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Mitochondrial DNA phylogeny of the woodpecker genus
Veniliornis (Picidae, Picinae) and related genera implies
convergent evolution of plumage patterns
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The woodpecker genus Veniliornis comprises 12 species, all restricted to the New World tropics. The seemingly dis-
tantly related genus Picoides is broadly distributed in Eurasia and North America with two putative species,
P lignarius and P. mixtus, occurring in South America. The two genera are clearly distinct with respect to general
plumage colouration and patterning as well as habitat utilization and thus traditionally have been placed in dif-
ferent tribes. Phylogenetic analyses of mtDNA sequences from the COI and cyt b genes indicated that both genera
are reciprocally paraphyletic. The two South American species of Picoides belong to a clade comprising most species
of Veniliornis, but V. fumigatus of Central and north-western South America belongs to a clade comprising species
of Picoides. The mtDNA tree also indicated that Veniliornis is not closely related to the genus Piculus, as is implicit
in current classifications. Misclassifications involving Veniliornis at both the generic and tribal levels appear to
result from convergent evolution of plumage traits in specific forest types. We infer that the common ancestor of
Veniliornis entered South America approximately at the time the Isthmus of Panama was formed, and diversification
within South America was rapid. © 2006 The Linnean Society of London, Biological Journal of the Linnean Society,
2006, 87, 611-624.

ADDITIONAL KEYWORDS: biogeography — classification — molecular clock — New World — paraphyly —
Picoides — Piculus — tropic.

INTRODUCTION appearance resulting from plumage colouration and
pattern. Veniliornis species typically have more or less
solidly coloured backs ranging from olivaceous green,
tinted with golden and reddish hues in some species,
to solid red in other species, and ventral aspects that
are heavily barred with transverse patterns of green
and off-white. With few exceptions, species of Venilior-
nis are found in tropical habitats characterized by
dense vegetation (Short, 1982; Winkler et al., 1995).
Consistent with their characterization as the pied
woodpeckers, species of Picoides, in contrast, gener-
ally have black and white plumage marked with heavy
barring dorsally and/or ventrally, and most species are
partitioned ecologically among various woodland or
savannah-like habitats.

The systematic relationships of these woodpecker
genera are uncertain. Although not the earliest work,

Species of the woodpecker genus Veniliornis are
restricted to the New World tropics; ten of 12 species
recognized by Short (1982) are found entirely in South
America, and two species have distributions that
extend into the southern-most region of Central Amer-
ica (Short, 1982; Winkler, Christie & Nurney, 1995;
Winkler & Christie, 2002). The seemingly distantly
related genus Picoides (as defined by Short, 1982) is
the largest of all woodpecker genera; nine of its 33 spe-
cies are distributed in North and Central America, two
species in South America and the remaining 24 spe-
cies in the Old World. Species assigned to each genus
differ categorically with regard to ecology and overall

E(?r%r;ﬁélx;gi;i@al;g}ggybiosci wayne.edu the classification developed by Short (1982) in his
+Current address: Grand Canyon University Online, 3300 W monumental monograph, ‘Woodpeckers of the World’,
Camelback Road, Phoenix, Arizona, 85017, USA is perhaps the best starting point for discussing the
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history and logic of woodpecker classification germane
to Veniliornis and Picoides. The true woodpeckers
comprise the subfamily Picinae within the family
Picidae (Order Piciformes). Short (1982) divided the
Picinae into six tribes and assigned Picoides to the
tribe Campetherini and Veniliornis to the tribe Colap-
tini. Short’s Campetherini also includes the African
genera Campethera, Geocolaptes and Dendropicos. In
addition to Veniliornis, the Colaptini includes the gen-
era Piculus, Colaptes (flickers) and Celeus; Piculus
and Colaptes are restricted to the New World as are all
species of Celeus except C. brachyurus, which occurs
in southern Asia. Winkler & Christie (2002) specu-
lated that C. brachyurus is actually a highly conver-
gent offshoot of the Old World genus Picus, which
makes more sense from a biogeographical perspective.
While acknowledging some similarities between
Veniliornis and Picoides, Short thought these superfi-
cial and suggested that they were primitive characters
retained from an early ancestor common to the Cam-
petherini and Colaptini and that Veniliornis was actu-
ally related to the colaptine genus Piculus. However,
our recent DNA sequence-based studies of Picoides
resulted in the surprising and strongly supported
inference that the two species of Veniliornis included
in the study as outgroup species formed a clade within
the ingroup that was sister to a derived South Amer-
ican clade comprising P. lignarius and P. mixtus (Wei-
bel & Moore, 2002a, 2002b). This result implied that
Short’s genus Picoides is paraphyletic and that at
least some species of Veniliornis are misclassified at
the tribal level. It is also possible, indeed likely, that
Veniliornis is paraphyletic, but because we included
only two species of Veniliornis in our earlier studies,
we were unable to test this.

Few studies have focused on the systematics of
these taxa, and within those studies that have been
done there is little evidence and an absence of modern
phylogenetic analysis that would have any bearing on
the affinities of Veniliornis, with either Picoides or
Piculus. Not surprisingly, varying classifications have
been proposed, adopted and modified in works con-
cerned with woodpecker systematics. Peters (1948)
noted that the woodpeckers had not been mono-
graphed since Hargit’s (1890) work. Taking guidance
from Burt (1930), Peters (1948) divided the woodpeck-
ers into two groups based on skull osteology and sev-
eral other characters that appeared to be adaptations
to arboreal vs. more terrestrial foraging. Among the
species he put in his arboreal group were all the spe-
cies that Short (1982) later lumped into the genus
Picoides and all species of Veniliornis. In a study based
on myology, Goodge (1972) noted that Veniliornis had
no distinctive features and suggested that it might be
a relatively recent offshoot of North American Dendro-
copos, which would be consistent with Burt’s (1930)

inference and our earlier result. (Dendrocopos was
subsumed by Picoides in Short’s classification.) Good-
win (1968) suggested another possibility: an affinity
between Veniliornis and the African genera Dendrop-
icos and Campethera. Goodwin’s suggestion was based
on similarity, but he thought the similarity was more
likely as a result of convergence than of common
ancestry. Sibley & Monroe (1990) adopted Short’s clas-
sification with the relevant exception that, following
the suggestion of Ouellet (1977), they resurrected the
genus Dendrocopos for the Eurasian species subsumed
by Short’s Picoides, leaving the North American spe-
cies in the genus Picoides. It is unlikely that this is
correct, however, because DNA sequence data strongly
support the inference that the Eurasian lesser spotted
woodpecker Picoides minor is the basal lineage in the
clade of North American ‘small’ Picoides (Weibel &
Moore, 2002a, b). Although noting this problem and a
number of other shortcomings, Winkler et al. (1995)
and Winkler & Christie (2002) adopted Sibley & Mon-
roe’s (1990) (and hence Short’s) basic classification,
but emphasized that a major revision was needed.

In establishing principles for his classification of
woodpeckers, Short (1982) gave preference to plum-
age, and ecological and behavioural characters for
inferring relationships, and this obviously underlies
his classification. In overall appearance as determined
by plumage, there are indeed striking similarities
between species of Veniliornis and species of Piculus.
Short interpreted these similarities as reflections of
common ancestry. However, there has long been a sus-
picion that aspects of plumage and behaviour may be
convergent in woodpecker species in certain ecological
settings (Goodwin, 1968; Cody, 1969; DeFilippis &
Moore, 2000; Weibel & Moore, 2002b; see Omland &
Lanyon, 2000; Johnson & Lanyon, 2000; Dumbacher
& Fleischer, 2001; Moyle, 2004; for examples from
other avian groups). Perhaps the most interesting
implication of the confused systematics of woodpeck-
ers is that natural selection operating on the genetic
variation available to woodpecker species has evolved
similar but analogous phenotypes sufficiently often to
have considerably confused their classification.

