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Abstract.—Several mutually exclusive hypotheses have been advanced to explain the phylogenetic position of turtles among
amniotes. Traditional morphology-based analyses place turtles among extinct anapsids (reptiles with a solid skull roof),
whereas more recent studies of both morphological and molecular data support an origin of turtles from within Diapsida
(reptiles with a doubly fenestrated skull roof). Evaluation of these conflicting hypotheses has been hampered by nonoverlap-
ping taxonomic samples and the exclusion of significant taxa from published analyses. Furthermore, although data from soft
tissues and anatomical systems such as the integument may be particularly relevant to this problem, they are often excluded
from large-scale analyses of morphological systematics. Here, conflicting hypotheses of turtle relationships are tested by
(1) combining published data into a supermatrix of morphological characters to address issues of character conflict and
missing data; (2) increasing taxonomic sampling by more than doubling the number of operational taxonomic units to test
internal relationships within suprageneric ingroup taxa; and (3) increasing character sampling by approximately 25% by
adding new data on the osteology and histology of the integument, an anatomical system that has been historically under-
represented in morphological systematics. The morphological data set assembled here represents the largest yet compiled
for Amniota. Reevaluation of character data from prior studies of amniote phylogeny favors the hypothesis that turtles
indeed have diapsid affinities. Addition of new ingroup taxa alone leads to a decrease in overall phylogenetic resolution,
indicating that existing characters used for amniote phylogeny are insufficient to explain the evolution of more highly
nested taxa. Incorporation of new data from the soft and osseous components of the integument, however, helps resolve
relationships among both basal and highly nested amniote taxa. Analysis of a data set compiled from published sources
and data original to this study supports monophyly of Amniota, Synapsida, Reptilia, Parareptilia, Eureptilia, Eosuchia,
Diapsida, Neodiapsida, Sauria, Lepidosauria, and Archosauriformes, as well as several more highly nested divisions within
the latter two clades. Turtles are here resolved as the sister taxon to a monophyletic Lepidosauria (squamates + Sphenodon),
a novel phylogenetic position that nevertheless is consistent with recent molecular and morphological studies that have
hypothesized diapsid affinities for this clade. [Amniota; integument; osteoderms; phylogeny; Testudines.]

Despite renewed interest in amniote phylogeny, con-
sensus on the phylogenetic position of turtles continues
to elude both morphologists and molecular systema-
tists (Fig. 1). Based on morphological data, several con-
flicting hypotheses have been advanced, alternatively
allying turtles with a number of wholly extinct taxa
such as captorhinids (Gauthier et al., 1988a), procolo-
phonids (Reisz and Laurin, 1991; Laurin and Reisz, 1995),
and pareiasaurs (Gregory, 1946; Lee, 1993, 1997a). Other
morphological studies hypothesize that turtles, despite
their anapsid (imperforate) skulls, are phylogenetically
nested among diapsids (reptiles with two pairs of fenes-
trae in the temporal region of the skull), either closely
allied with Lepidosauromorpha, the taxon containing
lizards, snakes, and the tuatara (Rieppel and deBraga,
1996; deBraga and Rieppel, 1997; Rieppel and Reisz, 1999;
Rieppel, 2000), or with Archosauromorpha, the taxon
containing birds and crocodiles (Merck, 1997). An origin
of turtles from within Diapsida necessitates an evolution-
ary reversal whereby skull fenestrae became secondarily
closed.

Additional support for each of these hypotheses has
emerged from varying lines of molecular evidence. Stud-
ies based on mitochondrial DNA (e.g., Zardoya and
Meyer, 1998; Kumazawa and Nishida, 1999) ally turtles
with a monophyletic Archosauria (crocodiles + birds). In
contrast, nuclear DNA evidence supports a sister-taxon
relationship between turtles and crocodiles, to the ex-
clusion of birds (Hedges and Poling, 1999; Mannen and
Li, 1999; Cao et al., 2000). Analyses that have combined

morphological and molecular data (e.g., Eernisse and
Kluge, 1993) support placement of turtles outside Di-
apsida when multiple anapsid fossil taxa are included,
but within Diapsida when fossils are excluded from the
analysis (Lee, 2001).

The multitude of incongruent hypotheses proposed to
explain the phylogenetic position of turtles among am-
niotes poses an explicit challenge to molecular systema-
tists and comparative anatomists alike to resolve these
conflicts. Hundreds of morphological characters have
been evaluated separately in prior studies of amniote
phylogeny (e.g., Gauthier et al., 1988a, 1988b; Laurin and
Reisz, 1995; deBraga and Rieppel, 1997), yet no analysis
to date has compiled and integrated all of this anatomi-
cal data into a supermatrix. Combining data sets is cru-
cial to studies of amniote phylogeny because doing so
may reveal novel phylogenetic groupings that do not
emerge from separate analysis of individual data sets
(e.g., Barrett et al., 1991; Kluge and Wolf, 1993; Olmstead
and Sweere, 1994; Nixon and Carpenter, 1996). Within
Amniota in particular, addition of morphological data
from fossils has been shown to overturn hypotheses
based on data from soft tissue anatomy (Gauthier et al.,
1988a) or molecules, even when molecular characters
greatly outnumber morphological ones (Lee, 2001).

Here I present a compilation of published morpho-
logical data and augment it with several new taxa and
characters. This contribution represents the largest set of
simultaneously analyzed morphological character data
yet assembled for amniotes, and one of the largest ever
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2005 HILL—AMNIOTE PHYLOGENY 531

FIGURE 1. Summary of alternative hypotheses explaining the phy-
logenetic position of turtles (Testudines) among Amniota. A, Turtles
are the sister taxon to all other amniotes (Gaffney, 1980); B, turtles
are parareptiles most closely related to procolophonids (Laurin and
Reisz, 1995); C, turtles are parareptiles most closely related to (or nested
within) pareiasaurs (Gregory, 1946; Lee, 1993, 1997a); D, turtles are the
sister taxon to captorhinids (Gauthier et al., 1988a, 1988b); E, turtles
are derived diapsids that have secondarily lost their temporal fenes-
trae, and are most closely allied with archosauromorphs (Merck, 1997;
Zardoya and Meyer, 1998; Kumazawa and Nishida, 1999; Hedges and
Poling, 1999; Mannen and Li, 1999; Cao et al., 2000); F, turtles are derived
diapsids most closely related to sauropterygians (Rieppel and deBraga,
1996; deBraga and Rieppel, 1997; Rieppel and Reisz, 1999); G, turtles
are derived diapsids most closely related to lepidosaurs (this study).
Number of additional evolutionary steps required for each alternative
hypothesis indicated in italics; see text for discussion. Taxa that include
extant members indicated in bold. Skeletal reconstructions of the oldest
known turtle, Proganochelys, modified from Lee (1997a).

amassed for any vertebrate group. Furthermore, it is
the first study of its kind to incorporate a detailed ex-
amination of the morphology and histology of the in-
tegument (skin and its associated structures) as a major
source of character data for phylogenetic analysis of am-
niotes. Cladistic analyses of these data are performed
here in order to (1) determine the phylogenetic position
of turtles among the major subdivisions of Amniota and
(2) examine the effects of both increasing taxonomic sam-
ple size and adding new characters from the integument.

The Integument and Osteoderms

The amniote integument represents a highly diversi-
fied anatomical system that has repeatedly undergone

modification into structurally and functionally distinct
forms. Because the integument consists mainly of soft
tissues, it is often poorly represented in morphological
studies that include fossils. In many amniote taxa, how-
ever, secondary dermal ossifications (osteoderms) occur
within the skin (e.g., Romer, 1956), representing hard
tissue components of the integument with high preser-
vation (fossilization) potential. Osteoderms occur in all
major lineages of extant amniotes except birds and are
common in the fossil record, in many cases providing
the only direct evidence of the skin of ancient animals.
Osteoderms are commonly referred to as dermal “ar-
mor,” although a protective function is not indubitable
(e.g., Frey, 1988).

Dermal armor has figured prominently in recent dis-
cussions of turtle origins. Lee (1997a) hypothesized that
the elaborate carapace of turtles may have derived from
the fusion of individual osteoderms in a pareiasaurian
ancestor. Rieppel and Reisz (1999) disagreed, citing de-
velopmental evidence (Patterson, 1977; Starck, 1979;
Burke, 1989) that the carapace and plastron must be de-
rived at least partially from endoskeletal elements. In-
corporating comparative data on osteoderms and turtle
shell into a phylogenetic framework is crucial for under-
standing the evolution of the integument in Amniota,
because doing so can help to elucidate homologies be-
tween integumentary derivatives (Hill, 2003, 2004).

MATERIALS AND METHODS

Three online appendices contain all the data rel-
evant to this study and are available to the reader
at http://www.systematicbiology.org. Appendix 1 con-
tains a list of all specimens and references examined for
character state assessments. Appendix 2 contains the list
of 368 discrete morphological characters and descrip-
tions of their primitive and derived states. Appendix 3
contains the actual data matrix. References hereafter to
these appendices refer solely to the supplementary on-
line information, as these items do not appear in print in
this contribution.

