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Attempts to resolve relationships among
major groups of birds from DNA sequences
have been plagued by the problem of ap-
parent long branches connected by short in-
ternodes (Sibley and Ahlquist, 1990) and the
dif�culties of sampling a large number of
taxa in one study. A recent study of rela-
tionships among major avian lineages based
on complete mitochondrial DNA sequences
(Mindell et al., 1997, 1999) produced a strik-
ing result of a basal position for passerine
birds (Aves: Passeriformes), placing them as
sister to all other birds. This arrangement is
novel and differs from Sibley and Ahlquist’s
(1990) tree based on DNA–DNA hybridiza-
tion data and from virtually all previous clas-
si�cation schemes for birds (Fig. 1). Most
classi�cations of birds place Passeriformes
well within other neognath lineages (e.g.,
Morony et al., 1975; Howard and Moore,
1980; del Hoyo et al., 1992; Grothand Barrow-
clough, 1999) and place paleognaths (ratites
and tinamous) as the sister to neognaths (all
other birds).

One potential criticism of Mindell et al.’s
(1997, 1999) studies is that taxon sampling is
very sparse (�ve and seven avian species, re-
spectively). A study with greater taxonomic
coverage (21 avian species) based on only
mitochondrial cytochrome b (cyt b) DNA se-
quences (Harlid et al., 1998) still resulted in a
sister relationship between passerines and all
other birds. Nonetheless, all of these DNA se-
quence studies include only a very small frac-
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tion of the >9,000 bird species. The basal po-
sition of Passeriformes with respect to other
birds in these studies might result from long
branch attraction (Felsenstein, 1978) rather
than phylogenetic relationship. Phylogenetic
accuracy can increase with increased taxon
sampling, even at the expense of a decrease
in the number of characters sampled per
taxon (Hillis, 1996, 1998; Graybeal, 1998;
Poe, 1998). Increased taxon sampling in phy-
logenetic studies generally breaks up long
branches, thus increasing detected homo-
plasy (Graybeal, 1998). Improvement of phy-
logeny estimation through increased taxon
sampling can occur even when the number of
base pairs sequenced per taxon is greatly de-
creased (Graybeal, 1998). However, in certain
cases, increased taxon sampling may not aid
phylogeny reconstruction if taxa are added to
branches in particular ways (Kim, 1998; Poe
and Swofford, 1999).

If the position of Passeriformes in the mi-
tochondrial genome tree of Mindell et al.
(1997, 1999) results from long branch attrac-
tion, then increased taxon sampling can po-
tentially provide a better estimate of the phy-
logeny. To assess the sensitivity of the basal
position of Passeriformes to increased taxon
sampling, I analyzed sequences of the mito-
chondrial cyt b gene for 916 species of birds
from GenBank. This data set includes nearly
10% of all avian species. Because published
cyt b sequences are not complete for all of
these taxa, I analyzed two combinations of
the data set: (1) all 916 sequences regard-
less of length and (2) only the 703 sequences
that made up >50% of the total length of
the gene. These treatments are referred to
as the 916- and 703-taxon data sets. I report
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FIGURE 1. Phylogeny of avian major lineages from
(a) Sibley and Ahlquist (1990) and (b) Mindell et al.
(1999). The sister relationship between paleognaths and
Galliformes C Anseriformes is not included in Sibley
and Ahlquist’s �nal classi�cation because they found
other evidence con�icting with this relationship.

on the phylogenetic position of the large
avian order Passeriformes in each analysis
and compare my results with those of Min-
dell et al. (1997, 1999), Harlid et al. (1998), and
Sibley and Ahlquist (1990).

METHODS

I downloaded sequences of cyt b from
GenBank for 916 species of birds (includ-
ing 9 paleognaths [ratites and tinamous], 352
Passeriformes, and 555 other neognaths) and
4 outgroup species (alligator, iguana, and
two turtles). Only single representatives of
each species were included. This data set was
uneven in terms of the length of cyt b se-
quenced for each taxon, which ranged from
»200 bases to >1,100 bases. Missing data
were treated as ambiguous character states
(N’s). Parsimony analysis of 916 taxa is com-
putationally inef�cient; however, the perfor-
mance of neighbor joining (NJ) in recovering
the correct phylogeny is similar to that of par-
simony(Huelsenbeck and Hillis, 1993). Thus,
I �rst analyzed this data set by NJ the un-
correctedp-distances withPAUP¤ (Swofford,

