
















appear to have some of the highest rates of sequences evo-
lution among the Neoaves (Pratt et al. 2009). This long-
branch attraction could explain some of the results in
the rooted tree (see below). It is worth noting that within
Psittaciformes, the family Psittacidae sensu Collar (1997) is
paraphyletic as indicated by the basal position of the
Kakapo (Psittacidae, Strigopinae) when compared with
the cockatoo genus Nymphicus (Cacatuidae, Calyptorhyn-
chinae) that is the next to diverge (fig. 1A). These results
are consistent with previous studies using data sets with
shorter alignments (de Kloet RS and de Kloet SR 2005; Astuti
et al. 2006; Tavares et al. 2006; Tokita et al. 2007; Wright et al.
2008). Overall, the relationships of the strigiforms–psittaci-
forms clade with coraciiforms, trogoniforms, and passeri-
forms are still unresolved (posterior probabilities of 0.60–
0.64 and low bootstrap support in the ML analyses, 20%).

Our study shows that Coraciiformes are a monophyletic
group with two well-separated clades: Bucerotidae (horn-
bills) and Coraciidae–Alcedinidae families. We found cor-
aciiforms sharing a common ancestor with Piciformes and
Trogoniformes. Although morphological and molecular
studies showed that parrots are closely related to coracii-
forms, trogoniforms, piciforms, and coliiforms (Pratt et al.
2009), some significant groups, such as coliiforms, muso-
phagiforms, and trogoniforms, are not yet well represented
in mtDNA genome studies. Thus, it is necessary to improve
the sampling of lineages from these groups of birds.

Passeriformes, like in previous studies, were recovered
as a monophyletic group with the suboscine (Tyranni)
and the oscine passerines (Passerida and Corvida) as
two separated clades, with rifleman (Acanthisittidae) as
their sister group (fig. 1A). Both the monophyly and
the relationship among the passeriforms have long been
established using morphological (Livezey and Zusi 2007)
and molecular data that include nuclear genes and
mtDNA genomes (Ericson et al. 2002; Pereira and Baker
2006; Slack et al. 2007; Hackett et al. 2008; Pratt et al.
2009). In these analyses, however, Passeriformes were
never found as sister taxa of Psittaciformes as recently
proposed (Hackett et al. 2008).

Rooted Tree
The correct rooting of Neoaves is important not only in
resolving the evolutionary history of birds but also in un-
derstanding rates and patterns of molecular evolution in
their mtDNA genomes (Paton et al. 2002). We used Gal-
loanserae as outgroup of our tree, which is considered a sis-
ter group of Neoaves. We recovered Anseriformes and
Galliformes as monophyletic groups with a strong support
(1.0 posterior probability and 100% bootstrap for ML)
(fig. 1B) (Watanabe et al. 2006; Slack et al. 2007). Like in
the unrooted tree, the Psittaciformes–Strigiformes clade
was always recovered in the Bayesian analyses; however,
it was not well supported in some cases (posterior prob-
ability varied between 0.57–0.92 depending on the parti-
tion used). In the case of ML analyses, the Psittaciformes
or Strigiformes were indistinctively placed as basal groups
in Neoaves indicating that the position of the Psittaci-

formes–Strigiformes clade lacked support. Although we in-
creased the number of mtDNA genomes for psittaciforms,
the psittaciforms–strigiforms relationship remains un-
solved in these rooted phylogenies. This could be the result
of a long-branch attraction effect between Galloanserae
and the fast-evolving strigiforms, a potential artifact that
could be the result of the limited taxon sampling for this
group. However, this is similar to phylogenies obtained in
studies using nuclear genes that have also reported great
uncertainty at the basal clades of the Neoaves phylogeny
(Hackett et al. 2008).

