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Abstract

The Andes are known to have influenced speciation patterns in many taxa, yet whether

species diversification occurred simultaneously with their uplift or only after uplift was

complete remains unknown. We examined both the phylogenetic pattern and dates of

branching in Adelomyia hummingbirds in relation to Andean uplift to determine

whether diversification coincides with the chronological phases of the uplift or with

recent climatic fluctuations after Andean formation. Results suggest that the genus

Adelomyia originated in the central Andes in the Miocene and was found to be

comprised of six deeply divergent phylogroups dating between 3.5 and 6 Ma. The most

basal splits in the tree, corresponding to the most southerly distributed of the six

phylogroups, diverged in the late Miocene, whereas the northern phylogroups originated

during the early-to-mid-Pliocene, when the northern Andes reached heights sufficient to

support Adelomyia populations. Although we provide evidence for a southern origin for

the group, the subsequent diversification of the northern phylogroups did not strictly

follow the hypothesized south-to-north orogeny of the Andes. Further genetic structure

within phylogroups may have resulted from Pleistocene climate fluctuations after the

onset of the six lineages during the Mio-Pliocene. We explore the processes that

promoted diversification in the Andes and suggest that in at least some groups,

divergence was coupled to Andean orogeny.
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Introduction

The Andes in South America played an important role

in the diversification of Neotropical organisms by pro-

ducing a mosaic of isolated montane and inter-Andean

valley habitats in which colonization and differentiation

along environmental gradients could occur (Chesser &

Zink 1994; Fjeldså 1994; Garcı́a-Moreno et al. 1999a;

Graham et al. 2004; Dingle et al. 2006; Hughes & East-

wood 2006; Brumfield & Edwards 2007; Ribas et al.

2007; Milá et al. 2009; Weir 2006, 2009). Speciation may

have: (i) closely followed the orogeny of each portion of
nce: Jaime A. Chaves, Fax: 702 895 3094;
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the Andes (e.g. Ribas et al. 2007) or (ii) occurred long

after the Andean uplift resulting from subsequent cli-

matic changes (e.g. van den Elzen et al. 2001; Chesser

2000; Garcı́a-Moreno et al. 1999b). Differentiating

between these two evolutionary scenarios would pro-

vide insights into the processes that promote speciation

and diversification in the Andes.

If speciation within the Andes closely followed orog-

eny chronologically, the oldest lineages should occur in

the south and the youngest lineages in the north (Doan

2003; Picard et al. 2008), because uplift proceeded in a

primarily south-to-north fashion at different geologic

time scales (Gregory-Wodzicki 2000; Hartley 2003; Gar-

zione et al. 2008). The southern portion of the central

Andes (Bolivia and southernmost Peru) was uplifted
� 2011 Blackwell Publishing Ltd
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primarily before the tertiary (Simpson 1979; Garzione

et al. 2008; Hoorn et al. 2010), but the northern portions

of the central Andes (central and northern Peru) experi-

enced uplift more recently in the middle to late Mio-

cene (Gregory-Wodzicki 2000; Hartley 2003; Garzione

et al. 2008; Poulsen et al. 2010). The northern Andes

(Ecuador, Colombia and Venezuela) experienced exten-

sive uplift during the early and mid-Pliocene, especially

along the eastern Cordilleras, with only a few isolated

highland regions (i.e. the Perijá in Colombia and Vene-

zuela and Mérida in Venezuela) pre-dating this period

(Gregory-Wodzicki 2000; Mora et al. 2008; Hoorn et al.

2010). Accordingly, if diversification occurred during or

shortly after episodes of uplift, speciation events within

widespread Andean distributions should date to the

Miocene or earlier in the central Andes (see Garcı́a-Mo-

reno & Fjeldså 2000; Moritz et al. 2000) and to the first

half of the Pliocene in the northern Andes.

Alternatively, the Andes may have promoted exten-

sive diversification long after major periods of uplift.

Climatic fluctuations and extensive glaciations of the

late Pliocene and Pleistocene may have contributed to

range expansions and diversification by providing tem-

porary dispersal corridors through suitable habitat, fol-

lowed by fragmentation into refugia (Graves 1985,

1988). Colonization of the Andes subsequent to major

uplift, followed by rapid range expansion and diversifi-

cation, has been reported for a number of avian groups

(Pérez-Emán 2005; Weir 2006, 2009; Cadena et al. 2007;

Miller et al. 2007; Weir et al. 2008; Brumfield &

Edwards 2007; Bonaccorso 2009). However, these stud-

ies focused on species with origins outside the Andes

and were estimated to have reached the Andes only

after they had attained their modern-day elevations

(Gregory-Wodzicki 2000), sometime after the Panama-

nian land bridge completion in the mid-Pliocene

(�3 Ma) (Weir & Schluter 2008; Smith & Klicka 2010).

