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A Multilocus Molecular Phylogeny of the Parrots (Psittaciformes): Support for
a Gondwanan Origin during the Cretaceous

Timothy F. Wright,*1 Erin E. Schirtzinger,* Tania Matsumoto,} Jessica R. Eberhard,§ Gary
R. Graves,|| Juan J. Sanchez,§ Sara Capelli# Heinrich Miiller # Julia Scharpegge # Geoffrey
K. Chambers,** and Robert C. Fleischer*

*Department of Biology, New Mexico State University, Las Cruces, NM; tGenetics Program, National Museum of Natural History &
National Zoological Park, Smithsonian Institution, Washington, DC; jDepartmento de Genética e Biologia Evolutiva, Universidade
de Sao Paulo, Sdo Paulo, SP, Brasil; §Department of Biology and Museum of Natural Science, Louisiana State University;
|[Department of Vertebrate Zoology, National Museum of Natural History, Smithsonian Institution, Washington, DC; §National
Institute of Toxicology and Forensic Science, Tenerife, Spain; #Department of Veterinary Medicine, Loro Parque Fundacién, Puerto
de la Cruz, Tenerife, Spain; and **School of Biological Sciences, Victoria University, Wellington, New Zealand

The question of when modern birds (Neornithes) first diversified has generated much debate among avian systematists.
Fossil evidence generally supports a Tertiary diversification, whereas estimates based on molecular dating favor an
earlier diversification in the Cretaceous period. In this study, we used an alternate approach, the inference of historical
biogeographic patterns, to test the hypothesis that the initial radiation of the Order Psittaciformes (the parrots and
cockatoos) originated on the Gondwana supercontinent during the Cretaceous. We utilized broad taxonomic sampling
(representatives of 69 of the 82 extant genera and 8 outgroup taxa) and multilocus molecular character sampling (3,941
bp from mitochondrial DNA (mtDNA) genes cytochrome oxidase I and NADH dehydrogenase 2 and nuclear introns of
rhodopsin intron 1, tropomyosin alpha-subunit intron 5, and transforming growth factor 3-2) to generate phylogenetic
hypotheses for the Psittaciformes. Analyses of the combined character partitions using maximum parsimony, maximum
likelihood, and Bayesian criteria produced well-resolved and topologically similar trees in which the New Zealand taxa
Strigops and Nestor (Psittacidae) were sister to all other psittaciforms and the cockatoo clade (Cacatuidae) was sister to
a clade containing all remaining parrots (Psittacidae). Within this large clade of Psittacidae, some traditionally recognized
tribes and subfamilies were monophyletic (e.g., Arini, Psittacini, and Loriinae), whereas several others were polyphyletic
(e.g., Cyclopsittacini, Platycercini, Psittaculini, and Psittacinae). Ancestral area reconstructions using our Bayesian
phylogenetic hypothesis and current distributions of genera supported the hypothesis of an Australasian origin for the
Psittaciformes. Separate analyses of the timing of parrot diversification constructed with both Bayesian relaxed-clock and
penalized likelihood approaches showed better agreement between geologic and diversification events in the
chronograms based on a Cretaceous dating of the basal split within parrots than the chronograms based on a Tertiary
dating of this split, although these data are more equivocal. Taken together, our results support a Cretaceous origin of
Psittaciformes in Gondwana after the separation of Africa and the India/Madagascar block with subsequent
diversification through both vicariance and dispersal. These well-resolved molecular phylogenies will be of value for
comparative studies of behavior, ecology, and life history in parrots.
Introduction Gondwana fragmented to form the modern landforms of
Africa, India, South America, Antarctica, and Australia
(Cracraft 2001). In the case of the Passeriformes, this hy-
pothesis has received further support from molecular phy-
logenies that show both topologies and timing of major
diversification events that are consistent with an origin in
Gondwana (Barker et al. 2002; Ericson et al. 2002).
Debates about the origin of the parrots and cockatoos
(Order Psittaciformes, hereafter “parrots” or “psittaci-
forms”) mirror those of the Neornithes in general, with some
workers suggesting that they originated in Gondwana during
the Cretaceous (Cracraft 1973; Forshaw 1989), whereas
others, citing fossil evidence of stem group parrots from
Tertiary deposits in Europe, conclude a post-Cretaceous di-

The timing of the diversification of modern birds
(Neornithes) is one of the most contentious issues in avian
systematics. At the heart of the debate is a mismatch be-
tween the fossil record, which includes few modern forms
prior to the Cretaceous/Tertiary (K/T) boundary (Feduccia
1999), and estimates based on molecular dating, which con-
sistently place diversification of major avian orders well
within the Cretaceous period (Cooper and Penny 1997,
Kumar and Hedges 1998; Van Tuinen and Hedges 2001;
Slack et al. 2006; Brown et al. 2007; but see Ericson et al.
2006, 2007). One independent line of evidence that has been
used to support an earlier diversification date is the inference
of biogeographic diversification patterns from modern distri-

butions (Cracraft 2001). A number of avian clades, includ-
ing Gruiformes, Caprimulgiformes, Apodiformes, and
Passeriformes, have taxon distribution patterns consistent
with an origin on the Gondwanan continent during the
Cretaceous and subsequent vicariant diversification as

Key words: Cretaceous origin, divergence times, Gondwanan
distribution, K/T boundary, molecular phylogeny, parrot, Psittaciformes,
Tertiary origin.
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versification (Dyke and Mayr 1999; Mayr 2002). The gen-
eral absence of migration among modern psittaciforms and
their relatively circumscribed geographic ranges suggests
that ancient patterns of diversification within the group have
been less obscured by dispersal than in some other orders of
birds (Feduccia 2003). Thus, the parrots offer a promising
group in which to test alternative hypotheses for the timing
of avian diversification. Such an analysis requires a well-
supported phylogenetic hypothesis with extensive taxon
sampling.

There are other compelling reasons for a broad inves-
tigation of phylogenetic relationships among psittaciforms.
One reason is that they have one of the highest proportions
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of endangered species of any avian order, with 95 of 352
extant species listed as critical, endangered, or vulnerable
by the International Union for the Conservation of Nature
(Snyder et al. 2000). A better understanding of the evolu-
tionary history of the group would facilitate the conserva-
tion of evolutionary processes and lineages that represent its
evolutionarily significant units (Vane-Wright et al. 1991;
Faith 1992; Moritz 2002). A second reason is that parrots
are the focus of an increasing number of comparative stud-
ies in such areas as vocal communication (Bradbury 2003),
brain evolution (Iwaniuk et al. 2005), craniofacial morphol-
ogy (Tokita et al. 2007), longevity (Brouwer et al. 2000),
nesting behavior (Brightsmith 2005), life-history trait evo-
Iution (Munshi-South and Wilkinson 2006), invasion biol-
ogy (Cassey et al. 2004), global patterns of species richness
(Davies et al. 2007), and evolution of mitochondrial control
region duplications (Eberhard et al. 2001). The availability
of a well-supported molecular phylogeny with broad taxo-
nomic sampling would enhance the rigor of such compar-
ative studies.

A third reason for pursuing a molecular phylogeny is
that the taxonomy of parrots has been hampered by their
relatively homogenous morphology. Early taxonomies var-
ied considerably in the number of families and subfamilies
identified within the Order Psittaciformes, with classifica-
tions ranging from 7 families, including 1 with 6 subfami-
lies (Salvadori 1891; Thompson 1899), to a single family
with 4 subfamilies (Smith 1975). The influential works by
Forshaw (1989, 2006) largely follow Smith (1975) at the
tribal level, although in the more recent treatment, the
Australasian cockatoos are elevated to family level (see also
Homberger 2006). Here we have followed the treatment of
Rowley (1997) and Collar (1997) within the “Handbook of
the Birds of the World” (del Hoyo et al. 1997), who divide
the Order Psittaciformes into 2 families, Cacatuidae and
Psittacidae. Rowley (1997) further divides Cacatuidae into
3 subfamilies: Nymphicinae (containing Nymphicus
hollandicus), Cacatuinae (containing Callocephalon,
Eolophus, and Cacatua), and Calyptorhynchinae (consist-
ing of Probosciger and Calyptorhynchus). The Psittacidae
are divided into 2 subfamilies: the Loriinae, containing the
12 genera of the lories and lorikeets, and the Psittacinae, con-
taining 66 genera subdivided among 9 tribes: Psittrichadini,
Nestorini,  Strigopini, Micropsittini, Cyclopsittacini,
Platycercini, Psittaculini, Psittacini, and Arini. The more re-
cent arrangement of Forshaw (2006) differs primarily in re-
ducing the size of Psittacinae by joining tribes Strigopini
and Nestorini in a subfamily Strigopinae and elevating
the tribes Micropsittini and Psittrichadini to subfamily
level, all within the Psittacidae. All the authors of recent
classifications have expressed reservations concerning their
own arrangements, particularly the unity of the large sub-
family Psittacinae, and each have advocated further phylo-
genetic investigation (Collar 1997; Rowley 1997; Forshaw
2006; Homberger 2006).

