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Abstract

Andean uplift contributed importantly to the build-up of high Neotropical diversity.
Final uplift of the Eastern Cordillera of Colombia separated once-contiguous lowland
faunas east and west of the Andes between 5 and 3.5 million years ago (Ma hereafter). We
used DNA sequences from several moderate- to fast-evolving mitochondrial and two
slow-evolving nuclear genes to generate a well-supported phylogeny of Dendrocincla
woodcreepers, a genus with multiple species endemic to lowland regions both east and
west of the Andes. A time-calibrated phylogeny and dispersal-vicariance analysis
indicated that uplift of the Eastern Cordillera of Colombia resulted in the initial vicariant
separation of a widespread lowland form east and west of the Andes at c. 3.6 Ma. This
was followed by two separate east-to-west dispersal events over or around the completed
Andes, each producing a genetically distinct lineage. Our analysis suggests that Andean
uplift promoted the build-up of biodiversity in lowland Neotropical faunas both through
vicariance-based speciation during uplift and through dispersal-based speciation
following uplift. In contrast to the multiple colonizations of the trans-Andean region
by Dendrocincla, the Atlantic Forest was colonized from the Amazon only once, followed
by in situ diversification.
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The orogenic sequence of the Andes proceeded in a

Introduction south-to-north fashion (Gregory-Wodzicki 2000; Hartley

Neotropical humid forests possess the highest diversity
on the planet (Rosenzweig 1995; Newton 2003; Kreft &
Jetz 2007), yet our understanding of the historical pro-
cesses that helped forge this diversity continues to
develop. Andean uplift is widely recognized as having
fostered a highly diverse and species-rich fauna in the
highlands of the Neotropics (Burns & Naoki 2004;
Hughes & Eastwood 2006; Ribas et al. 2007; Sedano &
Burns 2009; Weir 2006, 2009; Weir et al. 2008). What is
less well understood is the role played by Andean
uplift to the build-up of diversity in the Neotropical
lowlands.
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2003; Garzione et al. 2008). Between 5 and 3.5 Ma, the
Eastern Cordillera of Colombia was rapidly uplifted,
completing an otherwise unbroken Andean chain from
temperate regions in the south of the continent, north to
the Caribbean coast in Venezuela. Prior to this comple-
tion, lowland wet forests are believed to have stretched
unbroken from the Pacific to Atlantic (Hoorn ef al.
1995; Hooghiemstra & van der Hammen 1998), but
were bisected by Andean completion into cis- and trans-
Andean components, each comprising a high degree of
endemism (e.g. Haffer 1967; Cracraft 1985). This ende-
mism led past authors to propose that final Andean
uplift promoted vicariance of once-widespread species
into eastern and western components, resulting in an
increase in lowland species diversity (Chapman 1917).
If correct, then splitting events between cis- and
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trans-Andean sister clades should date to the final per-
iod of uplift in the Eastern Cordillera of Colombia. Fol-
lowing uplift, speciation resulting from rare dispersal
events over the Andes via low-elevation passes, or
around the northern Andes through temporary wet-for-
est corridors, are also thought to have contributed to
the build-up of faunas and floras (Chapman 1917, 1926;
Haffer 1967, 1969), and such dispersal-based splitting
events should date to the past 3.5 million years (Ma)
following completion of the Andes. The relative contri-
bution of these two processes—initial vicariance at
uplift and subsequent dispersal after uplift—in generat-
ing lowland diversity are poorly understood (see Brum-
field & Capparella 1996).

We investigated the contribution of Andean uplift to
the diversification of Dendrocincla woodcreepers. We
chose Dendrocincla because the genus comprises two
species largely endemic to the trans-Andean region
(D. anabatina and D. homochroa), two to the cis-Andean
region (D. merula and D. turdina), one that straddles
both cis- and trans-Andean regions (D. fuliginosa), and a
sixth species restricted to high altitudes in the tropical
Andes (D. tyrannina) (Fig. 1). The presence of three
species in cis-Andean and three in trans-Andean regions
suggests Andean uplift may have promoted multiple
low-elevation speciation events in this group. Lowland
species in this genus actively forage at swarms of the
army ant Eciton burchellii and several species are obli-
gate army ant followers (Willis 1972; Hilty 1972;
Marantz et al. 2003). Given that the temperature-depen-

dent E. burchellii becomes rare above 1000 m (Hilty
1972), Dendrocincla may have been especially prone to
population fragmentation mediated by Andean uplift.

We investigate the phylogenetic history within Den-
drocincla using four mitochondrial genes and two slowly
evolving nuclear genes. We used this phylogenetic
reconstruction along with a dated relaxed-clock tree
and dispersal-vicariance analysis to determine the num-
ber and dates of divergence events between cis- and
trans-Andean regions. Our results suggest the Andes
played a complex role in driving diversification in Den-
drocincla, promoting both vicariant- and dispersal-based
speciation.

