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Abstract

The true diversity and interspecific limits in the Neotropical endemic avian genus
Dendrocolaptes (Furnariidae) remain a highly controversial subject, with previous ge-
nus-wide assessments, based mostly on morphological characters, producing poorly
resolved phylogenies. The lack of well-resolved, robust, and taxonomically densely
sampled phylogenies for Dendrocolaptes prevents reliable inferences on the genus’
actual species diversity and evolutionary history. Here, we analyzed 2,741 base pairs
of mitochondrial and nuclear genes from 43 specimens belonging to all species and
the majority of subspecies described for Dendrocolaptes to evaluate species limits
and reconstruct its diversification through time. Our phylogenies recovered a mono-
phyletic Dendrocolaptes, with two main highly supported internal clades correspond-
ing to the D. certhia and D. picumnus species complexes. Also, our analyses supported
the monophyly of most Dendrocolaptes species recognized today, except D. picumnus,
which was consistently recovered as paraphyletic with respect to D. hoffmannsi. A
coalescent-based test supported a total of 15 different lineages in Dendrocolaptes
and indicated that the number of currently accepted species within the genus may be
greatly underestimated. Particularly relevant, when combined with previous analy-
ses based on plumage characters, comparative high levels of genetic differentiation
and coalescent analyses support the recognition of D. picumnus transfasciatus as a
full species that is already under threat. Ancestral area reconstructions suggest that
diversification in Dendrocolaptes was centered in lowland Amazonia, with several in-
dependent dispersal events leading to differentiation into different adjacent dry and
high elevation forest types throughout the Neotropics, mainly during the Middle and

Late Pleistocene.
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1 | INTRODUCTION

Both dry and humid forest vegetation types account for a signifi-
cant portion of the Neotropical biomes, but it remains less clear in
which way and to what extent diversification processes are coupled
between these two distinct habitats (Capurucho, Ashley, Ribas,
& Bates, 2018; Garcia-Moreno & Silva, 1997; Silva, 1996, but see
Antonelli et al., 2018). For instance, drier climatic conditions typi-
cally associated with glacial maxima are thought to promote the
expansion of dry biomes, while at the same time causing the frag-
mentation and reduction in humid forest cover (Hooghiemstra & van
der Hammen, 1998; Werneck, 2011). Therefore, historical factors
such as extreme variations in climate may have affected dry and
humid Neotropical forests synchronously, albeit in very contrasting
ways (Silva et al., 2019; Werneck, Nogueira, Colli, & Costa, 2012).
Current evidence points toward the existence of many lineages that
have long evolved separately in dry and humid forest types through-
out the Neotropics, with only a small number of taxa known to occur
indistinctly in both habitats (Capurucho et al., 2018; Fenker et al.,
2020; Porzecanski & Cracraft, 2005; Sousa-Neto, Cianciaruso, &
Collevatti, 2016). Lineages occurring in both dry and humid forest
types are the best targets for evaluating any connections between
these habitats because they can provide both spatial resolution
and temporal clues on comparative diversification processes within
both vegetation types. These investigations are of paramount im-
portance because climate change may not only increase or reduce
the area covered by each dry and humid forest types, but also shift
their mutual ranges through time, hence providing multiple oppor-
tunities for close geographic contact and biotic exchange between
them (Capurucho et al., 2018; Oliveras & Mabhli, 2016; Sousa-Neto
etal., 2016).

The Neotropical endemic genus Dendrocolaptes (Furnariidae)
occurs in a wide variety of both humid (lowland and montane)
and dry forest types from southern Mexico to northern Argentina
(Marantz, Aleixo, Bevier, & Patten, 2020a). Currently, five spe-
cies are usually recognized within the genus (Gill, Donsker, &
Rasmussen, 2020; Marantz & Patten, 2010; Remsen et al., 2020),
but interspecific limits remain uncertain in many cases (Marantz,
Aleixo, Bevier, & Patten, 2020b), and highly controversial in
others (Batista et al., 2013; del Hoyo, Collar, & Kirwan, 2020;
Piacentini et al., 2015). To this day, genus-wide taxonomic assess-
ments have been based primarily on morphological characters
(Cory & Hellmayr, 1925; Marantz, 1997; Marantz & Patten, 2010;
Peters, 1951; Zimmer, 1934), with one genetic analysis focused at
the family level lacking adequate sampling for Dendrocolaptes at
the subspecific level (Derryberry et al., 2011). In sum, a well-re-

solved, robust, and taxonomically densely sampled phylogeny is

still lacking for the genus Dendrocolaptes, which precludes any re-
liable inferences on the actual species diversity in the genus and
its evolutionary history.

Here, we provide the first phylogenies for Dendrocolaptes with
dense taxonomic sampling and use them to evaluate species limits
within the genus, as well as reconstruct its diversification through
time. Specifically, we evaluated whether past changes in the extent
and distribution of dry and humid forest types influenced the genus’
evolutionary history. If biotic exchanges between Neotropical dry
and humid forest types were important events through time, we
anticipate that Dendrocolaptes sister lineages will often replace
each other across these habitats. In contrast, if biotic exchange was
limited, dry and humid forest Dendrocolaptes lineages would have
evolved separately within each biome for the most part of their
evolutionary history. Finally, we contrast our results with previous
taxonomic work on Dendrocolaptes and make recommendations con-

cerning the classification of its taxa as either species or subspecies.

2 | MATERIALS AND METHODS
2.1 | Sampling

We sequenced 19 specimens and used previously available sequences
from 24 specimens (Batista et al., 2013; Silva et al., 2019) from all five
species and 15 out of the 23 subspecies of Dendrocolaptes currently
considered valid (Gill et al., 2020). Our sampling included the fol-
lowing taxa distributed in each of the currently recognized species
of Dendrocolaptes (Gill et al., 2020; Marantz et al., 2020b; Marantz,
Aleixo, Bevier, & Patten, 2020c, 2020e; Figure 1): (a) in the polytypic
Amazonian Barred Woodcreeper Dendrocolaptes certhia: D. c. certhia
(Boddaert, 1783) (distributed on the Guiana shield), D. c. concolor
Pelzeln, 1868 (distributed in the Madeira-Tapajés interfluve), D. c. ju-
ruanus lhering, 1905 (distributed west of the Madeira and south of the
Amazon rivers in southwestern Amazonia), D. c. medius Todd, 1920
(distributed east of the Tocantins River to northwestern Maranhao),
D. c. radiolatus Sclater & Salvin, 1868 (found west of the Negro and
north of the Amazon rivers), D. c. retentus Batista et al., 2013 (distrib-
uted in the Xingu-Tocantins interfluve), and D. c. ridgwayi Hellmayr,
1905 (distributed between the Tapajés and Xingu rivers); (b) in the
polytypic Black-banded Woodcreeper Dendrocolaptes picumnus:
D. p. costaricensis Ridgway, 1909 (found in the highlands of Costa Rica
and Panama), D. p. pallescens Pelzeln, 1868 (distributed mainly in the
Chaco in Bolivia, Brazil, and Paraguay, and the eastern Andes foot-
hills in northwestern Argentina), D. p. picumnus Lichtenstein, 1820
(from the Guiana shield), D. p. transfasciatus Todd, 1925 (distributed

between the Tapajés and Tocantins rivers), and D. p. validus Tschudi,
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FIGURE 1 Above: map with locations of analyzed samples of Dendrocolaptes sequenced in this study (triangles—D. picumnus, circles—
D. certhia, hexagons—D. sanctithomae, pentagons—D. hoffmannsi, and squares—D. platyrostris). Below: concatenated Bayesian phylogeny
estimate for Dendrocolaptes based on all sequenced genes (ND2, Cytb, FIB5, and G3PDH). Node values correspond to posterior probabilities.

