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CHAPTER 10

Phylogenetic Systematics and the
Early History of Mammals

TiMmoTHY RowEe

Overview

Numerous recent authors have used phylogenetic systematics
to study mammalian evolution. As a result, there have been
many fundamental changes in our view of early mammalian
history compared with the view of a decade ago. However,
even phylogenetic analyses have produced conflicting inter-
pretations of this history. On closer inspection, many of the
conflicts may simply reflect the different samples of taxa and
characters that have been brought to bear on this issue. In a
series of computer parsimony analyses, different rates of
evolution in the dentition, skull, and postcranium were re-
sponsible for different tree topologies that resulted when dif-
ferent, restricted character samples were analyzed. When sam-
pling artifact is removed and all available character data
analyzed, a highly corroborated, stable phylogeny remains,
which is largely consistent with the temporal distributions of
taxa recorded in the fossil record. Several patterns dominate
this phylogeny. Most transformations in the head involved
elaborate repackaging of an expanded brain and special sense
organs, remodeling of the masticatory system, and accelerated
evolution of a highly complex dentition. Postcranial evolution
involved differentiation of the vertebral column and remodel-
ing of the limbs and girdles, associated with parasagittal gait.
Another pattern involved evolutionary miniaturization similar
in detail to historical patterns in other miniaturized tetrapod
lineages, suggesting the existence of developmental con-
straints common to all tetrapods. Although some of these
patterns have long been recognized, others have become evi-
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Introduction

The contemporary phylogenetic perspective on early
mammalian history has obvious, deep foundations in
earlier research, but it is nevertheless significantly dif-
ferent from the dominant view of a decade ago. Phy-
logenetic analyses have changed our measures of the
most fundamental properties of Mammalia, including
its definition, diagnosis, membership, the relationships
among its members, and its distribution in time and
space. Below, I first review some of the conceptual
transformations that have arisen under phylogenetic
systematics, and I then devote the bulk of this report to
summarizing what now appear to be the most strongly
corroborated and stable relationships in early mamma-
lian history.

Identifying which aspects of early mammalian phy-
logeny are “stable” and which are not is far from a cate-
gorical process. The details of cynodont phylogeny have
long been the subject of debate, particularly the rela-
tionships among the extinct taxa most closely related to
mammals and among the basal mammals themselves.
Numerous phylogenetic analyses have recently pursued
this problem (e.g., Crompton and Sun, 1985; Crompton
and Luo, this volume, chapter 4; Gauthier et al., 1988,
1989; Kemp, 1982, 1983; Hopson and Barghusen, 1986;
Novacek, 1986, 1989, 1990; Novacek and Wyss, 1986;
Rowe, 1986, 1988; Rowe and Simmons, unpublished;
Sues, 1985; Wible, 1987, 1990, 1990; Wible et al., 1990;
Wible and Hopson, this volume chapter 5). Although
general agreement on a number of points has emerged,
there remain conflicting views on other aspects of rela-
tionship, on diagnoses for groups whose memberships
are not disputed, and on interpretations of individual
characters.

Resolution of these conflicts is complicated by the
fact that published analyses have all used different sam-
ples of taxa and characters. Phylogenetic methods have
themselves varied considerably among studies, further
complicating the issue, but I focus only on the problem
of sampling. To better understand sampling effects,
several series of computer-assisted parsimony analyses
have been designed to measure how different assemb-
lages of taxa and characters affect the global tree topol-
ogy (Donoghue et al., 1989; Gauthier et al., 1988, 1989;
Rowe, 1988; Rowe and Simmons, unpublished). All of
these studies, and particularly that by Rowe and Sim-
mons (unpublished), endeavored to bring together a
large and, more important, diverse osteological data
base that sampled all parts of the skeleton and denti-
tion, in a wide range of extant and extinct taxa. By
selectively adding and deleting different subsets of taxa
and characters in a large data matrix, these tests helped
to identify the points in early mammalian phylogeny
that were most consistently resolved and were relatively
immune to change as the analytic sample was changed.

