsimony approach

Treepies:

Uncertain
Present
Not present

R

LLLLL]]

Uncertain
Present
Not present

P ey

D. formosae

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

D. formosae

D. leucogastra

D. occipitalis

. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

{

.

{

D. formosae

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

|:.-I D. formosae
-I D. leucogastra

[—I D. occipitalis
—' D. cinerascens

=1
o

. bayleii

D. vagabunda

= D. frontalis

= C. temia

T. temnurus

{ P.leucopterus
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Biod

Uncertain D. formosae No change D. formosae
Present Retraction
Not present Expansion
D. leucogastra -l D. leucogastra
D. occipitalis —{ D. occipitalis
. cinerascens —I D. cinerascens
D. bayleii g | I D. bayleii

D. vagabunda D. vagabunda

D. frontalis L T = D. frontalis

C. temia ] = C. temia

T. temnurus i = T. temnurus
P. leucopterus ] = P. leucopterus

Biob
Uncertain D. formosae No change '-l D. formosae
Present Retraction
Not present Expansion
D. leucogastra -I D. leucogastra
4| D. occipitalis —I D. occipitalis
—i D. cinerascens —i D. cinerascens
{ D. bayeii g | i D. bayleii
= D. vagabunda ! = D. vagabunda
{ D. frontais { D. frontaiis
5 C.temia 5 C.temia
| | | |
= T. temnurus = T. temnurus

§ P.leucopterus § P.leucopterus



Bio6

Uncertain D. formosae No change _-l D. formosae
Present Retraction
Not present Expansion
D. leucogastra -I D. leucogastra
—-I D. occipitalis —-I D. occipitalis
4' D. cinerascens '—I D. cinerascens
! D. bayleii g | I D. bayleii
= D. vagabunda = D. vagabunda
= D. frontalis 8 = D. frontalis
= C. temia = C. temia
= T. temnurus - = T. temnurus
: P. leucopterus : P. leucopterus

Bio7
Uncertain D. formosae No change D. formosae
Present Retraction
Not present Expansion
D. leucogastra -I D. leucogastra
—l D. occipitalis _—l D. occipitalis
—I D. cinerascens —I D. cinerascens
| D. bayleii g | . | D. bayeii
= D. vagabunda - = D. vagabunda
= D. frontalis = D. frontalis
1 C. temia 1 C. temia
] L]
= T. temnurus = T. temnurus

= P. leucopterus = P. leucopterus



Uncertain
Present
Not present

B ey

Uncertain
Present
Not present

LLLLLLL]

P

D. formosae

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

D. formosae

D. leucogastra

D. occipitalis

. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

LLLLLTT

T. temnurus

I P.leucopterus

Biol0

No change .I
Retraction =
Expansion
]
— — E
[ |
B
=
B
s
E
|
| |
i
|
Bioll
No change
Retraction
Expansion

D. formosae
D. leucogastra
D. occipitalis
D. cinerascens
D. bayleii

D. vagabunda
D. frontalis

C. temia

T. temnurus

P. leucopterus

_-I D. formosae

-I D. leucogastra

—i D. occipitalis

'—I D. cinerascens

D. bayleii

= D. vagabunda

{ D. frontalis

{ C. temia

T. temnurus

I P.leucopterus
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Biol3

Uncertain D. formosae No change .-| D. formosae
Present Retraction
Not present Expansion

D. leucogastra

D. leucogastra

—I D. occipitalis '—l D. occipitalis
1
4' D. cinerascens [ —I D. cinerascens
§ D. bayleii N f D bayleii
= D. vagabunda = D. vagabunda
= D. frontalis K .{ = D. frontalis
= C. temia = C. temia
= T. temnurus : = T. temnurus
= P. leucopterus L 2 = P. leucopterus
Biol4
IUncertain D. formosae No char\ge -I D. formosae
Present Retraction
Not present Expansion

D. leucogastra

D. leucogastra

—I D. occipitalis "—I D. occipitalis
4' D. cinerascens D. cinerascens
f D bayleii ] { D bayleii
= D. vagabunda = D. vagabunda
= D. frontalis = D. frontalis
i C. temia § C. temia
|| | |
= T. temnurus = T. temnurus

= P. leucopterus = P. leucopterus



Uncertain
Present
Not present

=

Uncertain
Present
Not present

P ey

LLLLLL]

. formosae

. leucogastra

. occipitalis

. cinerascens

. bayleii

. vagabunda

. frontalis

. temia

T. temnurus

P. leucopterus

D. formosae

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

Biol5

Biol6

No change D. formosae
Retraction
Expansion
_-l D. leucogastra
_—l D. occipitalis
—I D. cinerascens
| | D bayeii
= D. vagabunda
= D. frontalis
= C. temia
= T. temnurus
= P. leucopterus
No change A D. formosae
Retraction
Expansion
-l D. leucogastra

