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ñDuring my residence in the Amazon district 

 I took every opportunity of determining the limits of species, 

 and I soon found that the Amazon, the Rio Negro and  the Madeira 

 formed the limits beyond which certain species never passed.ò 

 

Alfred Russel Wallace, 1852 
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Zusammenfassung 
 

Regionaler Endemismus innerhalb des Amazonasgebietes scheint in vielen Fällen durch geografische 

Barrieren in Form größerer  Flussläufe entstanden zu sein. Die Auswahl der drei hier untersuchten Vogel-

arten aus der Gruppe der Schreivögel (Suboscines) basiert auf ersten Beobachtungen und Untersuchungen, 

die darauf hindeuteten, dass der Artstatus einiger vor allem durch kleinere Flüsse begrenzter 

Populationen einer Revision bedarf: 

Keilschnabel-Baumsteiger (Glyphorynchus spirurus Komplex, Furnariidae),  

Rotschwanz-Ameisenvogel (Myrmeciza hemimelaena Komplex, Thamnophilidae),  

Ockerflecken-Ameisenwächter (Hylophylax naevius Komplex, Thamnophilidae).  

 

Im Falle von G. spirurus hat die Untersuchung von zwei mitochondrialen Genen (cyt b, ND2) an  

134 Individuen durch Bayes-Inferenz (BI) und Maximum Likelihood (ML) mehrere Unstimmigkeiten 

innerhalb der derzeitigen Systematik auf der Ebene der Unterarten aufgezeigt, in einigen Fällen besteht 

sogar ein erheblicher genetischer Abstand (bis zu 6%) trotz bislang augenscheinlich identischer morpho-

logischer Merkmale ï auch Analysen der Kern-DNA (*BEAST-Bäume der fünf Gene cyt b, ND2, ACO, 

G3PDH Intron, MYO Intron 2) ergaben eine Paraphylie. Genomische Fingerprints mithilfe von fünf ISSR 

Primern zeigen eine klar differenzierte Populationsstruktur  auf beiden Seiten des Madeira-Flusses. 
 

Für den M. hemimelaena Artenkomplex ergab die Phylogenie (BI, ML) der mtDNA (cyt b, ND2) von  

65 Individuen drei klar zu unterscheidende Entwicklungslinien, mit einer neu definierten Unterart, deren 

Verbreitung auf ein eng begrenztes Areal zwischen den Flüssen Jiparaná und Aripuanã beschränkt ist. 
 

Der dritte untersuchte Artenkomplex von H. naevius zeigt ebenfalls aufgrund von Phylogenien der 

mtDNA (cyt b, ND2) durch BI und ML sowie anhand von *BEAST-Bäumen dreier Genorte (cyt b, ND2, 

FB5 Intron) von 80 Individuen eine klare Paraphylie und eine Unstimmigkeit der bislang gültigen 

Taxonomie. Es folgt, dass aus der vormaligen Art H. naevius eine zusätzliche neue Art ausgegliedert 

werden muss, die durch den Madeira-Fluss und den rechtsufrigen Zufluss Jiparaná begrenzt wird. 
 

Die Gebiets-Kladogramme der drei Artenkomplexe ähneln sich so sehr, dass man annehmen kann, die 

gleichen geologisch-ökologischen Ereignisse hätten bei allen drei Artenkomplexen in gleicher Weise und 

zu gleicher Zeit gewirkt. Es erfolgte eine basale Aufspaltung im Pliozän, die die Populationen nördlich 

und südlich des Amazonas-Flusses voneinander trennte. Danach entstanden phylogeografische Barrieren, 

die dem Verlauf des Rio Negro und des Madeira-Flusses entsprechen. Eine kleinteilige phylogeografische 

Untergliederung im Bereich der rechtsufrigen Zuflüsse des Madeira-Flusses (Aripuanã und Jiparaná) aus 

der Zeit des Pleistozän zeigte sich für alle drei untersuchten Artenkomplexe. Die Diversifikation im 

Gebiet der Madeira-Niederung scheint aber komplexere Ursachen zu haben, da die Abfolge der 

phylogeografischen Auftrennung der drei Artenkomplexe nicht identisch ist. 

 

Die hier aufgezeigten räumlich-zeitlichen Muster legen nahe, dass die geologisch-tektonische 

Restrukturierung der Amazonas-Niederung vom späten Pliozän bis zum frühen Pleistozän eine 

entscheidende Triebkraft für die Kladogenese in Amazonien darstellte. Andererseits deuten die hier 

erbrachten Ergebnisse auf ein komplexes Diversifikationsgeschehen hin, in dem verschiedene ökologische 

Faktoren eine zusätzlich entscheidende Rolle spielten. Diese und vorangehende Untersuchungen haben 

gezeigt, dass viele Artenkomplexe in Amazonien nur geringe bis gar keine morphologisch-ökologischen 

Unterschiede aufweisen, wohingegen molekular-phylogenetische Daten das  

Vorliegen unterschiedlicher Arten beweist. 

