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The traditional view of avian evolution places ratites and tinamous at the base of the phylogenetic tree of modern
birds (Neornithes). In contrast, most recent molecular studies suggest that neognathous perching birds (Passerifor-
mes) compose the oldest lineage of modern birds. Here, we report significant molecular support for the traditional
view of neognath monophyly based on sequence analyses of nuclear and mitochondrial DNA (4.4 kb) from every
modern avian order. Phylogenetic analyses further show that the ducks and gallinaceous birds are each other’s
closest relatives and together form the basal lineage of neognathous birds. To investigate why other molecular
studies sampling fewer orders have reached different conclusions regarding neognath monophyly, we performed
jackknife analyses on our mitochondrial data. Those analyses indicated taxon-sampling effects when basal galloan-
serine birds were included in combination with sparse taxon sampling. Our phylogenetic results suggest that the
earliest neornithines were heavy-bodied, ground-dwelling, nonmarine birds. This inference, coupled with a fossil
bias toward marine environments, provides a possible explanation for the large gap in the early fossil record of
birds.

Introduction

The order of appearance of the major lineages of
birds is important for understanding the evolution of
their complex morphologies and behaviors, yet the ear-
liest branching pattern among modern avian orders re-
mains unresolved. The traditional classification of mod-
ern birds, based primarily on their differing palatal anat-
omies, groups together ratites and tinamous in the infra-
class Palaeognathae and all other birds in the
Neognathae (Pycraft 1900; Cracraft 1988; Cracraft and
Mindell 1989). However, molecular studies have not
yielded consistent results for the higher-level relation-
ships of birds. Studies of nuclear genes and proteins
have largely supported neognath monophyly, whereas
studies of mitochondrial genes have supported neognath
paraphyly. The nuclear genes and proteins that have
been studied include transferrin and serum albumin (Ho
et al. 1976; Prager et al. 1976), alpha crystallins (Stapel
et al. 1984; Caspers et al. 1997), and the recombination-
activating gene 1 (Groth and Barrowclough 1999). A
DNA-DNA hybridization study of all avian orders in-
dicated that galloanserine birds (including ducks and
fowl) are closer to palaeognaths than to other neognaths,
a result that was considered to reflect differences in mat-
uration time (Sibley and Ahlquist 1990). Otherwise, the
DNA-DNA hybridization results are similar to those of
the nuclear gene studies in placing the perching birds,
Passeriformes, together with other neognath avian
orders.

Mitochondrial DNA sequence studies have instead
supported a phylogenetic tree of avian orders that differs
considerably from the traditional classification. Those
studies of mitochondrial protein-coding genes found that
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the palaeognath and galloanserine birds occupy derived
positions within Neognathae, whereas Passeriformes oc-
cupy the most basal position among all modern birds
(Mindell et al. 1997; Härlid, Janke, and Arnason 1998;
Härlid and Arnason 1999; Mindell et al. 1999). Some
morphological support for a basal Passeriformes and a
derived position of the galloanserine birds also has been
proposed (Woodbury 1998).

With such disparate results from mitochondrial and
nuclear genes, and from morphology, it is clear that ad-
ditional data are needed to better understand the early
history of modern birds. Of the previous molecular stud-
ies, those with broad taxonomic sampling (Ho et al.
1976; Prager et al. 1976; Sibley and Ahlquist 1990) did
not address the statistical significance of their findings,
and those reporting statistical significance (Mindell et
al. 1997; Härlid, Janke, and Arnason 1998; Groth and
Barrowclough 1999; Härlid and Arnason 1999; Mindell
et al. 1999) did not sample all avian orders. Therefore,
in this study, we attempted to do both by sampling a
large number of nucleotide sites in all avian orders.

