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ADuring my residence in the Amazon district
| took every opportunity of determining the limits of species,
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Zusammenfassung

Regionaler Endemismusnnerhalb de®\mazonasgebie¢sscheint in vielen Fallenwtchgeografische
Barrieren in ForngrofRerer Flusslaufeentstanden zu seibie Auswahl der drei hier untersuchten Vogel
arten aus der Gruppe der Sgiibgel(Suboscineshasiert auf ersten Beobachtungen und Untersuchungen,
die darauf hindeuteten, dass detstatus einiger vor allem durchkleinere Flissebegrenzter

Populationen einer Revision bedarf

KeilschnabelBaumsteiger(Glyphorynchus spirurukomplex, Furnariidae),
RotschwanzAmeisenvoge(Myrmeciza hemimelaen@omplex, Thamnophilidae),
OckerfleckenrAmeisenwachter(Hylophylax naeviugomplex, Thamnophilidae).

Im Falle vonG. spirurushat die Untersuchungron zwei mitochondrialen Genen (dytND2) an

134 Individuen durch Baydsferenz (Bl) und Maximum Likelihood (ML) mehrere Unstimmigkeiten
innerhalb der derzeitigen Systematik daf Ebene der Unterarten aufgezeigt, in einigen Fallen besteht
sogarein erheblichegenetischeAbstand(bis zu6%) trotz islangaugenscheinlich identischerorphe
logische Merkmalei auch Analyse der KeraRDNA (*BEAST-Baume der funf Geneyt b, ND2, ACO,
G3PDHIntron, MYO Intron 2) ergaleneineParaphylie. GenonischeFingerprints mithilfe von funfISSR
Primem zegen eine klar differenziert@opulationsstruktur auf beiden Seiten dégadeiraFlusses

Fiar denM. hemimelaenaArtenkomplex ergab die Phylogenie (Bl, ML) der mtDNA (bytND2) von
65 Individuen drei klar zu unterscheidenEntwicklungslinien, mit einereudefinierten Unterd, deren
Verbreitung auf ein eng begrenztes Areal zwischen den Flissen Jiparana und Aripuand beschréankt ist

Der dritte untersuchte Artenkomplex vbi naeviuszeigt ebenfalls aufgrund von Phylogenien der
MtDNA (cyt b, ND2) durch B und ML sowie anhand von *BEASBaumen dreier Genorte (dyt ND2,
FB5 Intron) von 80 Individuen eine klaRaraphylie und eine Unstimmigkeit der bislang gultigen
Taxonomie. Es folgt, dass aus der vormaligentHAnhaeviusine zusatzlicheeue Art ausgegedert
werden muss, didurch derMadeiraFluss und derechtsufrigen Zuflusdiparanédegrenzt wird

Die GebietsKladogramme der drei Artenkomplexe &hneln siclsehrdassman annehmen kandie
gleichengeologischtkologischen Ereignisséattenbei dlen drei Artenkomplexen in gleicher Weise und
zu gleicher Zeigewirkt. Es erfolgte eindasale Aufspaltungim Pliozan, die die Populationen nérdlich
und sidlich des Amazond#dusses voneinander trennte. Danach entstaplagngeogréischeBarrieren

die dem Verlauf des Ridleground desMadeiraFlusses entsprechegine kleinteilige pylogeogréische
Untergliederundgm Bereich der rechtsufrigen Zufliisse des MadEisses (Aripuana und Jiparana) aus
der Zeit dedleistazan zeigte sich fur alle drei unt®uchten Artenkomplex®ie Diversifikation im

Gebiet der Madeirfliederung scheint aber komplexere Ursachen zu habeiie ddfolge der
phylogeogréischen Auftrennungler drei Artenkomplexe nicht identisch.ist

Die hier aufgezeigten raumlieteitlichen Musterlegen nahe, dass dieologischtektonische
Restrukturierung derAmazorasNiederung vom spateliozan biszumfrihenPleisteaneine
entscheidende Triebkraft fir diddflogenesin Amazonen darstellteAndererseitsleuten die hier
erbrachten Ergelisse auf ein @mplexesDiversifikationsgeschehen hiin dem verschiedene 6kologische
Faktoren eine zusatzlich entscheideiRolle spieltenDiese und vorangehende Untersuchungen haben
gezeigt, dassgiele Artenkomplexen Amazonennur geringebis gar keire morphologischikologischa
Unterschiede aufweisewohingegemolekular-phylogenetische Datemas

Vorliegen unterschiedlicher Arten beweist.

Die Naturschutzbemihungen im Bereicls Aeépuana und Jiparana in der MadeM#&derung missen
intensiviert weden. Dies istine der 6kologisch vielfaltigsten Regionen des Amazonasd
gleichzeitig eine der meist gefahrdeten im Hinblick auf die derzeitige massive Bedrohung durch
menschliche Eingriffe. Viele der einzigartigen Lebewesen der Mabtliséderung, auciene die bislang
keineformelle Anerkennung als biologische Einheit genief$@a jenehier beschriebenen Vigel
koénnten bereits gefahrdet oder ausgerottet ¥éennii kypti scher Endemisnu s die Regel ist

dann werden Natuund ArtenschutzmalRnahmenediiese Vielfalt nicht anerkennen, die

besondere regionald/ielfalt, vor allem die desmazonas nicht bewahren kénnen

Vv



Summary

Previous sudies focusing on thgeographic distribution of Amazonian speciehave shown

that many taxa are separated fromheaither bymajor rivers, and that those delimgireas of
endemism The tree species of passerine birds investigated in this study were chosen primarily
because previous evidence had indicated thaggbeies statu®f some of the bird populations,
espeailly those whose distribution is delimited alsorbiyor rivers (Jiparana and Aripuand),
require arevision:

Wedgebilled Woodcreeper(Glyphorynchus spirurusomplex, Furnariidae),

Chestnuttailed Antbird (Myrmeciza hemimelaer@mplex, Thamnophilidae),

Spot-backed Antbird (Hylophylax naeviusomplex, Thamnophilidae).