A number of recent studies employing molecular meth-
ods have produced well-supported phylogenies, but these
have generally been restricted to a few genera (Brown
and Toft 1999; Ribas and Miyaki 2003; Russello and Amato
2004; Ribas et al. 2005; Astuti et al. 2006; Tokita et al. 2007)
or a specific biogeographic region such as the Neotropics

(Miyaki et al. 1998; Tavares et al. 2006) and have not pro-
vided a broad perspective on the relationships among basal
psittaciform lineages. de Kloet RS and de Kloet SR (2005)
produced a molecular phylogeny with broader sampling (47
of 82 extant genera) based on a single intron of the Z-linked
spindlin gene. Although this analysis supported previous
phylogenies and taxonomy in some areas (e.g., monophyly
of the Neotropical parrots, tribe Arini), it also suggested
that many traditional taxonomic groups (sensu Collar
1997) were polyphyletic (e.g., tribes Platycercini, Psittacini,
and Psittaculini). It also found strong support for placement
of several New Zealand taxa (kakapo, Strigops habroptilus;
kea, Nestor notabilis; and kaka, Nestor meridionalis) as sis-
ter to a clade containing the remaining psittaciforms, con-
trary to most current taxonomies that place the
Australasian cockatoos in the family Cacatuidae as sister
to family Psittacidae (Smith 1975; Collar 1997; Rowley
1997; Forshaw 2006). Diversification patterns were inter-
preted as consistent with a Gondwanan origin for psittaci-
forms (de Kloet RS and de Kloet SR 2005). Broadly,
similar patterns were seen a study by Tokita et al. (2007) that
reconstructed relationships among representatives of 34 par-
rot genera using sequence data from the 16S and 128 ribo-
somal RNA mitochondrial genes. In both studies, the basal
relationships among the cockatoos and other parrot lineages
were not well resolved, perhaps due to the reliance on single
loci for phylogenetic reconstruction. Numerous recent stud-
ies have found that sequencing more independently assort-
ing genes and increasing the number of taxa improved the
resolution and statistical support for tree topologies (Omland
et al. 1999; Braun and Kimball 2002; Pereira et al. 2002,
2007; Bailey et al. 2006; Tavares et al. 2006).

In this paper, we employ a multilocus approach and
broad generic sampling to test 2 alternative hypotheses
for the timing of the origin and diversification of parrots.
Chronograms based on a Cretaceous versus Tertiary origin
are evaluated for their fit to the timing of known geological
events and the resulting scenarios for psittaciform evolu-
tion. We find diversification patterns and timing are most
consistent with a Gondwanan origin during the Cretaceous
and subsequent diversification by vicariance. We also dis-
cuss implications of our phylogeny for current taxonomic
classifications and conservation of the parrots.

Materials and Methods
Taxon Sampling

We sampled single representatives of 69 of the 82 ex-
tant genera of parrots (Psittaciformes) and representatives
of 8 additional avian orders as outgroups for a total of
77 avian taxa. The 8 outgroups were selected from the or-
ders Falconiformes, Passeriformes, Columbiformes, Cucu-
liformes, Piciformes, Coraciiformes, Strigiformes, and
Coliiformes, each of which has been considered an ally
of the parrots at one time (Sibley and Ahlquist 1990) or
has been identified as a sister group in recent molecular
phylogenies (Sorensen et al. 1999; Fain and Houde
2004; Ericson et al. 2006). We used frozen tissue or blood
samples from wild birds and vouchered museum specimens
as sources of DNA (for sample details, see supplementary
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Table 1

Primers Used to Amplify and Sequence Gene Regions in This Study

Primer Name Gene Region Sequence 5’3’ Source
LCOIp CoIl TTCTGATTYTTYGGMCACCCAG #
HCOIp COI GTRTAGGCRTCTGGRTAGTC a
L5216 ND2 GGCCCATACCCCGRAAATG b
H5766 ND2 RGAKGAGAARGCYAGGATTYTTKCG b
L5758 ND2 GGNGGNTGAATRGGNYTNAAYCARAC b
H6313 ND2 ACTCTTRTTTAAGGCTTTGAAGGC b
TROP-F Tropomyosin AATGGCTGCAGAGGATTA ¢
TROP-R Tropomyosin TCCTCTTCAAGCTCAGCACA N
TGFB2-F TGFB2 GAAGCGTGCTCTAGATGCTG d
TGFB2-R TGFB2 AGGCAGCAATTATCCTGCAC d
RDPSN-F RDPSN TGCTACATCGAGGGCTTCTT ¢
RDPSN-R RDPSN CGAGTGACCAGAGAGCGATT €

Modified from COla and COIf primers in Palumbi (1996).
Sorensen et al. (1999).

Lemonnier et al. (1991).

Burt and Paton (1991).

Takao et al. (1988).

a
b
c
d
e

table S1, Supplementary Material online). Taxonomic no-
menclature at the species level follows Juniper and Parr
(1998), whereas higher order classification follows Rowley
(1997) and Collar (1997).

Character Sampling

Total genomic DNA was isolated using DNEasy ex-
traction kits following manufacturer’s protocols (Qiagen,
Valencia, CA). We amplified 5 different gene regions using
the polymerase chain reaction (PCR). Two of these regions
were mitochondrial protein-coding genes: a portion of the
cytochrome oxidase I gene (COI) and the entire protein-
coding region of NADH dehydrogenase 2 gene (ND2) with
portions of the adjoining tRNAs. Three noncoding nuclear
introns were amplified with primers sited in the adjoining
exons: tropomyosin alpha-subunit intron 5 (TROP), rho-
dopsin intron 1 (RDPSN), and transforming growth factor
-2 (TGFB2) intron 5. Primer sequences and references are
listed in table 1. Products were PCR amplified in 20 pl vol-
umes with final concentrations of 1x PCR buffer, 0.8 mM
of deoxynucleoside triphosphates, 2.0-3.0 mM of MgCl,, 1
puM of each primer, 2 pl of dilute template, 0.8 U of poly-
merase, and ultrapure water to volume. Magnesium concen-
trations and polymerase type (AmpliTag or AmpliTag
Gold, Applied Biosystem, Foster City, CA) were optimized
for each locus (conditions available upon request). PCR
was performed on a PTC-200 Thermocycler (MJ Research,
Waltham, MA) with a “touchdown” profile of 95 °C for 5
min (AmpliTag) or 8 min (AmpliTag Gold) followed by 30
cycles of 95 °C for 25 s, 60 °C for 30 s (dropping by 0.5 °C
each cycle), and 72 °C for 90 s, then an additional 5 cycles
0of 95 °C for 25 s, 45 °C for 30 s, and 72 °C for 90 s followed
by 10 min of extension at 72 °C. Products were examined
by gel electrophoresis to confirm that only a single product
of the expected size was produced per reaction.

