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Abstract

The morphological and molecular evidence for higher-level reptile
relationships is reassessed. A combined analysis of 176 osteo-
logical, 40 soft anatomical, and 2903 (1783 aligned) molecular
characters in 28 amniote taxa yields the traditional reptile tree.
Synapsids (including mammals) are the sister taxon to all other
amniotes, including all extant reptiles. Turtles group with anapsid
parareptiles and fall outside a monophyletic Diapsida. Within
diapsids, squamates and Sphenodon form a monophyletic
Lepidosauria, and crocodiles plus birds form a monophyletic
Archosauria, This tree is identical to the tree strongly supported
by the osteological data alone when fossils are included. In a
combined analysis the strong osteological signal linking turtles
with anapsids is sufficient to override a soft anatomical signal
placing turtles next to a heterodox archosaur-mammal clade,
and a weaker molecular signal linking turtles with archosaurs.
quever, the turtle-archosaur clade cannot be statistically
rejected. When fossils are ignored, the signal in the osteological
data set disappears and, in a combined analysis of morphology
and molecules, the molecular (turtle-archosaur) signal prevails.
These results highlight the importance of fossils, not just in
osteological studies, but even in “combined” analyses where
they cannot be scored for the majority of characters (soft anatomy
and molecules). Although the total number of molecular traits
(2?03) is much greater than the total number of morphological
traits (216), when only characters informative at the relevant
!eve}s are considered, the two data sets are approximately equal
In size. The partition homogeneity test yields unreliable results
unless uninformative (invariant and autapomorphic) characters
are excluded. Analyses of the mitochonglrial data suggest that
recent evidence from nuclear genes for a heterodox turtle-
crocodile clade (excluding birds) might be an artefact of inade-

quate sampling of a diverse outgroup (mammals) and thus,
problems with rooting the reptile tree.
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Introduction

Despite over a century of research, the relationships
between the major groups of living amniotes (mam-
mals, turtles, squamates, Sphenodon and archosaurs)
remain contentious. There is now a consensus that
all living reptiles form a clade, i.e. that turtles are
more closely related to other living reptiles than
to mammals. This arrangement has now been sup-
ported by compelling evidence from both morphol-
ogy (Gauthier et al., 1988; Laurin and Reisz, 1995;
Lee, 1997; de Braga and Rieppel, 1997) and mol-
ecules (Marshall, 1992; Eernisse and Kluge, 1993;
Van de Peer et al., 1993; Caspers et al., 1996; Zar-
doya and Meyer, 1998). However, relationships
within the reptile clade remain controversial, due
mainly to disagreement over the affinities of turtles
with the remaining reptiles, which are all conven-
tionally termed “diapsids™ on the basis of their pos-
session of two temporal fenestrae (Williston, 1917,
Romer, 1966; Carroll, 1988; Benton, 1996). There
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are two major clades of living diapsids, archosaurs
(crocodiles and birds) and lepidosaurs (Sphenodon
and squamates). The monophyly of archosaurs, and
of lepidosaurs, is extremely strongly corroborated
(e.g. Gauthier, 1984; Benton, 1984,, 1985; Evans,
1984, 1988; Gauthier et al., 1988; Kemp, 1988;
Rieppel and de Braga, 1996; Dilkes, 1998; but see
Hedges and Poling, 1999 and comments below).
If these two diapsid clades are provisionally ac-
cepted, there are three ways in which turtles might
be related to diapsids: they might fall outside a
monophyletic Diapsida, or might render diapsids
(as currently construed) paraphyletic by being the
sister group to either lepidosaurs or archosaurs.
These three possibilities are here called the “anap-
sid”, “lepidosaur” and “archosaur” hypotheses re-
spectively (Fig. 1). Each has some recent charac-
ter support from either morphology or molecules.

The anapsid hypothesis is the traditional arrange-
ment. It implies that turtles retain primitively
unfenestrated (anapsid) skulls, and that the presence
of two temporal openings is one of the diagnostic
derived characters uniting archosaurs and lepido-
saurs as a monophyletic Diapsida (e.g. Williston,
1917; Gaffney, 1980; Reisz, 1981; Gauthier, 1984,
Benton, 1985, 1996; Gaffney and Meylan, 1988;
Carroll, 1988). Under the most recent interpreta-
tions of this hypothesis, the nearest relatives to
turtles are primitive anapsid reptiles, in particular,
procolophonoids (Laurin and Reisz, 1995) or
pareiasaurs (Gregory, 1946; Ivachnenko, 1987,
Lee, 1997). The hypothesis of diapsid monophyly
has been supported largely by morphological, and
in particular skeletal, traits. However, even the
skeletal traits are relatively few, and some are also
correlated with temporal fenestration (e.g. Reisz,
1981; Gauthier, 1984; Benton, 1985; Evans, 1988;
Laurin and Reisz, 1995). Furthermore, soft ana-
tomical traits support a radically different arrange-
ment of amniotes (Gauthier et al., 1988; Gardiner,
1982, 1993; see below). Thus, the morphological
evidence for diapsid monophyly is not strong. Nev-
ertheless, this arrangement was widely accepted,
and analyses of basal amniote relationships con-
tinued to assume diapsids were monophyletic, and
thus represented them using only one or two pre-
sumably basal forms (e.g. Laurin and Reisz, 1995;
Lee, 1995).
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Fig. 1. The three proposed positions for turtles with respect to
living diapsids. 1 is the “anapsid” hypothesis, 2 is the “lepidosaur”
hypothesis, and 3 is the “archosaur” hypothesis.

The widespread assumption of diapsid mono-
phyly was recently challenged by Rieppel and
deBraga (1996; deBraga and Rieppel, 1997), who
on the basis of a detailed analysis of osteological
traits suggested the second arrangement — that turtles
are nested within diapsids as the sister group to
extant lepidosaurs. DeBraga and Rieppel’s con-
clusions were based on the first comprehensive
phylogenetic analysis of basal amniotes (including
turtles) where diapsids were not assumed to be
monophyletic. The results were unexpected: when
the Diapsida was split into all its component lin-
eages, these lineages did not form a clade. Rather,
turtles nested within the cluster of diapsid lineages,
as the sister group to sauropterygians, a marine
radiation consisting of placodonts, plesiosaurs, and
their relatives. Lepidosaurs were the nearest extant
relatives of the sauropterygian-turtle clade. This

\arrangement implies that turtles have secondarily

closed their temporal fenestra. However, a reanalysis
of deBraga and Rieppel’s data showed that, even
if all their character codings were accepted as cor-
rect, support for their preferred phylogeny over
the traditional phylogeny was not significant
(Wilkinson et al., 1997). Further reanalysis, where
some miscoded characters in the data set were
rescored, yielded the traditional tree, with turtles
grouping with anapsid reptiles and falling outside
a monophyletic Diapsida. However, as relatively
few characters were changed to cause this topo-
logical shift, the revised (traditional) tree was not
strongly ‘supported over the heterodox topology
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(Lee, 1997). Thus, although deBraga and Rieppel’s
analysis did not demonstrate that turtles were
modified diapsids, it certainly highlighted that the
traditional anapsid hypothesis is far weaker than
generally assumed, and that the lepidosaur hypo-
thesis deserves serious consideration. A more recent
study (Rieppel and Reisz, 1999) has again argued
for a turtle-sauropterygian clade, and discussed a
scenario for an aquatic origin of turtles.