The purposes of this study were: (1) to clarify the
evolutionary relationships among species classified as
Veniliornis and, in so doing (2) to test further the
hypothesis that this genus is reciprocally paraphyletic
with the genus Picoides and, implicitly (3) to deter-
mine the appropriateness of assigning these genera to
the tribes Colaptini and Campetherini, respectively.
To achieve these goals, we estimated a phylogeny,
based on the mitochondrial protein coding genes cyto-
chrome oxidase I (COI) and cytochrome b (cyt b) that
included ten of the 12 species of Veniliornis recognized
by Short (1982), plus species of Picoides, Piculus and
outgroup species sufficient to test these hypotheses.
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We then used this phylogeny, in conjunction with
information on the biogeography and ecology of mem-
ber species, the geological history of Central and
South America, and a molecular clock, to formulate
a hypothesis on the origin and diversification of
Veniliornis.

MATERIAL AND METHODS

GENE SEQUENCING AND SEQUENCE ALIGNMENT

Total DNA was extracted from frozen muscle, liver, or
kidney tissues with the Qiagen DNeasy Tissue Kit
according to the manufacturer’s specifications. The
mitochondrial genes COI and cyt b were PCR ampli-
fied by the methods described in Kocher et al. (1989),
Edwards, Arctander & Wilson (1991), Moore & DeFil-
ippis (1997), and DeFilippis & Moore (2000), using the
primers listed in Weibel & Moore (2002a). Amplified
products were cleaned with the Promega Wizard Prep
Kit. Double-stranded PCR products (COI: 1551 of
1551 bases and cytb: 1029 of 1143 bases) were
sequenced at the Wayne State University Molecular
Core Facility using an Applied Biosystems ABI 100
model 377 automated sequencer with the Big Dye Ter-
minator Reaction. Sequences were aligned by eye
using the sequence-editing computer program ESEE
(Cabot & Beckenbach, 1989). Because both cyt b and
COI are protein coding genes with high conservation
at the amino acid level, alignment of their DNA
sequences across species is trivial; no insertions or
deletions were observed.

TAXIC SAMPLING

Specimens used in this study are listed in Table 1.
All species classified by Short (1982) as Veniliornis
were included in the study except V.sanguineus
and V. maculifrons because tissue specimens were
not available. We also included a specimen of
V. chocoensis, generally considered a distinct species
(Peters, 1948; Sibley & Monroe, 1990; Winkler et al.,
1995; Winkler & Christie, 2002), but considered
as a subspecies of V. affinis by Short (1974, 1982).
P. lignarius and P. mixtus were included because our
previous work suggested that they are more closely
related to species of Veniliornis than they are to other
species of Picoides (Weibel & Moore, 2002a, b). Four
species of Piculus were included to test the hypothesis
that Veniliornis belongs in the tribe Colaptini through
a recent common ancestor with this genus (Short,
1982). Additional species of Picoides were included
because a clade within this assemblage, or the assem-
blage as a whole, is likely to be the sister group of
Veniliornis (DeFilippis & Moore, 2000; Prychitko &
Moore, 2000; Weibel & Moore, 2002a, b; Webb &
Moore, 2005). Similarly, Colaptes (represented by

Colaptes auratus) likely shared a recent common
ancestor with at least one species of Piculus,
Pl. rubiginosus (DeFilippis & Moore, 2000; Prychitko
& Moore, 2000; Webb & Moore, 2005), but at this
juncture relationships among species comprising
the genus Piculus are wunclear. C.auratus was
included to facilitate rooting of the Piculus clade
(or clades). Dryocopus pileatus appears to be basal
to the Colaptes—Piculus clade, and the piculet
Picumnus aurifrons represents the sister subfamily of
the true woodpeckers (Moore & DeFilippis, 1997; Pry-
chitko & Moore, 2000; Webb & Moore, 2005), and thus
served to root the tree as a whole.

Where possible, we determined the DNA sequences
for two specimens of each species and compared the
sequences to ascertain that the sequences used in the
phylogenetic analyses were not PCR contaminants.
This was possible for all species except V.affinis,
V. cassini, V. chocoensis, V.kirkii and P.lignarius.
Twenty sequences representing 12 species were new;
the remaining sequences have been determined in
previous studies (see Table 1; Moore & DeFilippis,
1997; DeFilippis & Moore, 2000; Prychitko & Moore,
2000; Weibel & Moore, 2002a, b).

PHYLOGENETIC ANALYSIS

Maximum parsimony (MP) and maximum likelihood
(ML) phylogenetic analyses were performed using the
computer program package PAUP* (beta version 4.0,
Swofford, 1998) following the methods described by
Weibel & Moore (2002a, b). Bayesian (BA) analyses
were performed using the computer program package
MrBayes 3.0 (Ronquist & Huelsenbeck, 2003). We
used the computer program package Modeltest
(Posada & Crandall, 1998, 2001) on the concatenated
COI plus cyt b dataset to provide guidance in selecting
appropriate nucleotide substitution models for analy-
ses that required model specification (ML, BA). Mod-
eltest selected the GTR + I + G model, consistent with
our previous studies that indicate that in woodpeckers
both COI and cyt b have unequal nucleotide frequen-
cies, very heterogeneous substitution rate matrices,
substantial rate variation among sites and a substan-
tial frequency of highly conserved (invariant) sites;
these are the criteria of the GTR + I + G model (Moore
& DeFilippis, 1997; DeFilippis & Moore, 2000; Pry-
chitko & Moore, 2000; Weibel & Moore, 2002a).

The MP analysis was performed using equally
weighted characters and a heuristic search with TBR
branch swapping and 30 random-addition replicate
datasets. This served as the parsimony-based tree for
comparison with the ML and BA trees and as the ini-
tial user tree in the ML tree search.

A search for the ML tree with fitted parameter esti-
mates is computationally overwhelming for this many

© 2006 The Linnean Society of London, Biological Journal of the Linnean Society, 2006, 87, 611-624