Timothy Rowe

At the same time, the tests identified taxa whose posi-
tions were more sensitive to sampling variations and
placed constraints on their range of possible positions.
This approach to measuring phylogenetic pattern has
arrived at new assessments of phylogenetic pattern in
early mammalian history, while also providing strong
corroboration of many points made in older literature.
Not surprisingly, the new phylogenetic patterns suggest
that previously unrecognized processes may have
played key roles in shaping early mammalian history.

Issues in Early Mammalian History

MAMMALIAN MONOPHYLY. Prior to the advent of phy-
logenetic systematics, the focus of study on early mam-
mals was to elucidate the reptile-to-mammal transition
(e.g., Aulie, 1974; Crompton and Jenkins, 1973; Olson,
1959, 1962; Simpson, 1959, 1960, 1961). With a rich
sequence of fossils extending from the Carboniferous to
the Recent, the origin of mammals was taken as the
premier example of an evolutionary transition from one
Linnean class to another. Evolutionary grades played a
central role in discussion of this event. Influential
generalizations about issues ranging from macroevolu-
tion to natural selection to convergence were derived
from study of this lineage and were later extrapolated to
other metazoan lineages. The major debates waged in
the literature involved whether Mammalia was
polyphyletic, and which character or character assemb-
lage most meaningfully marked a boundary between
reptilian and mammalian grades (e.g., Hopson and
Crompton, 1969; Olson, 1959, 1962; Reed, 1960; Simp-
son, 1959, 1960, 1961, 1971; Van Valen, 1960). The
influence of environment via natural selection was virtu-
ally the only mechanism invoked to describe morpholo-
gical patterns discovered in this history. It was argued
that similar environmental demands led to the conver-
gent evolution of “mammalian” characters in many
different lineages. Implicit in many discussions is the
thought that convergence was so prevalent that the true
genealogy could never be known with any precision.

Phylogenetic systematics has turned our attention
from many of these issues. The discovery of mono-
phyletic taxa replaced definition of grades as the central
issue in understanding early mammalian history. There
has been no doubt for a century that extant mammalian
species share a unique common ancestor at some point in
history, and that Mammalia is monophyletic in the
strict meaning of the term (e.g., Haeckel, 1897; Rowe,
1988). Whereas Simpson (1971, p. 192) and most others
dismissed mammalian common ancestry as “trivial”
(but see Reed, 1960), phylogenetic systematics has re-
organized our analyses with this as a pivotal point (Fig.
10.1). This attitude reflects a shift in our conceptual
view of Mammalia, and of taxa generally. Previous
views saw taxa as classes defined by characters, while
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Monotremata Theria

Mammalia

Ficure 10.1. Potential relationships between fossils and the ex-
tant sister lineages whose common ancestor defines Mammalia.
Any fossil that is not itself a monotreme or therian can have only
four possible positions. It can be closest to therians, closest to
monotremes, or lie outside of Mammalia. Taxa in position D are
of unresolved position within Mammalia (Rowe, 1988).

contemporary phylogenetics views taxa as individuals
defined by common ancestry (e.g., de Queiroz, 1988;
de Queiroz and Gauthier, 1990; Gauthier, 1986;
Ghiselin, 1984; Hull, 1976; Rowe, 1987, 1988). Cur-
rent phylogenetic debate focuses on the content and
diagnosis of Mammalia, on the relationships among its
members and extinct relatives, and on interpreting the
new pattern of character hierarchy and genealogy.

INCOMPLETENESS. Incompleteness of the fossil record
has been, and continues to be, a major obstacle in inter-
preting early mammalian history. Most Mesozoic taxa
relevant to this history lie within the smallest order of
vertebrate size magnitudes (McMahon and Bonner,
1983). Few specimens have survived the rigors of trans-
port, burial, and diagensis, and their tiny size renders
them very difficult to find in the field. Most that have
been recovered consist of only the hardest and most res-
ilient parts of the skeleton, and even today most Meso-
zoic taxa are known only from dentitions. Understand-
ably, this led to a strong analytic bias toward dental
data, with the aim of developing a taxonomy that might
apply to the majority of taxa. The resulting framework

was handicapped, however, in that researchers were

largely unable to fit nondental data into it. Another ma-
jor shortcoming of the older framework is that it treated
homoplasy as an inductively recognized phenomenon.
When character data from the skull or postcranial
skeleton conflicted with the distributions of dental data,
the dental characters were necessarily taken as evidence
of relationship, while the skeletal characters were
generally dismissed as convergent.