In the case o6. spirurus Bayesiarinference(Bl) and MaximumLikelihood (ML) phylogenies
generated from two mtDNA genes (tytND2) of 134 individuals shows several incongruences
regardng current subspecies taxonomy and, in some cases, high levels of genetic divergence
(up to 6%) in absence of morphological differences. The *BEAST tree generated from five loci
(cytb, ND2,sexlinked geneACO, theG3PDHintron, andMYO intron 2) showsparaphyly
confirming mtDNA data. Genomic fingerprinting using five ISSR primers reveals

population structure across the Madeira River.

For the second species compliek,hemimelaenathe mtDNA (cytb, ND2) phylogenies (B,
ML) of 65 individuals reveahtree distinct lineages, including a so far undescnited taxon
whosedistributionis restricted to a small region delimited by the Jiparana and Aripuana rivers.

The third species complel,. naevius also showgaraphyly and discordances with the curte
taxonomy according to mtDNA (cy ND2) phylogenies (Bl, ML) and the *BEAST tree
generated from three loci (cgt ND2, FB5intron) from 80 individuals. The molecular phylogeny
of H. naeviugevealed anew specieapparently limited by the Madeira Rivand its right bank
tributary, Jiparana.

Area cladograms of the three species complexes were similar suggestigtgaet of

vicariance eventssimilarly and simultaneously affecting the three tax&a&al splitwas

identified dating from th&liocenewhich separated the northern and southern Amazon River
populations. Subsequent phylogeographic divisions correspond to the limitsRab thegro and

the Madeira River. Finscale phylogeographic structure dating fromRhestoceneacross right

bank tibutaries of the Madeira River (the Aripuand and Jiparana rivexsjevealed for the

three species complexes. However, in this region the sequences of phylogeographical divisions
were not identical which suggests a complex history diversification ikl#ueira River Basin.

The spatial and temporal patterns presented here suggdsttbatc activity leading to major
drainage reorganizatian the Amazon Basin during the late Pliockeealy Pleistocene was an
important driver of cladogenesis in AmarrOn the other hand, the results indicate a complex
diversification scenario in which different vicariance events determined the according
differentiation. This and previous studies have shown that the many species complexes in
Amazonia commonly featurabsence or small variation in morphological and ecological
characters, while the occurrencedadtinct speciescan beuncovered by molecular

phylogenies

Conservation efforts should focus in the regions delimited by the Aripuana and Jiparana rivers in
the Madeira River Basin. This is one of thest ecologically diverse areas of the Amazon

Basin, while also being one of the most vulnerable under the current serious anthropogenic
pressure. Many taxa from the Madeira Basin, including those yet to be gopar formal

scientific names and status (some revelead herein), may now be endangered or possibly already
extinct. If cryptic endemismis the rule, then conservation policies that do not recognize this
endemism will not adequately protect this regionaédiity.
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1 Introduction
1.1 Distributional Patterns of Birds in the Neotropical Region

The Neotropical region supports W&o r | ridhest avifauna, constituting nearly a thirdadif
living bird species (Ridgely and Tudor 1989, 1994). But as in othesegihe biodiversity is not
equally distributed throughout the Neotropics. Cracraft (1985) proposed 33 areas of avian
endemism for South America showing that significant distributional pattern exists for birds.
The avian species richness in this regiamease northwestward as one approasttee Andes
particularly along theastern slope of theendesof Ecuador (peaking at 845 species) and in
southeastern Peru (peaking at 782 species) and southern Bolivia (peaking at 698 species)
(Rahbek and Graves 200Thus, the richest region of the Neotropics correspeadmazonia.
Si x 0 h ¢ areaptioat cendain a large proportion of\tfie r | bibdiversityconcentratedh

a small area of the planietvere proposed for thdeotropicalregion(Myerset al.2000). The
biodiversity Ahotspotso f or dighmembaerswobendernian ar e
species threatened by human development. Thus, endemismgeasahrele in conservation of
Neotropicalbirds.

The immense biological diversity ahégh endemism observed in this regiemainly associated

to forest formations such as those that cover much of Central America, Amauwtitze

Atlantic coast. Amazonia is the largasich areawith the highestliversity daSilva et al.2005)

and themajority of its bird species are endemic, i.e., occur only within the Amazon basin (Stotz
et al.1996). Howeverthe distribution of species within Amazonia is also not random. On the
contrary, lowland Amazonia is a mosaicanéas of endemismLarge georpphical areas within

the basin with a relatively uniform avifauna are different from other major areas of Aimazon
Individual regions bear very distinctive bird populations and these areas of endemism happen to
correspond to the major interfluvisAmaza-Rio Negro,Rio NegroSolimbes, Madeird apajés
(Fig. 1) (Haffer 1974, Cracraft 1985). Different types of birds occur on opposite banks of the
large riversi a phenomenon which is uniquely described for Amazonia.

Inambari

Rondonia

Figure 1i Generalized loglizations of Amazonian areas of avian endemism based on Cracraft (1985) and da Silva
(2005). The major rivers are shown by dotted blue lines and their names are indicated.