1999) and rooted the entire tree on the two
turtle sequences. This is the 916-taxon data
set. I also performed a NJ analysis by exclud-
ing taxa that did not have at least 50% of the
total cyt b sequence length. All the included
taxa had ¸622 bp-sequenced and this was the
case for 703 species of birds (the 703-taxon
data set). For both data set combinations, I
repeated the analysis by excluding the out-
group and used midpoint rooting to assess
whether there might be differential rates be-
tween the two groups at the root. I repeated
the NJ analysis for data combinations and
used both Kimura two-parameter (Kimura,
1980) and the HKY 85 (Hasegawa et al., 1985)
models of sequence substitution to assess
the sensitivity of the results to models of se-
quence evolution. These analyses were also
repeated to include rate heterogeneity ac-
cording to a gamma distribution (® D 0:20).
To assess general support for the neighbor
joining tree, I conducted a bootstrap analysis
of the 703-taxon NJ tree.

In addition to NJ analysis, I used PAUP¤

to conduct parsimony analysis of the
703-ingroup-taxon data set with outgroup
rooting.For thisdata set, therewere699 infor-
mative characters and 191 variable uninfor-
mative characters. First, I performed heuris-
tic parsimony searches, using 1,000 random
addition replicates. For each replicate I held
�ve trees. As an alternative to random addi-
tion, I also used the NJ tree from above as a
starting tree for heuristic parsimony searches
(20 trees were held from this search). To as-
sess relative support for various nodes un-
der parsimony, I conducted fast parsimony
jackknife (Farris et al., 1996; 50% character
deletion) and bootstrap (Felsenstein, 1985)
replicates (100 replicates). Using the above
parsimony procedure, I also conducted 300
random addition replicates based on amino
acid residues.

For each NJ analysis, I assessed the rela-
tionships between major bird lineages as
identi�ed by Sibley and Ahlquist (1990), in-
cluding ratites, tinamous, suboscine passer-
ines, oscine passerines, gallinaceous birds,
waterfowl, and the remainder of neognaths
(all other birds). To determine the con-
gruence of trees from both data sets with
the previous classi�cation, I computed the
fraction of 21 major groupings (orders and
families of birds) that were monophyletic in
each analysis. I restricted these assessments
to large groups (more than four species
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for all but tinamous) and considered only
arrangements involving species that were in
commonto both of the data set combinations.
These 21 groups include Struthioniformes
(ratites), Tinamiformes (tinamous), oscine
Passeriformes (songbirds), suboscine Pas-
seriformes (nonoscine songbirds), Galli-
formes (fowl), Anseriformes (waterfowl),
Piciformes (woodpeckers), Psittaciformes
(parrots), Columbiformes (pigeons and do-
ves), Charadriiformes (shorebirds and
allies), Caprimulgiformes (nightjars), Trogo-
niformes (trogons), Cuculiformes (cuckoos),
Procellariiformes (tubenoses), Sphenisci-
formes (penguins), Gruidae (cranes), Apodi-
dae (swifts), Falconidae (falcons), Ciconidae
(storks), Accipitridae (hawks, eagles, and
Old World vultures), and Cathartidae (New
World vultures).

For the 703-taxon combination, I assessed
the tree lengths under parsimony for (1) the
outgroup rooted NJ tree (Fig. 2c), (2) the
same tree with Passeriformes monophyletic,
(3) a tree moving Passeriformes inside Anser-
iformes plus Galliformes, and (4) a tree
making Passeriformes sister to Columbi-
formes (see Fig. 3), similar to Sibley and
Ahlquist’s (1990) result. For each of these
trees, the relationships within all nonmanip-
ulated taxa were kept as in the NJ tree, while
I moved branches as indicated above by
using MacClade (Maddison and Maddison,
1992). I performed Templeton’s one-tailed
tests (Templeton, 1983) in PAUP¤ on these
trees to test for signi�cantly worse topologies
under the cyt b data.

