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Abstract

Here we apply a combination of phylogeographic and historical demographic analyses to the study of mtDNA sequence varia-
tion within the Blue-crowned Manakin (Lepidothrix coronata), a widespread Neotropical bird. A high degree of phylogeographic
structure allowed us to demonstrate that several vicariant events, including Andean uplift, the formation of riverine barriers, and cli-
matically induced vegetational shifts, as well as a non-vicariant process, range expansion, have all acted, at varying spatial and tem-
poral scales, to inXuence genetic structure within L. coronata, suggesting that current historical hypotheses of the origin of
Neotropical avian diversity that focus on single vicariant mechanisms may be overly simplistic. Our data also support an origin
(>2 mybp) that is substantially older than the late Pleistocene for the genetic structure within this species and indicate that phylogeo-
graphic patterns within the species are not concordant with plumage-based subspeciWc taxonomy. These data add to a growing body
of evidence suggesting that the origin of several Neotropical avian species may have occurred in the mid-Pliocene, thus, geological
arguments surrounding putative Pleistocene vicariant events, while interesting in their own right, may have little relevance to Neo-
tropical avian diversiWcation at the species level.
  2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Neotropical rainforests of Central and South
America harbor the highest level of avian biodiversity in
the world (HaVer, 1990), and the processes that have
promoted this high degree of diversiWcation have
intrigued evolutionary biologists for over a century
(Chapman, 1917, 1926; Moritz et al., 2000; Wallace,
1889). Historically, these questions have been
approached from a biogeographic perspective, and this
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work has led to the formulation of a number of hypothe-
ses that attribute Neotropical avian diversity to histori-
cal factors (but see Endler, 1982). These historical
hypotheses generally evoke vicariant mechanisms, such
as Andean uplift (Chapman, 1917), Pleistocene forest
refugia (HaVer, 1969), riverine barriers (Sick, 1967), and
marine transgressions (Nores, 1999) (reviewed in HaVer,
1997). These hypotheses have undoubtedly been inXuen-
tial in stimulating evolutionary studies in the region, but
their explanatory power is limited because they are
based almost entirely on distribution data of morpho-
logically distinct taxa, which is problematic for two rea-
sons. First, distribution data do not incorporate the
phylogenetic component of the distributions of taxa
(Brooks and van Veller, 2003), which is often of the
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greatest interest in evolutionary studies; and second,
recent genetic surveys have shown that morphologically
deWned taxa may misrepresent patterns of genetic diver-
sity in Neotropical birds (Marks et al., 2002; Moritz et
al., 2000; Zink, 2004). These problems can be overcome
by utilizing a phylogeographic approach (Avise, 2000),
but such studies of Neotropical birds are few (but see
Aleixo, 2004; Bates et al., 2003; BrumWeld and Cappa-
rella, 1996; BrumWeld et al., 2001; Marks et al., 2002).

Classic phylogeographic approaches generally
involve overlying a phylogeny onto geography (sam-
pling sites) and then examining the degree of congruence
between clade distributions and ecogeographic barriers.
Although informative, this approach alone cannot be
used to distinguish among historical events and contem-
porary processes because identical phylogeographic pat-
terns may be produced by unrelated processes (HoVman
and Blouin, 2004; Templeton et al., 1995). Analytical
advances have led to the development of methodologies
for inferring the causes of divergence among taxa and
reconstructing the recent demographic history of popu-
lations. Nested clade phylogeographical analysis
(NCPA—Templeton, 2004) uses a parsimony-based
haplotype network to deWne a series of nested sets
(clades) following the nesting rules of Templeton et al.
(1987); Templeton et al. (1992), and Clement et al.
(2000). This nesting design is then combined with haplo-
type sampling locations, and permutation analyses are
used to statistically test for phylogeographic associa-
tions. Once signiWcant phylogeographic structure is
detected, NCPA uses the geographical distances within
and among nested clades to make inferences about the
causal mechanisms of the observed statistically signiW-
cant phylogeographic associations. With adequate geo-
graphic and genetic sampling, NCPA can be used to
begin to discriminate among associations that are due to
recurring but restricted gene Xow and those that are due
to historical events such as past fragmentation, coloniza-
tion, or range expansion (Durand et al., 1999; Temple-
ton, 1998, 2004). Phylogeographic inferences can be
corroborated by estimates of historical demography;
several techniques have been developed to statistically
test for historical changes in population size (reviewed in
Fu, 1997). The application of NCPA and historical
demographic analyses, in conjunction with classical phy-
logeography, allows for the reconstruction of the evolu-
tionary histories of taxa in unprecedented detail
(HoVman and Blouin, 2004). As a result, evolutionary
biologists are now in a position to reevaluate their
understanding of Neotropical avian evolution in light of
these theoretical and analytical advances.

1.1. Study taxon

The Blue-crowned Manakin (Lepidothrix coronata) is
a widespread Neotropical passerine, occurring through-
out much of western Amazonia, the Chocó region of
western Colombia and Ecuador, and southern Central
America. It is a relatively common frugivore, restricted
to the understory of mature unXooded terra Wrme forest
(Ridgley and Tudor, 1994). L. coronata exhibits a sub-
stantial amount of geographic variation in male plum-
age across its range. The eight described subspecies can
be divided into two subspecies groups, the coronata sub-
species group (coronata, carbonata, caquetae, minuscula,
and velutina) with males of predominately black plum-
age and the exquisita subspecies group (exquisita, caeles-
tipileata, and regalis) with males of predominately green
plumage (Traylor, 1979). Subspecies of the coronata
group occur in Central America (Costa Rica and Pan-
ama), west of the Andes in Colombia and northwestern
Ecuador, and east of the Andes in western Amazonia as
far south as the northwestern portion of the department
of Cuzco in Peru and as far east as central Venezuela.
Subspecies of the exquisita group occur in central Peru,
south to north-central Bolivia and as far east as south-
western Amazonas, Brazil. Throughout much of Amazo-
nia the black form occurs in the northern portion of the
range and is replaced to the south by the green form. A
zone of intergradation between the two forms occurs in
east-central Peru and western Brazil (HaVer, 1970).

The Blue-crowned Manakin has Wgured promi-
nently in the development of two Neotropical histori-
cal hypotheses. Plumage variation within the species
was instrumental in the early development of the refu-
gia hypothesis (HaVer, 1970, 1974). The zone of inter-
gradation between the black and green plumaged
subspecies groups in east-central Peru and western Bra-
zil has been hypothesized to be a suture zone and most
consistent with the refugia hypothesis because it
appears to occur in continuous forest away from any
contemporary barrier (HaVer, 1970, 1974). Capparella
(1988, 1991), however, demonstrated substantial
genetic structure among morphologically identical
populations on opposite sides of the Amazon and
Napo rivers, a result consistent with the riverine barrier
hypothesis (Moritz et al., 2000; Sick, 1967). Its wide-
spread range, high degree of geographic variation,
restriction to understory of terra Wrme forest, and his-
torical relevance make L. coronata an ideal candidate
for a study of this nature.

We examined mtDNA sequence variation within the
Blue-crowned Manakin to address several questions
regarding the genetic structure and evolutionary history
of the species. First, does phylogeographic structure cor-
respond to subspeciWc taxonomy; that is, do patterns of
plumage variation accurately reXect patterns of genetic
diversity within the species? Second, what proportion of
the genetic breaks within the species correspond to con-
temporary ecogeographic barriers, and do these barriers
represent primary or secondary barriers to gene Xow?
Here we deWne a primary barrier as a barrier that was
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the cause of divergence between clades. A secondary bar-
rier is deWned as a barrier that limits the current distribu-
tions of two clades, but was not the initial cause of their
divergence. And Wnally, if genetic population structure
occurs in the absence of a barrier, are phylogeographic
and historical demographic patterns consistent with any
previously proposed hypothesis of the origin of Neo-
tropical biodiversity?

2. Materials and methods

2.1. Taxon sampling

Sixty-four individuals from 29 collecting localities
within the range of L. coronata were sampled (Appendix
A and Fig. 1). Sample sites were chosen to maximize the
geographic scope of the sampling design. One to six indi-
viduals from each site were sampled (Appendix A). All
tissue samples used in this study were obtained on loan
from the following institutions (alphabetical by institu-
tion): Academy of Natural Sciences—Philadelphia
(ANSP), American Museum of Natural History
(AMNH), Field Museum of Natural History (FMNH),
Kansas University Museum of Natural History
(KUMNH), and Louisiana State University Museum of
Natural Science (LSUMNS). Recent studies of mtDNA
sequence variation has placed a clade composed of L.
coeruleocapilla, L. isidorei, L. nattereri, and L. iris as sis-
ter to L. coronata (Hackett unpubl. data). Thus, one
individual of both L. coeruleocapilla and L. iris, along
with one individual of the more distantly related L.
serena, were included as outgroups.