Within the Neoaves, we confirmed results derived from
the unrooted tree: the monophyly of Coraciiformes, Pass-
eriformes, Cuculiformes, Apodiformes, Sphenisciformes,
Procellariiformes, Gaviiformes, Podicipediformes, Chara-
driiformes, Columbiformes, and Falconiformes; and the
paraphyly of Ciconiiformes and Caprimulgiformes. We also
found the close relationship between coraciiforms, piciforms,
and trogoniforms previously described; however, these orders
appear as a sister group of Passeriforms (fig. 1B). This obser-
vation is consistent in all our rooted trees. Therefore, both
unrooted and rooted phylogenies suggest the early diver-
gence of Strigiformes, Psittaciformes, Coraciiformes, Pici-
formes, Trogoniformes, and Passeriformes, although the
specific relationships among some of these orders are still
unclear. Nevertheless, our results did not support the sister
relationship between passeriforms and psittaciforms with Fal-
conidae as a sister to this clade, as has been reported by Hack-
ett et al. (2008). Another important result of this study, is
that, like the unrooted trees, the rooted trees strongly suggest
that Charadriiformes and Columbiformes are sister group
(fig. 1B), a result that has been suggested by few previous
works (Sibley and Ahlquist 1990; Shapiro et al. 2002).

In conclusion, using the largest complete mtDNA ge-
nomes data set (80 mtDNA) included in a single study,
our analyses recovered clades that suggest evolutionary re-
lationships that have been independently proposed for these
orders using mt or nuclear genes and limiting the scope of
the taxa included. In contrast, we could not find evidence
supporting that Psittacides and Passerines are sister taxa
as was recently proposed. It may be possible that such re-
lationship could be recovered with a more comprehensive
taxa sampling of complete mtDNA genomes. Overall, our
analyses strongly support the idea that by increasing the
number of mtDNA sequences it is possible to solve the
polytomies at the base of the Neoaves phylogeny. Indeed,
we have shown that by adding sequences from critical
groups, we can increase the stability of the phylogenetic hy-
potheses.

Timing the Origin of Neoaves
The phylogeny obtained through improved taxon (n5 80)
and character (13,685 bp mtDNA) samplings, and the use
of only well-accepted calibration points (n 5 3) allows us
to explore the evolutionary history of Neoaves with a re-
laxed molecular clock approach. The performance of mo-
lecular clocks is strictly dependent on the validity of their
assumptions (e.g., evolutionary rate model) and on the
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calibration information provided, represented by the min-
imum–maximum boundaries and the prior distribution be-
tween them. To evaluate the effect of the clock
assumptions on the Neoaves time estimates, we have used
three popular methods (MDT, BEAST, and r8s), which as-
sume different models of rate changes across lineages and
allow different representation of the calibration nodes. For
example, MDT and r8s assume autocorrelated evolutionary
rates, whereas BEAST assumes uncorrelated rates; MDT
uses uniform prior distributions for the calibration points,
whereas BEAST has a suite of distributions to choose from,
including uniform and exponential. This setup allows us not
only to obtain a timetree of the Neoaves but also to explore
the reliability of estimated divergence times and, also, in-
clude multiple sources of uncertainty in the credibility inter-
vals associated with the estimates. The framework of our
timing investigation is to test whether the origin of major
Neoaves orders is consistent with a recent adaptive radiation
after the K/T boundary or is rather a deeper event in time. In
this optic, the most conservative approach, and the one we
take here, is to discuss only those estimates that are more
conservative (younger), which are those obtained with the
two Bayesian methods (MDT and BEAST). Overall, r8s diver-
gence dates were consistently older than those estimates ob-
tained by using the other two methods and, therefore, less
conservative in supporting post K/T origins.