W. S. MOORE ET AL.

614

€08688AV  ¥LGV6EAV - - SPI-M98 NSm VSN ‘erurojife) dM Papeay-a3Iym $1MIDAUD]OQID
20€688AV  €LGV68dV 1€°0 0 T¥I-M98 NSm VS ‘eruiojie) dM PopeeU-aIYN  S7MIDALD]OGID SaPL021J
wﬁiwﬂpwgamo wn_irﬁ
1086801  389GLBAV 8'1-98 NSM VSN “spnjuay JO3DIY WIBYJION snyoann $23dn]0)
362881  169cL5AV 444 ns1 niod ‘onbakequre] dM 9AT[0-UBP[OD snsou1siqn. “1q
80%LG6AV  88ILGEAV - - y€1% Nns1 Bureueq dM PaYe0Iy3}-a3Iy M §Nwan)0ona] “Id
LOZLG6AY  LSILGEAV 020 090 0€1% NS1 BURUE] dM Pa¥e0Iy3}-9Iy M $NwWan)0ona] “Id
G0ZLG6AY  G8ILGEAV - - $8L68¢ HNINA [1zeag ‘dIeZEN BIDOYIO)) ‘BIUOPUOY dM Pa3eOIY3-MO[[OX vy 1d
902L%6AV  981LZ6AV 06'1 053 1€8% NS1 ni19g ‘ojuswireds(] 039107 dM\ PaYeOIY}-MOT[oX vnSavyf 1d
RIAT[OY ‘ZNI))
€0GLG6AV  E8TLGEAV - - 6I¥¥5E HNINA BjuRg Ojusw}Ieds(] ‘S03mbIy) dM uddI3-uapron §0.00]1/205K4Y “Iq
$0GLG6AV  P8ILGEAV vy qLe 9657 ns1 N9 ‘ojudugreda(] 039107 dM UedIS-uep[oy)  $0.07Yy20sLu1d SMINIJ
18%LG6AV T03LG6AV - - 1692 Nns1 AenJereq ‘nzensee) dM Pajjods-a3rym £23sD5071ds ‘A
GGGLG6AY  GOGLGEAV 6%°0 0 €881 WaMn BUIJUSSIY ‘SOUOISIA] 9P BIOUIAOL] dM Porods-e3rym £aps03071dS A
0%3L%6AV  003LG6AV - - €7-M 96 NSM BIAT[Og dM 2T snuessnd ‘A
61CLG6AY  661LG6AV 0T0 900 S ¥-M 96 NSM BIAT[Og dM 9T snuiessnd A
LEE68EAV  908F6EAV 9118 ns1 nred ‘ooseq dM par[[eq-Teg sda0151u A
8TGLG6AY  86ILGEAV gr.Ld on Jopendy ‘sefeny/eqruely dM pedwni-pay 1341y A
L1GLG6AY  L6ILGEAV - - 0L62¢ NS1 nidd ‘eorewrefe) dM umoiq-£3jowrg snposrunf A
913LG6AV  961LG6AV 0%’0 100 09€2¢ NS1 niod ‘edreurefe) dM umouq-£3jowg smpnSrunf A
GIGLG6AV  S6ILG6AV - - (0} 47" Wamn BUNUSSIY ‘UBWNON], 9 BIDUIAOLJ dM pajuog-jo(q S1DJUOLS ‘A
$1GLG6AV  V6ILG6AV 0 €T0 66LT Wamn BUNUSSIY ‘UBWNIN], 9D BIDUIAOL] dM pajuog-jo(q S1DIUOLS A
GIGLG6AY  GBILGEAV - - €708 Ns1 nisd ‘0dsed dM PaIURA-MOT[OX snuSIp A
€IGLG6AY  S6ILG6AV 6L0 680 grLd on Jopenoy ‘TydIe) dM PoYULA-MOT[OX snusip A
116LE6AV  T61LG6AV Lyerd on JOopendy ‘seperowsy dM 0207) §15U2000Yd ‘A
0T3LG6AV  061LG6AV $120% NS1 nIvJ ‘Seuozewy dM PaIe[[00-UapP[0D) UISSDI A
9€€686AV  S0E¥6EdV 8LIS Ns1 niod ‘onbakequre] dM Pa¥deg-19[IBdg §M70U071DI ‘A
602L%6AV  68T1LG6AV S%09 Nns1 N9 ‘039107 dM paure}s-pay S1ULID S1UL0T]IUIA
tunde[o) aqriy,
orUNI] A[Tweqng
q 140 10D q 340 100 Jaquunu Lumesnyy o[0T (1oy0adpoom = JM) +So10adg
.~®£050> uIeu QOEEOO
§requnu ﬁmommmgﬁwi@
Qoﬁmwmooéﬂ &Qﬁmﬂmw o@ﬁommmN&uQH

Apnjs SIY) Ul pasn (9eplord A[IWe, ‘SOULIOJIOL] JOpI() Sowads Jo 9srT *T 9[qel,

© 2006 The Linnean Society of London, Biological Journal of the Linnean Society, 2006, 87, 611-624



615

WOODPECKER PHYLOGENY

(43003 “®Z00Z) 9100 2 [9(IOA UL BIAT[Og ‘ZRJ B Sk paysiqnd Afueyeistua sem sdaorsS1u ‘A I10J 81eo0[ 9y, :930N],
‘peouenbes aq jou pnoo uswads oY)
‘o[qe[TeAR J0U ‘YN ‘9ouanbas d11oYJuAs o} Ul Bjep SUISSTW SB PaI0dS PUBR SNONJIqUIR PAISPISU0D 9I9M S90UaNbas oY10adsuod SSOI0. SOPII09[INU JUSISIJIP YIM SIS
‘uewrroads oyedsuod puodes o) woay sousnbes Surddereao snoSojowoy oY) Sursn pa[[y aae sousnbes eje[dwe) oY) Ut Bjep SUISSIW PUER ‘Sa)Is SNONJIqUIR )SOMS] PUR
ssoueje[duIod U0 paseq pPejda[es sI eouenbes ojeidwe) oy ], "susweds oywedsuod Suruiquiod 10 sousnbes ajeidwe) ay) se seAles sowads © 10J uowads o[3uls y§
(8g00G ‘©I00T\ 2 [9qIOA\ OS[B 998) suewads oYadsuod 0M) JSBI[ 1B UM dOUSSIDAIP 9duanbas Juaotod;
‘(OI00TA "S'M) LJISTOATU() 9381S SUABA ‘(1SM ‘U0ISUIYSBAN JO AJISIOATU() Je WNLSNIy oing ‘INGM[] ueq poolg uriay usdeyuado)) Jo AJISIOATU() ‘() ‘BUOZLIY JO
AYISIOATU) “Y[) ‘9ULIDG [BINJRN] JO WNASNA A}ISISATU[) 9)B}S BURISTNOT ‘S ‘(SOWR[ ') AJISIDATU() 9)8)S BPLIO[] 1S ‘AI0ISTE [eanjeN JO Wnosn Pt ‘HNINJI-
"(8g00g) 9I00I\ 2 [9qIoA\ WOLJ PauTe}qo a1am q 140 pue JO,) J10J seouanbas sdaoniS1u ‘A puR SnoU0IIDNI S1UL01J1U3A PUR SedUINDIS SaP1021] [V

682E81

98¢E8/1

€€€68E1V
¢EE68EAV
65E68EAV
8GE68EAV
LZE6BEAV
93668€dV
GGE68EAV
72E68CdV
€3E68E4V
CGE68EAV
T3E68EAV
03E68€4V
61E68EAV
8TE68EAV
LTE68EAV
9T€68EAV
V16684V
€1€68EAV
¢IE68EdV
80€68EAV
LOE6BEAV
90€68€4V

68G¢LcAV

G892LTAV

GOEV6EAV
TOEV6EAV
8657664V

VN
L68v6EdV
9687664V
G6576EAV
Y63V6EdV
€6576E4V
c65v6EdV
1687664V
0627664V
68¢V6EAV
88¢V6EdV
L8GV6EAV
98¢V6EAV
¥8¢v6EAV
€88v6EdV
G8eV6EdV
8LEV6EAV

VN
LLGV6EAV

650

020

09°0

g0

€10
LEO
12°0
mm.m

¥1°0

10T

12141t

¥'E-M 98

YVI-M 98
L'0T-M 98
09891
G'GM 88
L'TT-M 98
G'8"M 98
G'G-M 98
€C M98
€€T-M 98
T°€T-M 98
918

018
9G3Ly
GGaLy
GGLTS
00LT¢
€699
8096¥
08567
¢EVIE
T'6-¥1€
1-608

Nns1T

NsMm

NSM
NSM
v
NSM
Nsm
Nsm
NSM
NSM
NSM
NsM
INamn
INaMN
INaMN
INdMN
INIMN
Namn
NnsT1
INaMN
Namn
nsd
nsd
nsd