2.2. AmpliWcation and sequencing

Total genomic DNA was extracted from approxi-
mately 10 mg of muscle tissue using a QIAamp DNA
extraction kit (Qiagen). Fragments of the mitochondrial
cytochrome b and ND2 genes and the entire mitochon-
drial ND3 gene were ampliWed via polymerase chain
reaction (PCR) using published mtDNA primers [cyto-
chrome b, L14841, and H16065 (Kocher et al., 1989);
ND2, H5578, and L5215 (Hackett, 1996); ND3, H11151,
and L10755 (Chesser, 1999)]. All ampliWcation reactions
were performed in 50�l volumes using an MJ Research
Model PTC-200 Peltier thermal cycler under the follow-
ing conditions: (1) an initial denaturing step at 94 °C for
7 min; (2) 35 cycles of the following: 1 min at 92 °C, 1 min
at 50 °C, and 1 min at 72 °C; and (3) a 7 min extension
step at 72 °C. Following PCR, correct fragment size and
the presence of a single ampliWcation product was con-
Wrmed via electrophoresis run on an agarose gel. Ampli-
Wed mtDNA was puriWed using a Geneclean II kit (Bio
101). Cleaned double-stranded PCR product was cycle-
sequenced with dye terminators (ABI Big Dye Termina-
tor Cycle Sequencing Kit with AmpliTaq DNA Polymer-
ase, FS; Applied Biosystems) and the aforementioned
primers for 25 cycles under the following conditions:
96 °C for 10 s, 50 °C for 15 s, and 60 °C for 4 min. Follow-
ing ethanol precipitation, sequencing products were
resuspended in Template Suppression Reagent (Applied
Fig. 1. Distributions of haplotype clades and collection localities for tissue samples. Site numbers correspond to Appendix A.
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Biosystems) and visualized using an ABI Prism 310 auto-
mated sequencer (PE Applied Biosystems).

2.3. Data exploration

DNA sequences from both strands were aligned using
the computer program Sequencher 4.1 (Gene Codes
Corporation). Aligned sequences were compared and
any diVerences between them were resolved by eye. Sev-
eral precautions were taken to ensure that sequences
were mitochondrial in origin. All electropherograms
were closely examined for the presence of double peaks
in both strands. Sequences were aligned with Gallus gal-
lus domesticus (chicken) mitochondrial sequence (Des-
jardins and Morais, 1990), allowing protein-coding
regions to be translated to amino acid sequence and
examined for the presence of insertions, deletions, and
stop codons that would render protein-coding regions
non-functional. All sequences were expected to exhibit
substitution patterns typical of mitochondrial genes (i.e.,
have high transition to transversion ratios). Partition-
homogeneity tests were performed to ensure similar phy-
logenetic signal among all three gene fragments. Finally,
genetic distance matrices were examined for any obvi-
ously diVerent sequences. Similar measures have been
used to check for the presence of nuclear pseudogenes in
other avian molecular phylogenetic studies (e.g. Aleixo,
2002; Bates et al., 1999; Marks et al., 2002; Sorenson and
Quinn, 1998).

Four partition-homogeneity tests were performed to
assess congruence among data partitions. Each of these
tests was performed using 100 replicates and only parsi-
mony informative sites. First, three pair-wise compari-
sons of the protein-coding regions of each gene were
performed. Second, all three codon positions of protein-
coding regions were compared to test for evidence of sat-
uration at the third codon position. Because there was no
signiWcant diVerence in phylogenetic signal among the
individual genes, all fragments were analyzed together as
a combined data set in all subsequent analyses.

2.4. Phylogenetic analyses

Phylogenetic analysis of DNA sequence data was per-
formed using maximum-parsimony (MP) and maximum
likelihood (ML) methods with the computer program
PAUP*4.0b10 (SwoVord, 1999) and Bayesian methods
using the program MrBayes 3.0b4 (Hulsenbeck and
Ronquist, 2001). Lepidothrix iris, L. coeruleocapilla, and
L. serena were designated as outgroups in all phyloge-
netic analyses. Due to limits in computational time, phy-
logenetic analyses were performed using only unique
haplotypes (52 unique L. coronata haplotypes were
recovered).

Maximum parsimony analysis was performed using
the “heuristic search” procedure with the following
options: TBR branch-swapping with 1 random taxon
addition replicate. Support for nodes in the parsimony
tree was assessed using 1000 bootstrap iterations. Maxi-
mum likelihood and Bayesian analyses were also used to
reconstruct the phylogeny of L. coronata haplotype lin-
eages. ModelTest (Posada and Crandall, 1998) was used
to perform a hierarchical likelihood ratio test to select
the model of molecular evolution for maximum likeli-
hood analysis. An HKY + G model of evolution (Hase-
gawa et al., 1985) was selected as best Wt
(¡lnL D 3704.0405) with the following parameters:
unequal base frequencies (A D  0.2966, C D 0.2835,
G D 0.1264, and T D 0.2935), transition/transversion
ratio D 3.9928, and variable sites following a � distribu-
tion (�D 0.2694). Support for nodes in the likelihood tree
was assessed using 100 bootstrap iterations.

Bayesian analysis was performed using the computer
program MrBayes 3.0b4 (Hulsenbeck and Ronquist,
2001) assuming an HKY + G model of evolution [all
parameters (unequal base frequencies, variable ti/tv
ratio, and variable sites following a Gamma distribu-
tion) were estimated using MrBayes]. Four Markov
chains were run simultaneously for 600,000 generations
with one tree being sampled every 10 generations. The
Markov chain required roughly 20,000 generations to
reach convergent and stable likelihood values. Thus,
trees sampled prior to 20,000 generations were dis-
carded. The remaining 58,000 trees were used to con-
struct a strict consensus tree in PAUP. Support for
nodes in the Bayesian tree was assessed using posterior
probabilities.

2.5. Estimating divergence times

A molecular clock was forced on the ML topology
and the likelihood scores of the two topologies (with
clock enforced and without) were compared using a �2

test (df D # haplotypes ¡ 2 D 53). Since the two topolo-
gies did not diVer signiWcantly (�2 D 46.1, P > 0.5), it was
assumed that all lineages evolved in a clock-like manner.
We corrected for ancestral polymorphism within lin-
eages following Edwards (1997) and Zheng et al. (2003).
Divergence times were calculated by applying a calibra-
tion of 0.008 substitutions per site per lineage per million
years to corrected divergence values. This rate corre-
sponds to an estimate of 1.6% sequence divergence per
million years, a divergence rate that is based on cyto-
chrome b sequence variation in Hawaiian honeycreepers
(Aves: Drepanidinae) and potassium–argon estimates of
ages of the Hawaiian islands (Fleischer et al., 1998).

2.6. Nested clade phylogeographical analysis

The probability of a parsimonious relationship
among haplotypes was calculated using the computer
program TCS 1.13 (Clement et al., 2000) which imple-
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ments the procedures described by Templeton et al.
(1992). Haplotypes diVering by up to 14 mutational steps
had >95% probability of being connected parsimoni-
ously and TCS was used to construct minimum span-
ning networks for these haplotypes. These networks
were then used to deWne a nesting scheme following the
nesting rules described by Templeton et al. (1987) and
Templeton and Sing (1993). GeoDis 2.0 (Posada et al.,
2000) was used to calculate clade distance (Dc), nested
clade distance (Dn), and comparisons of these measures
among interior and tip clades using the nesting scheme
deWned using TCS, by Wrst deWning the geographic cen-
ter of each clade resolved at each hierarchical level. Sec-
ond, distance between individuals and clade center was
calculated using great circle distances (km). Compari-
sons of these measures were calculated using 1000 ran-
dom permutations of clades and/or haplotypes against
sampling locality to statistically test the null hypothesis
of no geographic association among haplotypes or
clades at each nesting level. SigniWcantly (�D 0.05) large
or small clade distances or interior-tip contrasts imply
geographic association. The inference key given by Tem-
pleton (2004) was used to infer the process (restricted
but recurring gene Xow, isolation by distance, allopatric
fragmentation, contiguous range expansion, or long-dis-
tance colonization) most consistent with the observed
statistically signiWcant pattern at those nesting levels.

Several authors have questioned the accuracy of the
inferences made by NCPA (Knowles and Maddison,
2002; Masta et al., 2003). Templeton (2004) has recently
addressed these criticisms by analyzing empirical data
sets with strong a priori expectations using a revised
inference key. For the process of allopatric fragmenta-
tion, NCPA recovered the expected pattern in 61 of 66
cases (92.4%). Of the Wve “incorrect” inferences, four
failed to detect an expected fragmentation event,
whereas an unexpected fragmentation event (false posi-
tive) was inferred only once. For range expansion,
NCPA recovered the expected pattern in 57 of 85 cases
(67%). Again, the majority of “incorrect” inferences
(75%) resulted from a failure to detect the expected pat-
tern rather than the inference of an unexpected pattern
(false positive). Note that failure to detect an expected
pattern can be the result of inadequate sampling; thus,
this type of error is conservative. The low frequency of
detected false positives for allopatric fragmentation
(1.5%) and range expansion (8.2%) is a considerable
improvement over an earlier version of the inference key
which recovered false positives for allopatric fragmenta-
tion and range expansion in 8 of 66 cases (12.1%) and in
17 of 85 cases (20%), respectively. These results suggest
that inferences of these processes using the revised infer-
ence key (Templeton, 2004) are robust. Templeton
(2004) concludes that the high rate of false positives sug-
gested by Knowles and Maddison (2002) and Masta et
al. (2003) for NCPA is due to the combined eVects of
two factors: (1) problems associated with the simulated
data sets used to test the accuracy of NCPA and (2)
problems with the older version of the inference key. The
latter has been addressed by alterations to the most
recent version. Despite the controversy surrounding the
analysis, NCPA has recently been applied to the exami-
nation of phylogeographic structure in a wide range of
invertebrate (e.g., de Brito et al., 2002; Masta et al., 2003;
Wilke and Pfenniger, 2002) and vertebrate (e.g., Bernat-
chez, 2001; Durand et al., 1999; HoVman and Blouin,
2004; Nesbo et al., 1999; Pavlova et al., 2003; Sgariglia
and Burns, 2003; Templeton et al., 1995) taxa in both ter-
restrial and aquatic systems.