Materials and Methods
Sequencing

The complete mitochondrial 12S rRNA, tRNA-Va-
line, and 16S rRNA genes were sequenced for 41 taxa
using a standard protocol (Hedges and Sibley 1994;
Hedges et al. 1995; van Tuinen, Sibley, and Hedges
1998). A partial sequence from one ratite (Apteryx aus-
tralis) was obtained from GenBank (accession numbers
U76043, U76063, and X67626) and completed through
sequencing of a 400-bp fragment. Previously described
ratite and tinamou sequences (van Tuinen, Sibley, and
Hedges 1998) were added to the data set, and corre-
sponding sequences for Gallus gallus (Galliformes),
Anas platyrhynchos (Anseriformes), Alligator mississi-
piensis, and Trachemys scripta were obtained from
GenBank (accession numbers X52392, L16770,
Y13113, and L28077, respectively) in order to include
one or more representatives of all avian orders and two
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Table 1
Avian Species Examined

Species Name Common Name Classification Aa Classification Bb

Struthio camelusc,d . . . . . . . . . . . . . . . Common ostrich Struthioniformes Struthioniformes
Rhea americanac,d . . . . . . . . . . . . . . . Greater rhea Rheiformes Struthioniformes
Dromaius novaehollandiaec,d . . . . . . Emu Casuariiformes Struthioniformes
Apteryx australisc,e . . . . . . . . . . . . . . . Brown kiwi Apterygiformes Struthioniformes
Nothoprocta ornatac,d . . . . . . . . . . . . Ornate tinamou Tinamiformes Tinamiformes
Pygoscelis adeliae . . . . . . . . . . . . . . . Adelie penguin Sphenisciformes Ciconiiformes
Gavia immer . . . . . . . . . . . . . . . . . . . Common loon Gaviiforms Ciconiiformes
Gavia stellata . . . . . . . . . . . . . . . . . . . Red-throated loon Gaviiformes Ciconiiformes
Podiceps auritisc . . . . . . . . . . . . . . . . Horned grebe Podicipediformes Ciconiiformes
Puffinus gravis . . . . . . . . . . . . . . . . . . Great shearwater Procellariiformes Ciconiiformes
Pelecanus occidentalis . . . . . . . . . . . Brown pelican Pelecaniformes Ciconiiformes
Sula nebouxiic . . . . . . . . . . . . . . . . . . Blue-footed booby Pelecaniformes Ciconiiformes
Phalacrocorax brasilianus . . . . . . . . Neotropic cormorant Pelecaniformes Ciconiiformes
Phaethon aethereus . . . . . . . . . . . . . . Red-billed tropicbird Pelecaniformes Ciconiiformes
Fregata magnificens . . . . . . . . . . . . . Magnificent frigatebird Pelecaniformes Ciconiiformes
Ciconia nigrac . . . . . . . . . . . . . . . . . . Black stork Ciconiiformes Ciconiiformes
Phoenicopterus ruber . . . . . . . . . . . . Greater flamingo Ciconiiformes Ciconiiformes
Balaeniceps rex . . . . . . . . . . . . . . . . . Shoebill Ciconiiformes Ciconiiformes
Anas platyrhynchosc,f . . . . . . . . . . . . . Mallard duck Anseriformes Anseriformes
Neophron percnopterusc . . . . . . . . . . Egyptian vulture Falconiformes Ciconiiformes
Gymnogyps californianus . . . . . . . . . California condor Falconiformes Ciconiiformes
Vultur gryphus . . . . . . . . . . . . . . . . . . Andean condor Falconiformes Ciconiiformes
Gallus gallusc,g . . . . . . . . . . . . . . . . . Domestic fowl Galliformes Galliformes
Ortalis guttatac . . . . . . . . . . . . . . . . . Speckled chachalaca Galliformes Craciformes
Opisthocomus hoazin . . . . . . . . . . . . Hoatzin Galliformes Cuculiformes
Grus canadensisc . . . . . . . . . . . . . . . . Sandhill crane Gruiformes Gruiformes
Turnix sylvaticac . . . . . . . . . . . . . . . . Small buttonquail Gruiformes Turniciformes
Charadrius semipalmatusc . . . . . . . . Semipalmated plover Charadriiformes Ciconiiformes
Larus glaucoidesc . . . . . . . . . . . . . . . Iceland gull Charadriiformes Ciconiiformes
Columba liviac . . . . . . . . . . . . . . . . . . Rock pigeon Columbiformes Columbiformes
Melopsittacus undulatusc . . . . . . . . . Budgerigar Psittaciformes Psittaciformes
Cuculus pallidusc . . . . . . . . . . . . . . . . Pallid cuckoo Cuculiformes Cuculiformes
Coccyzus americanus . . . . . . . . . . . . Yellow-billed cuckoo Cuculiformes Cuculiformes
Crotophaga ani . . . . . . . . . . . . . . . . . Greater ani Cuculiformes Cuculiformes
Musophaga porphyreolophac,h . . . . . Purple-crested turaco Cuculiformes Musophagiformes
Tauraco hartlaubih . . . . . . . . . . . . . . Hartlaub’s turaco Cuculiformes Musophagiformes
Bubo virginianusc . . . . . . . . . . . . . . . Great-horned owl Strigiformes Strigiformes
Chordeiles acutipennisc . . . . . . . . . . . Lesser nighthawk Caprimulgiformes Strigiformes
Apus affinusc . . . . . . . . . . . . . . . . . . . Little swift Apodiformes Apodiformes
Anthracothorax nigricollisc . . . . . . . . Black-throated mango Apodiformes Trochiliformes
Urocolius macrourusc . . . . . . . . . . . . Blue-naped mousebird Coliiformes Coliiformes
Trogon collarisc . . . . . . . . . . . . . . . . . Collared trogon Trogoniformes Trogoniformes
Coracias caudatusc . . . . . . . . . . . . . . Lilac-breasted roller Coraciiformes Coraciiformes
Upupa epopsc . . . . . . . . . . . . . . . . . . . Eurasian hoopoe Coraciiformes Upupiformes
Tockus nasutusc . . . . . . . . . . . . . . . . . African-grey hornbill Coraciiformes Bucerotiformes
Galbula pastazaec . . . . . . . . . . . . . . . Coppery-chested jacamar Piciformes Galbuliformes
Picoides pubescensc . . . . . . . . . . . . . . Downy woodpecker Piciformes Piciformes
Tyrannus tyrannusc . . . . . . . . . . . . . . Eastern kingbird Passeriformes Passeriformes
Turdus migratorius . . . . . . . . . . . . . . American robin Passeriformes Passeriformes