See Table 1 for detailed sample information

1844 (widely distributed in western Amazonia, from the west bank
of the Negro river to the west bank of the Madeira river in Brazil,
also including Amazonian Bolivia, Peru, Ecuador, and Colombia); (c)
the monotypic Hoffmann's Woodcreeper Dendrocolaptes hoffmannsi
Hellmayr, 1909 (distributed in the Madeira-Tapajés interfluve); (d)
in the polytypic Planalto Woodcreeper Dendrocolaptes platyrostris:
D. p. intermedius Berlepsch, 1883 (distributed in central and north-
eastern Brazil, and northeastern Paraguay) and D. p. platyrostris
Spix, 1824 (distributed in eastern, southeastern, and southern
Brazil, northeastern Argentina, eastern Paraguay, and northeastern
Uruguay); and (e) in the polytypic Northern Barred Woodcreeper
Dendrocolaptes sanctithomae: D. s. sanctithomae (Lafresnaye, 1852)
(distributed from southern Mexico to northwestern Colombia). Thus,
five D. picumnus (D. p. casaresi Steullet & Deautier, 1950, D. p. multi-
strigatus Eyton, 1851, D. p. olivaceus Zimmer, 1934, D. p. puncticollis
Sclater & Salvin, 1868, and D. p. seilerni Hartert & Goodson, 1917)

and three D. sanctithomae (D. s. hesperius Bangs, 1907, D. s. punc-
tipectus Phelps & Gilliard, 1940, and D. s. sheffleri Binford, 1965)
subspecies could not be sampled due to either unavailability of tis-
sues or unresponsiveness from tissue collections holding requested
samples. Despite these gaps, our sampling does cover three out of
the four main subspecies groups detected in each polytypic D. pi-
cumnus and D. sanctithomae species, based on previous extensive
plumage and morphometric analyses (Marantz, 1997; Marantz &
Patten, 2010). The number of tissues sequenced for each taxon sam-
pled varied from one to three, with each recognized species-level
taxon (Gill et al., 2020) represented by samples from at least three
different localities (Table 1). We used the following species belong-
ing to two closely related genera to Dendrocolaptes as out-groups
(Derryberry, 2011): Hylexetastes perrotii (Lafresnaye, 1844)—Red-
billed Woodcreeper and Xiphocolaptes promeropirhynchus (Lesson,
1840)—Strong-billed Woodcreeper (Table 1).
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TABLE 1 Detailed voucher information associated with each Dendrocolaptes specimen whose sequences were used in this study. New
sequences generated herein are highlighted in bold. Taxonomy follows Gill et al., (2020)

GenBank accession numbers

Sample ID
Taxon/voucher # code Locality ND2 Cytb BF5 G3PDH
D. certhia certhia
MPEG 65027% CN355ce Brazil, Para, Obidos Flota KC815046.1 KCB874915.1 MG651782 MG777027
do Trombetas
MPEG 65836 CN610ce Brazil, Para, Oriximina KC815047.1  KC874916.1 MG651783 MG777028
ESEC Grao Para
MPEG 56524 MP353ce Brazil, Roraima, Alto KC815052.1 KC874921.1 MG651788 MG777033
Alegre, Fazenda Paraense
D. certhia radiolatus
MPEG 72661 AMA103ra Brazil, Amazonas, KC815058.1  KC874925.1 MG651792 MG777037
Tabatinga, R. Solimdes,
Teresina
LSUMZ 27484 11LSUra Peru, Loreto D. NE bank KC815065.1  KC874932.1 MG651797 MG777044
of R. Cushabatay 84km
Contamana
LSUMZ 103585 19LSUra Peru, Loreto D. S bank KC815070.1  KCB874936.1 MG651802 MG777049
Maranon R., Samiria R.
Est.Biol.Pithecia.
D. certhia juruanus
MPEG 71170 OM161ju Brazil, Amazonas, Humaitd KC815073.1 KC874938.1 MG651811 MG777059
|. bank R. Madeira,
Ipixuna
MPEG 62044 UFAC1045ju Brazil, Acre, Porto Walter KC815077.1 KC874942.1 MG651815 MG777062

Igarapé Cruzeiro do Vale,
Colbnia Dois Portos

LSUMZ 9446 8LSUju Bolivia, Pando D. Nicolas KC815077.1 KC874942.1 MG651815 MG777062
Suarez, 12 km S of Cobija,
8 km W to Mucden

D. certhia concolor

LSUMZ 12285 10LSUco Bolivia, D. Santa Cruz, KC815088.1 KC874952.1 MG651825 MG777072
32 km E. Parque Nacional
Noel Kempff Mercado

MPEG 71168 OM189co Brazil, Rondonia, KC815089.1  KC874953.1 MG651826 MG777073
Machadinho D'Oesterr.
bank R. Jiparana

MPEG 71169 OM275co Brazil, Rondonia, KC815090.1 KC874954.1 MG651827 MG777074
Machadinho D'Oesterr.
bank R. Jiparana

D. certhia medius
MPEG 70139 GAPO52me Brazil, Para, Tome-agu KC815095.1  KC874959.1 MG651832 MG777081

MPEG A07881 A7881me Brazil, Para, Barcarena KC815096.1  KC874960.1 - MG777082
Reserva do hotel
Samauma

MPEG A07882 A7882me Brazil, Para, Barcarena KC815097.1 KC874961.1 MG651833 MG777083
Reserva do hotel
Samauma

D. certhia ridgwayi

LSUMZ 35382 20LSUri Brazil, Pard, Island R. Teles KC874962.1 KC874962.1 MG651836 MG777086
Pires 900m mouth of R.
Sao Benedito

(Continues)
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TABLE 1 (Continued)

Sample ID
Taxon/voucher # code

LSUMZ 35460 21LSUri

MPEG 67348

D. certhia retentus
MPEG 70097

MPEG 71346

MPEG 70633

D. sanctithomae sanctithomae

LSUMZ 46547 16LSUsa
LSUMZ 8768 22LSUsa
LSUMZ 41631 24LSUsa

D. picumnus validus

LSUMZ 27375 27375va
LSUMZ 35704 35704va
MPEG 77695

D. picumnus picumnus

MPEG 64655 CN108pi
MPEG 71697
ANSP 21473 21473pi

D. picumnus costaricensis

USNM 655002

D. picumnus pallescens
LSUMZ 6637 6637pa
DZUFMG 5774 518pa

TLPAO13ri

FTA2004re

PGZOO09%re

SLB10é6re

SGC635va

ORX324pi

655002co

Locality

Brazil, Mato Grosso, n.
bank R. Cristalino 1.5km
R. Teles Pires 34km

Brazil, Para, Paranaita R.
Teles Pires

Brazil, Para, Maraba, Flona
Tapirape Aquiri

Brazil, Para, Melgaco
FLONA Caxiuana

Brazil, Para, Serra dos
Carajas Area de Controle

Panama, Province Rancho
Frio ca 10km S El Real

Belize, Toledo District

Panama, Bocas del Toro,
Valle de Risco - Chiriqui
Grande Hwy

Peru, Loreto Department,
NE bank upper Rio
Cushabatay, 84 km WNW
Contamana

Brazil, Amazonas, N. bank
Rio Solimoes, Santa Rita
de Weil,

Brazil, Amazonas, Sdo
Gabriel da Cachoeira, T.I.
médio Rio Negro, Arabo

Brazil, Para, FLOTA de
Faro, ca 70 km NW de
Faro

Brazil, Para, Faro, Vila
Maracana, Rio Xingu

Guyana, Potaro-Siparuni,
lwokrama Reserve,
Surama, Potaro-Siparuni
Region

Panama, Los Planes, 10 km
N, Fortuna Field Station

Bolivia, Santa Cruz
Department,3K S & SKW
Santiago by road

Brazil, Mato Grosso,
Fazenda Baia de Pedra,
Caceres,

GenBank accession numbers
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ND2 Cytb
KC874963.1  KC874963.1

