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ABSTRACT

Aim We used mitochondrial DNA sequence data to reconstruct the phylogeny of

a large clade of tanagers (Aves: Thraupini). We used the phylogeny of this

Neotropical bird group to identify areas of vicariance, reconstruct ancestral

zoogeographical areas and elevational distributions, and to investigate the

correspondence of geological events to speciation events.

Location The species investigated are found in 18 of the 22 zoogeographical

regions of South America, Central America and the Caribbean islands; therefore,

we were able to use the phylogeny to address the biogeographical history of the

entire region.

Methods Molecular sequence data were gathered from two mitochondrial

markers (cytochrome b and ND2) and analysed using Bayesian and maximum-

likelihood approaches. Dispersal–vicariance analysis (DIVA) was used to

reconstruct zoogeographical areas and elevational distributions. A Bayesian

framework was also used to address changes in elevation during the evolutionary

history of the group.

Results Our phylogeny was similar to previous tanager phylogenies constructed

using fewer species; however, we identified three genera that are not

monophyletic and uncovered high levels of sequence divergence within some

species. DIVA identified early diverging nodes as having a Northern Andean

distribution, and the most recent common ancestor of the species included in this

study occurred at high elevations. Most speciation events occurred either within

highland areas or within lowland areas, with few exchanges occurring between the

highlands and lowlands. The Northern Andes has been a source for lineages in

other regions, with more dispersals out of this area relative to dispersals into this

area. Most of the dispersals out of the Northern Andes were dispersals into the

Central Andes; however, a few key dispersal events were identified out of the

Andes and into other zoogeographical regions.

Main conclusions The timing of diversification of these tanagers correlates well

with the main uplift of the Northern Andes, with the highest rate of speciation

occurring during this timeframe. Central American tanagers included in this

study originated from South American lineages, and the timing of their dispersal

into Central America coincides with or post-dates the completion of the

Panamanian isthmus.
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INTRODUCTION

With its diverse topography, habitats and climatic regimes, the

Neotropical region harbours an incredibly rich avifauna. In

fact South America has more species of birds than any of the

other seven continents (Stotz et al., 1996), and the Andes

mountain range is consistently identified as a top biodiversity

hotspot (Orme et al., 2005). Several hypotheses have been

invoked to explain the generation of this diversity: Andean

orogenesis; long-term stability and accumulation of lineages;

accommodation of riverine systems; marine reincursions;

regional refugia during climate fluctuations and organismal

adaptation linked to environmental gradients (see reviews by

Bates et al., 1998; Hubert & Renno, 2006; Brumfield &

Edwards, 2007). However, the fact that these processes are

not necessarily mutually exclusive in time and space is a

challenge for those interested in disentangling biogeographical

patterns (Brumfield & Caparella, 1996; Bates et al., 1998;

Brumfield & Edwards, 2007; Tuomisto, 2007).

Despite these difficulties, phylogenies provide a fundamental

framework for elucidating the role that these diverse processes

have played in the generation of Neotropical biodiversity.

Molecular-based phylogenies for birds of this region (e.g. Ribas

et al., 2005; Aleixo & de Fátima Rossetti, 2007; Brumfield &

Edwards, 2007) are just beginning to provide insight into the

importance of these different processes (Bates et al., 2008).

However, few phylogenies of large groups with broad distri-

butions are currently available for this region (but see McGuire

et al., 2007). Thus, generalizations about relationships among

areas across the entire Neotropics remain elusive. As an

alternative, some studies have analysed the distributions of

subspecies, species and genera in the region. These studies have

shown phylogenetic signal among areas of endemism in South

America (Porzecanski & Cracraft, 2005) or within smaller areas

such as the highlands and lowlands flanking the Andean ranges

(Chapman, 1917, 1926). Although informative, the treatment

of distributional data alone has limited power to address

questions regarding the historical interplay among areas.

Furthermore, an emerging problem in biogeographical stud-

ies is the analysis of area histories without explicitly addressing

elevation. Such one-dimensional analyses insufficiently charac-

terize the complete spatial pattern of species richness (Hawkins,

2004; Wiens & Donoghue, 2004). Avian comparative studies

that include lowland and highland taxa have the potential to

distinguish between patterns generated by colonization and

vicariance in montane and in lowland regions (Burns & Naoki,

2004; Brumfield & Edwards, 2007; McGuire et al., 2007).

Here, we present a phylogenetic analysis of historical

diversification in a large clade of broadly distributed tanagers

(Thraupini; Sibley & Monroe, 1990). Tanagers represent

roughly 10% of all Neotropical avian species; thus, they are

one of the most prominent groups of birds of the Neotropics.

Within Thraupini, nearly one-third of the species belong to a

clade that has been referred to as the ‘core tanagers’ (Burns &

Naoki, 2004) because they contain typical representatives of

the group. This clade includes species in the type genus

Thraupis and colourful species in the genus Tangara, the

largest Neotropical bird genus. Species of core tanagers are

widespread and occur in 18 of the 22 zoogeographical areas of

Central America, South America and the Caribbean basin

(Parker et al., 1996). In addition, they inhabit all elevational

zones from sea level to the tree line. Therefore, the core

tanagers are an ideal group by which to examine the

biogeographical history of the Neotropical region.

In this paper we reconstruct the biogeographical history of

core tanagers using a phylogenetic estimate based on a

mitochondrial gene tree. This phylogeny is compared to

previous phylogenies and current classifications. Then, using

tree-based biogeographical reconstructions, we examine the

idea that some zoogeographical regions are more likely to be

the source of dispersals than other zoogeographical regions

(Chapman, 1917, 1926; Haffer, 1967). In addition, we recon-

struct elevational distributions of core tanagers to examine the

pattern of historical movements between highland and lowland

areas. Together, these data are used to evaluate classical

theories about the biogeographical history of the Neotropics

(Chapman, 1917, 1926) and to infer how geological processes

have shaped the distribution and diversity of ‘core tanagers’.

MATERIALS AND METHODS

Taxon sampling

Total ingroup sampling included 93 species representing 20

genera of Sibley & Monroe’s (1990) Thraupini (see Appen-

dix S1 in Supporting Information). The ingroup includes

representatives of all genera previously recognized as part of

the core tanager clade: Anisognathus, Buthraupis, Bangsia,

Calochaetes, Chlorochrysa, Chlorornis, Cissopis, Delothraupis,

Dubusia, Iridosornis, Neothraupis, Paroaria, Pipraeidea, Tang-

ara, Thraupis and Schistochlamys (Burns et al., 2002; Yuri &

Mindell, 2002; Burns & Naoki, 2004). In addition, an analysis

of phylogenetic relationships among all tanagers (K. J. Burns,

F. K. Barker, J. Klicka, S. M. Lanyon, and I. J. Lovette,

unpublished data) indicates that Stephanophorus, Wetmore-

thraupis, Diuca and Lophospingus belong to the core tanager

clade; thus, species from these four genera were also included.

Of the 100 species thought to comprise the core tanager group,

only six (Paroaria baeri, Tangara cabanisi, Tangara peruviana,

Tangara phillipsi, Tangara rufigenis and Thraupis glaucocolpa)

were not included in this study.

In order to incorporate some of the variation suggested

in current subspecific designations, as well as to investigate

possible unknown intraspecific variation, 11 species were

represented by more than one individual. Obtaining data from

more than one individual for some species also helped to

confirm the accuracy of sequencing.