The Amazon Basin is a promising natural labonafor studying biogeographic coepts. The
differentspeciesr subspeciefoundacross theiversaremore closelyelated to each othénan
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to any otherspecies/subspeciésundon the sameiver bank.The sister taxéoundon opposite
banksof Amazonian rivergsireoftenreferred to asuperspeciessuggesting that they are
monophyletige.g, haveacommon ancestofHaffer 1969, 1974, 1997a) (Fig). This pattern of
range distribution offeya great opportunity to study qualitative aspects (e.g., relationships) of
biotic areas, knowedge critical for understaimg) the history of Amazonia.

A toucanet, the Selenidera The chachalaca, Ortalis motmot
maculirostris superspecies superspecies

Figure 2i Distribution of theSelenidera maculirostrisuperspecies and titalis motmosuperspecies
(adapted fromHaffer 1969).

1.2 Ornithological Explorations in Amazonia

Lowland Amazonia is home approx 1300 species of birds, the highest species richness in the
World describedo date(Amadon 1973; Pearson 1977; Mittermeaerl.2003)with roughly

1000 species reported for the Brazilian Amazon alone, which acdouwiger 60% of the entire

b i o srsarface (Aleixo 2009Around 10000 birds species are known in the world, therefore
Amazonia habors 13% of tM¢o r | tatad rmimber of species anly 5% of landHowever, this
huge diversity is still not well known. liact, the number of sites in the Amazon Basin that can
be regarded as relatively well studied (with lists of species) is minimal. Among these are the
terra-firme forests of the region north of Manai@ohnHaft et al.1997),and the of Jau National
Park Borgeset al.2001) also in the state of Amazonas, the area of Alta Floresta in the state of
Mato GrossoZimmeret al.1997), and theAmazon National Parkn Para Qren and Parker 1997

Despite this general lack of ornithological information in Amazgthia birds can still be

regarded as the best known biological group. The first organized ornithological surveys to
Amazonia date from the T@entury, when foreign expeditions sponsored by western European
countries were launched in order to collect lsipgcimengWied-Neuwied 1820; Spix 1824,

1825; Pelzeln 1856 he first half of the 19 Century was the beginning of ornithological
exploratiors in remote areas away from the major two Amazonian cities in Brazil (Belém and
Manaus) and the first ornithaaal collection was established in Amaiat Belém (Museu
Goeldi). Emilie Snethlage and the Ollala family collected birds along the major Amazonian rivers
such aghe Xingu, Tapajos, Puryand Jurué (Snethlage 1913). Since then, the ornithological
collection has faled the construction of a weleveloped knowledge of the diversity and
distribution of Amazonian bird species. The first compilation of the various data was the
encyclopedic work of Hellmayr (Cory 1918, 1919; Cory and Hellmayr 1924, 192maje

1929, 1934, 1935, 1936, 1938; Hellmayr and Conover 1948, 1949, iBid) currently serves

2



important bibliographic source. Pinto (1938, 1944, 1978yidedthe most important and
comprehensive information on the synthesis of Brazilian birds. 8wece with the constant

increase in the technical literature on Brazilian birds, including Amazonia, there is a more refined
sense of geographical distributions.

Recent ornithological surveyshavebeenconductedn sectors of the Brazilian Amazorastirg

out as the ornithologicalligast knownmost ofthe resultsare still unpublished arauthored
mainly by the two current most active institutions carrying out ornithological surveys in the
Brazilian Amazon: Museu Paraense Emilio Goeldi (MPEG) in Bedénh, Instituto Nacional de
Pesquisas da Amazonia (INPA), in Manalise accumulation of recent data on Amazonian birds
by the few active researchers in the area has changed the knowledge on the distribution and
composition of the bird fauna in the BraziliAmazon. Recent field studies have expanded the
known distributions of numerous species of blsgisiundreds or even thousands of kilometers
(Whittaker and Oren 1999; Borgetal.2001; Nakaet al.2006; Aleixo and Poletto 2007;
Whittaker 2009). In addibin, new species have beealidatedor discoveed (da Silvaet al.1995,
2002; Bierregaardt al.1997; Whittaker 2002; Whitnest al.2004; Ribast al.2005).Today,

there aralistribution mapgor each species of bird in South America (Ridgely and T1888,
1994; del Hoyo et al. 1992004), including digital files suitable for analysis in systems of
geographic information (Ridgely et al. 2003).

1.3 Taxonomy andTrue Biodiversity

Modernornithological surveyattempt toobtain detailed information ogach specimen collected.
The amount of information obtaiblefrom bird specimenbkas beemrowing considerably.
Field-basednformationis supplemented bgnvironmerdl and behavioratharacteristicgsuch
assong recordemployingdigital recorders)andmolecular analyses.

Suchinformationis critical for expandinghe current knowledge on species limits and
biogeography of Amazonian birds. Sirtbe 1990s theréas been a growing interestappling
thePhylogenetic Species Concept (PS@ther thanhe Biological Species Concept (BSC) in
modern ornithological classification. Using molecular data, the application of PSC has provided
an empirical basis for current classifications hade revealedraunexpectedliversity in
Amazonia linked to a compldxogeographical history. Using a molecular approaekeral
discrepancies currentsubspecies classificatishave been described (Cohiaft 2000; Aleixo
2004; Cheviron et al. 2005; Nyari 2005; Sardelli 2005; Fernandes 2007; Tobias et al. 2008).
Severakubspecies are not monophyletic in terms of haplotype relationships (Tevar911),
some examples incluay: Ocellated Woodcreepé€Kiphorhynchus ocellatysBuff-throated
Woodcreepe(Xiphorhynchus guttatygAleixo 2002);Sn et h | a ghgrdngHemitictys
minor) (CohnHaft 2000; Sardelli 2005Blue-crowned ManakirfLepidothrix coronata

(Cheviron et al. 2005)/Vedgebilled WoodcreepefGlyphorynchus spirurygseeSect.3.1);
andSpotbacked AntbirdHylophylax naevius(seeSect.3.3).