Material and methods

Taxon sampling

Tissues were collected by JTW in Panama or were
obtained from museum collections (Field Museum of
Natural History, University of Kansas Natural History,
Museum of Vertebrate Zoology at the University of Cal-
ifornia, and the Smithsonian Tropical Research Institute;
see Table 1). We obtained tissue samples for all species
and included multiple subspecies if tissues were avail-
able: six of 12 subspecies (and all subspecies groups,
Fig. 1) for Dendrocincla fuliginosa, one of two for Dendro-
cincla tyrannina, two of three for Dendrocincla anabatina,
five of seven for Dendrocincla merula and two of four
for Dendrocincla homochroa. A total of 43 Dendrocincla

meruloides group

0 D. fuliginosa
WY D. turdina

- D. merula
- D. tyrannina

lafresnayei meruloide

trumaii

deltana  fyliginosa group
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il . homochroa
E= D. anabatina

i sympatry

taunayi

o
™,

Fig. 1 Geographic range of Dendrocincla species and sampling localities. Altitudes in the Andes and Central America above 1800 m
are shown in black. Rivers are shown by dotted grey lines. Approximate borders between subspecies in Dendrocincla fuliginosa and
Dendrocincla merula are shown by thin black lines and subspecies groups shown by thick black lines. Numbered collecting localities
(white circles) correspond to samples in Table 1.
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5 % % § 5 9| 7 individuals were sampled. A molecular Phylogeny of
g LRO E E E g § czg _§ all dendrocolaptid genera placed Dendrocincla as sister
ElD 2 o 225 | %% to a clade containing Deconychura longicauda and Sittaso-
A S I B mus griseicapillus (Weir et al. 2009; Derryberry et al.
5«: § L:“ B g S 2010). We included these two species as outgroups in
& = = = § :§ g addition to a more distant relative, Xiphorhynchus lachry-
S| 3 B 2 2 E’ & mosus.
© © [ 10 O Dy ; 8
§ § § § § § § 2 Laboratory protocols
g & & YLl Ee8
§ Z Z 4 ZZZ4 2\ E Genomic DNA was isolated from pectoral muscle using
o o N o e N & phenol-chloroform extraction. We sequenced 1005 bp of
§ :@l :§l § § ?l ; Z mitochondrial cytochrome b (cyt b) for all individuals
5 % % % %‘ % % E‘E using primers S-14987 (Weir & Schluter 2007) and S-
Vlis/r /B 8 RER é ; 16065 5’ ACTCTTCAGTCTCTGGTTTACAAGAC’3
® K ¢ @5F%| w3z designed here for specificity to suboscines. We
B B B B8 %é sequenced five additional genes (extended sequence
a S 5 5 858172 < data set hereafter) for a subset of 17 Dendrocincla indi-
210 © 0 0OO é ‘-qé: viduals and three outgroups, with one representative
La8g g § R § S individual per Dendrocincla subspecies. These genes
m E § E & § § E E TS included two additional protein-coding mitochondrial
5 8 2 8 2 8’ 8’ 8 a %‘% genes—partial NADH dehydrogenase subunit 2 gene
g g (ND2: 876 bp) using primers L5215 (Hackett 1996) and
é £ SEP 5 H6313 (Johnson & Sorenson 1998) and partial cyto-
g 2128 8 chrome oxidase I gene (COIL 592 bp) using primers
Eo = Qg 5 § e COIf and COla (Palumbi 1996); partial sequences of one
5 E g 8 2 g uqé ribosomal RNA gene—small ribosomal unit 16 (16s:
£ '% z S| E2r 2 588 bp) using primers 16sar and 16sbr (Palumbi 1996);
5 % ; é % § 3 and partial sequences of two nuclear genes—RAG 1
S % y CHl %‘ qzx (RAGT: 893 bp) using primers R50 and R51, and c-myc
g £ 8 g % g g (c-myc: 499 bp) using primers mycEX3A and Rmy-
5 " -§ @ E < 2 é § g cEX3A (Ericson et al. 2000; Irestedt et al. 2001). Amplifi-
2|3 g - @ 5 & 286 — § § cation and sequencing of these genes followed standard
s % 2 EER g«% Se| A= o protocols (mitochondrial genes: Weir ef al. 2008; nuclear
S| s E SESEEES-N [8 5 S genes: Groth & Barrowclough 1999) with annealing
= _ g % = temperatures ranging from 48 to 56 °C. Sequences were
= — &8 N EN ® aligned and edited in BioEdit (Hall 1999).
gl 222, -8 |20 %
i) REEE Bip |32 |
= 85222 & LE|[EON S Phylogenetic analysis
5| ZToez TUE |2z ¢ . .
2 E ERrEd 42F c[7'> 2 = We used four partitions for our extended data set: (i)
5| 5666 E E & @ ?E 7 mtDNA protein-coding genes (cyt b, ND2 and COI), (ii)
o % g g 16s, (iii) RAG 1 and (iv) c-myc. A partition homogeneity
=) o | =2 ; test conducted in PAUP* v4.0b10 (Swofford 2002) (1000
S 3 < Z| B 5 8 heuristic replicates with 100 stepwise addition repli-
g § § §_»§ é’ 3 § Z g :b o cates) showed no significant differences in phylogenetic
=<8 u§ g §~§0§ T o E signal across partitions (P = 0.99) and trees generated
TE2 T B kS 2 ES s g for each data set had similar topologies (although only
b § § é é § Zog § § % B, % the mtDNA protein-coding data set was well resolved).
é - § s 8 § § § §§ E jg g £ MrModelTest (Nylander 2004) was used to determine
S % S8F=S=S £SS88 E) S5 2 the best-supported models of sequence evolution for
- | B | RAQAAAQA HAX o N :2‘ g both the cyt b data set and the extended data set with
2 | = Z % g % four partitions. Akaike information criterion was used
ElZ2] 38588 2270 to choose the model with the best fit to the data for
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each partition. The GTR-I'-I model was chosen for the
cyt b data set. For the four partition data set, GTR-T'-I
best fit the mtDNA protein-coding genes and 16s, and
HKY+I best fit RAG 1 and c-myec.