It was suggested that molecular sequences would
provide independent data to resolve the issue (Wil-
kinson et al., 1997). However, the molecular data
have surprisingly supported neither of the two
arrangements proposed on the basis of morphology.
Instead, early molecular results seemed most consis-
tent with the third possibility — that turtles are most
closely related to extant archosaurs (see Eernisse
and Kluge, 1993 for review). A recent study (Zar-
doya and Meyer, 1998) included sequences from
two complete mitochondrial genes (12S rRNA and
168 rRNA, totalling 2903 aligned base pairs) from
the two major lineages of turtles (pleurodires and
cryptodires), archosaurs (crocodiles and birds), and
lepidosaurs (Sphenodon and squamates). The op-
timal trees under parsimony, neighbour-joining, and
likelihood analyses grouped turtles as the sister
group to archosaurs, but the traditional morpho-
logical arrangement of a monophyletic Diapsida
Wwas almost equally consistent with the data. The
turtle-lepidosaur hypothesis (deBraga and Rieppel,
1997) was the least supported, but even this ar-
fangement could not be statistically rejected (Zar-
doya and Meyer, 1998). Analysis of complete mito-
Cl}ondrial DNA genomes also grouped turtles and
diapsids (represented only by squamates and archo-
saurs) to the exclusion of mammals (Kumazawa
and Nishida, 1999). Another recent study (Hedges
and Poling, 1999) proposed additional molecular
Support for an even more extreme version of the
arghosaur hypothesis, in which turtles are placed
within archosaurs, as the sister grolip of crocodilians
alone (to the exclusion of birds). While both nuclear
and mitochondrial genes were evaluated in this
study, the heterodox crocodile-turtle clade is sup-
ported by the signal found only in most (but not
all) of the nuclear data; it was contradicted by size-
ab‘le portions of their nuclear data, and all of their
mitochondrial data (see discussion). Thus, while
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sizeable portions of the mitochondrial and nuclear
molecular data support the archosaur hypothesis,
the results are not yet conclusive.

Given the disagreement over reptile relationships
and the observation that both the morphological
and molecular evidence is ambiguous, it was de-
cided to integrate these data into a combined phylo-
genetic analysis. This study thus revisits an impor-
tant earlier study of amniote relationships (Eernisse
and Kluge, 1993) that included an earlier version
of the osteological data (Gauthier et al., 1988) and
only the relatively short and poorly sampled gene
sequences that were then available. That analysis
also only included two “anapsid” groups (turtles
and captorhinids), and thus could not test the mono-
phyly of diapsids with respect to other anapsids,
or the possible relationships of turtles with other
anapsids (e.g. pareiasaurs and procolophonoids)
within a combined morphological and molecular
framework. Also, that analysis did not include
euryapsids, which is a potentially important omis-
sion since they are the lineage that apparently “pulls”
turtles into diapsids in one study (deBraga and
Rieppel, 1997; Rieppe! and Reisz, 1999). The
present study includes all major anapsid lineages,
and euryapsids, and thus can address these ques-
tions with a combined morphological and molecular
analysis.

Combining data sets can allow secondary phylo-
genetic signals to emerge, which are not apparent
when the data sets are analysed individually (Barrett
et al., 1991; Olmstead and Sweere, 1994; Nixon
and Carpenter, 1996). Thus, there is the possibility
that morphological and molecular data sets, which
each give equivocal results, when combined might
interact to yield a strong and/or unexpected signal.
Also, larger data sets (e.g. molecular sequences)
might be expected to swamp smaller data sets (e.g.
morphology), since if the strength of the signal
(per character) is the same in both data sets, the
larger data set would have a larger number of char-
acters supporting its arrangement. However, em-
pirical results suggest that this pattern often does
not occur, with a coherent signal in a smaller mor-
phological data set outweighing an ambiguous sig-
nal in the larger molecular set (e.g. see Nixon and

* Carpenter, 1996; Baker et al., 1998). Thus, there
is no reason to expect that the emergent signal in
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the combined analysis will be that of 2000 aligned
nucleotides, rather than that of 200 morphological
characters; it could even be some other signal
entirely (e.g. turtles as sister group to Sphenodon
alone). As the results show, the traditional anapsid
hypothesis (and thus diapsid monophyly), despite
repeated recent challenges, remains the most strong-
ly supported by the combined data sets. The turtle-
archosaur clade remains a possibility, but the turtle-
lepidosaur clade can be statistically rejected.

Morphological and molecular data sets

The osteological data set of deBraga and Rieppel
(1997) was revised and expanded, yielding a total
of 176 characters for 28 ingroup taxa. New char-
acters, and modifications to existing character
definitions and codings, are listed in the appendix.
Most of these modifications have been previously
published by Lee (1997a) and subsequently accepted
(Rieppel and Reisz, 1999), and are thus not con-
tentious. However, there remains disagreement over
some characters, and the reasons for the codings
adopted in this study are presented in the appendix,
along with references that discuss and/or illustrate
these problematic characters. In order to reduce
computing time, the two procolophonoids, and the
three pareiasaurs, each coded separately in that
analysis, are here combined into single terminal
taxa (Procolophonoidea and Pareiasauridae respec-
tively). This is not a problematic simplification since
in the analyses of the original (deBraga and Rieppel,
1997), and recoded data sets, the procolophonoid
lineages formed a clade, as did the pareiasaur lin-
eages. For the osteological data set, the outgroup
used to root the tree was coded with the condition
found in diadectomorphs, the nearest relatives of
amniotes (Gauthier et al., 1988). Ichthyosaurs, an
important taxon omitted from the original analysis,
were added to the data set by Motani et al. (1998):
however, their codings were questionable as they
were based on a single (albeit primitive) ichthyo-
saur, rather than on a range of basal ichthyosaurs.
Furthermore, they are being recoded for these traits
by other workers (M. Caldwell and P. Spencer, in
prep). Hence, they are not included in the formal
analysis here. However, exploratory analyses were
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performed with ichthyosaurs included and coded
according to Motani et al. (1998): their inclusion
did not change tree topology — they always emerged
as the sister group to euryapsids without changing
existing relationships — and had only a minor effect
on bootstrap values. Thus, their exclusion because
of the problems above does not have a major effect
on the results.

The soft anatomical data set was derived from
the detailed review in Gauthier et al. (1988). To
make the terminal taxa in that analysis comparable
to those used in the osteological analysis, crocodiles
and birds were combined into the taxon Archosauri-
formes, and lepidosaurs were split into Sphenodon
and squamates. The data matrix includes all 40
characters identified in that study that were infor-
mative with respect to relationships between mam-
mals, turtles, archosauriforms, Sphenodon and
squamates (appendix). The outgroup used to root
the tree was coded with the condition found in
lissamphibians, the nearest extant relatives of am-
niotes. The soft anatomical characters discussed
in Gardiner (1982) and Levtrup (1985) are reanal-
ysed in Gauthier et al. (1988), and as such have
been included in the present study.

The molecular data consists of the complete 128
and 16S rRNA mitochondrial DNA sequences for
mammals, turtles, Sphenodon, squamates, and ar-
chosaurs. Of the total of 2903 sites, 1120 ambigu-
ously aligned sites were excluded, leaving a total
of 1783 sites for analysis (Zardoya and Meyer,
1998). Analyses were performed to evaluate if there
was any phylogenetic signal in the excluded sites:
there was none (see below). Again, in order to make

\the terminal taxa used in the molecular analysis
‘comparable with those in the other analyses, various
species in the molecular matrix had to be grouped
into higher taxa. The monotreme, marsupial, and
two placental sequences were combined into a single
“mammal” sequence (representing part of the os-
teological taxon Cynodontia), the pleurodire and
cryptodire sequences into a single “turtle” sequence
(part of the osteological taxon Testudines), and the
bird and crocodile sequences into a single “Archo-
saur” sequence (part of the osteological taxon
Archosauriformes). Construction of such “consen-
sus” sequences was done as follows. When the two
turtles (a pleurodire and cryptodire) both had the
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same nucleotide at a given site (e.g. “A”), the
“testudine” sequence was scored with that nucleo-
tide at that site. However, at sites where they differed
(e.g. the pleurodire with a “T”.and the cryptodire
with a “C”), the “testudine” sequence was scored
as polymorphic (“TC”). This approach of recon-
structing consensus sequences for higher taxa,
commonly used in morphological analyses, is now
being increasingly used in molecular studies as well
(e.g. Zravy et al., 1998), and yields more accurate
results than arbitrarily using a single species to
represent a large clade in an analysis (Wiens, 1998;
Bininda-Emonds et al., 1998). Analyses of the
molecular data alone, with the terminal species com-
bined into consensus sequences in this manner,
yielded almost identical results (see below) to the
previous analysis of Zardoya and Meyer (1998),
where the terminal species were coded individually.
This suggests that the consensus sequence approach
faithfully retained the phylogenetic signal that was
present in the original data set.