Contemporary methods choose among competing
phylogenetic hypotheses based on their information
content as well as on parsimony (e.g., Kluge, 1989).
Consequently, researchers have recently endeavored to
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bring more diverse character data into their analyses, to
test previous views. As a result, several hundred skele-
tal characters and a large body of new dental evidence
have come to bear on early mammalian systematics
(e.g., Novacek, 1986, 1989, 1990; Novacek and Wyss,
1986; Rowe, 1988; Rowe and Simmons, MS; Gauthier
et al., 1988; Wible, 1987, 1990, 1991). This has had a
very positive effect, but the shift to character-rich analy-
ses has come at the cost of taxon richness, as most re-
searchers have opted to omit fragmentary fossils from
consideration. Although there is both theoretical and
empirical justification for this (Rowe, 1988; Rowe and
Simmons, in press), it is also clear that even highly in-
complete taxa can preserve data of critical importance
to tree topology (Gauthier et al., 1988; Donoghue et
al., 1989). These and other results (Rowe and Sim-
mons, in press) point to the sampling methods used to
construct a matrix as a significant source of artifact and
discrepancy between analyses.

Ironically, as more complete fossils and more encom-
passing analytic procedures have emerged, new sources
of missing data have been discovered inherent in the
data themselves. Evolution itself leads to the loss of
data through the transformation and divergence of form
(e.g., Doyle and Donoghue, 1987; Gauthier et al.,
1988; Donoghue et al., 1989). In a real sense, charac-
ters can become extinct within a lineage, resulting in the
loss of potentially critical historic information. For ex-
ample, one cannot score the presence of a single versus
a divided caniniform tooth root in taxa that have lost
the caniniform teeth. Unlike nonpreservation, this type
of information loss has a complex temporal component
in that its extent is related to both the temporal scope of
the problem and the evolutionary rates of the character
systems analyzed.

RATES OF EvoLuTION AND MissING DATA. The degree
to which data are lost as a result of divergence can
be viewed as a complex function of time. Data loss
is potentially most severe in analyses that span broad
temporal intervals and seek to reconstruct ancient
branching patterns, and which sample small, rapidly
evolving sets of characters. It is noteworthy that while
nonpreservation is usually a problem only with fossils,
divergence can affect both extinct and extant taxa.
Moreover, by virtue of having survived to the recent,
extant taxa may be especially prone to data lost through
this process. The effects of divergence are such that
analyses of extant taxa alone can produce mistaken esti-
mates of character polarities, distributions, and tree
topologies (Doyle and Donoghue, 1987; Donoghue et
al., 1989; Gauthier et al., 1988).

Variation in evolutionary rates of different characters
and character systems is the primary cause of “mosaic
evolution,” which has long been acknowledged as a
problem in discerning phylogenetic patterns. However,
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only recently have efforts been directed at understand-
ing its effects in any particular phylogenetic analysis.
Minimizing the adverse effects of mosaic evolution in-
volves discovering data that transform at an average
rate appropriate to resolving the problem at hand.
Characters or systems evolving too slowly may have re-
corded nothing of the history of interest, while systems
evolving too rapidly may become too transformed to
preserve any useful information.

Rates of character evolution cannot be determined a
priori, but methods are emerging to base measurements
on a data matrix and the most parsimonious phylogeny
found within it when all data are considered. One tech-
nique compares average homoplasy levels for different
subsets of characters within a single matrix, using a
single tree topology. Higher than average homoplasy
levels in one region, for example, the dentition, reflect
more rapid transformation rates for that region than for
the other regions sampled in the matrix. The homoplasy
retention index (Farris, 1989a, 1989b) is a convenient
measure for comparing average homoplasy levels of
different character subsets (Cloutier, 1991; Rowe and
Simmons, unpublished). Rowe and Simmons (unpub-
lished) compared homoplasy levels in the dentition, the
skull exclusive of the dentition, and the postcranium.
Homplasy was found in all three regions, but it was not
distributed equally in each. The skull and postcranium
recorded similar levels, whereas the dentition recorded
minimally a 30% higher homoplasy level. The enor-
mous diversity of mammalian dental morphology
reflects a rapid rate of evolution expressed over a 140-
million-year history.

