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Abstract.—Although morphological data have historically favored a basal position for the Indian
gharial (Gavialis gangeticus) within Crocodylia and a Mesozoic divergence between Gavialis and
all other crocodylians, several recent molecular data sets have argued for a sister-group relation-
ship between Gavialis and the Indonesian false gharial (Tomistoma schlegelii) and a divergence
between them no earlier than the Late Tertiary. Fossils were added to a matrix of 164 discrete
morphological characters and subjected to parsimony analysis. When morphology was analyzed
alone, Gavialis was the sister taxon of all other extant crocodylians whether or not fossil ingroup
taxa were included, and a sister-group relationship between Gavialis and Tomistoma was signifi-
cantly less parsimonious. In combination with published sequence and restriction site fragment
data, Gavialis was the sister taxon of all other living crocodylians, but the position of Tomistoma
depended on the inclusion of fossil ingroup taxa; with or without fossils, preferred morphological
and molecular topologies were not significantly different. Fossils closer to Gavialis than to Tom-
istoma can be recognized in the Late Cretaceous, and fossil relatives of Tomistoma are known from
the basal Eocene, strongly indicating a divergence long before the Late Tertiary. Comparison of
minimum divergence time from the fossil record with different measures of molecular distance
indicates evolutionary rate heterogeneity within Crocodylia. Fossils strongly contradict a post-
Oligocene divergence between Gavialis and any other living crocodylian, but the phylogenetic
placement of Gavialis is best viewed as unresolved. [Combined data sets; Crocodylia; fossils; mo-
lecular clock; parsimony analysis; stratigraphy.]

The traditional phylogenetic placement of Gavialis
. . . is inconsistent with all molecular data sets and
we suggest that a careful reexamination of both the
extant and the fossil morphological data is war-
ranted.

—Hass et al., 1992:193

Different phylogenetic analyses of Croc-
odylia are broadly congruent, but they
consistently disagree on two points. His-
torically, morphologists have maintained
that alligatorids and crocodylids are more
closely related to each other than either is
to the Indian gharial, Gavialis gangeticus,
and that the lineage including Gavialis di-
verged from that including all other living
crocodylians before the end of the Meso-
zoic. However, recent estimates based on
biochemical or molecular information con-
sistently suggest that Gavialis and the false
gavial, Tomistoma schlegelii, form a clade
more closely related to crocodylids than to
alligatorids and that Gavialis and Tomistoma
diverged from each other no earlier than
the Miocene or Pliocene (Fig. 1). Although
a few morphological studies have support-
ed these results, the application of parsi-

mony analysis to skeletal data has contin-
ued to support the earlier morphological
view.

At first glance, these two hypotheses ap-
pear fundamentally different, and no al-
ternative rooting will turn one of the trees
into the other. Lost in these discussions is
the fact that these diverse data sets actually
produce highly congruent results (Poe,
1996). For example, in all cases Crocodylia
is a monophyletic group with respect to all
other amniotes, Alligatoridae is monophy-
letic, and the alligators are separated from
the caimans. All data sets support the
monophyly of Crocodylus and the sister-
taxon relationship between Crocodylus and
Osteolaemus. Most discussions are worded
as if Tomistoma were central to the debate,
but all recent analyses, regardless of the
nature of the data, agree that Tomistoma is
closer to Crocodylus than to Alligator. If Ga-
vialis is disregarded, the trees are identical.

Nevertheless, two consistent and inde-
pendent incongruencies can be localized.
The first is topological: where do Gavialis
and its extinct relatives fit on the phylo-
genetic tree of Crocodylia? The second is
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FIGURE 1. Two competing signals among different data sets for crocodylian relationships. Several molecular
data sets indicate a Late Tertiary divergence between Gavialis and Tomistoma (a), but paleontologists have long
favored a more ancient divergence (as far back as the Cretaceous) between Gavialis and all other crocodylians.
MYA = million years ago.

temporal: when did Gavialis diverge from
its closest living relative? Although differ-
ent analyses consistently suggest one an-
swer for both questions, they can be ad-
dressed separately.

If disparity revolves around only one
living taxon, why should we express con-
cern? Because of the density of its fossil
record, Crocodylia can be used to address
a host of geological and evolutionary is-
sues, including temporal diversity patterns
(Hutchison, 1982; Markwick, 1994). A ro-
bust phylogenetic hypothesis is needed be-
fore questions of, for example, survivor-
ship across mass-extinction horizions
(Smith and Patterson, 1988; MacFadden,
1992; Archibald, 1993) can be addressed
confidently. Expectations will differ de-

pending on both the topological and tem-
poral issues. Finding members of one lin-
eage in the Cretaceous implies the
presence of its sister taxon in the same pe-
riod, even if the oldest known members of
the sister lineage are from the Eocene.

These two conflicts are often attributed
to undetected convergence within mor-
phological data sets (Densmore, 1983; Hass
et al., 1992), but molecular data sets are no
less prone to homoplasy (Hillis, 1987;
Wyss et al., 1987; Sanderson and Dono-
ghue, 1989; Patterson et al., 1993; Doyle,
1996). Moreover, the fact that modern croc-
odylian lineages have been separate since
the Late Cretaceous (e.g., Norell et al.,
1994; Wu et al., 1996) raises the possibility
that data sets restricted to living species,
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whatever the nature of the data, might be
preserving a misleading signal caused by
accumulation of convergent apomorphies
in distantly related lineages (Felsenstein,
1978; Huelsenbeck and Hillis, 1993). Still,
the most prominent hypothesis currently
entertained is that convergence is mislead-
ing morphological data sets into recover-
ing an incorrect phylogeny and overesti-
mating the time transpired since Tomistoma
and Gavialis diverged.

We can address both sides of this issue
and test these hypotheses by including fos-
sils in the analysis. The fossil record of
Crocodylia is rich, including some remark-
ably well-preserved specimens, and ex-
tends back into the Cretaceous. Because
fossils preserve primitive states modified
beyond recognition in living taxa, their in-
clusion can increase accuracy over purely
neontological analyses when extant lin-
eages have been separated for a long time
(Huelsenbeck, 1991). They also provide the
means to calibrate minimum divergence
time for any two living species (Norell,
1992).

In this study, I addressed Hass et al/s
(1992) invitation to reanalyze the morpho-
logical data from both living and extinct
crocodylians to answer two questions:
What does morphology say about the re-
lationships of Gavialis, and what does it say
about the timing of the divergence of Ga-
vialis from other living crocodylians? A
cladistic analysis of crocodylian relation-
ships based on discrete morphological
characters was performed, first from a
neontological perspective and then with
fossils included. Although some sequence
and restriction site fragment data were
used in combination with morphology for
some portions of this analysis, I did not
attempt to reconsider molecular analyses
published to date; Poe (1996) reanalyzed
the restriction site and mitochondrial DNA
sequence data and provided an excellent
summary of the noncladistic molecular
data.

Herein, I use the phylogenetic definition
of the name Crocodylia first explicitly pub-
lished by Benton and Clark (1988): the
crown group including the last common

ancestor of alligatorids, crocodylids, and
Gavialis and all of its descendants. "Croco-
dylian" is spelled with a "y" rather than
an " i " to specify a member of this mono-
phyletic group. Norell et al. (1994) expand-
ed the phylogenetic system within Croco-
dylia to include three stem groups: (1)
Gavialoidea (all taxa more closely related
to Gavialis than to alligators or crocodiles),
(2) Alligatoroidea (all taxa more closely re-
lated to alligators than to crocodiles or Ga-
vialis), and (3) Crocodyloidea (all taxa
more closely related to crocodiles than to
alligators or Gavialis). Within each stem
group is a crown group defined on the ba-
sis of extant taxa: (1) Gavialidae includes
the last common ancestor of living gharials
and all of its descendants; (2) Alligatoridae
includes the last common ancestor of living
alligators and caimans and all of its de-
scendants; and (3) Crocodylidae includes
the last common ancestor of living croco-
dyloids and all of its descendants.

CONFLICTING VIEWS OF GAVIALIS from
Diverse Data Sets

Previous Hypotheses of Crocodylian
Relationships

The earliest crocodylian taxonomies
were based on gross similarity rather than
on anatomical detail. The monophyly of
Alligatoridae has never been controversial,
but the relationships of nonalligatorid
forms were in constant flux during the
19th century. Dumeril and Bibron (1836)
clustered the crocodylians known at that
time such that Gavialis fell outside a group
including all others, but later classifica-
tions, including those by evolutionists,
were not always as clear. Systematists of
that time frequently classified all long-
snouted taxa together in a group separate
from more generalized taxa (e.g., Lydek-
ker, 1888; von Zittel, 1890), but some of the
most important anatomical descriptions of
that era not only considered Tomistoma to
be a crocodylid but also classified it within
Crocodylus (e.g., D'Alton and Burmeister,
1854; Bruhl, 1862).

Early in this century, morphologists
reached a broad consensus that Gavialis
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was distantly related to all other living
crocodylians (Miiller, 1927a; Nopsca, 1928;
Kalin, 1931; Mook, 1934). The systematic
placement of Tomistoma and its putative ex-
tinct relatives was less certain; some au-
thors explicitly allied them with crocody-
lids (Mook, 1921b, 1934; Piveteau, 1927;
Kalin, 1931, 1955a, 1955b; Wermuth, 1953),
whereas others left Alligatoridae + Croco-
dylidae + Tomistoma unresolved (Willis-
ton, 1925; Romer, 1956; Sill, 1968; Steel,
1973). This consensus was not unanimous
(e.g., Joleaud, 1920), but by the 1950s most
morphologists regarded Gavialis and To-
mistoma as distant relatives. Most agreed
that the lineage including Gavialis had di-
verged from that including other croc-
odylians before the end of the Cretaceous,
and Kalin (1955b) argued for a divergence
during the Jurassic, with "eusuchian" char-
acters (pterygoid-bound choanae, procoe-
lous vertebrae) arising independently in
Gavialis and other members of Crocodylia.

Chromosomal studies (Cohen and Gans,
1970; King et al., 1986) have not produced
results easily expressed as a tree, but they
generally show that Gavialis has a karyo-
type "intermediate" between that of alli-
gatorids and that of crocodylids. Nesting
behavior was studied from a systematic
standpoint by Greer (1970). His results
supported a basal position for Gavialis but
also suggested that Osteolaemus, Tomistoma,
and alligators were all derived within
Crocodylus; however, his study was criti-
cized for its inclusion of ecologically plastic
characters (Campbell, 1972). Phylogenetic
relationships of crocodylian intestinal par-
asites have been extrapolated into a phy-
logenetic statement for Crocodylia, assum-
ing coevolution between parasite and host
(Brooks, 1979; Brooks and O'Grady, 1989),
but these results suggested some hetero-
dox relationships and have generally been
criticized as reflecting a biogeographic
rather than phylogenetic signal (Densmore
and Owen, 1989). Coevolutionary analyses
did not include Tomistoma but support a
basal position for Gavialis relative to other
crocodylian lineages.

Gorman et al. (1971) were the first to in-
fer within-group crocodylian relationships

from a biochemical standpoint. Starch gel
electrophoretic analysis of serum albumin
indicated a shorter immunological dis-
tance between Alligator and Caiman than
between Alligator and Crocodylus. Dens-
more (1983) conducted a much more inclu-
sive study, using immunodiffusion analy-
sis of serum albumin and transferrin,
hemoglobin tryptic peptide "fingerprint-
ing," and starch gel electrophoresis of 17
additional blood proteins to derive phen-
ograms for all extant species within Croc-
odylia. His results diverged from more
traditional morphological hypotheses in
that Tomistoma and Gavialis consistently
clustered together; the immunodiffusion
results indicated virtually no difference
between these two taxa, prompting Dens-
more and Dessauer (1984) to argue for a
relatively recent divergence between them,
perhaps as recently as the Miocene.

Several other molecular studies of croco-
dylian relationships have included mito-
chondrial and nuclear DNA restriction
fragment comparison (Densmore and
Owen, 1989; Densmore and White, 1991),
microcomplement fixation of serum albu-
min (Hass et al., 1992), sequence compar-
ison of 12S ribosomal mitochondrial DNA
(Gatesy and Amato, 1992; Gatesy et al.,
1993), and DNA fingerprinting (Aggarwal
et al., 1994). The results of these studies
were congruent with the conclusions of
Densmore (1983) in that Tomistoma and Ga-
vialis were most similar; Hass et al. (1992)
argued for a divergence as recent as the
Pliocene.

A few osteological studies seemed to
support the molecular hypotheses, at least
topologically (Aoki, 1976, 1992; Buffetaut,
1985b), but these studies have been criti-
cized (most notably by Norell, 1989) for re-
lying on demonstrably plesiomorphic char-
acter states to unite Gavialis and Tomistoma.
Characters of tongue structure (Taplin and
Grigg, 1989) and integumentary gland
pores (King and Brazaitis, 1971) also sup-
port the molecular tree when viewed in-
dependently but have not been considered
in more inclusive data sets. Most recent
morphological analyses have instead sup-
ported the basal position of Gavialis and a
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close relationship between Tomistoma and
Crocodylus (Frey, 1988; Frey et alv 1989; No-
rell, 1989; Tarsitano et al., 1989; Willis,
1993; Clark, 1994; Salisbury and Willis,
1996), and even those analyses that agreed
with the molecular data topologically (e.g.,
Buffetaut, 1985b) indicated a divergence
between Gavialis and Tomistoma prior to the
Eocene.

Poe (1996) combined published mito-
chondrial restriction site fragment data
(Densmore and Owen, 1989; Densmore
and White, 1991), 12S sequence data
(Gatesy and Amato, 1992; Gatesy et al.,
1993), and morphological, karyotypic, and
behavioral characters derived from the lit-
erature (Cohen and Gans, 1970; Greer,
1970; Brazaitis, 1973; Iordansky, 1973; Ross
and Mayer, 1983; Norell, 1988,1989; Clark,
1994), using both fossil and living out-
groups. This combined matrix, which ul-
timately included 176 molecular and 64
phenotypic (morphology, chromosome, be-
havior) characters, continued to support
the sister-taxon relationship between Ga-
vialis and Tomistoma. Poe (1996) empha-
sized the congruence among all data sets
if Gavialis is ignored and argued that the
combined tree was the best estimate for
crocodylian systematics.

The Placement of Gavialis and the
Role of Fossils

Why do these data sets disagree so con-
sistently on the relationships and diver-
gence timing of Gavialis? Nearly all authors
of molecular studies have attributed this
disagreement to undetected convergent
evolution in morphological characters
(Densmore, 1983; Hass et al., 1992). They
correctly pointed out that crocodylian evo-
lution has long been seen as replete with
convergence, particularly with regard to
snout shape (Langston, 1973). If morpho-
logical data sets rely heavily on cranial
characters, as historically they have, ho-
moplasy might be compromising attempts
to accurately reconstruct relationships.
Thus, when morphologists pointed to the
existence of gharials in the Eocene (e.g.,
Hecht and Malone, 1972; Buffetaut, 1982),
Hass et al. (1992) suggested that the fossils

had been misidentified. The characters
used to unite Tomistoma and Crocodylus
were dismissed as convergences (Hass et
al., 1992) or as potential synapomorphies
for all nonalligatoroid crocodylians, these
synapomorphies being secondarily trans-
formed in Gavialis (Densmore, 1983).

It is also entirely possible that homopla-
sy is projecting a misleading signal onto
the molecular data. Even if rates of evolu-
tion are low, accumulation of apomorphies
within long-separate lineages will erase
historical information from descendant
taxa and, ultimately, randomize data sets;
if evolutionary rates among a group of lin-
eages are not uniform, branches with large
numbers of apomorphies may converge on
each other (Felsenstein, 1978; Hendy and
Penny, 1989; Sytsma and Baum, 1996). This
possibility is particularly relevant given
the tree reconstruction algorithms used in
the distance-based crocodylian phyloge-
nies published to date (e.g., UPGMA in the
electrophoretic data of Densmore, 1983),
which are known in simulation to be in-
accurate when faced with long phyloge-
netic branches of different lengths (Huel-
senbeck and Hillis, 1993; Hillis et al., 1994;
Huelsenbeck, 1995).

The utility of combining disparate and
conflicting data sets has been debated
(Kluge, 1989; Swofford, 1991; Chippindale
and Wiens, 1994; Huelsenbeck et al., 1994;
de Queiroz et al., 1995; Miyamoto and
Fitch, 1995; Huelsenbeck and Bull, 1996;
Nixon and Carpenter, 1996). The combined
approach deals with conflict at the char-
acter level but fails to properly address sit-
uations in which different data sets are
producing well-supported but conflicting
hypotheses of relationships (Shaffer et al.,
1991; de Queiroz, 1993; de Queiroz et al.,
1995). A combined approach may not ac-
curately recover a phylogeny under these
circumstances, as shown in simulation by
Bull et al. (1993). The consistency and
strength with which different data sets dis-
agree on the placement and divergence
timing of Gavialis indicates conflict be-
tween data sets, and one would expect the
stronger signal, in this case that from re-
striction fragment length polymorphism
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and sequence data, to outweigh any other
signals.

If, as suggested by Hass et al. (1992) and
Densmore (1983), morphological data sets
are beset with convergence in extant spe-
cies, one possible solution is to add fossils
to morphological analyses. Fossils "prune"
long branches by preserving ancestral
states not recoverable in living relatives
(Huelsenbeck, 1991), and their inclusion
can overturn hypotheses supported by liv-
ing taxa alone (Gauthier et al., 1988; Don-
oghue et al., 1989; Meylan and Gaffney,
1989; Novacek, 1992). To date, published
parsimony analyses of Crocodylia (e.g.,
Norell, 1989) have essentially been analy-
ses of living taxa. Some fossil crocodylians
occur in the Late Cretaceous and represent
taxa living not long after the presumed di-
vergence of extant lineages; these taxa are
important because simulations indicate
that the addition of taxa to the analysis is
likeliest to increase accuracy if the added
taxa diverged close to the root (Kim, 1996).

If convergence is a problem for morpho-
logical data, the addition of fossils should
suggest a different set of relationships than
those obtained without fossils. Failure of
fossils to overturn Recent-only results, of
course, does not prove that morphology is
not being misled by convergence but rep-
resents a failure to reject the hypothesis
that morphology is being misled and bol-
sters confidence that the signal being
drawn from morphology is consistent.

Fossils also provide a unique opportu-
nity to calibrate the timing of lineage split-
ting events within Crocodylia. The oldest
known occurrence of one lineage places a
minimum age on both (Paul, 1982; Benton,
1990; Marshall, 1990; Norell, 1992, 1993;
Archibald, 1996). If one hypothesizes that
Gavialis and Tomistoma shared a common
ancestor after the Oligocene, one would
not expect to find fossils closer to either
taxon in pre-Miocene units. Identification
of such fossils forces a rejection this hy-
pothesis. Failure to recognize pre-Miocene
gavialoids or tomistomines would be con-
sistent with a post-Oligocene divergence
but would not necessarily prove it. Fossils
can only provide minimum divergence

times, and the possibility of a ghost lin-
eage must always be considered (Marshall,
1990; Norell, 1992, 1993; Springer, 1995).

METHODS

Phylogenetic Analysis: Testing the
Topological Incongruence

One hundred sixty-four discrete mor-
phological characters were subjected to
maximum parsimony analysis with PAUP
3.0s (Swofford, 1990); these characters are
listed in Appendix 1 (see data matrix in
Appendix 2). Multistate characters were
treated as unordered, and no differential
character weights were used. Branch-and-
bound searches were conducted when liv-
ing taxa were analyzed separately, but be-
cause of the size of the matrix, heuristic
searches were used when fossil taxa were
added. Ten searches were done with each
analysis, with the order of the taxa in the
matrix randomized each time, to ensure
that the search was not being trapped in a
local tree-length minimum (Maddison,
1991).

Two fossil taxa, Bernissartia fagesii and
an undescribed neosuchian from the Early
Cretaceous Glen Rose Formation of Texas,
were used as sequential outgroups in all
analyses. Norell (1989) used Goniopholis +
Dyrosauridae + Eutretauranosuchus and
Bernissartia + Shamosuchus as outgroups; I
was unable to examine well-preserved Sha-
mosuchus material, and because the rela-
tionships among "goniopholidids" (e.g.,
Goniopholis, Eutretauranosuchus) are not
well resolved, I excluded them. The unde-
scribed Glen Rose form (Langston, 1974)
was designated the sister taxon to Eusu-
chia by Benton and Clark (1988).