BIAT[O ‘ZNI)) BJURS

VS ‘sexaq,

VSQ ‘eruiofie)

vsQ ‘euoziy

VSN ‘Buozly

VSN ‘BuozLy

VSN ‘BuozLy

VSN ‘0TXOI MON

VSN ‘sexa,

VSN ‘Bweqery

VSN ‘Bruiofe)

VSN ‘BruIofE)

RBUIUISIY ‘SOIUSLLIO)) 9P BIOUIAOIJ
BUIUSSIY ‘SOJUSLLIO)) 9P BIOUIAOIJ
eIssny Aery] ASAoIeqeqs]
eIssny Aeay] AsAoreqeyqs]
eissny Aery] Ansiefousery]
eISSNY “)SB[qQ BARYSINNI]
BIAL[O ‘ZNI)) BIURS

rISSNY “)SB[q() BABYSAOISOIA
'ISSNY “)SB[qQ BABSAOISOIN
VSN ‘epHolg

VSN ‘BpHolg

VSN ‘epuofg

19[NoLJ pPojsesiq-req

dM Paies[id

dm Airey

dm Aireq

dM SPUBPPLIS
dM SPUBpEpPLIS
dM Pe3oBQ-18ppeE]
dM Pe3OBq-18ppE]
dM Lumo(

dM Aumo(

dM SIEIN

dM SIBIN

dM PaIeXaY)
dM P8IeX9Y)
dM Ppenods 1essery
dM Penods I1essery
dM payjods year)
dM Ppe1jods jearn)
dM pading

dM PoOBA-9IYM
dM Po3BA-9IYM
dM PoPpB3P09-poy
dM PapBP0o-pey
dM PepBE302-pay

SUOL[LIND SNUWNILT
uruwmotd 9qLLy,

seurUWNII A[Twrejqng

snywaqd sndodokuq
rurprydeduwre)) aqray,
snsopja g
snsopjia g
IpunpEdLgs d
IpumpEILgs d
S1UDJDIS J
S1ID]DIS J
suaosaqnd g
suaosaqnd g
nppopnu J
nppopnu
snpx1u g
snx1u g
J£ouru g
J£ouru g
Laofow g
Laolow g
snousy g
Lsojoonay g
Lsogoona) g
s1)0a.10q g
S110a.410q g
$1)02.10Q J

© 2006 The Linnean Society of London, Biological Journal of the Linnean Society, 2006, 87, 611-624



616 W.S. MOORE ET AL.

operational taxonomic units and nucleotide charac-
ters; thus, we used an approximate search strategy
modified from Frati et al. (1997) and Weibel & Moore
(2002a, b). An initial topology was generated by
MP. With this topology fixed as a user tree, parame-
ters for the GTR rate matrix, proportion of invariable
sites (I), and I'-distribution shape parameter (o) were
all estimated under a ML criterion. To complete the
ML tree search, these parameters were then fixed at
the estimated values and a heuristic search was con-
ducted for the ML topology (with TBR branch swap-
ping, and ten random-addition replicate datasets).

Bootstrap analyses were performed on the MP tree
with 1000 replicate datasets and on the ML tree with
100 replicate datasets with the model parameters
(rate matrix, o and I) fixed at the values used in the
ML topology search.

A feature of BA in MrBayes 3.0 is that the program
allows more detailed specification of the substitution
model (Ronquist & Huelsenbeck, 2003). It was estab-
lished in previous studies and the Modeltest analysis
that COI and cyt b evolve at different overall rates in
woodpeckers and that there is substantial rate varia-
tion among codon sites (DeFilippis & Moore, 2000).
Accordingly, in our most parameterized BA model, we
specified six partitions: 1st, 2nd and 3rd codon posi-
tions for each of the two genes, with the GTR +1+ G
model specified for each partition. A Markov Chain
Monte Carlo (MCMC) simulation was initiated with a
random tree; four chains were run for 1 400 000 gen-
erations using empirical base frequencies; a tree was
sampled every 1000 generations for a total of 1400
trees. Examination of the likelihood values over the
course of the simulation indicated that the sampling
process found a stable distribution considerably before
100 000 generations. Conservatively, we discarded the
first 100 trees (‘burn-in’, Huelsenbeck & Ronquist,
2001), representing the initial 100 000 generations,
from the sampling distribution.

RESULTS

All sequences were archived in GenBank (see Table 1).
Extensive matching overlap in fragments and pairing
of conspecific taxa in the preliminary phylogenetic
analysis indicated that for all specimens these
sequences were not contaminates. The total length of
the concatenated (see below), aligned sequences was
2580 nucleotides. We were conservative in ‘calling’
nucleotides, scoring a given nucleotide as unknown if
it was ambiguous either as a result of background
noise or conflict between overlapping fragments.
With the exception of V. chocoensis, no more than 147
of the maximum 2580 nucleotides were scored as
ambiguous. Unfortunately, only a single specimen of
V. chocoensis was available to us, and the DNA

we extracted from this specimen was somewhat
degraded. Consequently, the number of unambigu-
ously called nucleotides for this sequence was 1897,
683 nucleotides less than was the total concatenated
length. Wishing to be conservative in our analysis, we
excluded this sequence from our main analysis, but
did an additional set of analyses which were identical
in all respects except that the V. chocoensis sequence
was included.

Sequencing two specimens for each species allowed
a limited comparison of intraspecific variation as well
as authentication of the sequences. As with Picoides
species (Weibel & Moore, 2002a), intraspecific se-
quence divergence was low among Veniliornis spe-
cies for both genes (<0.4% for COI and < 0.8% for
cyt b, Table 1). Intraspecific sequence divergence was
higher between the two specimens of PL. chrysochloros
(3.8% for COI and 4.4% for cyt b) and of Pl flavigula
(2.5% for COI and 1.9% for cyt b), probably as a result
of the geographically disparate locales from where
the specimens were collected. To reduce the number of
‘uncalled’ nucleotides for each species in the phyloge-
netic analyses, sequences for pairs of specimens were
combined to form single ‘synthetic’ sequences to rep-
resent the species, following the protocol of Weibel &
Moore (2002a). Phylogenetic analysis of the more com-
plete synthetic sequences should improve estimates of
statistical support for interspecific nodes without bi-
asing inferred relationships because the divergence
between specimen pairs was low. (Previously pub-
lished single sequences from six species were used di-
rectly, i.e. without synthesis (Moore & DeFilippis,
1997; DeFilippis & Moore, 2000). These sequences
were verified against sequences from a second speci-
men with the exception of COI from V. callonotus
and V. nigriceps; the other four species were
PL. rubiginosus, C. auratus, Dryocopus pileatus and
Picumnus aurifrons.)

Weibel & Moore (2002a) showed that COI and cyt b
have evolved similarly among Picoides species with
respect to nucleotide base composition and substitu-
tion rates at synonymous sites, which is where most
substitutions occur. Moreover, phylogenetic analyses
based on the individual genes produced similar trees
with no statistically significant conflict. Thus, the two
datasets (COI and cyt b) were combined to form an
aggregate DNA sequence dataset of 2580 nucleotide
sites for phylogenetic analysis (see Bull et al., 1993,
Huelsenbeck, Bull & Cunningham, 1996).