Regardless of the fact that we used an extra calibration
point for BEAST (Clarke et al. 2005), the time estimates
obtained from MDT and BEAST are clearly consistent

(y 5 0.99x; R2 5 0.98). This is despite their differences
in assumptions and priors. In BEAST, in fact, we used
an exponential prior instead of a uniform prior because
more conservative (see Methods) and still recover many
divergence times older than the K/T boundary. Further-
more, a recent simulation study showed that MDT and
BEAST perform differently when their assumption of evo-
lutionary rate model is matched or violated (Battistuzzi
et al. 2010) and tightly constrained calibration points
are used. However, even in the presence of wide variation
of evolutionary rates among genes and groups (table 3), in
our study, we do not find a difference between the two
molecular clock methods. This could be caused either
by the larger calibration ranges we used or by heteroge-
neous rates that, in reality, are best described by a mixture
of the evolutionary models assumed by the two clocks.
Nevertheless, the agreement of two widely different molec-
ular clocks supports their accuracy and the use of com-
bined credibility intervals (cCrIs) ensures that multiple
sources of uncertainty (e.g., rate model and calibration
prior) are considered during hypothesis testing (Battistuzzi
et al. 2010) (table 3). Even using these conservative time
estimates, our results support that the basal divergences
of Neoaves occurred in the Cretaceous, before the K–T
boundary, with many crown groups diversifying later in
the Cenozoic (table 3, fig. 2A and B, see also supplementary
fig. S1, Supplementary Material online with r8s times in
supplementary materials). The origin of a crown group
starts with its divergence from its sister clade (the stem).

Table 3. Time Estimates and the cCrIs Obtained Using Our Rooted Phylogenetic Hypothesis.

Divergence

MDT Beast

cCrIs
Node

Age (My) 95% CrI Node Age (My) 95% CrI

Strigiformes–Psttaciformes 85.29 79.15, 93.98 88.33 79.32, 97.62 79.15–97.62
Strigiformes 75.59 69.26, 84.04 75.95 64.64, 87.07 69.26–87.07
Psittaciformes 57.32 54.13, 63.43 61.44 54.00, 69.71 54.13–69.71
Coraciiformes–Piciformes–Trogoniformes (CPT group) 82.18 76.09, 90.62 83.55 75.40, 91.90 76.09–91.90
Coraciiformes 78.56 72.61, 86.77 79.48 70.95, 87.95 72.61–87.95
Piciformes–Trogoniformes 72.5 66.39, 80.37 76.78 67.83, 85.69 66.39–85.69
CPT–Passeriformes 84.61 78.45, 93.19 87.30 79.14, 95.50 78.45–95.50
Passeriformes 76.26 70.34, 83.89 78.50 71.75, 85.00 70.34–85.00
Suboscines–Oscines 73.61 67.71, 81.16 74.92 67.66, 81.86 67.71–81.86
Menuroidea–Oscines 53.39 48.38, 59.57 60.02 52.91, 67.42 48.38–67.42
Cuculiformes–Apodiformes 80.77 74.79, 89.11 79.92 71.89, 88.59 74.79–88.59
Cuculiformes 63.38 57.71, 70.44 59.76 48.27, 71.62 57.71–71.62
Apodiformes 65.37 59.40, 72.95 58.34 46.48, 69.87 59.40–69.87
Ciconiiformes–Pelecaniformes–Sphenisciformes–Procellariiformes 72.25 67.13, 79.72 71.78 65.42, 78.73 67.13–78.73
Ciconiidae–Sphenisciformes 67.12 62.38, 74.53 66.84 62.00, 73.25 62.38–73.25
Procellariiformes 57.98 52.83, 64.86 57.37 47.56, 67.71 52.83–67.71
Gaviiformes 73.42 68.19, 81.01 73.21 66.66, 80.35 66.66, 81.01
Podicipediformes–Phoenicopteriformes 65.59 60.39, 72.81 67.15 57.88, 76.74 60.39–76.74
Charadriiformes–Columbiformes 74.98 69.45, 82.78 74.86 67.63, 82.65 69.45–82.65
Charadriiformes 66.57 61.21, 73.79 64.59 55.33, 73.95 61.21–73.95
Columbiformes 49.77 45.28, 55.63 47.23 37.62, 56.77 45.28–56.77
Falconiformes 77.05 71.26, 85.16 77.79 69.87, 85.83 69.87–85.83
Accipitridae 61.6 56.29, 68.45 58.97 47.68, 70.20 56.29–70.20
Falconidae 59.92 54.48, 66.94 58.97 48.02, 70.32 54.48–70.32