Poe (1996) used two extant noncrocodyl-
ians, Sphenodon punctatus and Apteryx aus-
tralis, as outgroups to polarize molecular
data. Dromaius novaehollandiae (emu) was
substituted for Apteryx in the present
study because skeletal material was avail-
able, permitting the scoring of morpholog-
ical characters. The 12S ribosomal DNA
(rDNA) sequence data for Dromaius were
downloaded from GenBank (accession
X67633; see Cooper et al., 1992). Dromaius
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was used as an additional outgroup taxon
when molecular and morphological data
sets were combined.

Two separate types of analyses were
performed. In both cases, branch-and-
bound searches were done on 15 extant
taxa and the two fossil outgroups, fol-
lowed by heuristic searches that included
the 15 extant and 44 extinct ingroup taxa
(see Appendix 3). All living species within
Alligatoridae were included, and Caiman
crocodilus and Caiman yacare were regarded
as separate species for purposes of this
analysis. Only four species within Croco-
dylus (C. cataphractus, C. rhombifer, C. poro-
sus, C. nibticus) were included in these
particular analyses because other Crocody-
lus were morphologically redundant with
one of these four taxa.

In the first analyses, morphological char-
acters were analyzed separately. Bernissar-
tia and the Glen Rose Form were the only
outgroups, whether the ingroup was re-
stricted to living species or included fos-
sils. In the second, 12S rDNA sequence
data (Gatesy et al., 1993) and 18S nuclear,
28S nuclear, and mitochondrial restriction
site fragment data (Densmore and White,
1991) were combined with morphology
and analyzed concurrently. These molec-
ular data sets were the same ones consid-
ered by Poe (1996). For these, Dromaius was
added as one of the outgroups. The 12S
rDNA alignment published by Gatesy et
al. (1993) was modified by eye to include
the Dromaius sequence; the realigned se-
quence is shown in Table 1.

Nonparametric bootstrap percentages
were calculated for nodes on all trees.
When living taxa were analyzed separate-
ly, the bootstrap analysis consisted of sep-
arate heuristic searches of 1,000 replicate
data sets. Because of the final size of the
matrix with fossils included (59 taxa, 164
characters), only 100 replicate data sets
were generated, and the heuristic searches
were modified such that branch swapping
was not used; 10 random arrangements of
each replicate data set were examined.

Decay indices were calculated using
TreeRot (Sorenson, 1996) for trees restrict-
ed to living taxa. These numbers were not

calculated for matrices including fossils;
repeated attempts using constraint files
generated by both TreeRot and AutoDecay
2.9.5 (Eriksson, 1996) were unsuccessful
owing to large numbers of incomplete
taxa. Because decay indices were not cal-
culated, trees up to three steps longer were
considered when fossils were included.

To compare the results obtained from
these analyses with previously published
hypotheses, alternative arrangements were
entered as constraint trees and analyzed
separately. First, the living taxa were con-
strained such that Gavialis and Tomistoma
formed a clade more closely related to
Crocodylus than to Alligator, as with previ-
ous molecular studies. With fossils includ-
ed, those extinct taxa closer to either Ga-
vialis or Tomistoma were constrained to
form a clade with no internal resolution,
and all other crocodylian taxa were al-
lowed to float. These taxa were further
constrained in subsequent analyses such
that post-Oligocene taxa (Gavialis gangeti-
cus, Siwaliks Gavialis, Tomistoma lusitanica,
Tomistoma schlegelii) formed a clade; this
constraint conformed to the hypothesis
that Gavialis and Tomistoma shared a com-
mon ancestor after the Oligocene.

Templeton (1983) introduced a proce-
dure based on the Wilcoxon signed rank
test to test the significance of character
state distribution difference between hy-
potheses (see also Larson, 1994; Poe, 1996).
I used one-tailed tests in this study (but
see Felsenstein, 1985), deriving significant
figures from the tables of Rohlf and Sokal
(1981).

Calibration of Divergence Time: Testing the
Temporal Incongruence

Many of the fossil taxa considered in
this analysis are known only from a single
locality, effectively rendering them point
occurrences for the purposes of this study.
To estimate age, I determined the smallest
chronostratigraphic unit to which each fos-
sil could be assigned; for most North
American fossils, this was the North
American Land Mammal Age (NALMA),
and for most non-North American speci-
mens, this was stage. A few taxa could

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/46/3/479/1651365 by guest on 17 April 2024



TA
BL

E 
1.

 
12

S 
rD

N
A

 s
eq

ue
nc

es
 u

se
d 

in
 t

hi
s 

st
ud

y 
(t

ak
en

 f
ro

m
 G

at
es

y 
et

 a
l.,

 1
99

3,
 a

nd
 m

od
if

ie
d 

by
 e

ye
 w

it
h 

in
cl

us
io

n 
of

 D
ro

m
ai

us
).

C
h
a
r
a
c
t
e
r
s

T
a
x
o
n

0
0
0
0
0
0
0
0
0
1
 
1
1
1
1
1
1
1
1
1
2
 
2
2
2
2
2
2
2
2
2
3
 
3
3
3
3
3
3
3
3
3
4
 
4
4
4
4
4
4
4
4
4
5
 
5
5
5
5
5
5
5
5
5
6
 
6
6
6
6
6
6
6
6
6
7
 
7
7
7
7
7
7
7
7
7
8
 
8
8
8
8
8
8
8
8
8
9

1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0

G
a
v
i
a
l
i
s
 g
a
n
g
e
t
i
c
u
s
 

G
A
C
T
T
G
A
C
G
G
 
T
A
C
T
T
C
G
C
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
C
 
A
G
T
A
C
T
C
G
A
T
 
A
T
A
C
C
T
T
A
C
C

A
l
l
i
g
a
t
o
r
 
s
i
n
e
n
s
i
s
 

G
A
C
T
T
G
A
C
G
G
 
C
G
C
T
T
C
G
A
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
C
 
G
G
T
A
C
A
C
G
A
T
 
T
C
A
C
C
C
G
A
C
C

A
l
l
i
g
a
t
o
r
 m
i
s
s
i
s
s
i
p
p
i
e
n
s
i
s
 

G
A
C
T
T
G
A
C
G
G
 
C
A
C
T
T
T
A
A
A
C
 
C
C
C
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
C
 
A
G
T
A
C
A
C
G
T
T
 
A
C
A
C
C
C
G
A
C
C

C
a
i
m
a
n
 
c
r
o
c
o
d
i
l
u
s
 

G
A
C
T
T
G
A
C
A
G
 
T
A
C
T
T
C
A
A
A
T
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
A
 
A
G
T
A
C
A
C
G
A
T
 
T
C
A
C
C
T
A
A
C
C

C
a
i
m
a
n
 
l
a
t
i
r
o
s
t
r
i
s
 

G
A
C
T
T
G
A
C
A
G
 
C
A
C
T
T
C
A
A
A
T
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
A
 
A
G
T
A
C
A
C
G
A
T
 
T
C
A
C
C
T
A
A
C
C

M
e
l
a
n
o
s
u
c
h
u
s
 n
i
g
e
r
 

G
A
C
T
T
G
A
C
A
G
 
C
A
C
T
T
C
A
A
A
A
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
A
 
A
G
T
A
C
A
C
G
A
T
 
C
C
A
C
C
T
G
A
C
C

P
a
l
e
o
s
u
c
h
u
s
 
t
r
i
g
o
n
a
t
u
s
 

G
A
C
T
T
G
A
C
G
G
 
T
A
C
T
T
T
A
A
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
T
G
A
A
 
G
A
T
A
C
A
C
G
A
T
 
C
C
A
C
C
T
A
A
C
C

P
a
l
e
o
s
u
c
h
u
s
 p
a
l
p
e
b
r
o
s
u
s
 

A
A
C
T
T
G
A
C
G
G
 
T
A
C
T
T
C
G
A
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
T
G
A
A
 
G
A
T
A
C
A
C
G
A
T
 
T
C
A
C
C
T
A
A
C
C

C
r
o
c
o
d
y
l
u
s
 r
h
o
m
b
i
f
e
r
 

G
A
C
T
T
G
A
C
G
G
 
T
A
T
T
T
C
G
A
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
C
 
A
A
T
A
C
A
C
G
A
T
 
C
C
A
C
C
C
A
A
C
C

T
o
m
i
s
t
o
m
a
 s
c
h
l
e
g
e
l
i
i
 

G
A
C
T
T
G
A
C
G
G
 
T
A
C
T
T
C
G
C
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
C
C
 
T
A
T
A
A
T
C
G
A
A
 
A
A
C
A
C
T
C
G
A
T
 
A
C
A
C
C
C
T
A
C
C

D
r
o
m
a
e
u
s
 n
o
v
a
e
h
o
l
l
a
n
d
i
a
e
 

G
A
C
T
T
G
G
C
G
G
 
T
G
C
C
C
T
A
A
A
C
 
C
C
A
C
C
T
A
G
A
G
 
G
A
G
C
C
T
G
T
T
C
 
T
A
T
A
A
T
C
G
A
T
 
A
A
C
C
C
A
C
G
A
T
 
A
C
A
C
C
C
A
G
C
C

A
A
C
T
T
T
T
G
C
C
 
T
T
A
A
A
C
G
T
-
C

A
C
C
T
C
T
A
G
C
C
 
C
 

C
A
C
C
T
T
T
A
G
C
C
 
T
 

A
 

C
A
C
C
C
T
T
A
G
T
-
 
T
 

A
 

T
A
C
C
C
C
T
A
G
T
C
 
T
 

A
 

C
A
C
C
C
C
T
G
G
C
C
 
C
 

T
C
C
T
C
C
T
A
G
C
C
 
T
 

C
C
C
T
C
C
T
T
G
C
C
 
T
 

C
A
C
C
T
T
T
T
G
C
C
 
C
T
-
A
A
-
G

A
A
C
T
T
T
T
G
C
C
 
T
T
A
A
A
C
-
T
A
C

A
A
-
T
A
C
A
G
C
C
 

T
A
C

0
0
0
0
0
0
0
0
0
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
1

9
9
9
9
9
9
9
9
9
0
 
0
0
0
0
0
0
0
0
0
1
 
1
1
1
1
1
1
1
1
1
2
 
2
2
2
2
2
2
2
2
2
3
 
3
3
3
3
3
3
3
3
3
4
 
4
4
4
4
4
4
4
4
4
5
 
5
5
5
5
5
5
5
5
5
6
 
6
6
6
6
6
6
6
6
6
7
 
7
7
7
7
7
7
7
7
7
8

1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0

G
a
v
i
a
l
i
s
 g
a
n
g
e
t
i
c
u
s
 

-
T
A
A
C
A
G
C
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
A
C
 
-
T
A
G
C
C
C
-
C
C
 
T
G
A
G
G
G
A
C
A
A
 
A
C
-
A
-
A
T
T
T
A
 
G
T
A
C
A
A
T
A
G
C
 
T
T
A
-
T
T
-
T
G
A
 
-
G
C
T
A
A
T
A
C
G

A
l
l
i
g
a
t
o
r
 
s
i
n
e
n
s
i
s
 

-
T
-
-
C
A
G
C
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
C
C
A
A
G
C
 
C
C
G
T
C
C
C
-
C
C
 
T
G
A
G
G
G
A
-
-
G
 
A
C
A
A
-
A
A
C
G
A
 
G
C
A
C
A
A
T
A
G
C
 
-
C
 

T
C
C
C
A
 
G
G
C
T
A
G
C
A
C
G

A
l
l
i
g
a
t
o
r
 m
i
s
s
i
s
s
i
p
p
i
e
n
s
i
s
 

-
T
—
C
A
G
T
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
G
C
 
C
C
G
T
C
C
C
A
T
T
 
T
G
A
G
G
G
A
-
-
A
 
A
C
A
A
-
A
A
C
G
C
 
G
C
G
C
A
A
C
A
G
C
 
T
C
A
-
-
A
C
C
G
A
 
-
G
C
T
A
A
C
A
C
G

C
a
i
m
a
n
 
c
r
o
c
o
d
i
l
u
s
 

-
C
—
C
A
G
T
T
T
 
G
C
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
G
C
 
T
T
G
T
C
T
C
-
G
C
 
T
G
A
G
A
G
A
-
-
A
 
A
C
A
A
-
A
A
T
G
A
 
G
C
A
C
A
A
T
A
G
C
 
-
C
 

C
C
C
C
 
-
G
C
T
A
A
A
A
C
G

C
a
i
m
a
n
 
l
a
t
i
r
o
s
t
r
i
s
 

-
C
-
-
C
A
G
T
T
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
G
C
 
C
T
G
T
C
T
C
-
G
C
 
T
G
A
G
A
G
A
-
-
A
 
A
C
A
A
-
A
A
T
G
G
 
G
C
A
C
A
A
C
A
G
C
 
-
C
 

T
C
C
T
A
 
G
G
C
T
A
A
A
A
C
G

M
e
l
a
n
o
s
u
c
h
u
s
 
n
i
g
e
r
 

-
C
-
-
C
A
G
T
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
G
C
 
T
T
G
T
C
T
C
-
G
C
 
T
G
A
G
A
G
A
-
-
A
 
A
C
A
A
-
A
A
T
A
A
 
G
C
A
C
A
A
C
A
G
C
 
-
C
 

T
C
C
C
A
 
G
G
C
T
A
A
A
A
C
G

P
a
l
e
o
s
u
c
h
u
s
 
t
r
i
g
o
n
a
t
u
s
 

-
T
—
C
A
G
T
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
A
C
 
T
T
G
T
C
C
C
-
A
C
 
T
G
A
A
G
G
A
—
A
 
A
C
A
A
-
A
A
C
G
A
 
G
T
A
C
A
A
C
A
G
C
 
-
C
 

T
C
C
C
A
 
G
G
C
T
A
A
T
A
C
G

P
a
l
e
o
s
u
c
h
u
s
 p
a
l
p
e
b
r
o
s
u
s
 

-
T
—
C
A
G
T
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
C
C
A
A
A
C
 
T
C
G
T
C
C
C
-
A
C
 
T
G
A
G
G
G
A
-
-
A
 
A
C
A
A
-
A
A
C
A
A
 
G
T
G
C
A
A
C
A
G
C
 
-
C
 

T
C
C
C
A
 
G
G
C
T
A
A
T
A
C
G

C
r
o
c
o
d
y
l
u
s
 r
h
o
m
b
i
f
e
r
 

C
A
G
C
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
G
C
 
T
T
A
G
-
C
C
-
C
A
 
T
G
A
G
G
G
A
C
-
A
 
A
G
-
A
-
A
C
C
T
A
 
G
C
A
C
A
A
T
A
A
C
 
T
C
A
C
T
T
C
T
G
A
 
-
G
C
T
A
G
T
A
C
G

T
o
m
i
s
t
o
m
a
 s
c
h
l
e
g
e
l
i
i
 

A
T
A
A
C
A
G
C
C
T
 
G
T
A
T
A
C
C
G
C
C
 
G
T
C
G
-
C
A
A
A
C
 
-
T
A
A
C
C
C
-
C
C
 
T
G
A
G
G
G
A
C
G
A
 
A
C
-
A
-
G
T
T
A
A
 
G
T
G
C
A
A
C
A
G
C
 
T
C
A
-
T
T
-
T
G
A
 
-
G
C
T
A
A
T
A
C
G

D
r
o
m
a
e
u
s
 n
o
v
a
e
h
o
l
l
a
n
d
i
a
e
 

A
T
A
C
C
-
G
C
C
-
 
G
-
-
T
-
C
-
G
C
C
 
A
—
G
C
C
C
-
G
C
 
C
T
A
A
 

T
 

G
A
-
-
A
 
A
G
A
A
T
A
G
C
G
A
 
G
C
A
C
A
A
T
A
G
C
 
-
C
A
C
T
T
 

-
G
C
T
A
A

1
1
1
1
1
1
1
1
1
1
 
1
1
1
1
1
1
1
1
1
2
 
2
2
2
2
2
2
2
2
2
2
 
2
2
2
2
2
2
2
2
2
2
 
2
2
2
2
2
2
2
2
2
2
 
2
2
2
2
2
2
2
2
2
2
 
2
2
2
2
2
2
2
2
2
2
 
2
2
2
2
2
2
2
2
2
2
 
2
2
2
2
2
2
2

8
8
8
8
8
8
8
8
8
9
 
9
9
9
9
9
9
9
9
9
0
 
0
0
0
0
0
0
0
0
0
1
 
1
1
1
1
1
1
1
1
1
2
 
2
2
2
2
2
2
2
2
2
3
 
3
3
3
3
3
3
3
3
3
4
 
4
4
4
4
4
4
4
4
4
5
 
5
5
5
5
5
5
5
5
5
6
 
6
6
6
6
6
6
6

1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7
8
9
0
 
1
2
3
4
5
6
7

G
a
v
i
a
l
i
s
 g
a
n
g
e
t
i
c
u
s
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
G
C
C
A
A
 
T
G
A
G
T
T
-
G
G
A
 
A
G
A
G
A
T
G
G
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
C
C
A
C
A
T
A
G
 
A
A
A
T
A
T
G
T
C
A
 
C
G
G
A
G
A
G
C
C
C
 
T
G
T
G
A
A
A

A
l
l
i
g
a
t
o
r
 
s
i
n
e
n
s
i
s
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
G
C
C
A
A
 
T
G
A
G
G
T
-
G
G
A
 
A
G
A
G
A
T
G
A
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
C
A
C
A
T
A
G
 
A
A
A
T
A
T
G
C
A
A
 
C
G
G
A
G
A
G
C
C
C
 
T
G
T
G
A
A
A

A
l
l
i
g
a
t
o
r
 m
i
s
s
i
s
s
i
p
p
i
e
n
s
i
s
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
G
C
C
A
A
 
C
A
A
G
G
T
-
G
G
A
 
A
G
A
G
A
T
G
G
G
C
 
T
A
C
A
T
T
T
T
C
T
 
C
A
A
C
A
T
G
T
A
G
 
A
A
A
T
A
T
T
C
A
A
 
C
G
G
A
G
A
G
C
C
C
 
T
A
T
G
A
A
A

C
a
i
m
a
n
 
c
r
o
c
o
d
i
l
u
s
 

T
C
A
G
G
T
C
A
A
C
 
G
C
G
C
A
G
C
T
A
A
 
T
G
G
G
G
T
G
G
G
A
 
A
G
-
G
A
T
G
T
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
C
A
C
A
T
A
G
 
A
A
A
T
A
C
G
T
G
A
 
C
G
G
A
A
C
G
T
C
C
 
C
G
T
G
A
A
A

C
a
i
m
a
n
 
l
a
t
i
r
o
s
t
r
i
s
 

T
C
A
G
G
T
C
A
A
C
 
G
T
G
C
A
A
C
T
A
A
 
T
G
G
G
G
T
G
G
G
A
 
A
G
-
G
A
T
G
T
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
C
A
C
A
T
A
G
 
A
A
A
T
A
C
G
T
G
A
 
C
G
G
A
A
C
G
T
C
C
 
C
G
T
G
A
A
A

M
e
l
a
n
o
s
u
c
h
u
s
 
n
i
g
e
r
 

T
C
A
G
G
T
C
A
A
C
 
G
T
G
C
A
G
C
C
A
A
 
T
G
G
G
G
T
G
G
G
A
 
A
G
-
G
A
T
G
T
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
C
A
C
A
T
A
G
 
A
A
A
T
A
G
G
T
A
A
 
C
G
G
A
G
C
G
T
C
C
 
C
A
T
G
A
A
A

P
a
l
e
o
s
u
c
h
u
s
 
t
r
i
g
o
n
a
t
u
s
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
A
C
T
A
A
 
C
G
G
A
G
C
-
G
G
A
 
A
G
A
G
A
T
G
T
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
-
A
-
A
T
A
G
 
A
A
A
T
A
C
G
T
A
A
 
C
A
G
A
A
C
G
C
C
C
 
T
A
T
G
A
A
A

P
a
l
e
o
s
u
c
h
u
s
 p
a
l
p
e
b
r
o
s
u
s
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
G
C
T
A
A
 
T
G
G
A
G
C
-
G
G
A
 
A
G
A
G
A
T
G
T
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
-
A
-
A
T
A
G
 
A
A
A
T
A
C
G
T
A
A
 
C
A
G
A
A
C
G
C
C
C
 
T
C
T
G
A
A
A

C
r
o
c
o
d
y
l
u
s
 r
h
o
m
b
i
f
e
r
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
G
C
C
A
A
 
T
A
A
G
T
T
-
G
G
T
 
A
G
A
G
A
T
G
G
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
C
A
C
C
A
T
A
G
 
A
A
A
T
T
G
G
T
C
A
 
C
G
G
A
G
A
G
G
C
C
 
T
G
T
G
A
A
A

T
o
m
i
s
t
o
m
a
 s
c
h
l
e
g
e
l
i
i
 

T
C
A
G
G
T
C
A
A
G
 
G
T
G
C
A
G
C
C
A
A
 
T
A
A
G
T
T
-
G
G
A
 A
G
A
G
A
T
G
G
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
C
C
T
C
A
T
A
G
 
A
A
A
T
A
T
G
T
C
A
 
C
G
G
A
G
A
G
C
C
C
 
T
G
T
G
A
A
A

D
r
o
m
a
e
u
s
 n
o
v
a
e
h
o
l
l
a
n
d
i
a
e
 

C
A
A
G
 
A
C
-
A
G
G
T
C
A
A
 
G
G
T
A
T
A
G
C
G
T
 
A
G
A
G
A
T
G
G
G
C
 
T
A
C
A
T
T
T
T
C
T
 
-
A
A
-
-
C
A
T
A
G
 
A
A
A
T
A
T
-
-
C
A
 
C
G
A
A
A
G
A
A
G
A
 
T
G
T
G
A
A
A

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/46/3/479/1651365 by guest on 17 April 2024



1997 BROCHU—RELATIONSHIPS OF GAVIALIS 487

only be assigned to an epoch, and some
South American taxa were assignable to a
South American Land Mammal Age (SAL-
MA). Chronostratigraphic unit boundaries
were obtained or estimated as noted in
Appendix 3.