Taxonomic Sampling

Classic phylogenetic analyses of Amniota have identi-
fied and emphasized certain large suprageneric ingroup
taxa that are assumed, a priori, to be monophyletic. These
taxa, which include Synapsida, Reptilia, Parareptilia, Eu-
reptilia, Diapsida, and Testudines, purportedly represent
large-scale divergences within Amniota. Increased sam-
pling within each of these clades has been employed as a
method of more thoroughly documenting character state
changes in stem lineages of major amniote taxa, but has
typically been limited to a single amniote clade of par-
ticular interest (e.g., Gauthier et al., 1988a; Lee, 1997a;
deBraga and Rieppel, 1997).

Rosenberg and Kumar (2001) suggested that increased
taxon sampling is of little importance to phylogenetic
inference, and that higher-level evolutionary histories
can be reconstructed with confidence by sampling just
a few taxa. Zwickl and Hillis (2002) and Pollock et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/54/4/530/2842878 by guest on 22 M

ay 2023



532 SYSTEMATIC BIOLOGY VOL. 54

(2002), however, showed that adding taxa greatly re-
duces phylogenetic error in computer simulations, re-
sulting in greater phylogenetic accuracy when compared
to a known, artificial phylogeny. Furthermore, increased
taxonomic sampling has the potential to break down
large, aggregate taxa into several representative (exem-
plar) genera or species, facilitating the testing of hy-
potheses of internal relationships within suprageneric
taxa (Prendini, 2001). Whenever possible in this study,
a single species or monotypic genus was used as a ter-
minal taxon in order to avoid a priori assumptions of
monophyly within large, suprageneric clades.

Taxa examined here included 78 amniote taxa and
two anamniote outgroups (Table 1). For selection of in-
group taxa, four recent morphological analyses of am-
niote phylogeny were integrated and their taxonomic
samples compared. These included three analyses of am-
niote phylogeny by Gauthier et al. (1988a, 1988b) and
Laurin and Reisz (1995), and one analysis of reptile phy-
logeny by deBraga and Rieppel (1997; with additions and
corrections noted by Rieppel and Reisz, 1999). All am-
niote taxa represented in these analyses were included
in the current study. In addition, several taxa new to
this study were selected in order to increase taxon sam-
pling within well-corroborated amniote clades. New taxa
were selected from numerous published analyses includ-
ing those for aetosaurs (Heckert and Lucas, 1999), anky-
losaurs (Hill et al., 2003), crocodylians (Benton and Clark,
1988; Brochu, 1997), squamates (Estes et al., 1988), and
pareiasaurs (Lee, 1997a). In order to reflect the maxi-
mal diversity (and therefore provide the strongest test
of monophyly; e.g., Wheeler et al., 1993; Prendini, 2001)
of these clades, at least two exemplars were chosen from
each of these higher-level taxa.

Morphological Character Data

The morphological characters used in this study origi-
nated from several sources. First, a character list was gen-
erated by combining the osteological, physiological, and
soft tissue anatomical characters used in four previous
analyses of amniote and reptile phylogeny: (1) Gauthier
et al. (1988a), (2) Gauthier et al. (1988b), (3) Laurin and
Reisz (1995), and (4) deBraga and Rieppel (1997; with
additions and corrections noted by Rieppel and Reisz,
1999). The compiled character set was examined care-
fully to identify and reduce redundant characters; i.e.,
those that were identical between two or more analy-
ses. For example, Gauthier et al.’s (1988a) character 111,
“caniniform maxillary tooth present (0) or absent (1)”
is identical (although coded with varying polarity) to
character 25 of Laurin and Reisz (1995) and to charac-
ter 96 of deBraga and Rieppel (1997). The latter authors
cite Laurin and Reisz (1995) as the source of the char-
acter, although no mention is made in either analysis of
Gauthier et al.’s (1988a) use of the character much earlier.
These three characters were subsumed into a single char-
acter (197 in this analysis, “caniniform maxillary tooth
absent [0] or present [1]”) because they describe exactly
the same morphology. Single characters that represent a
consolidation of identical characters from two or more
published matrices are identified as such in the charac-

ter list (Appendix 2) and each prior analysis in which the
character was used is cited accordingly.

Elimination of redundant characters ensured that all
characters in the analysis were logically independent,
fulfilling one of the principal requirements of parsimony
analysis (Kluge and Wolf, 1993). Compiling character
lists from published analyses and eliminating redun-
dant characters resulted in the identification of 297 dis-
crete morphological characters. This character set was
then scored for any taxa that did not appear in all (or
any) previous analyses. Fewer than half of the taxa were
common to all analyses (Table 1), and for this reason it
was necessary to score most characters either from first-
hand observations of specimens in museum collections,
or from original published descriptions and photographs
(Appendix 1). In addition, when two analyses disagreed
on the coding of a character, an assessment was made
based on first-hand observations as to which character
state was exhibited. Thus, no one analysis was favored
over another as having more reliable character coding.

In addition to morphological characters gleaned from
published analyses, I introduced four new cranial char-
acters (characters 82, 89, 175, and 177; Appendix 2), one
physiological and two behavioral characters (characters
366 to 368; Appendix 2), and 64 characters describing
the morphology and histology of the integument and
osteoderms (characters 302 to 365; Appendix 2). Some
of these characters have been modified from other pub-
lished sources, whereas others are original to this study
(see Appendix 2 for a complete reference to the source of
each character). The integumentary and osteoderm char-
acters were then scored for the entire set of taxa. These
characters were based on direct observations of Recent
and fossil osteoderms and histological sections that were
viewed and photographed under ordinary and polar-
ized light. They are listed in Appendix 2, but are also
described in more detail elsewhere (e.g., Hill, 2004). In
addition, digital images representing character states are
available at http://www.morphobank.org.

The total combined data matrix (Appendix 3) con-
sisted of 297 characters taken from previous published
analyses, 71 new characters, and a total of 80 taxa, includ-
ing 78 ingroup taxa and two outgroups. A diagrammatic
representation of the data matrix is shown in Figure 2.
The total amount of missing data in the matrix was 39.5%,
owing largely to nonpreservation of many soft tissue
structures in fossil taxa.

Although molecular sequence data are becoming
increasingly abundant and accessible, they were not
considered here because the task of compiling morpho-
logical data from published analyses and supplementing
them with new taxa and characters warrants a separate
report. The focus of the current study is to enhance mor-
phological character sampling for amniote phylogenet-
ics, providing a comprehensive morphological database
to which new molecular data will ultimately be added.

Inapplicable Characters

The taxonomic diversity of Amniota is paralleled
by its morphological diversity, and indeed there is no
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TABLE 1. Comparison of taxonomic sample for several studies of amniote and reptile phylogeny. Taxa that include extant members indicated
in bold.

Gauthier et al. (1988a, 1988b) Laurin and Reisz (1995) deBraga and Rieppel (1997) This study

Seymouriamorphab Seymouriidae Seymouriidae Seymouriidae
Diadectomorphab Diadectidae Diadectomorpha Diadectomorpha

Limnoscelidae
Caseaa Synapsida Caseidae Casea
Ophiacodona Ophiacodontidae Ophiacodon retroversus
Edaphosaurusa Edaphosauridae Edaphosauridae
Sphenacodontidaea Sphenacodontidae Sphenacodontidae
Gorgonopsiaa Gorgonopsia Gorgonopsia
Procynosuchusa Cynodontia Procynosuchus
Morganucodontidaea Morganucodon
Mammaliaa Glyptodon reticulatus

Glyptotherium
Doedicurus giganteus
Panochthus frenzelianus
Dasypus novemcinctus
Zaedyus pichiy

Mesosauridaeb Mesosauridae Mesosauridae
Testudinesa,b Testudines Testudines Proganochelys quenstedti

Pseudemys scripta
Geochelone
Chelydra serpentina
Trionyx
Baena

Millerettidaeb Millerettidae Millerettidae Millerettidae
Pareiasauriab Pareiasauridae Anthodon Anthodon serrarius

Scutosaurus Scutosaurus karpinskii
Bradysaurus Bradysaurus seeleyi

Pareiasaurus serridens
Procolophoniab Procolophonidae Procolophon Procolophon

Owenettidae Owenetta rubidgei
Acleistorhinus Acleistorhinus pteroticus
Lanthanosuchidae Lanthanosuchidae
Macroleter Macroleter poezicus

Captorhinidaea,b Captorhinidae Captorhinidae Captorhinidae
Paleothyrisb Paleothyris Paleothyris Paleothyris acadiana
Araeoscelidiaa,b Araeoscelidia Araeoscelidia Araeoscelidia

Claudiosaurus Claudiosaurus germaini
Younginiformes Younginiformes Younginiformes

Sauriab Kuehneosauridae Kuehneosauridae
Rhynchosauriaa Rhynchosauria Rhynchosauria
Trilophosaurusa Trilophosaurus Trilophosaurus buettneri
Choristoderaa Choristodera Choristodera
Protorosauridaea Prolacertiformes Prolacertiformes

Archisauriformes [sic] Coahomasuchus kahleorum
Desmatosuchus haplocerus
Typothorax coccinarum
Paratypothorax andressorum
Pseudopalatus
Rutiodon
Protosuchus richardsoni
Akanthosuchus langstoni
Simosuchus clarki
Goniopholis lucasii
Mahajangasuchus insignis
Alligator mississippiensis
Crocodylus
Caiman crocodilus
Gavialis gangeticus
Euoplocephalus tutus
Pinacosaurus grangeri
Sauropelta edwardsorum
Stegosaurus stenops
Scelidosaurus harrisonii
Scutellosaurus lawleri
Malagasy titanosaurid
Mali titanosaurid
Saltasaurus loricatus

(Continued on next page)
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TABLE 1. (Continued).