This late arrival to the Andes would have precluded

diversification driven by older uplifts and should have

resulted in a decoupling of orogeny and diversification

of younger taxa postdating the early Pliocene uplift of

the northern Andes (Garcı́a-Moreno et al. 1999a).

To differentiate between these two hypotheses for

how diversification has occurred in the Andean region,

an examination using taxa of strict South American ori-

gin, in which evolutionary history is exclusively linked

to the Andean region, is needed. Hummingbirds are

one such group as they originated in South America

(Bleiweiss 1998; McGuire et al. 2007), are old enough to

have been present during the early stages of Andean

uplift and mountain formation (Bleiweiss 1998, McGuire

et al. 2007) and have a near-exclusive Andean distribu-

tion (Bleiweiss 1998; Schuchmann 1999; Dickinson

2003). However, divergence patterns in Andean hum-
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mingbirds have also been attributed to ecoclimatic dis-

turbance in Pleistocene times (Garcı́a-Moreno et al.

1999a; Chaves & Smith 2011).

Here, we address these two hypotheses to understand

the current distribution of lineages in Adelomyia, a hum-

mingbird distributed in cloud forest along the length of

the Andes from Bolivia to Venezuela. A recent analysis

based on a large multilocus data set confirmed six dee-

ply divergent, reciprocally monophyletic phylogroups

(Chaves & Smith 2011): one endemic to the southern

portion of the central Andes, two to the northern por-

tions of the central Andes and three to the northern An-

des. In this study, we first utilize a novel molecular

phylogenetic dating approach to determine whether

diversification occurred simultaneously with or after

the most recent uplift phases of the central and north-

ern Andes. Second, we investigate the direction of dis-

persal in Adelomyia, specifically testing the south-to-

north hypothesis using biogeographical analyses and

tree-topology testing. Third, we attempt to understand

diversification driven by climatic fluctuations using

recent population genetic estimates. Finally, we attempt

to relate divergence patterns to specific Andean geo-

graphical features.
Methods

Genetic data and phylogenetic reconstruction

All Adelomyia DNA sequences were generated as part

of previous phylogenetic studies (Chaves et al. 2007;

Chaves & Smith 2011). Sequences from 36 individuals,

representing each of the major phylogroups (one indi-

vidual for clade E and two to ten individuals in each of

the other phylogroups) representing unique haplotypes

for groups with complex geographical ranges were

included (see Appendix S1, Supporting Information).

We followed phylogroup designation as in Chaves &

Smith (2011): clade A: corresponding to the subspecies

inornata from the Andes of Bolivia; clade B: correspond-

ing to subspecies melanogenys and chlorospila from the

eastern Cordillera of Peru; clade C: corresponding to

maculata subspecies from northern portion of the wes-

tern Cordillera of Peru and west Andes of Ecuador and

coastal Ecuador; clade D: comprising of four subspecies

melanogenys, cervina, connectens and debellardiana from

the eastern Cordillera in Ecuador and northern Andes

of Colombia and Venezuela; clade E: corresponding to

aenosticta subspecies from the coastal Cordilleras in

Venezuela; and clade F: corresponding to melanogenys

subspecies restricted to the northern section of the east-

ern Cordillera in Colombia. A near-complete genus

level phylogeny of hummingbirds (McGuire et al. 2007)

placed Aglaiocercus as sister to Adelomyia, and we
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therefore included Aglaiocercus kingi as the outgroup in

our analysis. For each individual, three mtDNA mark-

ers were used, the 2 subunits of the ATPase mitochon-

drial gene (ATPase 6 and 8: 852 bp), cytochrome b (Cyt

b: 1143 bp) and NADH dehydrogenase subunit 2 (ND2:

1041 bp). We performed phylogenetic reconstruction

and provided nodal support for this concatenated data

set via maximum likelihood (ML) analyses using

PAUP* v4b10 (Swofford 2000), Bayesian (BA) inference

in MrBayes v3.1.2 (Ronquist & Huelsenbeck 2003) and

BEAST v1.4.4 (Drummond & Rambaut 2007) (see Appen-

dix S2, Supporting Information). ML analyses were

conducted under the appropriate model parameter val-

ues obtained from jModelTest v0.1.0 (Posada 2008) for

the concatenated mtDNA data set (GTR + C + I). We

assessed clade support via 100 bootstrap pseudo-repli-

cates, with an initial tree generated by neighbour join-

ing. BA analyses were conducted in MrBayes, with a

mixed-model with a partition by gene assigning inde-

pendent models of evolution to each gene as in Chaves

& Smith (2011). All parameters were unlinked between

partitions, except topology and branch lengths on the

mtDNA extended data set. We estimated dates for all

the nodes using the most well-supported tree.
Molecular clock and divergence time estimates