To estimate earliest known occurrence
for each species, I used the midpoint of
whatever chronostratigraphic unit was
available for each taxon, and the temporal
range of the unit was used as the error
margin. For taxa known across several
units of time, the midpoint of the oldest
NALMA or stage was used for the origi-
nation time. Error margins on unit bound-
aries were not considered in this analysis;
when unit boundaries were depicted as
time transgressive, the most extreme limit
to that unit was used. Taxa whose error
margins overlapped were considered con-
temporary when calculating the strati-
graphic consistency index (SCI) unless
clear superpositional information placed
one taxon above another within the same
stage. I calibrated divergences between
any two taxa using the oldest occurring
fossil in either of the lineages as a mini-
mum age.

The SCI is the ratio between the number
of nodes consistent with known strati-
graphic ranges of involved taxa and the to-
tal number of nodes (Huelsenbeck, 1994).
This metric is related to the cladistic rank
method of Gauthier et al. (1988; see also
Norell and Novacek, 1992a, 1992b) but is
able to consider all nodes simultaneously
in a symmetrical tree. The SCI is only a
measure of whether a particular clado-
gram conflicts with superpositional infor-
mation and is not an indicator of the
amount of conflict; for example, cases in
which all taxa under consideration have
the same known minimum age will give
an SCI of 1.0. Also, SCI will not measure
how complete the fossil record is because
it only reflects relative age. In this case,
however, SCI is a useful way of determin-
ing whether alternative hypotheses require
more or fewer ghost lineages, as measured
by deviation from the stratigraphic order
of known fossils.

The SCI has been criticized as sensitive

to data set size and tree shape; in partic-
ular, pectinate trees are more likely to have
higher SCIs than are symmetrical trees of
the same taxa (Siddall, 1996). I calculated
the imbalance index (Im) of Heard (1992)
for two completely resolved trees for each
of the competing phylogenies, one that
maximizes symmetry and one that mini-
mizes it, to ensure that tree shapes were
similar. The expected value of Im for a ma-
trix of 59 taxa is 0.1063, following equa-
tions of Heard (1992) and Siddall (1996).
SCI cannot be calculated for a consensus
tree, so in both cases SCI was calculated
for the most pectinate and most symmet-
rical trees possible from the consensus tree
to give maximum and minimum Im.

The number of required ghost lineages
can be estimated by considering the mini-
mum implied gaps (MIG) between the first
occurrences of two sequential taxa on a
cladogram (Norell and Novacek, 1992a,
1992b; Weishampel and Heinrich, 1992;
Storrs, 1993; Benton and Storrs, 1994,1996;
Smith and Littlewood, 1994). A sum of
MIG (SMIG) for a tree indicates the sum
length of ghost lineages for the entire tree.
As with SCI, only fully resolved trees can
be used to calculate SMIG; I therefore cal-
culated SMIG for all trees in the set of
most-parsimonious trees and averaged
them. SMIG can suffer from the opposite
bias of SCI: whereas SCI will favor pecti-
nate trees, SMIG can favor symmetrical
trees because long basal branches are be-
ing cut by known nodes.

Fossils exist that extend the temporal
range of taxa used in the parsimony anal-
ysis. However, these fossils were not in-
cluded in the analysis because they were
redundant with other taxa that were in-
cluded; as such, the redundant taxa con-
tributed nothing toward resolving rela-
tionships and would have only increased
the number of most-parsimonious trees
(Wilkinson and Benton, 1995). Neverthe-
less, because these taxa were able to extend
the known temporal range of their congru-
ent taxa, they are listed at the bottom of
the table in Appendix 3.

Divergence times estimated from the
fossil record can be compared with those
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inferred from molecular data (Hass et al,
1992). Measures of molecular distance can
be plotted against minimum age of diver-
gence, and correlations can be calculated.
For this analysis, I used four different mea-
sures of distance: adjusted antigenic dis-
tance from serum albumin (Densmore,
1983), immunological distance from serum
albumin (Hass et al., 1992, using the same
samples as Densmore, 1983), Nei's distance
(D) calculated from 17 different blood pro-
teins (Densmore, 1983), and minimum
number of steps between taxa for the 12S
ribosomal unit of the mitochondrial ge-
nome (Gatesy et al., 1993).

Distances were read directly from the
appropriate tables of Densmore (1983) and
Hass et al. (1992). For Nei's D, pairwise
comparisons between different alligatorids
and nonalligatorids were not provided.
Whenever possible, the distance between
Crocodylus cataphractus and all other Croco-
dylus was used to represent the initial di-
vergence among extant Crocodylus. Step
matrices were generated by PAUP to cal-
culate distance for the DNA data, and ab-
solute distances were used.

Because we do not know the sampling
distribution for many types of distance
data (Hillis et al., 1996), error margins
could not be calculated for antigenic dis-
tance, immunological distance, or Nei's D.
However, molecular clock hypotheses as-
sume that base pair substitutions accu-
mulate following a Poisson distribution
(Wilson et al., 1987; Hillis et al., 1996). Fol-
lowing the equation described by Hillis et
al. (1996), error margins were calculated
for nine different hypothetical rates of evo-
lution (0.125, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5,
1.75, and 2.0 base pair changes/million
years [bpc/MY]), allowing a test of the hy-
pothesis that all pairwise comparisons
within Crocodylia are consistent with the
same rate or rates of evolution. After these
rates were calculated, a few divergences
exceeded rates of 2.0, and so integer incre-
ments from 3.0 through 7.0 were also test-
ed. Simple relative rate tests were also con-
ducted with this data set following a
modified version of the protocols of Min-
dell and Honeycutt (1990).

RESULTS

The topological results of all classes of
analyses are summarized in Figure 2. Mor-
phology, based on these results, does in-
dicate a basal position for Gavialis relative
to other crocodylians, but different com-
bined analyses support different topolo-
gies and rootings.

Parsimony Analysis

Extant taxa only, morphology only.—Heu-
ristic searches found a single most-parsi-
monious tree with a length of 259 (consis-
tency index [CI] excluding uninformative
characters = 0.711; retention index [RI] =
0.867) (Fig. 3a). Bootstrap percentages in-
dicate that all ingroup nodes on this tree
are robust. The monophyly of Crocodyli-
dae, including Tomistoma, is supported in
trees up to 6 steps longer than the most-
parsimonious tree; monophyly of a group
including all crocodylians except Gavialis is
supported in trees up to 11 steps longer.

This tree is largely congruent with all
previous analyses of Crocodylia, regard-
less of the type of data used. Crocodylus is
monophyletic and is the closest living rel-
ative of Osteolaemus; Alligatoridae is mono-
phyletic, as are the caimans; the sister-tax-
on relationship between Caiman latirostris
and Melanosuchus niger was supported by
Norell (1988) and Poe (1996), and all other
topological arrangements within Alligator-
idae are in agreement with previous anal-
yses; and Tomistoma is closer to Crocodylus
+ Osteolaemus than it is to Alligatoridae. A
sister-group relationship is indicated be-
tween Crocodylus cataphractus and all other
Crocodylus, in accord with some immuno-
logical data (e.g., Densmore, 1983), al-
though different data sets do not agree on
the relationships within Crocodylus (Poe,
1996).

This data set supports previous morpho-
logical cladistic studies of Crocodylia (e.g.,
Norell, 1989) in that Gavialis is unequivo-
cally the sister taxon of all other crocodyl-
ians. By constraining Gavialis and Tomisto-
ma as sister taxa, tree length increases from
259 to 273. This is an increase of 5.13%,
and based on Templeton's test (one-tailed),
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Alligatoridae Crocodylus + Osteolaemus

X
Gavialis Tomistoma

Gavialis Crocodylus + Osteolaemus

X
Tomistoma Alligatoridae

Gavialis Crocodylus + Osteolaemus

X
Tomistoma Alligatoridae

morphology, recent only ^fc

morphology, with fossils ^ ^

combined, with fossils

molecular, recent only fjA
(Poe, 1996) ^

combined, no fossils,
Dromaius only outgroup
(in part)

combined, no fossils,
Dromaius and fossil outgroups

combined, no fossils,
Dromaius only outgroup
(in part)

FIGURE 2. Summarized results of different parsimony analyses for Crocodylia. # = preferred root. The
asterisk indicates a situation in which the preferred topology is significantly more parsimonious than competing
topologies based on Templeton's test. See Poe (1996) for results of parsimony analyses of molecular data alone.

the difference is significant (P < 0.025, Ts
= 273, n = 41).

Fossils included, morphology only.—The
strict consensus of the 1,620 most-parsi-
monious trees recovered had a length of
472 (Figs. 4a, 5a). The relationships among
living crocodylians are entirely congruent
with those of Figure 3a. Gauialis and its
closest extinct putative relatives form the
basalmost clade within Crocodylia; Alli-
gatoroidea and Crocodyloidea, including
Tomistoma and several extinct tomisto-
mines, are sister taxa.

In most ways, this tree agrees topologi-
cally with previous analyses of fossil croc-
odyliform systematics. Hylaeochampsa vec-
tiana is the sister taxon to Crocodylia, as
proposed by Clark and Norell (1992). The
crocodyloid identity of such taxa as Asia-
tosuchus germanicus, "Crocodylus" affinis,
and Brachyuranochampsa eversolei is in
agreement with the proposals of Norell
and Storrs (1986) and Salisbury and Willis
(1996). The placement of Diplocynodon
close to but not within Alligatoridae was
supported by Norell et al. (1994), and the

gavialoid affinities of Eogavialis africanum
were supported by Hedht and Malone
(1972) and Buffetaut (1982).

Nevertheless, there are some unexpected
results. Most important of these from a pa-
leontological perspective is the nonmono-
phyly of "Leidyosuchus," a widespread as-
semblage of generalized eusuchians from
the Late Cretaceous through the Eocene of
North America (Lambe, 1907; Gilmore,
1910; Erickson, 1976; Brochu, in press). As
shown here, Leidyosuchus canadensis is a ba-
sal alligatoroid, but other "Leidyosuchus"
lie outside Alligatoroidea + Crocodyloi-
dea. "Allognaihosuchus," an assemblage of
broad-snouted alligatorids from the Terti-
ary of North America and Europe (e.gv
Simpson, 1930; Berg, 1966), is also not
monophyletic; Allognathosuchus wartheni is
more closely related to Alligator than is
"Allognathosuchus" mooki.

The gavialoid identity of Thoracosaurus
macrorhynchus was likewise unexpected.
Most 20th century authors have considered
Thoracosaurus to be a tomistomine (Pive-
teau, 1927; Steel, 1973; Carpenter, 1983).
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Bernissartia fagesii

Glen Rose Form

Gavialis gangeticus

Alligator mississippiensis

Alligator sinensis

Paleosuchus palpebrosus

Paleosuchus trigonatus

i— Caiman yacare

[ ^ L _ Caiman crocodilus
1°°| |- Melanosuchus niger

81>- Caiman latirostris
3

Crocodylus niloticus

Crocodylus rhombifer

Crocodylus porosus

Crocodylus cataphractus

Osteolaemus tetraspis

Tomistoma schlegelii

Dromaius novaehollandiae

Bernissartia fagesii

Glen Rose Form

Gavialis gangeticus

Tomistoma schlegelii

Alligator mississippiensis

Alligator sinensis

Paleosuchus palpebrosus

Paleosuchus trigonatus

Caiman yacare

Caiman crocodilus

Melanosuchus niger

Caiman latirostris

Crocodylus niloticus

Crocodylus rhombifer

Crocodylus porosus

Crocodylus cataphractus

Osteolaemus tetraspis

FIGURE 3. Results of strict parsimony analysis on
matrix including living crocodylian ingroup taxa
only. Numbers near the nodes are bootstrap percent-
ages (upper) and decay indices (lower), (a) Single
most-parsimonious tree (length = 259, CI [excluding
uninformative] = 0.711, RI = 0.867) when morpho-
logical characters were used exclusively; # = root, (b)
Strict consensus of four most-parsimonious trees
(length = 625, CI [excluding uninformative] = 0.670,
RI = 0.750) when the combined data set was consid-
ered. # = preferred root when Dromaius and fossil
outgroups were used concurrently; O = equally par-
simonious root when the fossil outgroups are pruned.

The relationship proposed here is not
strictly new; 19th century paleontologists
(e.g., LeMoine, 1884; Koken, 1888) regard-
ed Thoracosaurus as a close relative of Ga-
vialis. Although T macrorhynchus itself is
from the lowermost Paleocene (Troedsson,
1924; Piveteau, 1927), congruent forms are
known from the Late Cretaceous (Leidy,
1864; Troxell, 1925; Carpenter, 1983;
Schwimmer, 1986).

Tomistominae, whose name is defined in
reference to all crocodylians more closely
related to Tomistoma than to Crocodylus, Al-
ligator, or Gavialis, includes T. schlegelii and
a series of extinct forms extending into the
Lower Tertiary. The oldest of these is
"Crocodilus" spenceri from the lowermost
Eocene (Ypresian) of England, originally
described by Buckland (1836) and later re-
described and illustrated by Owen (1850).
Tomistoma cairense, known from the Middle
Eocene Mokattam Formation of Egypt
(Miiller, 1927b; Buffetaut, 1982), is also a
tomistomine according to this analysis.

In general, nodes supported by high
bootstrap percentages in the Recent-only
tree were either more weakly supported or
not supported at all in the Recent + fossils
tree, probably because the large suites of
characters supporting taxa in the Recent-
only tree were being shared by a larger
number of nodes. The 12 unambiguous
synapomorphies diagnosing Crocodylidae
in the Recent-only analysis, for example,
were distributed over five to seven nodes
in the Recent + fossils tree. Nevertheless,
the monophyly of Gavialoidea, including
pre-Miocene taxa, received very high sup-
port (100%).

Taxa designated as gavialoids or tomis-
tomines in the analysis with fossils were
constrained to form a clade; heuristic
searches under this constraint recovered
14,648 most-parsimonious trees with a
length of 492, an increase of 4.07%. The
strict consensus of these was similar to that
in Figures 4a and 5a, with the exception
that Gavialoidea (including tomistomines)
was the sister taxon of the clade including
"Crocodylus" megarhinus, Australosuchus clar-
kae, and more derived crocodylids. Putative
tomistomines were sister taxa to the last
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(a)

Eusuchia 6o

Crocodylia

Gavialoidea

Crocodyloidea

Crocodylidae

(b)

Dromaius novaehollandiae

Bernissartia fagesii

Glen Rose form

Hylaeochampsa vectiana

Thoracosaurus macrorhynchus

Eogavialis africanum

Gryposuchus colombianus

Siwaliks Gavialis

Gavialls gangeticus

Leidyosuchus wilsoni

Leidyosuchus acutidentatus

Leidyosuchus formidabilis

Leidyosuchus sternbergii

Pristichampsus vorax

AUigatoroidea

Prodiplocynodon langi

Asiatosuchus germanicus

"Crocodylus" affinis

Dormaal crocodyloid

Brachyuranochampsa eversolei

"Crocodylus" acer

"Crocodylus" spenceri

Gavialosuchus americanus

Tomistoma cairense

Tomistoma schlegelii

Tomistoma lusitanica

Australosuchus clarkae

"Crocodylus" megarhinus

Crocodylus cataphractus

Crocodylus palaeindicus

Crocodylus porosus

Crocodylus rhombifer
Crocodylus niloticus

— Euthecodon arambourgii

"Crocodylus" lloidi

Osteolaemus tetraspls

"Crocodylus" robustus

Crocodylus cataphractus

Crocodylus palaeindicus

Crocodylus porosus

Crocodylus rhombifer

Crocodylus niloticus

FIGURE 4. Strict consensus trees for crocodylians and outgroups. Extant taxa are shown in bold, (a) Strict
consensus of 1,620 most-parsimonious trees (length = 472, CI [excluding uninformative] = 0.431, RI = 0.827)
recovered when fossil and living ingroup taxa were analyzed with morphology alone. Alligatoroidea has been
collapsed and is shown in detail in Figure 5. Numbers at the nodes are bootstrap percentages for the mor-
phology-only analysis (upper) and combined analysis (lower). Decay indices could not be calculated. # =
nodes preserved in trees three or more steps longer than the most-parsimonious trees; O = nodes preserved
in trees two steps longer, (b) The strict consensus of 7,560 trees (length = 841, CI [excluding uninformative] =
0.475, RI = 0.781) recovered when the combined matrix was used; it is congruent with tree a, but there was
loss of resolution within Crocodylus. Dromaius was used as an additional outgroup, as indicated by the dashed
line leading to Dromaius in tree a.

common ancestor of Thoracosaurus and Ga-
vialis (Fig. 6). Although the percentage of
tree-length increase is smaller with fossils
than without, the unconstrained tree is still
significantly more parsimonious (P < 0.025,
Ts = 424, n = 51).

Extant taxa only, combined matrix.—The

combined matrix produced four most-par-
simonious trees with a length of 624 steps.
Gavialis is placed at the base of Crocodylia,
as with the morphology-only analyses, but
Tomistoma is also close to the root (Fig. 3b).
In effect, the unrooted network supported
by the combined matrix is the same as
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(a)

Alligatoridae^

Leidyosuchus canadensis

Diplocynodon hantoniensis

Diplocynodon ratelii

Diplocynodon darwini

Brachychampsa montana

Stangerochampsa mccabei

Alligator mlsslssippiensis

Alligator slnensls

Alligator mefferdi

Alligator olseni

Alligator mcgrewi

Alligator prenasalis

Arambourgia gaudryi

Wannaganosuchus brachymanus

Allognathosuchus wartheni

Procaimanoidea kayi

"Allognathosuchus" mooki

Eocaiman cavemosus

Paleosuchus palpebrosus

Paleosuchus trlgonatus

Purussaurus neivensis

Nettosuchidae

Caiman crocodllus

Caiman yscare

Caiman latirostris

Melanosuchus nlger

(b)
i— Caiman crocodllus

— Caiman yacare

— Caiman latirostris

— Melanosuchus nlger

FIGURE 5. Relationships among alligatoroids when
morphological data were analyzed alone. Extant taxa
are shown in bold, (a) Expansion of tree in Figure 4a.
Numbers at the nodes are bootstrap percentages for
the morphology-only analysis (upper) and combined
analysis (lower). Decay indices could not be calculat-
ed. # = nodes preserved in trees three or more steps
longer than the most-parsimonious trees, (b) Loss of
resolution within Caiman when combined matrix was
used.

with molecular data alone, but morpholog-
ical information strongly supports a root-
ing on Gavialis rather than Alligatoridae.