2.7. Historical demographic analyses

Demographic expansion was inferred by calculating
Fu’s Fs and Romis-Onsins and Rozas (2002) R2 using
DnaSp 3.53 (Rozas and Rozas, 1999). When calculating
these statistics, populations were deWned as major haplo-
type clades recovered in the phylogenetic analyses. SigniW-

cance was determined based on 1000 coalescent
simulations under a model of constant population size
using empirical sample sizes and estimates of �(D4Ne�).
Mismatch distributions (Rogers, 1995) were also calcu-
lated to compare the demographic histories of L. coronata
populations. Again, populations were deWned as the major
haplotype lineages resolved in the phylogenetic analyses.
The frequency of pairs of randomly chosen individuals
diVering by a given number of nucleotide substitutions
and expected frequencies under a model of rapid demo-
graphic expansion were calculated using DnaSp. These
expected frequencies were then overlayed onto the
observed frequencies. Smooth Poisson mismatch distribu-
tions are characteristic of rapid demographic expansion.
Harpending’s (1994) raggedness index was used to mea-
sure the smoothness of the observed distributions and sig-
niWcance of raggedness indices was calculated using 1000
coalescent simulations with empirical estimates of � and
�. We did not attempt to infer demographic expansion for
deeper nodes because doing so would have required com-
bining divergent lineages into larger clades, confounding
these inferences of historical demography.

2.8. Nucleotide diversity

Levels of nucleotide diversity (�) were calculated
within each collecting locality where more than one indi-
vidual was sampled as well as within major haplotype
clades (for the purpose of calculating divergence times).
� was calculated using standard equations (Nei, 1987) in
Arlequin 2.0 (Schneider et al., 2000). High levels of
nucleotide diversity are often indicative of population
ancestry (Hewitt, 1996, 2000; Zink et al., 2000). Thus,
populations with high levels of nucleotide diversity were
inferred to be older than less diverse populations.
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3. Results

3.1. Informative variation

A total of 1067 bp was sequenced for 61 L. coronata
individuals and three outgroup taxa. Four tissue samples
(ANSP 2490, ANSP 1408, ANSP 2140, and ANSP 5859)
were badly decomposed making it impossible to obtain
sequence data for the cytochrome b fragment. A total of
760 bp of the mitochondrial ND2 and ND3 genes were
sequenced for these four individuals. All sequence data
have been deposited in GenBank (Accession Nos.
AY882069–AY882265).

For the ND2 fragment, 79 of 362 (21.8%) sites were
variable. Of these variable sites, 47 (59.4%) were parsi-
mony informative. As is typical of protein-coding genes,
the vast majority (69.2%) of variable sites and 80.8% of
parsimony informative sites occurred at the third codon
position. Of the 398 bp of ND3 sequenced, 68 (17.1%)
sites were variable, with 38 (55.9%) variable sites being
parsimony informative. Sixty-seven percent of the vari-
able sites and 71% of the parsimony informative sites
occurred at the third codon position. For the cyto-
chrome b fragment, 81 of 307 (26.4%) sites were variable.
Of the 81 variable sites, 44 (54.3%) were parsimony
informative. Again, the vast majority (71.6%) of variable
sites and parsimony informative sites (93.2%) occurred
at the third codon position. All three gene fragments
exhibited base compositional biases typical of avian
mitochondrial genes (Joseph et al., 2002) with each frag-
ment being deWcient in guanine (ND2—12.0%, ND3—
12.1%, and cytochrome b—15.3%), especially at the third
codon position (ND2—6.5%, ND3—1.5%, and cyto-
chrome b—3.5%).

Levels of sequence divergence (uncorrected P)
among L. coronata haplotypes ranged from 0 to 5.53%.
Within major lineages, mean sequence divergence val-
ues were less than 1%, ranging from 0.43 to 0.86%.
Among lineages, mean sequence divergence values
ranged from 1.45% (Napo/Marañon populations
versus north Amazon populations) to 4.25% (cis-
Andean populations versus trans-Andean populations)
(Table 1).

There was no signiWcant diVerence in phylogenetic
signal among codon positions across all protein-cod-
ing partitions (P D 0.18), suggesting that the third
codon position has not become saturated. Further-
more, the maximum percent sequence divergence value
is 5.53%, well below the level (»10%) at which satura-
tion at the third codon position generally becomes a
problem. Partition-homogeneity tests failed to reject
the null hypothesis of homogeneous phylogenetic sig-
nal in all pair-wise comparisons of protein-coding par-
titions (ND2 versus ND3, P D 0.29; ND2 versus
cytochrome b, P D 0.39; ND3 versus cytochrome b,
P D  0.80).
3.2. Maximum parsimony analysis

Parsimony analysis resulted in 38 most parsimonious
trees (length D 378, CI D 0.7037, RI D 0.8848; one of
these, with bootstrap values derived from the 50%
majority rule consensus, is shown in the supplemental
material). The monophyly of L. coronata lineages was
well supported with 91% bootstrap support and the
analysis also recovered six major haplotype clades
(trans-Andean, Venezuela, North Amazon, Napo-Mara-
ñon, Central Peru, and South Peru/Bolivia) all of which
were well supported with 89–100% bootstrap support.
The trans-Andean (west of Andes including Central
America) clade was placed basally with 91% bootstrap
support. Among the cis-Andean (east of the Andes)
clades, the Venezuela clade was basal with 75% boot-
strap support. A North Amazonia clade consisting of
populations north of the Amazon and Marañon rivers
was sister to a South Amazonia clade consisting of pop-
ulations south of these rivers with 95% bootstrap sup-
port. Both of these clades were well supported with 96
and 100% bootstrap support, respectively. The North
Amazonia clade was divided into two sister clades, one
bounded by the Napo and Marañon rivers (the Napo/
Marañon clade—90% bootstrap support) and the other
consisting of Peruvian populations north of the Amazon
River (the North Amazon clade—98% bootstrap sup-
port). The South Amazonia clade was also divided into
two sister clades. One was a Central Peru clade consist-
ing of populations from the south bank of the Amazon

Table 1
Mean and range of percentage of sequence divergence within and
among L. coronata lineages

Lineages correspond to Fig. 2 and text.

Comparison Uncorrected 
pair-wise % 
(range)

Kimura 
2-parameter/�% 
(range)

Within lineages
Napo/Marañon 0.59 (0.00–1.32) 0.64 (0.00–1.39)
North Amazon 0.43 (0.09–0.80) 0.40 (0.00–1.44)
Central Peru 0.86 (0.09–1.87) 0.90 (0.09–1.81)
South Peru/Bolivia 0.61 (0.09–1.41) 0.64 (0.09–1.48)
Venezuela 0.85 (0.00–1.78) 0.88 (0.00–1.93)
trans-Andean 0.76 (0.00–1.78) 0.80 (0.00–1.91)

Among lineages
Napo/Marañon 

vs. North Amazon
1.45 (0.66–2.14) 1.48 (0.68–2.35)

Central Peru 
vs. South 
Peru/Bolivia

1.84 (1.50–2.53) 1.93 (1.19–2.72)

North Amazonia vs. 
South Amazonia

2.88 (2.44–3.47) 3.15 (1.87–4.16)

Amazonia vs. 
Venezuela

4.01 (3.03–4.87) 4.83 (3.86–6.31)

cis-Andean vs. 
trans-Andean

4.25 (3.04–5.53) 5.43 (3.61–7.32)
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River and the Peruvian departments of southern Loreto,
Ucayali, and San Martín (89% bootstrap support). The
other was a southern Peru/Bolivia clade consisting of
populations from southern Peru, southwestern Brazil,
and northern Bolivia (100% bootstrap support). Resolu-
tion and bootstrap values decrease dramatically towards
the tips of major lineages, most likely due to a lack of
informative variation.