The ML tree for the main analysis is presented in
Figure 1, and includes the complete concatenated
dataset except for the V. chocoensis sequence. The ML
tree served as a reference for comparison with the MP
and BA topologies, which differed in minor ways.
Every node that occurred in the ML tree occurred in
either the MP or the BA tree, and most occurred in
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Figure 1. Maximum likelihood tree. Thick lines indicate
internodes that also occurred in both the maximum parsi-
mony (MP) and Bayesian (BA) tree; thin lines indicate
internodes that occurred in only one additional tree, either
the MP or the BA tree, in addition to the ML tree. Support
values listed to the left are bootstrap proportions for MP
(1000 replicates) and ML (100 replicates) and credibility
values for BA (1300 trees sampled). Branch lengths are
estimated proportions of nucleotides substituted based on
the GTR +T" +I model. The scale at the bottom indicates
10% divergence along a branch.

both. In Figure 1, nodes that occurred in all three
trees are indicated by thick branches and those that
occurred in only one tree in addition to the ML tree are
indicated by thin branches. Bootstrap proportions and
BA credibility values are tabulated to the left of the
tree. Generally, all trees grouped species similarly, and

most nodes were well supported in all trees. Statistical
support is indicated by bootstrap values of at least
70%, a value roughly equated with a 95% probability
that the node is real based on a four-taxon simulation
study (Hillis & Bull, 1993). For the BA tree, the cred-
ibility values of nodes were higher. These values are
the percentages of the 1300 trees sampled from the
MCMC simulation that contained the specific clades
and are estimates of the posterior probabilities of
those clades in the actual tree (Huelsenbeck & Ron-
quist, 2001). We considered BA credibility values of
95% or greater to be statistically significant, but view
this as a rough guide given recent evidence that BA
posterior probabilities based on sampling from a
MCMC appear to be biased on the high side
(Yoshiyuki, Glazko & Nei, 2002; Simmons, Pickett &
Miya, 2004). As an example for interpreting Figure 1,
Node I, which represents the common ancestor of
Veniliornis and the clade of North American ‘small’
Picoides, occurred in the ML tree with a bootstrap pro-
portion of 63% and in the BA tree with a credibility
value of 98%, but did not occur in the MP tree.

To avoid confusion resulting from disparities
between the classification implicit in our phylogenies
and previous classifications, we state two major
results at this juncture and then refer to two redefined
taxa throughout the remainder of our discussion. The
first result is that the genera Veniliornis and Picoides
were found to be reciprocally paraphyletic: the com-
mon ancestor of all species assigned to the genus
Veniliornis (Node L in the ML tree, Fig. 1; note that
V. fumigatus clustered with the clade of North Amer-
ican ‘large’ Picoides) also gave rise to several species
now classified as Picoides. Node L occurred in all trees
with support values of 94%, 99% and 100% for MP,
ML and BA trees, respectively. As suggested in our
previous studies (Weibel & Moore, 2002a, 2002b),
which included only two species of Veniliornis, the two
South American species of Picoides, P. lignarius and
P. mixtus, are derived species within a clade otherwise
comprising only species classified as Veniliornis.
These two species shared an inferred common ances-
tor with V. spilogaster (Node J), with support values of
98%, 99% and 100%, respectively, and a more ancient
common ancestor with all species of Veniliornis (Node
A), except V. fumigatus, with support values of 100%
for all three trees. The second result is that
V. fumigatus was found to be an early divergent lin-
eage of a clade informally referred to as the North
American ‘large’ Picoides by Weibel & Moore (2002a,
b). This inference was implicit in Nodes R and S, which
had 100% support values in all three trees.
V. fumigatus apparently evolved its Veniliornis-like
plumage traits independently of those in the common
ancestor of the major clade of Veniliornis. These
results would make further discussion potentially con-
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fusing because we must refer by name to various
clades in the tree that do not conform to traditional
nomenclature. Thus, throughout the remainder of this
paper, unless stated otherwise, we use the term
Veniliornis to refer to the clade that includes all
species of Veniliornis, except V.fumigatus, plus
P. lignarius and P. mixtus; conversely, we implicitly
include V. fumigatus when we refer to the clade of
North American ‘large’ Picoides.

The three topologies differed in relatively minor
ways and the differences were not statistically
significant. The MP tree (2938 evolutionary steps,
—In L = 16565.721) could be derived from the ML tree
(2942 evolutionary steps, —In L = 16561.446) by inter-
changing the clade of North American ‘large’ Picoides
with the clade of North American ‘small’ Picoides and
then further moving P. borealis to the base of the
Veniliornis clade. Neither of these changes involved
significantly supported nodes. The BA tree (2950 evo-
lutionary steps, —In L =16565.707) could be derived
from the ML tree by pairing V. kirkii and V. cassini as
sister species and attaching this bi-membered clade as
sister to the spilogaster-lignarius-mixtus clade. To
test the null hypothesis that these three topologies are
equally good explanations of the data, we performed
the Shimodaira—Hasegawa log-likelihood ratio test
(Shimodaira & Hasegawa, 1999) using the FULLOPT
option (Swofford, 1998). This is a bootstrapping proce-
dure in which the model parameters are optimized for
each bootstrap replicate, and it is an appropriate test
when the topologies to be compared are chosen a pos-
teriori; here we chose to compare the ML, MP and BA
trees after they had been found by the phylogenetic
analyses. The null hypotheses were all accepted, fur-
ther confirming that we cannot infer that one of these
three topologies represents the more likely evolution-
ary history of these species compared with the other
two (1000 replicates, MP vs. ML, P = 0.42; BA vs. ML,
P=0.42).

Relationships within Veniliornis were defined by ten
internodes in the ML tree (Fig. 1), including the ances-
tral node for the clade, and eight of the ten occurred in
both the MP and BA trees as well. The two exceptions
were Nodes D and H, which were also weakly sup-
ported by bootstrap proportions. If these two nodes
were collapsed, four basal lineages remained: (1)
V. kirkii, (2) V. cassini, (3) the clade comprising six
species bracketed by V. affinis and V. passerinus, and
(4) the tri-membered clade comprising V. spilogaster
and the two misclassified species of Picoides.

The surprising inference that V.fumigatus is a
basal lineage in the clade of North American ‘large’
Picoides was strongly supported. The two specimens
had nearly identical sequences for both genes, making
it unlikely that we had a contaminant or chimeric
sequence; moreover, the inferred common ancestor

(Node R) with ‘large’ Picoides was supported by boot-
strap proportions or credibility values of 100% for all
three trees.

As in our previous studies, there remains the ques-
tion of the relationship of the clades of North Ameri-
can ‘small’ and ‘large’ Picoides species to each other
and to Veniliornis. In the ML and BA trees, the North
American ‘small’ Picoides clade was sister to the
Veniliornis clade and the North American ‘large’
Picoides clade was basal (Fig. 1), but in the MP tree
the positions of the clades of the ‘smalls’ and ‘larges’
were reversed. Node I is essential in this inference; it
was supported by a 98% credibility value in the BA
analysis but only by a 63% bootstrap proportion in the
ML analysis. Because of the insignificant bootstrap
support for Node I in the ML tree, the tendency for BA
credibility values to be inflated and the insignificant
bootstrap support for the alternative relationship in
the MP tree, we think this relationship should be
considered unresolved. The four species of Piculus
clearly belong to a clade exclusive of the Picoides—
Veniliornis clade. The three species representing
Short’s Piculus s.s. (Pl. chrysochloros, Pl. leucolaemus
and Pl flavigula) formed a strongly supported clade
(Node V) that was sister to a bi-membered clade com-
prising C. auratus and Pl. rubiginosus (Node Y).