This tree also differs from the morphol-
ogy-only tree in that Crocodylus cataphractus

Bemissartia fagesii
Glen Rose form
Hylaeochampsa vectiana
Leidyosuchus wilsoni
Leidyosuchus acutdentatus
Leidyosuchus formidabilis
Leidyosuchus stembergii
Pristichampsus vorax
Alligatoroidea
Prodiplocynodon langi
Asiatosuchus germanicus
"Crocodylus' affinis
Dormaal crocodyloid
Brachyuranochampsa eversolei
'Crocodylus' acer
Thoracosaurus macrorhynchus
Eogavialis africanum
Gryposuchus colombianus
Siwaliks Gavialis
Gavialis gangeticus
'Crocodylus' spenceh
Gavlalosuchus americanus
Tomistoma cairense
Tomistoma schlegelll
Tomistoma lusitanica
Australosuchus darkae
'Crocodylus' megarhinus
Euthecodon arambourgii
•Crocodylus'lloidi
Osteolaemus tetraspis
'Crocodylus' robustus
Crocodylus cataphractus
Crocodylus palaeindicus
Crocodylus porosus
Crocodylus rhombHer
Crocodylus niloticus

FIGURE 6. Strict consensus of 14,648 most-parsi-
monious trees (length = 492, CI [excluding uninform-
ative] = 0.420, RI = 0.810) when the morphological
data set was constrained to make Gavialis and Tomis-
toma closer to each other than either is to other living
crocodylians.

and C. niloticus are sister taxa. This node
is not robust, and trees supporting a sister-
group relationship between C. cataphractus
and other Crocodylus are only one step lon-
ger. Some of the molecular data indicate a
close relationship between Caiman latiros-
tris and Caiman crocodilus + Caiman yacare,
and resolution is reduced in this portion of
the tree.

Trees supporting the morphological
placement of Tomistoma are 628 steps long,
regardless of the placement of C. cataphrac-
tus. The preferred molecular tree, in which
Gavialis and Tomistoma are sister taxa, is
631 steps long. The lengths of both of these
trees are <1% greater than the length of
the optimal tree, and neither tree is signif-
icantly less parsimonious with Templeton's
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test (Ts = 539, n = 48, combined vs. pre-
ferred morphology; Ts = 418, n = 43, com-
bined vs. preferred molecular). However,
the preferred morphological and molecu-
lar topologies are significantly different
from each other (P < 0.001, Ts = 760.5, n
= 78).

When the fossil outgroups are pruned
from the analysis, two different rootings
become equally parsimonious, one on Ga-
vialis and one on Alligatoridae. These trees
are 592 steps in length, only eight steps
shorter than the preferred morphology
tree. These three topologies are not signif-
icantly different (Ts = 490, n = 48, pre-
ferred morphology tree vs. most-parsimo-
nious result rooted on Gavialis; Ts =
1382.5, n = 78, preferred morphology tree
vs. most-parsimonious result rooted on
Alligatoridae).

Fossils included, combined matrix.—This
analysis produced 7,560 most-parsimoni-
ous trees with a length of 841. The strict
consensus of these is completely congruent
with the set of most-parsimonious trees fa-
vored by morphology alone. However,
there is loss of resolution within the cai-
mans (Fig. 5b) and Crocodylus (Fig. 4b).
This set of trees is only three steps longer
than the set of trees in which gavialoids
and tomistomines are constrained as close
relatives. This difference is not significant
(Ts = 1,332, n = 74).

Timing of Divergence within Crocodylia

For the tree as a whole, concordance
with stratigraphy is good (average SCI =
0.8679; Figs. 7, 8a), although there are
some prominent exceptions. For example,
Pristichampsus is known only from the Eo-
cene (Berg, 1966; Langston, 1975; Busbey,
1986), but if the phylogeny in Figure 4 is
correct, its lineage must extend back to the
Cretaceous. Likewise, the lineage includ-
ing Diplocynodon must extend into the Cre-
taceous, even though remains have not
been described for this taxon prior to the
Eocene (Berg, 1966; Buscalioni et al., 1992).

The most-parsimonious relationships
within Gavialoidea are in perfect agree-
ment with known stratigraphic ranges,
and if Late Cretaceous Thoracosaurus are

included, the node joining Gavialoidea
with all other crocodylians is consistent
with stratigraphy. Within Tomistominae,
Gcwialosuchus is the only taxon out of place,
with an inferred gap of 10.7 MY.

There is general agreement between the
data sets regarding divergence time. For
example, molecular data have supported
an ancient split between the alligators and
caimans (Gorman et al., 1971; Densmore,
1983; Densmore and Owen, 1989; Hass et
al., 1992; Kumazawa and Nishida, 1995).
Based on the presence of " Allognathosu-
chus" mooki in the lower Paleocene (Simp-
son, 1930; Sullivan et al., 1988), the alliga-
tor-caiman split occurred at or shortly
after the Cretaceous-Tertiary boundary.
Although the oldest caiman considered in
this study is from the Eocene, putative cai-
mans are known from the Paleocene of Ar-
gentina (Rusconi, 1937) and Texas (Brochu,
1996); furthermore, a headless skeleton
from the Hell Creek Formaton may repre-
sent a Late Cretaceous caiman and thus
may draw this divergence into the Creta-
ceous (Bryant, 1989).

Molecular distances have also implied a
relatively recent divergence among living
species of Crocodylus and between the two
modern species of Alligator (Densmore,
1983). The oldest arguable members of the
crown-group Crocodylus are from the Mio-
cene (Tchernov, 1986; Pickford, 1994; Lea-
key et al., 1996), and the divergence be-
tween Alligator mississippiensis and A.
sinensis was probably in the Miocene,
based on the presence of A. mississippiensis
in the Barstovian (middle Miocene; Ma-
lone, 1979).

The distribution of fossil taxa in Figure
7 is problematic if, as suggested by some
protein distances (Densmore and Des-
sauer, 1984; Hass et al., 1992), Gavialis and
Tomistoma diverged from each other in the
Miocene or Pliocene. Gavialoidea can be
recognized in the Late Cretaceous based
on the presence of Thoracosaurus in the
Campanian (Lavocat, 1955; Schwimmer,
1986), and tomistomines are known in the
Eocene ("Crocodilus" spenceri, Tomistoma
cairense). The fossils discussed by Hass et
al. (1992) were used in this analysis, and
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FIGURE 7. Stratigraphic distribution of fossil and living crocodylians. AUigatoroidea has been collapsed and
is shown in Figure 8a. # = occurrences within a single formation or limited time range; solid lines indicate
continuous time ranges; MYA = million years ago. Arrows indicate nodes inconsistent with the phylogeny
proposed in Figure 4. All polytomies include some topologies inconsistent with the proposed phylogeny.
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FIGURE 8. Stratigraphic distribution of alligatoroid, gavialoid, and tomistomine taxa. # = occurrences
within a single formation or limited time range; solid lines indicate continuous time ranges; MYA = million
years ago. Arrows indicate nodes stratigraphically inconsistent with the proposed phylogeny in Figures 4 and
5. (a) Alligatoroid taxa. (b) Gavialoid and tomistomine taxa when Gavialis and Tomistoma are constrained as
close relatives. Note that the earliest divergence between Gavialis and Tomistoma is still Late Cretaceous.

without any a priori constraint, Eocene
and Oligocene taxa thought to be gavi-
aloids in 1992 are still gavialoids. Indeed,
when some "misidentified" taxa are prop-
erly assigned, e.g., Thoracosaurus, the dis-
parity between phenetic distance and tem-
poral range grows.

With fossils included, the range of Im in-
dicates slightly more symmetry in the con-
strained tree over the preferred morphol-
ogy tree, but the ranges overlap (0.224-
0.300 for constrained tree, 0.246-0.298 for
preferred morphology tree), and the tree
shapes in the competing topologies can be
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considered similar for purposes of this
analysis. In both cases, the set of trees is
less symmetrical than would be expected
for the number of taxa analyzed (expected
Im = 0.1063).

The constrained tree fits the relative
stratigraphic distribution of taxa nearly as
well as the unconstrained tree, and average
SCI values are close (average SCI = 0.866
for constrained tree). However, the amount
of missing time is much greater for the
constrained as compared with the uncon-
strained tree. Average SMIG for the most-
parsimonious set of trees is 734.26; in the
case of the Gavialis-Tomistoma constraint,
average SMIG = 984.90, a difference of
nearly 25.5%.

The most-parsimonious arrangement al-
lowing a close relationship between Gavi-
alis and Tomistoma still indicates a Late
Cretaceous divergence between these two
taxa. Thoracosaurus is still most-parsimo-
niously seen as closer to Gavialis than to
Tomistoma. The most-parsimonious ar-
rangement permitting a post-Eocene di-
vergence between Gavialis and Tomistoma
increases tree length by 52 steps (9.9%)
with morphology only and 36 steps (4.1%)
with the combined matrix and is signifi-
cantly less parsimonious in both cases (P
< 0.001, Ts = 277.5, n = 59, morphology
only; P < 0.001, Ts = 1165.5, n = 86, com-
bined matrix). Either of these arrange-
ments further implies long ghost lineages
for noncrocodylid crocodyloids.

The pre-Campanian record for eusuchi-
ans generally is poor, and an approximate-
ly 25-MY gap exists between Hylaeochamp-
sa, the oldest known eusuchian, and the
next oldest eusuchian occurrences in the
Cenomanian (Stromer, 1925, 1933). How-
ever, this gap exists during a time of ma-
rine highstand, and terrestrial deposits are
not common for most of the middle Cre-
taceous. The stratigraphic record is much
more dense for the Tertiary, when sea lev-
els were lower and nonmarine deposits are
more widespread (Raup, 1976; Haq et al.,
1988). The gaps implied by the constraint
tree encompass much of the Tertiary, when
we would not expect long gaps for conti-
nental lineages.

200

Q 100-

0.4 •

0 20 40 60

Minimum Time of Divergence (MYA)

FIGURE 9. Comparison between minimum time of
divergence (million years ago [MYA]) based on fossil
occurrences and three different measures of protein
distance. Points indicate pairwise comparisons be-
tween living lineages; see Table 2. (a) Immunological
distance (ID), with the dashed line as the proposed
rate curve, from Hass et al. (1992). (b) Adjusted anti-
genic distance (AAD) from Densmore (1983). (c) Nei's
D from Densmore (1983).

Comparison of Molecular Distances with
Fossil Divergence Time

The two distance measures derived
from albumin (adjusted antigenic distance
[AAD] and immunological distance [ID];
Figs. 9a, 9b; Table 2) show a general cor-
respondence with minimum divergence
time as predicted by fossils. Relatively re-
cent divergences (A mississippiensis-A. sinen-
sis, Crocodylus-Osteolaemus, Crocodylus ca-
taphractus-a\l other Crocodylus) correspond
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TABLE 2. Protein distance data used in this analysis. ID from Hass et al., 1992; Nei's D and AAD from
Densmore, 1983. Minimum time of divergence (TOD) calibrated as in Appendix 3.

Divergence ID Nei's D AAD TOD

Alligator-all caiman
A. mississippiensis-A. sinensis
Crocodylus-Os teoleamus
C. cataphractus-oiher Crocodylus
Crocodylus-Tomistoma
Os teolaemus-Tom is toma
Paleosuchus-(Caiman + Melanosuchus)
Os teolaemus-Gavialis
Crocodylus-Gavialis
Tomistoma-Gavialis
Melanosuchus-Caiman latirostris
(M. niger + C. latirostris)-C. crocodilus
Alligator-Crocodylus
Alligator-Gauialis
Alligator-Tom is toma
All caiman-Crocody/us
All caiman-Gayia/z's
All caiman-Tom is toma
Alligator-Os teolaemus
All caiman-Osteo/oemMs

79.00
5.00

36.00
19.00
78.90
65.00
40.30
86.00
81.00

8.50
21.00
23.38

114.00
93.00
76.00

112.00
107.00
100.67
120.00
153.00

0.762
0.560
0.498
0.253
0.408
0.682
0.686
0.730
0.737
0.404
0.337
0.311

2.54
0.43
0.67
0.26
2.57
2.07
1.93
2.36
2.58
0.03
0.39
0.72
4.12
2.94
2.86
4.68
4.33
4.41
4.24
5.13

65.8
14.0
9.7
9.7

53.3
53.3
53.8
78.5
78.5
78.5
3.4
9.7

69.5
78.5
78.5
69.5
78.5
69.5
69.5
69.5

to low AAD or ID; more ancient diver-
gences typically correspond to higher
AAD or ID. Both measures indicate an an-
cient divergence between Alligator and the
caimans, between Crocodylus and Tomisto-
ma, and between most nongavialoid croco-
dylians and Gavialis.

However, the low AAD and ID between
Gavialis and Tomistoma are in stark contrast
with a minimum divergence time in the
Late Cretaceous. In both cases, AAD and
ID grossly underestimate the divergence
time between these two taxa. Because error
margins cannot be calculated for these
comparisons, it is unclear whether this
point is a significant outlier in the statisti-
cal sense; it clearly falls far from other
points with both measures.

Hass et al. (1992), using a similar plot
for ID and a molecular clock estimated
from salamander phylogeny, argued that
the oldest fossils putatively considered
gavialoids (Oligocene, in their case) repre-
sented misidentified taxa unrelated to Ga-
vialis or Tomistoma. However, a parsimony
reanalysis continues to support the gavi-
aloid identity of these fossils, and an ex-
planation other than misidentification
should be sought. Conversely, both the dis-
tances and divergence time between these

two taxa could be accepted at face value, a
rate curve could be estimated from the or-
igin through the Gavialis-Tomistoma point,
and then ghost lineages could be extrapo-
lated for all other points until they inter-
sected the rate curve. This process would
require ghost lineages for some pairwise
comparisons as old as 1 billion years, im-
plying the existence of Crocodylia prior to
the Cambrian Explosion.

Other interesting patterns arise from
close inspection of Figure 9. In particular,
both AAD and ID appear to overestimate
divergences between nonalligatorids and
alligatorids generally, especially between
nonalligatorids and caimans. Thus, the
distance between Alligator and any nonal-
ligatorid should be very similar to the dis-
tance between the caimans and the same
nonalligatorid because the last common
ancestor shared between Alligator and, for
example, Crocodylus was the same last
common ancestor shared between caimans
and Crocodylus. Instead, AAD and ID con-
sistently indicate greater distances when
caimans are involved.

Nei's D does not correspond as well
with time as do the albumin distance mea-
sures, particularly for recent divergences
(Fig. 9c). Nevertheless, Nei's D underesti-
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mates the divergence between Gavialis and
Tomistoma. Because pairwise comparisons
between alligatorids and nonalligatorids
could not be made, the overestimation of
caiman divergence time seen with AAD
and ID could not be tested.

Comparison of Sequence Data with Fossil
Divergence Time

Simple relative rates tests for pairwise
comparisons between extant crocodylian
species (Table 3) indicate that the 12S ri-
bosomal sequence data are generally inter-
nally consistent with the same rate of evo-
lution, but some comparisons between
some caimans, in particular Melanosuchus
niger, Caiman latirostris, and Paleosuchus pal-
pebrosus, and noncaiman crocodylians in-
dicate significantly higher rates of evolu-
tion for some caimans. Comparisons with
Gavialis do not reflect differential rates,
with the exception of two of the caiman
comparisons.

Relative rate tests have the advantage of
being independent of topology and fossil
divergence estimates (Mindell and Thack-
er, 1996), but fossil occurrences can be
used to obtain rough divergence estimates
and to test apparent absolute rates further.
Figure 10 shows the relationship between
minimum divergence time from fossils
and the number of steps between any two
crocodylian taxa for the 12S data (Gatesy
et al., 1993; Table 3). Lines radiating from
the origin correspond to hypothetical rates
of evolution as indicated.

Two pairwise distances, those between
Gavialis and Tomistoma and between Gavi-
alis and Crocodylus rhombifer, are consistent
with an evolutionary rate of 0.25 bpc/MY
but lie outside the error margins for all
other rates. The Gavialis-Tomistoma dis-
tance is also consistent with a rate of 0.125
bpc/MY, and all other points lie well out-
side the error margins for this rate. Most
other points lie within the error margins
for 0.5 bpc/MY and/or 0.75 bpc/MY.

Late Tertiary divergences within Alli-
gatoridae indicate considerably faster rates
of evolution. The distance between the two
living species of Alligator is consistent with
rates of 1.5-2.0 bpc/MY. Comparisons

among caimans suggest even faster rates,
e.g., the distance between Melanosuchus ni-
ger and Caiman latirostris is consistent with
rates of 3.0-7.0 bpc/MY.

There are two caveats with this type of
analysis. First, the calculated error mar-
gins on molecular rates assume a Poisson
distribution of substitutions, and recent
studies indicate that this assumption is not
always met (Gillespie, 1986; Sullivan et al.,
1995). Second, the disparity between some
comparisons might be an artifact of an in-
complete fossil record (Springer, 1995).
Projection of ghost lineages will draw any
of these comparisons into slower apparent
rates of evolution. For caimans, the pre-
Miocene fossil record is very poor, and the
anomalously high rates calculated from
caiman divergences might reflect the non-
preservation of speciation events in the Eo-
cene or Paleocene.

Nevertheless, the rate calculated from
Gavialis and Tomistoma raises some inter-
esting questions. If the maximum rate for
this comparison (0.25 bpc/MY) is taken as
a conservative rate estimate for all croco-
dylian lineages, then other divergences can
be projected back in time until they are
consistent with that rate. This procedure
results in some ghost lineages, in particu-
lar those involving caimans, that extend
into the lowermost Upper Jurassic (Oxfor-
dian), roughly 40 MY before the first
known eusuchian. Conversely, the Gavialis-
Tomistoma divergence is consistent with a
rate of 0.5 bpc/MY only if it occurred after
the Eocene, which is inconsistent with the
existence of fossils from both lineages pri-
or to the Oligocene.

DISCUSSION

What Does Morphology Say about the
Relationships of Gavialis?

A thorough review supports the signal
reflected by earlier anatomical studies;
morphology really does indicate that Ga-
vialis is the sister taxon of all other extant
crocodylians. The addition of fossils has
no effect on the tree topology resulting
from analysis of modern taxa. Thus, the
hypothesis that morphological data are be-
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FIGURE 10. Comparison between 12S ribosomal se-
quence difference and minimum time of divergence
(million years ago [MYA]) between crocodylian taxa.
Points indicate pairwise comparisons between living
species; see Table 3A. Lines radiating from the origin
are tested substitution rates, ranging from 0.125 to 7.0
base pair changes/million years.

ing misled by convergence when living
taxa are analyzed separately cannot be re-
jected.

One possible criticism is that because
these fossils were all incomplete to some
degree they did not support relationships
that would otherwise have been recovered
with complete taxa. Although some anal-
yses have shown decreases in accuracy
with the addition of incomplete taxa
(Wiens and Reeder, 1995), most paleontol-
ogists have found that the completeness of
a fossil has little bearing on whether it will
alter relationships (Gauthier et al., 1988;
Simmons, 1993; Wilkinson and Benton,
1995), and very incomplete taxa are more
likely to reduce resolution (Wheeler, 1992;
Livezey, 1996). Furthermore, some of these
fossils (e.g., "Leidyosuchus" formidabilis,
Diplocynodon hantoniensis, "Crocodylus" af-
finis) were almost as morphologically com-
plete as the modern taxa (Appendix 3),
and many extant taxa were also incom-
plete because complete molecular data
were not available.

What Does the Fossil Record Say about
Divergence Timing within Crocodylia?

The presence of fossil gavialoids in the
Cretaceous and fossil tomistomines in the
Eocene falsifies the hypothesis that extant
Gavialis and Tomistoma shared a common
ancestor as recently as the Late Tertiary.
This conclusion is independent of the re-

lationships between living Gavialis and
Tomistoma; constraining the analysis to
draw these genera close together still in-
dicates a Cretaceous divergence, and even
the combined analyses significantly reject
a topology that would permit a post-Oli-
gocene divergence.

This conflict is a more interesting than
the topological issue. Significant topologi-
cal disagreement among data sets centers
on only one extant lineage, and given the
consistency with which independent mo-
lecular data sets agree on the position of
Gavialis, the topological conflict could be
dismissed as an artifact of morphological
convergence. However, the sequence of fos-
sils extending Gavialoidea into the Cam-
panian must be explained if Gavialis and
Tomistoma diverged from each other within
the past 22 MY.