Bayesian analyses were conducted in MrBayes 3.1.2
(Huelsenbeck & Ronquist 2001) on the cyt b and concat-
enated data set of all genes using the best-supported
model of sequence evolution for each partition, as well
as individually on each nuclear gene as well as a com-
bined data set of both nuclear genes. Heterozygous sites
were coded using ambiguity codes for nuclear genes.
Model parameters were estimated for each partition by
MrBayes. To aid in mixing, the temperature parameter
for heating the chains was reduced from its default
value of 0.2-0.05 and a total of eight chains were run,
seven heated and one cold. A total of six (cyt b and
extended sequence data sets) or two runs (individual
nuclear genes and the combined nuclear data set), each
starting from a different random starting tree, were per-
formed. Analysis were run for 40 (cyt b and extended
sequence data sets) or 100 million generations (individ-
ual nuclear genes and the combined nuclear data set),
with trees sampled every 1000 generations. Conver-
gence of overall tree likelihoods and individual model
parameters was analysed in Tracer v1.5.0 (Rambaut &
Drummond 2009). Convergence of the tree topology
was analysed in AWTY (Nylander et al. 2008b). For
each analysis, likelihoods and model parameters con-
verged before 3 million generations in all runs, but the
tree topology took up to 8 million generations to reach
convergence (as assessed by lack of trends in plots of
cumulative split frequencies through the course of indi-
vidual simulations; see Nylander et al. 2008b). We
deleted the first 8 million generations as the burnin.
Following the burnin, bivariate plots of node posterior
probabilities (not shown) for separate pairwise runs
showed little scatter around the 1:1 line, suggesting all
runs had converged on similar topologies (see Nylander
et al. 2008b). Majority-rule consensus trees were gener-
ated in MrBayes from samples generated after the bur-
nin period.

A Bayesian analysis was also used to estimate a spe-
cies tree (Edwards et al. 2007) in BEST 2.3 (Liu 2008)
for our three unlinked data sets (all mtDNA genes,
RAGI and c-myc), allowing each data set to have its
own model as in the concatenated data set analysis.
Individuals with multiple heterozygous sites within a
nuclear gene were phased probabilistically for the BEST
analysis using the Stephens & Donnelly (2003) model of
haplotype reconstruction in PHASE 2.1 (Stephens et al.
2001) with default settings. Subspecies within D. fuligin-
osa, D. homochroa and D. merula were deeply diverged
genetically and/or were reciprocally monophyletic in
the cyt b analysis (Fig. 3) and these are treated as

distinct units for species tree analysis. Deconychura was
used as the only outgroup. In BEST, we used the
default value of 3 for the mean of the inverse gamma
distribution prior on the effective population size, but
changed its standard deviation from 0.003 to 0.03 to
help aid in mixing. The prior on mutation rates was set
conservatively as a uniform distribution ranging from
0.001 to 5, to allow for potentially large differences in
rate between nuclear and mitochondrial loci. The analy-
sis was run for 100 million generations and with six
independent chains. Other parameters (number of runs,
temperature, etc.) of the BEST analysis were identical to
the MrBayes analyses. Likelihoods and model parame-
ters converged in <10 million generations in the first
four runs but took 20 million generations in the fifth
and 50 million in the sixth runs. The tree topology of
the last two runs failed to converge, and we deleted
them from the analysis. Tree topology converged well
within 50 million generations in the other four runs
(assessed using plots of cumulative split frequencies
and bivariate plots of node posterior probabilities as in
the MrBayes analyses), and we used a conservative bur-
nin of 50 million generations. Majority-rule consensus
trees were generated in BEST from samples generated
after the burnin period.

Equally weighted parsimony trees were also gener-
ated in PAUP* for the concatenated data set of all
genes. The parsimony analysis used a neighbour joining
starting tree, a stepwise heuristic search using tree
bisection-reconnection branch swapping and 100 ran-
dom addition sequence replicates. Ten trees were held
at each cycle of the stepwise addition procedure. One
thousand bootstraps were performed with the conLevel
option set to 50.

Molecular dating

We produced a relaxed-clock tree (with rate variation
following a log-normal distribution and Yule speciation
prior) in BEAST 1.5.4 (Drummond & Rambaut 2007)
using the GTR-I' model of sequence evolution for our
protein-coding mtDNA data set (cyt b, ND2 and COI).
We use the GTR-T" rather than the GTR-T-I for dating
purposes to utilize published molecular rates from Weir
& Schluter (2008), which used the GTR-I' model. The
topology was fixed (following the majority-rule consen-
sus topology uncovered for the combined analysis of all
genes) and only branch lengths were optimized. The
analysis was run for 100 million generations; trees were
sampled every 1000 generations, and mean node ages
were calculated for sampled trees following a 10-million
year burnin. We placed uniform priors (limits: 0 to
infinity) on relative rate parameters between nucleo-
tides, as the null priors in BEAST failed to mix well.