The validity of a global molecular clock was tested on

the concatenated mtDNA data from a subset of 17 sam-

ples by comparing likelihoods generated in PAUP*

v4b10 (Swofford 2000) with and without a clock assump-

tion via a likelihood ratio test (Felsenstein 1981) imple-

mented in jModeltest. A global clock was rejected

(P < 0.001) for our mtDNA data set; thus, we estimated

divergence times of the major clades under a relaxed-

clock framework in BEAST v1.4.4 (Drummond & Rambaut

2007) and run for 10 million generations with a Yule tree

prior and sampled every 1000 generations. Good station-

ary, high effective sample sizes (ESS > 2000) and 95%

highest posterior densities (HPDs) were observed for all

parameters in TRACER v1.3 (Rambaut & Drummond

2003). A consensus tree with divergence times was

obtained from the 10 000 generated trees, after discard-

ing the first 2500 as burn-in.

Fossil calibrations are not available for Adelomyia. We

used two approaches to calibrate our BEAST tree. First,

we applied the average molecular rate of 0.0105 substi-

tutions ⁄ site per lineage per million years obtained using

the GTR + C model for Cyt b from a large data set of 74

avian calibrations spanning 13 orders (Weir & Schluter

2008). One of the calibrations in this data set was for a

related hummingbird (Lampornis), which had a rate

(0.0086) that was similar to the mean value for the

entire data set. To determine the validity of applying
the Cyt b rate to the entire mtDNA data set, we com-

pared model-corrected (GTR + C + I model) genetic dis-

tances of Cyt b to the combined data set of ND2 and

ATPase 6 and 8. Model-corrected genetic distances of

the combined data set (excluding Cyt b) were closely

correlated (r = 0.9) and had a 9:10 ratio to corrected dis-

tances for Cyt b (Fig. 1). Given the rates are similar

across these genes, we used the Cyt b rate for our entire

mitochondrial data set. As a second approach, we used

an internal biogeographic-based calibration for Adel-

omyia based on the assumption that the eastern Cordil-

lera of the Andes in Colombia was first colonized

immediately following its uplift. Adelomyia occurs pri-

marily between 1300 and 2500 m in Colombia (Hilty &

Brown 1986). Elevations >1300 m needed to support A-

delomyia were achieved sometime between 5 and 3 Ma

when the eastern Cordillera experienced most of its

uplift (Gregory-Wodzicki 2000; Hoorn et al. 2010).

Clade F is the oldest phylogroup endemic to this cordil-

lera, and we used the node connecting clade F to other

Adelomyia phylogroups as a calibration point.

We used the following cross-validation method to

determine a suitable date for calibration of this node.

First, a tree was generated in BEAST that included Cyt b

sequences for one individual from each of the six Adel-

omyia phylogroups and for the 47 best-supported exter-

nal avian calibrations reported by Weir & Schluter

(2008). Because we do not know the exact date at which

elevations appropriate for clade F were available, we

did not condition the cross-validation on a specific date,

but tested a range of potential dates from 0 to 10 Ma in

0.1 million year intervals. For each date, we fixed the

age of the node connecting clade F and asked how well

that calibration date predicted the 47 avian calibrations

in the tree. The fit was calculated using SS, a statistic

that measures the sum of the squared differences (after

scaling, see details in Weir & Schluter 2008) between

each of the other 47 predicted node ages and their asso-

ciated calibration dates. The date for clade F with the

lowest SS values (the date that best predicts the other

47 calibrations) was used as the calibration date.
Direction of dispersal in Adelomyia and the
south-to-north hypothesis

If diversification was closely tied to Andean orogeny,

then colonization events in Adelomyia should have

occurred in an approximately south-to-north (older to

younger regions) direction. Provided there was no

extinction, back colonization or subsequent vicariant

events following the initial south-to-north colonization,

then the expected phylogeographical tree will have a

pectinate topology, with the most southerly clade

branching first at the base of the tree (close to the root)
� 2011 Blackwell Publishing Ltd



uncorrected p-distances

N
D

2-
A

TP
as

e

m
od

el
 c

or
re

ct
ed

 d
is

ta
nc

es

cytochrome b

y = 0.8825x
R² = 0.925

(a) (b)

m
od

el
 c

or
re

ct
ed

 d
is

ta
nc

es

model corrected distances

Fig. 1 (a) Saturation plot for the three-gene data set; (b) relationship between maximum likelihood model corrected distances for

cytochrome b only and the remaining two mitochondrial genes.
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and the youngest taxa occupying the most nested level of

the tree. For Adelomyia, the proposed hypothesis assumes

that the most southerly phylogroups, clade A, should

branch first, followed by clades B, C, D, F and finally E.