Both topologies fit the known strati-
graphic sequence of fossils approximately
as well. However, making Gavialis and
Tomistoma sister taxa increases the amount
of missing time by over 250 MY, and a
minimum 56 MY discrepancy separates
molecular and fossil estimates for the di-
vergence of these taxa. Measures of clade
rank and missing time show no correla-
tion, which is not unexpected because they
measure very different things: fit between
branching order and stratigraphic appear-
ance and the amount of stratigraphic gap
between occurrences, respectively (Hitchin
and Benton, 1997). I do not accept the con-
clusion that long ghost lineages in the set
of most-parsimonious trees should be
cause to prefer a suboptimal tree (contra
Wagner, 1995), but in this case the pre-
ferred morphology trees are considerably
better at explaining the absolute temporal
distribution of fossils.

Some interesting questions arise regard-
ing interpretations of molecular distance
data and assumptions of clocklike evolu-
tion within Crocodylia. Mitochondrial
DNA substitution rates are not uniform
throughout the group (Table 3; Fig. 9). Al-
though the extremely high rates implied
for caimans by minimum divergence times
are probably being inflated by an incom-
plete fossil record, other measures indicate
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higher rates in caimans than in other croc-
odylian lineages.

Kumazawa and Nishida (1995) found
that rates for tRNA evolution were higher
in crocodylians than in other amniote lin-
eages, and their data suggest a slightly
longer branch in Caiman than in Alligator
or Crocodylus. The mitochondrial genome
of Crocodylus porosus has a longer cyto-
chrome b sequence than do those of non-
crocodylian amniotes and, apparently, a
pseudogene derived from the tRNAphe

gene (Quinn and Mindell, 1996). Caiman
crocodilus also has an additional noncoding
region inserted between the ND4 and
tRNfASercAGY) genes (Macey et al, 1997). To-
gether with the 12S rDNA rate heteroge-
neity proposed here, these observations
indicate a complex history for the
crocodylian mitochondrial genome.

A recent analysis by Wu et al. (1996)
supported a placement of Hylaeochampsa
deep within Alligatoridae, which would
draw the divergence between Alligatoridae
and Crocodylidae into the Lower Creta-
ceous and would support much lower
rates of evolution for alligatorid taxa. How-
ever, this comparison must be made cau-
tiously because Wu et al/s analysis exclud-
ed many taxa, such as gavialoids and
tomistomines, that could overturn their
tree (Brochu, in press). No caimans were
included, so the presence of Hylaeochampsa
close to Brachychampsa and Stangerochampsa
provides no information about the diver-
gence between Alligator and Caiman. The
relationships for Hylaeochampsa supported
by Wu et al. are strongly rejected by the
morphological matrix used in the present
analysis (4.6% tree length increase; P <
0.005, Ts = 45, n = 29).

7s a Combined Approach the Answer?

The conclusions of the combined analy-
ses presented here differ from those of Poe
(1996) in two ways. First, Poe's combined
matrix significantly rejected a sister-group
relationship between Gavialis and all other
living crocodylians, whereas the analyses
presented here either do not significantly
reject it or prefer it (Fig. 2); in either case,
the competing hypotheses are not signifi-

cantly different. Second, the inclusion of
fossils shows that the conflict is no longer
restricted to a single species only; Gavialis
produced the only consistent conflict in
Poe's analyses (1996), but competing hy-
potheses must also consider such extinct
taxa as Thoracosaurus, Eogavialis, and Gavi-
alosuchus, especially if the fossil record is
to be reconciled with molecular distance
data.

The combined analyses presented here
reflect the strong disparity between differ-
ent morphological and molecular data sets
for the position of Gavialis more than they
uphold one over another. However congru-
ent the available data are for most parts of
the crocodylian tree, they strongly dis-
agree on the placement of Gavialis and its
extinct relatives. The total evidence tree in
Figures 4 and 5 is currently the best avail-
able hypothesis for crocodylian relation-
ships, but alternative topologies supported
by other data sets are not significantly less
parsimonious, and the inclusion of new
data sets or fossil taxa might very well
overturn these trees.

Nonsignificance of tree-length difference
between topologies leads to the suspicion
that combined analyses alone will not re-
solve this particular issue. There are two
conflicting signals represented in the com-
bined matrix, and whichever is stronger in
a particular analysis will dominate the re-
sulting combined signal. Poe (1996) found
the preferred molecular tree to be better
supported than the morphology tree, but
he used more than twice as many molec-
ular as morphological characters. A bol-
stered morphological data set led either to
a different rooting (for the Recent-only tree
with fossil outgroups) or a different topol-
ogy altogether (when fossils are included).
The change in root can be seen as a com-
promise result: the molecular data are
strongly enforcing a four-taxon network in
which Gavialis and Tomistoma are close to-
gether, but the morphological data are
rooting it on Gavialis. The complete change
in topology is reflecting a stronger mor-
phological signal with the addition of fos-
sils. One would expect the addition of a
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large sequence data set to tip the balance
in favor of the molecular tree again.

There is value to combining data sets;
weakly supported relationships in differ-
ent partitions might become more robust
in the combined analysis, and as illustrat-
ed by Pennington (1996), different parti-
tions will resolve different regions of the
tree. But, with respect to Gavialis, a com-
bined analysis will reflect either the stron-
ger of the two signals or a compromise be-
tween them. Because we cannot know a
priori which of these signals is the correct
one, we can only state that the resulting
tree indicates the best estimate from two
conflicting signals, and it would be pru-
dent to bear the unstable placement of Ga-
vialis in mind when discussing crocodyl-
ian relationships.

Prospectus

Although some possible reasons (in par-
ticular, long-branch attraction) for mor-
phology to reflect a misleading signal ap-
pear unlikely given the data presented
here, the fossil record for crocodylians re-
mains incomplete, and the addition of
newly collected fossils could overturn
these results. In particular, the eusuchian
record between the Barremian and Cam-
panian is virtually barren, and the effects
of fossils from this time period could be
significant. Some known crocodylian fos-
sils may be well-preserved enough to al-
low extraction of nucleic acids sufficient for
sequencing; if so, molecular data from ex-
tinct crocodylians would be an important
contribution.

Several fossils greatly predate the pre-
dicted divergence of two taxa based on
protein distance, which argues against a
molecular clock for Crocodylia, and evo-
lutionary rate heterogeneity should be con-
sidered by future investigators. However,
certain fossil discoveries could recalibrate
several lineages and resurrect the hypoth-
esis of clocklike evolution for crocodylians.
The discovery of a fossil in the Oligocene
that draws Gavialis and Tomistoma together
would clearly falsify the morphological hy-
pothesis presented here.

Given a long time of lineage separation

and evolutionary rate heterogeneity, long-
branch attraction in molecular data should
be explored as a possible cause of the to-
pological disparity. Positive recognition of
long-branch attraction with real data is not
possible, although circumstances under
which it is suspected can be identified (Al-
lard and Miyamoto, 1992; Halanych, 1996).
In Figures 9a and 9b, the distance between
Gavialis and Tomistoma is less than expect-
ed, but the distance between Alligatoridae
and Crocodylus or Osteolaemus is greater
than expected. With sequence data, com-
parisons between Gavialis and either Tomis-
toma or Crocodylus are consistent with slow
rates of evolution, but comparisons of any
of these taxa, particularly Tomistoma and
Crocodylus, with any alligatorid suggest a
faster substitution rate.

I echo the hope expressed by Hass et al.
(1992) that the morphological characters
relevant to crocodylian systematics, in-
cluding those used here, will be closely
scrutinized. However, the results of this
study indicate that a closer examination of
the molecular data is likewise warranted.
We are faced with two equally compelling
signals, and the issue remains unsettled.
The reason for this tree of conflict amid a
forest of congruence should be sought, and
possibilities other than the unreliability of
morphological data should be considered.
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APPENDIX 1
CHARACTER LIST

1. Ventral tubercle of proatlas at least one half (0)
or less than one half (1) the width of the dorsal
crest.

2. Proatlas boomerang shaped (0), strap shaped (1),
or massive and block shaped (2).

3. Posterior half of axis neural spine wide (0) or
narrow (1).

4. Axis neural arch lacks (0) or possesses (1) a lat-
eral process ("diapophysis"). (Adapted from No-
rell, 1989, character 7.)

5. Atlas intercentrum wedge shaped in lateral view
with insignificant parapophyseal processes (0) or
plate shaped in lateral view with prominent par-
apophyseal processes at maturity (1). (Modified
from Clark, 1994, character 89.)

6. Axial hypapophysis located toward the center of
centrum (0) or toward the anterior end of cen-
trum (1).

7. Hypapophyseal keels extend to 11th vertebra be-
hind atlas (0), 12th vertebra behind atlas (1), or
10th vertebra behind atlas (2).

8. First postaxial cervical vertebra with prominent
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hypapophysis (0) or lacks prominent hypapo-
physis (1). (Adapted from Norell, 1989, character
12; Norell and Clark, 1990, character 11; Clark,
1994, character 91.)

9. Neural spine on first postaxial cervical vertebra
wide with dorsal tip at least half the length of
the centrum without the cotyle (0) or narrow
with dorsal tip acute and less than half the
length of the centrum without the cotyle (1).

10. Proatlas with prominent anterior process (0) or
lacks anterior process (1).

11. Anterior half of axis neural spine oriented hori-
zontally (0) or slopes anteriorly (1).

12. Axis neural spine crested (0) or not crested (1).
13. Anterior sacral capitulum projects far anteriorly

of tuberculum and is broadly visible in dorsal
view (0) or anterior margins of tuberculum and
capitulum nearly in same plane and capitulum
largely obscured dorsally (1).

14. Dorsal margin of atlantal rib generally smooth
with modest dorsal process (0) or with promi-
nent process (1).

15. Atlantal ribs lack (0) or possess (1) large articular
facets for each other at anterior ends.

16. Atlantal ribs without (0) or with (1) very thin
medial laminae at anterior end.

17. Proatlas has tall dorsal keel (0) or lacks tall dorsal
keel and has a smooth dorsal side (1).

18. Presacral centra amphicoelous (0) or procoelous
(1). (Adapted from several previous analyses,
e.g., Benton and Clark, 1988; Norell and Clark,
1990, characters 8, 10; Clark, 1994, characters 92,
93.)

19. Axial hypapophysis with (0) or without (1) deep
fork.

20. Axial rib tuberculum wide with broad dorsal tip
(0) or narrow with acute dorsal tip (1).

21. Axial rib tuberculum contacts diapophysis late in
ontogeny if at all (0) or early in ontogeny (1).

22. Scapular blade flares dorsally at maturity (0) or
sides of scapular blade subparallel with minimal
dorsal flare at maturity (1). (Adapted from Ben-
ton and Clark, 1988.)

23. Deltoid crest of scapula very thin at maturity
with sharp margin (0) or very wide at maturity
with broad margin (1).

24. Scapulocoracoid synchondrosis closes very late
in ontogeny (0) or relatively early in ontogeny

25. Scapulocoracoid facet anterior to glenoid fossa
uniformly narrow (0) or broad immediately an-
terior to glenoid fossa and tapering anteriorly (1).

26. Proximal edge of deltopectoral crest emerges
smoothly from proximal end of humerus and is
not obviously concave (0) or emerges abruptly
from proximal end of humerus and is obviously
concave (1).

27. Olecranon process of ulna narrow and suban-
gular (0) or wide and rounded (1).

28. Dorsal margin of iliac blade rounded with
smooth border (0), rounded with modest dorsal
indentation (1), rounded with strong dorsal in-
dentation (wasp-waisted) (2), narrow with dorsal

indentation (3), or rounded with smooth border
and posterior tip of blade very deep (4).

29. M. teres major and M. dorsalis scapulae insert sep-
arately on humerus and scars can be distin-
guished dorsal to deltopectoral crest (0) or insert
with common tendon and single insertion scar

30. Interclavicle flat along length without dorsoven-
tral flexure (0), with moderate dorsoventral flex-
ure (1), or with severe dorsoventral flexure (2).

31. Anterior end of interclavicle flat (0) or rodlike (1).
32. Supraacetabular crest narrow (0) or broad (1).
33. Limb bones relatively robust and hind limb

much longer than forelimb at maturity (0) or
limb bones very long and slender and forelimb
and hind limb more equal in length at maturity
(1).

34. Iliac anterior process prominent (0) or virtually
absent (1). (Adapted from Benton and Clark,
1988; Clark, 1994, character 84; although the
transformation recorded here is different.)

35. Dorsal osteoderms not keeled (0) or keeled (1).
(Adapted from Buscalioni et al., 1992, character
22.)

36. Dorsal midline osteoderms rectangular (0) or
square or equant (1). (Adapted from Norell and
Clark, 1990, character 16; Clark, 1994, character
95.)

37. Four (0), 6 (1), 8 (2), or 10 (3) contiguous dorsal
osteoderms per row at maturity. (Adapted from
Norell and Clark, 1990, character 12; Clark, 1994,
character 97.)

38. Nuchal shield grades continuously into dorsal
shield (0), differentiated from dorsal shield with
four nuchal osteoderms (1), differentiated from
dorsal shield with six nuchal osteoderms, four
central and two lateral (2), or differentiated from
dorsal shield with eight nuchal osteoderms in
two parallel rows (3).

39. Ventral armor absent (0), present and osteoderms
single (1), or present and osteoderms consist of
paired ossifications that suture together (2).
(Adapted from Buscalioni et al., 1992, character
21.)

40. Anterior margin of dorsal midline osteoderms
with anterior process (0) or smooth and without
process (1). (Adapted from Norell and Clark,
1990, character 13; Clark, 1994, character 96.)

41. Splenial with anterior perforation for mandibular
ramus of cranial nerve V (0) or lacks anterior per-
foration for mandibular ramus of cranial nerve V
(1). (Adapted from Norell, 1988, character 15; No-
rell, 1989, character 8.)

42. Mandibular ramus of cranial nerve V exits splen-
ial anteriorly only (0), splenial has singular per-
foration for mandibular ramus of cranial nerve V
posteriorly (1), or splenial has double perforation
for mandibular ramus of cranial nerve V poste-
riorly (2). (Adapted from Norell, 1988, character
15; Norell, 1989, character 8.)

43. Splenial participates in mandibular symphysis
and splenial symphysis adjacent to no more than
five dentary alveoli (0), splenial excluded from
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mandibular symphysis and anterior tip of splen-
ial passes ventral to Meckelian groove (1), splen-
ial excluded from mandibular symphysis and an-
terior tip of splenial passes dorsal to Meckelian
groove (2), deep splenial symphysis, longer than
five dentary alveoli, and splenial forms wide "V"
within symphysis (3), or deep splenial symphy-
sis, longer than five dentary alveoli, and splenial
constricted within symphysis and forms narrow
"V" (4). (Adapted from Clark, 1994, character
77.)

44. Articular-surangular suture simple (0), with an-
terior process dorsal to lingual foramen ("croco-
dyline process" of Aoki, 1992) (1), or with ante-
rior process ventral to lingual foramen (2).

45. Lingual foramen for articular artery and alveolar
nerve on surangular entirely (0), on surangular/
angular suture (1), or on angular entirely (2).

46. Coronoid bounds posterior half of foramen in-
termandibularis medius (0), completely sur-
rounds foramen intermandibularis medius at
maturity (1), or obliterates foramen intermandib-
ularis medius at maturity (2). (Adapted from No-
rell, 1988, character 12.)

47. Angular-surangular suture contacts external
mandibular fenestra at posterior angle at matu-
rity (0) or passes broadly along ventral margin
of external mandibular fenestra late in ontogeny
(1). (Adapted from Norell, 1988, character 40.)

48. Anterior processes of surangular unequal (0) or
subequal to equal (1).

49. Foramen aerum at extreme lingual margin of ret-
roarticular process (0) or set in from margin of
retroarticular process (1). (Adapted from Norell,
1988, character 16.)

50. Retroarticular process projects posteriorly (0) or
projects posterodorsally (1). (Adapted from Ben-
ton and Clark, 1988; Norell and Clark, 1990, char-
acter 7; Clark, 1994, character 71.)

51. Surangular extends to posterior end of retroar-
ticular process (0) or is pinched off anterior to tip
of retroarticular process (1). (Adapted from No-
rell, 1988, character 42.)

52. Alveoli for dentary teeth 3 and 4 nearly same
size and confluent (0) or fourth alveolus larger
than third and alveoli are separated (1).

53. Anterior dentary teeth strongly procumbent (0)
or project anterodorsally (1).

54. Superior edge of coronoid slopes strongly ante-
riorly (0) or almost horizontal (1).

55. Inferior process of coronoid laps strongly over
inner surface of Meckelian fossa (0) or remains
largely on medial surface of mandible (1).

56. Coronoid imperforate (0) or with perforation
posterior to foramen intermandibularis medius

57. Dorsal projection of hyoid cornu flat (0) or rod-
like (1).

58. Dorsal projection of hyoid cornu narrow with
parallel sides (0) or flared (1).

59. Process of splenial separates angular and coro-
noid (0) or there is no splenial process between
angular and coronoid (1).

60. Sulcus between articular and surangular (0) or
articular flush against surangular (1).

61. Surangular with spur bordering the dentary
toothrow lingually for at least one alveolus
length (0) or lacking such spur (1).

62. External mandibular fenestra absent (0) or pres-
ent (1). (Clark, 1994, character 75.)

63. Dorsal anterior projection of coronoid longer
than ventral (0) or ventral projection longer than
dorsal (1).

64. External mandibular fenestra small and foramen
intermandibularis caudalis not visible laterally
(0) or external mandibular fenestra large and fo-
ramen intermandibularis caudalis visible later-
ally (1). (Adapted from Norell, 1988, character
14.)

65. Surangular-dentary suture intersects external
mandibular fenestra anterior to posterodorsal
corner (0) or at posterodorsal corner (1).

66. Angular extends dorsally toward or beyond an-
terior end of foramen intermandibularis caudalis
and anterior tip acute (0) or does not extend dor-
sally beyond anterior end of foramen interman-
dibularis caudalis and anterior tip very blunt (1).

67. Surangular-angular suture lingually meets artic-
ular at ventral tip (0) or dorsal to ventral tip (1).

68. Dentary gently curved (0), deeply curved (1), or
linear (2) between 4th and 10th alveoli.

69. Spina quadratojugalis prominent at maturity (0)
or greatly reduced or absent at maturity (1).
(Adapted from Norell, 1989, character 1.)

70. Postorbital bar massive (0) or slender (1). (Norell,
1989, character 3.)

71. Anterior border of the internal choana is com-
prised of the palatines (0) or choana entirely sur-
rounded by pterygoids (1). (Benton and Clark,
1988; Norell and Clark, 1990, character 1; Clark,
1994, character 43.)

72. Choana projects posteroventrally (0) or antero-
ventrally (1) at maturity.

73. Pterygoid surface lateral and anterior to internal
choana flush with choanal margin (0) or pushed
inward to form "neck" (1).

74. Extensive exposure of prootic on external brain-
case wall (0) or prootic largely obscured by quad-
rate and laterosphenoid externally (1). (Adapted
from Norell, 1989, character 5).

75. Quadratojugal forms posterior angle of infratem-
poral fenestra (0), jugal forms posterior angle of
infratemporal fenestra (1), or quadratojugal-ju-
gal suture lies at posterior angle of infratemporal
fenestra (2). (Adapted from Norell, 1989, char-
acter 10.)

76. Postorbital contacts neither quadrate nor quadra-
tojugal medially (0), contacts quadratojugal but
not quadrate medially (1), contacts quadrate and
quadratojugal at dorsal angle of infratemporal fe-
nestra (2), or contacts quadratojugal with signif-
icant descending process (3).

77. Dentary tooth 4 occludes in notch between pre-
maxilla and maxilla early in ontogeny (0) or oc-
cludes in pit between premaxilla and maxilla
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and there is no notch early in ontogeny (1). (No-
rell, 1988, character 29.)

78. All dentary teeth occlude lingual to maxillary
teeth (0), occlusion pit between 7th and 8th max-
illary teeth and all other dentary teeth occlude
lingally (1), or dentary teeth occlude in line with
maxillary toothrow (2). (Adapted from Norell,
1988, character 5; Willis, 1993, character 1.)