KC815105.1 KC874968.1

KC815110.1 KC874974.1

KC815111.1 KC874976.1

KC815112.1  KC874977.1

KC815117.1 KC874984.1
MG603731 KC874985.1
MG603732 KC874987.1
MT465866 MT502571
MT465867 MT502572
MT465868 MT502573
MT465869 MT502574
MT465870 MT502575
MT465871 MT502576
MT465872 MT502577
MT465873 MT502578
MT465874 MT502579

BF5
MG651837

MG651843

MG651850

MG651852

MG651853

MG651860

MG651861
MG651863

MT502590

MT502591

MT502592

MT502593

MT502594

MT502595

MT502596

MT502597

MT502598

G3PDH
MG777087

MG777093

MG777100

MG777102

MG777103

MG777111

MG777112
MG777114

MT502609

MT502610

MT502611

MT502612

MT502613

MT502614

MT502615

MT502616

MT502617

(Continues)
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TABLE 1 (Continued)
GenBank accession numbers
Sample ID
Taxon/voucher # code Locality ND2 Cytb BF5 G3PDH
LSUMZ 25740 25740pa Paraguay, Alto Paraguay MT465875 MT502580 MT502599 MT502618
Department, S side Cerro
Ledn
D. picumnus transfasciatus
USNM 572542 572542tr Brazil, Para, Altamira, MT465876 MT502581 MT502600 MT502619
52 km SSW, E Bank Rio
Xingu
MPEG 55652 UHE413tr Brazil, Par4, Rio Xingu, MT465877 MT502582 MT502601 MT502620
margem direita, Senador
José Porfirio
MPEG 75342 JTW1310tr Brazil, Mato Grosso, MT465878 MT502583 MT502602 MT502621
Guaranta do Norte,
Fazenda Sao Jorge
D. hoffmannsi
INPA A 3263 A3263ho Brazil, Rondonia, Margem MT465879 MT502584 MT502603 MT502622
direita do Rio Jaci, 95 km
SW de Porto Velho
INPA A 16146 A16146ho Brazil, Para, Margem MT465880 MT502585 MT502604 MT502623
esquerda do Rio Tapajos,
ca 70 km SW lItaituba
MPEG 76680 JATC362ho Brazil, Para, Itaituba, MT465881 MT502586 MT502605 MT502624
margem esquerda Rio
Tapajoés, Jatoba
D. platyrostris platyrostris
MPEG 71838 SBO74pl Brazil, Bahia, Camaca, MT465882 MT502587 MT502606 MT502625
RPPN Serra Bonita
D. platyrostris intermedius
MPEG 79896 AMGO089pl Brazil, Bahia, Iberaba, MT465883 MT502588 MT502607 MT502626
Serra do Orobo, Fazenda
Canabrava, Monte Verde
DZ 5401 383pl Brazil, Goids, Fazenda MT465866 MT502589 MT502608 MT502627
Saloba, Montes Claros de
Goias,
Out-groups
H. perrotii MH972323.1 AY443002.1 GQ140117.1 MH972422.1
X. promeropirhynchus JF975342.1 AY442996.1 GQ140122.1 MH973806.1

AInstitution codes: Academy of Natural Sciences of Drexel University, Philadelphia, USA (ANSP); Instituto Nacional de Pesquisas da Amazénia,
Manaus, Brazil (INPA); Louisiana State University Museum of Natural Science, Baton Rouge, USA (LSUMZ); Museu Paraense Emilio Goeldi, Belém,
Brazil (MPEG), Centro de Colecoes Taxonomicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil (DZUFMG), and the Smithsonian

Institution National Museum of Natural History (USNM), Washington, USA.

2.2 | Extraction, amplification, and
sequencing of DNA

Genomic DNA from all samples was extracted using the DNeasy
Blood & Tissue kit (Qiagen Inc.) according to the manufacturer's
instructions. Purified DNA was quantified and assessed for quality
with Qubit® (Thermo Fisher Scientific).

We sequenced the following mitochondrial and nuclear markers
(see Table S1 for information on primers used): NADH dehydroge-
nase subunit 2 (ND2), cytochrome b (Cytb), beta-fibrinogen intron

5 (FIB5), and glyceraldehyde-3-phospho-dehydrogenase intron 11
(G3PDH). Polymerase chain reactions (PCRs) were optimized as fol-
lows: initial denaturation at 94°C for 4 min, 35 cycles of 1 min at
94°C, 1 min at 49°C/52°C/69°C (G3PDH, Cytb, and FIB5 + ND2, re-
spectively), 1 min at 72°C, and a final extension at 72°C for 5 min.
The success of each amplification was confirmed through elec-
trophoresis in 1% agarose gel. Positive PCR amplicons (Table S1)
were purified with polyethylene glycol (PEG8000-2.5M; Hawkins,
O’Connor-Morin, Roy, & Santillan, 1994). Forward and reverse se-

quence strands for each gene fragment were obtained with the
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ABI PRISM BigDye Terminator Cycle sequencing protocol (Applied
Biosystems®). Sequencing products were run in an ABI PRISM 3130
Genetic Analyzer (Applied Biosystems®).

Sequence chromatograms were edited using the software
Geneious 9.1.2 (http://www.geneious.com; Kearse et al., 2012) and
aligned in BioEdit 7.2.6.1, using the ClustalW algorithm (Hall, 1999;
Thompson, Higgins, & Gibson, 1994). Heterozygous sites for the
nuclear genes were confirmed by the presence of double peaks in
both complementary strands of DNA and coded according to IUPAC
codes. All DNA sequences generated were deposited on GenBank
(Table 1; see also Alignments S1-S6).

2.3 | Phylogenetic analyses and divergence
time estimates

Two distinct phylogenies were estimated using Bayesian inference
(Bl) in the software MrBayes (Ronquist et al., 2012), using the CIPRES
Science Gateway Portal 3.1 in the San Diego Supercomputer Center
(Miller, Pfeiffer, & Schwartz, 2010; www.phylo.org/portal/): one
concatenated inference using all four amplified genes (ND2, Cytb,
FIB5, and G3PDH) and another including only mitochondrial markers
(ND2 and Cytb). Sequences were concatenated in Sequence Matrix
1.7.8 (Vaidya, Lohman, & Meier, 2011), and the best partition scheme
and substitution models were selected with PartitionFinder 2.1.1
using the Bayesian information criterion (BIC) (Lanfear, Calcott, Ho,
& Guidon, 2012; results in Table S2). Three independent runs were
made for a total of 107 generations with parameters sampled every
1,000 generations and a 25% burn-in. The multilocus concatenated
phylogeny was used as a guide tree to test species boundaries based
on coalescent methods (see below). To this end, statistically well-
supported (PP = 0.95) reciprocally monophyletic groups recovered in
this analysis that were also geographically structured and morpho-
logically diagnosable according to previous analyses (Marantz, 1997,
Marantz & Patten, 2010) were assumed as hypothesized species.