We sequenced both strands of the resulting product
using the Big Dye Terminator version 3.1 cycle sequencing
kit and a 3100 Genetic Analyzer running Sequencing Anal-
ysis 3.7 (Applied Biosystems). We did not obtain sequences

for all taxa from all gene regions. Data were coded as miss-
ing for the following gene region/taxon combinations: COI
for the outgroup Colius colius; TROP for the parrot taxa For-
pus passerinus and Psephotus varius; TGFB2 for the parrots
Cyanopsitta spixii, Hapalopsittaca amazonina, and Nan-
dayus nenday and the outgroup Picus canus; and RDPSN
for the parrots Barnardius zonarius, Coracopsis vasa,
C. spixii, Eunymphicus uvaeensis, Guaruba guarouba, H.
amazonina, Leptosittaca branickii, N. nenday, Orthopsitta-
ca manilata, Poicephalus robustus, P. varius, and Psittacus
erithacus and the outgroups Columbina passerina, Falco
peregrinus, P. canus, and Tockus flavirostris. Sequences
were combined and edited to produce a single consensus
sequence for each taxon and gene region using Sequencher
version 4.5 (Gene Codes, Ann Arbor, MI). Consensus sequen-
ces were deposited in GenBank under the accession numbers
EU327596-EU327672 (ND2), EU621593-EU621668
(COI), EU660234-EU660306 (TGFB2), EU665562—
EU665636 (TROP), and EU665501-EU665561 (RDPSN).

Phylogenetic Analysis

Sequences for each gene region were aligned sepa-
rately in ClustalW (Chenna et al. 2003) using the default
settings for gap opening and extension penalties followed
by limited manual correction of gap placement. Gap open-
ing and extension penalties of 5 and 2.5, respectively, were
used for the RDPSN gene region to improve the alignment
of clearly homologous regions at the terminal ends of se-
quences. The resulting alignments were combined in PA-
UP#* version 4.0b10 (Swofford 1999) to create a data set
of 3,915 aligned nucleotide positions for 77 taxa. Gaps
in this sequence alignment created by insertions and dele-
tions (indels) were treated as missing data in some of the
subsequent phylogenetic analyses; this data set is referred
to as the “uncoded-gaps” data set.

We tested the combinability of partitions using the in-
congruence length difference (ILD) test (Farris et al. 1994).
Although there has been considerable debate regarding the
utility of this test (Cunningham 1997; Yoder et al. 2001;
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Barker and Lutzoni 2002; Dowton and Austin 2002), recent
work has suggested that it remains a valid first approach to
examining the degree of conflict between different data par-
titions (Hipp et al. 2004). We used PAUP* to conduct pair-
wise ILD tests between each data partition, treating the 2
mitochondrial DNA (mtDNA) segments as a single parti-
tion. In all ILD tests, we excluded uninformative characters
and taxa that were missing from either data set. Heuristic
searches were performed with a single random addition
and tree bisection-reconnection (TBR) branch swapping over
500 replicates with a maximum of 1,000 trees saved each
replicate. The fraction of ILD null replicates greater than
the initial partition values was used to assess significance
at the alpha = 0.05 level after a table-wide Bonferroni cor-
rection for multiple tests (Sokal and Rohlf 1995). In addition,
we performed separate phylogenetic analyses on each data
partition to assess conflict among them. Analyses were con-
ducted in PAUP* using the maximum parsimony (MP)
criterion. We used heuristic searches with 10 random taxon-
addition replicates and TBR branch swapping. All characters
were equally weighted, and gaps were treated as missing data.

Combined phylogenetic analyses of the uncoded-gaps
data set were conducted in PAUP* using both MP and max-
imum likelihood (ML) criteria. For MP, we used heuristic
searches with 100 random taxon-addition replicates and
TBR branch swapping. All characters were equally weighted
and gaps were treated as missing data. To assess nodal sup-
port we 1) performed bootstrap analyses with 1,000 repli-
cates, each consisting of heuristic searches with 10
random taxon-addition replicates and TBR branch swap-
ping, and b) calculated Bremer decay index values using
TreeRot version 2¢ (Sorenson 1999). To further assess the
thoroughness of our parsimony searches, we conducted
a parsimony ratchet analysis (Nixon 1999) implemented
in TNT version 1.1 (Goloboff et al. 2000) accessed through
Winclada version 1.62 (Nixon 2002). We performed 20
ratchets, each consisting of 200 iterations with default pa-
rameters of a sectorial search, 4% of characters upweighted
and downweighted, 1,000 trees held at each iteration, and 5
rounds of tree fusion. For ML, we used the general time-
reversible model plus invariant sites and a gamma distribution
(GTR + I 4+ G) model of nucleotide substitution selected by
the Akaike information criteria implemented in Modeltest
version 3.7 (Posada and Crandall 1998). The proportion
of invariable sites (0.19) and gamma shape parameters
(0.52) were determined empirically (table 2). A single heuristic
search was conducted using the MP topology as the starting
tree and TBR branch swapping in PAUP*. Nodal support
was assessed with 100 bootstrap replicates, each consisting
of a single ML run implemented in GARLI version 0.951
(Zwickl 2006) using the same ML model, random starting
trees, and default parameters for the genetic search algorithm.

Alignment gaps at the sequence level caused by indels
are particularly common in nuclear introns and may contain
substantial phylogenetic information (Prytchitko and Moore
2000; Kimball et al. 2001; Fain and Houde 2004). To assess
the level of phylogenetic signal provided by indels, we coded
gaps as presence—absence characters using the “simple indel
coding method” (Simmons and Ochoterena 2000) as imple-
mented in the software GapCoder (Young and Healy 2003).
The 5 regions were concatenated before coding and gap char-

acters appended to sequence alignments in PAUP* to create
a data set of 4,160 characters for 77 taxa; this data set is re-
ferred to as the “coded-gaps” data set. We tested for com-
binability of partitions as above with the scored gap
characters for each gene region included in that data parti-
tion, employing both ILD tests and comparisons of MP trees
for each separate partition.

We conducted searches on the combined partitions
with MP and assessed nodal support as described above
for the uncoded-gaps data set. To assess the effects of un-
certainty in the alignment of the RDPSN partition, we used
the same MP search parameters in PAUP* to analyze a com-
bined data set of all partitions except for RDPSN and its
associated coded gaps and compared the resulting strict
consensus tree and bootstrap values with those obtained
for all 5 partitions. ML searches were not performed for this
data set due to the difficulty in incorporating gap character
data into a general model for nucleotide substitutions. In-
stead, Bayesian analysis was performed using MrBayes
version 3.1 (Ronquist and Huelsenbeck 2003). We em-
ployed separate models for the sequence data from each
of the 5 sequence partitions (treating the 2 mtDNA regions
separately) as selected in the program Mr. Modeltest
(Nylander 2004) using the Akaike information criteria
and the Jukes—Cantor model for a sixth data partition con-
sisting of the gap characters from all the gene regions. We
used uninformative priors for substitution rates, and base
frequencies and default priors were used for all other param-
eters. We ran 2 independent runs of Metropolis-coupled
Markov chain Monte Carlo analyses, each with 2 replicates
of 1 cold chain and 3 heated chains with a default temper-
ature setting of 0.2. Chains were run for 5 million genera-
tions and sampled every 100 generations with the first 25%
of samples discarded as burn-in. We judged the runs to be
stationary when the standard deviation (SD) of split frequen-
cies equaled 0.01 or less and traces of the log-likelihood
values showed no distinct trends. We further examined
the traces of all estimated parameters using the program
Tracer version 1.4 to ensure stationarity had been reached
(Rambaut and Drummond 2007a). Fifty percent majority-
rule consensus trees were created from the retained trees
for each independent run.