Gauthier et al. (1988a, 1988b) Laurin and Reisz (1995) deBraga and Rieppel (1997) This study

Rhynchocephalia Sphenodon punctatus
Squamata Heloderma

Corucia zebrata
Tiliqua
Cordylus
Zonosaurus
Anguis fragilis
Ophisaurus
Gerrhonotus
Elgaria
Glyptosaurinae

Eosauropterygia Eosauropterygia
Placodus Placodus gigas
Cyamodusc Cyamodontoidea

aTaxon included in Gauthier et al. (1988a) study.
bTaxon included in Gauthier et al. (1988b) study.
cTaxon included in Rieppel and Reisz’s (1999) corrections to deBraga and Rieppel (1997) matrix.

“generalized” amniote. For this reason, studies that sam-
ple broadly across Amniota, as done here, will inevitably
encounter obstacles related to the inapplicability of cer-
tain characters. For example, the 15 characters describ-
ing dentition in this analysis cannot be scored for turtles,

FIGURE 2. Schematic diagram representing the data matrix used in this study. The compiled data set taken from Gauthier et al. (1988a, 1988b),
Laurin and Reisz (1995), and deBraga and Rieppel (1997), with redundant characters eliminated included 37 taxa and 297 characters (solid white).
Because not all taxa were common to all of these studies, it was necessary to score many of the characters first-hand from museum specimens
or original published descriptions (vertical stripe). Forty-three taxa new to this study were then added, increasing sampling particularly within
Archosauriformes, Squamata, and Mammalia (solid black). Finally, 71 new characters, most describing the histology and osteological morphology
of the integument and osteoderms, were added (stipple). The total data set examined in this study therefore represented 80 taxa and 368 characters.

which lack marginal teeth entirely. Similarly, characters
of osteoderm morphology original to this study are in-
applicable to those taxa that lack osteoderms entirely.

Several methods have been proposed for dealing with
inapplicable characters. Composite coding, advocated
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by Maddison (1993), effectively eliminates inapplicable
cells within a data matrix by incorporating inapplicable
states into a more inclusive multistate character. This
practice can introduce spurious taxonomic groupings,
however, when the search algorithm interprets shared
inapplicability of a character as a synapomorphy (Strong
and Lipscomb, 1999). An alternative is non-additive bi-
nary coding (Pleijel, 1995), which breaks down complex
and potentially inapplicable characters into several dis-
crete characters that exist in two states only. This method
may also group taxa based on nonhomologous absence
of evidence, rather than on shared derived character
states (Strong and Lipscomb, 1999). A third possibility
is reductive coding (Wilkinson, 1995), which codes inap-
plicable characters as question marks or dashes (miss-
ing data) instead of numerical character states. Strong
and Lipscomb (1999) and Lee and Bryant (1999) noted
that each method of coding inapplicable characters had
serious disadvantages, and called for new computer
algorithms to help distinguish between inapplicable
characters and missing data. Strong and Lipscomb (1999:
370) favored reductive coding overall, however, because
it resulted in trees that “best reflect the information con-
tent” of their observations.

Based on the foregoing observations, reductive coding
(Wilkinson, 1995; Strong and Lipscomb, 1999) was em-
ployed in the current analysis. When reevaluating pub-
lished characters used in this study, certain characters
were re-coded reductively, and all instances of a third
character state “inapplicable” were removed. The new
characters of integumentary and osteoderm morphol-
ogy were coded reductively from the outset, and hence,
all characters of osteoderm morphology were scored as
question marks for those taxa not possessing osteoderms.

Phylogenetic Analysis

The matrix was compiled using Nexus Data Edi-
tor 0.5.0 (Page, 2001). Because of the large number of
taxa used in this analysis, exact-solution (i.e., exhaus-
tive or branch-and-bound) searches were impossible
(Schuh, 2000). Parsimony analyses were therefore con-
ducted using the heuristic search algorithm in NONA
2.0 (Goloboff, 1993; hereafter NONA) with the follow-
ing parameters: maximum trees kept (hold) = 100,000;
number of replications (mult∗N) = 1000; starting trees
per rep (hold/) = 100; random seed = time; search strat-
egy = multiple TBR + TBR (mult∗max); unconstrained
search. Results obtained from NONA were checked us-
ing PAUP∗ 4.0b10 (Swofford, 2001; hereafter PAUP) with
the following settings in effect: uninformative charac-
ters excluded; addition sequence random; tree bisection-
reconnection (TBR) branch swapping; 1000 replications;
“multrees” option in effect; steepest descent option
not in effect; zero-length branches collapsed to yield
polytomies; trees unrooted; and multistate taxa inter-
preted as polymorphisms. Seymouriidae and Diadecto-
morpha were regarded as outgroups. All characters were
weighted equally, and reversals and convergences were
considered equally probable transformations. Charac-
ter coding was unordered (nonadditive; Fitch, 1971)

to give equal cost to any possible transformation be-
tween two states. Character state optimization was
carried out using both accelerated (ACCTRAN) and de-
layed (DELTRAN) transformation algorithms in PAUP
(Swofford, 2001). Optimizations obtained from PAUP
were checked against those calculated by the comparable
“fast optimization” and “slow optimization” functions in
WINCLADA (Nixon, 2000).

The data were evaluated in three separate analy-
ses. First, the data compiled from previously published
studies were analyzed. This analysis incorporated 37
taxa and 297 characters (241 of which were parsimony-
informative) taken from the analyses of Gauthier et
al. (1988b), Laurin and Reisz (1995), and deBraga and
Rieppel (1997), with redundant (i.e., logically noninde-
pendent) characters merged. The second analysis also in-
cluded these 37 taxa and 297 characters, with the addition
of 43 taxa original to this study. These taxa were added to
achieve genus-level (and in many cases species-level; see
Table 1) sampling and provide tests of phylogenetic hy-
potheses at low taxonomic levels. The additional 43 taxa
were scored for all 297 characters assembled from the lit-
erature. The third and final analysis incorporated all 80
taxa, the 297 characters from the literature and an addi-
tional 71 characters original to this study. These charac-
ters describe the morphology and histological structure
of the integument and osteoderms (64 characters), cranial
morphology (4 characters), and physiology or behavior
(3 characters). All characters are described in detail in
Appendix 2.

Measures of support included the bootstrap (Felsen-
stein, 1985) and branch support (Bremer, 1994) mea-
sures. Bootstrap values were calculated using NONA,
with 100 iterations of 1000 search replicates each. Sup-
port for each branch in the phylogeny was calculated
by creating constraint trees containing only the branch
of interest, and then using heuristic searches of 10 repli-
cates each in PAUP to find the length of the shortest tree
inconsistent with the constraint. The difference between
this tree length and that of the most parsimonious un-
constrained tree describes the branch support (Bremer,
1994). The relative robustness of alternative phylogenetic
hypotheses was evaluated using a similar method. Re-
verse constraint trees (Bremer, 1994) were constructed to
represent alternative hypotheses of turtle relationships,
and heuristic searches of 10 replicates each were used to
find the shortest tree consistent with the constraint. To fur-
ther test alternative phylogenetic hypotheses, the treat-
ment of certain controversial characters was changed
a posteriori, and the data were reanalyzed. Characters
identified by Lee (2001) as being incorrectly scored by
Rieppel and Reisz (1999) were re-coded, and characters
considered to represent morphoclines (Laurin and Reisz,
1995; Lee, 1997a) were ordered.