We tested the south-to-north hypothesis using the

parametric Swofford–Olsen–Waddell–Hillis test (SOWH:

Goldman et al. 2000; Huelsenbeck et al. 1996). This test

uses a maximum likelihood approach to assess whether

the optimal topology is significantly better than the

expected topology under the south-to-north hypothesis.

The test was implemented with one representative indi-

vidual from each of the major clades. A maximum like-

lihood tree was generated in PAUP* and compared

with two alternative topologies: the pectinate south-to-

north topology and a random topology. For both com-

parison topologies, maximum likelihood estimates of

branch lengths were generated.

The SOWH test was implemented as follows. Null

distributions for the log-likelihood ratio test statistic

were estimated from 500 pseudo-replicated DNA data

sets, each 3036 bp in length (corresponding to the

length of our actual mtDNA data set). Simulated

sequence data sets were obtained in Seq-Gen 1.2.7

(Rambaut & Grassley 1997) with the SG Runner graphi-

cal interface 1.5.2 (Wilcox 2004) under the GTR + C + I

model of sequence evolution. The optimal tree for each

of the 500 simulated data sets was found using PAUP*

for each of the two proposed constraints of Andean

diversification. The null distribution for each hypothesis

was formed by calculating the difference in tree length

between the constrained and unconstrained topology

and tested for significance by comparing the difference

to the null distribution.
Biogeographical analyses

We used Bayes-DIVA implemented in Statistical DIVA

(S-DIVA 2.0 renamed RASP, Yu et al. 2010) to elucidate

the ancestral geographical distributions of Adelomyia

phylogroups. Bayes-DIVA determines the probability of
� 2011 Blackwell Publishing Ltd
each ancestral geographical region for each node aver-

aged over all sampled trees derived from MCMC,

implementing the methods of Nylander et al. (2008)

and Harris & Xiang (2009). We loaded 2000 trees previ-

ously produced in MrBayes v3.1.2 (Ronquist & Huel-

senbeck 2003) using a total of 36 samples and ran the

analysis for 50 000 cycles using 10 chains. We assigned

five geographical regions: (1) southern portion of the

central Andes (north limit at Cordillera of Vilcanota in

south Peru), (2) central Andes of Peru (north limit

North Peruvian Low ⁄ Marañón River Valley), (3) wes-

tern Andes of Ecuador (south limit North Peruvian

Low ⁄ Marañón River Valley), (4) eastern Andes of Ecua-

dor and northern Andes in Colombia and Venezuela,

and (5) coastal Cordilleras of Venezuela (western limit

Barquisimeto Depression: Serranı́a de Aroa, San Luis

and the Cordillera de la Costa). These areas are sepa-

rated by deep river valleys in the Andes (Weir 2009;

Chaves & Smith 2011) and ⁄ or represent ecologic regions

known to be a reflection of historical geologic patterns

(e.g. WWF ecoregions, Olson et al. 2001). The outgroup

genus Aglaiocercus occurs in each of the geographical

regions occupied by Adelomyia and was accordingly

coded (1-2-3-4-5). The maximum number of areas was

constrained to 4 (max areas = 4), but we also explored

the importance of changing the max. areas (setting

number max areas = 2, 3, and 5). Similarly, we explored

(i) splitting northern Andes into west, central Andes of

Colombia, eastern Andes of Ecuador–Colombia–Vene-

zuela, (ii) splitting northern Andes in Andes Ecuador–

Colombia and Andes of Venezuela, (iii) lumping wes-

tern Andes of Ecuador with the rest of northern Andes.