Biogeographic Analysis

We used ancestral area reconstruction (Bremer 1992,
1995) and our phylogenetic reconstruction test the hypoth-
esis that the Psittaciformes radiated within Gondwana. The
ancestral area reconstruction method treats biogeographic
areas as characters for taxa and compares the number of
gains and losses of each area on a cladogram using forward
or reverse Camin-Sokal parsimony (Bremer 1992). The
area with the highest gain/loss ratio is estimated to be
the likeliest ancestral area, based on the assumptions that
area characters that are reconstructed as plesiomorphic
on the cladogram and are more widely represented are more
likely to have been part of the ancestral area. We coded each
genus represented in our phylogeny as present or absent in
each of 5 biogeographic areas: Australasia (Australia, New
Zealand, and New Guinea), Asia, Oceania (islands of the
Western Pacific excluding Australasia), the New World,
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Table 2
Data Characteristics for the 5 Gene Regions and the Combined Data Set
cor* ND2* TROP TGFB2 RDPSN Combined

Aligned base pairs 570 1,098 552 814 881 3,915
Number variable (%) 238 (42) 781 (71) 218 (38) 454 (56) 630 (72) 2,321 (59)
Number parsimony informative (%) 220 (38) 678 (62) 95 (17) 246 (30) 351 (40) 1,590 (41)
Number coded indel characters 0 17 38 72 118 245
% AP 0.37 (28) 0.36 (33) 0.22 (21) 0.24 (24) 0.20 (21) 28 (27)
% C° 0.40 29)  0.45 (36) 0.20 (21) 0.20 (22) 0.26 (24) 30 (28)
% G° 0.07 (17)  0.04 (8) 0.18 (18) 0.23 (23) 0.30 (30) 17 (18)
% T® 0.16 (25) 0.15(22) 0.40 (39) 0.32 (31) 0.24 (26) 25 (28)
rac’ 0.44 0.07 2.02 1.00 1.61 1.11
raAG] 14.85 4.40 12.55 5.27 5.33 4.76
AT 1.16 0.14 0.66 0.68 0.96 0.65
rea’ 0 0.16 1.68 1.25 143 0.49
rer’ 19.89 1.52 491 433 4.41 6.94
Proportion invariant 0.57 0.24 0 0 0 0.19
Gamma 0.73 0.64 0.55 1.70 2.04 0.52
No. of trees® 2(2) >200,000 (32,498)  >200,000 (>200,000) 352 (98) 4 (21)
Number of resolved nodes in 74 (74)

consensus® 30 (33) 47 (43) 50 (50) 71 (65)
Tree length® 9,029 (8,996) 472 (413) 1,137 (1,051) 1,608 (1,468) 12,324 (12,001)

0.204 (0.203)
0.364 (0.363)

Consistency Index®
Retention Index®

0.655 (0.656)
0.758 (0.768)

0.651 (0.636)
0.724 (0.726)

0.675 (0.659)
0.739 (0.739)

0.323 (0.311)
0.459 (0.456)

Note.—RI, retention index CI, Consistency index.

# The 2 mtDNA partitions were treated as a single partition in parsimony searches.
® Base frequencies and substitution rates from the best fit model found by Mr. Modeltest version 2.2 (Modeltest version 3.7 for combined data set) using the Akaike

information criteria. Observed base frequencies are given in parentheses.

¢ Results from parsimony searches for the coded-gaps data set (results from uncoded-gaps data set in parentheses).

and Africa. Gains and losses were calculated on the tree
obtained from the Bayesian search using the irreversible
parsimony option implemented in MacClade version
4.06 (Maddison DR and Maddison WP 2003).

Timing of Divergences

We estimated divergence times among parrot lineages
using 2 different calibration dates representing separate his-
torical events. To evaluate the hypothesis of a Cretaceous
origin, we assigned a date of 82 million years ago (MYA) to
the basal split between the New Zealand endemics Nestor
and Strigops and the clade containing all other psittaci-
forms. This date corresponds to the minimum age for the
current estimate of 82-85 MYA for the splitting of New
Zealand from Gondwana (McLoughlin 2001). To evaluate
the hypothesis of a Tertiary origin, we applied a minimum
date of 50 MYA to the same basal node joining Nestor and
Strigops to the remaining extant psittaciforms, correspond-
ing to a hypothesized divergence between modern parrots
and fossil forms found in Europe and dated to the Lower
Eocene (Mayr 2002). For both calibration points, we esti-
mated divergence times using 2 different approaches.

The first dating approach was a penalized likelihood
method implemented in the program r8s version 1.7
(Sanderson 2002) with branch lengths and topology re-
sulting from the tree obtained with Bayesian search crite-
ria. For each calibration point, we performed a separate
run using a smoothing factor of 10 obtained through
cross-validation, the ancestor—descendant penalty func-
tion with an additive scale for rate penalty, and the trun-
cated Newton method of optimization with bound
constraints. Ninety-five percent confidence intervals
(CIs) were estimated using the r8s bootstrap kit (Eriksson

2007). One hundred bootstrap replicates of the original
data set were created using SeqBoot in the PHYLIP pack-
age. Branch lengths for each bootstrap replicate were cal-
culated in PAUP*. The resulting 100 trees, each with the
same topology but different branch lengths, were run in
r8s using the parameters above to calculate a distribution
of divergence date estimates. The mean divergence date,
the SD of dates, and 95% CI for the mean were calculated
for each node across the 100 bootstrap replicates following
(Rutschmann et al. 2004).

The second dating approach was a Bayesian relaxed-
clock method that allows for the incorporation of uncer-
tainty in calibration dates and of variation in rates of
evolution along different branches of the phylogenetic tree
(Thorne et al. 1998; Drummond et al. 2006). We performed
separate runs of Bayesian relaxed-clock analyses for each
of the 2 calibration points using the program BEAST ver-
sion 1.4.7 (Drummond and Rambaut 2007). We used the
uncoded-gaps data set for our 69 parrot taxa only, outgroup
rooted with the 2 New Zealand taxa (Nestor and Strigops).
We used the GTR + I + G model of nucleotide substitution
with estimated base frequencies, gamma shape distribution
(with 4 categories), proportion of invariant sites, and a re-
laxed molecular clock with uncorrelated lognormal distri-
bution of branch lengths. We specified a Yule tree prior
and a mean root height of either 50 or 82 MYA, normally
distributed with an SD = 2. All other priors were unspec-
ified, and default search operators were retained. The chro-
nograms resulting from the penalized likelihood searches in
r8s were used as the starting trees for the 2 searches. Each
search consisted of a single chain of 10 million generations
sampled every 1,000 generations. We examined the runs for
stationarity in Tracer version 1.4 (Rambaut and Drummond
2007a) and used Tree Annotator version 1.4.7 (Rambaut and
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Drummond 2007b) to combine the last 7,501 trees from each
run into a single 50% majority consensus tree. The resulting
chronograms and the associated 95% highest posterior den-
sity (HPD) distributions around the estimated node ages
were viewed in FigTree version 1.1.1 (Rambaut 2008).

Results
Sequence Characteristics

Sequences for COI were all 570 bp in length, whereas
those for ND2 ranged from 1,087 to 1,093 bp due to the
presence of small indels in the flanking tRNA regions. Nei-
ther mitochondrial segment exhibited stop codons nor
frameshift mutations within protein-coding regions, sug-
gesting that nuclear pseudogenes of mitochondrial genes
were not mistakenly sequenced. Sequence lengths were
more variable for nuclear introns. TROP sequences ranged
in size from 510 to 540 bp within the psittaciforms and from
527 to 532 bp in the outgroup taxa. RDPSN sequences
ranged from 722 to 795 bp within the psittaciforms and
from 805 to 816 bp in the outgroup taxa. TGFB2 sequences
generally ranged from 610 to 629 bp within psittaciforms
and from 587 to 630 bp in the outgroup taxa although the
parrot Charmosyna papou exhibited a large insertion that
resulted in a sequence of 766 bp.

After alignment and concatenation, the combined se-
quences totaled 3,915 bp, with 1,668 bp from mitochondrial
DNA (mtDNA) and 2,247 bp from nuclear introns (table 2).
As shown in table 2, the 5 aligned regions varied in the per-
centage of variable sites (38—72%), the percentage of sites
that were parsimony informative (17-62%), and the num-
ber of indel sites coded as gaps (0-118 gaps). The G 4+ C
content was 46% for COI, 44% for ND2, 39% for TROP,
45% for TGFB2, 53% for RDPSN, and 46% for the con-
catenated sequences (table 2). Chi-square tests of base com-
position heterogeneity implemented in PAUP*4.0b10 were
not significant for any individual segments (COL, > = 92,
degrees of freedom [df] = 228, P = 1; ND2, y~ = 240,
df = 228, P = 0.28; TROP, y*> = 16, df = 228, P = 1;
TGFB2, y> =122, df =228, P =1; and RDPSN,
y*> = 87, df = 228, P = 1).