RESULTS

Combined Published Data Sets

Combining the published data sets of Gauthier et al.
(1988a, 1988b), Laurin and Reisz (1995) and deBraga and
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Rieppel (1997) and removing redundant characters
resulted in a data matrix consisting of 37 taxa and
297 characters. When analyzed using NONA, 30 most
parsimonious trees were found (TL = 969; CI = 34; RI =
63). The strict consensus of these trees (Fig. 3) supports
the monophyly of Amniota and several highly nested

FIGURE 3. Strict consensus of 30 equally most parsimonious trees recovered from a heuristic search (1000 random replicates) and based on
37 taxa and 297 characters from previously published data sets (Gauthier et al., 1988a, 1988b; Laurin and Reisz, 1995; deBraga and Rieppel, 1997).
TL = 969; CI = 34; RI = 63. Although published analyses of amniote phylogeny differ greatly on the position of turtles, consensus among competing
hypotheses supports placement of turtles within crown-group Sauria, closely related to sauropterygians, and, more broadly, to lepidosauriforms
(cf. deBraga and Rieppel, 1997; Rieppel and Reisz, 1999). Selected higher taxa indicated by brackets; LEP. = Lepidosauria. Terminal taxa that
include extant members are indicated in bold. Numbers above branches represent bootstrap support values; those without a bootstrap value
were supported in fewer than 50% of replicates. Unequivocal synapomorphies that support placement of turtles among sauropterygians are: 24,
(0) → (1); 31, (1) → (2); 37, (0) → (1); 71, (0) → (1); 76, (0) → (1); 80, (2) → (1); 81, (0) → (1); 94, (0) → (1); 95, (0) → (1); 99, (2) → (0); 106, (0) → (1);
131, (0) → (1); 165, (0) → (1); 182, (0) → (1); 188, (0) → (1); 228, (1) → (0); 235, (1) → (0); 236, (1) → (0). See Appendix 2 for character descriptions.

amniote clades, but lacks resolution at intermediate
nodes, obscuring relationships among major groups.
Synapsida, Reptilia, Eosuchia (diapsids exclusive of
araeoscelidians), and Parareptilia are all supported,
but relationships within and among these taxa remain
unresolved. Mammals are nested within Synapsida.
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The content of Parareptilia is that of deBraga and
Rieppel (1997), albeit more poorly resolved. Further-
more, Captorhinidae, Paleothyris, and Araeoscelidia,
taxa traditionally considered basal eureptiles, form a
polytomy at the base of the reptile radiation, precluding
the corroboration of both eureptilian monophyly and
parareptilian relationships. Mesosaurs are here resolved
as part of the ingroup Amniota, but their relationships
with synapsids and reptiles are ambiguous.

Within Eosuchia, the monophyly of Sauria is sup-
ported, as is that of Lepidosauria (squamates +
Sphenodon). Lepidosauria here represents the sister
taxon to an unresolved clade containing turtles and
sauropterygians. Archosauriforms constitute the sister
taxon to the (Lepidosauria (Testudines + Sauroptery-
gia)) clade. Several taxa traditionally considered to
be stem lineages of either Archosauromorpha or Lep-
idosauria (e.g., Kuehneosauridae, Choristodera, and
Prolacertiformes) are resolved as saurians, but their
relationships to more highly nested taxa remain
equivocal.

Addition of Taxa

The addition of 43 ingroup taxa had a dramatic ef-
fect on the resulting tree topology. The preset maxi-
mum of 100,000 equally parsimonious solutions was
retrieved (TL = 1516; CI = 23; RI = 73), the strict
consensus of which (Fig. 4) showed very little resolu-
tion. A monophyletic Ankylosauria was recovered, in-
cluding a traditional sister-taxon relationship between
two ankylosaurids, Euoplocephalus and Pinacosaurus, to
the exclusion of one nodosaurid, Sauropelta (Coombs,
1978; Coombs and Maryańska, 1990). A polychoto-
mous assemblage just outside Ankylosauria included
the remaining thyreophorans (armored ornithischian di-
nosaurs) in the analysis: Scelidosaurus, Scutellosaurus, and
Stegosaurus. The remainder of the ingroup was com-
pletely unresolved in the strict consensus.

FIGURE 4. Strict consensus of 100,000 equally most parsimonious
trees recovered from a heuristic search (1000 random replicates) based
on the expanded taxonomic sample, including 80 taxa (43 new to
this study) and 297 characters from previously published data sets
(Gauthier et al., 1988a, 1988b; Laurin and Reisz, 1995; deBraga and
Rieppel, 1997). TL = 1516; CI = 23; RI = 73. Monophyletic clades were
recovered only within the “armored” thyreophoran dinosaurs; the phy-
logenetic positions of the remaining taxa were unresolved.

Addition of Integumentary Data

The final analysis incorporated all taxa and charac-
ters collected from the literature, with the addition of
43 ingroup taxa and 71 new characters mainly describ-
ing the osteology and soft tissue anatomy of the in-
tegument. Addition of this new character data had a
remarkable effect on tree topology. Parsimony analysis
of the entire data set (published data + new integu-
mentary data) recovered four most parsimonious trees,
each requiring 1738 evolutionary steps (CI = 25; RI =
73). The strict consensus of these trees (Fig. 5) supports
the monophyly of the following major clades: Amniota,
Synapsida, Reptilia, Parareptilia, Eureptilia, Romeriida,
Diapsida, Eosuchia, Neodiapsida, Sauria, Lepidosauria,
Testudines, and Archosauria. In addition, several well-
recognized, highly nested clades are supported within
each of these major taxa. The historically problematic
mesosaurs are here found to be the sister taxon to all other
amniotes, suggesting a polyphyletic Sauropsida sensu
Laurin and Reisz (1995). Also supported by this analy-
sis are a sister-taxon relationship between Lepidosauria
(squamates and Sphenodon) and Testudines. The results
of the final analysis represent the hypothesis of amniote
relationships based on the greatest amount of available
data examined for this study.

Character-State Optimization

Character-state optimization was used to identify
synapomorphies and determine the ancestral condition
for particular clades. The strongest support for nodes
within a cladogram comes from unambiguous synapo-
morphies; i.e., those that support a certain node regard-
less of whether homoplasy is attributed to parallelism or
reversals. Each of the major nodes in the final analysis
is supported by at least four unambiguous synapomor-
phies (Table 2) and numerous synapomorphies favored
by either fast or slow optimization alone.

The monophyly of the ingroup, Amniota, is supported
by 10 unambiguous synapomorphies. Six of these are
characters of the skull and jaws, and four are postcra-
nial characters. Primitively, amniote skulls possess a
frontal bone that contributes to the orbital margin, ab-
sence of dermal sculpturing on the cranial bones, an
occipital flange of the squamosal, a rounded occipital
condyle, a distinct retroarticular process, and absence of
labyrinthodont infolding of tooth dentine. The ancestral
amniote postcranium possessed an anterodorsally slop-
ing axis, two coracoid ossification centers, a cleithrum
that does not cap the scapula anterodorsally, and a dis-
crete astragalus. These characters have been traditionally
recognized as amniote synapomorphies (e.g., Gauthier
et al., 1988a, 1988b), a hypothesis corroborated by the
present study. None of the new characters of integumen-
tary and osteoderm morphology unambiguously sup-
ports Amniota.

Synapsids are recovered here as a monophyletic taxon
including mammals, supported by five unambiguous
cranial and postcranial synapomorphies. The mono-
phyly of Reptilia is supported by seven characters of
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FIGURE 5. Strict consensus of four equally most parsimonious trees recovered from a heuristic search (1000 random replicates) based on
the complete data matrix including 80 taxa (43 new to this study) and 368 characters (71 new to this study). TL = 1738; CI = 25; RI = 73.
Major nodes within Amniota recovered as monophyletic are: a, Amniota; b, Synapsida; c, Reptilia; d, Parareptilia; e, Eureptilia; f, Romeriida;
g, Diapsida; h, Eosuchia; i, Neodiapsida; j, Sauria; k, unnamed taxon (Kuehneosauridae (Sauropterygia (Archosauria(Lepidosauria; Testudines))));
l, unnamed taxon (Sauropterygia (Archosauria(Lepidosauria; Testudines))); m, unnamed taxon (Archosauria (Lepidosauria; Testudines));
n, unnamed taxon (Lepidosauria + Testudines). Each lettered node is supported by at least four unambiguous synapomorphies (Table 2)
and numerous synapomorphies supported by fast or slow optimization alone. Terminal taxa that include extant members are indicated in bold.
Numbers above branches represent bootstrap support values; those without a bootstrap value were supported in fewer than 50% of replicates.
Numbers below branches represent the number of additional steps required for a tree inconsistent with a given clade (branch support; Bremer,
1994).
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TABLE 2. Character state optimizations for selected nodes in the strict consensus tree obtained with all data included (Fig. 5). Shown here are
unambiguous character state transformations (i.e., those supported by both ACCTRAN and DELTRAN algorithms in PAUP* 4.0b10 [Swofford,
2001]). Node abbreviations: a = Amniota; b = Synapsida; c = Reptilia; d = Parareptilia; e = Eureptilia; f = Romeriida; g = Diapsida; h = Eosuchia;
i = Neodiapsida; j = Sauria; k = unnamed taxon (Kuehneosauridae (Sauropterygia (Archosauria(Lepidosauria, Testudines)))), l = unnamed
taxon (Sauropterygia (Archosauria(Lepidosauria, Testudines))); m = unnamed taxon (Archosauria (Lepidosauria, Testudines)); n = unnamed
taxon (Lepidosauria + Testudines).