We used the algorithm *BEAST implemented in BEAST 1.8.0
(Drummond, Suchard, Xie, & Rambautt, 2012) to generate a spe-
cies tree (ST) and estimate divergence times between the clades
supported by previous analyses. This algorithm was also run in
CIPRES (Miller et al., 2010; www.phylo.org/portal/). We assumed
an uncorrelated lognormal molecular clock model for each locus
and applied a calibration derived from the Cytb mutation rate es-
timated as 0.0105 substitutions/ million years (SD = 0.0034) (Weir
& Schluter, 2008). Mutation rates for the other genes were esti-
mated by *BEAST under a Yule model of speciation chosen as tree
prior. Three independent *BEAST runs of 2x108 generations were
performed and later combined in LogCombiner considering a 10%
burn-in (Drummond et al., 2012), with topologies summarized in
TreeAnnotator (Drummond et al., 2012). For all Bayesian analyses,
data convergence was verified in Tracer 1.6 (Rambaut, Suchard, Xie,
& Drummond, 2014), with a threshold of effective sample size (ESS)
of 200 for each sampled parameter. Trees were visualized in FigTree
(Rambaut, 2009).
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2.4 | Species delimitation

To investigate interspecific boundaries among lineages of the
genus Dendrocolaptes, we used the Bayesian Phylogenetics and
Phylogeography (BP&P) software 3.3 (Yang, 2015). BP&P uses a
multilocus coalescence-based Bayesian modeling approach, infer-
ring phylogenetic relationships and describing the likelihood of inde-
pendence between lineages (Yang, 2015). We used the ST topology
as our guide tree in BP&P, which included 15 reciprocally monophy-
letic lineages in total. After an initial test evaluating different param-
eters, we implemented Yang's (2015) approach, performing analyses
using three parameter combinations representing different popula-
tion sizes and divergence times: 1) small ancestral population sizes
and ancient divergence times [0 and r gamma priors G (2, 2000) and
G (1,10)]; 2) large ancestral population sizes and ancient divergence
times [0 and 7 gamma priors G (1, 10) and G (1,10)]; and 3) small an-
cestral population sizes and recent divergence times [0 and 7 gamma
priors G (2, 2000) and G (2, 2000)]. We chose the reversible-jump
Markov chain Monte Carlo method (Yang, 2015), with algorithm O
and ¢ = 2, for 500,000 generations (sampling interval of five) and a
burn-in of 50,000.

Pairwise uncorrected genetic distances (p-distances) between
lineages were calculated for each mitochondrial marker in MEGA 7.0
(Kumar, Stecher, & Tamura, Stecher & Tamura, 2016).

2.5 | Historical biogeography reconstruction

To reconstruct the geographical ancestral history of the genus
Dendrocolaptes, we used BioGeoBEARS (Biogeography with Bayesian
[and likelihood] Evolutionary Analysis) in R 3.5.3 (Matzke, 2014; R
Core Team, 2019), using the ST chronogram and topology as input.
We defined four areas based on the distribution of the sampled
Dendrocolaptes lineages: (a) Amazonian lowlands; (b) Trans-Andean
South America and Central America; (c) Southern-Central South
America (corresponding to the Chaco area and neighboring Andean
foothills); and (d) Central and Eastern South America (correspond-
ing to the Caatinga, Cerrado, and Atlantic Forest biomes). Six differ-
ent models were tested: dispersal-extinction-cladogenesis model
(DEC), a maximum likelihood version of DIVA (DIVALIKE), a Bl from
discrete area ancestry (BAYAREALIKE), and their respective versions
including a founding effect (+J; Matzke, 2014).

3 | RESULTS

3.1 | Sequence statistics and phylogenetic
relationships

After trimming primer sequences, we obtained a total of 2,741 base
pairs (bp) for all 19 specimens of D. hoffmannsi, D. picumnus, and
D. platyrostris sequenced in this study, distributed as follows: ND2
(964 bp), Cytb (856 bp), FIB5 (544 bp), and G3PDH (377 bp). These
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sequences were combined with homologous ones available for
D. certhia and D. sanctithomae (Batista et al., 2013; Silva et al., 2019),
and out-groups, from GenBank (see Table 1 and Alignments S1-
S6). Mean uncorrected mtDNA (ND2 + Cytb) p-distances within
Dendrocolaptes species and subspecies ranged from 0.01% to 0.08%
for ND2 and 0.01% to 1.5% for Cytb (Table S3), whereas between
taxa varied from 0.7% to 11.6% for ND2 and 0.4% to 8.5% for Cytb
(Table S3).

The multilocus Bayesian phylogeny recovered Dendrocolaptes
as monophyletic with high statistical support (PP = 1; Figure 1).
Within the genus, two main highly supported clades were present:
one grouping all taxa formerly attributed to the polytypic D. certhia
(hereafter referred to as the “certhia complex”; PP = 1), including
D. c. certhia, D. c. concolor, D. c. juruanus, D. c. medius, D. c. radiola-
tus, D. c. retentus, D. c. ridgwayi, and D. sanctithomae; and a second
group (hereafter called as “picumnus complex”; PP = 1), including
D. p. costaricensis, D. p. pallescens, D. p. picumnus, D. p. transfasciatus,
D. p. validus, D. hoffmannsi, and D. platyrostris (Figure 1).

Relationships within the certhia complex were well-resolved
and generally statistically well supported, except for the position
of D. c. concolor as the sister taxon to either D. c. juruanus or (more
likely) a clade grouping D. c. medius, D. c. retentus, and D. c. ridgwayi
(Figure 1). Also, D. sanctithomae was recovered as the sister taxon
to all the other taxa in the certhia complex (Figure 1). Within this
latter group, the Guiana shield endemic D. c. certhia was recovered
as the sister taxon to all remaining D. certhia taxa, followed by sub-
sequent divergences leading to D. c radiolatus (from northwestern
Amazonia), D. c. juruanus (distributed south of the Amazon and west
of the Madeira River), D. c. concolor (distributed roughly between
the Madeira and Tapajds rivers), D. c. ridgwayi (distributed between
the Tapajés and Xingu rivers), and a clade grouping the southeast-
ern-most D. c. medius and D. c. retentus (Figure 1).

Similarly, relationships within the picumnus complex were also
generally well-resolved and statistically well-supported, except
for the poorly supported sister relationship between a major clade
grouping the majority of D. picumnus subspecies (with the exception
of D. p. transfasciatus) and D. hoffmannsi. This renders the polytypic
D. picumnus paraphyletic as currently delimited (Figure 1). Within the
picumnus complex, D. platyrostris was recovered as the sister group
to all remaining taxa, followed by subsequent splits originating D. pi-
cumnus transfasciatus, D. hoffmannsi, D. p. costaricensis, D. p. validus,
and a clade joining the reciprocally monophyletic D. p. pallescens and
D. p. picumnus (Figure 1).

The mitochondrial tree recovered a similar topology to that of
the concatenated multilocus tree, except for the basal relationships
within the picumnus complex, which involved nodes with little sta-
tistical support (PP < 0.7; Figure S1).

3.2 | Divergence time estimates and species limits

The divergence chronogram reconstructed in *BEAST was consist-

ent for the most part with the concatenated phylogeny obtained

with Bayesian methods, with minor discrepancies in the tree topol-
ogy, but significant differences in the statistical support for most
nodes (Figures 1 and 2). The only difference in topology pertained
to the relationships within the D. c. medius/ retentus/ ridgwayi clade,
which was consistently recovered as a highly supported clade by
both analyses, but whereby the position of the sister group to the
entire clade alternated between D. c. ridgwayi (according to the con-
catenated estimate; Figure 1) and D. c. retentus (according to the
multilocus *BEAST estimate; Figure 2). With respect to nodal sup-
port values, while most basal nodes recovered by the coalescent tree
were well-supported statistically, just like in the concatenated tree,
nodes closer or associated with the tips received generally lower val-
ues than those in the concatenated tree (Figures 1 and 2).