 

Die Naturschutzbemühungen im Bereich des Aripuanã und Jiparaná in der Madeira-Niederung müssen 

intensiviert werden. Dies ist eine der ökologisch vielfältigsten Regionen des Amazonas, und 

gleichzeitig eine der meist gefährdeten im Hinblick auf die derzeitige massive Bedrohung durch 

menschliche Eingriffe. Viele der einzigartigen Lebewesen der Madeira-Niederung, auch jene die bislang 

keine formelle Anerkennung als biologische Einheit genießen (wie jene hier beschriebenen Vögel), 

könnten bereits gefährdet oder ausgerottet sein. Wenn ñkrypti scher Endemismusò die Regel ist,  

dann werden Natur- und Artenschutzmaßnahmen, die diese Vielfalt nicht anerkennen, die  

besondere regionale Vielfalt , vor allem die des Amazonas, nicht bewahren können.
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Summary 

 

Previous studies focusing on the geographic distribution of Amazonian species have shown 

that many taxa are separated from each other by major rivers, and that those delimit areas of 

endemism. The three species of passerine birds investigated in this study were chosen primarily 

because previous evidence had indicated that the species status of some of the bird populations, 

especially those whose distribution is delimited also by minor rivers (Jiparaná and Aripuanã), 

require a revision: 

Wedge-billed Woodcreeper (Glyphorynchus spirurus complex, Furnariidae),  

Chestnut-tailed Antbird  (Myrmeciza hemimelaena complex, Thamnophilidae),  

Spot-backed Antbird (Hylophylax naevius complex, Thamnophilidae). 

 

In the case of G. spirurus, Bayesian Inference (BI) and Maximum Likelihood (ML) phylogenies 

generated from two mtDNA genes (cyt b, ND2) of 134 individuals shows several incongruences 

regarding 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 

(cyt b, ND2, sex-linked gene ACO, the G3PDH intron, and MYO intron 2) shows paraphyly 

confirming mtDNA data. Genomic fingerprinting using five ISSR primers reveals  

population structure across the Madeira River.  

 

For the second species complex, M. hemimelaena, the mtDNA (cyt b, ND2) phylogenies (BI, 

ML) of 65 individuals reveal three distinct lineages, including a so far undescribed new taxon 

whose distribution is restricted to a small region delimited by the Jiparaná and Aripuanã rivers.  

 

The third species complex, H. naevius, also shows paraphyly and discordances with the current 

taxonomy according to mtDNA (cyt b, ND2) phylogenies (BI, ML) and the *BEAST tree 

generated from three loci (cyt b, ND2, FB5 intron) from 80 individuals. The molecular phylogeny 

of H. naevius revealed a new species apparently limited by the Madeira River and its right bank 

tributary, Jiparaná. 

 

Area cladograms of the three species complexes were similar suggesting a single set of 

vicariance events similarly and simultaneously affecting the three taxa. A basal split was 

identified dating from the Pliocene which separated the northern and southern Amazon River 

populations. Subsequent phylogeographic divisions correspond to the limits of the Rio Negro and 

the Madeira River. Fine-scale phylogeographic structure dating from the Pleistocene across right 

bank tributaries of the Madeira River (the Aripuanã and Jiparaná rivers) was revealed for the 

three species complexes. However, in this region the sequences of phylogeographical divisions 

were not identical which suggests a complex history diversification in the Madeira River Basin.  

 

The spatial and temporal patterns presented here suggest that tectonic activity leading to major 

drainage reorganization in the Amazon Basin during the late Plioceneïearly Pleistocene was an 

important driver of cladogenesis in Amazonia. On 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 feature absence or small variation in morphological and ecological 

characters, while the occurrence of distinct species can be uncovered by molecular 

phylogenies. 

 

Conservation efforts should focus in the regions delimited by the Aripuanã and Jiparaná rivers in 

the Madeira River Basin. This is one of the most 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 given proper formal 

scientific names and status (some revelead herein), may now be endangered or possibly already 

extinct. If cryptic endemism is the rule, then conservation policies that do not recognize this 

endemism will not adequately protect this regional diversity. 
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1 Introduction  

 

1.1 Distributional Patterns of Birds in the Neotropical Region 

 

The Neotropical region supports the Worldôs richest avifauna, constituting nearly a third of all 

living bird species (Ridgely and Tudor 1989, 1994). But as in other regions the 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 region increases northwestward as one approaches the Andes 

particularly along the eastern slope of the Andes of Ecuador (peaking at 845 species) and in 

southeastern Peru (peaking at 782 species) and southern Bolivia (peaking at 698 species)  

(Rahbek and Graves 2001). Thus, the richest region of the Neotropics corresponds to Amazonia. 

Six ñhotspotsò ï areas that contain a large proportion of the Worldôs biodiversity concentrated in 

a small area of the planet ï were proposed for the Neotropical region (Myers et al. 2000). The 

biodiversity ñhotspotsò for conservation are also areas with extremely high numbers of endemic 

species threatened by human development. Thus, endemism has a special role in conservation of 

Neotropical birds.  