To root the relationships of core tanagers, we chose 14

species of ‘Tholospiza’ (Burns et al., 2002), including repre-

sentatives of the genera Coereba, Euneornis, Geospiza, Tiaris,

Loxigilla and Loxipasser (see Appendix S1). This clade has been

identified as most closely related to the core tanagers (Burns
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et al., 2002; Yuri & Mindell, 2002; Burns & Naoki, 2004). Most

of the sequences are new to this study (accession numbers

EU647961–EU648107), others were obtained from GenBank

(see Appendix S1; Klicka et al., 2000, 2007; Lougheed et al.,

2000; Burns et al., 2002; Lovette & Bermingham, 2002; Yuri &

Mindell, 2002; Burns & Naoki, 2004).

Genes, DNA isolation and sequencing

Two mitochondrial genes, 1143 bp of cytochrome b (cyt b)

and 1041 bp of NADH dehydrogenase subunit 2 (ND2),

were amplified in order to infer phylogenetic relationships.

Sequencing methods followed standard protocols (Burns &

Naoki, 2004) using published primers (Groth, 1998; Klicka

et al., 2000). Sequences for the heavy and light strands were

combined using Sequencher (Genes Codes, Ann Arbor, MI,

USA). Each data set was translated to verify stop codon sites

using MacClade 4.08 (Maddison & Maddison, 2005). Chro-

matograms were used to inspect base ambiguities, verify gene

length and corroborate open reading frames. Precautions

against nuclear copies included sequencing both heavy and

light strands, using overlapping fragments and confirming that

amino acid translation is possible without stop codons or gaps.

Consensus sequences for cyt b and ND2 were aligned by eye.

For most individuals, both cyt b and ND2 were sequenced.

However, for a few individuals only one marker was sequenced

(see Appendix S1).

Phylogenetics

The mitochondrial DNA (mtDNA) phylogeny was recon-

structed using two approaches: maximum likelihood (ML) and

Bayesian inference. The ML analyses were performed using the

program Garli v0.951 (Zwickl, 2006), which implements the

GTR+I+C model of DNA evolution. The ML tree search was

performed in independent runs following Zwickl (2006). The

heuristic search in Garli v0.951 used a random tree by default;

however, the Bayesian phylogeny was also used as a starting

tree because Bayesian and ML scores might not be expected to

be approximately equal (Svennblad et al., 2006). In order to

assess support for the resulting phylogeny, bootstrap analysis

(Felsenstein, 2004) was performed using Garli v0.951, for cyt

b, ND2 and the combined data set. The total ML search was

specified to 1200 bootstrap replicates in batches of 20–25

bootstrap replicates for independent runs.

The Bayesian phylogenetic analyses consisted of two data

partitioning schemes: one set was partitioned by both gene and

codon position; the second one was partitioned only by codon

position. Models for these molecular partition schemes were

selected using the likelihood ratio test (LRT) criterion

implemented in MrModeltest (Nylander, 2004). The Bayes

factor criterion (Kass & Raftery, 1995) was also implemented

in order to compare the relative success of the two partition

schemes. Following Kass & Raftery (1995), we considered a

difference of harmonic mean likelihoods of 2 or more as

significantly different. These values were obtained using the

sump command in MrBayes. The Bayesian analyses were

performed using the default settings of the package MrBayes

v3.1 (Ronquist & Huelsenbeck, 2003). The initial parameters

in MrBayes were unlinked and specified as unknown variables

with uniform prior values as a reasonable starting condition

(Brandley et al., 2006). Analyses were done twice to confirm

that different starting trees could recover equivalent optimal

posterior probabilities (PP). Each run was performed with

either three or five million generations. The resulting log-

likelihood scores were inspected in Tracer v1.3 (Rambaut &

Drummond, 2003) in order to determine stationarity, and

post-burn-in samples were used to create a 50% majority-rule

consensus tree. Metropolis-coupled Markov chain Monte

Carlo (MCMCMC) mixing was evaluated by eye and levels

of chain exchange were above 20% and below 60% for most of

the runs.

Both cyt b and ND2 data sets were combined into one data

set after independent preliminary analyses established congru-

ence between topologies and levels of support between the

Bayesian and the ML analyses. Those nodes with PP ‡ 0.95

and bootstrap ‡ 70% are considered strongly supported.

Congruence between genes or among partitions was evaluated

in paup* using the partition homogeneity test (Swofford,

2002).

Molecular clock assumptions and estimations of

divergence times

Like most groups of birds, the lack of a fossil calibration for

tanagers limits our understanding of mtDNA evolutionary

rates. Moreover, the assumption that the mtDNA evolutionary

rate for a particular group of birds is the same as the rate for a

group with a good calibration is questionable (Graur &

Martin, 2004; Lovette, 2004; Ho & Larson, 2006; Peterson,

2006). However, mtDNA sequence divergence is currently the

most reliable marker for inferring a temporal framework of

avian diversification and provides a rough age estimate of

lineages (Garcı́a-Moreno, 2004). For birds, a variety of mtDNA

sequence divergence rates have been estimated; but the most

widely used calibration is 2% sequence divergence per million

years, first estimated from restriction fragment length poly-

morphism (RFLP) data in geese (Shields & Wilson, 1987). In a

recent study, Weir & Schluter (2008) confirmed the generality

of this rate for avian divergences. Using cyt b and fossil and

biogeographical evidence, they examined 90 lineages and

found 74 of these (many of which were tanagers) to

correspond to a rate of 2.1% sequence divergence per million

years (Myr)1). Thus, we employed this rate when examining

the biogeography of core tanagers. In addition, we also

estimated the approximate age of the node involved in early

core tanager diversification using the strict molecular clock as

implemented in beast (Drummond et al., 2006).

Despite evidence of a general molecular clock for birds,

assigning a strict sequence divergence rate might not capture

variation in mtDNA rates across a tree (Rutchmann, 2006).

Consequently, prior to using a molecular clock we analysed the

Tanager biogeography
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mtDNA tree using the semi-parametric, penalized-likelihood

method (Sanderson, 2002, 2004). This method relaxes clock-

like sequence evolution and allows for some degree of rate

heterogeneity among branches (Sanderson, 2002) to compose

relative rates of diversification. The node that joined the

outgroup to the ingroup was the only node fixed to an

arbitrary scale (fixage = 10) (Ribas et al., 2006). These values

constitute a temporal framework within which to examine

patterns of core tanager diversification. Nodes were counted

between two halves of the time-scale for comparison of

diversification through the age of the clade. One goal of the

molecular clock analysis was to determine when diversification

started. Therefore, we defined the beginning of diversification

as the timeframe when the oldest 15% of nodes occurred. We

also examined tree growth assuming a pure-birth model (Yule,

1924). The species diversification rates under this model were

calculated using a similar approach to that used in Hughes &

Eastwood (2006) for the two halves of the time-scale of relative

units in order to identify variation in species diversification

rates through the evolutionary history of the core tanager

clade. Subsequently, the pattern in speciation rates towards the

present was inspected using a lineage-through-time plot (Nee

et al., 1995). Further, the c-statistic was calculated in order to

assess the possibility of a slowdown in diversification rates

(Pybus & Harvey, 2000). Initially, we verified the symmetry of

phylogenetic tree topology using SymmeTree v1.1 (Chan &

Moore, 2002). The R framework with packages ape (Paradis

et al., 2004), laser (Rabosky, 2006) and geiger (Harmon

et al., 2007) was used to implement the Monte Carlo constant-

rates (MCCR) test following Pybus & Harvey (2000) and to

create a lineage-through-time plot as a graphical representa-

tion of the ultrametric tree.