Additional tests showed that, predictably, the phy-
logenetic resolving power of the dentition was strongest
over relatively short segments of the tree. Dental char-
acters by themselves resolved few relationships, and
omitting them altogether had little effect on the tree
topology found with all data. However, this is not to say
that the dentition was uninformative, or even that it was
uninformative for older events. Dental characters were
diagnostic at most levels on the phylogeny described be-
low, but without the signal provided by the more slowly
evolving cranium and postcranium, the distributions of
most dental characters remained equivocal (Rowe and
Simmons, unpublished).

PHYLOGENETIC RESOLUTION AND STABILITY. Although it
may be obvious that no taxon or character is relevant to
phylogenetic analyses at all levels, methods to identify
the most informative sample of taxa and characters for
any given problem have been less than clear. A step in
this direction was recently taken by the design of series
of tests to analyze some of the effects of sampling in
understanding early mammalian history (Rowe and
Simmons, unpublished). The tests focused on the rela-
tionship between completeness, measured from a data
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matrix, and phylogenetic resolution, the degree to
which taxa are arrayed in a sctrictly dichotoamone
branching pattern (Mickevich and Platnick, 1989). The
interactive capabilities of PAUP (Swofford, 1989) and
Hennig 86 (Farris, 1986) were used to study a matrix of
151 characters for 24 of the major groups of mammals
and their closest extinct relatives. By systematically
adding and deleting taxa according to their degrees of
completeness, it was possible to examine the rela-
tionships among some of the different kinds of informa-
tion recorded in the matrix and to evaluate the relevant
contributions of different taxa and character subsets to
the final tree topology.

The tests found a general correspondence between
taxon completeness and phylogenetic resolution.
However, it was also clear that the two are not strictly
coupled and that incomplete taxa offered potentially
critical information to resolving phylogenetic questions.
Nevertheless, ten relatively incomplete taxa remained
unresolved in this analysis, in that each could be placed
in several equally parsimonious phylogenetic positions
and removing them had no effect on relationships
among the other taxa. There was also a cumulative
effect of incompleteness, which led to an exponential
decrease in resolution as more and more incomplete
taxa were added to the matrix. Hence, simply including
all available taxa may not produce as unambiguously in-
formative results as analyzing a select sample of avail-
able taxa. Selection is not an a priori process and can be
made only with tests such as these.

Despite lability in the positions of some taxa, the
tests consistently found a stable topology among four-
teen other taxa (Fig. 10.2). This topology remained un-
changed when different samples of taxa were added or
removed from the analysis. Only when large sets of
character data were deleted did resolution diminish.

Theriiformes
Theriimorpha
Mammalia
Mammaliatormes

(1
i‘ﬁcynodontla

TCynodont‘ra

Ficure 10.2. Eucynodont phylogeny (see text).
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This effect was most marked when the dentition was
analyzed alone, and at only a few nodes did resolution
diminish when either the cranial or postcranial data set
was deleted. Even during the rapid drop in resolution
that accompanied the cumulative addition of incom-
plete taxa, the topology in Figure 10.2 was found in all
of the equally parsimonious trees. Because it consistent-
ly summarizes the largest and most diverse osteological
data sample yet analyzed, and includes the taxa most
relevant to understanding early mammalian history, I
take the phylogeny depicted in Figure 10.2 to be the
preferred hypothesis for now. This phylogeny supports
many aspects of earlier work, although it also differs
from all previously published studies at least in detail.

Eucynodont Phylogeny and the Early
History of Mammals

The diagnoses discussed below are based on the recent
analysis by Rowe and Simmons (unpublished). Character
distributions were measured using the DELTRANS op-
tion of PAUP for all character data and the sixteen taxa
depicted in Figure 10.2. Readers are referred to Rowe
and Simmons (unpublished) for details of methodology
and for a complete listing of all character distributions
and taxon diagnoses.