 

The immense biological diversity and high endemism observed in this region is mainly associated 

to forest formations such as those that cover much of Central America, Amazonia, and the 

Atlantic coast. Amazonia is the largest such area, with the highest diversity (da Silva et al. 2005) 

and the majority of its bird species are endemic, i.e., occur only within the Amazon basin (Stotz 

et al. 1996). However, the distribution of species within Amazonia is also not random. On the 

contrary, lowland Amazonia is a mosaic of areas of endemism. Large geographical areas within 

the basin with a relatively uniform avifauna are different from other major areas of Amazonia. 

Individual regions bear very distinctive bird populations and these areas of endemism happen to 

correspond to the major interfluvia ï Amazon-Rio Negro, Rio Negro-Solimões, Madeira-Tapajós 

(Fig. 1) (Haffer 1974; Cracraft 1985). Different types of birds occur on opposite banks of the 

large rivers ï a phenomenon which is uniquely described for Amazonia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 ï Generalized localizations 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 laboratory for studying biogeographic concepts. The 

different species or subspecies found across the rivers are more closely related to each other than 
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to any other species/subspecies found on the same river bank. The sister taxa found on opposite 

banks of Amazonian rivers are often referred to as superspecies, suggesting that they are 

monophyletic (e.g., have a common ancestor) (Haffer 1969, 1974, 1997a) (Fig. 2). This pattern of 

range distribution offers a great opportunity to study qualitative aspects (e.g., relationships) of 

biotic areas, knowledge critical for understanding the history of Amazonia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 ï Distribution of the Selenidera maculirostris superspecies and the Ortalis motmot superspecies 

    (adapted from: Haffer 1969). 

 

1.2 Ornithological Explorations in Amazonia 

 

Lowland Amazonia is home to approx. 1300 species of birds, the highest species richness in the 

World described to date (Amadon 1973; Pearson 1977; Mittermeier et al. 2003) with roughly 

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

biomeôs surface (Aleixo 2009). Around 10,000 birds species are known in the world, therefore 

Amazonia habors 13% of the Worldôs total number of species at only 5% of land. However, this 

huge diversity is still not well known. In fact, 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 Manaus (Cohn-Haft et al. 1997), and the of Jau National 

Park (Borges et al. 2001) also in the state of Amazonas, the area of Alta Floresta in the state of 

Mato Grosso (Zimmer et al. 1997), and the Amazon National Park in Pará (Oren and Parker 1997). 

 

Despite this general lack of ornithological information in Amazonia, the birds can still be 

regarded as the best known biological group. The first organized ornithological surveys to 

Amazonia date from the 19
th
 Century, when foreign expeditions sponsored by western European 

countries were launched in order to collect bird specimens (Wied-Neuwied 1820; Spix 1824, 

1825; Pelzeln 1856). The first half of the 19
th
 Century was the beginning of ornithological 

explorations in remote areas away from the major two Amazonian cities in Brazil (Belém and 

Manaus) and the first ornithological collection was established in Amazonia at Belém (Museu 

Goeldi). Emilie Snethlage and the Ollala family collected birds along the major Amazonian rivers 

such as the Xingú, Tapajós, Purus, and Juruá (Snethlage 1913). Since then, the ornithological 

collection has fueled the construction of a well-developed 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, 1925; Hellmayr 

1929, 1934, 1935, 1936, 1938; Hellmayr and Conover 1948, 1949, 1942) which currently serves 
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important bibliographic source. Pinto (1938, 1944, 1978) provided the most important and 

comprehensive information on the synthesis of Brazilian birds. Since then, with the constant 

increase in the technical literature on Brazilian birds, including Amazonia, there is a more refined 

sense of geographical distributions. 

 

Recent ornithological surveys have been conducted in sectors of the Brazilian Amazon standing 

out as the ornithologically least known; most of the results are still unpublished and authored 

mainly by the two current most active institutions carrying out ornithological surveys in the 

Brazilian Amazon: Museu Paraense Emílio Goeldi (MPEG) in Belém, and Instituto Nacional de 

Pesquisas da Amazonia (INPA), in Manaus. The 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 Brazilian Amazon. Recent field studies have expanded the 

known distributions of numerous species of birds by hundreds or even thousands of kilometers 

(Whittaker and Oren 1999; Borges et al. 2001; Naka et al. 2006; Aleixo and Poletto 2007; 

Whittaker 2009). In addition, new species have been validated or discovered (da Silva et al. 1995, 

2002; Bierregaard et al. 1997; Whittaker 2002; Whitney et al. 2004; Ribas et al. 2005). Today, 

there are distribution maps for each species of bird in South America (Ridgely and Tudor 1989, 

1994; del Hoyo et al. 1992ï2004), including digital files suitable for analysis in systems of 

geographic information (Ridgely et al. 2003). 

 

1.3 Taxonomy and True Biodiversity 

 

Modern ornithological surveys attempt to obtain detailed information on each specimen collected. 

The amount of information obtainable from bird specimens has been growing considerably. 

Field-based information is supplemented by environmental and behavioral characteristics (such 

as song records employing digital recorders), and molecular analyses. 