Node Character Transformation

a 72. Frontal orbital contribution (0) Frontal excluded from orbit → (1) frontal contributes to orbit.
111. Dermal sculpturing on dermal cranial bones (0) Present → (1) absent.
135. Squamosal occipital flange (0) Absent or poorly developed forming only a thin ridge → (1) flange well

developed forming a broadly exposed lappet.
171. Occipital condyle shape (0) Transversely broad → (1) reniform to circular.
190. Retroarticular process (0) Absent or small and narrow → (1) transversely broad, dorsally concave.
195. Labyrinthodont infolding (0) Present → (1) absent.
211. Axial centrum orientation (0) In plane of axial skeleton → (1) sloping anterodorsally.
238. Number of coracoid ossifications (0) One → (1) two.
240. Cleithrum (0) Present and capping scapula anterodorsally → (1) present but not capping

scapula.
283. Astragalus composition (0) Absent → (2) without traces of a compound origin.

b 93. Postparietal (0) Present and paired → (1) present and fused.
110. Lower temporal fenestra (0) Absent → (1) present.
134. Squamosal contribution to posttemporal

fenestra
(1) Present → (0) absent.

173. Craniomandibular joint (0) Even with occiput → (1) posterior to occiput.
221. Height of presacral spinous processes (0) Low, less than or equal to height of centrum → (1) tall, greater than height of

centrum.
c 96. Tabular (0) Large—longer than wide → (1) small—wider than long.

129. Suborbital foramen (0) Absent → (1) small.
143. Parasphenoid pocket for cervical

musculature
(0) Present → (1) absent.

144. Parasphenoid wings (0) Present, parasphenoid broad posteriorly → (1) absent, parasphenoid narrow
posteriorly.

156. Post-temporal fenestra (0) Small—much less than 1/8 the width of the occiput → (1) large—at least 1/5
the width of the occiput.

157. Supraoccipital (0) Broad and plate-like, without anterior crista → (1) narrow and with anterior
crista.

186. Foramen intermandibularis posterior (0) Anterior symphysial foramen only (posterior absent) → (2) two foramina, a
symphysial and a posterior foramen located posterior to or at level of
coronoid process.

287. Lateral centrale (0) Medial and lateral centralia present → (1) lateral centrale only present.
d 79. Foramen orbitonasale (0) Absent → (2) enclosed between the prefrontal, lacrimal and palatine (or

prefrontal, maxilla and palatine).
101. Anterior lateral maxillary foramen (0) Equal in size to other maxillary foramina → (1) larger than other foramina.
141. Quadratojugal processes (0) Long anterior and short dorsal → (1) short anterior and long dorsal.
173. Craniomandibular joint (0) Even with occiput → (2) anterior to occiput.
227. Sacral rib distal overlap (0) Broad with narrow gap between ribs → (1) small or absent with wide gap

between ribs.
280. Anterior femoral condyle size (0) Larger and extends further distally → (1) smaller and of subequal extent

distally.
291. Fifth distal tarsal (0) Present → (1) absent.

e 95. Supratemporal (0) Large and in contact with postorbital → (1) small and separated from
postorbital.

120. Pterygoid arcuate flange (0) Present → (1) absent.
137. Quadrate anterior process (0) Long, extending forward along its sutural contact with the pterygoid to

nearly reach the level of the transverse flange → (1) short, not extending
anteriorly beyond 55% the length of the quadrate process of the pterygoid.

190. Retroarticular process (1) Transversely broad, dorsally concave → (0) absent or small and narrow.
197. Large caniniform maxillary tooth (0) Absent → (1) present.

f 165. Exoccipital bones meeting below foramen
magnum

(0) Meet below foramen magnum → (1) do not meet.

213. Cervical centra (0) Rounded → (1) keeled ventrally.
245. Limbs (0) Short and stout → (1) long and slender.
288. Manus and pes relative to carpus and tarsus (0) Short and broad → (1) long and slender.

g 74. Frontal posterolateral processes (0) Absent → (1) present.
84. Postorbital region of skull relative to

preorbital length
(0) Subequal → (1) preorbital longer.

109. Upper temporal fenestra (0) Absent → (1) present.
121. Pterygoid transverse flange orientation (0) Directed posterolaterally or transversely → (1) directed anterolaterally.
129. Suborbital foramen (1) Small → (2) large (fenestra present).
292. Metapodials overlapping (0) Not overlapping proximally → (1) overlapping.

(Continued on next page)
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TABLE 2. (Continued).

Node Character Transformation

h 91. Temporal muscles on parietal table (0) Originate ventrolaterally—parietal margin straight → (1) originate
dorsolaterally—parietal lateral margin embayed.

96. Tabular (1) Small—wider than long → (2) absent.
107. Lacrimal (0) Completely separates maxilla and nasal and enters margin of naris → (1)

reduced so that maxilla contacts nasal and excludes lacrimal from naris.
122. Ventral extent of transverse flange of

pterygoid
(0) Extends below maxillary tooth row → (1) terminates above or at level of

maxillary tooth row.
125. Teeth on transverse processes of pterygoid (0) Present → (1) absent.
128. Ectopterygoid teeth (0) Present → (1) absent.
181. Surangular length (0) Extends beyond coronoid eminence → (1) does not extend beyond coronoid

eminence.
197. Large caniniform maxillary tooth (1) Present → (0) absent.
210. Atlantal ribs (0) Ossified → (1) not ossified.
230. Caudal rib shape (0) L-shaped, curved → (1) straight.
236. Supraglenoid buttress (0) Present → (1) absent.
238. Coracoid ossifications (1) Two → (0) one.
240. Cleithrum (1) Present but not capping scapula → (2) absent.
243. Interclavicle lateral processes (0) Rhomboidal → (1) T-shaped anteriorly.
250. Trochlea and capitellum (0) Distinct trochlea and capitellum → (1) low double condyle.
254. Olecranon Process (0) Large, proximal articular facet of ulna faces medially → (1) small, proximal

articular facet of ulna faces proximally.
258. Relative lengths of manual digit III and digit

IV
(0) IV longer → (1) III longer.

264. Acetabulum shape (0) Oval → (1) circular in outline.
275. Intertrochanteric fossa (0) Prominent, very deep → (1) reduced, shallow.
280. Anterior femoral condyle size (0) Larger and extends further distally → (1) smaller and of subequal extent

distally.
i 136. Quadrate (0) Covered by squamosal → (1) exposed laterally.

138. Quadrate excavation (0) absent along posterior edge → (1) posterior edge deeply excavated forming a
concave region.

190. Retroarticular process (0) Absent or small and narrow → (1) transversely broad, dorsally concave.
253. Entepicondylar foramen (0) Present → (1) absent.
262. Ilium posterior process (0) Long and horizontally oriented → (1) short, ilium fan-shaped or narrow,

predominantly dorsally oriented.
295. Fifth metatarsal (0) Long and slender → (1) short and broad-based.

j 67. External nares exposure (1) Dorsal process narrow resulting in dorsal or anterior exposure of nares→ (0)
dorsal process of premaxilla broad restricting nares to a lateral exposure.

88. Parietal foramen (0) In center of parietal or farther posteriorly → (1) close to frontoparietal suture.
93. Postparietal (0) Present and paired → (2) absent.

133. Squamosal (0) Extends to→ (1) broadly separated from ventral margin of skull.
141. Quadratojugal processes (0) Long anterior and short dorsal → (1) short anterior and long dorsal.
149. Sphenethmoid (0) Present → (1) absent.
162. Opisthotic/cheek contact (0) Not in contact → (1) in contact and tightly sutured.
166. Contact between paroccipital process and

dermatocranium
(6) Ends freely → (5) to squamosal and quadrate.

218. Notochordal canal in vertebral centra (0) Present → (1) absent.
260. Perforating foramen of manus (0) Present → (1) absent.

k 196. Caniniform region (0) Present → (1) absent.
214. Cervical intercentra (0) Present → (1) absent.
216. Anterior dorsal intercentra (0) Present → (1) absent.
248. Supinator process (1) Large, parallel to shaft, and separated from it by a groove → (0) large,

strongly angled relative to shaft, separated from it by a groove.
l 123. Transverse flange lateral margin (0) Posterolateral margin forms sharp edge with anteromedial margin → (1)

posterolateral margin merges smoothly into anteromedial margin forming a
smoothly convex lateral outline.

169. Basisphenoid/parasphenoid ratio (0) Narrowest transverse width no more than 60% of the maximum length
measured from the basipterygoid process to posteriormost limit → (1)
narrowest part (waist) exceeds 80% of length.

246. Humerus (0) With prominent → (1) reduced epicondyles.
249. Humeral torsion (0) Proximal and distal ends set off at 45 to 90 degrees from one another → (1)

proximal and distal ends reduced to no more than 20 degrees.
279. Femoral condyles (0) Prominent → (1) not projecting markedly beyond shaft.
287. Lateral centrale (1) Lateral centrale only present → (2) both centralia absent.

m 74. Frontal posterolateral processes (1) Present → (0) absent.
75. Frontal proportions (0) Length exceeds width by at least 4 times → (1) length no more than twice

width.
87. Parietal foramen (0) Present → (1) absent.

163. Exoccipital (0) Separate → (1) fused with opisthotic in adult.
229. Transverse processes or ribs on at least 13

caudal vertebrae
(0) Present on only a few anterior caudals → (1) present on at least 13 caudals.

(Continued on next page)
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TABLE 2. (Continued).