The present study combines what appear to be
recent, comprehensive data sets for each category
pf traits. Of course, not all characters have been
included. There are doubtless many other osteo-
logical, soft anatomical and molecular characters
that have been discussed in the literature: no study
can hope to include every trait in every category.
In particular, the soft anatomical traits of Gardiner
(19_93) and the nuclear DNA data of Hedges and
Poling (1999) were not used, for reasons discussed
below. Also, the available complete mitochondrial
genomes (Kumaza and Nishida, 1999) do not yet
include Sphenodon, and thus also have not been
used in this analysis.

Gardiner (1993) listed additional traits supporting
the Haematothermia hypothesis (a bird-mammal
clade); however, these newer data require rigorous
reassessment. Only 25 of the 97 characters used
n Ggrdiner’s (1993) analysis are discussed; the
remainder are only briefly tabulated. Many of the
ln'fldequately defined characters appear to have been
miscoded but a proper assessment of the correct
character states for various taxa can only be done
gfter these states are properly defined. The major-
1ty of the 25 characters that are discussed have
either been inadequately surveyed across amniotes
(e.g. “true sleep”), lump together vaguely similar
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structures of doubtful homology (e.g. hair and
feathers), or are cladistically uninformative, the
derived state being uniformly present in only one
terminal taxon (e.g. subclavian artery origin, uri-
nary bladder). Gardiner’s study no doubt includes
some novel and phylogenetically useful traits that
have been overlooked by previous workers, but
because the state definitions, and distributions, need
to be more rigorously assessed, these characters
are not included in this study.

The recently discussed nuclear sequences (Hedg-
es and Poling, 1999) have also not been considered
here, because the full details of that study could
not be published due to space considerations, and
the presumed alignments and phylogenetic analyses
are currently being reevaluated by several workers.
Though the crocodile-turtle clade proposed on the
basis of the nuclear data appears to contradict the
monophyly of one of the terminal taxa used in this
analysis (Archosauriformes), the support for this
heterodox clade appears weaker than suggested.
The turtle-crocodile-bird trichotomy was interpreted
by Hedges and Poling (1999) as resolved in favour
of a crocodile-turtle clade. However, four of the
nuclear analyses supported a crocodile-bird clade,
while two other nuclear analyses supported a turtle-
bird clade. These latter clades were also supported
by some of their mitochondrial data, which were
not included in the “combined” analyses. Thus, a
more conservative interpretation of these data would
be to treat the turtle-crocodile-bird trichotomy as
unresolved, which is consistent with the widespread
assumption of monophyly of Archosauriformes. For
the purposes of this study, subdivision of Archo-
sauriformes is not necessary because all three data
sets considered here individually strongly support
the monophyly of Archosauriformes: the osteology
(e.g. Gauthier et al., 1988; de Braga and Rieppel,
1997); the soft anatomy (Gauthier et al., 1988),
and the mitochondrial DNA (Zardoya and Meyer,
1998). Even if the Archosauriformes was split and
coded as several taxa, for the data considered here
these taxa would have emerged as a monophyletic
group in all the individual and in the combined
analyses. Thus, there is no necessity to split up
Archosauriformes for this analysis. However, in

“order to rigorously evaluate the crocodile-turtle

hypothesis in a future analysis involving nuclear
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genes (which might not support monophyly of Ar-
chosauriformes), it will be necessary to subdivide
the taxon into its component lineages: Crurotarsi
(crocodiles and stem-group relatives), Ornithodira
(birds and stem-group relatives), and all more basal
archosauriform outgroups to these two clades, such
as Proterochampsidae, Euparkeria, Erythrosuchidae,
and Proterosuchidae (e.g. Benton and Clark, 1988;
Sereno, 1991; Juul, 1994; Witmer, 1997; Gower
and Weber, 1998).

Data analyses

The three data sets here were analysed according
to maximum parsimony using PAUP* (Swofford,
1999), the only analytic method generally applicable
to all three types of traits. (Other analyses applicable
to the molecular data, i.e. maximum likelihood and
neighbour joining, have already been performed
by Zardoya and Meyer (1998), and yielded very
similar results to the parsimony analysis). In all
analyses, characters were equally weighted and all
multistate characters were unordered. The permu-
tation tail probability (PTP) test (Archie, 1989; Faith
and Cranston, 1991) was employed to identify phy-
logenetic structure in the data, but the results were
interpreted conservatively (Slowinski and Crother,
1998). Bootstrapping frequencies (Felsenstein,
1985) were based on 500 heuristic searches in
PAUP: all cladistically uninformative characters
were excluded during resampling since large num-
bers of these characters (e.g. as in many molecu-
lar data sets) have been demonstrated to lower
bootstrap values (Carpenter, 1996). In order to
standardise results, therefore, it seems best to de-
lete all uninformative characters from bootstrap
analysis. The alternative, of including such char-
acters, is difficult as there are potentially an infi-
nite number of “uninformative” characters for each
class of data. Bremer support (Bremer, 1988) for
each clade was calculated using PAUP commands
generated in TreeRot (Sorenson, 1996), which were
modifted so that each search employed 100 rather
than 10 random addition replicates. Initially, the
three data sets were analysed separately. The os-
teological data was analysed two ways: all taxa
included, and only extant taxa. The soft anatomi-
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cal and molecular analyses each included only extant
taxa (since fossils could not be scored for either
class of trait).

The partition homogeneity (= incongruence
length difference) test (Farris et al., 1994) as imple-
mented in PAUP* was applied to see if any of the
data sets were significantly incongruent. This test
randomly assigns characters to partitions equal in
size to the original partitions, and then compares
the between-data set incongruence of the rando-
mised partitions to that in the original partitions.
These tests will be inaccurate if invariant characters
are unequally distributed in the original data sets
(e.g. if they are only present in molecular partitions
but not in morphological partitions), as the randomi-
sation procedure will assign them to both resampled

.data partitions. It has been recommended that such

characters be deleted before employing the test
(Cunningham, 1997). The same arguments apply
to other uninformative (e.g. autapomorphic) char-
acters, which should therefore be deleted as well
(Lee, 2000). Accordingly, two sets of partition
homogeneity tests were performed, one including
all characters, and the other with uninformative
(invariant and autapomorphic) characters deleted.
Partition homogeneity tests might also be adversely
affected if characters with large amounts of missing
data are unequally distributed in the original data
sets (e.g. DNA and soft anatomical characters can
be scored only for living taxa, while osteological
characters can potentially be scored for all taxa).
In the randomised data sets, traits scorable in liv-
ing forms only, and in all forms, will again be
distributed evenly throughout the data partitions,
which will therefore again not be representative
of the original partitions. However, unlike the case
with uninformative characters, there is no easy way
to correct for this bias. Deleting fossil taxa will
make traits in each partition scorable in all taxa,
but might also significantly change the phyloge-
netic signal in the osteological data set (Gauthier
et al., 1988; Donoghue et al., 1989; Lee, 1998; see
results below).

It is arguable whether significant incongruence
justifies keeping data sets separate during analyses
(e.g. see Bull et al., 1993; Nixon and Carpenter,
1996; Ballard et al., 1998). Thus, regardless of the
results of the partition homogeneity tests, combined
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analyses were performed, incorporating all 176 os-
teological, 40 soft anatomical, and 1783 aligned
molecular characters. Two such combined analyses
were undertaken: one including all taxa (including
fossil taxa, which could not be scored for soft anato-
mical or molecular traits), and one including only
taxa with living representatives (i.e. terminals which
could be scored for all traits). Comparison of the
results of these two analyses would demonstrate
whether fossils could have any effect on tree topo-
logy in a combined analysis where they could only

be scored for 176 characters (at most) out of nearly
2000,

Phylogenetic results
Separate analyses

The analysis of the 176 osteological characters,
including extant and fossil taxa, yielded a single
most parsimonious tree (length = 771, consistency
index = 0.54, retention index = 0.67) consistent
with the traditional, anapsid hypothesis (Fig. 2).
The PTP test found significant phylogenetic sig-
nal in this data set (P= 0.0057). The relationships
discovered among the living forms were mammals
(furtles(archosaurs+1epidosaurs)). Turtles fell out-
Sl_de diapsid reptiles and grouped strongly with anap-
sid “parareptiles”; in particular, with pareiasaurs.
All diapsid reptiles, including fossil forms, formed
a robust clade (Bremer and bootstrap support for
all groups shown in Fig. 2).