 

Such information is critical for expanding the current knowledge on species limits and 

biogeography of Amazonian birds. Since the 1990s there has been a growing interest in applying 

the Phylogenetic Species Concept (PSC) rather than the Biological Species Concept (BSC) in 

modern ornithological classification. Using molecular data, the application of PSC has provided 

an empirical basis for current classifications and have revealed an unexpected diversity in 

Amazonia linked to a complex biogeographical history. Using a molecular approach, several 

discrepancies in current subspecies classifications have been described (Cohn-Haft 2000; Aleixo 

2004; Cheviron et al. 2005; Nyári 2005; Sardelli 2005; Fernandes 2007; Tobias et al. 2008). 

Several subspecies are not monophyletic in terms of haplotype relationships (Tavares et al. 2011), 

some examples including: Ocellated Woodcreeper (Xiphorhynchus ocellatus), Buff-throated 

Woodcreeper (Xiphorhynchus guttatus) (Aleixo 2002); Snethlageôs Tody-Tyrant (Hemitriccus 

minor) (Cohn-Haft 2000; Sardelli 2005); Blue-crowned Manakin (Lepidothrix coronata) 

(Cheviron et al. 2005); Wedge-billed Woodcreeper (Glyphorynchus spirurus) (see Sect. 3.1);  

and Spot-backed Antbird (Hylophylax naevius) (see Sect. 3.3). 

 

Besides of not being monophyletic, the genetic distance among populations within the same 

subspecies of several Amazonian birds correspond to the divergence found among sympatric 

species easily distinguishable by morphology, song and ecological characteristics. This possibly 

may lead, after appropriate analyses, to the recognition of cryptic speciation. For example, two 

populations currently classified as Hemitriccus minor pallens have 6% of genetic divergence in a 

mitochondrial gene (Cohn-Haft 2000; Sardelli 2005). Another similar example is described for 
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Glyphornchus spirurus inornatus. Populations of this subspecies reveal 5.4% genetic distance in 

the cytochrome b gene across the Aripuanã River, a comparatively small river in Amazonia 

(Fernandes 2007; see also Sect. 3.1). This high level of mtDNA differentiation corresponds to 

measures of intergeneric divergence among birds of the temperate zone (Johns and Avise 1998). 

The taxonomic uncertainty found for several taxa illustrates that the ñtrueò diversity in Amazonia 

is underestimated which may jeopardize the interpretation of biogeographic patterns. Insights  

and concepts of global patterns of biogeography and diversification may change with improved 

taxonomy and molecular phylogeography, especially for tropical regions such as Amazonia 

(Tobias et al. 2008). 

 

1.4 The óMini -Interfluviaô between the Rivers Madeira and Tapajós  

 

Studies on birds and primates between the rivers Madeira and Tapajós in southeastern Amazonia 

have revealed a more complex biogeographic pattern. The tributaries of the Madeira River in the 

"Rondônia" area of endemism (Fig. 1) seems to constitute a barrier to the distribution of primates 

(van Roosmalen et al. 1998). The latter authors described geographic substitution in primates 

(genera Mico and Calicebus) on opposite banks of small rivers of this interfluvium and described 

a new species of marmoset, Mico humilis, that only occurs on the western bank of the Aripuanã 

River (Fig. 3). This study highlighted the importance of small rivers in delimiting primate 

distributions and gave impetus to field work on birds by Cohn-Haft et al. (2007). The latter 

authors found numerous cases of restricted distributions, opposite bank replacements, and river-

delimited vocal variation in birds of this region. For example, the Bar-breasted Piculet (Picumnus 

aurifrons) shows distinct plumage coloration on opposite banks of the Aripuanã River (a tributary 

of the Madeira River) (Cohn-Haft et al. 2007) and the Warbling Antbird complex (Hypocnemis 

spp.) (Isler et al. 1998; Tobias et al. 2008) has vocally distinct populations with restricted ranges, 

apparently delimited by the Madeira, and two of its right tributaries, the Jiparaná and Aripuanã 

rivers. Similar patterns have also been found for butterflies (Hall and Harvey 2002). 

 

Figure 3 ï Distribution of the genera Mico and Callicebus showing different species across samller rivers in the 

Madeira-Tapajós interfluvium (adapted from: van Roosmalen et al. 1998). 

 

Molecular studies of birds from the Madeira-Tapajós interfluvium also indicate the relevance of 

small rivers as geographic barriers. For example, the Snethlageôs Tody-Tyrant (Hemitriccus 

minor) (Sardelli 2005) and Wedge-billed Woodcreeper Glyphorynchus spirurus (Fernandes 

2007) have populations genetically differentiated across the Jiparaná and Aripuanã rivers while 

being morphologically indistinguishable (see also Chap. 3). This suggests the existence of cryptic 

endemism in small regions in Amazonia. 
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Although these studies have created a new awareness of small-scale endemism within the 

Madeira-Tapajós interfluvium, this region is not yet recognized as having a unique fauna.  