Node Character Transformation

233. Scapula (0) Broad—no more than 2.5 x taller than wide → (1) high, narrow blade.
248. Supinator process (0) Large, strongly angled relative to shaft, and separated from it by a groove →

(2) small and confluent with shaft.
274. Greater trochanter of femur (0) Absent → (1) present on posterior edge of femur, confluent with femoral

head.
282. Tibioastragalar joint (0) Flat, simple joint → (1) well defined joint.
294. Fifth pedal digit/first pedal digit length (0) Longer than first digit → (1) shorter and more lightly built than first.
318. Position of external keel, boss, or spine (0) Not in contact with margin of osteoderm → (1) touching to overlapping

posterior margin of osteoderm.
n 2. Pulmonary artery with three semilunar

valves
(1) Present → (0) absent.

14. Completely divided heart (1) Present → (0) absent.
20. Eustachian tube passing through cranial base

to open by a single opening in the roof of the
pharynx

(1) Present → (0) absent.

36. Three neurofilament proteins (1) Present → (0) absent.
46. Morphology of stomach (1) Most of the lumen of the stomach lies posterior to the pylorus → (0) most of

the lumen of the stomach lies anterior to the pylorus.
50. Color vision (0) Absent → (1) present.
51. Nest building behavior (1) Present → (0) absent.
84. Postorbital region of skull relative to

preorbital length
(1) Preorbital longer → (2) postorbital longer.

150. Elongate cochlea (1) Present → (0) absent.
252. Ectepicondylar foramen (0) Absent → (1) present.
278. Femoral fourth trochanter (0) Present → (1) absent.
284. Astragalus and calcaneum (0) Separate → (1) sutured or fused.
286. Astragalus/distal tarsal IV articulation (0) Articulation poorly defined → (1) articulation well defined.
321. Tubercular (pustulate) ornamentation of

osteoderms
(0) Absent → (1) present.

the skull, and, in the postcranial skeleton, the pres-
ence of only a single pedal centrale. A monophyletic
Sauropsida (sensu Laurin and Reisz, 1995) is not re-
covered, as Mesosauridae here constitutes the sis-
ter taxon to all other amniotes, and not merely to
Reptilia.

The final analysis supports monophyly of Parareptilia
sensu deBraga and Rieppel (1997), including Milleretti-
dae as the sister taxon to a monophyletic Ankyra-
morpha (deBraga and Reisz, 1996). Ankyramorpha in
turn consists of two clades, Lanthanosuchoidea (in-
cluding Acleistorhinus, Lanthanosuchidae, and Macro-
leter) and Procolophonia (including procolophonids and
pareiasaurs). Monophyly of Parareptilia is supported by
seven unambiguous synapomorphies of the skull and
postcranial skeleton.

The analysis also supports eureptilian monophyly
on the basis of five cranial synapomorphies, diapsid
monophyly on the basis of six characters of the skull
and postcrania, and saurian monophyly on the basis
of ten cranial and postcranial characters. Placement of
Testudines as the sister taxon to a monophyletic Lep-
idosauria is justified on the basis of 16 unambiguous
synapomorphies of the skull, postcranial skeleton, os-
teoderms, soft tissue anatomy, physiology, and behav-
ior. It is noteworthy that the position of turtles has the
highest number of unambiguous synapomorphies of all
the nodes mentioned, and that support for this position
comes from several anatomically distinct regions, includ-
ing the integument.

Bootstrap analysis (Felsenstein, 1985) of the data set
indicated a wide range of support values, some groups
being robustly supported; others only weakly so (Fig. 5).
The monophyly of the ingroup Amniota was supported
in 82% of bootstrap replicates. Clades supported by
100% of bootstrap replicates included armadillos (Dasy-
podidae) and their extinct relatives the glyptodonts
(Glyptodontidae), Cordyliformes (represented here by
the lizard genera Cordylus and Zonosaurus), Velosauria
(advanced pareiasaurs), Parasuchia (phytosaurs), Pla-
codontia, and Testudines. The most robustly supported
node consistent with a diapsid origin of turtles is the
node supporting a (Kuehneosauridae (Sauropterygia
(Archosauria (Lepidosauria + Testudines)))) clade (node
k; Fig. 5), which was supported in 58% of bootstrap
replicates. Clades that exhibited high bootstrap values
typically also had strong branch supports.

Reverse constraint trees were used to examine the ad-
ditional number of evolutionary steps required to move
turtles to selected positions inconsistent with the most
parsimonious cladogram. These constraints provided a
test of the alternative phylogenetic positions that have
been suggested for turtles (Fig. 1). Constraining the anal-
ysis so that turtles are the sister taxon of sauroptery-
gians (deBraga and Rieppel, 1997; Rieppel and Reisz,
1999) incurs four additional steps. Allying turtles with ar-
chosauromorphs (e.g., Merck, 1997; Zardoya and Meyer,
1998, 2001; Kumazawa and Nishida, 1999) incurs six
additional steps. Pruning turtles from the cladogram
and grafting them into Parareptilia requires numerous
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additional steps: 13 are required to ally turtles with pro-
colophonids (Laurin and Reisz, 1995); 21 are incurred if
turtles are placed as the sister taxon to a monophyletic
Pareiasauria (Lee, 1993), and 26 are incurred if turtles are
allied with Anthodon within Pareiasauria (Lee, 1997a). If
turtles are resolved as the sister taxon to captorhinids
(Gauthier et al., 1988a, 1988b), 54 additional steps are re-
quired, and if they are placed as the sister taxon to all
other amniotes (Gaffney, 1980), 57 additional steps are
required.

DISCUSSION

The foregoing investigation supports several tradi-
tional clades within Amniota, but also introduces cer-
tain novel phylogenetic groupings. Examining only the
character data amassed from the published analyses of
Gauthier et al. (1988a, 1988b), Laurin and Reisz (1995),
and deBraga and Rieppel (1997) reveals a consensus on
the monophyly of Amniota, Synapsida, Reptilia, and
Parareptilia (Fig. 3). This result is not surprising, as these
are some of the clades upon which these four analyses ex-
plicitly agree. More remarkable is the phylogenetic place-
ment of turtles based upon characters compiled solely
from published sources: nested among sauropterygians, to
the exclusion of lepidosaurs. This result is consistent with
the analyses of deBraga and Rieppel (1997) and Riep-
pel and Reisz (1999), who recovered a sister-taxon rela-
tionship between turtles and sauropterygians, indicating
that turtles, despite the anapsid condition of their skulls,
are members of Diapsida.

The previous analyses that form the foundation of
the current study have differed to no small degree on
the point of turtle relationships. Gauthier et al. (1988a,
1988b) suggested that turtles were the sister taxon to
captorhinids, and that together these two taxa were the
sister taxon to Romeriida, which included extant di-
apsids. Reisz and Laurin (1991) and Laurin and Reisz
(1995) suggested instead that turtles were closely related
to procolophonids and, as such, were parareptiles. Lee
(1993, 1997a) also suggested that turtles were pararep-
tiles, closely related to pareiasaurs. The cladistic analysis
of deBraga and Rieppel (1997) was the first of its kind to
suggest turtles to be closely allied with sauropterygians
and, as such, to be lepidosauromorphan diapsids. Com-
bining data from several published sources supports
the latter hypothesis of a testudine origin from within
Diapsida.

Scoring an additional 43 taxa for the characters derived
from the literature introduced a tremendous amount of
homoplasy, obscuring any phylogenetic signal almost
entirely. The outcome of roughly doubling the number
of taxa for an existing set of characters was a dramatic
decrease in the phylogenetic resolution of the resulting
trees. Characters traditionally used for amniote-level
phylogenetics are therefore clearly insufficient to re-
solve relationships among more highly nested amniote
taxa.

The final analysis included the same taxonomic and
character sample from the second analysis, with the im-
portant distinction that 71 new characters were added,

primarily describing the morphology of osteoderms and
integumentary histology. The main result of this anal-
ysis was an increase in overall phylogenetic resolution
at all hierarchical levels throughout the tree. New data
from the integument revealed relationships between ter-
minal taxa that had been obscured in the first two analy-
ses, recovering monophyly of numerous well-recognized
diapsid taxa, such as Anguidae, Scincidae, Crocodylo-
morpha, Ornithodira, Ornithischia, Ankylosauria, and
Thyreophora. This higher resolution provides an op-
portunity to test hypotheses of relationships within
these highly nested amniote taxa, each of which is ex-
tremely derived relative to anamniote and early amniote
morphology.

Addition of integumentary data helps resolve relation-
ships not only among the newly added taxa, but at more
fundamental nodes in the phylogeny, as well. The addi-
tion of new data can be interpreted as having a stabiliz-
ing effect, allowing major relationships among amniote
groups to be revealed despite a high degree of homo-
plasy. This effect has led to an overall increase in in-
formation content relative to analyses based solely on
data available in the literature. For example, eureptilian
monophyly and the position of mesosaurs, which were
ambiguous based on the data set compiled from the liter-
ature, are, with the addition of integumentary characters,
well-supported by numerous unambiguous synapomor-
phies (Table 2).