a Wetmore (1960).
b Sibley and Ahlquist (1990).
c Taxa for which the complete 18S rRNA gene was sequenced in addition to the 12S rRNA, tRNA-Valine, and 16S rRNA genes.
d van Tuinen, Sibley, and Hedges (1998).
e A 400-bp fragment was sequenced to add to the sequences obtained from GenBank; accession numbers U76043, U76036, and X67626.
f 12S, tRNA-Valine, and 16S rRNA sequences obtained from GenBank; accession number L16770.
g 12S, tRNA-Valine, and 16S rRNA sequences obtained from GenBank; accession number X52392.
h Sequence consists of a hybrid of the two Turaco species due to amplification problems.

outgroup taxa (table 1). For some taxa, partial sequences
obtained in earlier studies (Hedges and Sibley 1994;
Hedges et al. 1995) were extended. To improve the res-
olution of the earliest avian divergences, 32 of the 48
taxa (representatives of all avian orders) as well as an
outgroup (A. mississipiensis) also were sequenced for
the more conserved nuclear 18S rRNA gene using the
same polymerase chain reaction protocol with nine
primers. The turtle 18S rRNA sequence (T. scripta) was

obtained previously (accession number M59398). The
galliform sequence is a composite of fowl (G. gallus)
mitochondrial ribosomal genes and the closely related
quail (Coturnix pectoralis) nuclear ribosomal gene be-
cause of an anomalous phylogenetic position in the 18S
rRNA–based tree for G. gallus. Sequences were aligned
using CLUSTAL X (Thompson, Higgins, and Gibson
1994), and the basal nodes resulting from this alignment
were confirmed with the alignment obtained with the
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divide-and-conquer method (Stoye 1998; http://
www.bibiserv.techfak.uni-bielefeld.de/dca). Alignments
and a list of primers used in this study are available from
the authors. The new sequences have been deposited in
GenBank (accession numbers AF173561–AF173638).