79. Naris projects anterodorsally (0) or dorsally (1).
80. Quadratojugal extends to superior angle of infra-

temporal fenestra (0) or does not extend to su-
perior angle of infratemporal fenestra and quad-
rate participates in fenestra (1). (Adapted from
Buscalioni et al., 1992, character 6.)

81. Frontoparietal suture deeply within supratem-
poral fenestra and frontal prevents broad contact
between postorbital and parietal (0), suture
makes modest entry into supratemporal fenestra
at maturity and postorbital and parietal are in
broad contact (1), or suture on skull table entirely
(2).

82. Supraoccipital exposure on dorsal skull table
small (0), absent (1), large (2), or large such that
parietal is excluded from posterior edge of table
(3). (Norell, 1988, character 11.)

83. Quadratojugal sends long anterior process along
lower temporal bar (0) or sends modest process
or none at all along lower temporal bar (1).

84. Dorsal and ventral rims of squamosal groove for
external ear valve musculature parallel (0) or
squamosal groove flares anteriorly (1).

85. Palatine-pterygoid suture nearly at (0) or far
from (1) posterior angle of suborbital fenestra.

86. Frontoparietal suture concavoconvex (0) or linear
(1).

87. Supratemporal fenestra with fossa and dermal
bones of skull roof do not overhang rim at ma-
turity (0), dermal bones of skull roof overhang
rim of supratemporal fenestra near maturity (1),
or supratemporal fenestra closes during ontoge-
ny (2). (Adapted from Norell, 1988, character 9.)

88. Suborbital fenestra without (0) or with (1) pos-
terior notch.

89. Largest maxillary alveolus is no. 3 (0), no. 5 (1),
or no. 4 (2), no. 4 and no. 5 are same size (3), or
maxillary teeth homodont (4). (Adapted from
Norell, 1988, character 1.)

90. Lateral edges of palatines parallel posteriorly (0)
or flare posteriorly, producing a shelf (1). (Adapt-
ed from Norell, 1988, character 2.)

91. Ectopterygoid abuts maxillary toothrow (0) or
maxilla broadly separates ectopterygoid from
maxillary toothrow (1). (Norell, 1988, character
19.)

92. Shallow fossa at anteromedial corner of supra-
temporal fenestra (0) or no such fossa and an-
teromedial corner of supratemporal fenestra
smooth (1).

93. Lacrymal makes broad contact with nasal and
there is no posterior process of maxilla (0), max-
illa sends posterior process within lacrymal (1),
or maxilla sends posterior process between lac-
rymal and prefrontal (2).

94. Lateral edges of palatines smooth anteriorly (0)
or with lateral process projecting from palatines
into suborbital fenestrae (1).

95. External naris bisected by nasals (0), nasals con-
tact external naris but do not bisect it (1), nasals
excluded, at least externally, from naris and na-
sals and premaxillae still in contact (2), or nasals
and premaxillae not in contact (3). (Adapted
from Norell, 1988, character 3; Clark, 1994, char-
acters 13, 14.)

96. Palpebral forms from single ossification (0) or
from multiple ossifications (1). (Adapted from
Norell, 1988, character 8; Clark, 1994, character
65.)

97. Premaxilla has five teeth (0) or four teeth (1) ear-
ly in posthatching ontogeny. (Norell, 1988, char-
acter 17.)

98. Posterior pterygoid processes tall and prominent
(0), small and project posteroventrally (1), or
small and project posteriorly (2).

99. Palatine smooth dorsally anterior to prefrontal
pillar (0) or with prominent thin ridge on pala-
tine running anterior to prefrontal pillar (1).

100. Prefrontals separated by frontals and nasals (0)
or prefrontals meet medially (1). (Norell, 1988,
character 27.)

101. Dorsal surface of rostrum curves smoothly (0) or
bears medial dorsal boss (1).

102. Posterior margin of otic aperture smooth (0) or
invaginate (1).

103. Margin of orbit flush with skull surface (0), dor-
sal edge of orbit upturned (1), or orbital margin
telescoped (2).

104. Medial parietal wall of supratemporal fenestra
imperforate (0) or bearing foramina (1). (Norell,
1988, character 51.)

105. Lateral edge of suborbital fenestra straight (0) or
bowed medially (1).

106. Lacrymal much longer than broad (0) or wide
and short and nearly as broad as long (1).

107. Posterior rim of internal choana not deeply
notched (0) or deeply notched (1).

108. Anterior face of palatine process rounded or
pointed anteriorly (0) or invaginate (1).

109. Anterior ectopterygoid process tapers to a point
(0) or is forked (1).

110. Palatine process extends (0) or does not extend
(1) significantly beyond anterior end of suborbit-
al fenestra. (Adapted from Willis, 1993, character
2.)

111. Maxillary foramen for palatine ramus of CN-V
small or not present (0) or very large (1).

112. Quadrate with small ventrally reflected medial
hemicondyle (0), with small medial hemicondyle
and dorsal notch for foramen aerum (1), with
prominent dorsal projection between hemicon-
dyles (2), or with expanded medial hemicondyle
(3).

113. Basisphenoid thin (0) or anteroposteriorly wide
(1) ventral to basioccipital.

114. Spina quadratojugalis low and near posterior an-
gle of infratemporal fenestra (0) or high and be-
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tween posterior and superior angles of infratem-
poral fenestra (1).

115. Laterosphenoid bridge comprised entirely of la-
terosphenoid (0) or with ascending process or
palatine (1).

116. Ectopterygoid-pterygoid flexure disappears dur-
ing ontogeny (0) or remains throughout ontoge-
ny (1).

117. Lacrymal longer than prefrontal (0), prefrontal
longer than lacrymal (1), or lacrymal and pre-
frontal both elongate and nearly the same length
(2). (Modified from Norell, 1988, character 7.)

118. Palatine process generally broad anteriorly (0) or
in form of thin wedge (1).

119. Basisphenoid not broadly exposed ventral to ba-
sioccipital at maturity and pterygoid short ven-
tral to median eustachian opening (0) or basi-
sphenoid exposed as broad sheet ventral to
basioccipital at maturity and pterygoid tall ven-
tral to median eustachian opening (1).

120. Medial jugal foramen small (0) or very large (1).
121. Quadrate foramen aerum on mediodorsal angle

(0) or on dorsal surface (1) of quadrate.
122. Sulcus on anterior braincase wall lateral to basi-

sphenoid rostrum (0) or braincase wall lateral to
basisphenoid rostrum smooth with no sulcus (1).

123. Skull table surface slopes ventrally from sagittal
axis (0) or is planar (1) at maturity.

124. Incisive foramen small and less than half the
greatest width of premaxillae (0), large and more
than half the greatest width of premaxillae (1),
or large and intersects premaxillary-maxillary
suture (2).

125. Vomer entirely obscured by premaxilla and max-
illa (0) or exposed on palate at premaxillary-
maxillary suture (1). (Adapted from Norell, 1988,
character 22.)

126. Vomer entirely obscured by maxillae and pala-
tines (0) or exposed on palate between palatines
(1).

127. Significant ventral quadrate process on lateral
braincase wall (0) or quadrate-pterygoid suture
linear from basisphenoid exposure to foramen
ovale (1).

128. Lateral carotid foramen opens lateral (0) or dor-
sal (1) to basisphenoid lateral exposure at ma-
turity.

129. Basisphenoid not exposed extensively (0) or ex-
posed extensively (1) on braincase wall anterior
to foramen ovale. (Adapted from Norell, 1989,
character 5.)

130. Capitate process of laterosphenoid oriented lat-
erally (0) or anteroposteriorly (1) toward midline.

131. Parietal and squamosal widely separated by
quadrate on posterior wall of supratemporal fe-
nestra (0), parietal and squamosal approach each
other on posterior wall of supratemporal fenestra
without actually making contact (1), or parietal
and squamosal meet along posterior wall of su-
pratemporal fenestra (2).

132. Squamosal-quadrate suture extends dorsally
along posterior margin of external auditory me-

atus (0) or extends only to posteroventral corner
of external auditory meatus (1).

133. Ectopterygoid extends along medial face of post-
orbital bar (0) or stops abruptly ventral to post-
orbital bar (1).

134. Two prominent projections (0) or single projec-
tion that is generally not prominent (1) on post-
orbital bar. (Adapted from Norell, 1989, character
2.)

135. Maxillary toothrow curves medially or linear (0)
or curves laterally broadly (1) posterior to first
six maxillary alveoli. (Adapted from Clark, 1994,
character 79.)

136. Medial process of prefrontal pillar expanded
dorsoventrally (0) or anteroposteriorly (1).

137. Dorsal half of prefrontal pillar narrow (0) or ex-
panded anteroposteriorly in dorsal half (1).
(Adapted from Norell, 1988, character 41.)

138. Medial process of prefrontal pillar wide (0) or
constricted (1) at base.

139. Ventral margin of orbit gently circular (0) or with
prominent notch (1).

140. Mature skull table with broad curvature and
short squamosal prongs (0) or with nearly hori-
zontal sides and significant squamosal prongs
(1).

141. Exoccipital with very prominent boss on paroc-
cipital process and process lateral to cranioquad-
rate opening short (0) or exoccipital with small
or no boss on paroccipital process and process
lateral to cranioquadrate opening long (1).

142. Premaxillary surface lateral to naris smooth (0)
or with deep notch lateral to naris (1).

143. Canthi rostrales absent or very modest (0) or
very prominent (1) at maturity. (Norell, 1988,
character 34.)

144. Preorbital ridges absent or very modest (0) or
very prominent (1) at maturity.

145. Dorsal premaxillary processes short and not ex-
tending beyond third maxillary alveolus (0) or
long and extending beyond third maxillary al-
veolus (1).

146. Ventral margin of postorbital bar flush with lat-
eral jugal surface (0) or inset from lateral jugal
surface (1). (Adapted from Benton and Clark,
1988; Norell and Clark, 1990, character 3.)

147. Lateral eustachian canals open dorsal (0) or lat-
eral (1) to medial eustachian canal. (Adapted
from Norell, 1988, character 46.)

148. Surface of maxilla within narial canal imperfo-
rate (0) or with multiple cecal recesses (1). (See
Witmer, 1995.)

149. Ectopterygoid extends (0) or does not extend (1)
to posterior tip of lateral pterygoid flange at ma-
turity. (Adapted from Norell, 1988, character 32.)

150. Squamosal does not extend (0) or extends (1)
ventrolaterally to lateral extent of exoccipital and
quadrate.

151. Otoccipitals terminate dorsal to basioccipital tub-
era (0), send robust process ventrally and partic-
ipate in basioccipital tubera (1), or send slender
process ventrally to basioccipital tubera (2).
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(Adapted from Norell, 1988, character 20; Clark,
1994, characters 57 and 60.)

152. Internal choana not septate (0), with septum that
remains recessed within choana (1), or with sep-
tum that projects out of choana (2).

153. Incisive foramen completely situated far from
premaxillary toothrow at the level of the second
or third alveolus (0), abuts premaxillary tooth-
row (1), or projects between first premaxillary
teeth (2).

154. Parietal with sinus communicating with pneu-
matic system (0) or solid and without sinus (1).

155. Ventral scales have (0) or lack (1) follicle gland
pores. (Poe, 1996.)

156. Ventral collar scales not enlarged relative to other
ventral scales (0), in a single enlarged row (1), or
in two parallel enlarged rows (2). (Poe, 1996.)

157. Median pelvic keel scales form two parallel rows
along most of tail length (0), form single row

along tail (1), or merge with lateral keel scales to
form Y-shaped keel (2). (Poe, 1996.)

158. Lingual osmoregulatory pores small (0) or large
(1). (Taplin and Grigg, 1989.)

159. Tongue with (0) or without (1) keratinized sur-
face. (Taplin and Grigg, 1989.)

160. M. caudofemoralis with single head (0) or with
double head (longus and brevis) (1). (Frey et al.,
1989.)

161. Naris circular or keyhole shaped (0) or wider
than long (1).

162. Surangular-articular suture oriented anteropos-
teriorly (0) or bowed strongly laterally (1) within
glenoid fossa.

163. Postorbital-squamosal suture oriented ventrally
(0) or passes medially (1) ventral to skull table.

164. Anterior foramen for palatine ramus of cranial
nerve VII ventrolateral (0) or ventral (1) to basi-
sphenoid rostrum.
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APPENDIX 2. Data matrix used in the analysis of crocodylians and outgroups. ? = missing data; N =
unscorable conditions.

Characters

0000000000 0000000000 0000000000 0000000000 0000000000 0000000000
Taxon 0000000001 1111111112 2222222223 3333333334 4444444445 5555555556

1234567890 1234567890 1234567890 1234567890 1234567890 1234567890

Dromaius novaehollandiae 010100N101 100NNN1N1N N10100N00N N010NNNN0N ON111N000O 1NNNNN01N1
Glen Rose Form ?????????? ??0????l?? ?00000?00? ?000000??0 000???N0?? ?10???????
Bernissartia fagesii ??ll?1210? 010????00? ?0?0?0000? 7000100010 0000??N?00 100??????l
Hylaeochampsa vectiana ?????????? ?????????? ?????????? ?????????? ?????????? ??????????
Leidyosuchus formidabilis 0000010100 1100??01?0 0000000010 0010000720 0000000701 0010700100
Leidyosuchus sternbergii 770001710? 1100007100 0000000010 0010007770 0000070001 0017770070
Leidyosuchus acutidentatus ?????????? ?????????? 777777077? ?????????? ?????????? ??????????
Leidyosuchus wilsoni 777777710? ??0????l?7 700000001? 7710000720 7710200001 0010707770
Leidyosuchus canadensis ?????????? ???????17? ?????l?01? ??0111??ll 0700070171 10????????
Thoracosaurus macrorhynchus ??11?1?1?? 0??????ll? ????70??0? ???0007??0 ??300??001 ll???????0
Eogavialis africanus ?????1???? ??0?????ll ?????????? ??70?????0 ?030??10?l lll??????l
Gryposuchus colombianus ??l?0????? 00?????l?? ??000????? ?????????0 7030000001 1111007770
Siwaliks Gavialis ?????????? ??0??????? ?????????? ?????????? ??30???0?l ??????????
Gavialis gangeticus 0211010110 0000000110 0000001001 0000700000 0030000001 1110000100
Pristichampsus vorax 77000101?? 01?7???10? 700000111? ?00010?7?l 00001?0??l ?11?????7?
Diplocynodon darwini 1000007000 0101000101 ?000?1141? 7001001121 0010100111 1017700071
Diplocynodon ratelii ???0?0??7? 7?0????10? 7700711410 0001107721 1010170111 101??????l
Diplocynodon hantoniensis 1000701000 0107??0101 700011141? 7001101721 1010100111 101??????l
Alligator mississippiensis 1000110001 0101001101 1110111110 0001112101 1120100111 1111000011
Alligator sinensis 1000111001 1101001101 1110111110 0001112111 1120100111 1117007711
Alligator mefferdi ?????????? ?????????? ????????1? ????11??7? 0120100111 1111000001
Alligator olseni ?????1???7 ???????101 710011111? ?00?ll??7? 0100070111 111??????1
Alligator mcgrewi 1000117000 0100000101 100011??ll 0701117771 0100170111 111100???l
Alligator prenasalis 77771????? ??0???7101 1000111017 7001112111 0100170111 lll??700?l
Allognathosuchus mooki ?????????? 7707777101 707771171? 7701111111 0100770171 111???????
Allognathosuchus wartheni ????1???7? ??0????l?7 700071101? 7001117771 0100070111 1111007??l
Wannaganosuchus brachymanus 77001????? l?07???10? 7000711010 0001117771 0700770711 ?11??????7
Procaimanoidea kayi ????1???7? ??01?7?101 ??00?11017 7701111111 7170070111 177100????
Arambourgia gaudryi ?????????? ?????????? ?????????? ?????????? ?70???0111 111???????
Stangerochampsa mccabei ??00?l?00? 0107???ll? 7000711010 0001017711 010070017? 111???????
Brachychampsa montana 1000177001 1171000171 0700011010 0007103111 1010070111 1117770071
Eocaiman cavernensis ?????????? ?????????? ?????????? ?????????? ??2???117? ?1??????7?
Purussaurus neivensis 1000117071 0070771111 l???01??l? ??0?ll???l 7170011111 ll?010???l
Nettosuchidae 107017700? 0077777171 l?0?01?31? 7001117771 1120070111 0117?????0
Caiman yacare 1000110001 1001011101 1101111110 0001111221 1122011111 1110100111
Caiman crocodilus 1000110001 1001011101 1101111110 0001111221 1122011111 1110100111
Caiman latirostris 1000110001 1000011101 1107111110 0001111221 1122011111 111010??l?
Melanosuchus niger 1000110001 1701011101 1101111110 0001111221 1122011111 1110107711
Paleosuchus trigonatus 1000111000 0101111101 1001111312 1001111321 1220021111 1111110111
Paleosuchus palpebrosus 1000111010 0101111101 1001111312 1001111321 1220021111 11111101??
Crocodylus cataphractus 1010010007 0011007101 0100111212 0001111101 1011101001 0111001007
Crocodylus rhombifer 0010010011 1010001101 0100111112 0001111201 1011101001 0111001001
Crocodylus porosus ??10011011 0017771101 0100011212 0001111201 1011101001 0111007701
Crocodylus niloticus 1010010011 1010001101 0100111212 0001111201 1011101001 0111001001
Crocodylus palaeindicus ?????????? ??1????1?? ?????????? ???1????7? 1011701001 ?lll?0??01
Osteolaemus tetraspis ??10011001 0010071101 0100111112 0101111111 1011101001 0111001001
Crocodylus robustus ?????????? ??l????10? ??????111? ?101?????l 1011100011 011100??01
Crocodylus lloidi ?????????? ?????????? ?????????? ?????????? ??1?????7? ??????????
Crocodylus megarhinus ????????0? ???????!?? ?????????? ?????????? 101??70001 011??????l
Australosuchus clarkae ?????l?0?? ???????1?? ?????1??1? ??0?10???l ??lll?007? ?11??????1
Euthecodon arambourgii ?????????? ?????????? ?????????? ?????????? 7 70??????? ??????????
Tomistoma schlegelii 0210010011 0010001101 0000111111 0001101301 1040001001 0110000000
Tomistoma lusitanica ?????????? ???????1?? ?????????? ????10???l ??4???0001 01????????
Tomistoma cairense ?????????? ?????????? ?????????? ?????????? ??402????l 01???????0
Crocodylus spenceri ?????????? ???????1?? ?????????? ?????????? ??411?0?01 ??1??????1
Gavialosuchus americanus 0210017000 0010000107 ?01011?ll? ?701?0???l ??412????1 011100077?
Brachyuranochampsa eversolei ?????????? ?????????? ?????????? ?????????? ?????????? ??????????
Dormaal crocodyloid ???????00? ????00?10? ?00??llll? ?00110???l 1010070001 011??????l
Crocodylus acer ?????????? ?????????? ?????????? ?????????? ?????????? ??????????
Crocodylus affinis 0000010001 1011001101 0000011110 000110???l 1010000001 0111000001
Asiatosuchus germanicus 0010017011 0077771101 ?000?ll?l? ??01?????l 000???0001 011???00??
Prodiplocynodon langi ?????????? ?????????? ?????????? ?????????? ?????????? ??????????
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Characters

0000000000 0000000000 0000000000 0000000001 1111111111 1111111111
Taxon 6666666667 7777777778 8888888889 9999999990 0000000001 1111111112