When the osteological analysis was performed
with only living taxa, three most parsimonious trees
resulted (L=323, CI=0.84, RI=0.40): turtles either
fell outside diapsids, or grouped with lepidosaurs,
or grouped with archosaurs (i.e. the anapsid,
lepidosaur, and archosaur hypotheses were all
equa11.y supported). The strict consensus of the three
trees is shown in Figure 3. The PTP test found the
data set contained a significant phylogenetic signal
(P=0.007), presumably concentrated at the two
res91ved clades in the strict consensus (reptiles and
lepidosaurs). Thus, it appears that the osteological
data sFrongly supports diapsid monophyly (i.e. the
anapsid hypothesis) only when fossil taxa are ¢on-
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Fig. 2. The phylogeny of amniotes supported by the osteological
data alone, by the morphological data (osteology + soft anatomy),
and by the entire data set (osteology + soft anatomy + molecules).
Fossils are included in all analyses. Living taxa in bold text,
fossils in plain text, Turtles are related to anapsids, and diapsids
are monophyletic. Bremer and bootstrapping support for each
of these analyses in this order is listed at each node.

sidered. When fossils are ignored, the osteology
is equally consistent with all three hypotheses.
The soft anatomical characters supported a very
heterodox tree (L=63, CI=0.70, RI=0.61) which
placed turtles as the sister group of an archosaur-
mammal clade (Fig. 4). This arrangement is very
similar to that proposed by Gardiner (1982, 1993)
and Levtrup (1985), who both considered many
of these characters, but does not appear to have
any other modern advocates. It can be concluded
that the soft anatomical data by itself does not
strongly support any of the three currently accepted
positions for turtles. The PTP test again suggested
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Fig. 3. The phylogeny of amniotes supported by the osteological
data alone when fossil taxa are excluded. The tree is a strict
consensus of three most parsimonious trees, which represent
all three proposed positions for turtles (Fig. 1). Numbers at nodes
refer to Bremer support and bootstrap frequency.
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Fig. 4. The phylogeny of amniotes supported by the soft anatomy
alone. Numbers at nodes refer to Bremer support and bootstrap
frequency.

significant phylogenetic signal in this data set
(P=0.001).

The analysis of the 1783 unambiguously-aligned
nucleotide sites yielded a fully resolved tree (L=
2785, CI =0.93, RI=0.35) supporting the Archo-
sauria hypothesis: mammals(lepidosaurs(turtles+
archosaurs)). The high CI is an artefact of the inclu-
sion of large numbers of autapomorphic characters;
the index falls to 0.80 when such characters are
excluded. All clades received moderate to strong
support (bootstrap around 70% or more, Bremer
>7), including the turtle-archosaur clade (Fig. 5).
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Fig. 5. The phylogeny of amniotes supported by the molecular
data alone, and by the entire data set (osteology + soft anatomy
+ molecules) when fossils are ignored. Numbers at nodes refer

.to Bremer support and bootstrap frequency for the two respective

analyses.

The PTP test indicated significant phylogenetic
structure (P=0.008).

Analyses including all (well and poorly-aligned)
sites yielded an identical tree, and almost identi-
cal branch supports, to those including only well-
aligned sites. Analyses including only the poorly
aligned sites gave a single tree but with extremely
poor support on all clades (all had a bootstrap of
less than 50% and a Bremer index of 1). Relaxation
of parsimony by a single step produces a totally
unresolved tree. The poorly-aligned sites also failed
the PTP test (P=0.21). These results indicate that
exclusion of the poorly aligned sites had almost
no effect on the phylogeny, and that there is almost
no signal in the poorly aligned sites. It is recom-
mended that these tests should be routinely perform-
ed on excluded sites assumed to be ambiguously
aligned; at the moment few studies do this, and
the influence of excluded sites is not explicitly
investigated.

Homogeneity tests

The partition homogeneity test was applied to each
possible pair of data sets, and to a comparison
between the entire morphological (osteological plus
soft anatomical) and molecular data (Table 1). For
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Table I. The results of partition homogeneity (incongruence
length difference) tests for various comparisons.

Partitions All Characters  Informative Chars
Only
Osteology vs Soft
Anatomy P=0.95 P=0.95
Osteology vs Molecules P =0.77 P=0.33
Soft Anatomy vs
Molecules P=0.037* P=0.13
All Morphology vs
Molecules P =0.68 P=0.21

* Denotes significant at P = 0.05.

the soft anatomy versus molecules comparison, only
living forms were included since fossil forms could
not be scored for either data set. For all other com-
parisons, all taxa (living and fossil) were included,
since the latter could be scored for one of the two
data sets. Two analyses were performed, with all
characters included, and with uninformative char-
acters excluded. No significant heterogeneity was
detected in seven of the eight comparisons: the ex-
ception was the comparison involving the soft
anatomy and the molecules with all characters
included. However, when only informative char-
acters were included the soft anatomy and molecular
data sets are not significantly incongruent.

The arguments that uninformative characters
should be excluded before applying this test (see
Lee 2000) are supported by these results (Table
1). Firstly, excluding uninformative characters sub-
stantially changed the resultant P values in all
comparisons except for the soft anatomy vs oste-
ology. This is because all comparisons except the
latter contained a molecular partition which had
many uninformative characters. The soft anatomy
vs f)steology comparison involved two morpho-
19glca1 data sets, both with very few uninforma-
tive characters, so exclusion of the latter did not
change the test results. Secondly, employing the
test with all characters included produces rather
Counterintuitive results. In particular, the osteology
IS very congruent with both soft anatomical (P=0.95)
and molecular (P=0.77) data, suggesting that the
la?ter two data sets should also be quite congruent
with one another. Yet, the test suggests that the
molecular and soft anatomical data are highly in-
congruent with one another (P=0.037). However,
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when uninformative characters are excluded, as
recommended here, this inexplicable positive result
disappears, with all comparisons having insignifi-
cant P values (P>0.13).

Combined analyses

The analysis of the combined 216 morphological
(osteological and soft anatomical) characters, with
all taxa included, yielded a tree (L=837, C1=0.55,
RI=0.66) identical in topology to the osteological
tree with all taxa, and with very similar Bremer
and bootstrap values (Fig. 2). When all 1999 char-
acters (osteology, soft anatomy, molecules) were
included, the same tree results (L=3630, C1=0.84,
RI=0.59), again with very similar bootstrap and
Bremer supports (Fig. 2). This tree is consistent
with the anapsid hypothesis: turtles(lepidosaurs+
archosaurs). Monophyly of extant diapsids, in re-
lation to ofher extant amniotes, was strongly sup-
ported in all these analyses. Moreover, the positions
of the fossil taxa in these combined analyses were
identical to that found in the osteological analysis.
It appears that the fossils and osteological characters
largely determined the results of the combined anal-
yses, even though the latter comprised only a small
proportion of the total data set (176 out of 1999
characters).

In order to test the lepidosaur and archosaur
hypotheses against the osteological, morphological
and entire data sets, which all yielded the same
phylogeny, the “backbone constraints” function in
PAUP was employed to find the best trees consistent
with the following relationships between extant taxa:

A.mammals((lepidosaurs)(turtles+archosaurs)), i.e.
the “archosaur” hypothesis.

B. mammals((lepidosaurs+turtles)(archosaurs)), i.e.
the “lepidosaur” hypothesis.

In each of these analyses, all fossil taxa were allowed
to “float”, i.e. insert anywhere in the backbone
phylogeny of extant forms. The most parsimonious
trees consistent with each backbone constraint were
found using three data sets: the osteological data
alone, the morphological data (osteology + soft
anatomy), and for the entire data (osteology + soft
anatomy + molecules).
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Fig. 6. The two most parsimonious trees consistent with the
“backbone” constraint of a turtle-archosaur clade to the exclusion
of other living reptiles. These same two trees are found in anal-
yses employing the osteological, morphological (osteology +
soft anatomy) and entire (osteology + soft anatomy + molecules)
data. Living taxa in bold text, fossils in plain text.