Phylogenetic Analyses

For phylogenetic analysis, the neighbor-joining
method was performed in both MEGA (Kumar, Tamura,
and Nei 1993) and PAUP 4.0 (Swofford 1998), using a
Kimura (1980) two-parameter distance and the com-
plete-deletion option. To test the earliest branching pat-
terns, either all substitutions (nuclear) or transversions
only (mitochondrial, combined) were used, depending
on the type of analysis. Topological effects of compo-
sitional bias were tested by performing separate phylo-
genetic analyses using the Tamura-Nei distance (Kumar,
Tamura, and Nei 1993), resulting in effects only on the
topology of the unresolved parts of the avian tree (with-
in Neoaves, the cohort of neognaths excluding the gal-
loanserine orders). Chi-square analyses of separate base
frequencies, including only variable sites, show no sig-
nificant deviation from stationarity among all taxa.
Nonetheless, we employed log determinant distances to
correct for heterogeneous base composition (Swofford
1998) in conjunction with the neighbor-joining method.
Topological effects were again observed only among the
neoavian birds. For analysis of the combined data, re-
sulting neighbor-joining trees were compared with those
obtained by maximum-parsimony and maximum-likeli-
hood methods (Swofford 1998). For subsequent analy-
ses, only neighbor-joining analyses were employed, con-
sidering the sizes of the data sets and the computational
time involved. Separate analyses were performed on the
full alignment from CLUSTAL X (liberal alignment)
and on a more conservative data set in which hyper-
variable regions (549 bp total) were removed after man-
ual adjustment of the liberal alignment. The bootstrap
method with 2,000 replications was replications was
used to assess the confidence of individual nodes in the
phylogenetic trees. Additionally, significance of interior
branches resulting from transversion-only analyses was
tested using PHYLTEST (Kumar 1996). Tests for alter-
native phylogenetic signal were performed using SPEC-
TRUM 2.0 (Hendy and Penny 1993; 20 taxa, including
2 outgroup, 5 palaeognath, 3 galloanserine, 1 passeri-
form, and 9 remaining neoavian taxa).

The analyses of cytochrome b sequences obtained
from GenBank were performed using Poisson-corrected
distances from sequences of the complete gene (379
amino acids) and included 70 taxa representing the fol-
lowing bird orders (Sibley and Ahlquist 1990): Anseri-
formes (L08385), Bucerotiformes (U89190), Ciconiifor-
mes (U74347, U74348, U74351, U74352, U83305,
U83311, U83312, U83314, U83316, AF076044,
AF076052, AF076054, AF076062, AF076076,
AF076090, AF076094), Coliiformes (U89173, U89175),
Coraciiformes (U89184, U89186, U89188), Craciformes
(L08384, AF068190), Cuculiformes (U89197, U89198),
Galliformes (L08377, L08381, AF013763, AF028791,

AF028795, AF028798, AF028802, AF068192,
AF068193, Gruiformes (U11060, U27543), Passerifor-
mes (U15206, U25736, U25738, U77331, U77336,
X74251, X74256, Y16885, AF081958, AF081959,
AF082007), Piciformes (U89192, U89193), Psittacifor-
mes (U89176, U89178, U89179), Strigiformes (U89171,
U89172, U89194), Struthioniformes (U76050, U76051,
U76052, U76054, U76055), Tinamiformes (U76053,
U76056), Trochiliformes (U89180), Trogoniformes
(U89201, U89202), and Upupiformes (U89189). To test
the sensitivity of the ingroup topology to choice of out-
group, alligators (Y13113) and turtles (AF039066) were
used in combination and separately as outgroup.

Jackknife Analyses

The effect of sampling different numbers of taxa
(avian orders) was explored through separate jackknife
analyses of the mitochondrial data set and the complete
data set (nuclear and mitochondrial rRNA sequences).
In each case, a fixed number of palaeognath and neog-
nath taxa were sampled 100 times randomly, without
replacement, and a neighbor-joining tree was construct-
ed using the Kimura two-parameter and transversions-
only distance. In all cases, the outgroup (alligators 1
turtles) was included and the tree was scored as sup-
porting or not supporting neognath monophyly. Taxon-
specific jackknife analyses were performed by substi-
tuting one of the variable (randomly chosen) neognath
taxa for a galliform (Gallus/Coturnix), anseriform
(Anas), or passeriform (Tyrannus) in each jackknife
sample. In a separate jackknife analysis (40 iterations
because of extensive computational time), a measure of
phylogenetic signal (tRASA; Lyons-Weiler, Hoelzer, and
Tausch 1996) for each jackknifed data set was calculated
and averaged.