The Amazonian eco-regions as recognized by WWF (Dinerstein et al. 1995) treat the entire 

interfluvium as if it were uniform (Fig. 4). However, Mesquita et al. (2007) mentioned the 

importance of recognizing ñmini-interfluviaò in the definition of Amazonian reserves and  

since 2004 several protected areas were implemented. But this region is still under serious 

anthropogenic threat (Fearnside 2002, 2006). The southern part of the Madeira-Tapajós 

interfluvium is located in the ñarc of deforestation,ò which is a band along the eastern and 

southern edges of the Amazonia forest. Deforestation advances from this band towards the center 

of the region. The deforestation is caused mainly by the advance of agriculture from southern 

Brazil (export commodities such as soybeans and beef). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Figure 4 ï The Amazonian eco-regions as recognized by WWF (adapted from: Dinerstein et al. 1995). 

       River barriers within the Madeira-Tapajós interfluvium are not recognized. 

 

1.5 Amazonian Historical Biogeography  

 

The development of Amazonian biota has been a long and complex process (Hoorn et al. 2010). 

Recent advances in the fields of palynology, paleontology, 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 data on Andes uplift to modelate climate patterns others are describing new 

fossils and pollen records from northern South America (Garzione et al. 2008; Graham 2009; 

Hoorn et al. 2010). In addition studies based on molecular data are providing information on the 

time of diversification events (Ribas et 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; Hoorn and Wesselingh 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 flows to the Atlantic ocean was caused by the northern 

Andes uplift during the Miocene (Hoorn and Wesselingh 2010; Shephard et al. 2010). This 

affected climatic conditions in lowland Amazonia by changing the atmospheric circulation and 

rainfall in the Southern Hemisphere (Poulsen et al. 2010). A high biodiversity in South American 

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

the Andes uplift has also been confirmed by recent phylogenetic studies showing that the Andean 

orogeny promoted the build-up of biodiversity in lowland Neotropical faunas (Miller et al. 2008; 

Burney and Brumfield 2009; Patel et al. 2011; Weir and Price 2011a) and flora (Antonelli et al. 

2009). These studies showed that both vicariance-based speciation during uplift and dispersal-

based speciation following uplift were processes causing diversification in Amazonia. The 

formation of the modern Amazon river system caused by the orogeny of the Andes had an 

important role in vicariant speciation on primates and birds (see Chap. 3). 

 

In addition to the Andean orogeny, the Neogene (~23ï2.5 Mya) was marked by a braided fluvial 

systems and wetlands in western Amazonia, prior to the development of the current drainage 

system as evidenced by paleogeographic and paleontological evidence (Fig. 5) (Webb and Hall 

1995; Hoorn and Wesselingh 2010; Latrubesse et al. 2010). During the late Miocene, western 

Amazonia was dominated by swamps, lakes, internal deltas, and splays; these 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 environment (Latrubesse et al. 2010) 

(Fig. 5). The wetlands could have acted as barriers to dispersal and thereby reproductively 

isolated populations of terrestrial animals (Aleixo 2004; Ribas et al. 2009) and plants (Antonelli 

et al. 2009). Aquatic conditions, however, seem to have persisted in western-central Amazonia 

until at least 7 Mya, when the modern Amazon system was established (Hoorn et al. 2010). 

Stratigraphic data suggest that this fluvial system extended westward and was limited by the 

Purus arch, an ancient ridge of western Amazonia that separated the Solimões and Amazon 

basins and restricted the Amazonian mega-wetland to the west and the paleo-Amazon River to 

the east (Shephard et 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 DNA across the supposed locations of the  Purus arch. 

 

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 one of the main 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 2010; Ribas et al. 

2012) (see also Chap. 3). The Amazon River reached its present shape and size from the 

Pleistocene onwards (Shephard et al. 2010). 

 

The Quaternary (~ last 2.5 Mya) was marked by global cooling and therefore, drier climates in 

Amazonia. This appears to have caused a reduction of Amazonia, leading to islands of forest 

surrounded by savanna, especially during the last glacial maxima. Haffer (1969; on patterns of 

birds distribution; Fig. 2) as well as Vanzolini and Williams (1970; on diversification patterns of 

the lizard Anolis chrysolepis) proposed that populations of forest organisms survived in isolation 

on those patches of forest (called ñRefugiaò). This challenges the classical river barrier 

hypothesis proposed by Wallace in the 19th century. Hafferôs explanation, despite being strongly 

critized, provided an empirical basis for the formulation of new biogeographic hypotheses. 