RESULTS

Uncorrected pairwise divergences be-
tween taxa ranged from <1% between
closely related species to »32% between al-
ligator and birds. Within birds, the diver-
gence between Passeriformes and other birds
ranged between 20% and 23%. NJ analysis
of both data sets produced trees in which
Passeriformes are not embedded within
other neognath birds (Figs. 2a–d). In all four
cases (data and rooting combinations) oscine
passerines are monophyletic, but in three
of four cases Passeriformes (oscine and su-
boscine passerines) are paraphyletic. Sub-
oscines are sister to all other nonpasserine
neognath birds in these three cases. Root-
ing on only Alligator for the 703-taxon data
set also resulted in identical relationships

among the major groups (as in Fig. 2c). More-
over, the 703-taxon data set produced the
largest fraction of monophyletic traditional
groups (Table 1). NJ bootstrap replicates
supported monophyly of many groups of
birds; however, the arrangement among the
major lineages (paleognaths, Passeriformes,
other neognaths) was not supported at >50%
(Fig. 3).

Parsimony tree lengths for the 703-taxon
data set revealed that a tree making Passeri-
formes monophyletic was two steps shorter
than the NJ tree, but the two trees placing
Passeriformes within other neognaths were
signi�cantly worse under the Templeton test
(P < 0:05). The complete tree from this data
set (Fig. 3) indicates relatively even branches
(in terms of the lengths of the tips).

Parsimony analyses of the 703-taxon data
set also produced a relatively basal position
for Passeriformes (Fig. 2e). Both the analysis
using 1,000 random addition replicates and
the analysis using the NJ tree as a starting
tree placed Passeriformes as the sister group
to all other birds. By the stepwise addition al-
gorithm, the island of shortest trees (length D
37,393; rescaled consistency index [RC] D
0.028) was found on only one of the 1,000
random addition replicates. Branch swap-
ping on the NJ tree produced a tree length
of 37,425. These parsimony analyses suggest
that trees probably exist that are substantially
shorter than the ones recovered in these anal-
yses. Outgroup-rooted parsimony analysis
of amino acids (Fig. 2f) places oscines at the
base of the tree with a lack of resolution for
other higher-level relationships. The short-
est tree for amino acids was found in 4 of the
300 replicates, so these searches were proba-
bly more ef�cient than the parsimony anal-
ysis of nucleotides. Fast jackknife replicates
(jackkni�ng characters) recovered 327 of 702
ingroup nodes supported at >50%. Fast boot-
strap replicates produced a similar number
(325 of 702) of nodes supported at the 50%
level. In both cases the relationships among
the major bird lineages were not supported
above the 50% level. In parsimony jackknife
replicates, the monophyly of birds was sup-
ported at 73% and the monophyly of oscine
passerines was supported at 60%. In addi-
tion, the monophyly of many other orders
and families of birds was supported in >50%
of replicates.

Taxa represented by only a single
species tended to change positions most
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FIGURE 2. Relationships between major lineages of birds for various combinations of data sets and rooting when
using NJ (a–d) and parsimony (e–f). Major lineages are Struthioniformes (ratites), Tinamiformes (tinamous), oscine
Passeriformes, suboscine Passeriformes, Galliformes, Anseriformes, and all other neognaths. Lineages within other
neognaths are shown when all other neognaths are not monophyletic under a particular analysis. (a) 916-taxon
data set, outgroup rooting; (b) 916-taxon data set, midpoint rooting; (c) 703-Taxon data set, outgroup rooting;
(d) 703-taxon data set, midpoint rooting; (e) parsimony analysis of 703-taxon data set (length D 37,393, RC D 0.028),
outgroup rooting; (f) parsimony analysis of amino acids for 703-taxon data set (length D 6899, RC D 0.401), outgroup
rooting. In the outgroup–rooted phylogenies, the outgroup is not shown to facilitate comparison of topologies. The
outgroup taxa are Clemmys marmorata, Kinosteron odoratus, Brachylophus fasciatus, and Alligator mississipiensis.
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FIGURE 3. Tree topology from NJ of uncorrected p-distances using the 703-taxon data set with midpoint root-
ing. The length of the branches in each group indicates the shortest and longest branches of species in that group.
Numbers on major nodes indicate groups that were supported in >50% of NJ bootstrap replicates (no groupings
of major lineages were supported at >50%). The width of each group is proportional to the number of species
from that group included in the analysis. Taxa not named on the tree are (a) Hydrobatidae (group 1), (b) Sphenisci-
formes (group 1), (c) Sphenisciformes (group 2), (d) Threskiornithidae, (e) Hydrobatidae (group 2), (f) Cathartidae,
(g) Phaenicopteridae, (h) Aegothelidae, (i) Pelecanus (Pelecanidae), (j) Balaeniceps (Pelecanidae), (k) Caprimulgidae
(Caprimulgiformes), (l) Nyctibiidae (Caprimulgiformes), (m) Opisthicomidae, (n) Alcedo (Alcendinidae), (o) Eu-
rostopodidae + Steatornithidae (Caprimulgiformes), (p) Podargidae + Batrachostomidae (Caprimulgiformes), (q)
Coliiformes, (r) Scopidae, (s) Struthioniformes (ratites), (t) Tinamiformes (tinamous).
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TABLE 1. Monophyly of 21 select groups.