Geological dates for the taxa in this phylogeny are
from Harland et al. (1990). As noted in that work, the
time span over which the phylogenetic events of interest
occurred is one of the most poorly constrained of the
entire Phanerozoic. Very few radiometric dates have
been obtained; only three are known for the entire
Jurassic, and linear interpolations provided all of the
Jurassic dates cited below. All dates have an error mar-
gin of between 10 and 30 million years, roughly 7% to
20% of the total time involved, and considerable future
improvement in the numbers listed below can be ex-
pected. In addition to this imprecision, superpositional
relationships are unresolved for several clusters of taxa.
What is known of the temporal distribution of these
taxa is consistent with the sequence of branching in this
phylogeny. Temporal resolution is sufficiently poor,
however, that it would be consistent with a range of
other phylogenetic hypotheses as well.

NobE 1: EucynoDoONTIA. Eucynodontia offers a conve-
nient place to begin discussion, because it is one of the
most stable and widely recognized monophyletic groups
within Cynodontia, and there is abundant support for
using the cynodonts Thrinaxodon (Fourie, 1974; Jenk-
ins, 1971) and Procynosuchus (Kemp, 1979, 1980) as
consecutively more distant outgroups, to polarize char-
acters transforming among eucynodonts (Gauthier et
al., 1988; Hopson and Barghusen, 1986; Kemp, 1982;
Rowe, 1986, 1988; Wible, unpublished). Eucynodontia is
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the taxon stemming from the last common ancestor that
mammals share with Cynognathus.

Eucynodontia is diagnosed by characters of the skull
and dentition. The attachment of eucynodont cheek-
teeth was transformed from the ancestral cynodont pat-
tern of ankylosis with the jaws (e.g., Crompton, 1963)
to a new attachment via greatly elongated tooth roots
that are anchored by a periodontal ligament. There was
also a major reduction in the rate of cheektooth re-
placement and the initiation of bilateral occlusion,
though only irregular wear facets were produced in
early members of this group. Ligamentous attachment,
the so-called thecodont gomphosis, offers a degree of
mobility of each tooth within its socket that is critical to
the development and maintenance of precise, complex
occlusal patterns (e.g., Johnson, 1983; Noble, 1969;
Ten Cate, 1969). Slowing of tooth replacement was also
crucial to maintaining occlusion. These diagnostic apo-
morphies of Eucynodontia mark the beginning of an
acceleration in dental evolutionary rates and the onset
of occlusal complexity that is so characteristic of mam-
mals among extant gnathostomes. Additional diagnostic
characters of eucynodonts include participation of the
surangular in the craniomandibular joint, reduction of
the quadrate ramus of the pterygoid, and the absence of
incisiform teeth in the maxilla anterior to the canini-
form.

The fossil record of eucynodonts begins near the end
of the Scythian Stage of the Early Triassic, which ex-
tended from 245+ 10 to 241+ 10 million years ago
(Harland et al., 1990). The oldest eucynodonts are
Cynognathus and the more derived eucynodont, Dia-
demodon, which occur together in Cynognathus Zone
sediments of the South African Karoo (Anderson and
Cruickshank, 1978; Kitching, 1977), and which provide
a minimum age for Eucynodontia. Because the phy-
logeny (Fig. 10.2) indicates that Diademodon originated
later than Cynognathus, it would seem that the earliest
parts of eucynodont history occurred in unrecorded,
pre-Cynognathus Zone times. Future fossil discoveries
and increased biostratigraphic resolution are likely to
push eucynodont history back toward the beginning of
the Early Triassic, although just how far back the lower
time limit might extend is more difficult to constrain.
Cynognathus has not been recovered from rocks
younger than Early Triassic, but its sister lineage,
represented here at Node 2, has survived to produce
more than 4,000 extant species and a diversity of extinct
species.

Nope 2: (UNNaMED). This unnamed taxon comprises
the last common ancestor that mammals share with Di-
ademodon and all its descendants. Diademodon was
long classified as a “gomphodont” cynodont, a group
united on resemblances in the dentition that have been
taken as evidence of a herbivorous diet. The gompho-
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donts were thought to represent an evolutionary radia-
tion of herbivorous cynodonts that diverged carly in the
Triassic from a persistently predatory lineage from
which mammals ultimately descended (e.g., Crompton,
1972; Hopson, 1969; Hopson and Barghusen, 1986).
However, analyses of a broader sample of data, includ-
ing characters from the skull and postcranium as well as
the dentition, argue that the gomphodonts form a para-
phyletic assemblage, because some gomphodonts, in
particular Exaeretodon and tritylodontids, are more
closely related to mammals than to Diademodon (see
below). In this light, it appears that either the diets of
cynodonts are more evolutionarily labile than has been
believed and herbivory has evolved several times, or
previous interpretations of diet in these taxa are mis-
taken.