Zoogeographical area reconstruction

Species distributional data were mapped onto the phylogeny

by dispersal–vicariance analysis (DIVA; Ronquist, 1997) using

the program diva v1.1 to reconstruct ancestral area distribu-

tions and quantify dispersal events into and out of different

regions. DIVA uses parsimony to reconstruct dispersal,

vicariance and extinction events given the geographical

distribution of terminal taxa. Thus, DIVA assumes constant

rates across the tree and requires short branch lengths if the

minimum number of historical events is assumed (Ree et al.,

2005).

Each species was assigned to one or more of 18 zoogeo-

graphical regions using the database of Parker et al. (1996) for

Central and South American birds. These zoogeographical

regions correspond to avian areas of endemism in most cases

(Porzecanski & Cracraft, 2005). The biogeographical analysis

relies on two main assumptions relative to the area definition:

first, the distribution of any group may be explained by

fragmentation through vicariance, dividing the biota into areas

of endemism (Bremer, 1992; Porzecanski & Cracraft, 2005);

and secondly, species ranges are fairly conservative across

evolutionary time (see Losos & Glor, 2003; Porzecanski &

Cracraft, 2005). Given these assumptions, there is information

about the ancestral area in the deep and numerous branches of

a cladogram (Bremer, 1995). Because DIVA cannot accom-

modate very large data sets such as the one in this study (93

taxa in 18 zoogeographical regions), we divided the phylogeny

into four subtrees. These subtrees were analysed separately,

and results were combined across the four analyses. As a

consequence of dividing the phylogeny into subtrees, we could

not use DIVA to reconstruct the deepest nodes in the

phylogeny (the ancestor of all core tanagers or the nodes that

unite the four subtrees to each other).

Each node was constrained to contain a maximum of two

areas. This constraint was used so that the number of

zoogeographical areas occupied by ancestral species would be

similar to the average number of areas occupied by extant

species in this study (1.76 areas) (Bremer, 1992, 1995). This

implies that dispersal and vicariance events took place between

two single areas. Although we acknowledge the possibility of

more complex events, this is a simple cladistic procedure for

approximating the historical connectivity of areas, which is

usually an unknown parameter (see Bates et al., 1998; Porz-

ecanski & Cracraft, 2005; Tuomisto, 2007).

Every alternative, equally optimal area reconstruction indi-

cates a potential solution at every internal node. From all

reconstructions, DIVA summary statistics were obtained to

quantify the number of dispersal events into and out of

particular regions. Because some regions contain more species

than others, we also normalized these numbers by dividing the

percentage of dispersals observed for a region by the percent-

age of core tanagers that occur in that region.

Reconstruction of ancestral elevations

To reconstruct the elevational history of core tanagers,

ancestral character-state reconstruction was inferred using

both DIVA and a Bayesian approach implemented in

BayesTraits v beta 1.1 (Pagel, 1994, 1999). In the Bayesian

analyses, each species was coded as highland restricted (H,

500–3050+ m), lowland restricted (L, 0–1500 m) or found in

both lowlands and highlands (LH, 0–3050+ m) to capture a

reasonable ‘optimal’ species distribution, following Brumfield

& Edwards (2007). The elevational distributions for each taxon

were assessed from museum collections and from a variety of

references (Hilty & Brown, 1986; Parker et al., 1996; Isler &

Isler, 1999; Renjifo et al., 2002; Restall et al., 2006). The

Bayesian approach accommodates topological uncertainty by

reconstructing ancestral character states in the context of a

posterior distribution of trees, and furthermore allows for an

analysis of the full tree (93 taxa and three character states).

Thus, variation in rates of transitions based on topological

uncertainty is weighted by the probability of a topology

(Yesson & Culham, 2006). The BayesTraits analysis was

performed using the three elevational distribution states

(lowland, highland, both). This method reconstructs the state

of the most recent common ancestor between two taxa. We

used the LRT criterion to select the model in BayesTraits

R. E. Sedano and K. J. Burns
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(between the symmetric and asymmetric transitions rates).

This analysis was performed for a subset of 1500 post-burn-in

trees sampled within the 99% credibility interval to estimate

nodal support.

For the DIVA of elevational history, we coded each species

with H (for species distributed in highland areas), L (for

species distributed in lowland areas), or LH (for species

distributed in both and lowland and highland areas). The

phylogeny was divided into two independent subtrees to

accommodate the limitations of DIVA in the analyses of large

data sets. Summary statistics for all alternative and equally

optimal reconstructions were summed across the two trees and

used to describe the most frequent coding transitions. Nodes

with PP values of 50% or greater for a particular elevational

state that agree with the DIVA ancestral state reconstruction

were considered highly congruent.

RESULTS

Sequence characteristics and gene properties

The net number of parsimony-informative characters in ND2

(521 of 1041 total sites) sequences was slightly higher than for

cyt b (431 of 1143 total sites). The partition homogeneity test

showed no incongruence between genes or among partitions

within genes (P > 0.05). Comparison of pairwise divergence

between mtDNA genes indicated that ND2 evolves c. 1.3 times

faster than cyt b. For comparison among species, the uncor-

rected patristic distances (Nei, 1987) ranged from 0.44% to

13.1% for cyt b and from 0.18% to 18.0% for ND2. The

intergeneric distances ranged from 6.2% to 11.9% for cyt b and

from 9.5% to 18% for ND2. The genetic distances within

species ranged from 0.0% to 6.0% for cyt b and from 0.0% to

9.6% for ND2.

Phylogenetic analyses

The independent Bayesian and ML analyses for the cyt b and

ND2 data produced similar topologies. The ML and Bayesian

analyses of each gene resulted in minor differences, due to the

fact that some species were represented in only one data set.

However, none of the conflicts were strongly supported by

bootstrap analyses or posterior probabilities. When cyt b and

ND2 data sets were combined, both sets of analyses returned

phylogenetic estimates congruent with those generated using cyt

b data alone, which was the more completely sampled marker.

Regardless of the method of analysis (Bayesian or ML),

partitioning scheme or starting tree, similar topologies were

recovered, with no nodes showing strongly supported conflict.

However, the ML analyses showed levels of nodal support of

less than 70% for some nodes that had high Bayesian posterior

probabilities (Figs 1 & 2). Of the two different partitioning

strategies employed in the Bayesian analyses, the one involving

six partitions is shown (Figs 1 & 2) because the positive Bayes

factor (4.6) suggested that this scheme may fit the data better

than the less partitioned scheme.

In the combined data set phylogeny, the core tanagers were

well supported as a monophyletic group (1.0 PP/100% boot-

strap). The earliest divergence within the core tanagers is a split

between two large clades (Figs 1 & 2), roughly equal in the

number of species. One clade (1.0 PP/100% bootstrap) contains

45 species of Tangara and six species of Thraupis (Fig. 1) and the

other clade (0.93 PP/63% bootstrap) contains a variety of

mountain tanagers and other tanager species (Fig. 2).

Zoogeographical area reconstruction

The DIVA produced multiple, equally optimal reconstructions

of zoogeographical area history. Nevertheless, some vicariant

events were present in all DIVA reconstructions (Figs 3 & 4).