None of these alternative groupings altered marginal

probabilities at deeper nodes.
Population genetics methods

We estimated several genetic diversity statistics for each

of the Adelomyia phylogroups separately using

mitochondrial ATPase 6 and 8 from a total of 190



Table 1 Population genetic estimates for the six Adelomyia phylogroups. Sample size (n), haplotype number (H), haplotypic diversity

(h), nucleotide diversity (p) and Fu’s Fs estimates from mtDNA ATPase genes (**P < 0.01, *P < 0.05)

Lineage n H h p Fu’s Fs

Clade A 22 10 0.7489 ± 0.0950 0.004492 ± 0.002620 )1.46515 ns

Clade B 32 15 0.9214 ± 0.0275 0.005317 ± 0.002987 )3.56479*

Clade C-Andes 40 14 0.8474 ± 0.0367 0.002060 ± 0.001357 )7.88271**

Clade C-coast Ec 13 9 0.8718 ± 0.0913 0.0022130 ± 0.002097 )3.77624**

Clade D 62 44 0.8474 ± 0.0367 0.009754 ± 0.005079 )24.80161**

Clade F 7 5 0.9048 ± 0.1033 0.019003 ± 0.011074 2.70401 ns

Clade E 14 8 0.8681 ± 0.0764 0.022313 ± 0.011814 3.81130 ns
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Fig. 2 Results of cross-validation analysis for colonization date

of the eastern Colombian Cordillera. The best-supported date

(4.5 Ma) is shown by the arrow. Values below the dashed line

(3.6–5.4 Ma) are not rejected by cross-validation.
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individuals [Accession no. reported in Chaves & Smith

(2011)]. These included: (i) number of haplotypes (H),

(ii) haplotypic diversity (h) and (iii) nucleotide diversity

estimates as the average of pairwise nucleotide differ-

ences per site between two sequences (p) using Arle-

quin v3.0 (Excoffier et al. 2005) (Table 1). To examine

the traces of population expansion, we used Fu’s Fs sta-

tistic (Fu 1997), which is particularly effective at detect-

ing sudden changes in effective population size by

measuring departures from neutrality in situations char-

acterized by an excess of rare alleles and young muta-

tions (Fu 1997; Ramos-Onsins & Rozas 2002).

Significance of Fs values was evaluated with 1000 ran-

dom permutations in Arlequin v3.0, where large nega-

tive values of Fs reject population stasis as an indication

of deviation caused by population growth and ⁄ or selec-

tion (Fu 1997; Ramos-Onsins & Rozas 2002). We sepa-

rated clade C individuals into two groups based on

geographical area, coastal Ecuador and Andes, to fur-

ther explore the different population genetic patterns

reported by Chaves et al. (2007). To represent intraspe-

cific phylogenies, we constructed minimum-spanning

networks of absolute distances between mtDNA haplo-

types using the molecular variance parsimony algo-

rithm (Excoffier & Smouse 1994) implemented in

Arlequin v3.0.
Results

Divergence times, cross-validation analysis and
diversification hypothesis testing

Dates of divergence between 3.6 and 5.4 Ma were sup-

ported for the origin of clade F from the Santander

region by the cross-validation analysis, with a date of

4.5 Ma receiving the strongest support (Fig. 2). These

dates correspond closely with the origin of the eastern

Cordillera of Colombia between 5 and 3 Ma and pro-

vide strong support for a close coupling of orogeny and

species diversification. We then calibrated clade F with

the 4.5 Ma date and obtained a molecular rate of 2.24%
(based on a GTR + C divergence of 10.06%) or

1.12% ⁄ lineage ⁄ My, a rate very similar to the average

avian rate of 1.05% ⁄ lineage ⁄ My (Weir & Schluter 2008).

Node ages are reported after calibrating with both the

average avian rate as well as the 4.5 Ma date for clade

F (Fig. 3a).

Our analysis places the origin of Adelomyia in the

Miocene. The six phylogroups of Adelomyia were

formed between late Miocene and mid-Pliocene (6.0–

3.4 Ma) (Fig. 3a and Appendix S2, Supporting Informa-

tion). The first split corresponded to the southern clade

A from Bolivia at the Miocene–Pliocene boundary

6.0 Ma (Node I: 95% HPD: 4.7–7.1 Ma). The rest of the

phylogroups north of clade A have diverged rapidly

during a window of time spanning from 5.2 and 2.7 Ma

corresponding to the most recent Pliocene uplift phase.