According to the time estimates obtained, the earliest diver-
gence event in Dendrocolaptes split the certhia and picumnus com-
plexes during the mid-Pliocene at ca. 4.6 (5.6-3.5) million years
ago (mya; Figure 2). The second oldest splitting event separated
the trans-Andean lineage of the certhia complex (D. sanctithomae)
from the remaining Cis-Andean lineages during the Plio-Pleistocene
boundary at ca. 2.3 (3.1-1.5) mya. Subsequent splitting events within
both certhia and picumnus complexes took place in the Pleistocene,
mainly in the last 1 million years. For instance, the onset of diversi-
fication of the picumnus complex occurred at ca. 1.06 (1.33-0.81)
mya, which overlaps broadly with the beginning of diversification in
the Cis-Andean (mostly Amazonian) lineages of the certhia complex
at ca. 0.95 (1.2-0.66) mya (Figure 2). The latest diversification events
in the picumnus complex took place at ca. 0.33 (0.5-0.06) mya with
the separation of D. p. pallescens and D. p. picumnus, whereas in the
certhia complex it involved the splits between D. c. ridgwayi, D. c. re-
tentus, and D. c. medius around 0.2 (0.38-0.04) mya.

All species delimitation and ST tests run by BP&P, irrespective
of the demographic and divergence time model considered, con-
firmed with strong statistical support (PP = 0.98) the existence
of 15 lineages in Dendrocolaptes that have significantly coalesced
with respect to each other for the molecular markers sequenced,
as follows: D. c. certhia, D. c. concolor, D. c. juruanus, D. c. medius,
D. c. radiolatus, D. c. retentus, D. c. ridgwayi, D. p. costaricensis,
D. p. pallescens, D. p. picumnus, D. p. transfasciatus, D. p. validus,
D. hoffmannsi, D. platyrostris, and D. sanctithomae (Figure 2 and
Table 2).

3.3 | Biogeographic reconstruction

Of the six models evaluated, the best fit to our dataset was
DIVALIKE + J (LnL = -13.98), followed by DEC + J (LnL = -14.09),
BAYAREALIKE + J (LnL = -15.02), and DIVALIKE (LnL = -17.47)
(Table 3). Given the conceptual problems with the DEC model and the
“jump speciation” +J parameter implemented in BioGeoBEARS as de-
scribed by Ree and Sanmartin (2018), we chose the DIVALIKE as the
best estimate of the ancestral area relationships in Dendrocolaptes.
According to DIVALIKE, lowland Amazonia was estimated as the

most likely ancestral area for the genus Dendrocolaptes (Figure 3).
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FIGURE 2 Multilocus coalescent species tree estimated for Dendrocolaptes using *BEAST. Bars indicate confidence intervals for time
divergences scaled in millions of years. Average dates are shown in parentheses and the posterior probability of each node is in bold.
Numbers of asterisks at the tips (*) correspond to the number of times the respective taxon was recovered as an independent lineage
(probability > 0.98) out of a total of three demographic models combining different priors on ancestral population sizes and divergence times

(see text and Table 2 for details)

TABLE 2 Results of different divergence scenarios tested for reciprocally monophyletic lineages in Dendrocolaptes revealed by a
Bayesian concatenated analysis using BPP. 9 and 7 are priors for population size parameters and divergences time at the root of the species
tree, respectively. Results at p > .95 indicate that the taxon in question has coalesced significantly with respect to all other lineages for the

scenario tested

Scenarios 1

Priors 6=22,000 =110
D. certhia certhia 1 1

D. certhia radiolatus 1 1

D. certhia juruanus 0.99 1

D. certhia concolor 0.99 1

D. certhia medius 0.99 0.99
D. certhia ridgwayi 0.99 0.99
D. certhia retentus 0.99 0.99
D. sanctithomae sanctithomae 1 1

D. picumnus validus 1 1

D. picumnus picumnus 0.99 0.99
D. picumnus costaricensis 0.99 0.99
D. picumnus pallescens 1 1

D. picumnus transfasciatus 1 1

D. hoffmannsi 1 1

D. platyrostris 1 1

The genus dispersed outside of the Amazon for the first time
during the Plio-Pleistocene (3.1-1.5 mya), when it colonized the
trans-Andean lowland forests, resulting in the split of D. sanctitho-
mae (Figure 3). The initial diversification of the picumnus complex
started during the Middle Pleistocene (1.33-0.81 mya), also as the

2 3

=110 =110 6=22,000 t=22,000
1 1 1 1

1 1 0.99 1

1 1 0.99 1

1 1 0.99 1
0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99
1 1 1 1
0.98 1 1 1
0.98 0.99 0.99 0.99
0.98 0.99 0.99 0.99
0.98 1 1 1
0.98 1 0.99 1
0.98 1 0.99 1

1 1 1 1

result of a second dispersal out of the Amazon into Central-Eastern
South America (Figure 3). Also around that time, the Cis-Andean
diversification of the certhia complex began to intensify within the
Amazonian lowlands, lasting until the Late Pleistocene. In contrast,

while also centered in Amazonia, the diversification in the picumnus
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complex continued to involve dispersal of ancestral lineages outside
of this region, with a trans-Andean colonization event taking place
around 0.76 mya and leading to the establishment of the complex in
Central America (Figure 3). The last dispersal outside of Amazonia
took place between 0.06 and 0.5 mya and involved the establish-
ment of D. p. pallescens in the dry forests of Central South America
(Figure 3).

4 | DISCUSSION
4.1 | Phylogenetic relationships and plumage
evolution

Our estimated phylogenies provide an unprecedented resolu-
tion into the diversification of the genus Dendrocolaptes in the
Neotropics, even considering the sampling limitations of our study
(see below). First, we have confirmed with the largest number of
specimens and taxa sequenced so far, previous anatomical and
molecular results pointing to the monophyly of Dendrocolaptes
(Derryberry et al., 2011; Raikow, 1994). In contrast, a study based
exclusively on plumage characters failed to recover the genus mono-
phyly, mainly because the “streaked” Dendrocolaptes group shares
this particular plumage character with other woodcreeper genera
such as Xiphocolaptes and Hylexetastes, which has been interpreted
as a source of homoplasy (Marantz, 1997). Second, our study pro-
vides the most robust evidence to date supporting two reciprocally
monophyletic groups in Dendrocolaptes, herein named the certhia
and picumnus complexes, confirming a previous family-wide molec-
ular phylogeny (Derryberry et al., 2011). From a phenotypic perspec-
tive, previous taxonomists had already recognized the certhia and
picumnus complexes, respectively, as the “barred” and “streaked”
Dendrocolaptes groups, although membership of D. hoffmannsi to
each of them remained controversial due to its intermediate anatom-
ical and plumage characteristics (Raikow, 1994; Willis, 1982). Herein,
our data confirm with high support that D. hoffmannsi belongs to
the “streaked” picumnus complex, as also supported by a previous
molecular study (Derryberry et al., 2011), as well as vocal characters
and behavior (Marantz, 1997; Marantz & Patten, 2010; Willis, 1982).