NOTE.—Stem (italic) and rown group divergences (regular) are shown.
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FIG. 2. Timetrees estimated using phylogenetic hypothesis B. Timetree (A) was obtained using MDT; the calibration point within the outgroup
(Galloanserae) could not be used in this method. Timetree (B) was obtained using BEAST; it includes the calibration point within the outgroup
(Galloanserae). Both methods yield very similar time estimates.
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We, therefore, looked at these divergences and found that of
14 monophyletic orders represented by more than one lin-
eage, 12 have their stem groups prior to the K/T (table 3).
These observations are consistent with previous studies that

included some of these groups (Harrison et al. 2004; Pereira
and Baker 2006; Brown et al. 2008; Pratt et al. 2009; Paton
et al. 2002) and are also supported by historical biogeo-
graphical reconstructions (Cracraft 2001).

FIG. 2. (Continued)
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Overall, our results are consistent with Cooper and
Penny (1997), where modern bird orders started to diverge
by the mid-Cretaceous, with at least 22 lineages crossing
the Cretaceous–Tertiary (K/T) boundary 65 Ma. Our time
estimates suggest that a large number of lineages survived
from the Cretaceous to the present with many ecological–
morphological transformations taking place during the late
Cretaceuos, and the crown groups diverged in the Tertiary
(fig. 2). Such scenario was previously proposed by Penny
and Phillips (2004) in their so-called model D. However,
better taxon sampling that leads to well-supported phylo-
genetic hypothesis among avian orders and additional
good calibration points are needed.

In the case of the origin of Columbiformes, their diver-
gence from Charadriiformes took place in the late Creta-
ceous (75 My, fig. 2), and the radiation of modern
Columbiformes occurred in the middle of the Eocene
(45.28–56.77 My, table 3), similarly to what have been re-
cently reported (Pereira et al. 2007). In our study, the crown
group of the Charadriiformes originated slightly prior to the
K/T boundary (61.21–73.95 My); however, Baker et al.
(2007) reported older times placing their origin between
79 and 102 My. Our time estimates for Passeriformes con-
firm previous reports of a pre K/T origin (Cracraft 2001;
Ericson et al. 2002); the specific time estimates are given
in the table 3.

We found that the radiation of Psittaciformes took
place early in the Cenozoic Era (ca. 54–70 My, table 3
and fig. 2); however, the cCrI includes the K/T. Debates
about the origin of the parrots and cockatoos reflect those
of the Neornithes in general, with some studies suggesting
that they originated in Gondwana during the Cretaceous
(Cracraft 1973; Forshaw 1989; Wright et al. 2008, using
82 Ma for the split between cockatoos and the remaining
psittaciforms), whereas others, citing fossil evidence from
tertiary deposits in Europe or using fossils to calibrate their
molecular dating, conclude a post-Cretaceous diversifica-
tion (Dyke and Mayr 1999; Mayr 2002; Wright et al. 2008).

Given that our estimates are considered conservative, the
possibility that psittaciforms radiated prior the K/T
boundary cannot be dismissed, especially, if the divergence
from strigiformes will be further supported by additional
data; our investigations indicate that such hypothetical
owl–parrot divergence took place prior to the K/T (table
3). This is the first study using complete mtDNA genomes
that estimated the origin of Coraciiformes. We found that
Coraciiformes diverged from Piciformes and Trogoni-
formes around 76–92 My, and the origin of modern Cor-
aciiformes is placed in the Late Cretaceous (72.61–87.95
My, table 3).

Based on the time estimates obtained and the individual
branch lengths, we also estimated the average rate of evo-
lution for all mt genes (table 4 and supplementary table S2
and fig. S2, Supplementary Material online for a detailed
account of rate estimates per node for all genes). As

Table 4. Average Substitution Rates for Each Protein-Coding Gene in Terms of Substitutions Per Site Per My for Major Bird Orders.