The final analysis supports phylogenetic placement of
turtles within Diapsida, a hypothesis that has only re-
cently been advanced in the context of modern cladistic
analyses (e.g., deBraga and Rieppel, 1997; Merck, 1997;
Hedges and Poling, 1999). Measures of support in this
intermediate part of the tree are weak, however; diapsid
monophyly is supported by fewer than 50% of bootstrap
replicates, and only a single additional step is required to
collapse the node supporting Diapsida. Inclusion of tur-
tles within Diapsida is supported by 58% of bootstrap
replicates and a branch support of one step. In contrast,
testudine monophyly is highly corroborated, being sup-
ported by 100% of bootstrap replicates, and a branch sup-
port of five steps.

The results presented here differ fundamentally from
the traditionally held view that turtles arose from one of
the groups of Permian or Triassic anapsids: captorhinids
(Gauthier et al., 1988b; Gaffney, 1990), procolophonids
(Reisz and Laurin, 1991; Laurin and Reisz, 1995), or
pareiasaurs (Lee, 1993, 1997a). As the idea of turtles
as derived diapsids gains momentum (e.g., Rieppel
and deBraga, 1996; Rieppel, 2000), new debates have
arisen among advocates of this hypothesis as to where
exactly among diapsids turtles belong (e.g., deBraga
and Rieppel, 1997; Merck, 1997; Zardoya and Meyer,
1998, 2001; Hedges and Poling, 1999; Mannen and
Li, 1999; Kumazawa and Nishida, 1999; Rieppel and
Reisz, 1999; Cao et al., 2000). To date, no molecular or
morphological studies have supported a sister-taxon
relationship between turtles and lepidosaurs, as shown
here. As deBraga and Rieppel (1997) noted, their analysis
found that the closest living relatives of turtles were
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lepidosaurs, but extensive fossil stem lineages separated
each of these crown groups. The analysis presented here
therefore represents a new interpretation of amniote
phylogeny, i.e., a direct sister-taxon relationship between
lepidosaurs and turtles.

One potential explanation for this hitherto unexplored
hypothesis is the inclusion of soft tissue, physiological,
histological, and behavioral characters along with tradi-
tional osteological morphology. The study of Gauthier
et al. (1988b) was the last major investigation of am-
niote phylogeny that incorporated new soft tissue char-
acters, most of these culled from the previous studies of
Gardiner (1982) and Løvtrup (1985). Subsequent anal-
yses of amniote phylogeny have relied entirely on ei-
ther osteology of the skull and skeleton (e.g., Laurin and
Reisz, 1995; deBraga and Rieppel, 1997) or molecular se-
quence data (e.g., Zardoya and Meyer, 2001, and refer-
ences therein). The current analysis therefore represents
a step toward a more integrated approach to amniote
phylogenetics, incorporating data from bony morphol-
ogy and other sources. This analysis provides the long
overdue foundation of morphological character data for
use in future total evidence analyses.

The idea of turtles as diapsids that have secondar-
ily lost their temporal fenestrae is not implausible in
the overall context of reptilian evolution (Zardoya and
Meyer, 2001). There exist numerous instances of sec-
ondary closure of temporal fenestrae within other rep-
tilian clades, such as Araeoscelidia, Acleistorhinidae,
Crocodylomorpha, and Dinosauria (e.g., Coombs, 1978;
Reisz et al., 1984; deBraga and Reisz, 1996; deBraga and
Rieppel, 1997; Brochu, 1999). Furthermore, as Carroll
(1988) suggested, the highly derived turtle postcranium
may reflect a predisposition toward extreme modifica-
tions of the skull, as well. Independent molecular stud-
ies have also helped substantiate the claim that turtles
are highly derived members of crown-group Diapsida
(e.g., Zardoya and Meyer, 1998; Kumazawa and Nishida,
1999; Hedges and Poling, 1999; Mannen and Li, 1999; Cao
et al., 2000). Nevertheless, placement of turtles among
diapsids has met with considerable criticism (e.g., Lee,
1997b, 2001).

If turtles are accepted as derived members of Diap-
sida, certain characters previously used to ally them with
extinct anapsid taxa must be interpreted as instances
of parallelism in clades that are only distantly related.
For example, a slender, imperforate stapes is found in
turtles and procolophonids, and has been resolved as a
synapomorphy uniting these two clades (Testudinomor-
pha; Laurin and Reisz, 1995). Here, increased sampling
within Eureptilia, which was restricted in the study of
Laurin and Reisz (1995), reveals this character to be a
synapomorphy of Neodiapsida, as well. The presence of
a slender stapes is thought to be related to the elabora-
tion of a tympanic middle ear, an adaptation for hearing
in air rather than in water, and is thought to have arisen
several times within tetrapods (Laurin and Anderson,
2004). The current phylogeny suggests that the slender
stapes and associated tympanic middle ear arose inde-
pendently in turtles and procolophonids. Similarly, char-

acters of the postcranial anatomy used to link turtles with
procolophonids (Laurin and Reisz, 1995), such as over-
lapping metapodials and the absence of a cleithrum, can
also be found within highly nested diapsid clades, in-
dicating that procolophonids may have independently
acquired these modifications. Increased taxonomic sam-
pling, then, allows the emergence of phylogenetic sig-
nals that otherwise remain obscured when considering
Eureptilia as a single terminal taxon.

A novel outcome of this analysis is the phylogenetic
placement of mesosaurs at the base of the amniote
radiation. Gauthier et al. (1988b) tentatively included
mesosaurs with parareptiles, a hypothesis later sup-
ported by Modesto (1999, 2004). Laurin and Reisz (1995)
suggested instead that Mesosauridae is the sister taxon
of Reptilia, i.e., all nonsynapsid amniotes. Unfortunately,
the otherwise comprehensive studies of reptile phy-
logeny performed by deBraga and Rieppel (1997) and
Rieppel and Reisz (1999) did not include mesosaurs in
the taxonomic sample, and so could not test their phy-
logenetic relationships. The current analysis suggests a
phylogenetic position for mesosaurs that has not been
previously hypothesized. Mesosauridae is here resolved
as the sister taxon to a clade containing Synapsida and
Reptilia, i.e., all other amniotes. This grouping is sup-
ported by eight unambiguous synapomorphies of the
skull, vertebral column, and shoulder girdle. Mesosaurs
are particularly enigmatic because their highly special-
ized adaptations for a fully marine lifestyle seem to have
appeared very early in amniote evolution, by the Early
Permian (Reisz, 1997; Modesto, 1999).

Another result unique to this study is the recov-
ery of a clade of four problematic taxa usually consid-
ered basal archosauromorphs (e.g., Merck, 1997; Brochu,
2001): Rhynchosauria, Trilophosaurus, Prolacertiformes,
and Choristodera. This new clade is here resolved as the
sister taxon to all other saurians, and its monophyly is
fairly robustly supported by 71% of bootstrap replicates
and a branch support of three steps.

Alternative Hypotheses of Turtle Relationships

Imposing reverse constraints on the position of tur-
tles reveals that the hypothesis presented here is
considerably more parsimonious than certain familiar
alternatives (Fig. 1). Allying turtles with diapsid groups
other than Lepidosauria incurs four to six additional
steps. Removing turtles from Diapsida and allying them
with fossil anapsid groups incurs at least 13 addi-
tional steps, or as many as 57. These results suggest
that, although a sister taxon relationship between tur-
tles and lepidosaurs is not extremely well supported,
a position of turtles among diapsids is considerably
more parsimonious than one among parareptiles or
captorhinids.

Lee (2001) identified eight characters in the analy-
sis of Rieppel and Reisz (1999), which, when re-coded,
yielded a dramatically different tree, with turtles as the
sister taxon to pareiasaurs. These characters (characters
65, 82, 103, 120, 121, 127, 140, and 152 of Rieppel and
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Reisz, 1999, and Lee, 2001) are all represented in this
study (Appendix 2), but for clarity I will refer to them
in the following section by their original numbers. Be-
cause of the controversy surrounding these particular
characters, I examined the effects of using alternative
codings.

When all eight characters are coded according to
Rieppel and Reisz (1999), a diapsid position of turtles is
unsurprisingly supported. Here, however, I employ sev-
eral of the changes in character coding recommended
by Lee (2001). I agree with Lee (2001) that the ventral
braincase tubera of turtles and pareiasaurs should be
considered homologous (character 65 of Lee, 2001), that
pareiasaurs possess keeled cervical vertebrae, two cora-
coid ossifications and a coracoid foramen completely
enclosed by the coracoid (characters 103, 120 and 121
of Lee, 2001, respectively), and that pareiasaurs lack a
femoral fourth trochanter (character 140 of Lee, 2001).
Scoring these five characters according to Lee (2001) re-
covers the same tree topology shown in Figure 5, and
turtles are therefore recovered as diapsids, and not as
parareptiles.