Phylogenetic relationships within each the certhia and picum-

nus complexes were also generally well resolved in our phylogenies,

contrasting strongly with a previous study based on plumage char-
acters that did not recover well-resolved phylogenetic relationships
within these groups (Marantz, 1997). Supposedly, convergence in
plumage features among taxa living in sympatry or in areas with sim-
ilar climatic conditions could be behind this pattern (Marantz, 1997,
Miller, Leighton, Freeman, Lees, & Ligon, 2019). Our results confirm
that plumage differentiation is not tightly linked with the phylogeny
in Dendrocolaptes, as shown by the grouping of the most uniform
colored and least marked taxa such as D. c. retentus, D. hoffmannsi,
and D. p. pallescens as sister lineages to the richly colored and heavily
marked D. c. medius, D. picumnus spp., and D. p. picumnus, respectively
(Batista et al., 2013, Figure 1). Indeed, the more uniform plumage
characteristics shared between the largely sympatric D. c. concolor
and D. hoffmannsi could be due to either convergence or parallel
evolution, given their distant phylogenetic affinities (Marantz, 1997,
Figure 1). One possibility is that D. c. concolor lost the intense marking
that characterizes the more basal taxa in the certhia complex (e.g.,
D. c. certhia, D. c. radiolatus, and D. c. juruanus: Figure 1) in response
to a strong selective pressure to mimic the weakly marked plumage of
the more aggressive and syntopic D. hoffmannsi, which normally dom-
inates at most woodcreepers (including D. c. concolor) over army-ant
swarms (Willis, 1982). Members of the picumnus complex are larger
and heavier than those in the certhia complex (Marantz et al., 2020a),
and given their wide ecological overlap and sympatry throughout
most of the Amazon (Marantz, 1997; Willis, 1982), plumage mim-
icry and convergence are possible outcomes between these groups,
as documented extensively for another trunk-climbing bird lineage
worldwide (Miller et al., 2019). Outside of the Amazon, the certhia and
picumnus complexes tend to exclude each other altitudinally, hence
reducing the possibility of mimicry-driven plumage convergence
between them. Another striking example of dissociation between
plumage and phylogenetic proximity in Dendrocolaptes pertains to the
highly disparate color and marking patterns between the allopatrically
distributed D. p. picumnus and D. p. pallescens, which were recovered
as sister taxa with high statistical support (Figure 1). While the darker
and boldly patterned plumage of D. p. picumnus is typically associated
with more humid areas such as the wet Amazonian Guiana shield, the
less marked and paler yellowish-brown plumage of the open Chaco
forest endemic D. p. pallescens is in accordance with Gloger's rule,
which predicts that birds inhabiting drier and more seasonal areas will

have lighter plumage types (see Miller et al., 2019). In summary, our

TABLE 3 Statistics of models of ancestral area estimates obtained with BioGeoBEARS. Values of log-likelihood (LnL), number of
parameters, as well as dispersal (d), extinction (e), founder (j), and Akaike's information criterion (AIC) scores are given for each model
implemented. The best-fitting model without a + J parameter chosen (DIVALIKE) is shown in bold (see text for details)

Model LnL Parameters
DEC -21.00 2
DEC +J -14.09 8
DIVALIKE -17.47 2
DIVALIKE + J -13.98 S
BAYAREALIKE -25.91 2
BAYAREALIKE + J -15.02 8

d e j AIC

0.079 0.034 0 46.01
Ops 1072 0.069 34.18
0.083 10712 0 38.95
Oxg 10712 0.075 33.95
0.11 0.28 0 55.83
107 107 0.074 36.04
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FIGURE 3 Ancestral area estimates for Dendrocolaptes obtained with BioGeoBEARS and using the multilocus coalescent phylogeny as a
tree prior. Node pie charts show the likelihoods of ancestral areas according the selected DIVALIKE model. Colors in the map represent the
selected areas for the analysis. Colors different from those inserted in the map are combinations of areas (see Ancestral Areas’ legend)

well-resolved phylogeny corroborates previous claims that patterns
of plumage variation in Dendrocolaptes are highly influenced by en-
vironmental and ecological factors, rendering them of little use for
phylogenetic reconstruction (Batista et al., 2013; Marantz, 1997).

4.2 | Species limits in Dendrocolaptes

A previous phylogenetic study that sampled all Dendrocolaptes taxa
known at the time produced plumage-based trees that failed to re-
cover well-resolved relationships among taxa grouped in both the

certhia and picumnus complexes (Marantz, 1997). While those trees

did recover the certhia complex as monophyletic (with overall little
internal resolution), the picumnus group was recovered as polyphyl-
etic, with only a few taxa in it grouped as each other closest relatives
depending on the tree building criterion chosen (Marantz, 1997). A
subsequent study that sampled the same taxa through morphomet-
ric characters also obtained relatively little resolution with respect
to classifying different groups according to accepted species and
subspecies boundaries (Marantz & Patten, 2010). This overall lack of
resolution provided by morphological characters caused species lim-
its in both the certhia and picumnus complexes to be loosely defined
historically and vary significantly depending on the taxonomic source
considered (Batista et al., 2013; Cory & Hellmayr, 1925; del Hoyo
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et al., 2020; Marantz, Aleixo, Bevier, & Patten, 2020c; Peters, 1951;
Piacentini et al., 2015; Pinto, 1938, 1978; Willis, 1982). This is perhaps
best exemplified by Marantz et al. (2020b) statement concerning the
most frequent treatment of the picumnus complex as including three
distinct species (D. hoffmannsi, D. picumnus, and D. platyrostris), that
“...work [is] needed to justify their continued separation.”

In contrast, molecular studies sampling multiple Dendrocolaptes
taxa have recovered well-resolved and for the most part statisti-
cally well-supported phylogenies (Batista et al., 2013; Derryberry
et al.,, 2011; Silva et al., 2019), which allow for a more explicit eval-
uation of interspecific limits under an evolutionary perspective.
Confirming these previous molecular studies, our phylogenies esti-
mated for a combined sample of 16 Dendrocolaptes taxa were also
well-resolved and overall statistically well-supported (Figures 1 and
2). However, unlike in these previous studies, here we formally tested
for the first time interspecific limits in Dendrocolaptes through a ro-
bust coalescent-based method (i.e., BP&P; see Leaché, Zhu, Rannala,
& Yang, 2019 and references therein). BP&P supported the existence
of a total of 15 different lineages in the genus that have coalesced
significantly with respect to each other for the molecular markers an-
alyzed under widely different demographic and divergence scenarios
(Figure 2), a precondition for their ranking as separate species-level
taxa (see Gill, 2014). While eight of those lineages were grouped
in the certhia complex (D. c. certhia, D. c. concolor, D. c. juruanus,
D. c. medius, D. c. radiolatus, D. c. retentus, D. c. ridgwayi, and D. sanc-
tithomae), the remaining seven clustered together in the picumnus
complex (D. p. costaricensis, D. p. pallescens, D. p. picumnus, D. p. trans-
fasciatus, D. p. validus, D. hoffmannsi, and D. platyrostris). In all but one
case (D. c. ridgwayi), our 15 significantly coalesced lineages revealed
by BP&P are also consistently diagnosed by morphological (mostly
plumage) characters (Marantz & Patten, 2010), including some such
as D. c. concolor, D. p. pallescens, and D. p. transfasciatus that have
previously been treated as full species (Cory & Hellmayr, 1925;
Peters, 1951), supporting their ranking as separate species-level taxa.
This contrasts markedly with the current number of only five to six
species recognized in the genus according to most modern taxonomic
sources (Gill et al., 2020; del Hoyo et al., 2020; Remsen et al., 2020),
but see Piacentini et al., (2015). With respect to D. c. ridgwayi, Batista
et al., (2013) did not support claims of Marantz (1997) and Marantz
and Patten (2010) that it consists of an introgressed population (based
on overall plumage intermediacy) between D. c. concolor and D. c. me-
dius. Our BP&P analyses agree with Batista et al., (2013) and Silva
et al., (2019) in supporting D. c. ridgwayi as a phylogenetically distinct
lineage that is morphologically closer to the weakly barred D. c. con-
color, although it belongs in a clade that includes both weekly barred
(D. c. retentus: not described before Marantz, 1997 and Marantz &
Patten, 2010) and barred (D. c. medius) taxa. As discussed above, the
boldness of barring on plumage is not correlated with the phylogeny
in Dendrocolaptes and other woodcreeper genera, and this was the
only criterion used by Marantz (1997) to regard D. c. ridgwayi as a
hybrid swarm.