Besdes of not being monophyletitie geneticdistanceamong populations within the same
subspeciesf severalAmazonian birdgorrespondo thedivergencdound amongympatric
speciesasilydistinguishabldy morphology song ancecological characteristic¥his possibly
maylead, after appropriagnalysesto the recognition o€ryptic speciation. For exampletwo
populationscurrently classified aslemitriccus minoipallenshave6% of geneticdivergence in a
mitochondrial gene (CokhHaft 2000; Sardelli @05). Another similar example is described for

3



Glyphornchusspirurusinornatus Populations ofttis subspecieseveal5.4%genetic distancin

the cytochromé geneacross théripuana River, @omparatively small riven Amazonia
(Fernandes 2007; see@Bect.3.1). This high level ofmtDNA differentiationcorrespondso
measures ahtergeneric divergence among birdgtuétemperateone (Johns and Avise 1998)
The taxonomic uncertaipfound for several taxa illustratéhat thefi t r diversity in Amazonia

is underestimated whiahayjeopardizeheinterpretatiorof biogeographic patterngisights

and concepts oflgbal patterns of biogeography and diversification may change with improved
taxonomy and molecular phylogeograpkgpecially fotropicd regions such as Amazonia
(Tobias et al. 2008).

1. 4 WNihi¢ né er fbétweenitheRivers Madeira and Tapajos

Studieson birds and primateBetween the riverladeiraand Tapajosn southeastern Amazian

have revealed more complex biogeographpattern The tributaries of the Madeira River in the
"Rond6nid area of endemism (Fid.) seems to constitute a barrier to the distribution of primates
(van Roosmalen et al. 1998he latter authordescribed geographic substitution in primates
(generavlico andCalicebu$ on opposite banks of small rivers of this interfluvium and described
a new species of marmosktico humilis that only occurs on the western bank of the Aripuana
River (Fig 3). This study highlighted the importance of small rivers imdeng primate

distributions andjave impetuso field workon birds by CohrHatft et al. (2007)The latter
authorsfound numerous cases of restricted distrimgjampposite bank replacemerasd river
delimited vocal variation in birds of this regidfor example, the Bavreasted PiculePjcumnus
aurifrons) shows distinct plumage coloration on opposite banks of the Aripuana River (a tributary
of the Madeira River) (CohHlaft et al. 2007) and the Warbling Antbird complék/pocnemis

spp.) (Isler et al1998; Tobias et al. 2008) has vocally distinct populations with restricted ranges,
apparently delimited by the Madeira, and two of its right tributaries, the Jiparana and Aripuana
rivers. Similar patterns have also been found for butterflies (Hall anceiA2002).
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Figure 3i Distribution of the generilico andCallicebusshowing different species across samller rivers in the
MadeiraTapajos interfluviun{adapted fromvanRoosmaleret al.1998).

Molecular studies of birds from the MadeiFapajos intetuvium alsoindicatethe relevance of

smal | rivers as geographi c baTynant@emgriccusFor e x a
minor) (Sardelli 2005) andlVedgebilled WoodcreepeGlyphorynchus spiruru@~ernandes

2007) have populationsegetically diffeentiatedacross the Jiparand and Aripuana riveinile
beingmorphologically indistinguishable (see afSbap.3). This suggests the existencecofptic
endemism in small regions in Amazonia.



Although these studidsave created aew awareness of smatale endemism within the
MadeiraTapajos interfluviumthis region isot yet recognized as having a unique fauna.

The Amazonian eceegions as recognized by WWF (Dinersteiral. 1995) treat the entire

interfluvium as if it were uniform (Figd). Howe\er, Mesquita et a(2007)mentioned the

i mportance of -irneceoagfniuzviinagp fimmi nihe danfli ni ti on
since 2004 several protected areas were implemented. But this region is stidenules
anthropogenic threat (Fearnsid@02, 2006). Theouthern part of the Madeifieapajés

i nterfl uvi um arc ef ddforestatidnecd whni cchhei sh a band al on
southern edges of the Amazonia forest. Deforestation advances from this band towards the center
of the regionThe deforestation is causethinly by theadvance of agriculture from southern

Brazil (export commodities such as soybeans and beef).

Madeira-Tapajés interfluvium

Figure 4i The Amazonian eceegions as recognized by WWé&daptedrom: Dinersteinet al.1995).
River barriers within the Madek@apajés interfluvium are not recognized.

1.5 AmazonianHistorical Biogeography

The development of Amazonian biota has been a long and complex processgHo@n10).

Recent advances in the fields of palynologgleontology, climatology and phylogenetics have
provided new insights on the diversification of the organisms and environmental changes in
lowland Amazonia (for a review see Hoorn and Wesselingh 2010). While some scientists are
using the geological datan Andes uplift to modelate climate patterns others are describing new
fossils and pollen records from northern South America (Garabak2008; Graham 2009;

Hoornet al.2010). In addition studies based on molecular data are providing informatiba on

time of diversification events (Rib&$ al.2012). The exchange of information and the better
communication among experts of these different fields has helped to clearify the complex history
of this region (Aleixo and Rossetti 2007; Graham 2009; HaothWesselingh 2010).