Moreover, the geographic patterns he described were used as a basis for delimiting the areas of 

endemism of Neotropical birds (Fig. 1). 
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A considerably less complex and more widely accepted explanation is the river  barrier  

hypothesis. New studies based on mtDNA sequence variation and molecular dating point out  

the influence of the rivers in Amazonia in the evolution of Neotropical birds (Ribas et al. 2012;  

see also Chap. 3). However, the whole diversification process in Amazonia may not be 

explainable by only one vicariant event, since the history (as described above) was very 

complex. Several events at different times influenced the diversification of the organisms in this 

region as suggested by the data on Amazonian birds presented in this dissertation (see Chap. 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 ï Paleogeographical reconstruction of sediment and water influx in the Amazon basin during the Late 

Miocene and from the Pliocene to the present. (A) The area was an active sedimentary subsiding basin during the 

Late Miocene. Western Amazonia received sediments directly from the Andes (dotted area). The eastern limit  of the 

Solimões basin is indicated with a dashed line. The incomplete Amazon River system was just draining the cratonic-

platforms area located to the East. (B) After the reorganization of the basin, during the transition between the end of 

the Miocene and the early Pliocene, the rivers of Southwestern Brazilian Amazonia (Purus, Jurua, and Javarí basins) 

became lowland rivers without contact with the Andes chain and the Peruvian basins (Ucayali and Madre de Dios) 

were reorganized into the form as we observe them today. The Amazon system became totally integrated as a 

transcontinental fluvial basin (cited from: Latrubesse et al. 2010). 

 

1.6 Phylogeography  

 

Biogeography is the science that attempts to document and understand spatial patterns of 

biological diversity (Lomolino et al. 2010). Since the biological diversity is not equally 

distributed in time and space, areas of endemism are an important concept in biogeography. 

Throughout the history of biogeography many concepts were proposed to define areas of 

endemism which are the building blocks of biogeography (Parenti and Ebach 2009).  

Most definitions of areas of endemism try to apply phylogenetic methods to biogeography.  

Thus, its concept is analogous to monophyly in systematic biology and it should not be artificial.  

Rather it should relate space occupied by a lineage throughout time. 

 

With the advances of molecular biology this concept has been more widely used because 

molecular phylogenies allow the incorporation of time in spatial analysis. An important 

application of these concepts and methodologies is the possibility of dating vicariant events and 

to test hypotheses about paleoclimate and geological events (Ribas et al. 2012). The subdiscipline 

of biogeography that uses this approach on the intraspecific level is know as phylogeography. 

 

Phylogeography studies the historical aspects of the distribution of genetic lineages (Avise 2000). 

The main aspects emphasized in studies of phylogeography are the 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 employed mitochondrial DNA; approx. 70% of 

phylogeographic studies of animals were performed exclusively or primarily on mtDNA 

sequences (Avise 2000) (Fig. 7). However, there is a growing concern that the use of only 

mitochondrial genes may not reflect the evolution of the species but only the gene history 

(Maddison 1997) (see Sect. 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 ï Hypothetical genealogy for a species displaying restricted gene flow within each of two physically 

separated regional populations. Shaded ovals represent geographic ranges of particular lineages, and arrow vectors 

in the extant populations (top) denote spatial magnitudes of contemporary dispersal of individual from their natal 

sites (cited from: Avise 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 ï Widespread use of mtDNA. Breakdown of phylogeographic articles (1987ï1998) according to  

the molecule or assay employed (source: Avise 2000). 

 

 

The use of mtDNA in studies of population genetics is due to its uniparental origin, usually 

maternal, having thus haploid DNA, and the according genes are not subject to recombination 

(Avise 2000). This allows to infer, with a satisfactory accuracy, the past evolution and 

demographic population history. In addition, these genes have 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, lacks of error 

repair mechanisms, excess of metabolic waste, low-fidelity replication in the mitochondria, and 

absence of association with histone proteins (Avise 2000). This molecule is also easy to handle due 

to the large number of copies per cell, small size, and simple organization (Avise 2000) (Fig. 8). 
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Figure 8 ï Schematic diagram of the mitochondrial DNA (source the Sorenson lab, Boston University) 

 

Comparative phylogeography attempts to determine the historical processes of a biogeographic 

region from cladograms of genealogies of multiple codistributed species (Bermingham and 

Moritz 1998). Agreement between cladograms of codistributed species reflects a common 

evolutionary history and, associated with geological and paleontological data, allows to infer the 

origin and formation of a biogeographic region (Zink 1996). 

 

However, studies of comparative phylogeography in Neotropical regions have shown patterns of 

incongruent phylogenies among codistributed species. Costa (2003) reported inconsistent 

phylogeographic patterns among small mammals and suggests that the processes of speciation 

were unique 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  

observed patterns justifies the importance of conducting more comparative studies among co-

distributed taxa, since the processes involved in the Neotropical region appear to be complex and 

quite variable among groups. 

 

1.7 Coalescence 

 

Coalescence was first described at the beginning of the 1980s (Hudson 1983; Tajima 1983). It is 

the instrument most widely used in the interpretive analysis of population processes that underlie 

the variation of DNA sequences (Rosenberg and Nordborg 2002). This provides a simple and 

powerful tool for exploratory data analysis because it has a genealogical approach, modelling the 

population processes backward in time. The biggest advantage is that it is possible to limit the 

analysis to the samples that are available (Nordborg 2000). Thus it is not necessary to take into 

account the entire population (Fig. 9).  
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Figure 9 ï The genetic composition of a population is completely determined by the groupôs genealogy and the 

mutations that occur on it. (a) The complete genealogy for a population of ten haploid individuals is depicted by 

light dots (diploid populations of N individuals are typically studied using a haploid model with 2N individuals). The 

genealogy of a sample from this generation is shown in dark dots. (b) In the basic version of the coalescence it is 

only necessary to keep track of the times between coalescence events (T(3) and T(2)) and the topology ï that is, 

which lineages coalesce with others. N, number of allelic copies in the population; n, sample size (cited from:  

Rosenberg and Nordborg 2002). 