For backbone constraint A (the archosaur hypo-
thesis), the same two most parsimonious trees were
found for all three data combinations (Fig. 6). Both
trees grouped turtles with rhynchosaurs in the archo-
sauromorph clade. Templeton tests (Templeton,
1983; Larson, 1994) indicate that these trees are
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significantly worse than the most parsimonious
(traditional) tree for the osteological, and for the
combined morphological (osteology + soft anatomy)
data (Table 2). However, for the entire (morpho-
logical + molecular) data, these trees are not signifi-
cantly worse than the most parsimonious tree (Table
2).

For backbone constraint B (the lepidosaur hypo-
thesis), the same two most parsimonious trees were
found for all three data combinations (Fig. 7). These
trees both grouped turtles with sauropterygians in
a lepidosauromorph clade, and are very similar to
the arrangement proposed by deBraga and Rieppel
(1997). Templeton tests (Table 2) indicate that both
trees are significantly worse than the most parsi-
monious (traditional) tree for the osteological, and
the combined morphological data. For the entire
data set, the difference verges on significant under
the two-tailed test (P=0.059 and P= 0.064) and is
significant under the more liberal one-tailed test
(P=0.029 and P=0.032). As the Templeton test is
rather conservative and often appears to underes-
timate differences (Larson, 1994), and the one-tailed
test is more applicable here as the alternative tree
is known to be shorter a priori, these results thus
constitute evidence against the lepidosaur hypo-
thesis.

Thus, the osteological and combined morpho-
logical data sets both support the traditional, anapsid
hypothesis and statistically reject the archosaur and
lepidosaur hypotheses. The entire (morphological
and molecular) data also supports the anapsid hypo-
thesis over the other two hypotheses, and can sta-
tistically reject the lepidosaur, but not the archo-

Table 2. Support for the most parsimonious trees consistent with the turtle-archosaur and turtle-lepidosaur hypotheses compared to
the most parsimonious (turtle-anapsid) tree. The trees are illustrated in Figs 2, 6 and 7. The same trees apply to the entire data set, the
morphology, or just the osteology. The extra length, and two- and one-tailed Templeton test results, for each tree and each data set are

shown,

Entire data
(Ost+Soft+Mol)

MPT’s consistent with
alternative hypotheses

Morphology
(Ost+Soft)

Osteology

turtle-archosaur 1 (Fig. 6) +10, P=0.34,0.17

turtle-archosaur 2 (Fig. 6) +10, P=10.36, 0.17
turtle-lepidosaur 1 (Fig. 7) +19, P =0.059*, 0.029**

turtle-lepidosaur 2 (Fig. 7) +19, P = 0.064*, 0.032**

+18, P =0.029**, 0.015** +16, P =0.045**, 0.023**

+18, P =0.029**, 0.015** +16, P =0.045%*, 0.023**
+20, P =0.015%%*, 0.008** +17, P=0.035%*, 0.018**

+20, P =0.018%%*, 0.009** +17, P=0.041**, 0.020**

* = significant at P<0.1, ** = significant at P<0.05.
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Fig. 7. The two most parsimonious trees consistent with the
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anatomy) and entire (osteology + soft anatomy + molecules)
data. Living taxa in bold text, fossils in plain text.

saur, hypothesis. In terms of rank order, the anapsid
hypothesis is the most supported in all three analy-
ses, followed by the archosaur, with the lepidosaur
hypothesis being the least supported (Table 2).
Interestingly, when fossil taxa are excluded, the
osteological signal for the anapsid hypothesis dis-
appears, and the osteological data are equally con-
sistent with all three hypotheses (see above results
for osteological data, and Fig. 3). As would be ex-
pecteq, therefore, when fossils were excluded, the
combined analyses were not greatly influenced by
the'osteo]ogical data. The combined 216 morpho-
lc?glcal (osteological and soft anatomical) characters
yielded a tree (L=389, C1=0.81, RI=0.46) consistent
with the anapsid hypothesis but with diapsid mo-
nophyly very poorly supported (bootstrap=58%,
Bremer=2) (Fig. 8). The entire morphological and
molecular data set yielded a tree (L=3176, C1=0.91,
RI=0.38) with the same topology as that implied
by the molecular data alone, and with bootstrap
frequencies hardly changed (Fig. 5). This tree is

[—
—

Mammals
Turtles
Archosaurs
Sphenodon
Squamates

10, 100
2,58

9,87

Fig. 8. The phylogeny of amniotes supported by the combined
morphological (osteological and soft anatomical) data, when
fossils are ignored. Numbers at nodes refer to Bremer support
and bootstrap frequency.

consistent with the archosaur hypothesis.

Thus, when all relevant taxa are considered, the
traditional anapsid hypothesis is supported in the
morphological and combined (morphological +
molecular) analyses, mainly due to a strong signal
from the osteology that is sufficient to override
the weaker signals from the soft anatomy and mole-
cules. However, if fossils are ignored, the osteo-
logical signal disappears and the heterodox arrange-
ment supported by the molecular sequences remains
uncontradicted, even in the combined analyses that
include osteology.

Molecules, morphology and the importance of
fossils

The above results suggest that the anapsid hypo-
thesis of turtle affinities — and thus diapsid mono-
phyly — remains not only tenable, but is the most
supported arrangement-when the morphological,
molecular and fossil evidence is considered simul-
taneously. The results are thus consistent with those
of an earlier study of amniote relationships based
on morphology and molecules (Eernisse and Kluge,
1993), which also found evidence that the tradi-
tional, osteological tree was preserved in a combined
analysis. The broad structure of the current tree
(Fig. 2) is highly congruent with traditional views,

. and most widely-recognised groupings are mod-

erately to strongly corroborated. The “pelycosaur”
and “therapsid” lineages cluster as successively
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Fig. 9. The “conservative” tree based on the results published
in Hedges and Poling (1999).

closer outgroups to mammals as part of a mono-
phyletic Synapsida (e.g. Broom, 1932; Romer, 1966;
Kemp, 1982). All other fossil reptiles group with
living reptiles, comprising the Sauropsida. Saurop-
sids consist of two major lineages, parareptiles and
eureptiles. The parareptile clade includes, among
other things, millerettids, procolophonoids, pareia-
saurs and turtles (e.g. Laurin and Reisz, 1995; Lee,
1995). Within parareptiles, the nearest relatives of
turtles are pareiasaurs, slow-moving, armoured
herbivores (e.g. Gregory, 1946; Lee, 1995). These
results thus differ from those of Eernisse and Kluge

(1993), which grouped turtles with captorhinids. -

Here, captorhinids, protorothyridids, and a mono-
phyletic Diapsida group together, to form a clade
of Eureptiles (Laurin and Reisz, 1995; Lee, 1997).
Within diapsids, araeoscelids, younginiforms and
certain other early forms are basal lineages out-
side the extant crown-clade (Laurin, 1991; deBraga
and Rieppel, 1997; Motani et al., 1998). Finally,
advanced, crown-clade diapsids (Sauria) consist
of two diverse sister groups, lepidosauromorphs
and archosauromorphs (Gauthier, 1984; Benton,
1985; Evans, 1988; Gauthier et al., 1988; deBraga
and Rieppel, 1997). The marine sauropterygians —
placodonts, plesiosaurs and relatives — are part of
the Lepidosauromorpha (deBraga and Rieppel,
1997; Motani et al., 1998; Rieppel and Reisz, 1999).