Data set Percent monophyletic Paraphyletic groups

916 taxa 76 Cuculiformes, Caprimulgiformes, Procellariiformes,
Charadriiformes, Sphenisciformes

703 taxa 86 Caprimulgiformes Procellariiformes, Sphenisciformes

dramatically across NJ analyses. For exam-
ple, Alcedo, the sole representative in this data
set of Coraciiformes (153 species), grouped
with the monotypic family Opisthocomidae
in the 703-taxon combination and with
Falconidae in the 916-taxon combination.
Two of the oldest traditional orders among
birds as determined by Sibley and Ahlquist
(1990)—Cuculiformes (not shown) and
Caprimulgiformes (Fig. 3)—tended to be
paraphyletic in most analyses. This result
suggests that long branches are relatively
unstable in this analysis.

Given the ability of additional taxa to break
up long branches, one might be surprised
that the 916-taxon data set performed worse,
in terms of recovering monophyly for or-
ders and families of birds, than the 703-taxon
data set. Besides �nding a greater fraction
of monophyletic groups using the 703-taxon
data set, other results indicate that this data
set may be performing better than the 916-
taxon combination. Whereas the 703-taxon
combination places paleognaths near the
base of the tree and sister to all other birds
(Fig. 2c), the 916-taxon combination (Fig. 2a)
places ratites within other neognaths (in con-
�ict with Sibley and Ahlquist, 1990; Harlid
et al., 1998; and traditional classi�cation, but
see Mindell et al., 1999).

DISCUSSION

The inclusionof 916 birds in a phylogenetic
analysis of cyt b represents one of the largest
across-species analyses ever conducted for
any group of organisms (see Chase et al.,
1993, for an analysis of 499 seed plants; Soltis
et al., 1997, for an analysis of 223 seed plants;
and Källersjö et al., 1998, for an analysis
of 2,538 plants). Sibley and Ahlquist (1990)
present a tree for birds with 1,034 terminals,
but they constructed this tree from an in-
complete distance matrix, using only a frac-
tion of all possible pairwise comparisons. I
analyzed the cyt b data with NJ in two dif-
ferent data set combinations (916 and 703

taxa) with and without outgroup rooting.
In all NJ analyses, Passeriformes were not
embedded as a lineage within other neog-
naths, but rather were sister to all other
neognaths (with oscines and suboscines of-
ten being paraphyletic) or were sister to pa-
leognaths and this clade in turn was sis-
ter to all other birds (Fig. 2). In addition,
all parsimony analyses placed Passeriformes
at the base of the avian tree. The results of
the present study are in general agreement
with more taxonomically restricted parsi-
mony analyses of cyt b (Harlid et al., 1998)
and of complete mitochondrial sequences
(Mindell et al., 1997, 1999). Thus, it is un-
likely that the controversial resultsof Mindell
et al. (1997, 1999) and Harlid et al. (1998) are
merely the result of inadequate taxon sam-
pling. In addition, some of the analyses indi-
cated paraphyly for Passeriformes, with sub-
oscines and oscines being separate from each
other (also found by Mindell et al., 1999).
Whether or not Passeriformes are para-
phyletic, the divergence between suboscines
and oscines is large and appears to predate
most other radiations within birds (Fig. 3).