 

Under the coalescence theory, one may consider a population of N clonal organisms reproducing 

according to the neutral Wright-Fisher model (e.g., constant N, random mating, lack of selection, 

discrete generations). Based on the observed polymorphisms of the sampling it is possible to 

trace the ancestry of a group of individuals of this population back through time. The number of 

distinct lineages decreases and eventually reaches one, as the most recent common ancestor 

(MRCA) of the individuals in question is encountered (Nordborg 2000). None of this is affected 

by neutral genetic differences between the individuals. The MRCA can be estimated based on the 

observed polymorphisms of the sampling haplotypes and contains information about the 

unobserved underlying genealogy. Since the average number of nucleotide differences and 

nucleo-diversity have a large variance, and a large part of this variance is due to stochastic 

factors, increasing sample size does not help reduce the variance significantly (Tajima 1983; 

Nordborg 2000). Therefore, it is not necessary to sample the entire population to estimate the 

MRCA (for a statistical description of the model see Nordborg 2000).  

 

An application of the coalescent analysis is to estimate the demographic history of natural 

populations (see skyride plots in Chap. 3). Genealogies in an exponentially growing population 

are less random and will tend to have most coalescences early in the history (Fig. 10). 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 ï A constant population is compared to one that has grown exponentially (cited from: Nordborg 2000). 
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1.8 Molecular Clock 

 

Molecular dating is a technique in molecular biology that uses rates of molecular change to infer 

the time it took a lineage to radiate in a particular area. The molecular clock approach relates 

substitution rates of nucleotide or amino acid sequences to divergence times of taxa. Knowing 

the time of diversification is a key to understanding 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 determine population demographic 

history (Vilaça and Santos 2010; Hollatz et al. 2011). 

 

The molecular clock hypothesis was first advanced in the 1960s by Emile Zuckerkandl and  

Linus Pauling. They calibrated the amino acid substitution rate in mammalian hemoglobins and 

found them to 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 times from sequence data.  

In practice, the method they proposed allows biologists to give a temporal dimension to 

phylogenetic trees constructed from molecular data (Morgan 1998). 

 

The accuracy of the molecular clock has long been a subject of controversy. Originally, 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, among nonhomologous genes within a 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 review see Kumar 2005; Takahata 2007; Wilke et al. 2009. 

Today it 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, new methodologies to deal with the inconstancy of the evolutionary 

rate were developed and the molecular clock has been revolutionized and reveals new insights 

into evolutionary biology. 

 

Molecular-dating methods can be divided into population genetics and phylogenetics approaches. 

In population genetics, a coalescent framework is used to estimate the age of the most recent 

common ancestor (MRCA) (see Sect 1.7 on Coalescence) of a number of alleles. This approach 

is applicable for estimating divergence times within 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 phylogenies (Wilke et al. 2009). 

  

Tree-based molecular clocks use the branching topology of a phylogeny together with branch 

length information to estimate the node depth. Also the total branch lengths between two 

lineages have been used for estimating divergence times. However, the inconstancy of the 

evolutionary rates among lineages was the major challenge for molecular dating as the 

estimation of divergence times from branch lengths (Wilke et al. 2009).  

The relaxed clock model, which assumes different rates for different branches, has been 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 testing the acceptance of a 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 where the conditions 

required for fossilization are rare, other techniques have been employed. Moreover, fossils are 

notoriously difficult to identfy and to classify within a modern DNA-based phylogenetic 

framework. In the absence of an adequate fossil record, geological 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 sequence divergence in the Neotropical region (Weir et al. 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 (Wilke et al. 2009). Dispersal events linked to geological history are still 

more complicated.  

 

The origin of volcanic islands can be used to calibrate phylogenies but the problem associated 

with this method is that island colonization events can occur long after their origin. Calibrations 

associated with vicariant events are more reliable. 

 

Recently, studies on birds have shown a constancy in the evolutionary rates of the mtDNA 

cytochrome b. Weir and Schluter (2008) analyzed 90 candidate avian clock calibrations obtained 

from fossils and biogeographical events. They found constancy in the evolutionary rates (approx. 

2.1% per one million years) across 12 taxonomic avian orders over a 12-million-year interval. 

An elevated substitution rate in cyt b appears to be a rare phenomenon in birds, and has been 

suggested only for one case of an Old World species (Nectarinia humbloti; Warren et al. 2003). 

This strengthens the applicability of molecular clock approaches in studies of evolution.  

In this dissertation, the applied method was that of Weir and Schluter (2008). 
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1.9 Aims and Scope 

 

This study contributes to an understanding of the biogeographic history of passerine birds of 

the Amazonian forest by studying their intraspecific diversification. Three species complexes 

were studied:  

  Wedge-billed Woodcreeper (Glyphorynchus spirurus, Furnariidae) 

  Chestnut-tailed Antbird (Myrmeciza hemimelaena,Thamnophilidae) 

  Spot-backed Antbird (Hylophylax naevius, Thamnophilidae).  