3.3. Maximum likelihood analysis

Maximum likelihood analysis resulted in a most likely
tree (¡lnL D 3654.61) (Fig. 2) that recovered the same six
haplotype clades recovered in the parsimony analysis.
Topologies between the two methods were identical at
higher levels (among the major haplotype clades), and
each of the clades as well as the overall topology was well
supported (61–100% bootstrap support) in the ML anal-
ysis. Minor topological diVerences between the ML and
MP trees existed at the higher, poorly supported nodes
(within Amazonian haplotype clades).

3.4. Bayesian inference of phylogeny

Bayesian analysis also recovered the six major lin-
eages and topology recovered by MP and ML analyses
Fig. 2. Phylogenetic relationships among L. coronata haplotypes reveal a high degree of phylogeographic structure. The illustrated tree is a maximum
likelihood tree based on an HKY + G model of evolution. Numbers above nodes are bootstrap values based on 100 non-parametric replicates. Nodes
with bootstrap values �95% are indicated with an asterisk. Clade distributions are illustrated in Fig. 1.
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(supplementary information). Again, lineages and the
relationships among them were well supported with pos-
terior probabilities ranging from 72 to 100%. In fact, Wve
of the six major lineages were supported with 100% pos-
terior probability. Topological diVerences among MP,
ML, and Bayesian analyses existed at poorly supported,
lower level (within haplotype clade) nodes. These minor
diVerences were most likely due to a lack of informative
variation near the tips of the trees. The high degree of
topological congruence and support for nodes estimated
by the three methods suggests that the phylogeny of L.
coronata haplotypes is robust.

3.5. Estimates of divergence times

Application of a substitution rate of 0.008 per site per
lineage per million years (Fleischer et al., 1998) resulted
in estimated divergence times among L. coronata lin-
eages ranging from 0.49 (§0.21) to 2.3 (§1.0) million
years before present (mybp). The earliest divergence
occurred between the cis- and trans-Andean lineages and
the latest divergence occurred between the Napo/
Marañon and North Amazon lineages. Estimated diver-
gence times among all haplotype clades are presented in
Table 2.
3.6. Nested clade phylogeographical analysis

The nesting design for the three- to seven-step clades
used in NCPA is presented in Fig. 3 and the haplotypes
comprising lower nesting clades (1-, 2-, and 3-step
clades) are given in Table 3. Three unconnected haplo-
type networks were recovered, corresponding to the
trans -Andean, Venezuela, and Amazonia clades recov-
ered in the phylogenetic analyses (Figs. 2 and 3). Within
the three networks there are nine ambiguous connec-
tions, eight in clade 6-1AM (Amazonia clade) and one in
clade 4-1TR (trans-Andean clade). All of these ambigui-
ties involve connections to missing haplotypes and occur
at the lowest (1 and 2 step) nesting levels.

Table 4 presents the results of the NCPA for L. coro-
nata. The null hypothesis of no phylogeographic associa-
tion between haplotypes and sampling location was
rejected for seven clades. Included within these seven
clades are the six major haplotype clades recovered in
the phylogenetic analysis, suggesting a high degree of
phylogeographic structure. The null hypothesis could
not be rejected at nesting levels below the three-step
level, which is indicative of either panmixia or inade-
quate geographic and/or genetic sampling at these nest-
ing levels. There was signiWcant structure within the
Table 2
Combined results of traditional phylogeographic analysis, NCPA, historical demographic analyses, and estimated divergence times reveal a complex
evolutionary history for L. coronata

Results are given within the context of nodes representing divergence among major L. coronata haplotype lineages.
a Demographic history was not inferred for these nodes (see Section 2).
b Fu’s Fs and R2 values were non-signiWcant for both clades (Napo/Marañon and North Amazon) comprising the North Amazonia clade. But the

mismatch distribution of the North Amazon clade was characteristic of demographic expansion.
c Fu’s Fs was signiWcantly negative and mismatch distributions were characteristic of a rapid demographic expansion for both clades (Central Peru

and South Peru/Bolivia) comprising the South Amazonia clade.

Node Analysis Result

trans- and cis-Andean Phylogeography Clades bordered by the Andes
NCPA Inadequate geographic sampling
Demographic historya —
Estimated divergence time 2.3 § 1.0 mybp

Venezuela and Amazonia Phylogeography Clades not separated by contemporary barrier
NCPA Inadequate geographic sampling
Demographic historya —
Estimated divergence time 2.0 § 0.9 mybp

North and South Amazonia Phylogeography Clades separated by Amazon and Marañon rivers
NCPA Allopatric fragmentation
Demographic History North Amazonia—equilibriumb

South Amazonia—expansionc

Estimated divergence time 1.4 § 0.64 mybp

Central Peru and South Peru/Bolivia Phylogeography Clades not separated by contemporary barrier
NCPA Contiguous range expansion
Demographic history Central Peru—expansionc

South Peru/Bolivia—expansionc

Estimated divergence time 0.65 § 0.34 mybp

Napo/Marañon and North Amazon Phylogeography Clades separated by Napo river
NCPA Allopatric fragmentation
Demographic history Napo/Marañon—equilibriumb

North Amazon—equilibriumb

Estimated divergence time 0.49 § 0.21 mybp
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trans-Andean and Amazonia clades but not within the
Venezuela clade (Fig. 3 and Table 4). The inferred evolu-
tionary processes responsible for the observed phylogeo-
graphic structure are given in Table 4. Single processes
were inferred for four of the seven clades with signiWcant
phylogeographic structure; however, the inferred cause
of divergence diVered among these clades. Allopatric
fragmentation was the inferred cause of divergence
between clades 5-1AM and 5-2AM nested within clade
6-1AM as well as clades 4-3AM and 4-4AM nested
within clade 5-2AM (Table 4). Contiguous range expan-
sion was inferred for clade 5-1AM, whereas restricted
gene Xow with isolation by distance was the inferred
cause of divergence between clades 3-1TA, 3-2TA, 3-
3TA, and 3-4TA nested within clade 4-1TA. Inadequate
geographic sampling prevented inference of the cause of
structure for the remaining three clades, likely resulting
from the lack of tissue samples from Colombia.

3.7. Historical demographic analysis

SigniWcance of Fu’s Fs varied among clades. Values
were signiWcantly negative (�D 0.05) for the Venezuela,
Central Peru, and South Peru/Bolivia clades, suggesting
rapid demographic expansion in these clades. Values
were non-signiWcant for the trans-Andean, Napo/Mara-
ñon, and North Amazon clades, suggesting relatively
stable demographic histories for these lineages (Table 5).
Values for the R2 statistic also varied among clades, but
only the value for the South Peru/Bolivia clade was sig-
niWcant (Table 5). Mismatch distributions also diVered
considerably among clades (Fig. 4). The distributions for
the North Amazon, Central Peru, and South Peru/
Bolivia lineages were more characteristic of the smooth
Poisson distribution expected for populations that have
experienced a demographic expansion. Moreover, the
distributions for these clades had low raggedness (Har-
pending, 1994) values, again indicative of demographic
expansion. Conversely, the distributions of the trans-
Andean, Venezuela, and Napo/Marañon lineages were
much more ragged, as indicated by higher raggedness
indices, suggesting relatively stable demographic histo-
ries for these populations. A model of rapid demo-
graphic expansion could not be rejected for any of the
clades (Table 5). Given the variation in Fu’s Fs, R2
(Table 5), and the shape of the mismatch distributions
(Fig. 4), however, this is most likely due to a lack of sta-
tistical power for those clades with obviously ragged dis-
tributions.

3.8. Nucleotide diversity

Levels of nucleotide diversity (�) diVered consider-
ably among sampling sites, with site 15 being the most
diverse (�D 0.0066 § 0.005) and site 1 being the least
(�D 0) (Fig. 5). Centers of nucleotide diversity are
Fig. 3. Phylogeographic structure is corroborated by the results of NCPA. Illustrated is the nesting design for the three- to seven-step clades; note
that each of the six haplotype clades recovered by phylogenetic analysis is supported as a higher level clade in NCPA. Solid lines connecting haplo-
type clades represent single mutational steps. Numbers beside dashed lines represent the minimum number of steps necessary to join the unconnected
networks. In all clade designations, the Wrst number refers to the nesting level and the second distinguishes it from other clades at the same nesting
level. Haplotypes comprising the 1-, 2-, and 3-step clades are given in Table 2.
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Table 3
Haplotypes comprising 1-, 2-, and 3-step clades of NCPA

Relationships among higher level (3- to 7-step) clades are illustrated in
Fig. 3. Haplotype codes correspond to Appendix A. Dashes indicate mem-
bership in the above clade.