Results

Phylogenetic analyses of the complete data set sig-
nificantly resolve the earliest branches in modern birds
and indicate that all orders of neognathous birds form a
monophyletic group (fig. 1). These results are supported
by analyses of the separate nuclear and mitochondrial
data sets regardless of the tree-building method (neigh-
bor-joining, maximum-parsimony, or maximum-likeli-
hood) or the choice of outgroup employed. Furthermore,
the mitochondrial ribosomal genes and the combined
data set indicate that the palaeognaths are monophyletic
and that the galloanserine clade (ducks and gallinaceous
birds) is a sister group to all remaining neognaths (fig.
1). The conserved nuclear sequences alone are not suf-
ficient to resolve the monophyly of Galloanserae but
indicate that ducks, fowl, and cracids are basal neog-
naths. All of these results are robust using the most lib-
eral and the most conserved versions of the alignments
(fig. 1; Materials and Methods), do not change with
choice of alignment method (Thompson, Higgins, and
Gibson 1994; Stoye 1998), and are unaffected by se-
quentially removing constant sites from analysis of the
complete data set.



454 van Tuinen et al.

FIG. 1.—Phylogenetic tree of modern birds based on neighbor-joining analysis of nuclear and mitochondrial rRNA gene sequences (4.4
kb) of 32 avian taxa. The alligator and the turtle are used to root the tree. Confidence values of .95% are indicated on nodes (bootstrap using
complete alignment/interior branch test using complete alignment/bootstrap using conserved alignment/interior branch test using conserved
alignment). Names of infraclasses and cohorts within Neornithes are shown. Note the lack of resolution within Neoaves and within ratites.

FIG. 2.—Correlation between DNA sequence divergence (this
study) and DNA hybridization distances (Sibley and Ahlquist 1990)
for multiple pairwise comparisons. For DNA sequence divergence,
closed circles indicate mitochondrial data (Kimura transversion dis-
tance; r 5 0.84), and open circles indicate nuclear rRNA data (Jukes-
Cantor distance; r 5 0.43). The DNA hybridization distances were
calculated by averaging the DT50H values in Sibley and Ahlquist
(1990). A similar correlation has been obtained for a smaller avian
data set (Hedges and Sibley 1994).

The largest single molecular study to date of any
major group of vertebrates is Sibley and Ahlquist’s
(1990) DNA-DNA hybridization study of approximately
1,700 species of birds representing all extant orders.
That study formed the basis of a revised classification

of birds (table 1) and, although its methods have been
debated, has been a point of reference for many evolu-
tionary studies of birds (Sheldon and Bledsoe 1993).
The correlation between the evolutionary distances cal-
culated from pairwise comparison of the mitochondrial
and nuclear sequences obtained in this study and the
corresponding distances calculated from DNA hybrid-
ization melting curves (fig. 2) indicates broad agreement
and provides support for the continued usefulness of the
DNA hybridization data set. Furthermore, the linear cor-
relation of the mitochondrial sequence divergence with
the hybridization distances suggests that transversion
saturation does not affect our mitochondrial data set.

To further investigate the phylogenetic signal in our
data, we performed spectral analyses on the complete
data set using the conservative alignment obtained by
CLUSTAL X (Thompson, Higgins, and Gibson 1994).
A spectral analysis is independent of any tree-building
method and quantifies the support and conflict for any
grouping, thereby exploring the extent of alternative
phylogenetic signals (Hendy and Penny 1993). Results
indicate comparatively high levels (3.8 3 1023) of sup-
port and low levels (0.0) of conflict for neognath mono-
phyly. The alternative ‘‘monophyletic Palaeognathae-
Galloanserae’’ and ‘‘Passeriformes basal’’ signals were
each accompanied by lower support (1.7 3 1024, 8.4 3
1027) and higher conflict (0.4, 3.3). Similarly, low sup-
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Table 2
Jackknife Analysis Showing Effects of Taxon Sampling on Phylogeny Estimation

No. of
Palaeognaths

No. of
Neognaths

Total No. of
Avian Taxa

Frequency of
Neognath Monophyly Phylogenetic Signala

Mitochondrial data set
2 . . . . . . . . . . . .
1 . . . . . . . . . . . .
2 . . . . . . . . . . . .
3 . . . . . . . . . . . .
4 . . . . . . . . . . . .
5 . . . . . . . . . . . .
5 . . . . . . . . . . . .