The uplift of the Andes had a profound impact on the diversification of the organisms (Graham
2009; Hoorn and Wesselingh 2010). The drainage reversal of the Amazon river from flowing
northwestwards to the modern system that flonthéoAtlantic ocean was caused by the northern
Andes uplift during the Miocene (Hoorn and Wesselingh 2010; Shephat®010). This

affected climat conditionsin lowland Amazonia by changing the atmospheric circulation and
rainfall in the Southern Heisphere (Poulseet al.2010).A high biodiversity in South American

is concentrated along the Andes foothills, more precisely in theakmegtheColombia, Brazil
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and Peru border (Gentry 1982; Rahbek and Graves 2001). The relation of the high diadrsity

the Andeauplift has also been confirmed by recent phylogenetic studies showing that the Andean
orogeny promoted the builgp of biodiversity in lowlandNeotropicalfaunas (Milleret al.2008;
Burney and Brumfield 2009; Patet al.2011; Weir and Pce 2011a) and flora (Antoneé#t al.

2009). These studies showed that both vicaridrased speciation during uplift and dispersal

based speciation following uplift were processes causing diversification in Amazonia. The
formation of the modern Amazon ewsystem caused by tbeogeny of theAndes had an

important role in vicariant speciation on primates and birdsGbe.3).

In addition to the Adean orogeny, the Neogene (2% Mya) was marked by a braided fluvial
systems and wetlands in western @ania, prior to the development of the current drainage
system as evidenced by paleogeographic and paleontological eviden&g (Aigbb and Hall
1995; Hoorn and Wesselingh 2010; Latrubestsa#.2010).During the late Miocengwestern
Amazoniawas donnated by swamps, lakes, internal deltas, and spilagse conditions are
related to the tectonic behavior of the Central Andes in which sediments were deposited directly
from the Andes in a subsiding basin and in a continental environhreniljessetal. 2010

(Fig. 5). The wetlands could have acted as barriers to dispersal and thereby reproductively
isolated populations of terrestrial animals (Aleixo 2004; Réiad.2009)and plants (Antonelli

et al.2009). Aquatic conditions, however, seem to haaesisted in westeroentral Amazonia

until at least 7 Mya, when the modern Amazon systa® establishe(Hoornet al.2010).
Stratigraphic data suggest that this fluvial system extended westn@ndadimited by the

Purus arch, an ancient ridge of w&#a Amazonia that separated the Solimées and Amazon
basins and restricted the Amazonian megdland to the west and the paldamazon River to

the east (Shephart al.2010). The Purus arch is one of several ancient arches formed during
uplift of the Andes and that subdivided the Amazon Basin (Graham 2009). Patton et al. (1994,
2000) found that some populations of small mammals, although morphologically similar,
differed in having distinct mitochondrial DN&cross thesupposedocations of thePurusarch

The subduction of the Nazca Ridge flat during the rise of the central Andes which caused the
uplift of the Fitzcarrald Arch in the Pliocene (~4 Mya) also modeled the modern configuration of
the Amazon drainage basin. This geological event may be dhe pfain factors that influenced
large-scale modifications of the landscape in the Amazon and consequently induced drastic biota
changes in the region since the Pliocene around 4 Mya (Hoorn and Wesselingh 201€t &ibas
2012) (see als@hap.3). The Anazon River reached its present shape arelfsbm the

Pleistocene onwardShepharakt al.2010).

The Quaternary (~ last 2.5 Mya) was marked by global cooling and therefore, drier climates in
Amazonia. Thisappeas to havecaused reductionof Amazonialeading toislandsof forest
surroundedy savannaespeciallyduringthelastglacial maxima.Haffer (1969 on patterrs of
birdsdistribution Fig. 2) as well asvVanzoliniandWilliams (197Q ondiversificationpatternsof
thelizard Anolischrysolepi¥ proposedhatpopulationsof forestorganismssurvivedin isolation
onthosepatchesf forest(calledfiRefugia). This challengeshe classicakiver barrier
hypothesigproposedy Wallacein the 19thcentury.Hafferd explanationdespitebeingstrongly
critized providedanempiricalbasisfor the formulationof newbiogeographidypotheses.
Moreover,thegeographigatternshe describedvereusedasa basisfor delimiting the areasof
endemisnof Neotropicalbirds (Fig. 1).



A considerablyfesscomplexandmorewidely acceptedxplanations theriver barrier
hypothesis New studies based on mtDNA sequence variatiomamidculardatingpoint out
theinfluenceof therivers inAmazona in the evolutionof Neotropicalbirds (Ribaset al.2012;
seealsoChap 3). However thewholediversificationprocessn Amazoniamaynotbe
explaimbleby only onevicariantevent sincethe history (asdescribecabove)wasvery
complex.Severakventsat differenttimesinfluencedthe diversificationof the organismsn this
regionassuggestd bythe dataon Amazonianbirds presentedn this dissertationseeChap 3).

A) LATE MIOCENE B) PLIOCENE-PRESENT

% Direction of major sediment influx %. Direction of minor sediment influx

Figure 5i Paleogeographicaéconstructiorof sedimentindwaterinflux in the Amazonbasinduringthe Late
Mioceneandfrom the Plioceneto the present(A) Theareawasanactivesedimentargubsidingoasinduringthe
Late Miocene.WesternAmazoniareceivedsedimentslirectly from the Andes(dottedared. The easterrimit of the
Solimdeshasinis indicatedwith a dashedine. TheincompleteAmazonRiver systenwasjust drainingthe cratonic
platformsarealocatedto the East.(B) After thereorganizatiorof thebasin,duringthetransitionbetweerthe endof
the Mioceneandtheearly Pliocenetheriversof Southwestermrazilian Amazonia(Purus Jurua,andJavaribasins)
becamdowlandriverswithout contactwith the Andeschainandthe PeruvianbasingUcayaliandMadrede Dios)
werereorganizednto theform aswe observeahemtoday.The Amazonsystembecameotally integratedasa
transcontinental uvial basin(cited from:Latrubesset al.2010).