Haplotype 1-step clade 2-step clade 3-step clade

Amazonia
31333 Br Ro 1-1AM 2-1AM 3-1AM
9269 Bo Pa 1-2AM 2-2AM —
433691 Pe MD 1-3AM 2-3AM 3-2AM
433693 Pe MD 1-4AM 2-4AM —
9125 Bo Pa — — —
901 Bo LP 1-5AM 2–5AM —
433694 Pe MD — — —
433692 Pe MD — — —
433690 Pe MD 1-6AM — —
9177 Bo Pa 1-7AM 2-6AM 3-3AM
4657 Pe Lo 1-8AM 2-7AM 3-4AM
4760 Pe Lo 1-9AM — —
5015 Pe Lo 1-10AM 2-8AM —
10492 Pe Uc 1-11AM 2-9AM 3-5AM
10504 Pe Uc 1-12AM 2-10AM —
11087 Pe Uc — — —
11070 Pe Uc 1-13AM — —
5487 Pe SM 1-14AM 2-11AM 3-6AM
5490 Pe SM — — —
27832 Pe Lo 1-15AM 2-12AM —
27578 Pe Lo 1-16AM — —
27584 Pe Lo — — —
5394 Pe Lo 1-17AM 2-13AM —
6994 Pe Lo 1-18AM 2-14AM 3.7AM
4410 Pe Lo 1-19AM 2-15AM —
2891 Pe Lo — — —
2742 Pe Lo — — —
7341 Pe Lo 1-20AM — —
4313 Pe Lo 1-21AM 2-16AM 3-8AM
7347 Pe Lo 1-22AM — —
2836 Pe Lo 1-23AM — —
5859 Pe Lo 1-24AM 2-17AM —
3116 Pe Lo 1-25AM 2-20AM 3-9AM
3014 Pe Lo 1-26AM — —
996 Pe Lo 1-27AM 2-21AM —
3015 Pe Lo 1-28AM 2-18AM 3-10AM
1408 Ec MS 1-29AM 2-19AM —
2490 Ec MS 1-30AM — —

Venezuela
RWD17137 Ve Am 1-1VZ 2-1VZ 3-1VZ
SC804 Ve Am — — —
PEP2030 Ve Am 1-2VZ — —
SC839 Ve Am 1-3VZ 2-2VZ —
SC772 Ve Am 1-4VZ — —
SC829 Ve Am — — —
RWD17053 Ve Am — —
RWD17242 Ve Am 1-5VZ — —
SC828 Ve Am 1-6VZ 2-3VZ 3-2VZ
SC749 Ve Am — — —
GFB2190 Ve Am — — —

trans-Andean
16099 CR Pu 1-1TA 2-1TA 3-1TA
16077 CR Pu 1-2TA — —
2140 Ec Es 1-3TA 2-2TA 3-2TA
28720 Pa Pa 1-4TA 2-3TA —
2215 Pa Da 1-5TA 2-4TA 3-3TA
26860 Pa Co — — —
26861 Pa Co 1-6TA — —
28731 Pa Pa 1-7TA 2-5TA 3-4TA
28458 Pa Pa 1-8TA — —
associated with each of the Venezuela, Napo/Marañon,
and South Peru/Bolivia clades. Within the larger North
Amazonia clade there is an apparent eastward decline in
diversity from site 15. The highest degree of diversity in
the larger South Amazonia clade is associated with one
of the southernmost sites (site 27).

4. Discussion

Phylogenetic analyses recovered six well-supported
haplotype clades within L. coronata, and their distribu-
tions reveal a high degree of phylogeographic structure
within the species. The following sections will discuss the
evolutionary implications and inferences drawn from the
combined results of NCPA, historical demographic, and
classic phylogeographic analyses (summarized in Table 2)
within the context of the major haplotype lineages and
nodes representing divergence events among lineages.

4.1. Congruence between phylogeographic structure and 
subspeciWc taxonomy

Lepidothrix coronata consists of eight subspecies
(Traylor, 1979), which were described on the basis of
diVerences in adult male plumage. Phylogenetic analyses
revealed six reciprocally monophyletic haplotype clades,
allowing for the assessment of congruence between
genetic breaks and subspeciWc taxonomy, and more gen-
erally, assessment of congruence between patterns of
genetic and male plumage variation. Seven of the eight
subspecies were sampled, and of these, only one, L. c.
carbonata of southern Venezuela, was monophyletic in
terms of its haplotype relationships. Thus, all but one of
the described subspecies are not supported as natural
groups by these molecular data, suggesting that current
taxonomy may not accurately reXect phylogeny. This
conclusion, however, is best treated as tentative. Sex-
biased introgression or dispersal can yield misleading
mtDNA patterns (Paetkau et al., 1998) and we cannot
eliminate the possibility that variation at other loci may
be more congruent with subspeciWc taxonomy.

One of the most striking results is the lack of congru-
ence between plumage similarity and phylogenetic aYn-
ity, which is most vividly illustrated by the Central Peru
clade. This clade includes males that are entirely black
(typical of L. c. coronata) from the south bank of the
Amazon (site 22) and males that are primarily green
(typical of the green subspecies L. c. exquisita) from cen-
tral Peru (site 23), as well as males representing various
intergrades between the green and black plumage groups
(sites 24 and 25). Despite this variation in plumage, these
individuals form a well-supported monophyletic haplo-
type clade, to the exclusion of other “pure” black and
green haplotype clades. Conversely, birds from the north
bank of the Amazon look identical to those from the
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south bank, yet a relatively large genetic break (3.2%,
Table 1) exists between them. Similarly, birds from
southern Venezuela are morphologically most similar to
those from northern Peru, although they do belong to
diVerent subspeciWc taxa, L. c. carbonata and L. c. coro-
nata, respectively. In the type description of carbonata,
Todd (1925) suggests that it can be distinguished from
coronata by its “deeper, blacker coloration.” This dis-
tinction, however, is not obvious in comparisons of
series of specimens and despite the close similarity in
plumage, these populations are among the most highly
divergent (»4%, Table 1) of all clades within the species
(Table 1). This apparent discordance between plumage
color and phylogenetic aYnity may be the result of a
number of factors including introgression, incomplete
lineage sorting, and geographically variable selective
constraints on male plumage color. Distinguishing
among these alternatives will require data from nuclear
loci and further understanding of the role of plumage
coloration in Blue-crowned Manakin behavior.

4.2. Congruence between ecogeographic barriers and 
genetic breaks within L. coronata

The distribution of L. coronata encompasses several
potential geographic barriers, including the Andes and
major rivers within the Amazon basin (Fig. 1). Of the six
haplotype lineages, the distributions of three are delim-
ited by obvious contemporary barriers. At the basal
node, the distributions of the cis- and trans-Andean
clades are delimited by the Mérida Andes, Sierra de
Perija, and Eastern Cordillera of the northern Andes.
This biogeographic pattern is not surprising and is con-
sistent with patterns recovered many in other phyloge-
netic studies of Neotropical birds (Bates et al., 1998;
BrumWeld and Capparella, 1996; Cracraft and Prum,
1988; Marks et al., 2002; Prum, 1988). The basal position
of the trans-Andean clade and estimated divergence
times (Table 2), however, suggest that the Amazonian
radiation occurred after the Wnal uplift of the northern
Andes.

Rivers can be important barriers to gene Xow for
birds that are restricted to the understory of unXooded
(terra Wrme) forest (Aleixo, 2004; Capparella, 1988). At
least three rivers appear to be important barriers inXu-
encing the genetic structure of L. coronata. The Amazon
River separates the distributions of North Amazonia
and South Amazonia clades; and the Napo and Mara-
ñon rivers, major tributaries of the Amazon, delimit the
distribution of the Napo/Marañon clade (Fig. 1). Given
the deep phylogenetic structure and estimated diver-
gence times associated with these nodes, it is likely that
Table 4
NCPA results for L. coronata

The inferred causes of divergence among the six major haplotype clades are in bold.

Clade �2 statistic Probability Inference chain Inferred process

trans-Andean
4-1TA 31.00 0.0212 1-2-3-4-NO Restricted gene Xow with isolation by distance

Venezuela
None

Amazonia
Clade 4-2AM 25.00 0.0004 1-19-20-NO Inadequate geographic sampling
Clade 5-1AM 23.00 0.0000 1-19-20-2-11-YES Contiguous range expansion
Clade 5-2AM 17.00 0.0002 1-19-NO Allopatric fragmentation
Clade 6-1AM 39.00 0.0000 1-19-NO Allopatric fragmentation
Clade 7-1AM 56.00 0.0000 1-19-20-NO Inadequate geographic sampling

Total cladogram
Total 62.00 0.0000 1-19-20-NO Inadequate geographic sampling
Table 5
Results of historical demographic analyses

Raggedness values are measures of the smoothness of the mismatch distributions. Smooth Poisson mismatch distributions are characteristic of rapid
demographic expansion. P (Raggedness) are the probabilities of observing a distribution with higher raggedness based on 1000 coalescent simula-
tions. Low R2 values and negative Fu’s Fs values are also indicative of demographic expansion. P (R2) and P (Fu’s Fs) is the probability of an R2 and
Fs value being less than the observed based on 1000 coalescent simulations.