When the data sets are analysed separately, the
results are more equivocal. The osteology strongly
supports the anapsid hypothesis when all taxa are
considered, the soft anatomy gives a heterodox ar-
rangement considered untenable by almost all
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workers, while the molecular sequences weakly
support the archosaur hypothesis. The combined
data supports the anapsid hypothesis but cannot
reject the archosaur hypothesis. Both the anapsid
and archosaur hypotheses therefore merit further
consideration, especially in view of the new nuclear
data proposed for a crocodile-turtle clade (Hedges
and Poling, 1999). These results should therefore
encourage further investigation of anapsid and
archosauromorph taxa that might be related to
turtles. If turtles are anapsids, the results here sug-
gest pareiasaurs are the strongest candidates for
their nearest relatives. If turtles are archosauro-
morphs, this study suggests the rhynchosaurs are
worth investigating. Both pareiasaurs and rhyncho-
saurs are stout, slow-moving, herbivorous reptiles
with shearing feeding mechanisms, a plausible
ecotype for a turtle ancestor. In addition, pareiasaurs
possess dermal armour, while rhynchosaurs have
beaks — two further, highly distinctive turtle traits.
The lepidosaur hypothesis (deBraga and Rieppel,
1997) does not receive support from any individual
data set (osteology, soft anatomy, mitochondrial
DNA, or nuclear DNA), is statistically rejected by
the combined analysis, and appears to be the least
likely of the three. If turtles are forced to be lepido-
sauromorphs, they indeed group with the marine
sauropterygians, as suggested by Rieppel and col-
leagues (deBraga and Rieppel, 1997; Rieppel and
Reisz, 1999). However, this tree is significantly
worse than the most parsimonious tree. There is
thus no phylogenetic support for an aquatic origin
of turtles. Also, it should be noted that all basal
turtles described to.date (e.g. Proganochelys,
Australochelys, Palaeochersis and Proterochersis)
appear to be terrestrial, being found in fully or partly
terrestrial deposits and exhibiting tortoise-like
features such as extremely short, robust digits and
domed shells (Rougier et al. 1995).

Previous surveys have demonstrated how mor-
phological traits can drive the results of combined
morphological and molecular analyses, even when
they are in the minority (Nixon and Wheeler, 1996;
Baker et al., 1998). In this analysis, however, it is
notable that the traditional tree is not retrieved when
morphological traits are added to the molecular
data set without increasing taxonomic sampling.
Rather, the addition of morphological traits together
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with fossil taxa is required to change tree topology.
While the phylogenetic importance of fossil taxa
has been disparaged in the past (e.g. Patterson, 1981;
Gardiner, 1982), it is now well established that fossil
taxa can overturn even well-corroborated clades
found in morphological analyses of only extant taxa
(e.g. Gauthier et al., 1988; Donoghue et al., 1989;
Lee, 1998). However, most of these examples in-
volve morphological analyses which have focused
on osteological or hard-part characters determin-
able in fossils. The importance of fossils in such
“osteocentric” analyses is not surprising, since if
sufficiently well-preserved they can be scored for
all characters. The results here demonstrate that
fossils can also play a decisive role in combined
analyses of hard parts, soft anatomy, and molecules.
A similar pattern occurs in a morphological and
molecular analysis of squamate phylogeny (Lee
and Reeder, unpubl. data), where tree topology is
determined by three critical fossil taxa. The ef-
fects of fossils were not explicitly addressed in the
study of amniote relationships by Eernisse and
Kluge (1993), but as their combined (morphologi-
cal + molecular) tree was identical to their mor-
phological tree, and their morphological tree was
shown elsewhere to be structured by fossil taxa
(Gauthier et al., 1988), the same effects can be
%nferred. Thus, these studies challenge the tempt-
Ing assumption that fossils might be unimportant
In combined molecular and morphological analyses,
because they can be scored for very few characters
(only a varying proportion of the “hard part” mor-
phology). A recent analysis of relationships within
turtles based on morphology and molecules (Shaffer
et al.? 1997) showed a much weaker effect of fossils
con51s‘Fent with this assumption: in that combined
analysis, addition of fossils did not change topology
but re.duced support for certain clades, because they
contained large amounts of missing data and/or
Inserted along branches leading to (previously) well-
supported clades. The results here demonstrate that
fossils are not always so indifferent, but can contri-
bute strong and unique signals in phylogenetic
analyses.

Another interesting result concerns the separate
and combined analyses of the osteology and soft
anatomy, when fossils are omitted. The osteological
analysis produces three most-parsimonious trees,
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consistent with the “anapsid”, “lepidosaur” and
“diapsid” hypotheses (Fig. 1), while the soft ana-
tomical data produces a highly heterodox phylogeny
inconsistent with all three osteological trees (Fig.
4). However, when the soft anatomical traits are
combined with the osteology, one of the three os-
teological trees — the “anapsid” tree — emerges as
best supported. This occurs because the soft ana-
tomical data is more consistent (or less inconsis-
tent) with the “anapsid” osteological tree than with
the other possible osteological trees. Thus, even
though at first glance the soft anatomical data might
seem to contain little information since it implies
a rather bizarre tree, it still serves to arbitrate be-
tween the three equally-parsimonious osteologi-
cal hypotheses. Thus, the affinities of turtles are
unresolved when the osteology is analysed sepa-
rately, strangely resolved when the soft anatomy
is analysed separately — but resolved (albeit weakly)
in favour of'the traditional view when the data sets
are combined. This is'a good example of a secondary
phylogenetic signal emerging in a combined analy-
sis, which is not apparent when the data sets are
partitioned and analysed separately (Barrett et al.,
1991; Nixon and Wheeler, 1996; Wiens and Reeder,
1997).

This study also underscores the observation that,
while molecular data sets often contain many more
characters than morphological ones, when only
characters informative at the relevant levels are
considered, the difference can be much less pro-
nounced. This is because molecular studies sequence
all sites in a certain region. This increased objec-
tivity, however, means that most characters in
aligned sequence data sets will not be cladistically
informative. There will often be alignment ambi-
guities which will exclude certain segments from
analysis. Of the aligned sites, many will either be
invariant or cladistically uninformative (e.g. each
derived condition.characterising only a single ter-
minal taxon). Finally, of the remaining sites which
are cladistically informative in molecular analyses,
some will not be informative at the relevant levels
but serve to unite species which are already “known”
to be closely related. For instance, the analysis of
Zardoya and Meyer (1998) was aimed at testing

“relationships between mammals, turtles, archosaurs
and lepidosaurs. However, their terminal taxa were
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species, and thus not all the aligned, cladistically
informative characters helped illuminate the rela-
tionships between these four groups, i.e. they are
not informative at the relevant level. For some
informative sites, the derived state united only the
two turtles, or the two archosaurs, or the two lepido-
saurs, or various mammal clades, and were thus
effectively “autapomorphies” of widely-accepted
terminal taxa (turtles, archosaurs, lepidosaurs,
mammals). In other sites the derived state cuts across
the four putatively monophyletic groups of inter-
est: uniting, for instance, a turtle (e.g. the pleurodire)
and a mammal (e.g. the monotreme); such charac-
ters were also effectively uninformative with respect
to the question being investigated (relationships
between the four groups), since they are equally
consistent with any of the phylogenetic hypotheses
being tested. These comments, it should be em-
phasised, only apply to parsimony analyses. Like-
lihood and neighbour-joining analyses make use
of more or all of the se-quence data. In likelihood
analyses, for instance, invariant sites, and changes
within putatively monophyletic groups, will con-
tribute towards calculations of gamma parameters,
invariant sites, and transition-transversion ratios,
etc. ‘

The same problems of course also affect mor-
phological data: many morphological characters
will be uninformative at the relevant levels, being
of dubious homology (= “alignment”), or invariant
in all taxa, or autapomorphies of a single terminal
taxon of accepted monophyly, or convergently
present only in derived members of accepted mono-
phyletic terminal taxa. However such characters
are usually deliberately culled from morphological
data sets before analysis — whether or not this is
advisable (e.g. Yeates, 1995). Thus, unlike in mo-
lecular analyses, almost all the characters in the
morphological data sets are directly relevant to
resolving relationships among the groups of in-
terest. The methodology of morphological system-
atics is therefore more eclectic and subjective, but
it means that the information density of such data
sets is higher. In this analysis, although initially
the data consisted of 216 morphological and 2903
molecular traits, when only traits cladistically in-
formative at the relevant levels are considered, there
are actually 204 morphological traits and 288

e
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molecular traits. Hence, it is not surprising that
the strong morphological signal regarding relation-
ships between turtles, lepidosaurs and archosaurs
managed to overwhelm the more ambiguous mo-
lecular signal addressing these relationships. Not
only that, but the addition of the 2903 (1783 aligned)
base pairs of molecular data to the morphological
data set had only minor effects on the Bremer and
bootstrap support for all clades. There.is certainly
a strong phylogenetic signal in both the morphologi-
cal and molecular data sets, as shown by the PTP
test results. However, while a large portion of the
signal in the morphological data contributed to the
resolution of relationships between turtles, archo-
saurs, and lepidosaurs, much of the molecular signal
consisted of support for parts of the tree (e.g. mono-
phyly of mammals, therians, lepidosaurs, archosaurs
and turtles) not directly relevant to the problem
under investigation (turtle-diapsid relationships).