For example, all reconstructions inferred geographically con-

cordant vicariant events for Buthraupis aureodorsalis–Buthrau-

pis eximia (Figs 4 & 5a), Iridosornis reinhardti–Iridosornis

rufivertex (Figs 4 & 5b) and Tangara argyrofenges–Tangara

heinei (Figs 3 & 5c). Other unambiguous vicariant events

involved the diversification between Bangsia arcei (in the

Chiriquı́–Darién highland region) and the most recent com-

mon ancestor of the members of the Bangsia species complex

in the Northern Andes (Fig. 4). An additional vicariant event

between these two regions was also identified between Tangara

nigroviridis and the most recent common ancestor of Tangara

dowii and Tangara fucosa (Fig. 3). A vicariant event within the

cis-Andean region was identified involving Stephanophorus

diadematus (the Atlantic Forest–Pampas) and the most recent

common ancestor of its sister clade that includes Diuca diuca

and Paroaria gularis (Central South America, Fig. 4). The

identification of multiple, alternative reconstructions of ances-

tral areas at deeper nodes makes the identification of

additional, unambiguous vicariant events difficult.

Nonetheless, the data from DIVA can be used to summarize

the overall pattern of biogeographical history in the group.

Many nodes, especially those occurring at an early point in the

history of the group, have the Northern Andes as either the

ancestral area or one of several alternative ancestral areas,

indicating the importance of this area in the diversification of

core tanagers. In fact, 57 out of 82 nodes include the Northern

Andes. The earliest nodes of each of the four subtrees include

the Northern Andes. Thus, although the size of our data set is

too large for DIVA to infer an ancestor for the entire group,

this ancestor was probably limited to the Northern Andes.

More recent nodes indicate that core tanagers later dispersed

to other areas and diversified in these regions. For example, the

clade containing Tangara cyanocephala, Tangara cyanoventris,

Tangara desmaresti, Tangara fastuosa and Tangara seledon

represents a diversification in the Atlantic Forest region.

In another clade (comprising the 12 species in the genera

Stephanophorus, Diuca, Neothraupis, Lophospingus, Cissopis,

Schistochlamys and Paroaria), diversification was centred

around lowland regions in Central South America. The clade

containing the six species of Thraupis shown in Fig. 1

represents another group that dispersed out of the Northern

Andes and diversified in other areas.

Tanager biogeography
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Figure 1 Bayesian phylogeny (partitioned by gene and codon position) showing the relationships of core tanagers. Numbers on the nodes

indicate Bayesian posterior probabilities and maximum-likelihood bootstrap support values (%), respectively. Numbers in front of Tangara

species correspond to the species groups of Isler & Isler (1999). ‘Tholospiza’ indicates the position of outgroup taxa. The phylogeny is

continued in Fig. 2.
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Figure 2 Bayesian phylogeny (partitioned by gene and codon position) showing relationships of core tanagers. Numbers on the nodes indicate

Bayesian posterior probabilities and maximum likelihood bootstrap support values (%), respectively. ‘Tholospiza’ indicates the position of

outgroup taxa. Numbers following the species names correspond to localities listed in Appendix S1. The phylogeny is continued in Fig. 1.
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Figure 3 Zoogeographical area reconstruction [obtained by dispersal–vicariance analysis (DIVA)] and elevational reconstruction (obtained

by DIVA and BayesTraits) for core tanagers mapped onto the Bayesian subtree shown in Fig. 1 (T., Tangara; Th., Thraupis). Areas

and elevations separated by semicolons indicate equally optimal reconstructions. Zoogeographical regions (Parker et al., 1996) are repre-

sented by two letter codes (An, Northern Andes; Ac, Central Andes; Na, Northern Amazonia; As, Southern Amazonia; At, Atlantic

Forest; Cd, Chiriquı́–Darien Highlands; Ch, Chocó Lowlands; Cs, Central South America; Ep, Equatorial Pacific Coast; Gc, Gulf Caribbean

Slope; Ns, Northern South America; La, Lesser Antilles; Pm, Pampas; Pa, Pacific Arid Slope; Pt, Patagonia; Sa, Southern Andes; Sp,

Subtropical Pacific; Te, Tepui; Un, DIVA is unable to reconstruct ancestral area). DIVA elevational reconstructions are coded as H

(highland-restricted species, 500–3050+ m), LH (species found in both highlands and lowlands, 0–3050+ m) and L (lowland-restricted

species, 0–1500 m). The BayesTraits analysis for elevational reconstruction is represented by a series of numbers separated by a slash

that indicate the posterior probability (PP · 100) of each elevational state (from the left to right: H, LH and L).

R. E. Sedano and K. J. Burns
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Averaging the results of the equally optimal reconstructions

of DIVA indicates that 51 dispersal events occurred during the

history of the core tanagers. These dispersal events were not

evenly distributed across zoogeographical regions. Even when

corrected for the number of species in a region, most regions

effectively serve as dispersal sinks, with more dispersals into

Figure 4 Zoogeographical area reconstruction [obtained by dispersal–vicariance analysis (DIVA)] and elevational reconstruction (obtained

by DIVA and BayesTraits) for core tanagers mapped onto the Bayesian subtree shown in Fig. 2. Areas and elevations separated by

semicolons indicate equally optimal reconstructions. Zoogeographical regions and elevations are coded as in Fig. 3. The BayesTraits

analysis for elevational reconstruction is represented by a series of numbers separated by a slash that indicate the posterior probability

(PP · 100) of each elevational state (from left to right: H, LH and L – with H, LH and L as in Fig. 3).
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rather than out of that region (Table 1). The two exceptions

are the Northern Andes and Central South America. Of all

zoogeographical regions, the Northern Andes shows the

greatest average number of dispersals out of the area versus

dispersals into the area (Table 1). Thus, the Northern Andes

was identified as the main source of core tanager lineages

found in other areas. Although Central South America also

showed more outward dispersals relative to inwards dispersals,

this region involved far fewer dispersals than the Northern

Andes. The Central Andes also shows a large number of

dispersal events occurring out of the region; however, more

speciation events involved dispersals into rather than out of the

Central Andes (Table 1). Many of the dispersals into the

Central Andes came from the Northern Andes. In fact, 51.2%

of all dispersals involved horizontal movement between these

montane regions. Vertical exchanges between the Andes and

lowland regions (including dispersals into as well as out of the

Andes) account for 22.6% of all dispersals. Dispersals entirely

within lowland regions account for 16.2% of the total,

dispersal between the Andes and other highland areas account

for 9.6% and the remaining 0.5% of dispersals involve

exchange between non-Andean highland areas and lowland

regions.

Reconstruction of ancestral elevations

For the character-state reconstruction of elevation, DIVA

recovered 89% of internal nodes unambiguously (Figs 3 & 4).

Of these nodes, 42% involved speciation within the highlands,

whereas 28% involved speciation within the lowlands. There-

fore, similar to the results of the ancestral reconstruction

of zoogeographical regions, most nodes did not involve a

transition between elevations. Most speciation events occur

either within the highlands or within the lowlands; however,

15% of speciation events do involve dispersal between

highland and lowland areas. Averaging across all equally

optimal reconstructions, DIVA shows 27 transitions between

highland and lowland taxa, with movements from lowland

areas to the highlands twice as common (18 dispersals) as

movements from highland areas to the lowlands (nine

dispersals).

Figure 5 Geographical distributions of

selected tanagers discussed in the text indi-

cating concordant vicariance events (a–c)

and geographical variation (d, e). The geo-

graphical distributions of Buthraupis eximia

and Buthraupis aureodorsalis (a), Iridosornis

rufivertex and Iridosornis reinhardti (b) and

Tangara heinei and Tangara argyrofenges (c)

are depicted. Panels (d) and (e) show the

geographical distributions and sampling of

Buthraupis montana (d) and Buthraupis

eximia (e). The numbers in panels (d) and

(e) correspond to sample numbers in

Appendix S1 and Fig. 2. Distributional data

are from Ridgely et al. (2007).