Recoding the remaining three characters is a sepa-
rate issue that relates to polymorphism in higher taxa.
Rieppel and Reisz (1999) coded the position of the
craniomandibular joint, presence of an ectepicondylar
foramen, and presence of the first distal tarsal as poly-
morphic in turtles (characters 82, 127, and 152 in Lee
[2001], respectively). Lee (2001) ignored the polymor-
phism in turtles, instead scoring what he regarded as
primitive character states, based on observations of the
primitive turtles Proganochelys, Kayentachelys, and Aus-
tralochelys. The current study addresses this issue differ-
ently: instead of scoring Testudines as a single terminal
taxon, I incorporated six turtle species as exemplars to
reflect morphological diversity within this large clade.
Scoring at the lowest possible taxonomic level eliminates
the need to code polymorphisms (e.g., Rieppel and Reisz,
1999) or to hypothesize the primitive condition for aggre-
gate ingroup taxa (e.g., Lee, 2001), and is another advan-
tage of increased taxonomic sampling. In the large data
set analyzed here, coding all eight controversial char-
acters according to Lee’s (2001) recommendations still
recovers a diapsid position for turtles.

The Importance of Integumentary Characters for Amniote
Phylogeny Reconstruction

Laurin and Reisz (1995) and Lee (1997a) interpreted
the presence of dorsal dermal ossifications of any kind
(trunk osteoderms or carapacial elements) as a poten-
tial synapomorphy linking turtles with parareptiles.
These studies, however, omitted other major groups of
amniotes that possess osteoderms, and in many cases
erected a unique character state for the extremely de-
rived condition of turtles. Lee (1997a) also ordered many
osteoderm characters, making transformations to more
heavily armored states less costly in his analysis. In con-
trast, Rieppel and Reisz (1999) suggested that the cara-
pace and plastron of turtles are developmentally unique

(e.g., Starck, 1979; Burke, 1989), and could not be consid-
ered homologous with the osteoderms of any amniote
group.

The differences in primary homology statements
between the analyses of Lee (1997a) and Rieppel and
Reisz (1999) represent distinct philosophies regarding
how different types of data should be handled in
phylogeny reconstruction. A thorough discussion of
these distinctions is beyond the scope of this paper. In
order to minimize assumptions about the evolutionary
history of the turtle carapace, I have taken a relatively
conservative approach, leaving all characters unordered
and scoring many characters of osteoderms as inappli-
cable if they could not be unequivocally assessed in the
intricate carapace and plastron of turtles. Nevertheless,
ordering certain “morphoclines” identified by Laurin
and Reisz (1995) and Lee (1997a) had no effect on the
resulting tree topology, and ordering all 368 characters
resulted only in slight rearrangements within Diapsida,
which still included a close alliance of turtles and
lepidosauromorphs.

Although addition of multiple characters of integu-
mentary morphology and histology aids in revealing
patterns of relationships among major groups of am-
niotes, none of the new characters is explicitly resolved
as a synapomorphy of these deep nodes in the phy-
logeny (Table 2). Instead, the new integumentary char-
acters emerge as synapomorphies of more highly nested
taxa, illuminating patterns of evolution within less in-
clusive clades of amniotes.

The foregoing analysis reveals that dorsal trunk osteo-
derms may have arisen independently at least five times
over the course of amniote evolution—within Synap-
sida in cingulates, within Parareptilia in pareiasaurs,
within Lepidosauria in squamates, within Archosauria,
and within Sauropterygia in placodonts. This means that
although they are morphologically similar, the dorsal os-
teoderms of such diverse taxa as armadillos, lizards, and
dinosaurs are not homologous with one another in a phy-
logenetic sense.

Optimization of integumentary character states fur-
ther facilitates reconstruction of soft tissue and other
unpreserved conditions in fossil taxa. For example, ex-
tant lepidosaurs (squamates and Sphenodon) possess
two epidermal generations, the outer of which is shed
(sloughed) as a whole (e.g., Alibardi and Maderson,
2003). In contrast, extant archosaurs continuously lose
small fragments of keratinized epidermis. Character
state optimization reveals that the ancestral condition
for lepidosaurs is the presence of epidermal generations,
providing support for the hypothesis that extinct lizards
such as the Glyptosaurinae shed their skins as modern
lizards do. Optimization at more basal nodes indicates
that the ancestral diapsid unambiguously lacked epider-
mal generations. This absence persisted in the lineages
leading to modern turtles and archosaurs, and shedding
of skin as a whole is therefore most parsimoniously in-
terpreted as a lepidosaurian synapomorphy.

Another instance in which the new phylogeny be-
comes important in interpretation of fossils involves the
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historically confounding arrangement of bony dorsal
plates in Stegosaurus. Three major hypotheses have been
advanced to explain the arrangement of these structures:
(1) they comprised a single, median row (e.g., Marsh,
1891); (2) they comprised a staggered, asymmetrical row
(e.g., Gilmore, 1914); or (3) they comprised paired, para-
median rows (e.g., Lull, 1910) of bony plates. Because
no two osteoderms of Stegosaurus are the exact same
size and shape (Galton, 1990), the former two hypothe-
ses are preferred in life restorations of Stegosaurus (e.g.,
Czerkas, 1987). No archosaur sampled in this study pos-
sessed asymmetrical or median rows of plates, and other
stegosaurs such as Huayangosaurus, Tuojiangosaurus, and
Kentrosaurus are known to possess paired plates (Gal-
ton, 1990). Stegosaurus is nested well within Archosauria,
the ancestor of which possessed paired, paramedian
rows of plates that persisted in the crurotarsan and or-
nithodiran lineages. The most parsimonious reconstruc-
tion of Stegosaurus plates is, therefore, a system of paired,
paramedian rows, and a staggered arrangement unique
among archosaurs should not be inferred on the basis of
negative evidence.

This study shows that addition of data beyond the point
at which a phylogenetic signal is seemingly lost can re-
cover new phylogenetic information and resolve poly-
tomies that persisted because of restrictive taxon and
character sampling. Future studies of the phylogenetic
relationships of amniotes should continue to increase
sampling in three important ways. First, taxonomic sam-
pling should be expanded rootward to encompass more
extant and fossil tetrapods. For example, certain frogs,
as well as dissorophid amphibians, which possessed
bony armor plates (e.g., deMar, 1966; Rubial and Shoe-
maker, 1984) represent anamniote taxa that can be scored
for both skeletal and integumentary characters. Inclu-
sion of these taxa in future analyses may help eluci-
date patterns of evolution in the integument of tetrapods
in general. Second, increased sampling at the genus
level and below will continue to provide tests for hy-
potheses of relationships within increasingly specific
clades. Instead of scoring a single terminal taxon Helo-
derma, as done here, future analyses may focus upon
increasing the number of species and individuals sam-
pled within a given genus. This will help to document
the intrageneric variability present for a given taxon,
by sampling, say, 10 specimens each of H. horridum
and H. suspectum. Finally, addition of new character
data from novel sources holds the potential to revise
our understanding of amniote phylogeny. Other histori-
cally neglected anatomical systems may further test the
hypotheses advanced here, especially if they can be ob-
served in the fossil record as well as in extant organisms.
For example, the ossified tendons of epaxial muscula-
ture found in certain dinosaurs (e.g., Weishampel and
Horner, 1990; Molnar, 1996) represent a potential source
of information about the muscular system in extinct
reptiles. In addition to morphological data, molecular
data both from published sources and contemporary se-
quencing efforts will complement future total evidence
analyses.

CONCLUSIONS

This study illustrates the important effects of increas-
ing both taxonomic and character sampling and high-
lights the significance of the integument as a source of
meaningful morphological character data. By incremen-
tally adding data to existing morphological matrices,
I show that traditional anatomical characters used for
amniote systematics are wholly insufficient to resolve re-
lationships among more highly nested taxa. Incorporat-
ing data from the integument and osteoderms, however,
can help resolve these relationships, revealing phyloge-
netic signals that are otherwise obscured by incomplete
taxonomic or character sampling. Moreover, addition of
data beyond the point at which a phylogenetic signal
(i.e., the position of turtles among diapsids) seems lost
can recover that signal again, further underscoring its
stability.

The novel hypothesis that turtles represent the sister
taxon to Lepidosauria emerges from the foregoing phylo-
genetic analyses, but bootstrap and branch support mea-
sures indicate that it is relatively weakly supported. The
more general hypothesis that turtles represent derived
diapsids that have secondarily achieved the anapsid con-
dition is far more robustly supported, as indicated by
analyses using constraint trees. In addition, ordering cer-
tain characters (Laurin and Reisz, 1995; Lee, 1997a) or
re-coding controversial characters (Lee, 2001) does not
ally turtles with any group of fossil anapsids. The con-
cept of turtles as diapsids, although heterodox, is be-
coming increasingly corroborated by both molecular and
morphological studies. This indicates that many “primi-
tive” or “parareptilian” characters of turtles may actually
represent instances of evolutionary reversal or paral-
lelism. Parallelism is particularly evident with regard to
the acquisition of dorsal osteoderms, which have arisen
independently in amniotes at least five times. The con-
vergent evolution of osteoderms in taxa that are both
phylogenetically and ecologically disparate underscores
the versatility of the integument and suggests that the
ossification of its connective tissues may serve a variety
of functions.
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