Node 2 is diagnosed by additional transformation of
the dentition. Members of this group have cheekteeth
with consistent, regular sets of wear facets, which indi-
cate consistent occlusal patterns. Some members of this
group, such as Sinoconodon and a number of extant
species, lack occlusion because the teeth are either
greatly simplified or are absent altogether. Neverthe-
less, all of these taxa retain other features derived with-
in this group that identify them as members of Node 2
and that indicate the absence of occlusion and wear
facets to be reversals to a pre-eucynodont state, rather
than retained plesiomorphies. This node is also diag-
nosed by contact between the palatal processes of the
premaxillae, which meet behind the incisive foramen
(later reversed in Exaeretodon).

Like Eucynodontia, the first fossil record of Node 2
appears in the early Triassic (Scythian) Cynognathus
Zone of the South African Karoo. Unlike its sister tax-
on (Node 3), Diademodon did not survive the end of
the early Triassic.

Nope 3: (UNNAMED). This unnamed taxon comprises
the last common ancestor mammals share with Prob-
ainognathus and all taxa stemming from it. Probainog-
nathus was widely regarded as being close to the direct
ancestry of mammals and representing a morphotype
from which mammals descended (Allin, 1986; Romer,
1969, 1970; Hopson and Kitching, 1972; Crompton and
Jenkins, 1973, 1979). However, other cynodonts now
appear to be more closely related to mammals than is
Probainognathus, notably Exaeretodon (Gauthier et al.,
1988; Rowe, 1986, 1988) and tritylodontids (Kemp,
1982, 1988a, 1988b; Rowe, 1986, 1988; Wible, 1991;
Wible and Hopson, this volume, chapter 5; Gauthier
et al., 1988). The latter taxa were considered only distant
relatives of mammals because their highly apomorphic
dentitions seemed to demand a long expanse of inde-
pendent evolution (e.g., Crompton, 1972; Hopson,
1969). However, when viewed in light of all available
data, the dentitions of Exaeretodon and tritylodontids
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appear to be the result of a rapid rate rather than a dis-
tant time of divergence. Although their dentitions offer
little unambiguous information on higher-level rela-
tionships of these taxa, the more slowly evolving skulls
and postcrania bear a host of unequivocal, unique re-
semblances to mammals that are not found in Prob-
ainognathus (see below).

Most of the characters diagnosing Node 3 manifest
increased rates of development of the bones surround-
ing the brain. The parietals, which primitively remained
paired throughout life and formed the borders of the
pineal foramen, became fused, completely closing off
the pineal foramen in adults. The pineal body itself is
retained in most mammals, suggesting that this trans-
formation reflects more an increase in the rate of pari-
etal growth than any qualitative change in the underly-
ing structure of the brain (Roth et al., 1986). In addition,
the prootic and opisthotic bones fuse to form the pet-
rosal, reflecting a similar developmental acceleration.
In the postcranium, proximal expansions of the ribs
known as costal plates, which extended over both the
thoracic and lumbar vertebrae in eucynodonts ances-
trally (Jenkins, 1971), were lost from the thoracics, and.
only the short lumbar ribs retained any vestige of these
structures (Romer, 1970).

The oldest member of Node 3 is Probainognathus. It
is known from the Chanares Formation of Argentina
(Romer, 1970), which was deposited during the Ladi-
nian Stage of the Middle Triassic, roughly between
239+ 8 and 235 = 5 million years ago (Harland et al.,
1990). Probainognathus did not survive the end of the
Triassic, unlike its sister taxon (Node 4).