Although a position for Passeriformes out-
side of other neognaths was generally consis-
tent across analyses, this result did not re-
ceive strong support (i.e., >50%) in either
bootstrap or jackknife analyses (Fig. 3). The
extent of homoplasy is high in this data set
(RC < 0.03), and high homoplasy can reduce
the power of bootstrap analyses (Zarkikh
and Li, 1992, 1995). Although low bootstrap
and jackknife support indicate that caution
should be applied to the results, the consis-
tency of the general positionof Passeriformes
(even though some of the details of the topol-
ogy change) increases con�dence that this re-
sult may be stable to the addition of more
data. Jackknife and bootstrap analyses did
not strongly support arrangements of ma-
jor clades, but they did support the mono-
phyly of many groups (including many or-
ders and families). In parsimony jackknife
replicates, 327 of 702 ingroup nodes (46.6%)
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were supported at the 50% level. In the par-
simony jackknife analysis of plant rbcL se-
quences by Källersjö et al. (1998), 1400 of 2537
nodes (55.2%) were supported at >50%.

Because monophyly for most of the major
groups of birds was generally supported in
all analyses, cyt b is likely to contain phyloge-
netic information relevant for deeper avian
divergences. Although some have argued
that cyt b may have dif�culty recovering
certain phylogenetic problems (Meyer, 1994;
Moore and DeFilippis, 1997), this marker
appears to recover several traditionally ac-
cepted deep relationships in most analyses
(e.g., monophyly ofoscinePasseriformes, sis-
ter relationship between Anseriformes and
Galliformes).

Whereas most relationships inferred from
analysis of cyt b were consistent with some
previous assessments, taxa that appeared in
unusual positions fell into two major cate-
gories: old, poorly sampled lineages, and lin-
eages represented by only one or two species.
Two old lineages of neognaths recognized
by Sibley and Ahlquist (1990)—the cuckoos
(traditional Cuculiformes) and the nightjars
and allies (traditional Caprimulgiformes)—
were paraphyletic in many analyses. This is
probably a result of the relatively poor sam-
ple of these two groups and the fact that
most of the branches in these groups are very
long. However, in many analyses most of the
species in these groups clustered together,
with only a few lineages being responsible
for the paraphyly. In addition, families or
orders represented by single species tended
to change positions readily and be involved
in causing paraphyly in other larger groups
(by inserting within these groups). These ob-
servations suggest that long branches have
a strong potential to confound phylogenetic
analyses and that phylogeny reconstruc-
tion might be improved by breaking long
branches.

Rooting of molecular phylogenies can be
an extremely problematic exercise (Wheeler,
1990; Smith, 1994). Birds have no close living
relatives, making identi�cation of the root of
the avian phylogeny dif�cult. Although one
could argue that rooting with alligator and
other outgroups merely attracts the root to
the longest branch (Wheeler, 1990), no root-
ing of any of the NJ topologies from the data
set combination analyses (Fig. 2) resulted
in Passeriformes being derived from other
neognaths with paleognaths being outside

neognaths. Rerooting the parsimony trees
(Figs. 2e, 2f) might provide such a result.
However, adding more data of the same
type as cyt b seems unlikely to do so in
most analyses. Finding the root for an avian
phylogeny apparently is still a problem be-
cause rooting changed slightly across some
of the analyses. In particular, more data are
needed to determine whether the avian tree
should be rooted between tinamous and all
other birds (Fig. 2a), between paleognaths
and neognaths (Fig. 2c), between paleog-
naths plus Passeriformes and all other neog-
naths (Fig. 2d), or in some other way.

In addition to rooting problems, incor-
rect models of DNA substitution may result
in the incorrect topology. Although chang-
ing the model of substitution to Kimura
two-parameter (Kimura, 1980) or HKY 85
(Hasegawa et al., 1985) or incorporating rate
heterogeneity did alter the arrangements of
some nodes, the placement of Passeriformes
and the other major lineages was largely un-
affected by use of an alternative model. Par-
simony trees also placed Passeriformes in a
basal position, sister to all other birds. Tem-
pleton (1983) tests on parsimony trees also
support the general conclusion that passer-
ines are outside other neognaths, indicat-
ing the insensitivity of this result to general
method of analysis.