© 2011 Blackwell Publishing Ltd
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Thirty-six cross-validated calibrations from the order
Passeriformes yielded an average per lineage rate of
0.0104 (standard deviation = 0.0031, calculated directly
from the online data set of Weir & Schluter 2008
because the value reported in their Table 1 for Passeri-
formes was incorrect) mutations per site per million
years for cyt b (Weir & Schluter 2008). To determine the
validity of applying this rate for cyt b to our data set of
three mitochondrial protein-coding genes, we per-
formed a major axis regression of maximum-likelihood
GTR-T-corrected distances for cyt b vs. combined dis-
tances of all mtDNA protein-coding genes. The slope of
the major axis regression is 1.10 (P < 0.0001, 2 = 0.94),
indicating that the protein-coding mtDNA data set is
evolving 10% faster than just cyt b (Fig. 2). We multi-
plied the cyt b rate by 1.1 to yield a rate of 0.0114 with
a standard deviation of 0.0034 and fixed BEAST’s
‘meanRate’ prior to follow a normal distribution with
this mean and standard deviation.

A previous study used multiple nuclear and mito-
chondrial genes to date major clades in the radiation of
the Dendrocolaptidae and Furnariidae (Irestedt et al.
2009). This phylogeny was calibrated using the
basal passerine split between Acanthisitta (endemic to
New Zealand) and other passerines with the age when
New Zealand split off from Gondwana 82-65 Ma.
Because the lineage leading to Acanthisitta could have
colonized New Zealand any time after its separation,
this calibration point provides only a maximum age
constraint and we consider the node ages in Irestedt
et al. (2009) as representing maximum possible ages of
nodes. The node connecting Xiphorhynchus to the clade
that includes Dendrocincla, Deconychura and Sittasomus

0.4
° [ ]
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(%]
Q ° .
g 031 RV
= ARy
o .
)
€ 0.2 N
c
£
S
C
T 0.1 *
o
&
L )
0 T T T
0 01 02 03 04

Cytochrome B

Fig. 2 Relationship between GTR-I" distances calculated for
cytochrome b only and for all mitochondrial protein-coding
genes. The slope of the major axis regression is 1.1, indicating
that the mitochondrial protein-coding data set is evolving 10%
faster than the rate for just cytochrome b.

© 2011 Blackwell Publishing Ltd

was dated at 20 Ma. We use this as a maximum age cal-
ibration for this node in our phylogeny (i.e. the root
node) and implement this with a uniform distribution
from 0 to 20 Ma. Eliminating this constraint on the root
node age did not alter mean node ages but did increase
the upper end of the 95% highest posterior density
interval for node ages.

Biogeographic analysis

We reconstructed the biogeographic history of Dendro-
cincla using Bayes dispersal-vicariance analysis (Bayes-
DIVA; Nylander et al. 2008a) as implemented in RASP
(Yu et al. 2010), a method that accounts for phylogenetic
uncertainty by integrating over a sample of trees from a
Bayesian MCMC analysis. We used a random sample of
5000 post-burnin trees from our Bayesian analysis of the
concatenated data set of all genes. We reconstructed
three geographic areas along this sample of trees: cis-An-
dean, trans-Andean and Andean. The three outgroup
genera occur in both cis- and trans-Andean regions
(almost all Xiphorhynchus are lowland) and were coded
as occurring in both cis- and trans-Andean regions. Cod-
ing of all ingroup taxa is illustrated in Fig. 4.

Results

For the cyt b analysis of all individuals, 300 of 1005 bp
were variable. The extended sequence data set con-
tained a total of 4453 bp, 886 of which were variable in
ingroup sequences. In the extended data set, uncor-
rected distances for ingroup taxa (excluding distances
between the two individuals of Dendrocincla fuliginosa
ridgwayi) ranged from 0.5% to 6.8% for cyt b, 0.11-
9.0% for ND2, 0.17-6.5% for COI, 0-3.7% for 16s, 0—
0.72% for RAG1 and 0-1.21% for c-myec.

Our Bayesian analysis of the cyt b data set (Fig. 3 and
Dataset S1) strongly supported (posterior probability of
1.0) reciprocal monophyly for all subspecies for which
two or more individuals were sampled. The uncovered
cyt b topology was poorly supported at several nodes
(Fig. 3) and was not able to verify the monophly of
Dendrocincla with respect to outgroups Deconychura and
Sittasomus. Despite poor support at some nodes, the cyt
b phylogeny yielded a topology almost identical to that
uncovered in the well-supported phylogeny for the
extended genetic data set (compare Figs 3 and 4).