In particular, clade D from eastern Andes of Ecuador

and Colombia diverged in the early Pliocene around

4.4 Ma (Node III: 95% HPD: 3.7–5.2 Ma), clade E from

coastal Cordilleras in Venezuela around 4.1 Ma (Node

IV: 95% HPD: 3.4–4.8 Ma), clade B from the eastern
� 2011 Blackwell Publishing Ltd
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Andes of Peru and clade C from the western Andes of

Peru and Ecuador were estimated to have diverged

around 3.4 Ma (Node V: 95% HPD: 2.7–4.1 Ma), and

clade F from eastern Andes of Colombia originated

around 4.6 Ma (Node II: 95% HPD: 3.8–5.3 Ma). Addi-

tionally, we found reciprocally monophyletic subdivi-

sions dating after 1.6 Ma within several phylogroups

(Fig. 3). All other haplotypes within phylogroups date

to the Pleistocene. This window of time coincides with

intense climatic fluctuations at high altitudes (Hoog-

hiemstra & van der Hammen 2004).

According to our topology, the first cladogenesis

event separated the southernmost phylogroup (clade A)

from the other phylogroups (clades B to F). The Bayes-

ian topology of the five northern phylogroups did not

strictly follow the expected south-to-north pectinate pat-
� 2011 Blackwell Publishing Ltd
tern, but the SOWH test failed to reject the south-to-

north topology for our data (P = 0.09), so we are unable

to rule out a strict latitudinal progression. The SOWH

test, however, did reject the random topology

(P < 0.001).
Ancestral geographical distributions

The Bayes-DIVA analysis (Fig. 4) provided support for

a southern origin of Adelomyia as shown by the mar-

ginal probability at the well-supported basal Node I

(region 1, P = 66%) with other geographical areas

showing lower probabilities (region 5, P = 15% and

regions 1–5, P = 9%). Also, this analysis suggests that

one dispersal event occurred from the northern Andes

(geographical region 5, Node II P = 81%) back to the
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central Andes (geographical region 2), as depicted in

the sequence of nodes leading from Node II to Node V,

although no support was found for nodes III and IV.
Population genetic estimates

Fu’s F tests of neutrality for the phylogroups were signif-

icant, with large negative values for clades B, C-coast,

C-Andes and D (Table 1). These negative values suggest

population expansion in these three phylogroups. The Fs

value for clade A was also negative (Fs = )1.465;

P = 0.21), but not significantly so. However, we were

unable to obtain samples from the southern half of the

geographical range, so further sampling is necessary to
verify a signature of range expansion. Importantly, these

four phylogroups with negative Fs values also have the

largest geographical ranges, as might be expected fol-

lowing population expansion episodes. Populations from

the geographically restricted clades E and F in the north-

ern Andes had positive Fs values suggesting population

stability. Adelomyia phylogroups show overall high levels

of haplotype diversity (h) (Table 1), as depicted by the

minimum-spanning networks (Fig. 5). In contrast, nucle-

otide diversity (p) was considerably higher for the two

groups with restricted ranges from the northern Andes

(clades E and F) compared with the groups with larger

ranges to the south, rejecting sudden expansion in effec-

tive population size in these two groups.
� 2011 Blackwell Publishing Ltd
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Discussion

Origin of genus Adelomyia and direction of dispersal

Three lines of evidence suggest an origin for Adelomyia

in the southern part of the tropical Andes. First, our dat-

ing suggests that Adelomyia and Aglaiocercus (Andean

Clade representatives: McGuire et al. 2007) last shared a

common ancestor in the mid-Miocene (�9.2 Ma)

(Fig. 3a), at a time when paleoelevations (2000–2500 m)

and plant communities able to support montane hum-
� 2011 Blackwell Publishing Ltd
mingbirds were restricted almost completely to the

south portion of the central Andes (Bolivia south Peru)

(Fig. 3b). Second, Bayes-DIVA analyses suggest a south-

ern origin for the basal Adelomyia node (Fig. 4), in which

the Bolivian Andes received the highest probability val-

ues for the ancestral reconstruction. Finally, the basal-

most split at 6 Ma occurs between the Bolivian clade A

and all other northern phylogroups (Fig. 3a), a pattern

which is consistent with a southern origin followed by

northward expansion into the rest of the Andes and low-

land Cordilleras in Venezuela during their Pliocene
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uplift (Fig. 3b). The close spacing of nodes II to V in the

phylogenetic reconstruction (Fig. 3a) precludes recon-

struction of the exact sequence of diversification events

in the northern portion of central and northern Andes,

but does suggest that phylogroups in the north arose

rapidly during a short period in the mid-Pliocene. There

are several possible scenarios explaining the diversifica-

tion of northern lineages. The first possibility is that the

south-to-north topology is correct, and the true tree can-

not be recovered because of rapid expansion through

the northern Andes. Alternatively, the Peruvian form

(proto-clade B) may have colonized the northern Andes

several times, with the first colonization events (one or

more) producing clades F, E and D and the last coloniza-

tion event producing clade C. However, this reconstruc-

tion is not supported by the Bayes-DIVA analysis

(Fig. 4). The results of the Bayes-DIVA analysis instead

suggest a third scenario, a northern expansion through

the central Andes that produced clades in the northern

Andes (E, F, and D) followed by a back colonization that

produced the more southerly distributed clades B and C

(Figs 3b and 4). All of these scenarios coincide with a

vigorous uplift in the Andes of Peru northwards to Ven-

ezuela reaching elevations above 2500 m (Noble et al.