1234567890 1234567890 1234567890 1234567890 1234567890 1234567890

Dromaius novaehollandiae N1N0000N1N N000NNNN01 N00N1120N0 NN000NNNNN 000N0001N0 001NNNN00N
Glen Rose Form 10?NN0?0?0 000??1000? 00?0100000 0020070000 0010010000 0?0?000010
Bernissartia fagesii 10?NN0?000 0???0?0000 0??0?10030 l??0??00?0 ?0001?0?00 ?00??0?0??
Hylaeochampsa vectiana ?????????0 100??l?0?0 00?01100?0 0110???0?0 0020010000 ?00??0101?
Leidyosuchus formidabilis 1100000001 100?0?0200 0000110030 0100200070 0000000000 0000702110
Leidyosuchus sternbergii 0100000001 1000010100 0000100130 0101270000 0000000000 0000700011
Leidyosuchus acutidentatus 7770000001 777707020? 100071073? 0100270070 000000770? ?0????2?7?
Leidyosuchus wilsoni 1170000001 1000010200 1007110030 01002?00?0 0000000700 700000211?
Leidyosuchus canadensis 7170000001 1007010000 0000100130 1101270000 0100100000 0101000010
Thoracosaurus macrorhynchus 7100000200 1007010210 0001110040 0100277070 0010000000 000071010?
Eogavialis africanus 7170000200 1000010210 1101100040 0100270000 0020000000 0010000100
Gryposuchus colombianus 0100000200 1001010210 1001110041 0110270270 0020000000 7010000100
Siwaliks Gavialis ?l?0000200 1007017270 ?0017?00?0 0??03??20? 0020077000 ?0107???00
Gavialis gangeticus 0100000200 1000010210 1001110040 0110300200 0020000000 0010000100
Pristichampsus vorax 71?00000?l 1007010000 2000100030 0100170070 0010000000 0207000010
Diplocynodon darwini 7170000011 1707011000 0000110131 7100270070 0100000000 7101700010
Diplocynodon ratelii 1100000071 1000011110 0000100131 1100270070 0000000000 0101000011
Diplocynodon hantoniensis 1100000011 1000011110 0000110031 1100270070 0100000000 0101700011
Alligator mississippiensis 1101000011 1101021010 2100010121 1110000010 0110010000 0101101010
Alligator sinensis 1101000011 1101021010 2100000121 1110000010 0110110000 0101101010
Alligator mefferdi 1101000011 1101021010 2100000721 1110070070 0110010000 7101701010
Alligator olseni 1171000111 1117021010 2100000121 1111070070 0110010700 710170107?
Alligator mcgrewi 1100000111 1101021000 2100000121 1110000000 0100110000 0101701010
Alligator prenasalis 1100000111 1101021000 2000000121 1110070000 0100110000 0101701010
Allognathosuchus mooki 7100077171 110702100? 2000070721 1110170070 0100710700 71???00??0
Allognathosuchus wartheni 1100100111 1101021000 2000700021 1110170070 0100010000 0101771010
Wannaganosuchus brachymanus 7107007171 177777101? 2070700727 1110170070 0107110000 710777101?
Procaimanoidea kayi 7100100171 1107021070 2100000071 1110707000 0100010000 7107701010
Arambourgia gaudryi 7170007111 1177021000 207071072? 1717170070 0100710700 710177101?
Stangerochampsa mccabei 1170110011 1101021010 1000000121 1120170070 0700010070 010170001?
Brachychampsa montana 1170070011 1101021010 1200000111 1120170010 0100010100 0101000010
Eocaiman cavernensis ?l?07??0?l ???????07? ?30?0?0??? l??0???0?7 ????l????0 ?????0?07?
Purussaurus neivensis 1171011011 1101021011 2700001121 0110170001 0117001700 0171011070
Nettosuchidae 1170071211 1107071010 2307011141 1100270001 0717011170 0101771010
Caiman yacare 0100011011 1101021111 2300001121 1110100001 0111111000 0101010010
Caiman crocodilus 0100011011 1101021111 2300001121 1110100000 0111111000 0101010010
Caiman latirostris 0100011011 1101021011 2300011121 1110100000 0111111000 0101010010
Melanosuchus niger 1100011011 1101021011 2300011121 1110100000 0111111000 0101010010
Paleosuchus trigonatus 1100011011 1101021011 2200111121 1101111010 0117011100 0101000010
Paleosuchus palpebrosus 7100011011 1101021011 2200111121 1101111010 0117011100 0101000010
Crocodylus cataphractus 0100000001 1001100211 2010100110 0100200100 0110000010 0300000101
Crocodylus rhombifer 1100000001 1001100211 2010100110 0110100100 1110000010 0300000001
Crocodylus porosus 1100000001 1001100211 2010100110 0100100100 0110000000 0300000001
Crocodylus niloticus 1110000001 1001100211 2010100110 0110100100 0110000010 0300000001
Crocodylus palaeindicus 1100000001 1001100211 2110000110 0100170100 0110007010 0300700001
Osteolaemus tetraspis 1100000001 1011100210 2010111110 0101011100 0110100001 0300000011
Crocodylus robustus 1100000001 1011100211 2110101110 0101170100 0110000001 0300000001
Crocodylus lloidi 7777777701 1071100211 201070071? 0117170170 0110007000 0300770071
Crocodylus megarhinus 1170000001 1000270211 2710170130 0120170170 0110000000 7300000001
Australosuchus clarkae 1170077071 7777100211 201070071? 010017070O 0710007000 03?0??00?l
Euthecodon arambourgii ?????????1 7777101211 2010710710 0170270770 0110007000 0301770071
Tomistoma schlegelii 0100000201 1000010210 2010110010 0110200100 0110000001 0300000001
Tomistoma lusitanica 7170000201 1000010211 2071110010 0100270170 0110000000 0300000101
Tomistoma cairense 7170000270 100701027? 2070100040 ?1002????0 1710000000 730700710?
Crocodylus spenceri 7170000771 100???0210 2070100010 01101?07?0 0710007000 730770017?
Gavialosuchus americanus 7100000271 100001021? 2171100710 0710270170 0110000000 030?0001?l
Brachyuranochampsa eversolei ?????????1 100?0?0210 2000110110 0100177000 010000070? 030770070?
Dormaal crocodyloid 1170000001 1000010110 2000100710 71?01?0000 0100000001 ?3010?0001
Crocodylus acer ????????01 1007070211 2000700110 0100170070 0700000001 030000000?
Crocodylus affinis 1100000001 100701011? 2000100110 0100170000 0100000001 1307000000
Asiatosuchus germanicus 1170000071 1007010000 1000710710 0107170070 0100000001 13077000??
Prodiplocynodon langi ?????????! 100707001? 100017013? 017017000? 0100070001 130700701?
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Characters

1111111111 1111111111 1111111111 1111111111 1111
2222222223 3333333334 4444444445 5555555556 6666
1234567890 1234567890 1234567890 1234567890 1234

Dromaius novaehollandiae 100N00N101
Glen Rose Form ?0?000???l
Bernissartia fagesii 0??0??????
Hylaeochampsa vectiana ??0??000?l
Leidyosuchus formidabilis 07100000??
Leidyosuchus sternbergii 0010000001
Leidyosuchus acutidentatus ??10???0??
Leidyosuchus wilsoni ?01????0??
Leidyosuchus canadensis 1010000071
Thoracosaurus macrorhynchus 0000007070
Eogavialis africanus 0007007070
Gryposuchus colombianus 0000000000
Siwaliks Gavialis 000770007?
Gavialis gangeticus 0000000000
Pristichampsus vorax 0710007171
Diplocynodon darwini l?1000?0??
Diplocynodon ratelii 1010001001
Diplocynodon hantoniensis l?1000?071
Alligator mississippiensis 1010000001
Alligator sinensis 1010000001
Alligator mefferdi 171000007?
Alligator olseni 1710000077
Alligator mcgrewi 171000000?
Alligator prenasalis 1010000001
Allognathosuchus mooki l?ll???0?l
Allognathosuchus wartheni 1010000071
Wannaganosuchus brachymanus 171000777?
Procaimanoidea kayi l?l????0??
Arambourgia gaudryi l?l??0????
Stangerochampsa mccabei 171200????
Brachychampsa montana 1012000001
Eocaiman cavernensis ??????????
Purussaurus neivensis 1011007001
Nettosuchidae 1710007771
Caiman yacare 1010000001
Caiman crocodilus 1010000001
Caiman latirostris 1010000001
Melanosuchus niger 1010100001
Paleosuchus trigonatus 1010000001
Paleosuchus palpebrosus 1010000001
Crocodylus cataphractus 0110001111
Crocodylus rhombifer 0110001111
Crocodylus porosus 0110001111
Crocodylus niloticus 0110001111
Crocodylus palaeindicus 0010001111
Osteolaemus tetraspis 0110001111
Crocodylus robustus 0710001111
Crocodylus lloidi 0110007111
Crocodylus megarhinus 011000711?
Australosuchus clarkae 0?1000??71
Euthecodon arambourgii 0?100071?l
Tomistoma schlegelii 0110011111
Tomistoma lusitanica 0110017111
Tomistojna cairense 011770717?
Crocodylus spenceri 771000117?
Gavialosuchus americanus 771000717?
Brachyuranochampsa eversolei 071700717?
Dormaal crocodyloid 0110001101
Crocodylus acer 011000117?
Crocodylus affinis 011000717?
Asiatosuchus germanicus 071007717?
Prodiplocynodon langi 0110000171

N0NNNNNN00
0707007000
7770077700
0000707000
0007101001
0001171701

0000NNN0N1
0000010700
000000070?
0700000070
1000010710
1000010010

0000171701
07?10?l?01
7000070701
OOOON00011
0000N77711
0000N?7?ll
0000N00011
0101077701
ll?10???01
10010???01
10010?l?01
2111011001
2111011001

1000010710
1000100710
1000100710
1000100710
17???00?10
1000100010
1000010710
1000010710
1000010010

2111077701
2111071001
2111011001
21110?7?01

1100010010
1100010010
1100010710
1777717710
1100010710
1100010710
1000010710
1000010010

01N1NNNN10
00107?????
071???????
00???? ????
0017??????
00107?????
0017??????
001???????
0017??????
100???????
1000??????
100???????
1007??????
1000000000
001???????
001???????
0010??????
0010??????
0210110011
0210111011
021???????
0210??????
021???????
021???????

000N
070?
00??

011

2111077701
2??1001001

2111071701
7771071701
2111011001
2111011001
2111011001
2111011001
2111011001
2111011001
0001011101
0001011101
0001011101
0001011101
0001011101
0001011101
0001011101
0071011101
00010???01
0701071701
0001011101
0001011101
0001?ll?01
00?17???01

1000010710
1000017710
100011071?
1000110710
1?????????
iooooi6?io
100111071?
1000010010
1000010010
1010010010
1010010010
1000010010
1000010010
1000010110
1000011110
1001011110
1000011110
1000011710
1001010011
1001010011
1001010771
1000010710
100001771?
1001110771
1000110010
1000110710

01????????
01????????
011???????
011???????
2?????????
212???????

2120111011
2120111011
2120121011
2120121011
2110112011
2110112011
0011010101
0011010101
0011010101
0011010101
0017??????
0011010101
001???????

001

0001777701

0001071701
0001071701
0001077701
0071077701

1000110710
1000110710
1000110710
1000010710
1000110710
1000010710
1000010710
1000710710

0011010101
001???????
001???????
001???????
0011??????
001???????
001???????
001???????
0011??????
001???????
0017??????

0007
0000
0007
000?
000?
000?
0007
0007
0007
0000
010?
000?
0001
000?
0011
0011
001?
001?
001?
0017
001?
0017
001?
071?
071?
000?
000?
077?
0017
101?
0011
0011
0011
0011
0011
0011
0101
0101
0101
0101
010?
0101
0101
0?0?
010?
0107
0?07
0101
0?0?
0107
0?0?
010?
0?07
010?
0?07
010?
000?
0?07

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/46/3/479/1651365 by guest on 17 April 2024



A
PP

EN
D

IX
 3

. 
N

u
m

b
er

 o
f 

sc
o
re

d
 m

o
rp

h
o
lo

g
ic

al
 c

h
ar

ac
te

rs
 (

N
o.

 m
o

rp
h

),
 m

o
rp

h
o
lo

g
ic

al
 c

o
m

p
le

te
n
es

s 
(%

 m
o
rp

h
),

 t
o
ta

l 
co

m
p
le

te
n
es

s,
 i

n
cl

u
d
in

g
 m

o
rp

h
o
lo

g
ic

al
an

d
 m

o
le

cu
la

r 
ch

ar
ac

te
rs

 (
%

 t
o
ta

l)
, 

ch
ro

n
o
st

ra
ti

g
ra

p
h
ic

 u
n

it
s 

of
 o

cc
u
rr

en
ce

 (
st

ra
t.

 u
n

it
),

 a
g
e,

 a
n
d

 t
em

p
o

ra
l 

ra
n

g
e 

fo
r 

cr
o
co

d
y
li

an
 a

n
d

 o
u

tg
ro

u
p

 t
ax

a.
 M

Y
 =

m
il

li
o
n

 y
ea

rs
. 

S
p
ec

im
en

s 
or

 r
ef

er
en

ce
s 

u
se

d
 i

n
 c

al
ib

ra
ti

o
n
s 

an
d

 r
at

io
n
al

e 
fo

r 
so

m
e 

ta
x
o
n
o
m

ic
 l

u
m

p
in

g
 a

re
 i

n
d
ic

at
ed

 i
n

 t
h
e 

n
o

te
s.

en 00

TA
X

O
N

P
ar

si
m

o
n

y 
an

al
y

si
s

D
ro

m
ai

us
 n

ov
ae

ho
ll

an
di

ae
G

le
n

 R
o
se

 F
or

m
B

er
ni

ss
ar

ti
a 

fa
ge

si
i

H
yl

ae
oc

ha
m

ps
a 

ve
ct

ia
na

L
ei

dy
os

uc
hu

s 
fo

rm
id

ab
il

is
L

ei
dy

os
uc

hu
s 

st
er

nb
er

gi
i

L
ei

dy
os

uc
hu

s 
ac

ut
id

en
ta

tu
s

L
ei

dy
os

uc
hu

s 
w

il
so

ni
L

ei
dy

os
uc

hu
s 

ca
na

de
ns

is
T

ho
ra

co
sa

ur
us

 m
ac

ro
rh

yn
ch

us
E

og
av

ia
li

s 
af

ri
ca

nu
m

G
ry

po
su

ch
us

 c
ol

om
bi

an
us

S
iw

al
ik

s 
G

av
ia

li
s

G
ao

ia
li

s 
ga

ng
et

ic
us

P
ri

st
ic

ha
m

ps
us

 
vo

ra
x

D
ip

lo
cy

no
do

n 
da

rw
in

i
D

ip
lo

cy
no

do
n 

ra
te

li
i

D
ip

lo
cy

no
do

n 
ha

nt
on

ie
ns

is
A

ll
ig

at
or

 
m

is
si

ss
ip

pi
en

si
s

A
ll

ig
at

or
 

si
ne

ns
is

A
ll

ig
at

or
 m

ef
fe

rd
i

A
ll

ig
at

or
 o

ls
en

i
A

ll
ig

at
or

 
m

cg
re

w
i

A
ll

ig
at

or
 p

re
na

sa
li

s
A

ll
og

na
th

os
uc

hu
s 

m
oo

ki
A

ll
og

na
th

os
uc

hu
s 

w
ar

th
en

i
W

an
na

ga
no

su
ch

us
 b

ra
ch

ym
an

us
P

ro
ca

im
an

oi
de

a 
ka

yi
A

ra
m

bo
ur

gi
a 

ga
ud

ry
i

St
an

ge
ro

ch
am

ps
a 

m
cc

ab
ei

B
ra

ch
yc

ha
m

ps
a 

m
on

ta
na

E
oc

ai
m

an
 c

av
er

ne
ns

is
P

ur
us

sa
ur

us
 

ni
ev

en
si

s
N

et
to

su
ch

id
ae

C
ai

m
an

 y
ac

ar
e

N
o.

 m
or

ph

96 97 89 61 14
1

14
0 51 10
7

10
6

10
5

10
5

11
3 67 16
2

11
5

13
0

12
5

12
9

16
4

16
1

10
7

10
5

14
0

13
1 94 12
0 86 10
4 72 11
2

13
9 25 12
2

10
8

16
4

%
 m

or
ph

58
.5

59
.1

54
.3

37
.2

86
.0

85
.4

31
.1

65
.2

64
.6

64
.0

64
.0

68
.9

40
.9

98
.8

70
.1

79
.3

76
.2

78
.7

10
0.

0
98

.2
65

.2
64

.0
85

.4
79

.9
57

.3
73

.2
52

.4
63

.4
43

.9
68

.3
84

.8
15

.2
74

.4
65

.9
10

0.
0

%
 t

ot
al

60
.6

23
.2

21
.2

14
.6

33
.7

33
.4

12
.2

25
.5

25
.3

25
.1

25
.1

27
.0

16
.0

99
.5

27
.4

31
.0

29
.8

30
.8

10
0.

0
99

.3
25

.5
25

.1
33

.4
31

.3
22

.4
28

.6
20

.5
24

.8
17

.2
26

.7
33

.2 6.
0

29
.1

25
.8

39
.1

St
ra

t. 
un

it

R
ec

en
t

A
lb

ia
n

/A
p

ti
an

a

B
er

ri
as

ia
n 

/ 
A

lb
ia

na

B
ar

re
m

ia
n

a

T
if

fa
ni

an
b

M
ae

st
ri

ch
ti

an
a

T
if

fa
ni

an
b

W
as

at
ch

ia
n

-B
ri

d
g

er
ia

nb

C
am

p
an

ia
n

a

D
an

ia
n

3

P
ri

ab
o

n
ia

n
-R

u
p

el
ia

n
"

C
ha

tt
ia

n"
P

li
oc

en
e0

R
ec

en
t

B
ri

d
g

er
ia

n
-U

in
ta

n
,b  L

ut
et

ia
na

L
ut

et
ia

n11

A
q

u
it

an
ia

n
a

P
ri

ab
on

ia
na

B
ar

st
o

v
ia

n
b
-R

ec
en

t
R

ec
en

t
U

p
p

er
 

C
la

re
n

d
o

n
ia

n
b

U
p

p
er

 
H

em
m

in
g

fo
rd

ia
n

b

H
em

m
in

g
fo

rd
ia

n
b

C
h

ad
ro

n
ia

n
b

P
u

er
ca

n
b

C
la

rk
fo

rk
ia

nb

T
if

fa
ni

an
b

B
ri

dg
er

ia
nb

B
ar

to
ni

an
a

C
am

p
an

ia
n

3

M
ae

st
ri

ch
ti

an
a

C
as

am
ay

o
ra

n
d

U
p

p
er

 M
io

ce
ne

c

W
as

at
ch

ia
nb

-P
li

oc
en

ec

R
ec

en
t

A
ge

(M
Y

)

0
11

1
12

9
12

8 61
.3

69
.5

61
.3

54 78
.5

62
.8

36
.1

26
.3 3.
4

0 49
.5

46
.1

22
.4

37 14 0 9 16
.8

18
.3

34 65
.8

58
.3

61
.3

49
.5

40
.4

78
.5

69
.5

53
.8 9.
7

54 0

R
an

ge
(M

Y
)

0 13
.8

16
.8 3.
7

1.
75

4.
5

1.
75

3.
5

4.
5

2.
3

1.
1

3 1.
8

0 1.
5

4 1.
8

1.
6

2.
5

0 1 0.
3

1.
8

5 0.
8

0.
8

1.
75

1.
5

1.
8

4.
5

4.
5

2.
8

4.
5

3.
5

0

N
ot

e 
no

.

1
,2

1
,3

1
,4

5
,6

1,
 6

5,
 6

5,
 6

1,
 7

1,
 8

1,
 9

, 
1
0

1,
 1

1
12

, 
1

3
12 5,

 1
4

1,
 1

5
1,

 1
5

1,
 1

5
5,

 1
6

5,
 1

7
5,

 1
8

5,
 1

9
5

,2
0

5
,2

1
5,

 2
2

5
,2

3
5

,2
4

1
,2

5
1
,2

6
1
,2

7
28

, 
29

1
,3

0
1,

 3
1

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/46/3/479/1651365 by guest on 17 April 2024



A
PP

EN
D

IX
 3

. 
C

o
n
ti

n
u
ed

.

TA
X

O
N

N
o.

 m
or

ph
 

%
 m

or
ph

%
 t

ot
al

St
ra

t. 
un

it
A

ge
(M

Y
)

R
an

ge
(M

Y
)

N
ot

e 
no

.