Partition Gene

Rate (per site, per My)

Average Rate SDCharadriiformes Columbiformes Coraciiformes Falconiformes Passeriformes Psittaciformes

1 ND1 0.0033 0.0032 0.0054 0.0034 0.0051 0.0033 0.0039 0.00099
2 ND2 0.0048 0.0055 0.0093 0.0059 0.0090 0.0062 0.0068 0.00191
3 COX1 0.0022 0.0025 0.0037 0.0021 0.0032 0.0023 0.0027 0.00064
4 COX2 0.0030 0.0041 0.0069 0.0041 0.0074 0.0043 0.0050 0.00175
5 ATP8 0.0027 0.0033 0.0079 0.0054 0.0052 0.0040 0.0047 0.00185
6 ATP6 0.0044 0.0045 0.0080 0.0055 0.0079 0.0055 0.0059 0.00161
7 COX3 0.0019 0.0026 0.0038 0.0026 0.0041 0.0027 0.0030 0.00083
8 ND3 0.0034 0.0031 0.0045 0.0035 0.0068 0.0040 0.0042 0.00136
9 ND4L 0.0039 0.0035 0.0069 0.0040 0.0053 0.0037 0.0045 0.00131
10 ND4L 0.0029 0.0034 0.0068 0.0038 0.0059 0.0040 0.0045 0.00155
11 ND5 0.0027 0.0030 0.0054 0.0032 0.0050 0.0034 0.0038 0.00112
12 CYTB 0.0023 0.0029 0.0049 0.0027 0.0040 0.0027 0.0033 0.00099
13 tRNA 0.0014 0.0014 0.0035 0.0024 0.0032 0.0024 0.0024 0.00087
14 12S 0.0020 0.0022 0.0054 0.0033 0.0031 0.0034 0.0032 0.00124
15 16S 0.0021 0.0025 0.0059 0.0035 0.0035 0.0036 0.0035 0.00134

NOTE.—Rates were calculated using MDT.

FIG. 3. Rates distributions across branches (internal and external) for
COX1 (the slower evolving gene) and ND2 (the fastest evolving
gene).
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previously reported (Pereira and Baker 2006; Nabholz et al.
2009), we found great disparities among the rate of evolu-
tion on mt genes. Several studies have focused on the re-
liability of COX1 for identifying species in different bird
orders (Hebert et al. 2004; Tavares and Baker 2008); how-
ever, limited efforts have been made to compare the var-
iance on its rate of evolution among major Neoaves groups
and how those compare with that observed for other mt
genes (Pereira and Baker 2006; Nabholz et al. 2009). Overall,
we found that COX1 is the slower evolving gene and also
the one that exhibits the lower variance among major Neo-
aves groups as further evidenced in figure 3, where the dis-
persion of rates among COX1 (slower) and ND2, the fastest
evolving gene, are contrasted. The lower average and var-
iance of COX1 evolutionary rates across major Neoaves
groups support its use for developing standards for
DNA barcoding because those have the potential of being
reproducible among highly divergent groups of birds. This
observation is further reinforced when we explore the fit of
a linear regression between divergence times and genetic
distance for each gene. The higher the fit, the closer to
a clock-like behavior the gene is (table 5). Whereas several
genes show relatively good fit, we found that COX1 is the
one that shows the least amount of rate heterogeneity
(R2 5 0.84).

In conclusion, even using conservative approaches, mo-
lecular time estimates place the origin of many extant avian
orders at the end of the Mesozoic and the radiation of
modern genera in the Paleocene and Eocene. These times
estimates, together with the perspective that basal polito-
mies of the Neoaves phylogeny could be solved by improv-
ing the sampling in terms of taxa and nucleotides,
contradict the hypothesis of an explosive adaptive radia-
tion for modern birds after the K/T boundary (Feduccia
1995, 2003). We also found that among mt genes, COX1
evolved with the lower variance in its rates among major
groups and is the gene with the least amount of rate het-
erogeneity (i.e., closer to a clock-like behavior).

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