For the concatenated data set of all genes, the Bayes-
ian consensus tree and parsimony (a single most par-
simonious tree was uncovered) yielded identical
topologies (Fig. 4) with at least moderate support (0.7-
0.95 posterior probability, 60-70% bootstrap support)
for all but one node, and strong support (>0.95 poster-
ior probability, >70% bootstrap support) for all but
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are not shown for nodes connecting samples within a subspe-
cies. Posterior probability of 1.0 is indicated by *. Scale bar is
per cent divergence.

three nodes. The key topological uncertainty involved
placement of f. atrirostris as sister to a clade that
included f. fuliginosa, f. neglecta, f. meruloides, f. ridgwayi
and anabatina (posterior probability = 0.65, bootstrap
support = 58%). The next best-supported placements
grouped f. atrirostris and f. fuliginosa as sister taxa (par-
simony bootstrap support = 27%) or placed Dendrocin-
cla fuliginosa atrirostris as sister to a clade containing
Dendrocincla turdina and Dendrocincla fuliginosa taunayi
(bootstrap support = 19%). Shimodaira-Hasegawa tests
failed to reject these alternative topology placements
(P =0.20 and 0.25, respectively, using a one-tailed boot-
strap test of 1000 permutations; Shimodaira & Hasega-
wa 1999). Regardless of the uncertainty in placing
f. atrirostris, the uncovered topology demonstrates that
D. fuliginosa is not a monophyletic species. Both Den-
drocincla anabatina and D. turdina are phylogenetically
nested within D. fuliginosa. A Shimodaira-Hasegawa
test comparing the topology in Fig. 4 to one forcing
D. fuliginosa to be reciprocally monophyletic rejected

monophyly of D. fuliginosa (P < 0.0001). All other spe-
cies were monophyletic.

Bayesian topologies for individual nuclear genes were
poorly supported (Fig. S1, Supporting information),
which is not surprising given their low levels of
ingroup uncorrected distances compared to the mito-
chondrial genes. Nevertheless, the topology uncovered
from the combined nuclear data set (Fig. S1, Supporting
information), although receiving only weak to moderate
nodal support, was similar to the topology of the con-
catenated data set of all genes (Fig. 4). The only differ-
ences between the topologies of these data sets
occurred between recently diverged taxa within two
clades: (i) the clade comprised of merula castanoptera,
m. olivascens, m. remota and m. bartletti and (ii) the
clade comprised of fuliginosa fuliginosa, f. ridgwayi,
f. neglecta, f. meruloides and anabatina (compared Fig. S1,
Supporting information and Fig. 4). The topological
similarity at deeper levels suggests that the two data
sets are congruent but that the nuclear data set does not
have sufficient variability to resolve recently diverged
taxa.

The species tree generated in BEST had an almost
identical topology (although with lower posterior prob-
abilities at several nodes) to the concatenated data set
of all genes generated in MrBayes (Fig. 4) and the par-
simony tree. The only difference in the BEST topology
was that it placed Dendrocincla tyrannina as sister to the
clade including Dendrocincla homochroa, Dendrocincla fu-
liginsa, D. anabatina and Dendrocincla turdina (with very
low support, posterior probability = 0.42), while MrBa-
yes and parsimony placed it as sister to Dendrocincla
merula  with moderate support (posterior probabil-
ity = 0.92, bootstrap support = 61%).

The topologies uncovered by the concatenated data
set of all genes and the species tree analysis resolve a
number of taxonomic uncertainties that have plagued
this genus: (i) D. f. atrirostris does not belong to D. tur-
dina as suggested by some authors (Willis 1992; Ma-
rantz et al. 2003); (i) D. f. taunayi, which is
morphologically intermediate between D. furdina and
Amazonian forms of D. fuliginosa (Zimmer & Mayr
1943; Marantz et al. 2003), is the sister taxon to D. turdi-
na, and not closely related to other taxa in the D. fuli-
ginosa complex; (iii) Dendrocincla fuliginosa meruloides
has at times been considered conspecific with D. merula
(see Marantz et al. 2003), but our topology clearly
placed it within the D. fuliginosa complex; (iv) D. anaba-
tina was thought to be the sister of D. tyrannina (Rai-
kow 1994), but our topology suggests these two species
are not closely related. Our analysis also indicates that
current taxonomic practice of recognizing D. fuliginosa
as a single polytypic species needs re-evaluation
because two other species, D. turdina and D. anabatina,

© 2011 Blackwell Publishing Ltd
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Fig. 4 Phylogenetic analyses generated for Dendrocincla from the extended sequence data set. (Right) Bayesian majority-rule consen-
sus phylogeny generated for the concatenated data set of all genes. The most parsimonious tree yielded an identical topology. The
species tree yielded a topology identical in all respects except the placement of Dendrocincla tyrannina as sister to the Dendrocincla
homochroa and Dendrocincla fuliginosa complex (dashed line). Numbers at nodes indicate posterior probabilities for the concatenated
analysis (left), species tree analysis (middle) and per cent bootstrap support (right). Posterior probability of 1.0% and 100% bootstrap
support each are indicated by *. NA, not applicable because the node in question does not appear in the analysis. (Left) Time-cali-
brated phylogeny using the relaxed-clock model of BEAST with a mean molecular rate of 1.14% (+0. 34% SD; see text) per lineage
and topology fixed to that estimated for the concatenated Bayesian analysis of all genes. Grey bars show the 95% highest posterior
density interval for node ages (which for the most basal split extends beyond the graph to 11.3 Ma). T, trans-Andean; C, cis-Andean;
A, Andean. Black circles at nodes indicate that taxa descending from that node have sympatric overlap in geographic ranges.

are phylogenetically nested within D. fuliginosa, render-
ing that species paraphyleticc We suggest that D.
f. taunayi be recognized as a subspecies of D. turdina
(vocalizations are similar between these taxa, but highly
distinct from Amazonian members of the D. fuliginosa
complex, suggesting that together they comprise a
separate biological species, Weir unpublished data).
D. anabatina is sympatric with D. f. ridgwayi (Figs 1
and 5), demonstrating its status as a unique biological
species. Further analysis of contact zones and vocaliza-
tions are needed to determine whether other taxa in the
D. fuliginosa complex should be separated into multiple
species level taxa or whether it should be retained as a
paraphyletic species with respect to D. anabatina (an
option acceptable under the biological species concept).