Finally, although an attempt to integrate the
nuclear data (Hedges and Poling, 1999) into these
analyses is currently premature since these data
are currently being reevaluated and supplemented
by several groups, it might be worthwhile specu-
lating how the traditional arrangement supported
in this study might be reconciled with the hetero-
dox arrangement proposed in that study. As stated
in the introduction, a conservative interpretation
of their data suggests a turtle-bird-crocodylian tri-
chotomy (Fig. 9). If this interpretation is adopted,
there is a single unrooted network for reptiles that
is consistent with both the traditional arrangement,
and the heterodox phylogeny proposed by Hedges
and Poling (Fig. 10, 11). If the tree is rooted at
turtles, the traditional topology retrieved in the
current study results. If, however, this tree is rooted
at squamates, a tree consistent with Hedges and
Poling’s (conservative) tree results, with the
squamates and Sphenodon being basal to a turtle-
crocodile-bird clade.

There remains the problem of deciding which
rooting position is more likely to be correct. A
rooting problem is not as likely to affect the mito-
chondrial or morphological data sets considered
here since the outgroups to reptiles in both these
data sets were well-sampled: basal mammals (mar-
supials and monotremes) as well as eutherians were
included in the mitochondrial and soft anatomical
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Fig. 10. The unrooted network consistent with all three hypo-
theses of turtle affinities, and the recent arrangement proposed
by Hedges and Poling (1999). Rooting at position 1 yields the
traditional “anapsid” hypothesis, position 2 gives the “archosaur”
hypothesis, position 3 gives the “lepidosaur” hypothesis, and

Position S yields a tree very similar to that of Hedges and Poling
(see Fig. 9).
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data sets, along with the next extant outgroup (am-
phibians). The osteological data set used all mam-
mals as well as fossil synapsids (pelycosaurs and
therapsids), and again employed the next nearest
scorable outgroup (diadectomorphs). Thus, the root-
ing near turtles implied by the combined signal
from these data seems reasonably robust, given the
exhaustive characterisation of the outgroups. How-
ever, a rooting problem is more likely to affect the
nuclear data, since only two derived eutherian mam-
mals (rodent and primate) were used and more basal
eutherians (e.g. edentates), marsupials and mono-
tremes were not sampled. This observation is par-
ticularly interesting since analyses of the 128 and
16S sequences using different samples of mammals
to root a “reptile” tree gave highly variable results.
Under parsimony, for instance, four different rooting
positions were found, three of these corresponding
to the “anapsid”, “archosaur”, and “lepidosaur” hy-

(D) Lepidosaurs

Sphenodon
Squamate
Cryptodire Turtle
Pleurodire Turtle
C rocodilian

Bird

Rooting 4

Parsimony: O, H, OW, OH
OP,OWH

Likelihood: W, O, OH, OP, PW
OW, OWH,OWP

(E) Lepidosaurs

Squamate
Sphenodon
Cryptodire Turtie
Pleurodire Turtle
Crocodilian

Bird

Rooting 5

Hedges and Poling (1999)

Ig. 11. Five different rooted trees consistent with the unrooted network in Fig. 10, and the combinations of mammalian outgroups

that yield each particular ro
change the rooting position

rooted with on]
t

oting. The results of a likelihood and parsimony analyses are listed. Note how outgroup sampling can
and thus, the preferred tree. P — Platypus, O — Opossum, W — Whale, H - Human. OP means the tree is
rees w ¥ the opossum and platypus, W means the tree is rooted only with the whale
ere found when the tree was rooted with the human and the whale *).

, etc. Note that two equally-parsimonious
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potheses, and the other being very similar to the
tree of Hedges and Poling, with lepidosaurs (Sphe-
nodon and squamates) being paraphyletic with
respect to a turtle-archosaur clade (Fig. 10, 11E).
Inclusion of all mammal outgroups, and most
subsets of the outgroups that included the mono-
treme (platypus), resulted in a rooting near turtles
(position 1) consistent with the “anapsid” hypo-
thesis and diapsid monophyly (Fig. 11A). How-
ever, if the monotreme sequence was excluded, the
tree tended to be rooted within lepidosaurs, resulting
in a paraphyletic Lepidosauria and a turtle-archosaur
clade (Fig. 11B,D). This is very similar to the tree
proposed in Hedges and Poling (1999). It is per-
haps significant that Hedges and Poling’s study
used only two eutherians (rodent and primate) to
root their tree and did not consider any monotreme
or marsupial sequences. This might predispose it
to root within lepidosaurs, especially since lepido-
saurs appear to be at the end of long branches for
many molecular sequences (A. Meyer, pers. com.)
and long branch attraction can affect rooting posi-
tion (Milinkovitch and Lyons-Weiler, 1998; Graham
et al., 1998). If the results for the mitochondrial
125 and 16S rRNA also hold for the nuclear se-
quences, inclusion of a wider sample of mammal
sequences (especially those from monotremes)
might break up the long branch between the ingroup
and outgroup, and thus shift the root from within
lepidosaurs to near turtles, or at least weaken the
evidence for placing the root within lepidosaurs.
This would make the heterodox results from nuclear
genes much more consistent with previous mor-
phological (and some previous molecular) results.
A recent example of this phenomenon concerns
whales, where two (apparently) very different phylo-
genies implied by the morphological and molecular
data are actually consistent with the same unrooted
network, and the morphological rooting is robust
while the molecular rooting is sensitive to sampling
within the artiodactyl outgroup, and ambiguous
alignments (Messenger and McGuire, 1998; Milin-
kovitch and Lyons-Weiler, 1998). Such problems
might be prevalent when only a few members are
used to represent a very diverse outgroup (mammals,
artiodactyls). This is not to imply that rooting prob-
lems only affect molecular analyses, and do not
affect morphological ones. Rather, they will affect

M.S.Y. Lee — Phylogenetics of diapsid reptiles

any analyses, morphological or molecular, that fail
to sample outgroups adequately.
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Appendix

Osteological Characters (1-176)

Characters 1-168 are as described in deBraga and Rieppel (1997)
with modifications as discussed by Lee (1997) and Motani et
al. (1998) incorporated. These changes have been mostly accepted
and thus not contentious (Rieppel and Reisz, 1999, p.3). However,
changes regarding eight characters (characters 65, 82, 103, 120,
121, 127, 140 & 152) are questioned by Rieppel and Reisz (1999)
and are discussed below. Some additional changes are made in
the present analysis and also discussed below. Reasons for the
codings adopted in this analysis discussed, and the references
cited illustrate the contentious characters and/or describe them
fully. Other characters are not discussed in order to save space.
Characters 169-176 are new and thus all listed.

Rieppel and Reisz (1999 p.3, paragraph 2) listed, without
discussion, additional changes they also made to the matrix of

- deBraga and Rieppel (1997); these are not adopted here until

their supporting reasons are presented.

19.  Well-known lanthanosuchids have state 0 (Ivachnenko,
1987)

32. Both Acleistorhinus and lanthanosuchids have state 0
(Ivachnenko, 1987; Lee, 1995; deBraga and Reisz, 1996).

41. Acleistorhinus is coded as unknown following deBraga
and Reisz (1996), where the area is noted to be poorly
preserved and the relevant suture not discussed or illustrated
in the reconstructions.

51. Lowertemporal fenestra absent (0); present (1). The com-
plex multistate character 51 of deBraga and Rieppel
included three binaries — the presence of the lower temporal
fenestra (this character), the ventral opening of the fenestra
(character 169 below), and the contribution of the quadrato-
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63.

65.

72.

74.

82.

97.

103,

120.

121,

127.

jugal to the fenestra (correlated with the presence or absence
of the quadratojugal). Contrary to de Braga and Rieppel
(1997), nycteroleterids lack a lower fenestra (Ivachnenko,
1987). :

Younginids (Gow, 1975; Evans, 1987), millerettids (Gow,
1972) and all pelycosaurs (Romer and Price, 1940) retain
the ventral otic fissure.