We did not include the V. chocoensis sequence in the
main analysis because we wanted to be conservative
with the presentation of our analysis. Although we
had only one sequence for this species and 683 of
the maximum 2580 nucleotides were missing, com-
parison of this sequence with those of other species of
Veniliornis and phylogenetic analyses that included
V. chocoensis gave every indication that the sequence
is authentic. When the sequence was aligned with
those of other species, the mismatches appeared uni-
formly, randomly distributed along the length of the
concatenated sequence, which would not be the case if
it were a chimeric sequence. Inclusion of the sequence
in the phylogenetic analysis had little impact on the
topology or levels of support determined in the main
analysis: V. chocoensis joined the Veniliornis clade
with strong statistical support (MP bootstrap = 92%,
ML bootstrap = 99%, BA credibility = 100%), and was
the basal lineage but with marginal statistical sup-
port (MP bootstrap = 73%, ML bootstrap = 56%, BA
credibility = 93%). Also, V. cassini and V. kirkii be-
came sister species, and this bi-membered clade was
sister to the V. spilogaster—Picoides clade, but statisti-
cal support was weak in both cases.

DISCUSSION

Of the genes that have been studied to date, mitochon-
drial encoded genes are arguably best suited for
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resolving the phylogenetic history of avian groups less
than approximately 5 Myr in age (Moore & DeFilippis,
1997, Moore, Smith & Prychitko, 1999), which is
roughly the time frame over which Veniliornis and
related species of Picoides have diversified (see below).
Nuclear gene introns are perhaps the most obvious
alternative sources of sequence for resolving relation-
ships of this antiquity, but our comparison in Picoides
of B-fibrinogen intron 7 (B-fibint 7) with mitochondrial
COI and cyt b showed that the mitochondrial encoded
genes provide a stronger phylogenetic signal at this
level of evolutionary history (Weibel & Moore, 2002b).
Thus, mitochondrial genes would seem to be the best
choice of genetic marker for resolving relationships
among genera and tribes of woodpeckers. Consistent
with this are the high bootstrap proportions and esti-
mated posterior probabilities for most nodes (Fig. 1)
and the general congruence of topologies among trees
generated by the different phylogenetic methods.

A potential shortcoming of mitochondrial genes is
that they are inherited as a single linkage group and
provide only one independent estimate of the species
tree; therefore, it is possible that a specific gene tree
does not reflect the species tree because of lineage
sorting or hybridization. However, because of mater-
nal inheritance and haploidy, the mitochondrial
genome has a lower effective population size and a
higher probability of tracking the species tree than
does a nuclear gene with regard to lineage sorting
(Moore, 1995).

Another potential problem that would lead to falla-
cious inferences is that of amplifying and sequencing a
contaminant sequence (Hackett et al., 1995; Edwards
& Arctander, 1996, 1997). Particular caution must
be exercised with PCR methods, and one should be
suspicious when the resultant phylogeny differs in
salient details from conventional beliefs about the
systematics of the group, as is the case here. The
strategy we adopted of sequencing two specimens
for each species, when possible, greatly reduced the
chance of making this mistake. Three species in
our study attached to the inferred tree in strikingly
unconventional positions: P lignarius, P mixtus
and V. fumigatus. We sequenced two specimens of
P. mixtus and V. fumigatus; divergence between the
duplicate-specimen sequences was low, as expected for
conspecifics. Only a single P. lignarius sequence was
available to us, but it attached to the tree in the most
plausible way — as the sister species of P. mixtus but
not very distant from it. In sum, we believe that the
tree in Figure 1 accurately portrays the evolutionary
history of the included species because it was based on
genes appropriate for the time frame, statistical sup-
port for individual nodes was generally high, the
mitochondrial-genome tree has a high probability of
tracking the species tree, and we took precautions

against inclusion of contaminant sequences in the
analysis.

Before turning to relationships of direct concern in
this study, the lingering uncertainty of the sister
group of the South American radiation of Veniliornis
must be discussed briefly The ML and BA trees
(Fig. 1) placed the clade of ‘small’ Picoides as sister to
Veniliornis, whereas the clade of ‘large’ Picoides occu-
pied this position in the MP tree (not shown). The ML
and BA trees are consistent in this regard with the ML
tree reported in our previous study, which included S-
FibInt 7 as well as the same two mitochondrial genes,
but included fewer species of Veniliornis (Weibel &
Moore, 2002b). Levels of statistical support leave this
inferred relationship in limbo: the sister group rela-
tionship of the ‘small’ Picoides clade with Veniliornis
was not significantly supported in the ML tree (Node I,
63%), but the estimated posterior probability for this
node in the BA tree was 98%. We caution that studies
have shown BA credibility values to be biased on the
high side. Similarly, the bootstrap proportion for a
Veniliornis—'small’ Picoides node was only 58% in our
previous study based on S-FibInt 7 plus the two mito-
chondrial genes (1000 replicates of a neighbour-
joining bootstrap, Weibel & Moore, 2002b). On the
other hand, the ‘large’ Picoides—Veniliornis sister-
group relationship was not significantly supported in
the MP (58%) analyses. It is disappointing that the
enlarged taxon sample did not help to resolve this
issue, but with three analyses favouring one inference
and two favouring another, none with strong statisti-
cal support, we must continue to consider the relation-
ship between the ‘small’ Picoides, large’ Picoides, and
South American Veniliornis clades as an unresolved
trichotomy. It is likely that additional sequence from
mitochondrial genes would resolve this relationship.

Turning to the questions of misclassification at the
levels of genera and tribes, it is evident that the gen-
era Picoides and Veniliornis are reciprocally paraphyl-
etic: P. lignarius and P. mixtus should be assigned
to a taxon with all species of Veniliornis except
V. fumigatus, which should be assigned to Picoides;
statistical support was consistent and strong among
all trees for these inferences. With regard to his clas-
sification of Veniliornis at the tribal level, Short (1982)
noted similarities between species of Veniliornis and
Piculus in plumage colouration, and although he did
not split Piculus nominally, he noted a long recognized
division within Piculus into ‘Chloronerpes’, which has
some affinity to the flickers (Colaptes) and a residual
group he called Piculus s.s. Short thought Veniliornis
had some affinity with the latter. The similarities are
indeed striking and involve solid olivaceous-green
colouration of the back and neck, tinged with varying
red and yellow tones, and sexual dimorphism involv-
ing red crowns. Thus, he assigned Veniliornis to the
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tribe Colaptini, along with the genera Colaptes and
Piculus.

We did not include representatives of the Piculus
s.s. group in our previous studies but included
three species (Pl flavigula, Pl. leucolaemus and
PL. chrysochloros) here to test the possibility that
Veniliornis should be included in the Colaptini
through a relationship with this group. It is clear from
the tree (Fig. 1) that the affinity of Veniliornis is with
Picoides and not Piculus; the relevant nodes were
inferred by all analytical methods and the statistical
support was strong in all cases.

In a recent phylogenetic study focused on higher
level relationships among woodpeckers based on three
mitochondrial genes, 12S-rRNA, COI and cyt b, Webb
& Moore (2005) proposed dividing the woodpeckers
(Picinae) into three tribes, Malarpicini, Dendropicini
and Megapicini, which represent the three major lin-
eages that diverged early and abruptly from the pri-
mordial woodpecker. Our study is consistent with that
proposed classification, and to the extent that our
results are directly relevant, substantiates it: Venilior-
nis belongs in the Dendropicini, along with Picoides,
and did not descend from the common ancestor of the
Malarpicini. The Malarpicini derives it name from the
fact that most member species have a sexually dimor-
phic malar stripe, which is apparently important in
sex recognition. Species of Veniliornis do not have sex-
ually dimorphic malar stripes, whereas species of Pic-
ulus do; this is further evidence that Veniliornis is not
related to Short’s colaptine woodpeckers.