Table 1 Percentage of outward and inward lineage dispersals of

core tanagers for each zoogeographical region. The average per-

centage is relative to all alternative, equally optimal reconstruc-

tions obtained by dispersal–vicariance analysis (DIVA). Ten of 18

zoogeographical regions are shown; the other eight regions had an

average percentage of lineage dispersals of < 0.2%. Corrected

numbers were obtained by dividing the percentage of dispersals for

a region by the percentage of species distributed in that region.

Zoogeographical region

Un-

corrected Corrected

FunctionOut In Out In

Northern Andes 53.3 17.0 1.078 0.344 Source

Central South America 13.0 1.2 0.864 0.080 Source

Central Andes 20.9 41.5 0.589 1.170 Sink

Atlantic Forest 2.3 9.1 0.126 0.498 Sink

Northern Amazonia 6.2 7.3 0.360 0.424 Sink

Southern Amazonia 2.6 7.6 0.161 0.471 Sink

Pampas 1.0 6.0 0.133 0.797 Sink

Chocó 0.6 3.3 0.070 0.384 Sink

Chiriquı́–Darien highlands 0.2 6.1 0.023 0.709 Sink

Northern South America 0.01 1.0 0.002 0.186 Sink

R. E. Sedano and K. J. Burns

334 Journal of Biogeography 37, 325–343
ª 2009 Blackwell Publishing Ltd



Our Bayesian reconstruction of elevation is broadly con-

gruent with the DIVA reconstruction of elevation (Figs 3 & 4).

In the Bayesian analysis, 89.5% of internal nodes identify an

ancestral elevation with a PP greater than 0.50, and 37% have a

PP greater than 0.90. Overall, 71.4% of internal nodes showed

agreement in ancestral state between DIVA and the Bayesian

method (PP > 0.50); further, 36% of internal nodes were

highly congruent with higher posterior probabilities

(PP > 0.90). The only node with strong conflict between

DIVA and the Bayesian approach was the elevational recon-

struction for the most recent common ancestor of Thraupis

ornata and Thraupis palmarum, which DIVA identified as

lowland-restricted while the Bayesian reconstruction indicated

a lowland-to-highland ancestral reconstruction.

For the Bayesian method, the model with symmetric

transition rates among character states was chosen over the

two-parameter asymmetric model (LRT = 3.94; d.f. = 2;

P > 0.05). Thus, this model indicates the relative frequency

of dispersal between particular elevations, not the direction

(up or down) of that movement. Exchanges between

lowlands and highlands-to-lowlands had the highest rate

(4.0 ± 0.3), followed by exchanges between lowlands and

highlands (1.8 ± 0.1). The lowest transition rate (0.0) was

assigned for exchanges between highlands and highlands-to-

lowlands.

The Bayesian elevational reconstruction indicates that it is

unlikely that the ancestor of all core tanagers was lowland-

restricted (PP = 0.05) or widely distributed from the lowlands-

to-highlands (PP = 0.002). Instead, a highland-restricted

distribution for the ancestor was strongly supported (0.94).

This corresponds with the DIVA of zoogeographical areas,

which reconstructed the Northern Andes at early diverging

nodes.

Divergence times

Branch lengths of the Bayesian tree were converted to

linearized relative units of time using relaxed substitution

rates (Fig. 6; Sanderson, 2002). The tree for cyt b was scaled to

an arbitrary number of 10 units by fixing the node that

connected the outgroup to the ingroup. The relative ages of

diversification are units of rate substitution. The core tanager

clade began to diversify (defined here as the interval when the

oldest 15% of nodes occurred) between c. 9.17 and 6.71

relative units from the root. Species diversification rates under

a pure-birth model in the first half phase (0.62) were twice the

species diversification rate in the later phase (0.30; Fig. 6), and

a signature of a slowdown in speciation towards the more

recent history of the group (c = )4.37; P < 0.0001) was

detected, rejecting the null hypothesis of constant speciation

and extinction rates. This suggests that speciation events have

tended to occur closer to the root of the tree. Thus, either the

speciation rate has decreased towards the present or a burst of

speciation events took place at an early stage of the evolution

of this group.

DISCUSSION

Comparison with previous systematic studies

The phylogeny presented in this study shows that the core

tanagers form a previously unrecognized, well-supported clade.

This study is based on a more complete sampling than

previous studies, and shows broad agreement with character-

based phylogenies that included some core tanagers (Burns

et al., 2002, 2003; Yuri & Mindell, 2002; Burns & Naoki, 2004).

However, there are significant departures from linear classifi-

Figure 6 Ultrametric tree and lineage-

through-time plot of core tanagers compared

with the general timing of Northern Andean

orogenesis. The time-scale indicates ages of

nodes using a calibration of 2.1% uncor-

rected cyt b divergence per million years

(Weir & Schluter, 2008). A generalized rep-

resentation of the Northern Andes shows the

mountain range reaching half of its size be-

tween 4 and 7 Ma, followed by a rapid final

uplift with minimal change in the last 2 Ma.
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cations of tanagers (Storer, 1970; Isler & Isler, 1999; Remsen

et al., 2009) as well as from the topology of a tanager supertree

based on disparate sources of data (Fjeldså & Rahbek, 2006).

Below we highlight some of the main similarities, discrepan-

cies, and novel findings of this study in relationship to these

previous studies.

Generic-level monophyly and relationships

The phylogeny presented here confirms the monophyly of

some genera presented in traditional classifications of tanagers

(e.g. Storer, 1970; Sibley & Monroe, 1990). Of the 20 genera of

core tanagers, nine contain only one species. For one genus

(Diuca) we only sampled one of the two species. Of the

remaining 10 genera, six are strongly supported as monophy-

letic (Bangsia, Chlorochrysa, Iridosornis, Lophospingus, Paroa-

ria, Schistochlamys). The monophyly of the genus Anisognathus

is neither confirmed nor rejected by our trees. Species in this

genus belong to two well-supported clades, but support values

do not provide enough evidence to indicate whether these two

clades together form a monophyletic group. Three genera

(Buthraupis, Tangara and Thraupis) are clearly not monophy-

letic, and their non-monophyly is confirmed by strong

bootstrap support and posterior probabilities. Perhaps the

most significant departure from previous ideas of tanager

relationships is the phyletic positions of Thraupis and Tangara

species in our trees. Species of Thraupis are split between the

two large clades (Figs 1 & 2) making up the basal divergence of

core tanagers. Two species of Thraupis (T. bonariensis and

T. cyanocephala) are firmly placed within the large clade shown

in Fig. 2. The other six species (Fig. 1) are embedded within

the genus Tangara, rendering Tangara paraphyletic. This result

is somewhat surprising given the long accepted and well-

established status of Tangara (Sclater, 1857; Storer, 1970;

Sibley & Monroe, 1990; Burns & Naoki, 2004). Nevertheless,

because our topology is strongly supported, and because our

study is character-based and provides more complete taxon

sampling than any previous study, we recommend moving

these six species of Thraupis (proposed in 1826) to Tangara

(1760), which has nomenclatural priority. A species in both of

these genera has the same specific epithet, cyanoptera; there-

fore, the species named later must have a new designation.

Tangara cyanoptera (Swainson, 1834) post-dates Thraupis

cyanoptera (Vieillot, 1817). The earliest available junior

synonym for Tangara cyanoptera is Tangara argentea Laf-

resnaye, 1843. Thus, we recommend that Tangara cyanoptera

be referred to in the future as Tangara argentea, and Thraupis

cyanoptera be referred to as Tangara cyanoptera.