Clade n Raggedness P (Raggedness) R2 P (R2) Fu’s Fs P (Fu’s Fs)

trans-Andean 12 0.0803 0.451 0.1495 0.441 0.05 0.50
Venezuela 11 0.0344 0.867 0.1271 0.227 ¡4.527 0.011
Napo/Marañon 7 0.3200 0.258 0.1447 0.094 ¡1.311 0.148
North Amazon 10 0.0610 0.834 0.1153 0.056 ¡1.164 0.115
Central Peru 13 0.0128 0.995 0.1076 0.085 ¡6.223 0.004
South Peru/Bolivia 11 0.0845 0.890 0.0845 0.005 ¡5.844 0.001
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these rivers have been barriers for much of the evolu-
tionary history of L. coronata. However, the importance
of another major tributary of the Amazon, the Ucayali
River, is unclear. The distribution of the Central Peru
clade crosses the Ucayali (Fig. 1), and there are diVer-
ences in haplotype frequencies on opposite banks. How-
ever, NCPA did not detect signiWcant phylogeographic
structure at this level. The lack of signiWcant phylogeo-
graphic structure in conjunction with the poor phyloge-
netic resolution within the Central Peru clade makes us
reluctant to split it into two clades separated by the
Ucayali despite the diVerences in haplotype frequency
occurring on its banks. Further work is needed to deter-
mine the importance of the Ucayali as a barrier for these
birds. In general, determining which rivers in the Ama-
zon basin are barriers to a wide range of taxa will be of
great interest to evolutionary and conservation biolo-
gists alike.

When contemporary ecogeographic barriers delimit
the distributions of sister taxa, it is tempting to attribute
divergence to the formation of the barrier. It is often
unclear, however, whether the barrier is the cause of
divergence (primary barrier), or whether it merely limits
current distributions (secondary barrier). Formation of
both the Andes and the Amazonian river system have
been hypothesized as important vicariant events in the
evolution of Neotropical birds (Capparella, 1988, 1991;
Chapman, 1917; Sick, 1967). Thus an important
Fig. 4. Mismatch distributions reveal variation in the demographic histories of L. coronata haplotype clades. Illustrated are the frequency distribu-
tions of pair-wise nucleotide diVerence between L. coronata individuals within haplotype clades. Dashed lines represent observed data. Solid lines
represent expected values under a model of demographic expansion Wtted to the observed data.
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evolutionary question is whether the barriers identiWed
for L. coronata are primary or secondary in nature. This
question is diYcult to address using classic phylogeo-
graphic approaches alone, because the phylogeographic
prediction is the same; that is, sister taxa should occur on
opposite sides of the barrier (Voelker, 1999). However,
NCPA and historical demographic analyses provide
insights into the processes that have shaped phylogeo-
graphic structure. The combination of these process-level
inferences with classical phylogeography allows for a
more robust analysis of the role of ecogeographic barriers.

Inherent in the hypothesis that a barrier is secondary
rather than primary is the hypothesis that the taxa
involved must have experienced a range expansion to
come in contact with the barrier. Thus, clades separated
by a secondary barrier should exhibit evidence of a rapid
range expansion, whereas those separated by a primary
barrier should not, because the initial cause of divergence
continues to limit clade distributions. This is assuming, of
course, that there have been no major habitat alterations
on either side of a primary barrier that could cause popu-
lation bottlenecks. Given these interrelated hypotheses,
four predictions can be made for secondary barriers:

(1) Common haplotypes and their evolutionary descen-
dants should have large geographic distributions
(Hewitt, 1996, 2000; Templeton et al., 1995).With
any founder event, only a subset of the standing
genetic variation within the ancestral population is
represented in the smaller colonizing population.
Common haplotypes are most likely to be involved
in a range expansion and thus may be expected to
have large geographic distributions relative to
common haplotypes in stable populations.

(2) An abundance of closely related, derived haplotypes
should occur near the barrier (Templeton et al.,
1995).The relative abundances of ancestral and
derived haplotypes can provide insight into the rel-
ative ages of populations. SpeciWcally, as noted
above in prediction 1, common haplotypes are
most likely to be involved in a range expansion.
With reduced gene Xow between the ancestral and
colonized population, derived haplotypes arising
within the colonized population will remain geo-
graphically conWned and should be closely related
to one another (i.e., separated by few mutational
steps). Because only a subset of the ancestral varia-
tion is present in the colonizing population, such
populations may be recognized by a higher pro-
portion of closely related, derived haplotypes that
are the descendants of colonizing ancestral haplo-
types (Hewitt, 1996, 2000). These colonized popu-
lations should occur near a secondary barrier,
concordant with a range expansion to the barrier.

(3) Genetic patterns characteristic of demographic
expansion (associated with range expansion) should
be recovered (Lessa et al., 2003; Zink et al.,
2000).Because range expansions are accompanied
by demographic expansions, populations separated
by secondary barriers should exhibit the genetic sig-
natures of rapid demographic expansion.

(4) Levels of genetic diversity should decrease as they
approach the barrier (Hewitt, 1996, 2000).Low-
ered genetic diversity in colonizing populations
relative to ancestral populations is a well-estab-
lished pattern (Hewitt, 2000). This is because only
a subset of the standing genetic diversity in the
ancestral population will be represented in the
colonizing population. Thus, levels of genetic
diversity should decrease as they approach a sec-
ondary barrier in concordance with the direction
of colonization.
Fig. 5. Levels of nucleotide diversity (�) vary geographically. Sites are arranged north to south by clades, and sites where only one individual was
sampled are excluded. Site numbers correspond to Fig. 1 and Appendix A.
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The Wrst two predictions are incorporated into infer-
ences of range expansion in NCPA (Templeton et al.,
1995; Templeton, 2004). The third prediction may be
tested through the historical demographic analyses
employed here, and the fourth, by examining patterns of
geographic variation in nucleotide diversity.

Divergence patterns among L. coronata haplotype
lineages reveal three primary ecogeographic barriers.
The Napo River in northeastern Peru and Ecuador sepa-
rates two sister clades, the Napo/Marañon clade and the
North Amazon clade (Fig. 1). In the NCPA, these clades
correspond to clades 4-3AM and 4-4AM nested within
clade 5-2AM (Fig. 3). Allopatric fragmentation is the
inferred process at this node (Table 4), because the dis-
tributions of these clades are entirely non-overlapping
and relatively large mutational diVerences separate them
(Templeton, 2004). This result is consistent with the
Napo River being a primary barrier, and this inference is
corroborated by the results and patterns of the historical
demographic analyses. Both Fu’s Fs and R2 values were
non-signiWcant for both clades (Table 2) and the ragged
mismatch distribution of the Napo/Marañon clade (Fig.
4) is characteristic of a stable demographic history as
predicted for primary barriers. However, the Napo/Mar-
añon clade is characterized by relatively high levels of
nucleotide diversity, whereas nucleotide diversity within
populations comprising the North Amazon clade is
among the lowest of all populations within the species
(Fig. 5). This pattern can be considered to be consistent
with expansion from a smaller ancestral population and
possible dispersal across the Napo (Hewitt, 1996, 2000),
which is corroborated by the smooth mismatch distribu-
tion for the North Amazon clade. However, given the
natural history of the bird it seems unlikely that it would
be able to disperse across such a major barrier (Ridgley
and Tudor, 1994; Snow, 2004). A more likely explana-
tion is that the North Amazon clade experienced a popu-
lation bottleneck after the two populations were
fragmented by the formation of the Napo River. On the
whole, the results at this node support the Napo River as
a primary barrier leading to the divergence between the
Napo/Marañon and North Amazon clades.

The Amazon River also separates a pair of sister
clades, the North Amazonia clade and South Amazonia
clade. These groups correspond to clades 5-1AM and 5-
2AM nested within clade 6-1AM in the NCPA. Haplo-
types sampled from the south bank of the Amazon
occupy interior positions in the nested cladogram rela-
tive to haplotypes sampled from south Peru and Bolivia,
suggesting that these haplotypes are ancestral within the
South Amazonia clade (Templeton et al., 1995). These
ancestral haplotypes were sampled on the south bank of
the Amazon River, whereas only derived haplotypes
were sampled in the southern portion of the range. This
pattern is directly opposite of that predicted for a north-
ward expansion to the south bank of the Amazon as
would be expected if it were a secondary barrier and the
southern populations were ancestral. The non-overlap-
ping ranges and large mutational distances between the
two clades, led to the inference of allopatric fragmenta-
tion in NCPA, a result that is consistent with the Ama-
zon being a primary barrier; historical demographic
analyses corroborate these phylogeographic patterns.
Values of Fu’s Fs and R2 were non-signiWcant for both
clades north of the Amazon River (Table 5, Fig. 4), indi-
cating that these clades have experienced a relatively sta-
ble recent demographic history. Both clades south of the
Amazon, however, had signiWcantly negative values for
Fu’s Fs suggesting that these populations have experi-
enced a recent demographic expansion. The combined
results suggest that the Amazon river acted as a primary
barrier leading to the divergence of the North and South
Amazonia clades and that this initial divergence was fol-
lowed by a southward expansion in the South Amazonia
clade, a scenario that is supported by the NCPA infer-
ence of contiguous range expansion at a lower nesting
level within the South Amazonia clades (see next sec-
tion).