1990; Picard et al. 2008; Poulsen et al. 2010; Hoorn et al.

2010), facilitating the dispersal of this group northwards.

While a few isolated portions of the northern Andes had

obtained important elevations (>2000 m) during the

Miocene (Mérida Andes) (Hoorn et al. 2010), the timing

of colonization of the north (Fig. 3) suggest these

regions were reached only after lineages moved north-

wards from a southern region following widespread

uplift in the Pliocene.

In contrast to the inferred south Andean origins for

Adelomyia, phylogeographical studies of other Neotropi-

cal montane bird species suggest expansion from north-

ern regions in Middle America south through the

Andes (Myioborus-, Pérez-Emán 2005; Buarremon-, Cade-

na et al. 2007; Myadestes-, Miller et al. 2007; Chlorospin-

gus ophthalmicus-, Weir et al. 2008; Cyanolyca-,

Bonaccorso 2009). However, these studies included taxa

that had Mesoamerican origins outside the Andean

region. The estimated dispersal time to Andean regions

for many groups of Mesoamerican origin occurred pri-

marily after the Panamanian land bridge was completed

in the mid-Pliocene (�3 Ma) (Weir et al. 2009; Smith &

Klicka 2010), a time when the Andes had nearly

reached their modern elevations (Gregory-Wodzicki

2000). The late arrival of Mesoamerican avian groups to

the Andes would have precluded diversification driven

by the south-to-north chronological uplift. Adelomyia,

thus, presents the first documented case of diversifica-

tion tracking the temporal Andean uplift phases in

birds.
Pleistocene phylogeography

Our intraspecific analysis found high haplotypic diver-

sity (h) within phylogroups, supporting the hypothesis

that the six phylogroups have been isolated for a long

time with little or no gene flow between them. Low

effective populations sizes, low nucleotide diversity (p)

and evidence for demographic expansion (Fu’s Fs) are

all indications that clades B, C, and D suffered past

genetic bottlenecks followed by population expansion.

Most uplift phases in the Andes pre-date the onset of

the Pleistocene, thus the high phylogenetic diversity of

haplotypes within Adelomyia phylogroups (Figs 3–5) is

most likely due to climatic fluctuations well after the

formation of these lineages in the Miocene–Pliocene.

Population contraction and fragmentation at higher

elevations could be the result of marked dispersal bar-

riers created by the lowering of glaciers and severe

elevational compression of montane vegetation zones

in response to overall cooling temperatures (van der

Hammen 1989; Hooghiemstra & van der Hammen

2004; Hooghiemstra et al. 2006). In contrast, the higher

nucleotide diversity (p) found in clades F and E indi-

cate long-term demographic stability and in combina-

tion with the suggested model of population stasis

(Fu’s Fs) suggest that coastal Venezuela and the north-

ern portion of the northern Andes in Colombia could

have served as an ecoclimatic refugia maintaining iso-

lated populations that were relatively unaffected by

Pleistocene events. Accordingly, these regions may

have harboured stable effective population sizes in

regions where disturbance was moderate (see Garcı́a-

Moreno et al. 1999a; Brumfield & Capparella 1996),

while the rest of the phylogroups suffered from possi-

ble range contractions and fragmentation during Pleist-

ocenic climatic cycles.
Biogeographical barriers

Geographical discontinuities found along the Andes are

known to influence dispersal events, thus promoting

differentiation (Cracraft 1985; Stattersfield et al. 1998;

Weir 2009). This is also the case in Adelomyia humming-

birds, where genetic breaks between adjacent phylo-

groups generally corresponded to deep valleys (Chaves

& Smith 2011). The geographical limits between clades

A and B coincide geographically with the Cordillera of

Vilcanota and Inambari River Valley in south Peru

(Fig. 5). This region is known to demark species distri-

butional limits in other avian groups (see Stattersfield

et al. 1998; Fjeldså et al. 1999), perhaps due to drastic

environmental and climatic transitions in this region

(Fjeldså et al. 1999; Buermann et al. 2008), which have

recently been proposed to act as environmental barriers
� 2011 Blackwell Publishing Ltd
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limiting species ranges in other Andean birds (Graham

et al. 2010).