Phylogenetic Analysis

Separate MP searches on the combined mtDNA par-
tition and the 3 nuclear intron partitions resulted in strict
consensus trees exhibiting varying degrees of resolution
and homoplasy (table 2). The 3 nuclear intron partitions
showed generally similar levels of homoplasy for both
the uncoded-gaps and the coded-gaps data sets, whereas
the combined mtDNA partition had higher levels of homo-
plasy as measured by the consistency and retention indices
(table 2). The topology of the strict consensus trees from
these MP searches was consistent with this result; the
mtDNA tree showed generally good resolution at more ter-
minal nodes, whereas the nuclear introns showed better res-
olution at the more basal nodes, although the TROP tree
was poorly resolved throughout. The TGFB2 and TROP
analyses both resulted in >200,000 equally parsimonious
trees for the coded-gaps data set.

Table 3
Results of the ILD Tests for Pairwise Comparisons between
the Data Partitions

Partitions mtDNA TROP TGFB2 RDPSN
mtDNA 1.0 0.98 0.81
TROP 1.0 0.14 0.74
TGFB2 0.87 0.06 0.19
RDPSN 0.84 0.74 0.18

Note.—P values from the uncoded-gaps data set are on the upper half of the
matrix and those from the coded-gaps data set are on the lower half in italics.

We evaluated the suitability of combined phylogenetic
analyses using both ILD tests and comparisons of topology
and nodal support resulting from MP analyses of separate
data partitions. For the uncoded-gaps data set, pairwise ILD
tests indicated that there were no conflicts among any of the
3 nuclear intron partitions nor between those partitions and
the combined mtDNA partition (table 3). Similar results
were found with ILD tests among the 4 partitions of the
coded-gaps data set (table 3). Examination of the strict con-
sensus trees from MP searches for each separate partition
indicated very few points of conflict among partitions in
either data set. The most notable area of conflict among
the partitions was in the placement of the taxa C. vasa
of Madagascar and Psittrichas fulgidus of New Guinea.
In the mtDNA MP consensus trees, Coracopsis was
grouped in a clade with the Australian taxa Neophema el-
egans and Neopsephotus bourkii, whereas Psittrichas was
grouped with the African taxa P. robustus and P. erithacus.
In the TGFB2 consensus tree, these 2 taxa formed a clade
together, whereas in the TROP and RDPSN trees, neither
species exhibited a close relationship to any other taxa.
Given the strong likelihood that this variable placement
of Coracopsis and Psittrichas resulted from long-branch at-
traction and the general lack of conflicts detected among
partitions in both data sets, we proceeded with a combined
approach in which all partitions were analyzed jointly.

Analyses of the combined partitions using MP in
PAUP* resulted in 4 equally parsimonious trees for the
coded-gaps data set and 21 in the uncoded-gaps data set.
The parsimony ratchet analysis of the coded-gaps data
set found the same 4 most parsimonious trees as the heu-
ristic search in PAUP¥*; these were located in 6 of the 20
ratchets. A similar result was found for the uncoded-gaps
data set, in which the same 21 most parsimonious trees were
found in 19 of 20 ratchets. The topologies of strict consen-
sus trees derived from the coded-gap (fig. 1) and uncoded-
gap data sets (data not shown) differed only in the degree of
resolution at 4 nodes, with the coded-gaps data set showing
more resolution at each node. Likewise, the MP tree ob-
tained with the coded-gaps data set with the RDPSN par-
tition excluded differed from the coded-gaps analysis with
all 5 partitions at only 9 nodes within the psittaciforms. All
these differences consisted of the collapsing of poorly sup-
ported nodes in 1 of the 2 trees, suggesting that the uncer-
tainty in the alignment of RDPSN had minimal effect on
tree topologies. Based on the similarities between these
MP trees, all further comparisons are based on the MP tree
resulting from the coded-gaps data set with all 5 partitions
included. The 50% majority consensus trees obtained from
the 2 independent runs of the Bayesian analyses of the
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Fic. 1.—Cladogram of relationships among representatives of 69 parrot genera and 8 outgroup taxa based on a strict consensus of 4 trees obtained
from combined parsimony (MP) analysis of the 4 sequence partitions (COI + ND2, TROP, TGFB2, and RDPSN) with coded gaps. MP bootstrap
support values for each node are shown above the branches with values of 100% indicated by asterisks; Bremer decay index values are shown below.
The classifications of Rowley (1997) and Collar (1997) are indicated by bars on the right: I) family Cacatuidae, II) subfamily Loriinae, and, within the
subfamily Psittacinae, the tribes a) Strigopini, b) Nestorini, ¢) Psittrichadini, d) Psittacini e) Arini, f) Psittaculini, g) Micropsittini, h) Platycercini, and 1)

Cyclopsittacini.

coded-gaps data set were identical in topology to each other
(fig. 2) and substantially similar to the MP trees. The ML
analyses of the uncoded-gaps data sets (supplementary fig.
S1, Supplementary Material online) had similar but not
identical topologies to those obtained with the other 2 cri-
teria. Differences among the various trees always corre-
sponded to nodes with lower bootstrap support and

Bremer decay indices (in MP analyses), low posterior sup-
port values (in Bayesian analyses), and short internode
branches (in ML and Bayesian analyses).

The trees obtained from these various analyses pro-
vided strong support for a number of notable relationships
within the parrots (figs. 1 and 2; supplementary fig. S1, Sup-
plementary Material online). First, the sister relationship
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Fi6. 2.—Phylogram of relationships among representatives of 69 parrot genera and 8 outgroup taxa based on Bayesian analysis of the 4 sequence
partitions (COI + ND2, TROP, TGFB2, and RDPSN) and a fifth partition consisting of coded gaps from the 4 sequence partitions. Bayesian posterior
probabilities >0.90 are indicated as percentages above the branches, values of 1.0 are indicated with an asterisk. The scale bar indicated the number of

changes (base substitutions or changes in state of indel characters).

between a clade containing the New Zealand taxa N. nota-
bilis (Nestorini within Psittacidae) and S. habroptilus (Stri-
gopini within Psittacidae) and all other psittaciforms was
strongly supported. There was also strong support for a sister
relationship between the Australasian cockatoos (Cacatui-
dae) and all remaining psittaciforms (Psittacidae minus Nes-
torini and Strigopini). The next-most basal nodes were less
resolved, with low support levels and short internode distan-
ces present in all analyses and topological differences among
them. Beyond these nodes (moving toward the terminal no-
des), the different analyses again showed general agreement.

All analyses recovered 5 well-supported clades within the
Psittacidae: (1) P. fulgidus, the vulturine parrot endemic
to New Guinea (Psittrichadini within subfamily Psittacinae);
(2) C. vasa, a Madagascar endemic (Psittacini within the
Psittacinae); (3) the African genera Poicephalus and
Psittacus (both Psittacini within Psittacinae); (4) a large clade
consisting of the remaining Old World parrots (subfamily
Loriinae and tribes Micropsittini, Cyclopsittacini, Platycercini,
Psittaculini, and Psittacini within Psittacinae); and (5)
a clade consisting of all the Neotropical parrots (Arini within
Psittacinae). In the strict consensus tree obtained in the
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coded-gap MP analyses, C. vasa was sister to the other 4
clades, and P. fulgidus was sister to the remaining 3 clades;
both these nodes had less than 50% support in the coded-
gaps MP bootstrap analysis (fig. 1). In the ML and Bayesian
analyses, C. vasa was found in a polytomy with the large
Old World clade (clade [d] above) and a clade containing
P. fulgidus, the African clade of Poicephalus and Psittacus
and the Neotropical parrots (fig. 2; supplementary fig. S1,
Supplementary Material online). The Bayesian, ML, and
MP trees all recovered the African genera Poicephalus
and Psittacus as sister to the Neotropical parrots.

Five distinct subclades within the Neotropical radiation
(Tribe Arini) were strongly supported with 100% bootstrap
support (MP and ML) and posterior probability (Bayes) val-
ues (figs. 1 and 2; supplementary fig. S1, Supplementary
Material online). These are (a) Amazona, Pionus, Hapalop-
sittaca, and Pionopsitta; (b) Ara, Orthopsittaca, Aratinga,
Cyanopsitta, Nandayus, Diopsittaca, Guarouba, Leptositta-
ca, Cyanoliseus, Enicognathus, Rhynchopsitta, Pyrrhura,
Deroptyus, and Pionites; (c) Nannopsittaca and Touit; (d)
Brotogeris and Myiopsitta; and (e) F. passerinus. Branching
relationships among these subclades were not well supported
in any analysis and varied among them (figs. 1 and 2; sup-
plementary fig. S1, Supplementary Material online).