 

The methods and analysis of results included: 

 

 Sequencing of genes: mitochondrial (cyt b, ND2) and nuclear (ACO, G3PDH intron,  

 MYO intron 2, FB5 intron) 

 Area cladograms were generated and compared between the three species in order to see 

whether the birds share the same evolutionary history for mtDNA genes and species trees 

combining all genes  

 Haplotype networks constructed with maximum parsimony and median-joining algorithm  

 Dating divergences based on the mutation rate of cyt b 

 Historical population size dynamics reconstructed by Gaussian Markov random field 

(GMRF); population genetics analyzed by classical methods (nucleotide diversity ́, 

haplotype diversity h, Tajimaôs D and Fuôs Fs statistics). 

 Genomic fingerprinting by means of inter-simple sequence repeats (ISSR) to confirm the 

obtained population genetic structure. 

 

Background information on laboratory and analytical methods and general laboratory protocols 

are given in Chap. 2. The results are presented in the three sections of Chap. 3. The individual 

contributions are summarized in a broader phylogeographic context in Chap. 4.  

 

This thesis shows that molecular phylogenetics can provide convincing evidence of previously 

unrecognized, distinct and new species pointing to the actual extent of ñtrueò biodiversity in 

Amazonia ï areas seriously threatened by agricultural and urban development and in need of 

devoted conservation measures.  
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2 Materials and Methods 
 

The following provides background information and a rough outline of the procedures used. 

More detailed information on methods and analysis (i.e., primers, parameter settings, sample 

information, etc.) will be given in the particular chapters. 

 

2.1 The Three Birds of Interest 

 

The infraorder Furnariides is a large and diverse Neotropical group of about 600 species (Moyle 

et al. 2009). These birds display a diverse array of morphologies and behaviors (del Hoyo et al. 

2002ï2004) and are abundant in tropical forests, especially the antbirds (Thamnophilidae) and 

the woodcreepers (Dendrocolaptidae/Furnariidae). Antbirds and woodcreepers are good models 

to study evolutionary processes affecting diversification in Amazonia. Several species of antbirds 

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 geographic barriers such as mountain ranges and 

rivers (Marantz et al. 2003; Zimmer and Isler 2003). 

 

The three target species were chosen primarily because previous morphological and bioacoustic 

evidence and molecular data (Fernandes 2007) had indicated that the species status of some  

of the bird populations, especially those whose distribution is delimited by small rivers  

(Jiparaná and Aripuanã ), required a revision. They are relatively common, easy to collect, and 

widely distributed across the entire Amazon Basin. Although all three species are members of 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 birds thus offers a unique opportunity to disentangle the evolutionary processes 

underlying bird evolution in this region. 

 

2.1.1 Wedge-billed Woodcreeper, Glyphorynchus spirurus (Furnariidae)  

 

Glyphorynchus spirurus (Furnariidae) occurs throughout the Amazon basin. This Neotropical 

bird is one of the most common Amazonian birds and inhabits different types of forest ï both 

terra-firme and seasonally flooded forests (Várzea and Igapó). It is a polytypic species widely 

distributed in Neotropical lowland forests, in Amazonia, Central America, and along the Atlantic 

coast of Brazil (Fig. 11) (Ridgely and Tudor 1994). Marantz et al. (2003) recognized thirteen 

subspecies, six of which occur in the Brazilian Amazon. With a body mass ranging from 10.5 to 

21 g (typically 12.6ï14.8 g in central Amazonia; Bierregaard 1988), this is the smallest 

woodcreeper (Marantz et al. 2003).  

 

2.1.2 Chestnut-tailed Antbird, Myrmeciza hemimelaena (Thamnophilidae) 

 

Myrmeciza hemimelaena is endemic to the Amazon (Fig. 12). The genus Myrmeciza is hetero-

genous and polyphyletic (Brumfield et al. 2007; Moyle et al. 2009) with M. hemimelaena 

belonging to a group of smaller and usually more colorful species. This passerine bird occurs in 

upland terra-firme forest, often in areas where those forests grow on predominantly sandy soils, 

and sometimes can be found associated with patches of bamboo (pers. obs.). It is not found with 

mixed flocks. Two subspecies are currently recognized: M. hemimelaena hemimelaena (west of 

the Madeira River and south to the La Paz province in Bolivia) and M. hemimelaena pallens  

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

 

Hylophylax naevius is a typical terra-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 foraging between 1 to 3 meters of the ground. It is not normally associated 

with mixed flocks nor does it follow ant swarms as a rule. H. naevius consists of six subspecies 

as described on the basis of morphological differences (Zimmer and Isler 2003).  

 
 

Figure 11 ï Geographic distribution of Glyphorynchus spirurus 

 

 

 
 

Figure 12 ï Geographic distribution of Myrmeciza hemimelaena 

 

 
 

Figure 13 ï Geographic distribution of Hylophylax naevius 