Adding taxa to phylogenetic analysis can
possibly aid in many phylogenetic problems
(Hillis, 1996, 1998; Graybeal, 1998) but may
not be a solution in every case (Kim, 1998;
Poe and Swofford, 1999). If the basal posi-
tion of Passeriformes among birds is spuri-
ous because of long branches, increasing the
number of taxa from 7 to 916 does not appear
to change this result. In addition, the pos-
sibility that Passeriformes are an unusually
long branch seems unlikely. Although the
branch leading to the root of oscine Passeri-
formes is relatively long, the total length of
branches within Passeriformes is largely the
same as other branches across other birds
(Fig. 3). In fact, most of the longest branches
in the tree involve non-passerines.

Another interesting result is that when
taxa are well sampled, adding taxa such that
sequences become uneven in length also ap-
pears to reduce phylogenetic congruence. In
this case, missing data may have compro-
mised phylogenetic analyses. In addition,
some authors have suggested that a thresh-
old sequence length is needed for certain
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phylogenetic problems. Above this thresh-
old, adding taxa can greatly improve ac-
curacy, but below the threshold, accuracy
is compromised even when a large num-
ber of taxa are added (Cummings et al.,
1995; Mindell et al., 1997). For some phyloge-
netic problems, adding sequences increases
accuracy more than does adding taxa (Poe
and Swofford, 1999). The results presented
here suggest that caution should be exer-
cised in analyzing data sets in which taxa
differ markedly in the number of missing
characters.

In conclusion, analysis of 916 avian cyt
b sequences reveals a position for Passeri-
formes outside other neognath birds, sup-
porting the results of Mindell et al. (1997,
1999) and Harlid et al. (1998). This phyloge-
netic position for Passeriformes is in contrast
to Sibley and Ahlquist’s (1990) large DNA–
DNA hybridization tree for birds and vir-
tually all previous classi�cation schemes. In
addition, recent evidence from nuclear se-
quences places Passeriformes within other
neognaths (Groth and Barrowclough, 1999).
The possibility that nuclear and mitochon-
drial genes are in con�ict with regard to the
position of Passeriformes within birds merits
further investigation.
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Traditionally, gastropod classi�cation and
phylogeny are often based on hardshell
structures, although other anatomical char-
acters and molecular characters are increas-
ingly included in systematic studies (Ponder,
1988, and references therein; Bieler, 1992), to-
gether with ultrastructural shell characters
(Falniowski and Szarowska, 1995). Some au-
thors have expressed a certain scepticism
for using shell characters in cladistic analy-
ses (e.g., Kool, 1993; Robertson, 1996; Wise,
1996), whereas others have based their analy-
ses entirely onsuch characters (e.g., Michaux,
1989), which in turn has been questioned
by Emberton (1995). Some authors (e.g.,
Robertson, 1978, 1996; Davis, 1979; Kool,
1993), however, have stated that shell char-
acters should be avoided, being more prone
to selective processes and hence more ho-
moplastic than other characters. According
to those authors, selection will increase the
risk that an empirically observed similarity is
not the result of common ancestry but rather
of parallel or convergent evolution, which
may lead to erroneous conclusions.

Although shell shape, sculpture, and
coloration are the traditional characters in
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molluscan systematics (Bieler, 1992), other
information has also been used. For ex-
ample, Cuvier (1797) established the taxa
Gastropoda and Cephalopoda on the basis
of how they moved. Lamarck (1799) op-
posed this by arguing that in most cases
only the shell was known and classi�ca-
tion should, therefore, be based on con-
chological characters; indeed, the name
Bivalvia stems from the emphasis on shell
characters. Not until the middle and late
nineteenth century (e.g., Lovén, 1840, 1849;
Herdman, 1890; Pelseneer, 1899) did com-
parative anatomy of soft parts, histology,
and embryology gain acceptance in clas-
si�cation. Milne-Edwards (1848) divided
the gastropods into Prosobranchia, Opistho-
branchia, and Pulmonata mainly on the basis
of the organization of the respiratory system.
Spengel (1881) divided the same animals into
Streptoneura and Euthyneura, according to
differences in the nervous system. Mörch
(1865) argued that different characters were
useful at different taxonomic levels; for ex-
ample, characters of the heart were better for
diagnosing higher categories, whereas char-
acters from the reproductive system could
be used at lower taxonomic levels. This is a
remnant from Cuvier’s distinction of impor-
tant and less important characters (Geoffroy
Saint-Hilaire and Cuvier, 1795), in which
characters essential for survival were used
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