The large Old World clade composed of members of
the subfamilies Psittacinae and Loriinae can be subdivided
into 5 subclades supported by nodes with >95% bootstrap
support in MP and ML analyses and >95% posterior prob-
abilities in Bayesian analyses (figs. 1 and 2; supplemen-
tary fig. S1, Supplementary Material online). The first
of these 6 subclades consists of representatives of the
African Agapornis and the Australasian Loriculus, both
placed in the tribe Psittaculini, and the Philippine en-
demic, Bolbopsittacus lunulatus of tribe Cyclopsittacini.
The second subclade consists of the Australian Neophema
and Neopsephotus, both members of the tribe Platycercini.
The third subclade includes the Australian Barnardius,
Platycercus, Psephotus, Purpureicephalus, Northiella,
and Prosopeia and the western Pacific genera Cyanoram-
phus and Eunymphicus all traditionally classified in the
tribe Platycercini.

The fourth subclade within the large Old World clade
is composed of the Australasian Cyclopsitta and Psittacu-
lirostris (both tribe Cyclopsittacini), the Australian Melop-
sittacus (tribe Platycercini), and a large group consisting of
10 genera from Australasia and Oceania traditionally placed
in the subfamily Loriinae: Chalcopsitta, Eos, Trichoglos-
sus, Pseudeos, Glossopsitta, Lorius, Neopsittacus, Char-
mosyna, Phigys, and Vini. Bayesian, ML, and MP
analyses all supported the monophyly of the Loriinae
and placed Cyclopsitta and Psittaculirostris in a group dis-
tinct from Melopsittacus, but the branching order between
these 3 groups differed between the 3 analyses. The fifth
subclade includes the genus Micropsitta (tribe Micropsitti-
ni) and representatives of 8 genera traditionally placed in
the tribe Psittaculini: Alisterus, Aprosmictus, Polytelis,
Eclectus, Geoffroyus, Psittacula, Tanygnathus, and Prioni-
turus. Both ML and MP analyses nested Micropsitta well
within the representatives of the Psittaculini (fig. 1; supple-
mentary fig. S1, Supplementary Material online), whereas
the Bayesian analysis placed this genus sister to the other
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Table 4
Ancestral Area Reconstruction (Bremer 1992, 1995) of the
Psittaciformes Using 5 Alternative Biogeographic Regions

Biogeographic Ancestral

Region Gains Losses G/L* Area Quotient”
Australasia 17 7 243 1.00
Asia 5 18 0.28 0.11
Oceania 2 10 0.20 0.08
New World 1 6 0.17 0.07
Africa 4 15 0.27 0.11

# Ratio of inferred gains to inferred losses.
® Determined by dividing each G/L ratio by the highest G/L ratio in the
analysis.

genera (fig. 2). Thus, 3 of these 5 subclades in this Old
World assemblage contain members of more than one tribe
or subfamily and both the subfamily Psittacinae and 3 of the
tribes within it (Cyclopsittacini, Platycercini, and Psittacu-
lini) are polyphyletic (fig. 1).

There was strong support at the base of the tree for the
monophyly of the psittaciforms relative to the 8 outgroups.
Branching relationships outside the psittaciforms were less
strongly supported, differed between the MP, ML, and
Bayesian analyses, and showed no clear indication of a close
sister relationship between the parrots and any of the out-
group taxa examined in our study (figs. 1 and 2; supplemen-
tary fig. S1, Supplementary Material online).

Biogeographic Analysis

When represented as a character on the Bayesian phy-
logenetic reconstruction, the biogeographic region of Aus-
tralasia was both widely represented in our phylogeny and
tended to be plesiomorphic (data not shown). In total, 32 of
the 69 genera represented in our phylogeny are restricted in
distribution to Australasia, and an additional 5 genera have
some representatives found there. The genera Nestor and
Strigops, which are sister to the clade containing all other
psittaciforms, are restricted to New Zealand, and the lineage
represented by the 5 genera of Australasian cockatoos is
sister to all remaining psittaciforms.

These patterns were reflected in the results from ances-
tral area analysis and provide strong support for Australasia
as the geographic origin of the psittaciforms. For the 5 al-
ternative biogeographic regions of origin, the ratio of gains
to losses was highest for Australasia. After rescaling by
this value, the ancestral area quotient for all other regions
was <0.11 (table 4).

Timing of Divergences

Divergence times were estimated using both a penal-
ized likelihood approach with CIs assessed through boot-
strap replicates (supplementary fig. S2, Supplementary
Material online ; table 5) and a Bayesian relaxed-clock ap-
proach that allowed incorporation of uncertainty associated
with our 2 contrasting calibration dates (fig. 3 and table 5).
With the first calibration date of 82 MYA, the split between
the cockatoos and the remaining psittaciforms was
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Table 5

Means and 95% HPDs for Divergence Dates from the Bayesian Relaxed-Clock Approach, and Means, SD, and 95% Cls for
Divergence Dates from 100 Bootstrap Replicates of the Penalized Likelihood Analysis for Alternative Calibration Dates of 82

and 50 MYA for the Basal Psittaciform Node

Calibration of 82 MYA

Calibration of 50 MYA

Bayesian Relaxed-Clock Penalized Likelihood

Bayesian Relaxed-Clock Penalized Likelihood

Mean 95% HPD® Mean SD 95% CI° Mean 95% HPD" Mean SD 95% CI°
Node® (MYA) (MYA) MYA)  (MY) (MYA) (MYA) (MYA) MYA)  (MY) (MYA)
1 81.91 78.1-85.9 82 49.84 45.9-53.7 50
2 74.13 63.9-82.9 70.05 2.04 69.6-70.4 45.04 38.0-51.4 42.74 1.23 424429
3 53.11 38.1-67.2 59.14 3.07 58.5-59.7 32.78 23.3-42.4 36.05 1.85 35.6-36.4
4 51.24 39.1-62.4 53.98 2.96 53.3-54.5 30.82 23.6-38.7 32.93 1.82 32.5-33.2
5 64.01 54.8-72.9 59.40 2.04 58.9-59.8 38.83 32.5-44.6 36.25 1.24 35.9-36.5
6 39.19 27.2-51.1 39.30 271 38.7-39.8 23.57 16.2-31.0 23.99 1.65 23.6-24.3
7 55.28 46.9-63.2 49.53 2.09 49.1-49.9 33.67 28.1-39.1 30.23 1.26 29.9-30.4
8 60.67 51.6-69.6 58.57 2.15 58.1-58.9 37.03 30.9-43.0 35.75 1.27 35.5-36.0
9 51.83 42.2-61.9 53.43 2.32 52.9-53.8 31.66 25.2-37.8 32.63 1.37 32.3-32.8
10 52.84 44.1-61.0 51.76 2.37 51.2-52.2 32.41 26.6-38.0 31.60 1.43 31.3-31.8
11 44.77 36.1-52.8 44.71 2.62 44.1-452 27.54 21.8-33.1 27.28 1.60 26.9-27.5
12 40.97 31.3-49.6 42.44 260  41.9-429 2542 19.3-31.6 25.92 1.56 25.6-26.2
13 55.97 47.4-64.6 5421 221 53.7-54.6 34.25 28.3-40.1 33.09 1.32 32.8-333
14 37.15 29.5-44.8 40.24 2.33 39.7-40.6 22.38 17.4-27.6 24.56 1.40 242-2438
15 38.78 31.1-45.9 34.75 2.12 34.3-35.1 23.43 18.5-28.2 21.23 1.28 20.9-21.4

# See figure 3 and supplementary figure S2 (Supplementary Material online) for placement of nodes.

® 95% HPD.
€ 95% CI on the mean node age.

estimated with the Bayesian relaxed-clock method to have
occurred at 74.13 MYA (63.94-82.93 MYA) (mean [95%
HPD]), prior to the K/T boundary at 65 MYA. Subse-
quently, there was a diversification of parrot lineages be-
tween 60 and 65 MYA corresponding to the initial
separation of Australia and New Guinea from East
Antarctica that led to the separation of the lineages leading
to the Neotropical tribe Arini, its African sister clade of
Poicephalus and Psittacus, Psittrichas of New Guinea,
Coracopsis of Madagascar, and the large clade consisting
of the remaining Old World lineages (fig. 3). Diversification
of this large Old World clade into the major subclades iden-
tified earlier was complete by 30 MYA, by which point
Australia, Antarctica, and South America were completely
separated. Divergence date estimates from the penalized
likelihood approach were generally in agreement with those
from the Bayesian relaxed-clock approach.