Dated phylogenies are shown in Figs 4 and 5. The
basal split within Dendrocincla was estimated to be
7.3 Ma. The first split between cis- and trans-Andean
clades (D. homochroa vs. the clade comprising D. fuli-
ginosa, D. anabatina and D. turdina) occurred at 3.6 Ma.

The Bayes-DIVA analysis produced a single most
parsimonious reconstruction across the random sample
of 5000 trees, providing a strongly supported (recon-

© 2011 Blackwell Publishing Ltd

struction at all ingroup nodes had a probability of 1.0)
reconstruction despite topology uncertainties in a few
parts of the tree which appear not to have affected the
reconstructions. The basal node of Dendrocincla was
reconstructed as occurring in the cis-Andean region
with four nested nodes originating through vicariance
or dispersal into other regions: tyrannina into the An-
des (not shown), and three independent events
(labelled event 1-3 in Fig. 5c), resulting in separation
of sister clades into cis-Andean and trans-Andean
regions. The first cis/trans-Andean splitting event
occurred at 3.6 Ma towards the end of the 5-3.5 Ma
uplift of the eastern Cordillera of Colombia. We inter-
pret this splitting as a vicariant event, with Andean
uplift bisecting the range of a widespread ancestor dis-
tributed in both cis- and trans-Andean regions to pro-
duce the lineages that would become the trans-Andean
D. homochroa and the cis-Andean D. fuliginosa complex.
The next two cis- to trans-events postdate Andean
uplift and we interpret them as dispersal-based specia-
tion events, either around the northern end of the An-
des or over them. During the second event, trans-
Andean D. anabatina originated following dispersal of
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Fig. 5 The role of Andean uplift in the biogeographic history of lowland Dendrocincla homochroa and Dendrocincla fuliginosa com-
plexes. (a) Reconstructed palaeoelevations for one transect across the Eastern Cordillera of Colombia based on data presented in
Mora et al. 2008 (Fig. 12). Scale bar shows time in millions of years. (b) Dated phylogeny showing the Bayes-DIVA reconstruction of
geographic distribution. T (black lines) = trans-Andean distribution, C (grey lines) = cis-Andean. Nodes with a T and C represent dis-
persal or vicariant splitting events. The dashed black and grey lines indicate our interpretation that a widespread ancestor was dis-
tributed in both geographic regions along a branch before vicariantly splitting into cis- and frans- regions (see text). Probabilities of
the Bayes-DIVA reconstruction were 1.0 at each node and are not shown. (c) Reconstructed biogeographic history in relation to uplift
of the Andes and formation of the Central America landbridge (see text for details). Palaeoelevations above 1800 m in the Andes
shown by black are approximate and are presented for illustrative purposes only. Range of D. fuliginosa is shown by dark grey,
Dendrocincla anabating by horizontal barring, and D. homochroa by vertical barring. All three species occur sympatrically in parts of

Central America.

D. fuliginosa stock around or across the completed second time at c. 0.9 Ma, producing trans-Andean
Andes at c¢. 2.1 Ma. During the third event, D. fuligin- D. f. ridgwayi (and probably also D. f. lafresnayei that
osa dispersed around or across the northern Andes a was not sampled).
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Discussion

Uplift of the northern Andes strongly influenced diver-
sification of lowland Dendrocincla with all three recon-
structed divergence events between cis- and trans-
Andean lowland regions dating to the period during or
following final Andean uplift. In contrast, Andean uplift
resulted in a single highland species, Dendrocincla tyr-
annina. This species split off from other Dendrocincla 6—
7 Ma, suggesting that highland and lowland clades
have existed in South America for much of the history
of the genus (Fig. 4). Despite the extended presence of
Dendrocincla in highland and lowland regions, almost
all subsequent diversification occurred within the low-
lands. Here, we discuss the contribution of Andean
uplift and other barriers to diversification within low-
land Dendrocincla.