In conclusion, the lineage delimitation scheme provided by

BP&P herein objectively recognizes genetically and morphologically

diagnosable Dendrocolaptes taxa that can be regarded as consistent
basal evolutionary units for classification purposes (Figure 2). The
use of BP&P, and the multispecies coalescent model upon which it is
based (MSC), has been criticized on the grounds that it captures mainly
population-level structure rather than species divergences (Jackson,
Carstens, Morales, & O'Meara, 2017; Sukumaran & Knowles, 2017).
On a more recent study, Leaché et al., (2019) performed simulations
to address these criticisms and showed that the Bayesian model se-
lection implemented in BP&P may indeed over-split and recognize too
many species, particularly in subdivided populations with ongoing
gene flow. However, this trend is particularly true when hundreds or
thousands of loci are analyzed, which contrasts strongly with the total
of three independent loci sampled in our study (Leaché et al., 2019).
These authors also pointed out that the MSC model (and any other
species delimitation model currently available) is not intended to split
lineages based on “speciation genes” or those genes accounting for
reproductive isolation, and conclude that “Even if the genomic data
or the BP&P program cannot distinguish populations and species,
the genetic distinctness of the populations signifies the presence of
reproductive barriers or isolation mechanisms.” The 15 significantly
coalesced lineages identified by BP&P in Dendrocolaptes fell within a
range of population divergence parameters consistent with at least
advanced degrees of reproductive isolation (Figure 2), which were
also matched in most cases by existing (albeit subtle) phenotypic di-
agnoses (Marantz, 1997; Marantz & Patten, 2010). These patterns
are totally consistent with a novel perspective of species delimita-
tion whereby the burden of proof is placed on splitting rather than
lumping taxa, as long as empirical evidence suggests the existence of
distinct and reciprocally monophyletic sister populations, which are
then interpreted as exhibiting some level of reproductive isolation in
opposition to free interbreeding if occurring in sympatry (Gill, 2014).
Although some sampling limitations of our study preclude the immedi-
ate translation of all significantly coalesced lineages revealed by BP&P
into independent species-level taxa (see below), our results neverthe-
less represent a major step forward with respect to the historical tax-
onomic practice in Dendrocolaptes, which has essentially consisted in
assessing species limits based on qualitative interpretations of com-
parative levels of plumage and vocal differentiation across taxa (Cory
& Hellmayr, 1925; Marantz, 1997; Peters, 1951; Pinto, 1938, 1978; but
see Batista et al., 2013).

4.3 | Historical diversification in dry and humid
forests of the Neotropics

Our ancestral area estimates favored lowland Amazonia as the center
of diversification for the genus Dendrocolaptes (Figure 3). While the
earliest splits in the genus continued to take place in Cis-Andean
South America, an early dispersal event across the Andes occurred
during the Plio-Pleistocene (3.1-1.5 mya), leading to the establish-
ment of D. sanctithomae in Central America, where it eventually ex-
panded into a wide range of distinct forest types up to ca. 1,800 m

(i.e., cloud forest, gallery, mangrove, pine-oak, and semi-deciduous),
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albeit still favoring mature humid forest in the lowlands (Marantz,
Aleixo, Bevier, Patten, & Kirwan, 2020d). Our analysis indicates that
the remaining lineages of the certhia complex diversified almost en-
tirely in the Amazonian lowland humid forests (Figure 3), although
D. c. medius has reached the northern part of the also humid Atlantic
Forest in northeastern Brazil (Marantz et al., 2020c). We did not suc-
cessfully amplify DNA out of D. c. medius specimens from the Atlantic
Forest since only relatively old skins were available of this now rare
and highly endangered population (Aleixo et al., 2018). However,
no apparent morphological differentiation has been detected be-
tween Amazonian and Atlantic Forest populations of D. c. medius
(Marantz, 1997; Marantz & Patten, 2010), which could also indicate a
lack of complete genetic isolation between them, analogous to what
has been reported for at least two other suboscine lineages sharing
similar disjunct distributions between these forest biomes (Rocha
et al., 2015; Thom & Aleixo, 2015).

Albeit also centered in Amazonia, the diversification of the pi-
cumnus complex included three independent dispersal events
outside of that region that also led to differentiation into different
vegetation types. First, the differentiation of D. platyrostris in Central
and Eastern South America (Caatinga, Cerrado, and Atlantic Forest
biomes) took place through in situ vicariance after a recent disper-
sal from Amazonia during the Middle Pleistocene (1.33-0.81 mya). A
second instance involved a new dispersal event into Central America
(at ca. 0.76), with the establishment of D. picumnus mainly in humid
forest montane habitats (Marantz et al., 2020b). The third and last
episode occurred at ca. 0.3 mya, with D. p. pallescens differentiating
in the southern “dry diagonal” Chaco biome and neighboring foothills
of the Andes (Figure 3). Therefore, unlike inferred for other groups
(Porzecanski & Cracraft, 2005; Werneck, 2011), Dendrocolaptes lin-
eages replacing each other across the “dry diagonal” biomes of South
America do not support a sister relationship linking the Chaco and
Cerrado to the expense of the Caatinga biome, or a closer Chaco-
Caatinga historical connection (Hayes, 2001; Lopes, Chaves, de
Aquino, Silveira, & dos Santos, 2018). Instead, our results indicate
that Dendrocolaptes lineages distributed in the “dry diagonal” are
not monophyletic, but derived from two temporally independent
Amazonian invasions. The diversification of the picumnus complex
in particular supports that the Middle and Late Pleistocene were pe-
riods of intense biotic exchange both between lowland and montane
biotas and between humid (particularly Amazonia) and drier forest
types, such as those distributed along the South American dry diag-
onal. These results also support a keystone role for Amazonia as a
major source of diversification in the Neotropics, mirroring previous
findings (Antonelli et al., 2018).

4.4 | Taxonomic implications

Our analyses recovered with strong support the monophyly of most
Dendrocolaptes species recognized by current taxonomy (Gill et al.,
2020; Marantz & Patten, 2010; Remsen et al., 2020), except for the

polytypic D. picumnus, which appeared consistently as a paraphyletic
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species with respect to D. hoffmannsi in both phylogeny estimates
we obtained (Figures 1 and 2). However, statistical support for this
relationship was weak in both trees, and a monophyletic D. picum-
nus cannot be ruled out given that the basal-most relationships in
the picumnus complex are characterized by the presence of one
(Figure 1) or two (Figure 2) short nodes with low statistical sup-
port (Figures 1 and 2). Interestingly, the apparent closer relationship
of D. hoffmannsi to most taxa in the polytypic D. picumnus to the
exclusion of D. p. transfasciatus (Figures 1 and 2) mirrors previous
results pointing to a greater morphological similarity between the
latter taxon and D. platyrostris, mainly due to the distinct black-
ish crown shared by these largely parapatric taxa (Marantz, 1997,
Willis, 1982). Furthermore, the average pairwise mitochondrial se-
quence divergence level between D. p. transfasciatus and the remain-
ing taxa of D. picumnus sampled herein is higher (2.65%) than that
between D. hoffmannsi and the latter taxa (1.95%: Table S3), which
are currently regarded as separate species (Gill et al., 2020; Marantz
& Patten, 2010; Remsen et al., 2020). In sum, both significant lev-
els of morphological and genetic differentiation, coupled with a
significant degree of coalescence with respect to other closely re-
lated Dendrocolaptes lineages (Figure 2), support the recognition of
D. p. transfasciatus as a species-level taxon distinct enough from the
remaining taxa sampled in this study and grouped under D. picum-
nus. These findings confirm a previous taxonomic treatment that
regarded D. p. transfasciatus as a separate species-level taxon in
Dendrocolaptes (Cory & Hellmayr, 1925). Recently, D. p. transfascia-
tus (which is endemic to Brazil) has been regarded as “vulnerable” at
the national level (Leal, Silva, & Marques, 2018).