Focusing now on relationships among species pres-
ently assigned to the genus Veniliornis (e.g. Short,
1982), in our analyses V. fumigatus was consistently
inferred to be an early lineage in the clade of North
American ‘large’ Picoides rather than a member of the
Veniliornis clade. This is surprising for two reasons:
first, it strongly resembles in plumage appearance
species typical of Veniliornis, although it does lack
ventral barring, which is characteristic of the
genus; second, it is basal to a triad of North American
species including P villosus, P. albolarvatus and
P, stricklandi. If it is true that Picoides originated in
Eurasia and spread to North America and then South
America, this would imply by parsimony that
V. fumigatus originated as a lineage in North America,
came to occupy a range in Central and South America
and evolved a plumage appearance analogous to that
of true species of Veniliornis. It is interesting that the
range of V. fumigatus extends substantially farther
north in Central America and Mexico, as far north as
the Tropic of Cancer, compared with any other species
assigned to Veniliornis, and that it is in limited
sympatry, or nearly so, with both P. villosus and
P. stricklandi (Winkler et al., 1995). Also, the somber,
humid forest habitat of V.fumigatus, typically in

the lowlands, is quite distinct from the more xeric
habitats of either species of Picoides, except
P. villosus sanctorum, the southernmost subspecies,
which occurs in wet, epiphyte-laden forests of Costa
Rica and Panama. Remarkably, this subspecies has
lost much of the wing spotting prevalent in other sub-
species of P. villosus and has evolved a fumigated
(smoky-brown) colouration of its ventral plumage,
seemingly parallel to that seen in V. fumigatus. (Win-
kler et al., 1995; Winkler & Christie, 2002 provide
colour plates and range maps; Short, 1982 provides
colour plates.)

The remaining species of Veniliornis plus the two
species of Picoides noted above, P.lignarius and
P. mixtus, formed a strongly supported clade with
bootstrap proportions and credibility values of 100%
(Node A in Fig. 1). Unfortunately, relationships among
Veniliornis species were not fully resolved. The uncer-
tainty stems from the variable positions of V. kirkii
and V. cassini and manifested as low support values
for Nodes D and H (Fig. 1) and as some incongruence
of the MP and ML trees, which were identical, with
the BA tree. In the BA tree, V. kirkii and V. cassini
joined as sister species and this bi-membered clade
was sister to the V. spilogaster—P. lignarius—P. mixtus
clade, but the credibility values supporting these
inferences, 71% and 86%, respectively, were not signif-
icant. Thus, there was no conflict between the BA tree
and the other two trees involving statistically sup-
ported nodes. Short (1982) considered V. kirkii, and
V. cassini members of an allospecies along with
V. maculifrons (not included in our study) and
V. affinis. Although not supported at a level of statis-
tical significance, our analyses consistently placed
V. affinis in a derived clade as the sister species of
V. nigriceps, separated from either V.cassini or
V. kirkii by two strongly supported nodes (F and C),
whereas V. cassini and V. kirkii appeared more basal.
When V. chocoensis was brought into the analyses, it
too assumed a basal but uncertain position (not
shown). Short (1974) considered V. chocoensis to be a
subspecies of V. affinis, although historically it has
been considered a relative of V. cassini (Todd, 1919;
Peters, 1948) and was maintained as a distinct species
by Winkler et al. (1995). We recommend caution in
drawing conclusions about the relationships of these
lineages. That V. kirkii, V. cassini and V. chocoensis
are basal lineages of the genus is plausible because
they are all lowland species that collectively occupy
the north-western corner of South America. Thus,
their biogeography is consistent with the hypothesis
that the common ancestor of Veniliornis entered South
America from the north across the Isthmus of Pan-
ama. V. kirkii, in particular, is the only species whose
range extends onto the Isthmus of Panama. It is also
doubtful that V. affinis forms a monophyletic group
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with V. kirkii and V. cassini and thus doubtful that
these species should be considered an allospecies. For
the time being, however, these alternatives should be
considered as no more than tentative hypotheses. We
believe they could be tested by generating additional
sequence data and by expanding the taxa sampled to
include greater intraspecific variation. The relation-
ships among the other species within Veniliornis were
consistent among trees and strongly supported statis-
tically. These are apparent in Figure 1 and will be dis-
cussed in the context of the evolutionary scenario
below.

The relationships of the two species not included in
our study, V. sanguineus and V. maculifrons, remain
uncertain. Short (1982) thought V. sanguineus has no
very close relatives, but based on its small size and
other traits he suggested that it is related to
V. passerinus. We think this is the most plausible
hypothesis in the absence of DNA sequence data. The
relationship of V. maculifrons is even less certain. Its
range is restricted to a small coastal region of eastern
South America just north of the Tropic of Capricorn.
Short (1982) considered it a member of an allospecies
with V. kirkii, V. cassini and V. affinis. Our results
indicate that V. affinis is not closely related to either
V. kirkii or V. cassini, and from a biogeographical per-
spective, V. maculifrons is more plausibly related to
V. affinis than it is to the former two species. This is
because its range appears to overlap that of V. affinis,
or at least it is in close proximity, whereas the ranges
of V. kirkii and V. cassini are remote from that of
V. maculifrons. Short (1982) also noted similarities of
V. maculifrons with V. passerinus and V. spilogaster,
both of whose ranges overlap with, or are in close prox-
imity to, that of V. maculifrons. DNA sequence data
from V.sanguineus and V. maculifrons is likely to
have the potential to resolve these uncertainties.

Reconstruction of the evolutionary history of the
genus Veniliornis and of woodpeckers on a broader
scale is the long-term goal of our research program
and was the motivation for this study. However, doing
this for Veniliornis is well beyond the scope of this
paper because it would require detailed analyses of
geographical ranges, anatomical, behavioural and
ecological traits for each species, and a thorough
molecular clock analysis; then, this must all be con-
sidered in the context of the geological history of
South America, especially the emergence of the Isth-
mus of Panama and the uplift of the Andes. Nonethe-
less, we believe a ‘coarse-focus’ reconstruction can be
proposed reasonably at this time, and that it would be
useful in guiding further studies of the evolution of
the numerous animal and plant groups that span the
two continents.

We used a molecular clock calibration of 2.0%
mtDNA sequence divergence between species per Myr

(Klicka & Zink, 1997; Moore et al., 1999) to infer an
approximate time for diversification of the Picoides—
Veniliornis complex. Genetic distances were estimated
with the Tamura—Nei formula and left T'-uncorrected
for rate variation among sites so that we could use an
earlier calibration (Moore et al., 1999). Referring to
Figure 1, we estimate that divergence of the ancestral
Veniliornis lineage (Node A) from the common ances-
tor with either the ‘small’ or ‘large’ Picoides ancestral
lineage occurred approximately 5.1 Mya, presumably
in North or Central America because this date ante-
cedes the emergence of the Isthmus of Panama and
both potential sister groups are restricted to the
northern continent. We further hypothesize that
the common ancestor entered South America via the
Isthmus of Panama, which emerged approximately
3.5 Mya (Coates & Obando, 1996), and began to diver-
sify initially in lowland forests. This timing is corre-
lated with the ‘great American faunal interchange’
(Marshall et al., 1979; Vuilleumier, 1984; Webb, 1985).
The apparent basal lineages, V. kirkii and V. cassini,
are lowland, humid forest species (as is V. chocoensis),
but it is possible that the ancestor was adapted to
more arid woodlands as there is some evidence that
the land bridge supported woodlands that were more
xeric than is now the case (Webb, 1985; Zamudio &
Greene, 1997). It is of interest in this context that the
lineages of both North American ‘small’ and ‘large’
Picoides that occur in Central America are adapted to
relatively arid woodlands (P. scalaris, P.stricklandi
and P. villosus).