In contrast, when the basal parrot node was calibrated
to 50 MY A, the split between the cockatoos and the remain-
ing psittaciforms was estimated to have occurred 45.04
MYA (38.04-51.40 MYA) (mean [95% HPD]), and the
split between Psittrichas, Coracopsis, the Poicephalus/

Psittacus clade, Tribe Arini, and the large Old World clade
occurred 38—42 MYA, just prior to the time Australia is
thought to have split from Antarctica (fig. 3a; table 5). Sub-
sequent diversification of the Neotropical parrot lineages
occurred starting 33 MYA, a period roughly coincident
with the separation of South America from West Antarctica
(table 5).

Discussion

We employed multiple genetic loci, extensive taxon
sampling, and several different analytical approaches to re-
construct the evolutionary history of the parrots. The result-
ing phylogenies had generally strong nodal support and
similar topologies. Biogeographic analyses based on these
phylogenies support a hypothesis of an origin and initial
diversification of psittaciforms in Gondwana during the
Cretaceous but subsequent to the separation of the Africa
and India/Madagascar block. Below we summarize these
results, compare them to other recently published phylog-
enies and discuss their implications for parrot diversifica-
tion, taxonomy, conservation, and comparative studies.

—

Fic. 3.—Chronograms showing divergence times among parrot genera based a Bayesian relaxed-clock approach, with 2 alternative dates for the

basal divergence between the New Zealand endemics Nestor and Strigops and the remaining psittaciforms: (a) node dated to 50 MYA, based on the
hypothesized divergence between modern psittaciforms and fossils dated to the Lower Eocene; and (b) node dated to 82 MYA, based on the split
between New Zealand and Gondwana. Uncertainty in the timing of these alternative divergences is incorporated with both calibration estimates
representing means of normal distributions with SD = 2; error bars on the nodes illustrate the 95% HPD of node ages. Shaded vertical bars indicate
timing of major geological events that may have contributed to diversification through vicariance: separation of New Zealand from Gondwana, 80-85
MYA; the K/T boundary, 65 MYA; the initial separation of Australia from East Antarctica, 58—61 MYA; the final separation of Australia from East
Antarctica, 36-41 MYA; the final separation of South America from West Antarctica, 28—32 MYA; and Australia and New Guinea approach southeast
Asia, 20-24 MYA.
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Geographic and Temporal Origin of Parrots

The parrots have long been thought to originate in
Gondwana based on their present distribution across the
southern continents that formerly composed this supercon-
tinent (Cracraft 1973, 2001). The results of our ancestral
area analyses support this hypothesis with Australasia as
the likeliest region of origin. This result stems from the high
number of genera endemic to the region, several of which
are rooted at or near the base of the psittaciform tree. The
basal split between the New Zealand taxa Nestor and Stri-
gops further suggests that this origin occurred although
New Zealand was still connected to Australasia as part
of the Gondwana supercontinent during the Cretaceous pe-
riod. Analyses using similar approaches suggest that both
Passeriformes (Barker et al. 2002) and Columbiformes
(Pereira et al. 2007) also originated in Gondwana during
the Cretaceous.

The timing of the origin and diversification of parrots
is more difficult to determine given the patchy nature of the
parrot fossil record (Collar 1997; Dyke and Mayr 1999;
Mayr 2002). We have used our phylogenetic reconstruction
and 2 different divergence dating approaches to evaluate 2
contrasting scenarios for the timing of parrot diversifica-
tion. The first scenario follows other recent studies of pass-
erines and psittaciforms (Ericson et al. 2002; de Kloet RS
and de Kloet SR 2005; Tavares et al. 2006) that apply a date
of 82 MYA to the basal node between a New Zealand group
sister to the remainder of the order, a date that corresponds
to the split of New Zealand from Gondwana (fig. 3a). This
date is consistent with the hypothesis of an origin and initial
diversification of modern avian orders during the late Cre-
taceous (Cooper and Penny 1997; Kumar and Hedges 1998;
Van Tuinen and Hedges 2001; Slack et al. 2006). The re-
sulting chronograms (fig. 3b; supplementary fig. S2b, Sup-
plementary Material online) are both broadly consistent
with a hypothesis of vicariant diversification of parrots
as the various modern continents and New Zealand split
from Gondwana. Under this scenario, most of the initial di-
versification in psittaciforms, including the origin of the
Neotropical tribe Arini, is dated to 58—-65 MYA with either
estimation approach, a period coincident with the opening
of the Coral Sea between New Guinea and Australia and the
initial opening of a seaway between Australia and East Ant-
arctica (McLoughlin 2001). Uplift of the Transantarctic
Mountains and associated accumulation of ice in Antarctica
around 50 MYA also may have contributed to vicariance
between the South American and Australian lineages
(Wilford and Brown 1994), although the deep marine Drake
Passage is thought to have opened between South America
and West Antarctica only 32-28 MY A (McLoughlin 2001).
Cycles of cooling and warming in Australia and nearby East
between 40 and 55 MYA could have spurred further diver-
sification of lineages within those continents prior to their
final separation by a deep oceanic channel around 35.5
MYA (Wilford and Brown 1994; McLoughlin 2001).
The approach of Australia and New Guinea to their present
positions relative to Southeast Asia (20-25 MYA) would
have provided a bridge for dispersal to mainland Asia
and across to Africa and might have contributed to further
cladogenesis.

The second scenario employs a minimum date of 50
MYA for the split between Nestor and the remaining psit-
taciforms based on fossil records of stem parrots in the Eo-
cene of Europe (Mayr 2002). This date is consistent with
the hypothesis of an explosive radiation of modern avian
orders during the Tertiary (Feduccia 2003). The resulting
chronograms (fig. 3a; supplementary fig. S2a, Supplemen-
tary Material online) place most of the diversification of
psittaciforms around 40 MYA, after the separation of Aus-
tralia from West Antarctica and South America. This sce-
nario requires a colonization of New Zealand, Madagascar,
and South America by oversea dispersal from Australia,
a scenario we consider to be less plausible, although it is
consistent with recent work suggesting that New Zealand
was submerged during the Oligocene and early Miocene
(Landis et al. 2008). It should be noted, however, that both
timing scenarios require substantial overwater dispersal to
explain the spread of the Loriinae to the distant islands of
the Pacific, although the distribution of some of these spe-
cies may have been altered by human transport (Forshaw
1989).

Psittaciform Taxonomy

Our sampling includes representatives of all families
and subfamilies of parrot identified by Rowley (1997) and
Collar (1997) and all but 1 of the 9 tribes within Psittacinae.
The resulting phylogenies show only partial support for ei-
ther of the most recent classifications of parrots (Collar
1997; Rowley 1997; Forshaw 2006). We find that the fam-
ily Psittacidae sensu Collar (1997) is paraphyletic, with the
New Zealand kea (N. notabilis) and kakapo (S. habroptilus)
sister to a group that includes all the remaining psittaci-
forms. Likewise, the subfamily Psittacinae sensu Collar
(1997) is paraphyletic due to the nested position of the other
subfamily, Loriinae within it.

In contrast, we find support for the monophyly of the
subfamily Loriinae, albeit with a strongly supported sister
relationship to Melopsittacus, Cyclopsitta, and Psittaculir-
ostris, 3 taxa typically classified within the Psittacinae. We
also find consistent and strong support for the monophyly
of the family Cacatuidae (sensu Rowley 1997), but less sup-
port for its division into 3 subfamilies, with the 2 genera of
Calyptorhynchinae paraphyletic with respect to Cacatuinae.