Nope 4: (UNNAMED). This unnamed taxon comprises
the last common ancestor that mammals share with
Exaeretodon and all of its descendants (Rowe, 1986,
1988). The group is diagnosed by a number of charac-
ters in the vicinity of the braincase, the dentition, and
the postcranium. A partial floor developed beneath the
cavum epipterycum, below the presumed position of
the ganglion of the facial nerve, though the cavum re-
mained open beneath the trigeminal ganglion (Bona-
parte, 1966). The prootic was elaborated with the
appearance of the novel posterolateral flange, beneath
which reappeared a long quadrate ramus of the ptery-
goid, a structure that had been reduced in eucynodonts
ancestrally (Node 1). On the mandible, the retroarti-
cular process became elongated and strongly recurved,
forming the structure referred to in mammals as the
manubrium mallei and continuing an ancient trend in-
volving remodeling of the acoustic system. In the denti-
tion, there was a reduction to only three incisiform
teeth in the premaxilla. Other dental modifications may
have occurred in the ancestor of this group, but the
dentitions in FExaeretodon and currently known basal
members of its sister taxon (Node 5) are too divergently
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specialized to permit unequivocal interpretation of
ancestral morphology.

In the postcranium, costal plates were completely lost
from the ribs. In the pelvis, the iliac blade was reduced
in size by a deep emargination of its dorsal edge and an
overall reduction in the posterior iliac spine. In retros-
pect, these changes may mark a step toward parasagit-
tal locomotion and the eventual coupling of breathing
tides and locomotor cycles that facilitated the eventual
increase in metabolic scope and level characteristic of
modern mammals (Bramble, 1989; Bramble and Jen-
kins, 1989). It is doubtful, however, that those physio-
logical modifications were more than incipient at this
stage.

Exaeretodon is the oldest member of Node 4, occur-
ring in the Santa Maria Formation of Brazil (Bar-
barena, 1974, cited in Hopson, 1984), which was prob-
ably deposited late in the Ladinian Stage of the Middle
Triassic, roughly between 239+ 8 and 235+ 5 million
years ago (Harland et al., 1990). Exaeretodon extends
into the Late Triassic Ischigualasto sediments of Argen-
tina (Bonaparte, 1966; Hopson, 1984), which are some-
where between 235+ 5 and 223 £ 10 million years old
(Harland et al., 1990).

NoDE 5: (UNNAMED). This group comprises the last
common ancestor mammals share with tritheledontids
and all of its descendants. This is one of the most dis-
tinctive and strongly diagnosed taxa within Cynodontia.
Virtually all parts of the skeleton were remodeled in
association with a dramatic reduction in body size. The
early members of this group lie within the smallest
order of vertebrate size magnitudes and exhibit many of
the classic structural features induced by evolutionary
miniaturization that have been documented in various
teleost (Fink, 1981; Roberts, 1981), lissamphibian
(Alberch and Alberch, 1981; Hanken, 1983, 1984;
Wake, 1966), and squamate (Rieppel, 1984) lineages.
The origin of this taxon marked the beginning of a long
history—extending from the beginning of the Jurassic
into the Paleocene and encompassing nearly 140 million
years—that was carried out in tiny animals (Rowe,
1989).

Cranial reorganization in Node 5 involved inflation
of the nasopharyngeal cavity, remodeling of the orbit,
further enclosure of the brain, and further modifica-
tion of the acoustic and masticatory systems. The nasal
chamber expanded to such a degree that the choana was
displaced backwards from its ancestral position in front
of the orbit to a new position entirely behind the orbit.
The roof of the choana was also modified as the ptery-
gopalatine ridges became reoriented and separated by a
series of parallel troughs. These probably mark the
positions of the auditory tubes, indicating establishment
of the intricate connection between the nasopharynx
and middle ear cavity that is characteristic of extant
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mammals (Barghusen, 1986). At the same time, the
orbit developed an extensive medial wall formed by a
descending flange from the frontal and an ascending
flange from the palatine. The borders of the orbit also
changed as the prefrontal and postfrontal bones were
lost, leaving the orbit confluent with the temporal fenes-
tra. Elsewhere in the skull, the quadrate rami of the
pterygoid and epipterygoid joined the prootic to form a
very broadly reflected posterolateral flange. Further clo-
sure of the braincase occurred with the development of
a medial wall separating the internal acoustic meatus
from the cavum cranii, and a bony separation between
the fenestra rotunda and the jugular canal.