Species in the genus Buthraupis appear at three places on the

tree, confirming earlier (Penard, 1919; Moore, 1934) assertions

of morphological heterogeneity in the genus. Buthraupis

aureodorsalis and B. eximia are more closely related to the

unique green-bodied and red-billed Chlorornis riefferii than to

other species of Buthraupis. Buthraupis montana may form a

clade with these three species, but support for this is not high.

In contrast, Buthraupis wetmorei is only distantly related to the

other species of Buthraupis. This is not too surprising, because

when this species was originally described Moore (1934) placed

B. wetmorei in its own genus. The taxonomy of this part of the

tree is also complicated by the fact that the two remaining

species of Thraupis (Thraupis bonariensis and Thraupis cyano-

cephala) are not closely related to each other. Furthermore,

given that we have recommended inclusion of the type species

of Thraupis (Thraupis ornata) in Tangara, the name Thraupis is

no longer available. We think the simplest taxonomic solution

is to group all the species in the clade containing Pipraeidea,

Iridosornis, Calochaetes, Delothraupis, Dubusia, Anisognathus,

Buthraupis and Chlorornis in a single genus. Many of these

species were assigned unique generic names because their

taxonomic affinities were unknown. Uniting them under a

single generic name carries the added benefit of communicat-

ing their similar distribution (Andean) and close relationship

as identified in this study. Iridosornis is the earliest name of all

these species; therefore, we recommend that these species be

moved to Iridosornis.

Our DNA-based phylogeny also revealed relationships

among genera that are at odds with traditional linear

classifications (Storer, 1970; Isler & Isler, 1999). For example,

Chlorochrysa and Tangara are not sister taxa as suggested in

most linear sequences. Storer’s (1970) classification places

Bangsia within Buthraupis and arranges Wetmorethraupis

adjacent to Buthraupis; however, neither Bangsia nor Wetmo-

rethraupis were found to be sister to Buthraupis in our study.

Our phylogeny also revealed a well-supported clade (PP = 1.0/

BP = 74) of mountain tanagers that is not apparent in

traditional classifications. This mountain tanager clade in-

cludes Buthraupis, Anisognathus, Calochaetes, Chlorornis, Del-

othraupis, Dubusia and one Thraupis representative (Fig. 2).

These species are exclusively Andean, and all occur only at high

elevations. These species are part of a larger clade, also largely

restricted to the Andes, that includes species in the genera

Wetmorethraupis, Bangsia, Pipraeidea and Iridosornis.

Although some relationships within this clade, such as the

sister relationships of Delothraupis castaneoventris and Dubusia

taeniata, had been unambiguously recovered in previous

studies (Yuri & Mindell, 2002; Burns et al., 2003; Burns &

Naoki, 2004), other relationships were not recovered because

fewer representatives of the mountain tanager clade were

included. Another novel finding is the well-supported clade

containing Stephanophorus, Diuca, Neothraupis, Lophospingus,

Cissopis, Schistochlamys and Paroaria. Most of these species

have lowland-centred distributions and many also possess

crests on their heads, an unusual morphological feature among

tanagers. The relationships among some of these genera have

already been partially resolved because some were included in

prior studies (Burns et al., 2002, 2003; Yuri & Mindell, 2002;

Burns & Naoki, 2004; Fjeldså & Rahbek, 2006). Our study

shows that all of them to belong together in a single clade.

Species in the genera Diuca, Lophospingus and Paroaria are

considered finches, not tanagers, in many taxonomies (e.g.

Storer, 1970; Dickinson, 2003). While Sibley & Monroe (1990)

recognized Diuca and Lophospingus as tanagers, they still
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considered species of Paroaria to be finches. In this study, we

confirm the placement of all of these species among the

tanagers.

With the exception of Tangara (Burns & Naoki, 2004), few

previous studies have sampled multiple species within the

genera included in our study. In our study, many internal

nodes within Tangara showed congruence with those proposed

by Burns & Naoki (2004), but these nodes received stronger

support in the current study (Fig. 1). As reported by Burns &

Naoki (2004), the trees presented here broadly agree with the

13 species groups used to define relationships within Tangara

(Isler & Isler, 1999). The phylogeny shows congruence with

groups 1, 5, 6, 7, 8, 10, 11, 12 and 13. Tangara cyanoventris and

Tangara preciosa were sampled for the first time in this study

and fall into the species groups (groups 4 and 8, respectively)

in which they have traditionally been assigned (Isler & Isler,

1999). Species from group 4, and two species from group 3,

form a well-supported clade. However, polyphyly of species

group 3, as well as species group 9, was confirmed. Although

Burns & Naoki (2004) found Tangara cyanotis and Tangara

labradorides to be paraphyletic, our phylogenies recovered

them as a clade (0.95/59), in agreement with their previous

assignment into the same species group.

Species limits

The mtDNA tree, levels of sequence divergence and morpho-

logical variation among populations can be used to explore

evolutionary patterns within species, especially in those cases

in which total evidence (both genetic and ecological data)

provides the opportunity for testing novel evolutionarily

significant units (ESU in Crandall et al., 2000). In a conser-

vative estimate, Agapow et al. (2004) suggested that roughly

48% more species units can be expected when applying a

phylogenetic species criterion in preference to traditional

taxonomical arrangements in well-studied groups such as

birds. Furthermore, the idea that many ESUs within species

can be expected is supported by avian studies that include

numerous individuals throughout their geographical ranges.

Such ESUs are likely to exist within species in a group such as

the core tanagers, which exhibits tremendous variation in body

size, patterns of plumage coloration and distribution at

different geographical scales and elevational zones.

For birds, well-accepted species typically show levels of

intraspecific cyt b divergence below or near 1% (Ditchfield &

Burns, 1998); however, the upper bound can be as high as 4%

(Johns & Avise, 1998). In this study, we found several cases of

sequence divergences within this range between individuals of

the same species: Tangara preciosa (0%), Thraupis episcopus

(0.15%), Anisognathus notabilis (0.42%), Iridosornis porphyro-

cephala (0.46%), Paroaria gularis (0.77%), Bangsia edwardsi

(1.0%), Anisognathus igniventris (2.48%), Anisognathus lacry-

mosus (3.67%) and Anisognathus somptuosus (4.1%).

Burns & Naoki (2004) have already identified four species of

Tangara with higher levels of intraspecific sequence divergence

than expected. In this study additional species of core tanagers

also showed high levels of intraspecific divergence. Two species

of mountain tanagers in the genus Buthraupis showed

remarkably high levels of intraspecific sequence variation.

The divergence among individuals of B. montana from Bolivia

or Peru (within the geographical range of B. m. montana, B. m.

saturata, and B. m. cyanonota) and populations in Colombia

(B. m. cucullata and B. m. gigas) ranged from 7.8% to 8.5%

(Fig. 5d). However, within-region sequence divergence is

lower, ranging between 2.3% (B. m. montana, B. m. saturata,

and B. m. cyanonota) and 5.5% (B. m. cucullata and B. m.

gigas). Because restricted gene flow can be assumed among the

southern and northern populations, it would not be surprising

to find even higher levels of divergence between other

populations, for example of B. m. venezuelae, at the northern

limit of the range. A similar case was also observed in

Buthraupis eximia (Fig. 5e). Multiple individuals representing

the strictly Northern Andes species B. eximia showed one of

the highest levels of sequence divergence within core tanager

conspecifics. Two individuals, from either B. e. cyanocaliptra or

B. e. chloronota populations in Peru (Moore, 1934), showed

0.26% sequence divergence; however, when they are compared

with distant populations c. 1000 km away in the northern part

of the range in Colombia, levels of sequence divergence are

much higher. The sequence divergence between B. e. cyanoc-

aliptra and B. e. chloronota versus B. e. zimmeri populations at

the limits of the distribution in the northern end of the

Western and Central Cordillera of Colombia is 5.0–6.0%.