A similar pattern is seen at lower taxonomic levels
within the Psittacinae (sensu Collar 1997). Within this sub-
family, 4 tribes (Psittrichadini, Nestorini, Micropsittini, and
Strigopini) contain only a single genus each. Three of the
remaining tribes (Cyclopsittacini, Platycercini, and Psitta-
culini) are represented by multiple taxa in our phylogeny
and each appear to be polyphyletic assemblages. In con-
trast, the 2 representatives of the Afrotropical tribe Psitta-
cini are recovered in a single well-supported clade, as are
the 20 genera representing the Neotropical tribe Arini.

Our results generally agree with 4 other recent molec-
ular phylogenies of parrots with more limited taxon and
gene sampling (de Kloet RS and de Kloet SR 2005; Astuti
et al. 2006; Tavares et al. 2006; Tokita et al. 2007). The
phylogeny of de Kloet RS and de Kloet SR (2005) based
on intron 3 of the sex-linked spindlin genes and the phylog-
eny of Tokita et al. (2007) based on mtDNA 125 and 16S
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ribosomal genes both placed the New Zealand taxa Nestor
and Strigops in a basal position sister to all other psittaci-
forms as found in our analyses. Strigops was also sister to
all other parrots in the tree of Tavares et al. (2006) based on
a number of mtDNA genes and the nuclear exon RAG-1,
with the cockatoo genus Cacatua the next to diverge, as
found in our phylogenies and all other recent analyses
(Boon 2000; Sainsbury 2004; de Kloet RS and de Kloet
SR 2005; Astuti et al. 2006; Chan 2006; Tokita et al.
2007). The tree based on the Z spindlin intron (de Kloet
RS and de Kloet SR 2005) differed in placing the cockatoos
within a clade composed of members of the Psittacinae, but
this arrangement had low nodal support. Our results and
those from mtDNA 12S and 16S (Tokita et al. 2007),
the 2 spindlin introns (de Kloet RS and de Kloet SR
2005), and a recent study of variation in hypotarsal mor-
phology (Mayr 2008) show further concordance in group-
ing Melopsittacus, Psittaculirostris, and members of the
subfamily Loriinae together. The latter 2 studies, however,
differed from ours in their placement of Agapornis as sister
to this clade. Recent studies consistently confirm the mono-
phyly of the tribe Arini and the paraphyly of the tribes Pla-
tycercini and Psittaculini. Taken in concert, these results
suggest that some revision of current parrot taxonomy is
warranted, particularly in regard to the composition of fam-
ily Psittacidae, subfamily Psittacinae, and the tribes Cyclo-
psittacini, Platycercini, and Psittaculini.

Although the Order Psittaciformes has long been rec-
ognized as a distinctive and relatively homogenous group,
there has been considerable uncertainty concerning its re-
lationship to other avian orders. Various sister groups have
been nominated on the basis of one or a few shared features
(Forshaw 1989); these include falcons, hawks, or owls
(sharing curved bills), woodpeckers and allies, cuckoos
and turacos, and trogons (zygodactyl feet), passerines (vo-
cal learning), and pigeons (fleshy ceres, frugivory, and
plumage patterns). Data from egg white proteins suggested
a sister relationship between Psittaciformes and Columbi-
formes (Sibley and Ahlquist 1972). A recent avian phylog-
eny with comprehensive taxon sampling based on intron 7
of the beta fibrinogen gene found that all parrots shared
a large (300 bp) insertion that could not be aligned with
other taxa and joined a large polytomy that did not include
the pigeons but did include most of the other groups dis-
cussed above (Fain and Houde 2004). A second large phy-
logeny of birds based on 5 nuclear gene regions placed the
parrots in a polytomy with the passerine families Tyranni-
dae and Laniidae and the families Falconidae and Cariami-
dae (Ericson et al. 2006). Other studies with more limited
taxon sampling have suggested sister relationships between
psittaciforms and owls based on whole or partial mitochon-
drial genomes (Sorensen et al. 2003; Gibb et al. 2006) and
between psittaciforms and passerines based on intron 9
of the nuclear phosphoenolpyruvate carboxykinase gene
(Sorensen et al. 2003). In all cases, the hypothesized sister
relationship enjoyed low nodal support measures and, in the
case of parsimony analyses, may have resulted from long-
branch attraction. Although our study was not designed to
identify the sister group to parrots, we did include as out-
groups representatives of most of the taxa that have previ-
ously been suggested as potential sister groups to the

Gondwanan Origin of Parrots During the Cretaceous 2153

parrots, namely a falcon, a passerine, an owl, a hornbill,
a mousebird, a woodpecker, a dove, and a cuckoo. Our var-
ious phylogenies produced no consistent placement of out-
groups as sister to the parrots, reinforcing the idea that they
have no close sister relationship with other modern birds.
Studies employing wider taxon sampling and many addi-
tional loci may better resolve this issue.

Conservation and Comparative Studies

Of all the larger orders of birds, Psittaciformes con-
tains the most threatened species, with 27% of species cur-
rently classified as vulnerable or endangered (Snyder et al.
2000). With such a large proportion of threatened species, it
is important to set priorities for conservation that optimize
the use of limited resources. One criterion with which con-
servation priorities may be assigned is “phylogenetic diver-
sity,” in which the overall goal is to protect a subset of
species that represents the maximum amount of evolution-
ary history as measured by branch lengths across a phylog-
eny (Faith 1992). Priority protection for such taxa has been
advocated because it protects not only the current patterns
of diversity but also the processes that gave rise to them
(Crozier 1997; Moritz 2002). Although we have not attemp-
ted a formal analysis based the phylogenetic diversity cri-
terion here, our results do provide an initial basis on which
to identify species or genera that represent lineages with
particularly long periods of independent evolutionary his-
tory. The first of these taxa that deserve special consider-
ation are the New Zealand genera Nestor and Strigops.
Our results show that these genera to be sister to all other
parrots and may have diverged from the common parrot an-
cestor as long as 82 MYA. Strigops has been the focus of
intensive and ongoing conservation efforts (Snyder et al.
2000) that appear to be fully warranted given the unique
evolutionary history of this clade. We sampled many other
genera composed of only 1 or 2 species that are also evo-
lutionarily distinct (represented by long branches in our
phylogenies) and thus deserve consideration as evolution-
arily significant units (e.g., Coracopsis, Bolbopsittacus,
Psittrichas, Psittacus, Eclectus, Aprosmictus, Nymphicus,
Melopsittacus, Myiopsitta, Cyanoliseus, Nannopsittaca,
Nandayus, Leptosittaca, Pionites, Rhynchopsitta, Enicog-
nathus, and Deroptyus). Of these 17 small genera, only
Rhynchopsitta and Leptosittaca contain members that are
listed as threatened in the current parrot action plan (Snyder
et al. 2000), but several others are subject to pressure from
hunting for feathers (e.g., Psittrichas), capture for the pet
trade (e.g., Psittacus), or have restricted distributions that
leave them vulnerable to human-induced habitat change
(e.g., Bolbopsittacus, Coracopsis, and Nannopsittaca).
Others represent some of the most abundant parrot species
both in the wild and captivity (e.g., Eclectus, Nymphicus,
Melopsittacus, and Myiopsitta). A more formal analysis
based on phylogenetic diversity and other genetically based
criteria would likely identify other species and geographic
areas that deserve heightened conservation status based on
the evolutionary history they represent.

The parrots are the focus of a number of recent and
ongoing comparative analyses. Those studies published
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to date have either utilized current taxonomic classifications
(e.g., Davies et al. 2007) or employed a supertree approach
to consolidate published phylogenies (e.g., Cassey et al.
2004; Iwaniuk et al. 2005; Munshi-South and Wilkinson
2006). Both approaches may give misleading results: cur-
rent psittaciform taxonomy requires revision at several
levels, and the supertrees constructed to date are poorly
resolved at deeper nodes due to the relative paucity of
broad-based phylogenetic studies. Our results should help
ameliorate these problems and improve future comparative
studies of this fascinating group.

Supplementary Material

Supplementary table S1 and figures S1 and S2 are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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