Pareiasaurs have basal tubera which are formed by both
the basisphenoid and basioccipital, in contrast to the basal
tubera of turtles and other taxa which are formed entirely
by the basioccipital. All basal tubera are here considered
sufficiently similar to be potentially homologous in this
study; however, Rieppel and Reisz (1999) suggest that
they are different enough to fail the similarity test of
homology.

This character is here redefined as basicranial articulation
unfused (0) or fused (1), rather than the inferred functional
states of palate “kinetic” or “akinetic”. The palate in Acleis-
torhinus and lanthanosuchids is not tused; rather, it is a
tight but non-sutural joint. Under the redefined character
they now have state 0.

Millerettids, captorhinids, nycteroleterids and procolo-
phonids do not have a suborbital fenestra (only a small
foramen, which has been coded as a separate character,
170). See Laurin and Reisz (1995).

The mandibular joint is here considered to be primitively
in front of the occiput in turtles, since this is the condition
found in all basal turtles such as Proganochelys, Kayen-
tachelys and Australochelys and most pleurodires and
cryptodires (e.g. Gaffney, 1990; Rougier et al.,1995). In
contrast, Rieppel and Reisz (1999) code this character as
polymorphic in turtles.

The condition in lanthanosuchids is known; they have state
0 (Lee 1995).

The narrow ventral margin on the cervicals of pareiasaurs
is considered potentially homologous to the ‘keels’ on
diapsids; Rieppel and Reisz (1999) consider them ‘ridged
but not keeled’, thus arguing that they are not similar enough
to warrant conjecture of homology. This again is a subjective
disagreement that is difficult to resolve. However, it should
be noted that basal turtles exhibit a very similar morphology
to that of pareiasaurs, which Rieppel and Reisz accept as
potentially homologous to that of diapsids.

Pareiasaurs are here coded with two coracoid ossifications
(e.g. Boonstra, 1932, Gregory 1946); Rieppel and Reisz
(199?) code them with one but did not cite the source.
Pareiasaurs are here coded with the coracoid foramen within
the coracoid, at least when the lateral surface of the
scapulocoracoid is considered (e.g. Boonstra, 1932;
Gregory, 1946); Rieppel and Reisz (1999) code them with
t}'xe' foramen between the coracoid and scapula without
citing a source.

An ectepicondylar foramen is found in most turtles,
including all basal forms (e.g. Gaffney, 1990), and thus
coqed as primitively present. It is absent mainly in highly
derived aquatic forms. Rieppel and Riesz (1999) code either

state as potentially primitive for turtles without stating
Teasons. L

128

140.

152.

169.

170.

171.

172.

173.

174.

175.

176.
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. The condition in lanthanosuchids is known; they have state
0 (Lee, 1995). )

Pareiasaurs lack a discrete fourth trochanter, i.e. a discrete
flange on the ventral surface of the femur. Rieppel and
Reisz (1999) interpret them as having a ‘weak 4th trochanter
... which has shifted to the edge of the femur’, and thus
recognise a weaker structure in a different position as
potentially homologous. This again is a subjective disagree-
ment that is difficult to resolve. Regardless of the potential
homology, pareiasaurs lack a well-developed fourth
trochanter, hence the coding adopted here.

The first distal tarsal is present in most turtles, including
all adequately known basal forms (e.g. Gaffney, 1990);
Rieppel and Reisz (1999) code either presence or absence
as potentially primitive for turtles without citing reasons.
Lower temporal fenestra closed ventrally (0); open ventrally
(1). A subdivision of DRS1; not applicable in taxa without
a fenestra.

Suborbital foramen. Absent (0), present (1). LR49
Quadrate flange of pterygoid. Long, almost reaches quadrate
condyle (0); short, does not approach quadrate condyle
(1). From Lee (1995).

Exoccipitals. Without lateral flanges (0); with lateral flanges
(1). From Lee (1995).

Anterior end of splenial. Tapered (0); forked (1). From
Lee (1995).

Foramen jugular anterius. Small (0); large (1). From Lee
(1995).

Epipophysis of atlas vertebra. Present (0); absent (1). From
Lee (1995).

Paired anterior and posterior concavities in neural arches.
Absent (0); present (1). From Lee (1995).

Soft anatomical characters (177-216)

Alphanumeric codes following descriptions refer to the numbering

177.
178.

179.

180.
181.

182.
183.

184.

185.

186

187

system of Gauthier et al. (1988).

External auditory meatus. Small (0); large (1). G23.
Secondary tympanic membrane and enclosed metotic
fissure. Absent (0); present (1). A21.

Extracolumella. Without Huxley’s foramen (0); with
Huxley’s foramen (1). A25 modified.

Nasal conchae. Absent (0); present (1). G24a.

External nasal gland. Within nasal capsule (0); outside
nasal capsule (1). A6.

Cochlea. Short (0); elongate (1). G27.

Cerebellum. Small or moderately developed (0); enlarged
(1). G7 modified.

Olfactory bulbs. Without peduncles (0); with peduncles
(1). Al4.

Dorsoventricular ridge of telencephalon. Absent (0); pre-
sent (1). L15.

. Neurofilament proteins. Two types (0); three types (1).
L9.

. Pineal gland. Sensory (0); secretory (1). G13 modified.
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188.
189.

190.

191.
192.

193.
194,

195.
196.
197.

198.
199.

200.
201.

202.
203.

204.

Sinus cavernosos. Absent (0); present (1). L13.

Cells of iris and ciliary muscles. Smooth (0); striated (1).
Al7.

Ciliary processes. Poorly developed (0); well developed
(1). G32. ' ’

Pyramidalis muscle of eye. Absent (0); present (1). G34.
Nictitating membrane. Absent or small (0); large (1). G34b
modified.

Tendon of nictitans. Absent (0); present (1). G34c.
Tendon of nictitans. Attaches to eye (0); interorbital septum
(1). G34a.

Colour vision. Absent (0); present (1). Al1.

Masticatory muscle plate. Undivided (0); divided (1). A19.
Postmandibular branchial arches. Three or more (0); two
or fewer (1). A29.

Two or more tracheal rings. Absent (0); present (1). G35a.
Heart. Incompletely divided (0); completely divided (1).
G20.

Septum sinu-venosi. Absent (0); present (1). G21.
Semilunar valves of pulmonary artery. Two (0); three (1).
G3.

Subclavian arteries. Near third or fourth aortic arches, or
more posterior (0); near carotids, or more anterior (1). G37.
Kidney and adrenal gland. Adjacent (0); separated (1).
A20.

Adrenals. Adjacent to body wall (0); suspended by gonadal
mesenteries (1). L7 modified.

Data Matrix

Appendix Table 1. The morphological data matrix. Characters
1-176 are from osteology, and 177-216 are from soft anatomy.
N = no data (i.e. missing information), — = inapplicable (i.e.
taxon too derived to be objectively scored). Within-taxon
variability is represented as follows: A=0&1, B=0&2, C=1&2,
D=0&1&2, E=0&2&3, F=2&3, G=0&3.
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205.

206.
207.

208.
209.
210.
211
212.
213.
214,

215.

216.
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Lumen of stomach. Entirely anterior to pyloris (0); partially
posterior to pyloris (1). A7.

Blood plasma. High in urea (0); low in urea (1). A9.

Phi (= beta) keratins in epidermis. Absent (0); present (1).
GS5e.

Single, erectile penis. Absent (0); present (1). G30.
True epiphyses. Absent (0); present (1). G36a modified.
Cartilage canals in epiphysis. Absent (0); present (1). L10.
Caruncle. Absent (0); present (1). L19.

Egg albumen. Small amount (0); large amount (1). L18.
Eggshell. Calcareous (0); parchment (1). L15.

Eggshell. With large pores (0); without large pores (1).
L15a.

Paired tertiary egg membranes. Present (0); absent (1).
L15b.

Nest building utilising plant material. Absent (0); present
(. Al12.

Mitochondrial DNA (characters 217-3119).

Consensus sequences of the 2903 sites in the complete aligned
12S and 16S ribosomal RNA sequences (Zardoya and Meyer,
1998) were constructed for Mammalia, Archosauria, and
Testudines as discussed in the text.

Appendix Table 1. Continued.
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Appendix Table 1. Continued.
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