Role of Andean uplift

Our reconstruction suggests that the ancestor of the Den-
drocincla  fuliginosa and Dendrocincla homochroa clades
probably had a widespread distribution prior to the
completion of the Andean chain (Fig. 5c). The date of
divergence between D. homochroa and the D. fuliginosa
complex occurred towards the end of the uplift phase at
c. 3.6 Ma (Fig. 5c, event 1). By 3.6 Ma, the Eastern Cor-
dillera had achieved palaeo-altitudes of 2200 m or
greater in most regions (Fig. 5a) (Gregory-Wodzicki
2000). Given D. fuliginosa occurs primarily below
1300 m (not known to exceed 2000 m) and D. homochroa
below 800 m (not known to exceed 1800 m) in Colombia
and Venezuela (Hilty & Brown 1986; Hilty 2003; Ma-
rantz et al. 2003), the Eastern Cordillera would probably
have provided a formidable barrier to gene flow by
3.6 Ma. This barrier may have been strengthened by the
close association of lowland Dendrocincla species with
army ant swarms (mostly Eciton burchellii and to a lesser
extent Labidus praedator; Willis 1972; Hilty 1972; Marantz
et al. 2003) as E. burchellii becomes scarce at elevations
above 1000 m in the northern Andes (Hilty 1972). The
correspondence of this date of splitting to the uplift
phase of the Eastern Cordillera suggests the widespread
ancestor of these species was vicariantly separated by
Andean uplift to produce the trans-Andean D. homochro-
a and cis-Andean D. fuliginosa complex at this time.
Following the final phase of Andean uplift, our
reconstruction supports two dispersal events from
cis-Andean to trans-Andean regions, either over or
around the northern Andes. The first dispersal event
produced Dendrocincla anabatina at 2.1 Ma. Dendrocincla
anabatina is endemic to Central America, and its origin
from cis-Andean, D. fuliginosa stock (i.e. it is nested
within a paraphyletic D. fuliginosa; Figs 3 and 4)
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occurred slightly after the completion of the Central
American land bridge in the mid-Pliocene. Likewise,
phylogenetic reconstruction of colonization of South
American woodcreepers (and other forest-restricted
South American-derived groups) into Central America
supported colonization at or after completion of the
Central American land bridge, but not prior (Weir et al.
2009). The second dispersal event occurred c. 0.9 Ma,
producing the endemic trans-Andean Dendrocincla fuli-
ginosa ridgwayi and probably also the unsampled but
closely related D. f. lafresnayei from northern Colombia,
which we assume is sister to D. f. ridgwayi (alterna-
tively, D. f. lafresnayei could represent an independent
colonization from cis-Andean stock; sampling of this
range-restricted taxon is necessary for confirmation).
Given the recent divergence between D. f. ridgwayi and
the cis-Andean Dendrocincla fuliginosa meruloides from
north Venezuela and Trinidad, we suggest this final dis-
persal event likely occurred around the northern Andes,
rather than over them. The timing of this dispersal
event in the mid-Pleistocene, near the beginning of
severe glacial cycles in the Andes, suggests that climate
change-mediated dispersal corridors suggested by Haf-
fer (1967) may have facilitated dispersal through what
are currently arid regions north of the Andes. Elevation-
al descent of montane forest into lowland regions and
lower sea levels during glacial maxima may have facili-
tated the formation of temporary dispersal corridors
around the northern Andes at this time.

Several other avian phylogeographic studies have
also recovered multiple splitting events between cis-
and frans-Andean regions in lowland wet-forest-
restricted clades (e.g. Nyari 2007; DaCosta & Klicka
2008; Miller et al. 2008; Patane et al. 2009). The earliest
cis/trans splits in Ramphastos at 3.3 Ma (Patane et al.
2009), Trogon at 3.4 Ma (DaCosta & Klicka 2008) and
Dendrocincla at 3.6 Ma probably correspond to vicariant
events of widespread ancestors separated into cis- and
trans-Andean populations by uplift of the Eastern Cor-
dillera of Colombia. In contrast to these groups, all cis-
to trans-Andean splits in Mionectes occurred after
1.9 Ma (Miller et al. 2008) and thus greatly postdate the
completion of uplift of the Eastern Cordillera of Colom-
bia at 3.5 Ma. Dendrocincla, Ramphastos, Trogon and Mio-
nectes all possessed multiple dispersal events between
cis- and trans-regions that postdate final Andean uplift,
supporting the role of the Andes in commonly promot-
ing dispersal-based speciation.