Finally, the Andes separate the sister cis- and trans-
Andean clades. NCPA was uninformative at this level
due to inadequate geographic sampling, and historical
demographic analyses were inappropriate because they
would have required combining the divergent Amazo-
nian lineages into a single cis-Andean clade (see Section
2). Thus we cannot use these analyses to compare sister
clades on opposite sides of the Andes. However, the
demographic analyses indicate that the trans-Andean
clade has experienced a relatively stable demographic
history as predicted for primary barriers (Table 5, Fig.
4). Moreover, the Andes have been inferred as a primary
barrier for several avian taxa (Bates et al., 1998, 1999;
BrumWeld and Capparella, 1996; Cracraft and Prum,
1988; Marks et al., 2002; Prum, 1988) and given the rela-
tively low vagility and lowland forest habitat restrictions
of L. coronata, it is very likely that the Andes represent a
primary barrier for the Blue-crowned Manakin as well.

4.3. Genetic breaks in the absence of ecogeographic 
barriers

In addition to the phylogeographic structure associ-
ated with contemporary barriers, two major genetic
breaks occur in the absence of any obvious ecogeographic
barrier. The break between the Central Peru and South
Peru/Bolivia clades occurs in continuous forest in south-
ern Loreto and northern Madre de Dios departments of
Peru (Fig. 1). This pattern is consistent with phylogeo-
graphic patterns recovered for another widespread bird,
the Wedge-billed Woodcreeper (Glyphorynchus spirurus)
(Marks et al., 2002). Likewise, the split between the Vene-
zuela and Amazonia clades also occurs in continuous for-
est. However, in this case we are unable to precisely locate
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clade boundaries due to the lack of available samples
from Colombia and northwestern Brazil.

Although we acknowledge that the structure in these
areas could be the result of more subtle contemporary
ecological barriers, we argue that this is unlikely. Both of
these genetic breaks are estimated to be relatively old, at
least 310,000 years for the Central Peru and South Peru/
Bolivia split and at least 1.1 mybp for the Venezuela and
Amazonia split. Given the climatic Xuctuation of the
Pleistocene (Bush, 1994; Colinvaux et al., 1996; Colinv-
aux and De Oliveira, 2000) it is unlikely that any con-
temporary ecological barriers would have remained
unaltered over these time scales. The more likely expla-
nation is that these genetic breaks are relicts of historical
vicariant events. Several historical hypotheses evoke
vicariant mechanisms including the refugia hypothesis
(HaVer, 1969, 1974, 1997), the disturbance-vicariance
hypothesis (Bush, 1994; Colinvaux, 1993, 1998; Colinv-
aux et al., 1996) and the marine transgression hypothesis
(Nores, 1999; Webb, 1995). Each of these hypotheses
may predict phylogeographic structure in the absence of
a contemporary barrier and the genetic footprint of
rapid range and demographic expansion.

Based on the results of NCPA, contiguous range
expansion is the inferred cause of structure at the Cen-
tral Peru and South Peru/Bolivia node. Because haplo-
types associated with the Central Peru clade occupy
ancestral (interior) positions in the nested cladogram rel-
ative to those associated with the South Peru/Bolivia
clade, it can be reasonably inferred that the expansion
was southward from an ancestral population located
somewhere within the current distribution of the Central
Peru clade (Fig. 1). This interpretation is corroborated
by the historical demographic analyses. Values for Fu’s
Fs are signiWcantly negative, indicative of a rapid demo-
graphic expansion. Moreover, the mismatch distribu-
tions for both clades are characteristic of demographic
expansion (Fig. 4). These results support a scenario of
expansion from a refugial population at this node.

Inferring the cause of structure at the Venezuela and
Amazonia node is more diYcult. Unfortunately, NCPA
was uninformative at this level due to inadequate geo-
graphic sampling and comparisons of demographic his-
tories between the sister Venezuela and Amazonia clades
would have required combining the divergent Amazo-
nian lineages into a single clade (see Section 2). Insight
into this divergence, however, can be gained from timing
of the cis-Andean splits inferred from the branching pat-
tern of the phylogeny and estimated divergence times.
The initial divergence in the cis-Andean radiation is the
split between the Venezuela and the Amazonian lineages
(Fig. 2). Divergence of the Amazonian lineages is esti-
mated to have begun 600,000 years later (North and
South Amazonia split—Table 2), suggesting that the
event that led to the divergence of the Venezuela and
Amazonian clades did not aVect western Amazonia to a
great extent. Congruent patterns in other phylogeneti-
cally widespread taxa (butterXies—Hall and Harvey,
2002; mammals—HoVman and Baker, 2003; birds—
Bates et al., 1998; Marks et al., 2002), including several
strong-Xying birds (Cracraft and Prum, 1988), implicate
a major vicariant event that aVected a wide range of
taxa, including those with relatively high dispersal capa-
bilities.

The phylogeographic patterns at these nodes support
a history of past fragmentation and subsequent range
expansion. Several plausible historical mechanisms exist
to explain these patterns, the relative merits of which
remain controversial (Colinvaux and De Oliveira, 2000).
These hypotheses, however, are indistinguishable with
respect to our data and the analyses we employed. Each
hypothesis evokes “refugia,” diVering only in the inter-
vening barrier, making the genetic footprints of these
hypotheses identical.

4.4. Implications for historical hypotheses of the origin of 
Neotropical bird diversity

Nearly all hypotheses of the origin of Neotropical
biodiversity are based on patterns of geographic varia-
tion within morphologically distinct taxa. For birds spe-
ciWcally, these patterns are deWned almost entirely on the
basis of patterns of plumage variation within species or
among closely related species. Our data add to a growing
body of evidence demonstrating a degree of discordance
between plumage patterns and genealogical history
(reviewed in Zink, 2004). Because both natural and sex-
ual selection heavily inXuence avian plumage, such dis-
cordance between plumage and genetic characters
should be expected in many cases. It is prudent to treat
this pattern of discordance as preliminary, as most data
sets demonstrating discordance are based on a single
locus, but these data nonetheless force the question as to
whether these hypotheses are explaining the appropriate
pattern.

Most discussions of the origin of Neotropical avian
biodiversity generally approach the problem from an
historical perspective and nearly all attribute diversity to
a single vicariant mechanism (reviewed in HaVer, 1997).
Whereas an historical perspective may be appropriate,
the data presented here suggest that historical hypothe-
ses evoking a single mechanism of diversiWcation are
likely to be overly simplistic. A general prediction of
such single-process historical hypotheses is that patterns
recovered at each node should be similar and indicative
of one overarching process. Such congruence among
nodes was not supported by these data (Table 2).
Instead, patterns diVer at all nodes suggesting a complex
evolutionary history for the Blue-crowned Manakin.
Taken together, these data suggest that several vicariant
processes including Andean uplift, formation of riverine
barriers, and vegetational shifts associated with climatic
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Xuctuations, as well as a non-vicariant process, range
expansion, may have all played a role in shaping the
genetic structure of L. coronata. We suggest that com-
parative studies of taxa employing similar methods be
used to test for congruent phylogeographic patterns,
allowing for the placement of spatial, temporal, and per-
haps sequential limits on hypothesized vicariant events.

A Wnal issue is that of the timing of avian diversiWca-
tion in the Neotropics. Most historical hypotheses are
based on Quaternary timescales; moreover, geological
arguments refuting or supporting these hypotheses are
generally based on data from the late Quaternary
(»10,000–40,000 bp) (e.g., Bush et al., 1990; Colinvaux et
al., 1996, 2000; Colinvaux, 1987, 1993; HaVer, 1969,
1997; Hooghiemstra and van der Hammen, 1998; Liu
and Colinvaux, 1985; but see Rasanen et al., 1995; Webb,
1995). The data presented here add to a growing body of
evidence suggesting that genetic structure within Neo-
tropical bird species is generally older than late Quater-
nary in origin (reviewed in Mortiz, 2000; Bates et al.,
2003; Marks et al., 2002). Such is the case for L. coro-
nata, with the divergence between the cis- and trans-
Andean lineages estimated to have occurred »2.3 mybp.
Although we are aware of the diYculties of estimating
population divergence times on the basis of single locus
gene trees (Edwards and Beerli, 2000), we are conWdent
that at least some of the genetic structure in L. coronata
is older than late Pleistocene in origin. The existence of
this relatively old genetic structure within several avian
species pushes the origin of these species into the Plio-
cene, or possibly even the Miocene. Thus, while interest-
ing in their own right, arguments surrounding late
Quaternary climatic or geological events may have little
relevance to Neotropical avian diversiWcation at the spe-
cies level. Instead, events of the mid to late Pliocene may
provide more insight into the historical factors shaping
Neotropical avian diversity.
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Appendix A

Specimen information

Locality Sample 
size

Tissue 
source

Tissue 
number

Haplotype code GenBank Accession Nos. 
(ND3, ND2, cytochrome b)