2
4
8

12
16
20
25

4
5

10
15
20
25
30

84 (34G, 42A, 95P)b

76 (36G, 29A, 81P)c

78
89

100
100
100

—
0.33
0.39
0.45
0.50
0.56
0.61

Combined data set
2 . . . . . . . . . . . .
1 . . . . . . . . . . . .
2 . . . . . . . . . . . .
3 . . . . . . . . . . . .
4 . . . . . . . . . . . .

2
4
8

12
16

4
5

10
15
20

97 (77G, 97A, 100P)
99 (73G, 94A, 96P)

96
100
100

—
0.88
1.04
1.19
1.40

5 . . . . . . . . . . . .
5 . . . . . . . . . . . .

20
25

25
30

100
100

1.62
1.84

a Lyons-Weiler, Hoelzer, and Tausch (1996); Lyons-Weiler and Hoelzer (1997).
b Number of palaeognath and neognath taxa following Härlid and Arnason 1999. In parentheses are jackknife frequencies in which a specific neognath taxon

was fixed: G 5 Galliform, A 5 Anseriform, P 5 Passeriform.
c Number of palaeognath and neognath taxa following Mindell et al. (1997).

port-to-conflict ratios were found for other clusters that
resulted in neognath paraphyly.

A jackknife analysis of our data sets shows that
neognath monophyly was almost always supported in
small or large subsets of the complete data set and in
the mitochondrial data set when 20 or more orders were
sampled. However, when fewer than 20 orders were in-
cluded in the mitochondrial data set, neognath mono-
phyly was not supported in as many as one quarter of
the jackknife samples (table 2). To further explore this
taxon-sampling problem, we examined those specific
jackknife samples (n 5 81; table 2) that resulted in
neognath paraphyly and found that 91% (74 taxa) in-
cluded a galloanserine taxon. Separate taxon-specific
jackknife analyses were then performed by including a
galliform, an anseriform, or a passeriform in each sub-
set. The latter neognath order was tested because it was
found to be basal among modern avian orders in recent
mitochondrial studies (Mindell et al. 1997; Härlid, Jan-
ke, and Arnason 1998; Mindell et al. 1999; Härlid and
Arnason 1999). As predicted from the first jackknife
analysis, support for neognath monophyly was signifi-
cantly lower when either a galliform or an anseriform
taxon was included. However, support for neognath
monophyly from the jackknife analysis using a passer-
iform was the same as that for randomly chosen neoav-
ian taxa (table 2).

We also investigated taxon-sampling effects in a
published data set (cytochrome b) that supported neog-
nath paraphyly (Härlid, Janke, and Arnason 1998). Al-
though the tree from that gene was considered to pro-
vide support for a basal position of the passeriform birds
under broad taxon sampling, the analysis included only
seven orders. Whereas some orders were broadly sam-
pled, the unusual topological placement of Anseriformes
and the resulting unconventional unrooted tree were
probably caused by sparse sampling of the anseriform

lineage. Changing the root to the traditional placement
fails to yield a monophyletic Galloanserae and Neoaves
due to the sister group relationship of the single anser-
iform lineage to Neoaves. Although the cytochrome b
gene is relatively small (1,143 bp) and is not expected
to robustly resolve the relationships of avian orders, we
nonetheless performed a new analysis with additional
sequences that have since become available. With 11
additional avian orders available in ENTREZ/GenBank
release 112.0, we did not find statistical support for a
basal position of Passeriformes. Furthermore, the tree
supported neognath paraphyly if alligators 1 turtles
were used as the root and neognath monophyly if the
turtle alone was used as the root. This finding is con-
cordant with our jackknife analysis showing support for
neognath paraphyly only in the analyses of small subsets
of taxa (table 2).