C
ai

m
an

 
cr

oc
od

ilu
s

C
ai

m
an

 
la

tir
os

tr
is

M
el

an
os

uc
hu

s 
ni

ge
r

P
al

eo
su

ch
us

 
tr

ig
on

at
us

P
al

eo
su

ch
us

 p
al

pe
br

os
us

C
ro

co
dy

lu
s 

ca
ta

ph
ra

ct
us

C
ro

co
dy

lu
s 

rh
om

bi
fe

r
C

ro
co

dy
lu

s 
po

ro
su

s
C

ro
co

dy
lu

s 
ni

lo
tic

us
C

ro
co

dy
lu

s 
pa

la
ei

nd
ic

us
O

st
eo

la
em

us
 

te
tr

as
pi

s
C

ro
co

dy
lu

s 
ro

bu
st

us
C

ro
co

dy
lu

s 
llo

id
i

C
ro

co
dy

lu
s 

m
eg

ar
hi

nu
s

A
us

tr
al

os
uc

hu
s 

cl
ar

ka
e

E
ut

he
co

do
n 

ar
am

bo
ur

gi
i

To
m

is
to

m
a 

sc
hl

eg
el

ii
To

m
is

to
m

a 
lu

si
ta

ni
ca

To
m

is
to

m
a 

ca
ir

en
se

C
ro

co
dy

lu
s 

sp
en

ce
ri

G
av

ia
lo

su
ch

us
 

am
er

ic
an

us
B

ra
ch

yu
ra

no
ch

am
ps

a 
ev

er
so

le
i

D
o
rm

aa
l 

cr
o
co

d
y
lo

id
C

ro
co

dy
lu

s 
ac

er
C

ro
co

dy
lu

s 
af

fin
is

A
si

at
os

uc
hu

s 
ge

rm
an

ic
us

P
ro

di
pl

oc
yn

od
on

 
la

ng
i

O
th

er
 t

ax
ae

M
el

an
os

uc
hu

s 
fis

he
ri

C
ai

m
an

 
lu

te
sc

en
s

Th
or

ac
os

au
ru

s 
ne

oc
es

ar
ie

ns
is

G
av

ia
lo

su
ch

us
 

ca
ro

lin
en

si
s

O
st

eo
la

em
us

 s
p

.
C

ro
co

dy
lu

s 
nd

ok
oe

ns
is

16
4

15
9

16
1

16
3

16
0

16
1

16
4

15
7

16
4

11
0

16
1

12
3 72 96 82 67 16
4 97 69 75 11
7 64 11
7 75 14
3

11
0 67

10
0.

0
97

.0
98

.2
99

.4
97

.6
98

.2
10

0.
0

95
.7

10
0.

0
67

.1
98

.2
75

.0
43

.9
58

.5
50

.0
40

.9
10

0.
0

59
.1

42
.1

45
.7

71
.3

39
.0

71
.3

45
.7

87
.2

67
.1

40
.9

90
.9

75
.7

76
.1

76
.6

75
.9

61
.6

10
0.

0
60

.6
62

.3
26

.3
52

.5
29

.4
17

.2
22

.9
19

.6
16

.0
10

0.
0

23
.2

16
.5

17
.9

27
.9

15
.3

27
.9

17
.9

34
.1

26
.3

16
.0

R
ec

en
t

P
le

is
to

ce
n
ec -R

ec
en

t
R

ec
en

t
R

ec
en

t
R

ec
en

t
P

li
oc

en
e0

P
le

is
to

ce
n
ec -R

ec
en

t
Z

an
cl

ia
n

a -R
ec

en
t

P
ia

ce
n
zi

an
a -R

ec
en

t
P

li
oc

en
e0

R
ec

en
t

R
ec

en
t

B
u
rd

ig
al

ia
n

3

P
ri

ab
o
n
ia

n
a

C
h

at
ti

an
 / 

A
q
u
it

an
ia

n
B

u
rd

ig
al

ia
n

a

R
ec

en
t

S
er

ra
v
al

li
an

a

P
ri

ab
o

n
ia

n
-R

u
p

el
ia

n
Y

p
re

si
an

a

H
em

p
h
il

li
an

b

U
in

ta
n

b

Y
p
re

si
an

 / 
L

u
te

ti
an

3

W
as

at
ch

ia
nb

B
ri

d
g

er
ia

n
-U

in
ta

n
b

L
u
te

ti
an

a

M
ae

st
ri

ch
ti

an
3

H
u
ay

q
u
er

ia
n

d

U
p

p
er

 M
io

ce
ne

0

C
am

p
an

ia
n

3

C
h
at

ti
an

3

U
p

p
er

 M
io

ce
ne

0

Z
an

cl
ia

n
a

0 0.
82

0 0 0 3.
4

0.
82

4 2.
5

3.
4

0 0 17
.5

37 23
.3

18
.9

0 12
.3

36
.1

53
.3

6.
5

45
.3

49
.3

54 49
.5

46
.1

69
.5

3.
4

9.
7

78
.5

26
.3

9.
7

4.
3

0 0.
82

0 0 0 1.
8

0.
82

0.
6

9 1.
8

0 0 0.
5

1.
6

7.
8

2.
6

0 1.
9

1.
1

3.
3

1.
5

3.
3

7.
2

3.
5

1.
5

4 4.
5

1.
8

4.
5

4.
5

4.
5

0.
9

32 33 34 35 1
,3

6
1
,3

7
13 38 39 1
,4

0
1,

 1
0

1
,4

1
1
,4

2

1
,4

3
1
,4

4
1
,4

5
5

,4
6

5
,4

7
1
,4

8
5

,4
9

5
,5

0
1
,5

1
1
,5

2

2
8

,3
3

32 1
,8

3
1

,4
6

1,
 3

8
1
,3

4

Dd 53 R k I z 5 0

a  S
ta

ge
.

b  N
or

th
 A

m
er

ic
an

 L
an

d 
M

am
m

al
 A

ge
.

c  E
po

ch
.

d  S
ou

th
 A

m
er

ic
an

 L
an

d 
M

am
m

al
 A

ge
.

e  T
ax

a 
no

t 
in

cl
ud

ed
 i

n
 p

ar
si

m
on

y 
an

al
ys

es
 b

ut
 u

se
d 

to
 c

al
ib

ra
te

 m
in

im
um

 d
iv

er
ge

nc
e 

ti
m

es
.

U
i

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/46/3/479/1651365 by guest on 17 April 2024



520 SYSTEMATIC BIOLOGY VOL. 46

Notes

1. Calibration from Harland et al. (1990).
2. The Glen Rose Form derives its name from the

Glen Rose Formation (Albian-Aptian) of central
Texas (Langston, 1974).

3. The Bernissart locality in Belgium has not been
precisely localized in the Lower Cretaceous; the
indicated range is taken from Norell and Clark
(1990). A well-preserved skull of Bernissartia was
described from the Barremian of Spain (Busca-
lioni and Sanz, 1990), but its identity with B. fa-
gesii has not been established.

4. Age derived from Clark and Norell (1992).
5. Calibration from Woodburne (1987: fig. 10.1).
6. A more thorough review of these taxa was given

by Brochu (in press). Leidyosuchus formidabilis, L.
wilsoni, and L. sternbergii are among the most
complete fossil crocodylians known (Erickson,
1976; Bryant, 1989). The date used for the lineage
as a whole is based on L. sternbergii from the
Lance Formation (Gilmore, 1910) and correlative
Hell Creek Formation (Estes, 1964; Bryant, 1989).

7. All known material of Leidyosuchus canadensis is
from the Campanian Judith River Group of Al-
berta (Lambe, 1907; Eberth and Brinkman, 1997).
Reports of L. canadensis from the Paleocene
(Greenwald, 1979) are spurious (Bryant, 1989).

8. Thoracosaurus neocesariensis is widespread in the
Maestrichtian (uppermost Cretaceous) of North
America (Troxell, 1925; Carpenter, 1983). Less
complete Thoracosaurus remains are also known
from the Campanian of North America (Schwim-
mer, 1986) and Africa (Lavocat, 1955). Codings in
the matrix are based primarily on Paleocene ma-
terial from France and Sweden.

9. Based on "Tomistoma" africanum and "Tomistotna"
gaviabides (Andrews, 1906), which are not mor-
phologically separable. The original distinction
was stratigraphic; "T." gaviabides came from
slightly younger sediments in the Fayum se-
quence. The name Eogavialis was first applied by
Buffetaut (1982).

10. The Fayum Depression of Egypt contains a thick
sequence covering the uppermost Eocene and
lowermost Oligocene. The chronology is derived
from Kappelman et al. (1992).

11. Based on material first described (as Gavialis col-
ombianus) by Langston (1965; Langston and Gas-
parini, 1997), who accepted a Late Oligocene age
for the fauna from which it was derived.

12. Gavialoid remains are prominent in the Upper
Miocene through Quaternary sediments of the Si-
waliks Group of Pakistan (Lydekker, 1888; Pil-
grim, 1912; Lull, 1944). Steel (1973) referred some
of these to G. gangeticus, but this identification is
not accepted here. Several other species have been
described, but they probably represent one or at
most two valid species.

13. Crocodylians are ubiquitous throughout the Si-
waliks Series. Because locality information was
not very specific for the specimens actually stud-
ied, I was unable to pinpoint the age of first oc-

currence for Siwaliks gavialoids or C. palaeindicus.
Upper and lower bounds for the Siwaliks were
taken from Opdyke et al. (1979).

14. The indicated date is for the Bridgerian, within
which the holotype of Pristichampsus vorax was
collected (Langston, 1975). Pristichampsus has also
been recorded from younger sediments (Uintan
NALMA) in North America (Busbey, 1986) and in
units more or less correlative with the Bridgerian
in Europe (Kuhn, 1938). A possible Paleocene rel-
ative, Planocrania, has been described from China
(Li, 1984).

15. Dipbcynodon darwini is from the Lutetian Messel
locality of Germany (Ludwig, 1877; Berg, 1966).
Codings for Dipbcynodon hantoniensis are based on
material from the Lower Headon Beds (Lower Oli-
gocene; Benton and Spencer, 1995) in England, al-
though fossils from elsewhere have been referred
to D. hantoniensis (Gramann, 1958; Vignaud et al.,
1996) in units of approximately the same age. Dip-
bcynodon ratelii is from the Aquitanian of France
(Pomel, 1847; Vaillant, 1872).

16. Based on the holotype of Alligator thompsoni
(Mook, 1923) from Nebraska and undescribed ma-
terial from Texas. Both are from the Barstovian
NALMA. I follow Malone (1979) and regard A
thompsoni as a junior synonym of A. mississippien-
sis. Fossils indistinguishable from modern A. mis-
sissippiensis are well documented through the
Pleistocene (Preston, 1979; Holman, 1995).

17. Alligator mefferdi is based on a skull and jaws from
Nebraska (Mook, 1946). Malone (1979) considered
it synonymous with A. mississippiensis, but a clade
including A. mississippiensis and A. sinensis can be
diagnosed on the absence of the anterior foramen
intermandibularis oralis, a feature plesiomorphi-
cally retained in A. mefferdi.

18. Based on material from Florida (White, 1942).
19. Scorings indicated here were based on the holo-

type in the Field Museum of Natural History and
several specimens at the American Museum of
Natural History, all from the Hemingfordian of
Nebraska (Schmidt, 1941). Malone (1979) also re-
ported A. mcgrewi from the younger Barstovian
NALMA.

20. Alligator prenasalis is one of the best-known fossil
crocodylians, known from several well-preserved
skeletons from the Chadronian of South Dakota
(Loomis, 1904; Mook, 1932; Higgins, 1972).

21. Based on material described by Simpson (1930)
from the lowermost Paleocene of New Mexico.

22. The taxonomy of " Albgnathosuchus" is in need of
revision. The blunt-toothed alligatorine from the
Willwood Formation of Wyoming (Albgnathosu-
chus zvartheni: Case, 1925; Bartels, 1983; Gunnell et
al., 1992) is one of the best represented.

23. Based on a skeleton from the same Paleocene lo-
cality as "Leidyosuchus" formidabilis (Erickson,
1982).

24. Based on a skeleton from the Bridger Formation
of Wyoming (Mook, 1941a). Procaimanoidea has
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also been described from the Uintan NALMA of
Utah (Gilmore, 1946).

25. Based on a skull and partial mandible from the
Oligocene of France (Kalin, 1939).

26. Based on a well-preserved skull and skeleton from
the Judith River Group of Alberta (Wu et al.,
1996). Although the skull of S. mccabei shows pro-
portions different from those of the holotype of
Albertochampsa langstoni from the same unit (Er-
ickson, 1972), Stangerochampsa and Albertochampsa
were redundant for purposes of this study.

27. Both the holotype (Gilmore, 1911) and a well-pre-
served skeleton described by Norell et al. (1994)
came from the uppermost Cretaceous Hell Creek
Formation.

28. South American Land Mammal Ages are not well
calibrated. Upper and lower bounds of the Casa-
mayoran are adapted from Wyss et al. (1993),
with the understanding that they are extremely
approximate. I was unable to find absolute dates
for the Huayquerian, so the date and range indi-
cated are for the Pliocene, using the calibration of
Harland et al. (1990).

29. Caimans are probably the most poorly represent-
ed lineage in this study, at least from a paleon-
tological perspective. Eocaiman cavernensis, from
the Lower Eocene of Patagonia (Simpson, 1933), is
regarded as the oldest reasonably preserved cai-
man, although poorly preserved fossils are known
from the Paleocene of Argentina (Rusconi, 1937;
Langston, 1965) and Texas (Brochu, 1996). Eocai-
man has been reported from the Paleocene (Gas-
parini, 1981), but calibrations in this study are
based only on Eocene material.

30. Purussaurus neivensis is part of an assemblage of
large caimans from the Mio-Pliocene of northern
South America that have extremely large narial
openings; Langston (1965) referred the La Venta
Fauna, from which P. neivensis is known, to the
Late Miocene.

31. Nettosuchids are among the most bizarre croco-
dylians known, characterized by long, broad
skulls with a large number of very small teeth
(Price, 1964; Langston, 1965; Bocquetin and de
Souza Filho, 1990). Most are known from the Mio-
cene and Pliocene of South America, where the
oldest is Mourasuchus atopus from the La Venta
Fauna (Langston, 1965). However, Orthogenysuchus
olseni from the Wasatchian NALMA of New Mex-
ico (Mook, 1924) possesses not only the broad
snout and small maxillary alveoli but also the
transversely wide external naris characteristic of
South American nettosuchids and draws this lin-
eage, as well as the divergence of Paleosuchus from
other extant caimans, at least to the base of the
Eocene. Fossils are not known from the lineage
including Paleosuchus to the exclusion of other liv-
ing caimans.

32. Our knowledge of Caiman latirostris is, for pur-
poses of this study, restricted to the Quaternary.
A partial snout from the Pleistocene of Argentina
was referred to this species by Patterson (1936).
Caiman lutescens from the La Venta Fauna has been

referred to this species (Gasparini, 1981; Langston
and Gasparini, 1997), but the holotype of this tax-
on can be distinguished from C. latirostris on the
basis of a much larger external naris. Caiman lu-
tescens was not included in the parsimony analy-
ses but is congruent with both C. latirostris and
Melanosuchus niger and shares the presence of
well-developed rostral ridges with both living
species, indicating a divergence between C. lati-
rostris + M. niger and C. crocodilus + C. yacare by
the beginning of the Pliocene.

33. There is no fossil record for extant Melanosuchus
niger, but M. fisheri is based on a Pliocene skull
from Venezuela preserving the characteristic dia-
mond-shaped exposure of the vomer on the palate
(Medina, 1976).

34. Skulls attributable to Crocodylus cataphractus have
been described from the Pliocene Lake Rudolf de-
posits (Tchernov, 1986). Crocodylus ndokoensis is a
form described by Pickford (1994) from the Mio-
cene of Uganda; it shares an attenuated snout and
exclusion of the nasals from the naris with C. ca-
taphractus.

35. Relatively complete cranial material from the
Pleistocene of Cuba can be referred to Crocodylus
rhombifer (Varona, 1984). Subfossil remains belong-
ing to C. rhombifer have been found on Grand Cay-
man Island (Morgan et al., 1993) but are probably
not older than a few thousand years. Varona (1966,
1984) referred less complete material from the
Pleistocene of Cuba to Crocodylus antilliensis.

36. A partial snout from the Miocene of Australia was
referred to Crocodylus porosus by Molnar (1979).

37. This particular record is based on remains from
Lake Rudolf (Tchernov, 1986).

38. Miocene Osteolaemus have been described (Antu-
nes, 1962; Aoki, 1992; Pickford, 1994), but they
may not be O. tetraspis. The date for fossil Osteo-
laemus is from Pickford (1994).

39. "Crocodylus" robustus from Madagascar is extinct,
but most authorities (e.g., Dewar, 1984) regard all
Cenozoic Malagasy terrestrial deposits as Holo-
cene.

40. "Crocodylus" lloidi has been described from several
African localities from the Miocene and Pliocene
(Tchernov, 1986; Leakey et al., 1996; Pickford,
1996), but the tangibility of some of these identi-
fications is questionable. The scorings for this
analysis were based on material from the Wadi
Moghara in Egypt, dated to 17-18 MYA by Miller
and Simons (1996).

41. Willis and Molnar (1991) based Australosuchus clar-
kae on material considered to be of Late Oligocene
or Early Miocene age. For this study, I have taken
the age of the Oligocene-Miocene boundary from
Harland et al. (1990) as the approximate age of A.
clarkae, with the bounds of the Chattian and Aqui-
tainian as the range. Australosuchus clarkae might
be part of an insular Australian lineage dating
back to the lower Eocene (Willis et al., 1993; Sal-
isbury and Willis, 1996).

42. Euthecodon arambourgii is the oldest and presum-
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ably the least derived of the species of Euthecodon
(Ginsburg and Buffetaut, 1978).

43. Antunes (1961) referred Tomistoma lusitanica from
Portugal to the Burdigalian. Late Miocene tomis-
tomine skulls from northern Africa and elsewhere
in Europe (e.g., T. dowsoni, T. calaritanus) are not
morphologically distinguishable from T. lusitanica,
and all probably represent a single species.

44. Based on material from the Middle Eocene of Mo-
kattam, Egypt (Miiller, 1927b). Hecht and Malone
(1972) regarded it as part of the Eocene African
gavialoid assemblage, but Buffetaut (1982) consid-
ered it to be tomistomine.

45. Originally described by Buckland (1836) and later
illustrated by Owen (1850). The specimens on
which this analysis are based are from the London
Clay, assigned to the Ypresian by Benton and
Spencer (1995). A possible close relative was de-
scribed by Swinton (1937) from younger Eocene
beds in Belgium.

46. The scorings in the matrix are based primarily on
Gavialosuchus americanus from the Pliocene of Flor-
ida (Auffenberg, 1954). Congruent material is
known from the Oligocene and Miocene of eastern
North America; the date used here is for G caro-
linensis from the Oligocene of South Carolina (Er-
ickson and Sawyer, 1996). Gaviabsuchus is also
known from the Miocene and Pliocene of Europe
(Toula and Kail, 1885; Buffetaut et al., 1984).

47. Based on a skull from the Washakie Formation of
Wyoming (Zangerl, 1944).

48. The specimens used in this analysis were from the
Eocene Dormaal locality of Belgium (Buffetaut,
1985a); they were labeled as "Crocodylus" depres-

sifrons. This assignment must be made carefully
because the holotype of "C." depressifrons, al-
though well-illustrated by Blainville (1850), is now
completely pyritized. Material from beds in the
Paris Basin correlative to those from which the ho-
lotype were collected probably represents "C." de-
pressifrons; if so, the referral of the Belgian material
to this taxon may be valid.

49. Based on a skull from the Bridger Formation
(Mook, 1921a).

50. The concept of "Crocodylus" affinis used here in-
cludes a large number of named crocodylian taxa
from the Eocene of North America. Norell and
Storrs (1986) synonymized most North American
Bridgerian "Crocodylus" (e.g., "C." grinnelli, "C."
brevicollis, "C." liodon) with "C." affinis. Further-
more, the holotype and only known specimen of
Brachyuranochampsa zangerli, also from the Bridg-
erian of Wyoming (Mook, 1962), cannot be distin-
guished from "C." affinis. "Crocodylus" clavis is de-
rived from somewhat younger units than is the
type material for "C." affinis but is distinguishable
only in minor differences in the shape of the pal-
atine process.

51. "Asiatosuchus" germanicus is derived from the
Messel locality of Germany (Berg, 1966). It retains
the plesiomorphic states of a frontoparietal suture
that barely enters the supratemporal fenestra and
a splenial symphysis, states not seen in Asiatosu-
chus grangeri from Mongolia (Mook, 1940) or in
"Crocodylus" depressifrons, with which Vasse (1992)
synonymized "A." germanicus.

52. Based on a skull from the Late Cretaceous Lance
Formation of Wyoming (Mook, 1941b).
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