1.6 Phylogeography

Biogeography is the science that attésrp document and understand spatial patterns of
biological diversity (Lomolincet al.2010).Since the biological diversitg not equally

distributed in time and spacaeasof endemismarean important concept in biogeography.
Throughout the history of biogeography many concepts were proposed to definaf areas
endemisnwhich are the building blocks of biogeography (Paranti Ebach 2009).

Most definitions ofareas of endemisiny to apply phylogenetic methods to biogeography.

Thus, its concept is analogous to monophyly in systematic biology and it should not be artificial.
Rathert should relate space occupied by adige throughouime.

With the advances of molecular biology this concept has beenwbety used because
molecular phylogenieallow theincorporaion of time in spatial analysis. An important
application of these concepts and methodologies is thebilitg<f dating vicariant events and
to test hypotheses about paleoclimate and geological eweidsdt al.2012). The subdiscipline
of biogeography thaises this approachrothe intraspecific level is know aéiylogeography:.

Phylogeography studiete historical aspects of the distribution of genetic lineages (R2@86).
The main aspects emphasized in studies of phylogeogeapthe description of molecular
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variation within and between populations and evolution of lineages through time and space
(Avise 2000 (Fig. 6). These studies have widely employadochondrial DNA approx 70% of
phylogeograpit studiesof animals were performed exclusively or primarily on mtDNA
sequences (Avise000 (Fig. 7). However, there is a growing concern that treeafonly

mitochondrial genes may not reflect the evolution of the speciembuthe gene history
(Maddison 1997) (seBect.3.1).

region 1 region 2

time

geography

Figure 6i Hypothetical genealogy for a species displaying restricted gene flow within each of two pfysicall
separated regional populatiohadedvalsrepresent geographic ranges of particular lineagesarmod vectors

in the extant populationso) denote spatial magnitudes of contemporary dispersal of individual from their natal
sites €ited from:Avise 2000.
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Figure 7i Widespread use of mtDNA. Breakdown of phylogeographic arti@B&7(1998) according to
the molecule or assay employed (sourfoése 2000.

The use of mtDNA in studies of population genetics is due to its unipaceigfal usually

maternal, having thus haploid DNA, and #eeordinggenes are not subject to recombination
(Avise 2000. This allows to infer, with a satisfactory accuracy, the past evolution and
demographic population history. In additionesageneshave a high mutation rate, favoring
intraspecific comparisons. It is believed that the high mutation rate of the mitochondria is due to
the following factors: lack of encoding proteins directly related to their replication, laeksoof
repair mechanismexcess of metabolic waste, ldwelity replication in the mitochondria, and
absence of association witistoneproteins(Avise 2000. This moleculeas also easy tbande due

to the large number of copies per cell, small,sanel simple organizatioffvise 2000 (Fig. 8).
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Figure 8i Schematic diagram of the mitochondrial DNgource the Sorenson lab, Boston University)

Comparative phylogeograplattemptgdo determinghe historical processes of a biogeographic
regionfrom cladograms fogenealogies of multiple codistributed species (Bermingham and
Moritz 1998). Agreement between cladograms of codistribspedieseflects a common
evolutionary history andassociated with geological and paleontologizth allowsto infer the
origin and formation of a biogeographic region (Zink 1996).

However, studies of ¢coparative phylogeography in Neotropicagiors have shown patterns of
incongruent phylogenies among codistributed species. Costa (2003) reported inconsistent
phylogeographic pattes among small mammals and suggests that the processes of speciation
wereunique to each organism, and that "inconsistencies of topologies of phylogenies are a
reality for the Neotropical region". For birds there is no evidence of a unique evolutionary
history in common that can explain all the biogeographical patterns found. This variation of
observedgatterngustifies the importance of conducting more comparative studies ameng co
distributed taxa, since the processes involved in the Neotropical Eggpear to be complex and
quite variable among groups.

1.7 Coalescence

Coalescencwas first described at the beginning of the 1980s (Hudson 1983; Tajima 1983). It
the instrument mostidely used in the interpretive analysis of population processesitlarlie

the variation of DNA sequences (Rosenberg and Nordborg ZDiig)provides a simple and
powerful tool for exploratory data analysis becati$&s a genealogical approach, modelling the
population processes backward in time. blyggestadvantge is that it is possible to limit the
analysis to the sam@¢hatareavailable (Nordbor@000. Thus it is not necessary to take into
account the entire populatioRig. 9).
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Figure 9i The genetic composition of a poptibnis completef det er mi ned by the groupo:s
mutations that occur on ifa) The complete genealogy for a population of ten haploid individudisgsted by

light dots(diploid populations oN individuals are typically studied using a haploid modehv2ll individuals). The
genealogy of a sample from this generatioshiswn indark dots (b) In the basic version of the coalesceit is

only necessary to keep track of the times between coalescence &(@n&n({T(2)) and the topology that is,

which lineages coalesce witthers N, number of allelic copies in the population;sample sizecfted from:
Rosenberg@ndNordborg2002).

Under the coalescence theory, one maystder a population ¢ clonal organisms reprodung
according to the newtlt WrightFisher mode(e.g.,constaniN, random mating, lack afelection,
discrete generationdpased on the observed polymorphisms of the sampliagpossible to

trace the ancestry of a group of individuals of this population back throughriraumber of
distinct lineages decreasand eventually reaelsone,asthe most recent common ancestor
(MRCA) of the individuals in question is encounte(Bldrdborg 200D None of this is affected
by neutral genetic differences between the individuals MREA can be estimated based on the
observed polymorphisms of the sampling haplotypes and ceménmation about the
unobserved underlying genealogy. Since the average number of nucleotide differences and
nucleadiversity have a large variance, and @éapart of this variance is due to stochastic
factors, increasing sample size does not help reduce the variance significantly (Tajima 1983
Nordborg2000. Therefore, it is not necessary to sample the entire poputatestimate the
MRCA (for astatistcal description of the model see Nordb@a§0.