Discussion

These results suggest that the finding of neognath
paraphyly in recent molecular studies (Mindell et al.
1997; Härlid, Janke, and Arnason 1998; Härlid and Ar-
nason 1999; Mindell et al. 1999) was probably the result
of insufficient taxon sampling. The reason why inclusion
of galloanserine taxa in smaller samples of taxa increas-
es the probability of neognath paraphyly could be relat-
ed to their basal position among neognaths and the lon-
ger branch lengths of the neoavian orders and outgroup
taxa relative to the galloanserine and palaeognath birds.
The neoavian clade has a 30% longer branch length than
the galloanserine clade and a 74% longer branch length
than the palaeognath clade when examined using
PHYLTEST. Therefore, the importance of the galloan-
serine taxa lies in their intermediate phylogenetic posi-
tion and intermediate branch lengths.
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These jackknife analyses also revealed increases in
phylogenetic signal as taxon sampling was increased (ta-
ble 2). Given that the tree-independent measure of signal
we used (Lyons-Weiler, Hoelzer, and Tausch 1996) is
known to decrease as branch length heterogeneity in-
creases (Lyons-Weiler and Hoelzer 1997), this result
provides further support for the hypothesis that a taxon-
sampling problem is involved. In such cases, long-
branch attraction may result, owing to sparse taxon sam-
pling. When sufficient taxon sampling becomes avail-
able for a diversity of genes, it will be possible to test
for gene-specific effects on phylogeny.

The unrooted trees are identical for the traditional
Palaeognathae-Neognathae concept and for the recently
found topology (Passeriformes basal) derived from the
mitochondrial concatenated protein-coding genes (Min-
dell et al. 1997; Härlid and Arnason 1999; Mindell et
al. 1999). Together with these jackknife data, this ob-
servation indicates that improper rooting can occur
when using sparse taxon sampling. The unrooted tree
from the cytochrome b sequences (Härlid, Janke, and
Arnason 1998) is unconventional. Nonetheless, the re-
analyses of this gene with additional taxa show that a
taxon-sampling problem is probably involved. These re-
analyses further point to the need for optimal outgroup
usage in phylogenetic studies (Lyons-Weiler, Hoelzer,
and Tausch 1998).

The group comprising the orders of neognath birds
exclusive of Galloanserae was found by Sibley, Ahlqu-
ist, and Monroe (1988) based on DNA-DNA hybridiza-
tion data and named Neoaves. In that study, Turnicifor-
mes were left unplaced, but otherwise the composition
of the group is identical to that found here. Sibley and
Ahlquist (1990) and Sibley and Monroe (1990), as well
as other authors (Kurochkin 1995; Rotthowe and Starck
1998), later used Neoaves in reference to all neognath
birds including Galloanserae. Because the taxon Neoav-
es has been used differently, Groth and Barrowclough
(1999) proposed a new name, ‘‘Plethornithae,’’ for the
group originally named by Sibley, Ahlquist, and Monroe
(1988). However, definitions of taxonomic names fre-
quently change, and this is usually not a reason to aban-
don a taxonomic name. Although the International Code
of Zoological Nomenclature does not apply to these
higher-level groupings, we follow standard taxonomic
practice and use the name first applied to the group in
question: Neoaves. Otherwise, we agree with Groth and
Barrowclough (1999) in retaining the names Palaeog-
nathae and Neognathae as infraclasses of the subclass
Neornithes, and in treating the two remaining taxa (Gal-
loanserae, and, in this case, Neoaves) as cohorts (fig. 1).

Inferring the order of appearance of the major lin-
eages of birds permits a better understanding of the mor-
phology and ecology of the earliest neornithine birds.
The late Cretaceous avian fossils of neornithines (Chiap-
pe 1995; Padian and Chiappe 1998), aside from those
of a ducklike bird and a parrot (Stidham 1998), are
mostly of marine taxa (Ciconiiformes, sensu Sibley and
Ahlquist 1990). These fossils led to the proposal that all
orders of modern birds arose from a marine (shore bird)
ancestor (Feduccia 1995). In contrast, the basal lineages

identified in this study (tinamous, ratites, anseriforms,
galliforms, and craciforms) include almost entirely ter-
restrial, nonmarine, ground-dwelling, and heavy-bodied
birds. If our identification of the earliest neornithines is
correct and the ancestral neornithines also shared these
morphological and ecological traits, then the neornithine
fossil record is biased, perhaps as a result of the greater
chances of fossilization of aquatic, particularly marine,
taxa (Benton 1997). Furthermore, this taphonomic bias
could provide an explanation of the large gap in the
neornithine fossil record as implied by molecular time
estimates (Hedges et al. 1996; Cooper and Penny 1997;
Härlid, Janke, and Arnason 1997, 1998; Waddell et al.
1999).
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