The diversification of Veniliornis appears to have
begun as the ancestral lineage(s) entered South
America approximately 3.3 Mya; this estimate is
based on the average molecular-clock time between
the two basal lineages, V. kirkii and V. cassini, and
the remaining clade (Node H). We hypothesize that
the predominantly olivaceous, solid dorsal plumage
prevalent in Veniliornis evolved in the common ances-
tor or independently in several of the early lineages as
they adapted to humid, somber, tropical-forest habi-
tats. Early diversification appears to have been rapid
as evidenced by several short internodes (D, H, F, J, C,
B and E). Rapid diversification was likely driven by
one or both of two causes, the accelerated uplift of the
Andes, especially the northern Andes, in the late
Pliocene and early Pleistocene (see Haffer, 1974;
Zamudio & Greene, 1997; Lamb, 2004 for reviews),
and invasion by these lineages of a vast, heavily for-
ested continent devoid of woodpeckers or other species
competent to occupy scansorial, wood-excavating,
insectivorous ecological niches. Diversification in
Veniliornis was associated with marked ecological
divergence. For example, the clade comprising
V. affinis, V. nigriceps, V. callonotus and V. dignus
contains an Amazonian lowland, tall rainforest spe-
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cies (V. affinis), an Andean, high-elevation, humid for-
est species (V. nigriceps), an Andean mid-elevation
species (V. dignus) and an arid lowland, tropical scrub
species (V. callonotus). Although the ranges of these
species need to be mapped in greater detail, sister
species appear usually to have parapatric or near
parapatric distributions separated along strong eleva-
tional and/or ecological gradients. Divergence
between V. passerinus and V. frontalis was more
recent, approximately 0.35 Mya. V. Passerinus is
widely distributed among diverse habitats in the
Amazon basin to 1200 m in elevation, whereas
V. frontalis inhabits humid, transitional forests on the
Andean slopes up to 2000 m in the border region of
Bolivia and Argentina; they are in limited sympatry
(Winkler et al., 1995).

Misclassified P. lignarius and P. mixtus are sister
species and together are the sister group of
V. spilogaster. These relationships were strongly sup-
ported statistically. This is a relatively derived trio of
species with ranges geographically distant from
where the ancestral lineage presumably entered
South America. P. lignarius has a disjunct distribu-
tion with a population in west-central Bolivia and
one in the southern Andes of Chile and Argentina.
(Our specimen was from Bolivia.) V. spilogaster, like
P. lignarius, occurs in a diversity of habitats over its
range in south-eastern South America from south-
ern Brazil to north-eastern Argentina and appears to
be partially sympatric with P. mixtus. The latter spe-
cies is more restricted to arid woodland habitats.
Given that lignarius and mixtus were misclassified
as Picoides, it is not surprising that their plumage
patterns resemble those of many species of Picoides
with dorsal patterns of transverse barring and check-
ering, as opposed to the solid dorsal colouration char-
acteristic of Veniliornis, except the dark barring and
spotting of lignarius and mixtus is more olivaceous
than pure black as is common in Picoides.
V. spilogaster, the sister species of the lignarius—
mixtus clade, is actually very similar in overall plum-
age pattern to these two species, but appears darker
because there is a proportional increase in the per-
centage of dark pigmentation. Assuming that the ML
tree in Figure 1 is correct, the most parsimonious
explanation for the evolution of pied vs. solid dorsal
plumage patterns is that the pied pattern is primi-
tive in the New World Picoides—Veniliornis complex,
solid plumage evolved in the common ancestor of
Veniliornis and the pied pattern re-evolved (i.e. is a
reversal) in the common ancestor of the spilogaster—
lignarius—mixtus clade. However, because two critical
nodes (D and H) were not significantly supported, we
cannot exclude the possibility that the pied pattern
is a symplesiomorphy (i.e. a retained primitive char-
acter state).

Phylogenies for woodpeckers based on DNA se-
quences from mitochondrial and nuclear genes are
highly congruent with each other (Prychitko & Moore,
1997, 2000; Weibel & Moore, 2002b; Webb & Moore,
2005) and with phylogenies based on allozymes (Ten-
nant, 1991), but substantially incongruent with phy-
logenies implied by current classification, which is
based primarily on plumage characteristics. Charac-
ter incongruence of this magnitude (species assigned
to the wrong genera and genera assigned to the wrong
tribes) is suggestive of important underlying evolu-
tionary phenomena, specifically, some form of selec-
tion leading to convergence of plumage phenotype. In
some cases, the selection driving convergence may
result from interspecific territoriality favouring a com-
mon plumage pattern (Cody, 1969). Although this is
possibly a factor driving convergence among species of
Veniliornis and Piculus, another, simpler hypothesis is
plausible: specifically, the solid, dark olivaceous-green
back plumage, lightly over-tinted with red and golden-
yellow is cryptic in the generally dark, tropical forests
of South and Central America where these species
occur. As an example which is consistent with Short’s
(1982) observation, spotting the crimson-mantled
woodpecker Piculus rivolii in the Yungas forests of the
Andean slopes of Bolivia, where the canopy is draped
with mosses and dotted with epiphytic plants, is
remarkably difficult (W.S.M., pers. observ.). While
molecular phylogenies implicate selection as a driving
force in woodpecker plumage evolution, hypotheses
about the nature of the selective forces remain to be
tested. An equally intriguing and completely unan-
swered set of questions concerns the nature of genetic
variation that underlies adaptive plumage patterns
that seemingly ‘blink’ on and off over the evolutionary
history of the radiation. Do genetic ‘modules’ that
evolved in ancestral species lie dormant in the
genomes of descendant species to be later restored by
a few simple mutational differences in derived species,
or do the developmental programs arise de novo in
each species that expresses a seemingly common
plumage phenotype?

Finally, a major long-term objective of our DNA
sequence-based studies is to revise the classification of
the true woodpeckers (subfamily Picinae) so that it
portrays the evolutionary history of the group. There
is considerable work to be done, and we prefer to post-
pone a complete revision until this work is complete.
However, Webb & Moore (2005) suggested that the
genera comprising the Picinae be grouped into three
tribes rather than six as in Short’s (1982) classifica-
tion, with each of the three tribes corresponding to one
of the three lineages that emerged early in wood-
pecker evolution. Consistent with that classification
and the conclusions reached in this paper, the genera
Veniliornis and Picoides will be assigned to the tribe
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Dendropicini (along with Dendropicos, Melanerpes,
Sphyrapicus, Xiphidiopicus, and Sapheopipo). It will
be necessary to reclassify the assemblage of species
comprising Picoides, but we postpone doing so because
of the complexity of the assemblage and because many
Eurasian species have not yet been sampled. In
the case of Veniliornis, although V. sanguineus and
V. maculifrons have not yet been included in DNA-
based analyses and V. chocoensis needs to be sampled
further, it is apparent that there is a strongly sup-
ported monophyletic group comprising 14 species
that should be named Veniliornis. The genus com-
prises V. chocoensis, V. kirkii, V.cassini, V.affinis,
V. nigriceps, V. callonotus, V.dignus, V. frontalis,
V. passerinus, V. spilogaster, V. lignarius, V. mixtus,
V. sanguineus and V. maculifrons; V. fumigatus should
be reclassified as P fumigatus. V.lignarius and
V. mixtus are renamed from Picoides to Veniliornis.
The type species, by subsequent designation, should
be Veniliornis sanguineus, designated as Picus san-
guineus by Gray, 1855 (American Ornithologists’
Union, 1998). Although V.sanguineus was not
included in our DNA-based analysis, plumage and
morphological similarities strongly suggest that it is a
member of the clade we have defined as Veniliornis.
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