However, the divergence between the southern populations B.

e. cyanocaliptra and B. e. chloronota versus the northern

population B. e. eximia from the Eastern Cordillera of

Colombia is even higher, at 9.6%. These levels of mtDNA

sequence divergence, in the context of the distinctive external

morphology of B. e. eximia relative to other populations

(Moore, 1934), would suggest restricted gene flow and

independent evolutionary trajectories. These two cases of high

levels of latitudinal molecular variation, coupled with diver-

gence in external morphology (Zimmer, 1944; Ridgely &

Tudor, 1989), point to questions regarding species status and

require further study.

Patterns of diversification in the Central and Northern

Andes

The high rate of horizontal transfer of core tanager lineages

between the Central and Northern Andes has resulted in a

complex pattern of diversification. Three lines of evidence

support the idea of speciation in allopatry for core tanagers

in this region. This study has shown a concordant trend of

vicariance events splitting taxa between the Central and

Northern Andes (Buthraupis aureodorsalis–B. eximia, Irido-

sornis reinhardti–I. rufivertex, Tangara argyrofenges–T. heinei).

These events occurred near inter-Andean valleys that may act

as barriers to latitudinal dispersal of highland restricted

species. The second line of evidence is the presence of highly

divergent populations occurring along a north–south axis

within the B. montana complex of the Northern and Central
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Andes, and in the B. eximia complex of the Northern Andes.

A third line of evidence comes from trans-Andean (west of

the Andes) vicariance events identified between Tangara

nigroviridis and the most recent common ancestor of

Tangara dowii and Tangara fucosa. This pattern is congruent

with the high levels of sequence divergence identified

between coastal and eastern Andean populations of the

Northern Andean hummingbird Adelomyia melanogenys

(Chaves et al., 2007) or the antbird Thamnophilus zarumae

(Brumfield & Edwards, 2007). Other patterns of avian

diversification between the Northern and Central Andes

contrast with those observed in core tanagers. For example, a

different pattern of horizontal (latitudinal) highland diver-

sification has been identified in the Buarremon brush–finch

complex, showing the occurrence of closely related taxa in

distant locations (Cadena et al., 2007). Clearly, the biogeo-

graphical history of highland avifauna in the Neotropics is

complex and further study is needed to clarify the role of

range fragmentation in patterns of colonization between the

Central and Northern Andes.

Molecular clock and temporal framework

Given the importance of the Andes for core tanager diversi-

fication, the most relevant geological event in the history of the

group is probably the formation of the Andes Cordillera.

Therefore, assuming a molecular clock, we investigated

whether dates of taxa diversification pre-date, coincide or

post-date the Andean uplift. A variety of evidence supports a

south-to-north progression of Andean cordillera uplift; thus,

the complete orogeny of the Southern Andes pre-dates the

uplift of the Central and Northern part of the ranges (Doan,

2003). Further, the Central Andes completed its final uplift

earlier than the Northern Andes. After rising slowly for

millions of years, the Central Andes underwent a final, rapid

uplift between 10 and 6 million years ago (Ma) (Garzione

et al., 2008). In the Northern Andes, the final uplift of the

Eastern Cordillera of Colombia to its present-day elevation

took place sometime between c. 3 and 6 Ma (see Hooghiem-

stra & Van der Hammen, 1998); however, the main uplift

(c. 1500 m) took place earlier, between 4 and 7 Ma (Hoog-

hiemstra & Van der Hammen, 2004). Overall, palaeobotanical

data imply a rapid uplift of the Eastern Cordillera in Colombia

between 2 and 5 Ma, with minimal changes in elevation since

(Gregory-Wodzicki, 2000). The Eastern Cordillera in Colom-

bia and Ecuador (Cordillera Real) probably existed as a

topographic barrier prior to 9 Ma (Hooghiemstra & Van der

Hammen, 1998, 2004; Gregory-Wodzicki, 2000; Garzione

et al., 2008). However, Ecuadorian Andean orogenesis had

been associated with exhumation (probably uplift) between 3.3

and 5.5 Ma (Spikings & Crowhurst, 2004).

Assuming the generalized 2.1% nucleotide substitution rate

Myr)1 for cyt b (Weir & Schluter, 2008), core tanager

diversification began around 6.2 Ma using uncorrected patris-

tic distances (maximum interspecific divergence = 13.1%).

Using beast and a corrected strict molecular clock, this

diversification dates to a roughly similar age of between 4.1

and 5 Ma (95% confidence interval). Thus, assuming a

molecular clock, the beginning of core tanager diversification

post-dates the main uplift of the Central Andes and only

coincides with the final Central Andean uplift. Instead, the

beginning of core tanager diversification shows a striking

correspondence with the main uplift of the Northern Andes

(Fig. 6). A variety of factors related to the uplift, such as

habitat changes, climatic cycles and tectonic activity, could

have provided opportunities for isolation and subsequent

speciation. Regardless of the exact limits of this timeframe, the

signature of a slowing in speciation rates towards the present

supports the idea of a main burst in core tanager diversifica-

tion early in the evolution of the group, coinciding with the

northern Andean uplift. However, if the slowing speciation

rates of a large clade like the core tanagers did not result from

ascertainment bias (Phillimore & Price, 2008) or from the

systematic error native to one-rate Yule model of constant

speciation probability, then the decrease in speciation rates

probably post-dates the main uplift of the Central and the

Northern Andes (Fig. 6).

Late Pleistocene glacial cycles have been hypothesized to be

an important mechanism for generating current levels of

species diversity in the Neotropics (Haffer, 1974). However,

only a few lineages of core tanagers diversified within the last

800,000 years, when Pleistocene glacial cycles were extreme.

These include the clade containing Tangara cayana, Tangara

vitriolina and Tangara cucullata, the split between T. argyrof-

enges and T. heinei, and the split between Bangsia edwardsi and

Bangsia aureocincta. If the timing of climatic cycling affecting

speciation is expanded to include dates earlier in the Cenozoic

(Haffer, 1997), speciation of other core tanagers may have been

influenced as well.

Many species of core tanagers are found in Central America,

in both highland (the Chiriquı́–Darién Highlands) and

lowland (Gulf–Caribbean Slope) zoogeographical regions.

Our phylogeny shows that core tanagers distributed in these

regions originated from taxa that are South American in

origin. Thus, we investigated whether the timing of the final

closure of the Isthmus of Panama (i.e. c. 3.5–2.5 Ma, Coates &

Obando, 1996) is related to the distribution of these species.

On average, sequence divergence values indicate that the

timing of dispersal events in these areas occurred c. 2.9 Ma.

Thus, it is likely that the movement of core tanagers into

Central America was facilitated by the completion of the

isthmus. However, there is variation in these dates among

different speciation events (range 4.3–1.9 Ma), indicating that

the completion of the land bridge may have influenced some

of these dispersal events more than others. Because birds are

volant taxa, the role of land bridge formation in bird

diversification has not always been appreciated. However,

the results of this study and other recent studies (Barker, 2007;

DaCosta & Klicka, 2008; Burns & Racicot, 2009) indicate that

isthmus formation could be as significant in the evolutionary

history of birds as it was in the well-known interchange of

mammals in this region.
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General biogeographical implications

This study provides a broad biogeographical analysis, incor-

porating elevation as a likely influential factor on avian

diversification in the Neotropical region (Graves, 1988). The

Andes is a topographic barrier that has had multiple effects on

the diversification of core tanagers. However, sister species of

core tanagers do not occupy zoogeographical regions on either

side of the Andes; thus, the long-standing idea of the Andes

acting as a barrier that caused vicariant speciation between the

lowlands on either side of the range is not supported for this

group. The biogeographical reconstruction presented for core

tanagers suggests that, on average, most zoogeographical

regions have been acting as areas of inward dispersal during

the timeframe of core tanager diversification. Only the

Northern Andes and Central South America show higher

frequencies of outward lineage dispersal relative to inward

dispersal, and can be interpreted as source areas. In particular,

this study identifies a clear directionality of dispersal from the

Northern Andes to other areas, in particular the Central Andes.