The lack of four trans-Andean (D. p. costaricensis, D. p. mul-
tistrigatus, D. p. puncticollis, and D. p. seilerni) and two cis-Andean
(D. p. casaresi and D. p. olivaceus) taxa from our sample precludes
a more in depth assessment of the interspecific limits within the
remaining taxa of the polytypic D. picumnus. While Marantz and
Patten (2010) have found little support for the distinction of
D. p. casaresi with respect to D. p. pallescens (which we did sample),
the remaining missing taxa have been classified based on plumage
characteristics into two distinct “montane” groups (sensu Marantz
& Patten, 2010), only one of which was sampled by us (i.e., “mon-
tane group A,” which includes D. p. costaricensis, for which we ob-
tained just one sample). Nevertheless, our analyses did recover
a reciprocally monophyletic and deeply coalesced D. p. pallescens,
supporting a previous species-level treatment for this phenotypi-
cally distinct taxon (Cory & Hellmayr, 1925). However, recognizing
D. p. pallescens as a separate species would render the resulting
polytypic D. picumnus paraphyletic, a situation that could be cir-
cumvented by also elevating the other deeply coalesced D. p. pi-
cumnus, D. p. validus, and D. p. costaricensis to full species-level
status. Even in this case though, it would be difficult to determine
exactly under which deeply coalesced lineage (if any) the missing
taxa from our sample would group, making it impossible to rule
out the risk of delimiting paraphyletic species. Finally, our analy-
ses confirmed previous findings concerning the lack of reciprocal

monophyly between both recognized D. platyrostris subspecies
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(D. p. platyrostris and D. p. intermedius; Cabanne, D'Horta, Meyer,
Silva, & Miyaki, 2011), therefore not supporting the suggestion to
treat them as separate species (Willis & Oniki, 2001). In conclusion,
at this point, we recommend the recognition of only four species
(D. hoffmannsi, D. picumnus, D. platyrostris, and D. transfasciatus)
within the picumnus complex, with additional studies necessary to
determine particularly the phylogenetic affinities of all “montane”
D. picumnus subspecies (sensu Marantz & Patten, 2010).

Within the certhia complex, our MSC multilocus analysis con-
firmed a previous treatment based on a larger dataset supporting the
recognition of eight species in this group: D. certhia, D. concolor, D. ju-
ruanus, D. medius, D. radiolatus, D. retentus, D. ridgwayi, and D. sanc-
tithomae (Batista et al., 2013; Silva et al., 2019). Unfortunately, we
lacked three D. sanctithomae subspecies from our sample (D. s. hes-
perius, D. s. punctipectus, and D. s. sheffleri), which precludes us from
evaluating the suggestion to regard D. s. punctipectus as a full spe-
cies based primarily on vocal differences with respect to Central
American and Chocoan populations (Boesman, 2016; del Hoyo et al.,
2020), although plumage characteristics (i.e., breast spotting) also
clearly diagnose D. s. punctipectus (Marantz, 1997). However, it has
been proposed that D. s. punctipectus intergrades with trans-An-
dean D. sanctithomae taxa in northern Colombia (Marantz, 1997),
which could also not be addressed by us due to sampling limitations.
Similarly, D. s. sheffleri from the northernmost part of D. sanctitho-
mae range is also distinct in terms of plumage patterns and color-
ation (Marantz, 1997), and could well represent a distinct lineage.
The remaining D. sanctithomae subspecies not sampled by us
(D. s. hesperius) is the closest morphologically to the nominate sub-
species, which argues in principle against a distant phylogenetic re-
lationship. Considering the degree of uncertainty and the sampling
limitations across D. sanctithomae taxa that affected not only our
study, but also those analyzing their morphological (Marantz, 1997)
and vocal (Boesman, 2016) differentiation, we recommend not treat-
ing D. s. punctipectus as a full species (thus, following Marantz, 1997,
Marantz & Patten, 2010; Gill et al., 2020, and Remsen et al., 2020)
until evidence becomes available concerning its phylogenetic posi-
tion and degree of evolutionary independence with respect to other
D. sanctithomae lineages.

In contrast, ample evidence is available by now that treating all
Cis-Andean taxa of the certhia complex as one species (Gill et al.,
2020; Remsen et al., 2020) implies in tremendously underestimat-
ing the true species diversity in this group (Batista et al., 2013;
Silva et al., 2019; this study). The main reason for this continuing
treatment as a single species has been the lack of vocal diagno-
ses among the different taxa currently grouped under a polytypic
D. certhia, coupled with comparatively little genetic and mor-
phological differentiation (Remsen et al., 2020; see http://www.
museum.lsu.edu/~Remsen/SACCprop621.htm). Indeed, although
no formal vocal analyses are available involving the Cis-Andean
taxa of the certhia complex, existing qualitative assessments sup-
port very little variation in song and calls throughout its range
(Marantz, 1997; Willis, 1992; AA pers. obs.), which mirrors the

apparent lack of vocal variation among members of the picumnus

complex, particularly between D. hoffmannsi and the polytypic
D. picumnus (Marantz, 1997; Willis, 1982; AA, pers. obs.). Other
woodcreeper genera in which little vocal variation is present, de-
spite pronounced genetic differentiation and significant degree of
coalescence consistent with the existence of cryptic species, are
Dendrexetastes (Ferreira, Aleixo, & Silva, 2016) and Hylexetastes
(Azuaje-Rodriguez et al., 2020). These significantly coalesced
lineages are totally inconsistent with the hypothesis of free in-
terbreeding among them, indicating that conservatism in vocal
characters is not synonymous with lack of strong genetic isolation
and speciation. Indeed, as shown recently for other Furnariidae,
not even the mere existence of gene flow can be equated with
lack of speciation, as suboscine lineages may evolve full reproduc-
tive isolation in a much longer time period than many Northern
Hemisphere bird lineages (Pulido-Santacruz, Aleixo, & Weir, 2018,
Pulido-Santacruz, Aleixo, & Weir, 2020; Weir & Price, 2019). In
fact, the recognition of D. certhia as a single species is inconsistent
even when considering comparative levels of genetic differentia-
tion within the genus Dendrocolaptes. For instance, as discussed
above, D. picumnus and D. hoffmannsi, which differ by 1.95% in
their mitochondrial DNA (Table S3), are regarded as independent
“biological” species by the same sources that lump D. c. certhia
and the remaining taxa members of the same purported poly-
typic species, and which differ in their mitochondrial DNA by an
average of 2.4% (Table S3; Gill et al., 2020; Remsen et al., 2020).
Comparative levels of mitochondrial sequence divergence alone
cannot be safely used as yardsticks for establishing species limits,
but in this particular case they illustrate the subjectivity and lack
of consistency in the application of a particular implementation of
the “Biological Species Concept” (Johnson, Remsen Jr, & Cicero,
1999). For all these reasons, we recommend the treatment of the
following significantly coalesced taxa according to our multilocus
analyses (Figures 1 and 2) and currently regarded as subspecies of
D. certhia by some sources (Gill et al., 2020; Marantz et al., 2020c;
Remsen et al., 2020), as full species, mirroring the treatment by
Piacentini et al. (2015): D. certhia, D. concolor, D. juruanus, D. me-
dius, D. radiolatus, D. retentus, and D. ridgwayi.
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