An application of the coalesce@nalysis is to estimate the demographic history of natural
populations (see skyride plots@nap 3). Genealogies in an exponentially growing population
are less random drwill tend to have most coalescences early in the hiskegy 10).

— L

Stable population Growing population

Figure 10i A constant population is compared to one that has grown exponertitdty ffom:Nordborg2000.
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1.8 Molecular Clock

Moleculardating is a technique in moldan biology that uses rates of molecular changafty

the time it tooka lineage to radiate in a particular area. The molecular clock approacls relate
substitution rates of nucleotide or amino acid sequences to divergenseftiarea. Knowing

the timeof diversification is a key to understang the evolution of biotic interactions and the
evolution of the organisms (Weir 2006). Molecular dating has been used also to estimate rates
of speciation and extinction (Weir and Schluter 2007) and determmégtion demograpb

history (Vilaca and Santos 2010; Hollatizal.2011).

The molecular clock hypothesis was first advanced in the 1960s by Emile Zuckerkand| and
Linus Pauling. They calibrated the amino acid substitution rate in mammalian hemogiabins a
foundthemto be proportional to divergence times inferred from paleontological data which
suggest that DNA and proteins evolve at an approximately uniform rate. Under this assumption,
knowledge of the evolutionary rate allows to date divergence timesdequence data.

In practice, the method they proposed atnologists to give a temporal dimension to
phylogenetic trees constructed from molecular data (Morgan 1998).

Theaccuracy of the molecular clockhas long been a subject of controversy. @ady, it was
believed that mutation rates are constant across loci and lineages. However, over the years
several papers indicated various heterogeneities of the evolutionary rates across nucleotide
positions within a codon, amongm@mologous genes withia lineage, among classes of DNA
within a genome, among genomes within an organismal lineage and among taxonomic lineages
(Avise 2000. By the 1970s it was well accepted that different proteins evolve at different
evolutionary rates (for a historical iew see Kumar 2005; Takahata 2007; Widteal.2009.
Todayit is clear that the universal nature of the molecular clock can be rejected and the
calibration of 2% per one million years of animal mtDNA does not hold in many lineages
(Kumar 2005). However,aw methodologies to deal with the inconstancy of the evolutionary
rate were developed and the molecular clockden revolutionized and reals new insights

into evolutionary biology.

Moleculardating methods can be divided into population geneticphyldgenetics approaches.

In population genetics, a coalescent framework is used to estimate the age of the most recent
common ancestor (MRCA) (s&=ctl.7 on Coalescengeof a number of alles. This approach

is applicabldor estimatirg divergence timgwithin a species. For phylogenetic studies several
methods have been described. Previous studies used genetic distance matrices to estimate
substitution rates but today substitution rates are derived from the phylog#iiesef al.2009.

Tree-basedmolecular clocks use the branching topology of a phylogeny together with branch
length information to estimate the node depiilso the total branch lengstbetween two

lineageshave been usddr estimating divergence times. However, the inconstancyeof th
evolutionary rates among lineages was the major challenge for moldatitay as the

estimation of divergence times from branch lesgWilke et al.2009).

Therelaxed clock mode] which assumes different rates for different brancheshb&éan used to

deal with this problem. Some methods are used to test if a strict clock model, which assumes that
mutations occur at a single rate along all branches in the phylogeny, can be used in the
calibration. The widely used approach for itggthe acceptance af global molecular clock

is the likelihood ratio test (LRT) (Felsenstein 1988).
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Fossils are one type of source to estimate substitution rates in a given phylogeny. However,
due to limitations inherent in the fossil record, especially in Amazonia vive@nditions

required for fossilization are rare, other techniques have been employed. Moreover, fossils are
notoriously difficult to identfy and to classify within a modern Di¥Ased phylogenetic

framework. In the absence of an adequate fossil regeadogical events are often used to
calibrate molecular clocks The formation of the Isthmus of Panama, which isolated the tropical
western Atlantic and eastern Pacific oceans, is one such event that is frequently used to infer
rates of nucleotide sequendigergence in the Neotropical region (Weiral.2009). However

there is no precise dating for most geological events and calibrations based on biogeographical
data suffer from the fact that phylogenetic events may or may not be associated with major
biogeographical events (Willet al.2009). Dispersal events linked to geological history are still
more complicate.

The origin of vdcanic islands can be used to calibrate phylogenies but the problem asgsociate
with this method is that islarmblonization eventscanoccurlong afterther origin. Calibrations
associateavith vicarianteventsaremorereliable

Recently studies on birds have showr@nstancy in the evolutionary rates of the mtDNA
cytochromeb. Weir and Schluter (2008) anaba 90 candidte avian clock calibrations obtained
from fossils and biogeographical everiteeyfound constancy in the evolutionary rates (approx
2.1% per one million years) across 12 taxonomic avian orders ovemdlib2-year interval.

An elevated substitution t&in cytb appears to be a rare phenomenon in birds, and has been
suggested only for one case of an Old World speblestéarinia humblotiWarrenet al.2003).
This strengthenshe applicabilityof molecular clock approachesin studiesof evolution.

In this dissertationthe appliedmethodwas that oWeir andSchluter(2008).
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1.9 Aims and Scope

This study contributeto anunderstanding ahe biogeographic historyof passerine birdsof
the Amazonian forest by studying the intraspecific diversificabn. Three species complexes
were studied:

Wedgebilled WoodcreepefGlyphorynchus spiruryg-urnariidae)

Chestnuttailed Antbird(Myrmeciza hemimelaenehamnophilidae)

Spotbacked AntbirdHylophylax naeviusThamnophilidae).