Phylogeographical breaks in Adelomyia in the north-

ern portion of the central Andes correspond with the

North Peruvian Low (NPL) and the Marañón River

Valley (Fig. 5), believed to be one of the most impor-

tant barriers affecting migration and distribution of

Andean birds along the eastern slope of the Andes

(Parker et al. 1985; Bates & Zink 1994; Johnson & Jones

2001; Miller et al. 2007; Weir 2009; Chaves & Smith

2011). Whether the NPL was formed during the late

Pliocene (Kroonenberg et al. 1990), coinciding with the

phylogenetic breaks between Adelomyia clades A, B

and D, and documented in other taxa (Bates & Zink

1994; Miller et al. 2007; Weir 2009), or is much older

(Räsänen et al. 1993), the permeability of this barrier

during the mid-Pliocene may have allowed popula-

tions of Adelomyia to expand northwards. However,

the maintenance of the genetic identity of these three

phylogroups in such close geographical proximity on

either side of the NPL is a clear example of the isolat-

ing effects of this barrier.

The divergence time of clade F from Santander

strongly suggests a link to the orogenic activity along

the Bucaramanga Fault during the major Andean defor-

mation phase and uplift of the eastern Cordillera in the

Pliocene (Irving 1975; Cooper et al. 1995; Villamil 1999).

The remarkable genetic differentiation and length of

isolation in this clade is surprising, given the close geo-

graphical proximity to clade D, which is also distrib-

uted along the eastern Cordillera (the nearest sampled

locality is <50 km away in Norte Santander; Site: 37,

Fig. 5). The two clades are separated from each other

by a deep valley, highlighting the efficacy of such land-

scape features as barriers to gene flow.

In two cases, Adelomyia colonized and persisted in

low-elevation Cordilleras geographically isolated from

the high Andes. The low-elevation Caribbean Mountains

in Venezuela (e.g. Lara-Falcón and Serranı́a de San Luis

ranges) were uplifted during the Miocene and Pliocene

(Dı́az de Gamero 1977; Ostos et al. 2005; Lallemant &

Sisson 2005; Higgs 2006) and were colonized by Adel-

omyia around 4.1 Ma (producing the endemic clade E).

The Barquisimeto Depression separates this clade from

clade D in the Venezuelan Andes. The isolated low-ele-

vation coastal Cordillera (Chongón-Colonche) of Ecua-

dor was also colonized by Adelomyia, but unlike the

coastal Cordilleras in Venezuela, this colonization may

have occurred more recently, during the onset of severe

glaciations in the Andes (Chaves et al. 2007), which may

have forced populations to lower elevations along

coastal Ecuador. Alternatively, coastal Ecuador and west

Andean populations could have been colonized simulta-

neously (3.4 Ma), last sharing a recent common ancestor
� 2011 Blackwell Publishing Ltd
1.2 Ma, at which point dynamic climate shifts could

have isolated this lineage within the Cordillera as gla-

ciers retreated upwards (Chaves et al. 2007).

These two lowland diversification cases certainly

merit addressing the assumption that present-day eleva-

tions requirements for Adelomyia were the same as those

of the past. With this caveat in mind, we suggest Adel-

omyia has expanded its niche to low-elevation wet for-

ests in coastal Ecuador and coastal Venezuela, and that,

it is capable of existing in low-elevation habitats of sim-

ilar habitat structure to Andean cloud forests in loca-

tions where higher elevations are not available.
Synthesis

Here, we provided evidence for the link between the

chronological uplift of the Andes and hummingbird

diversification. Our divergence estimates and ancestral

biogeographical reconstructions suggest a Miocene ori-

gin for the speckled hummingbird Adelomyia melanoge-

nys in the southern portion of central Andes, followed

by subsequent colonization of the northern Andes dur-

ing their early- to-mid-Pliocene uplift phase. The cross-

validation method strongly supported the origin of

clade F in the eastern Cordillera of Colombia during

the exact time period (�3 to 5 Ma), when elevations

>1300 m required by Adelomyia were achieved. Andean

clades B, C and D appear to have experienced severe

population bottlenecks as a result of range shifts and

contractions influenced by climatic fluctuations during

the Pleistocene, followed by population expansion in

more recent times. The pre-Pleistocene origin of the six

extant lineages in the Andes supports the hypothesis

that uplift during this epoch was a driving factor in the

diversification in Adelomyia.
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