D. occipitalis

. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

R N PO MY A P

T. temnurus

= P. leucopterus



Uncertain
Present
Not present

P s

LLLLLL]

D. formosae

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

Biol7

No change
Retraction
Expansion

D. formosae

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus
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Magpies

Uncertain
Present
Not present

Uncertain
Present
Not present

—

i

[

ihe

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Bio2

No change _I
Retraction

Expansion

Bio3

No change _I
I Retraction o

Expansion

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi
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Uncertain
Present
Not present

Uncertain
Present
Not present

oy

i

[

ihe

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Bio4

Biob

No change _I
Retraction
Expansion

|

= I

B I

g

4 |

No change _I
Retraction
Expansion

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi
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Uncertain
Present
Not present

|

[l

Uncertain
Present
Not present

[

o

ihe

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Bid6

No change _I
Retraction

Expansion

Bio7

No change _I
Retraction

Expansion

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi
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Biol0

Uncertain U. caerulea No change —I U. caerulea
Present Retraction
Not present Expansion
U. erythroryncha - —I U. erythroryncha
U. flavirostris —-I U. flavirostris
U. whiteheadi — U. whiteheadi

U. ornata — —I U. ornata
C. chinensis —;—I C. chinensis

C. hypoleuca C. hypoleuca

1]

C. jefferyi I C. jefferyi
Bioll
Uncertain U. caerulea No change —I U. caerulea
Present Retraction
Not present Expansion
U. erythroryncha —I U. erythroryncha
U. flavirostris -—-I U. flavirostris

U. whiteheadi — —I U. whiteheadi
U. ornata — —l U. ornata

C. chinensis —.—I C. chinensis
C. hypoleuca — —I C. hypoleuca

NITre

THEE
I
juiiin g

C. jefferyi C. jefferyi
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Uncertain
Present
Not present

i

Uncertain
Present
Not present

NI1re

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Biol3

No change
Retraction
Expansion

Biol4

No change
Retraction
Expansion

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi
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Biol5

Uncertain U. caerulea No change —I U. caerulea
Present Retraction
Not present Expansion
U. erythroryncha —I U. erythroryncha
U. flavirostris —| U. flavirostris

U. whiteheadi — —I U. whiteheadi
U. ornata —|—I U. ornata
C. chinensis — —l C. chinensis

I C. hypoleuca — —l C. hypoleuca

I C. jefferyi i I C. jefferyi

Biol6

Uncertain U. caerulea No change —I U. caerulea
Present Retraction
Not present Expansion
U. erythroryncha —I U. erythroryncha
U. flavirostris —I U. flavirostris

U. whiteheadi — —l U. whiteheadi
U. ornata —] —I U. ornata

C. chinensis — C. chinensis

" C. hypoleuca - —I C. hypoleuca

I C. jefferyi a I C. jefferyi
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Uncertain
Present
Not present

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Biol7

No change
Retraction
Expansion

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi
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AppendixV. Climaticniche reconstructianin treepies and blue/green magpies under maximum

likelihood approach

Uncertain
Present
Not present

=

D. formosae

D. leucogastra

No change
Retraction
Expansion

1
-5

D. formosae

D. leucogastra

D. leucogastra

D. occipitalis

D. cinerascens

D. bayleii

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

HS D. occipitalis —ﬂ D. occipitalis
—'“é' D. cinerascens D. cinerascens
L D baykii D. bayleii
= D. vagabunda = D. vagabunda
U
= D. frontalis - = D. frontalis
= C. temia = C. temia
= T. temnurus = T. temnurus
P. leucopterus g P. leucopterus
Uncertain D. formosae No change -I D. formosae
Present Retraction
Not present I Expansion

\

-l D. leucogastra

[t

D. bayleii

D. cinerascens

D. occipitalis

D. vagabunda

D. frontalis

C. temia

T. temnurus

P. leucopterus

Climatic niche reconstruction in treepiésp: temperature nichéottom humidity niche. Bars at the nodes
represent the reconstructed niches in each ancestor and bars at the branches represent the niche change
(expansion or retraction) from ancestordi® s c end e nt

bars at the tips.

Each speci

es’
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Uncertain
Present
Not present

L™

J

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

No change

1

| o {{1
- —

T

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Uncertain
Present
Not present

LI

J

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

No change

-

| e {{1
- —i

—H

—

U. caerulea

U. erythroryncha

U. flavirostris

U. whiteheadi

U. ornata

C. chinensis

C. hypoleuca

C. jefferyi

Climatic niche reconstruction in magpiésp: temperature nichéottom humidity niche. Bars at the nodes
represent the reconstructed nichega&th ancestor and bars at the branches represent the niche change

(expansion or

bars at the tips.

retraction)

from

ancestor

to
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