The methods and anails of results included:

« Sequencing of genesnitochondrial(cyt b, ND2) and nuclearACO, G3PDHintron,
MYO intron 2, FB5intron)

Area cladogramsweregenerated and compared between the three speceder to see
whether the birds share the sameletronary history fomtDNA genesandspecies trees
combining all genes

Haplotype networksconstructedvith maximum parsimongndmedianjoining algorithm

. Dating divergences based on the mutation rate obcyt

« Historical population size dynamicsreconstucted byGaussiarMarkov randomfield

(GMRF); population genetganalyed byclassicaimethodqnucleotide diversity,
haplotype diversityy, T a jDiamald B stabissics).

« Genomic fingerprinting by means ointer-simplesequenceepeats (ISSR) toonfirmthe

obtainedpopulation genetic structure

Background information on laboratory and analytical methods aret@daboratory protocols
are given in Chap. Z'he results are presentedlirethreesections of Cha@8. The individual
contributionsare summarizeth a broader phylogeographic context in Chap. 4

This thesisshowsthat molecular phylogenetics caropide convincing evidenaoaf previously
unrecognizeddistinct andhew speciepointing to the actual extentéft r ue 0 hyiinodi ver
Amazonial areasseriou$y threaened by agriculturaand urban developmeand in need of

devoted conservation measures
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2 Materials and Methods

The followingprovidesbackground information and a rough outline of the procedised
More detailed information on methods and analfisss, primers, parameter settings, sample
information, etg. will be givenin the partcular chapters.

2.1 The ThreeBirds of Interest

The infraorder Furnariides is a large and diverse Neotropical group of about 600 Edeyles

et al.2009). These birdsdisplaya diverse array of morphologies and behaviors (del Hbyb.

2002 2004) awl are abundant in tropical forgséspecially the antbirds (Thamnophilidae) and

the woodcreepers (Dendrocolaptidae/Furnariidae). Antbirds and woodcreepers are good models
to study evolutionary processes affecting diversification in Amazonia. Severaspéantbirds

and woodcreepers inhabit the understory of the forest, hence are poorer dispersers and more
prone to develop phylogeographic structure than canopy birds and they exhibit morphological,
vocal, and genetic differentiation across major geogcdpdrriers such as mountain ranges and
rivers (Marantzt al.2003; Zimmer and Isler 2003)

The three target species were chosen primarily begaas®us morphologicandbioacoustic
evidenceand moleculadata (Fernandes 200@adindicated that thepeciesstatusof some

of the bird populationespecially thosevhosedistributionis delimited by small rivers

(Jiparana andAripuand), required arevision. They arerelativelycommon, easy to colleand

widely distributed across the entire AmazorsiBaAlthough all three species aremberof the
infraorder Furnariides (suboscine passerines) and are typically understory forest birds, they differ
in a variety of autecological attributes and, as such, support the generality of any results found in
common. The distribution of these birds spans lowland Amazonia (across rivers and mountains).
Studying these birdhus offers a unique opportunity to disentangle the evolutionary processes
underlyingbird evolution in tlis region.

2.1.1Wedgebilled Woodcreeper,Glyphorynchus spirurugFurnariidae)

Glyphorynchus spiruru@urnariidae)ccursthroughout the Amazon basihhis Neotropical

bird is one of the most common Amazonian birdsiahdbitsdifferent types of forest both
terra-firme and seasonallydoded forests\arzeaandlgapg. It is a polytypicspecies widely
distributed inNeotropicallowland forests, in Amazonia, Central Amertiaad along the Atlantic
coast of BrazilFig. 11) (Ridgely and Tudor 1994). Marantz et al. (2003) recognizedehirte
subspecies, six of which occur in the Brazilian Amazon. With a body mass ranging from 10.5 to
219 (typically 12.6 14.8 g in central Amazonia; Bierregaard 1988), this is the smallest
woodcreeper (Marangt al.2003).

2.1.2 Chestnuttailed Antbird, Myrmeciza hemimelaenélhamnophilidae)

Myrmeciza hemimelaena endemic to the Amazon (Fig. 12he genusMyrmecizais hetere

genous and polyphyletic (Brumfield et al. 2007; Moyle et al. 2009) Mithemimelaena

belonging to a group of smaller and usuatigre colorful specied.his passerindird occursin
uplandterra-firme forest, often in areas where those forests grow on predominantly sandy soils,
and sometimes can be found associated with patches of bapaveoqps.)It is not found with
mixed flocks. Two subspecies are currently recognizddhemimelaena hemimelaefvaest of

the Madeira River and south to the La Paz province in BoliviaMarttemimelaena pallens

(east of the Madeira River; Zimmer and Isler 2003).
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2.1.3Spot-backed Antbird, Hylophylax naeviug Thamnophilidae)

Hylophylax naeviuss a typicalterra-firme forest bird It is distributed throughout most of the
Amazon Basin (Fig. 13) (Ridgely et al. 2003). It lives in the undergrowth of humid forest where
it is usually found foragingetween 1 to 3 meters of the ground. It is not normally associated
with mixed flocks nor does it follow ant swarms as a rdlenaeviusconsists of six subspecies

as described on the basis of morphological differe(@iesmer and Isler 2003).

Figurel11i Geographic distribution dglyphorynchus spirurus

Figure 12i Geographic distribution dilyrmeciza hemimelaena

Figure 131 Geographic distribution dflylophylax naevius
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