Diversification within cis-Andean regions

Dendrocincla turdina and Dendrocincla fuliginosa taunayi
occur in the Atlantic forest of Brazil, and previous
authors suggested these represented a double invasion
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from the Amazon (Willis 1992; Marantz et al. 2003) as
found for a number of endemic Atlantic forest groups
of mammals (Costa 2003). Our phylogeny unambigu-
ously rejects the double invasion hypothesis in favour
of a single invasion (or vicariant event) at 3.0 Ma (a
similar date of colonization occurred in the Atlantic for-
est woodcreeper Xiphorhynchus fuscus which split from
its Amazonian sister at about 3.1-3.7 Ma assuming a
2.1% clock; see Aleixo 2002; Cabanne et al. 2008), fol-
lowed by an in situ divergence event at 1.3 Ma, which
resulted in the formation of D. turdina and D. f. taun-
ayi. The Rio Sdo Francisco appears to separate the
ranges of these taxa. Deeply diverged phylogroups of
X. fuscus, and the sister species pair Tangara seledon and
T. fastuosa also diverged across the Rio Sado Francisco,
and levels of sequence divergence (Xiphorhynchus,
uncorrected divergence = 2.6% for three protein-coding
mitochondrial genes; Tangara, GTR-I" distance = 3.18%
for cyt B) suggest a divergence event at c. 1.2-1.5 Ma
(assuming a 2.1% clock), similar to that for turdina and
taunayi. The correspondence of these dates across multi-
ple bird groups suggests a common biogeographic
event may have affected each simultaneously. For
example, formation of the current course of the Rio Sao
Francisco may have simultaneously fragmented the
ancestors of both these taxa pairs, or dispersal-based
speciation across this barrier may have been facilitated
by climate change or some other factor at this time.
Alternatively, palaeoclimate modelling suggests that
during Pleistocene glacial advances, separate forest
refugia occurred to the north (Pernambuco refugium)
and south (Bahia refugium) of the Rio Sdo Francisco
and could have promoted divergence (Carnaval et al.
2009). The mid-Pleistocene dates for Dendrocincla,
Xiphorhynchus and Tangara are consistent with the refu-
gium hypothesis. Multiple species of anurans (Carnaval
et al. 2009) and other groups (Pellegrino et al. 2005) also
show differentiation between these regions, suggesting
that in situ diversification within the northern half of
the Atlantic forest was taxonomically widespread.
Within Amazonia, the modern Amazon River became
deeply entrenched in the late Miocene and early Plio-
cene (Figueiredo et al. 2009; Mora et al. 2010) following
uplift of the northern Andes and blockage of the north-
ward-flowing drainage pattern. The major tributaries
flowing into the Amazon River probably obtained their
current drainage patterns within the past 5-6 Ma
(Figueiredo et al. 2009). This time period corresponds
with extensive Amazonian diversification of lineages,
both within Dendrocincla merula, over the past 2.2 Ma;
D. fuliginosa, over the past 2.8 Ma; and other Amazo-
nian woodcreeper groups (e.g. Glyphorynchus, Marks
et al. 2002; Xiphorhynchus, Aleixo 2004). Major Amazo-
nian rivers form boundaries between many subspecies

within each of these species, suggesting they may have
been instrumental in their diversification (river refuge
hypothesis; Sick 1967). However, detailed analyses of
the role of Amazonian river barriers in promoting
diversification in Dendrocincla require more extensive
phylogeographic sampling than provided here.

Patterns of sympatry

Species richness at the local and regional scales are
often strongly correlated (e.g. MacArthur & Wilson
1967; Ricklefs 1987; Harrison & Cornell 2008), a pattern
that does not hold true for Dendrocinla. Local species
richness is highest in trans-Andean regions where all
three trans-Andean species are broadly sympatric in
Honduras and Nicaragua (Figs 1 and b5c; though,
D. homochroa tends to higher elevations in sympatry;
Ridgely & Tudor 1994; Marantz et al. 2003). In contrast,
only two cis-Andean species (D. fuliginosa and D. meru-
la) are broadly sympatric despite the greater regional
pool of taxa there (17 cis- vs. nine trans-Andean taxa).
The three sympatric trans-Andean species also share
more recent common ancestors (c. 3.6 and 2.1 Ma) than
the sympatric cis-Andean species (c. 7.3 Ma; Fig. 4),
suggesting they have achieved sympatry despite less
time for evolutionary and ecological divergence. One
explanation is that completion of the Isthmus of Pan-
ama between 3 and 3.5 Ma allowed cis-Andean taxa to
colonize into a relatively depauperate Middle American
community (see Weir et al. 2009). The absence of com-
petitors and availability of underutilized niches may
have allowed for faster rates of sympatry in those lin-
eages that were able to colonize Middle America. For
example, as many as eight species of obligate army ant
following antbirds co-occur in Amazonia and presum-
ably compete with army ant following Dendrocincla. In
Nicaragua and Honduras, where all three trans-Andean
Dendrocincla are sympatric, only two species of obligate
army-ant following antbirds occur (Brumfield et al.
2007). Fewer competing antbirds and other species of
woodcreeper many have allowed for more rapid attain-
ment of sympatry in Middle America compared to
Amazonia. Alternatively, geographic barriers to sympa-
try in cis-Andean regions may be less permeable to
range expansions and taxa there have simply had less
opportunity to expand their ranges into sympatry com-
pared to trans-Andean regions. For example, Dendrocin-
cla may have been less prone to cross major Amazonian
river barriers—which often separate taxa and prevent
sympatry—than they were to colonize over or around
the Andes. This seems unlikely given several Amazo-
nian taxa appear to be in geographic contact without
sympatry (e.g. Dendrocincla fuliginosa atrirostris and Den-
drocincla  fuliginosa neglecta which diverged from a
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common ancestor c. 2.8 Ma appear to be broadly parap-
atric; Fig. 1).

Conclusions

The molecular phylogenetic hypothesis for Dendrocincla
confirms the importance of Andean uplift in contribut-
ing to lowland diversification. Our reconstruction sup-
port three separate divergence events of lowland taxa
across the Andes, with the first representing a vicariant
event caused by Andean uplift, followed by two dis-
persal events over or around the northern Andes from
cis- to trans-Andean regions. Molecular phylogenetic
data suggest Andean uplift has similarly affected other
lowland wet-forest groups (e.g. DaCosta & Klicka 2008;
Patane et al. 2009), with Andean uplift promoting both
vicariant- and dispersal-based speciation. Together,
these studies confirm the important role of Andean
uplift in driving lowland diversification in northern
South America. In contrast to predictions of a double
invasion of the Atlantic Forest from the Amazon, our
data support a single colonization, followed by in situ
diversification across the Rio Sao Francisco. River barri-
ers may have also played a key role in diversification
within Amazonia, but finer-scale sampling is required.
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