1. Costa Rica: Puntarenas; Rio Copey, 4 km 
E Jaco, 9.62°, ¡84.63°

3 LSUMNS 16077
16099
16103a

16077 CR PU
16099 CR PU
16077 CR PU

AY882094, AY882161, AY882224
AY882118, AY882185, AY882248
AY882119, AY882186, AY882249

2. Panama: Panama Province, E Panama Canal, 
S Rio Chagres, Parque National Soberiania, 
9.33°, ¡79.92°

1 LSUMNS 28460 28460 PA PA AY882121, AY882188, AY882251

3. Panama: Colón Province; 17 km by road 
NW Gamboa, Rio Agua Salud, 9.22°, ¡79.67°

2 LSUMNS 26860a

26861
26861 PA CO
26861 PA CO

AY882134, AY882201, AY882264
AY882110, AY882177, AY882240

4. Panama: Panama Province; Old Gamboa 
Road, 5 km NW Paraiso, 9.05°, ¡79.65°

2 LSUMNS 28720
28731

28720 PA PA
28731 PA PA

AY882088, AY882155, AY882218
AY882113, AY882180, AY882243

5. Panama: Panama Province; Canal Area, 
PaciWc side, 8.75°, ¡79.62°

1 LSUMNS 28458 28458 PA PA AY882108, AY882175, AY882238

6. Costa Rica: Puntareans, Marenco Biological 
Station, 8.66°, ¡83.58°

1 LSUMNS 16121a 16077 CR PU AY882095, AY882162, AY882225

(continued on next page)
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Appendix A (continued)

Locality Sample 
size

Tissue 
source

Tissue 
number

Haplotype code GenBank Accession Nos. 
(ND3, ND2, cytochrome b)

7. Panama: Darién Province; Cana on E slope of 
Cerro Pirré, 7.75°, ¡70.67°

1 LSUMNS 2215 2215 PA PA AY882117, AY882184, AY882247

8. Venezuela: Amazonas; Mavaca Base Camp, 
2.37°, ¡65.12°

1 AMNH GFB 2190a SC828 VE AM AY882098, AY882166, AY882229

9. Venezuela: Amazonas; Mrkapiwe, 2.16°, 
¡66.5°

1 AMNH PEP 2030 PEP2030 VE AM AY882073, AY882140, AY882203

10. Venezuela: Amazonas; Rio Baria, 1.58°, 
¡66.17°

6 AMNH SC 749a

SC 772a

SC 804
SC 828
SC 829
SC 839

SC828 VE AM
SC828 VE AM
SC804 VE AM
SC828 VE AM
SC829 VE AM
SC839 VE AM

AY882077, AY882144, AY882207
AY882092, AY882159, AY882222
AY882075, AY882142, AY882205
AY882076, AY882143, AY882206
AY882079, AY882146, AY882209
AY882120, AY882187, AY882250

11. Ecuador: Esmeraldas, 20 km NNW Alto 
Tambo, 0.95°, ¡77.5°

1 ANSP 2140b 2140 EC ES AY882072, AY882139

12. Venezuela: Amazonas; Rio Mawarinumo, 
0.92°, ¡66.17°

2 AMNH RWD 17137
RWD 17242

RWD17137 VE AM
RWD17242 VE AM

AY882074, AY882141, AY882204
AY882087, AY882154, AY882217

13. Ecuador: Sucumbios; ca. 20 km NE 
Lumbaqui, 0.25°, ¡77.25°

1 ANSP 5859b 5859 EC SU AY882071, AY882138

14. Venzuela: Amazonas; San Carlos de Rio 
Negro, ¡2.08°, ¡66.48°

1 AMNH RWD 17053 RWD17053 VE AM AY882091, AY882158, AY882221

15. Peru: Loreto; San Jacinto, ¡2.3°, ¡75.85° 2 KUNHM 993 993 PE LO AY882105, AY882172, AY882235
996 996 PE LO AY882132, AY882199, AY882262

16. Ecuador: Morona-Santiago; Santiago ca. 
5 km SW Taisha, ¡2.37°, ¡77.5°

1 ANSP 2490b 2490 EC MS AY882069, AY882136

17. Peru: Loreto; 1.5 km S Libertad, S bank of 
Rio Napo, 80 km N Iquitos, ¡3.03°, ¡72.75°

3 LSUMNS 3014
3015
3116

3014 PE LO
3015 PE LO
3116 PE LO

AY882114, AY882181, AY882244
AY882124, AY882191, AY882254
AY882085, AY882152, AY882215

18. Ecuador: Morona-Santiago; Santiago, 
¡3.05°, ¡78.05°

1 ANSP 1408b 1408 EC MS AY882070, AY882137

19. Peru: Loreto; 1 km N Rio Napo, 157 km by 
river NNE Iquitos, ¡3.27°, ¡73.08°

3 LSUMNS 2742a

2836
2891

2891 PE LO
2836 PE LO
2891 PE LO

AY882106, AY882173, AY882236
AY882112, AY882179, AY882242
AY882097, AY882164, AY882227

20. Peru: Loreto; S bank of Rio Amazonas, ca. 
10 km SSW mouth of Rio Napo on E bank of 
Quebrada Vainilla, ¡3.42°, ¡72.58°

3 LSUMNS 4657
4760
5015

4657 PE LO
4760 PE LO
5015 PE LO

AY882131, AY882198, AY882261
AY882135, AY882202, AY882265
AY882109, AY882176, AY882239

21. Peru: Loreto; Rio Amazonas, 5 km ENE 
Oran, 85 km NE Iquitos, ¡3.58°, ¡72.75°

3 LSUMNS 6994
7341
7347

6994 PE LO
7341 PE LO
7347 PE LO

AY882126, AY882193, AY882256
AY882084, AY882151, AY882214
AY882129, AY882196, AY882259

22. Peru: Loreto; lower Rio Napo region, E bank 
of Rio Yanyacu, ca. 90 km N Iquitos, ¡3.91°, 
¡73.08°

3 LSUMNS 4313
4410
4545a

4313 PE LO
4410 PE LO
2891 PE LO

AY882115, AY882182, AY882245
AY882100, AY882167, AY882230
AY882128, AY882195, AY882258

23. Peru: San Martin; 20 km NE Tarapoto on 
road to Yurimaguas, ¡6.41°, ¡75.66°

3 LSUMNS 5394
5487
5490a

5394 PE SM
5487 PE SM
5487 PE SM

AY882093, AY882160, AY882223
AY882098, AY882165, AY882228
AY882101, AY882168, AY882231

24. Peru: Loreto; 79 km WNW Contamana, 
¡7.13°, ¡75.67°

3 LSUMNS 27578
27584
27832

27578 PE LO
27584 PE LO
27832 PE LO

AY882103, AY882170, AY882233
AY882130, AY882197, AY882260
AY882122, AY882189, AY882252

25. Peru: Ucayali; SE slope of Cerro Tahuayo, 
¡8.13°, ¡74.04°

4 LSUMNS 10492
10504
11070a

10492 PE UC
10504 PE UC
10504 PE UC

AY882078, AY882145, AY882208
AY882107, AY882174, AY882237
AY882116, AY882183, AY882246

11087a 10504 PE UC AY882123, AY882190, AY882253
26. Brazil: Rondonia; ca. 50 km NW Jaciparana, 

w bank of Rio Maderia, ¡9.25°, ¡64.4°
1 LSUMNS 31333 31333 BR RO AY882083, AY882150, AY882213

27. Bolivia: Pando; Nicolas Suarez, 12 km by 
road S Cobija, 8 km W on road to Mucden, 
¡11.18°, ¡69.03°

3 LSUMNS 9125
9177a

9269

9125 BO PA
9125 BO PA
9269 BO PA

AY882086, AY882153, AY882216
AY882127, AY882194, AY882257
AY882133, AY882200, AY882263

28. Peru: Madre de Dios; Moskitania, 13.4 km 
NNW Atalya, L bank of the Alto Madre de 
Dios, ¡13.82°, ¡71.63°

6 FMNH 433689
433690
433691
433692
433693a

433694

433689 PE MD
433690 PE MD
433691 PE MD
433692 PE MD
9125 BO PA
433694 PE MD

AY882089, AY882156, AY882219
AY882104, AY882171, AY882234
AY882125, AY882192, AY882255
AY882096, AY882163, AY882226
AY882111, AY882178, AY882241
AY882090, AY882157, AY882220

(continued on next page)
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Locality numbers correspond to Fig. 1. Haplotype codes correspond to Fig. 2, Table 3, and Supplemental Material.
Note. AMNH, American Museum of Natural History; ANSP, Academy of Natural Science—Philadelphia; FMNH, Field Museum of Natural His-
tory; KUNHM, Kansas University Natural History Museum; LSUMNS, Louisiana State University Museum of Natural Science.

a Individuals eliminated from tree searches because they did not carry unique haplotypes.
b Tissue samples from these individuals were badly decomposed making it impossible to obtain sequence data for the cytochrome b fragment.

Appendix A (continued)

Locality Sample 
size

Tissue 
source

Tissue 
number

Haplotype code GenBank Accession Nos. 
(ND3, ND2, cytochrome b)

29. Bolivia: La Paz; Rio Beni, ca. 20 km by river 
N Puerto Linares, ¡15.5°, ¡67.3°

1 LSUMNS 901 901 BO LP AY882102, AY882169, AY882232
Appendix B. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j.ympev.2005.01.015.
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