Thus, our findings agree with the general idea of the Northern

Andes serving as a species pump (Fjeldså & Rahbek, 2006) for

this group of tanagers. However, the Andes as a whole cannot

be characterized as a species pump because most dispersal

events out of the Northern Andes involve the Central Andes

and not lowland areas of South America. Thus, dispersal

between contiguous Andean regions is higher than dispersal

between montane highland regions and lowland regions, even

though most dispersals occur out of the Northern Andes. This

suggests that both latitudinal as well as elevational lineage-

dispersal parameters are fundamental to building a realistic

model of avian diversification in the tropical Andes. Although

a highland, Northern Andean ancestor was identified, DIVA

showed more transitions from lowlands to highlands. Most of

these dispersals into higher elevations occur late in the

phylogeny, well after a few key dispersal events out of the

Andes. This implies a more complex pattern of interaction

between highlands and lowlands (Lynch, 1986; Burns & Naoki,

2004; McGuire et al., 2007) than may be currently appreciated.

Despite differences in the way DIVA and the Bayesian analyses

reconstruct ancestral elevations, the results of these two methods

were highly congruent. Methodologically, DIVA and Bayesian

methods differ in two important aspects: first, DIVA allows for

an ancestral reconstruction of one or two elevational areas,

whereas the Bayesian method can optimize three elevational

states; secondly, the Bayesian analysis explicitly accounts for

branch lengths while DIVA assumes short and equal branch

lengths. The level of congruence implies that the core tanager

ancestral reconstruction is robust to choice of models.

Overall, the biogeographical history of core tanagers

supports Chapman’s (1917, 1926) most general ideas: (1) the

important role of the Andes in bird diversification; and (2) the

interplay of dispersal transitions between the lowlands and

highlands for some avian lineages. However, the biogeograph-

ical reconstruction does not support many other ideas

proposed by Chapman (1917, 1926). For example, although

Central/Meso America has been shown to be the source of

several non-tanager avian lineages (Barker, 2007; Cadena et al.,

2007; DaCosta & Klicka, 2008; Weir et al., 2008), the highlands

in this region were not the source for any of the Andean core

tanagers as was suggested in a general sense by Chapman

(1917, 1926; see also for review Brumfield & Caparella, 1996;

and Brumfield & Edwards, 2007). In contrast, several species

(Bangsia arcei, Tangara florida and Tangara icterocephala,

Tangara nigroviridis and the most recent common ancestor of

Tangara dowii–Tangara fucosa) showed the opposite pattern of

having a north-western South American origination and

diversification into Central American forests.

Most Andean tanagers in this study were derived from other

Andean tanagers. However, Chapman (1917, 1926) suggested a

generalized pattern for all north-western South American avian

species, implying that the majority of core tanagers in the

subtropical Andes are derived from the contiguous cis-lowlands.

Although the higher transition rates from the lowlands support

Chapman’s ideas of a lowland front of colonization towards the

Andes, the ancestral reconstruction indicates: (1) a highland

restricted ancestor for all core tanagers; (2) most speciation

events have occurred within the highlands or within the

lowlands; and (3) that dispersal in either direction between

lowlands and highlands has been infrequent.

In addition, the biogeographical reconstruction does not

support the Tepuis as a probable source for core tanagers

(Chapman, 1917). The ingroup includes six species that occupy

the Tepui region as part of their ranges; however, dispersal into

the Tepuis can be inferred for at least three cases (Pipraeidea

melanonota, Tangara cyanoptera, Thraupis palmarum). Although

the possibility is not excluded, no unambiguous dispersal

event was inferred dispersing out from the Tepui region. In fact,

only c. 11% of species recorded by Chapman (1917) as typical

species in the subtropical zone of the eastern Andes of Colombia

are also represented in the Tepui region (Mayr & Phelps, 1967).

Overall, our biogeographical reconstruction agrees with Mayr &

Phelps (1967) that the Northern Andes are one of the sources for

species in the Tepui region.

Through the use of phylogenies incorporating a temporal

framework, classic hypotheses about the biogeography of the

region can now be tested. In this study we provided a

phylogeny for one of the most prominent bird lineages in the

region and show the importance of the Northern Andes in

generating patterns of diversity in this group. This diversity

was generated not only by vicariance events within the Andes

itself, but was also facilitated by dispersal (potentially followed

by vicariance) out of the Andes into other regions of the

Neotropics. In the future, finer-scale, intraspecific analyses and

the study of niche suitability (Kozak & Wiens, 2006) among

related core tanager species could further inform our under-

standing of speciation processes in this region.
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M.A. (2008) Phylogeography of a morphologically diverse

Neotropical montane species, the common bush-tanager

(Chlorospingus ophthalmicus). Molecular Phylogenetics and

Evolution, 47, 650–664.

Wiens, J.J. & Donoghue, M.J. (2004) Historical biogeography,

ecology and species richness. Trends in Ecology and Evolu-

tion, 19, 639–644.

Yesson, C. & Culham, A. (2006) Phyloclimatic modeling:

combining phylogenetics and bioclimatic modeling. Sys-

tematic Biology, 55, 785–802.

Yule, G.U. (1924) A mathematical theory of evolution, based

on the conclusions of Dr. J. C. Willis, F. R. S. Philosophical

Transactions of the Royal Society of London Series B, Biolog-

ical Sciences, 213, 21–87.

Yuri, T. & Mindell, D.P. (2002) Molecular phylogenetics

analysis of Fringillidae, New World nine-primaried oscines

(Aves: Passeriformes). Molecular Phylogenetics and Evolu-

tion, 23, 229–243.

Zimmer, J.T. (1944) The genera Iridosornis, Delothraupis,

Anisognathus, Buthraupis, Compsocoma, Dubusia and

Thraupis. American Museum Novitates, 48, 1–21.

Zwickl, D.J. (2006) Genetic algorithm approaches for the phy-

logenetic analysis of large biological sequences datasets under

the maximum likelihood criterion. PhD Thesis, University of

Texas, Austin, TX.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 GenBank numbers, voucher numbers and

locality information of species included in this study.

As a service to our authors and readers, this journal provides

supporting information supplied by the authors. Such mate-

rials are peer-reviewed and may be reorganized for online

delivery, but are not copy-edited or typeset. Technical support

issues arising from supporting information (other than

missing files) should be addressed to the authors.

BIOSKETCHES

Raul E. Sedano is working on his PhD at UCLA’s Center for

Tropical Research. His research interests include the evolution,

systematics and conservation of Neotropical birds.

Kevin J. Burns is a biology professor at San Diego State

University where he studies the systematics and population

genetics of birds. Members of his lab use phylogenies and

analyses of population history to study morphology, behav-

iour, ecology and biogeography.

Editor: Brett Riddle

Tanager biogeography

Journal of Biogeography 37, 325–343 343
ª 2009 Blackwell Publishing Ltd