The auditory and masticatory systems remained intri-
cately coupled, and any changes in one system were
probably felt to some degree in the function of the
other system. The postdentary bones became reduced
to a thin rod of bones lying within a deep Meckelian
sulcus, signaling greater auditory sensitivity to high fre-
quencies, and the surangular was withdrawn from the
craniomandibular joint. At the front of the jaws the
dentaries, which develop from separate anlage in all
gnathostomes (e.g., de Beer, 1937), remained separate
throughout ontogeny, instead of fusing to form an
osseous symphysis as was the case in eucynodonts
ancestrally. Without a fused symphysis, some capacity
for longitudinal rotation of each mandible was present,
though this potential was limited by the persistence of
large coronoid bones and transverse processes of the
pterygoids.

The postcranial skeleton of tritheledontids has not
been described in detail, apart from a brief overview
by Broom (1932). However, thanks to the generosity of
A. W. Crompton and J. A. Hopson, I was able to score
postcranial material that they are currently studying. As
they point out (personal communication), the preserved
portions of the tritheledontid postcranium are virtually
identical to those of tritylodontids and morganucodon-
tids. In the vertebral column, differentiation of the cer-
vical region was marked by great foreshortening of both
the centra and neural arches, indicating a highly mobile
neck. Thoracic and lumbar regions also show strong dif-
ferentiation, and the sacrum was reduced from a mas-
sive structure to one that comprised only two or at most
three vertebrae. The iliac blade was correspondingly re-
duced, and the acetabulum was rotated backwards to a
new position entirely posterior to the sacrum. It is at
this point in history that the rod-like iliac blade with
triangular cross section, characteristic of most extant
mammals, appeared. All of these changes suggest that
sagittal axial flexion-extension in a roughly sagittal
plane was a major component in locomotion in the
members of Node 5.

The limbs were also modified, especially at their prox-
imal articulations. The glenoid became widely open
ventrally as the coracoid was reduced and shifted for-
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ward, permitting a great degree of freedom at the
shoulder. The femur also took on a highly characteristic
form, with a strongly differentiated subspherical head
flanked laterally and medially by sharply differentiated
greater and lesser trochanters. As with the shoulder,
this probably enhanced stability of the hip joint over an
increased range of excursion. Taken as a whole, these
modifications suggest that in Node 5 a great step was
taken toward the coupling of locomotion cycles and
breathing tides, and perhaps also elevation in metabolic
scope, as is characteristic of extant mammals (Bramble,
1989; Bramble and Jenkins, 1989).

Tritheledontidae is diagnosed by a distinctly modified
dentition, in which there were both unique crown mor-
phology and a reversal to the pre-eucynodont mode of
cheektooth attachment via ankylosis to the jaws (e.g.,
Gow, 1980; Hopson and Barghusen, 1986). Occlusal
facets were still produced, but the relationship between
upper and lower teeth was less intricate and regular
than in Eucynodontia ancestrally. In light of the large
body of data from the skull and postcranium placing
tritheledontids within Node 5, there is little doubt that
these dental characters are reversals rather than ple-
siomorphy. Despite its seemingly primitive aspect, the
tritheledontid dentition continues to reflect the rapid
rate of dental evolution among eucynodonts.

Node 5 is first recorded in rocks that were long con-
sidered Late Triassic but that now appear to be Early
Jurassic in age (e.g., Olsen and Galton, 1984), between
208 + 8 and 203 = 7 million years old. Tritheledontids
appear more or less simultaneously with morganuco-
dontids, tritylodontids, and Sinoconodon. The geologi-
cally “simultaneous” appearance of these taxa is an-
other instance in which resolution of the fossil record
lags behind that of the fossils themselves, whose pre-
served characters support fully resolved, stable rela-
tionships among all of these taxa. Prior to the Early
Jurassic records of these taxa, there is a gap in the
eucynodont fossil record that extends to the base of the
Carnian, and which could be anywhere from 10 to 40
million years long. However, even with the outside
estimate of 40 million years, the stratigraphic gap
alone is unable to account for the number of characters
diagnosing this node under an assumption of uniform
evolutionary rate during eucynodont phylogeny (Rowe,
1989). There appears to have been a true burst in evo-
lutionary rates that occurred along the stem of Node 5.
It is probably no coincidence that this increase in rate is
correlated with miniaturization.

NopeE 6: MAMMALIAMORPHA. Mammaliamorpha com-
prises the last common ancestor that mammals share
with Tritylodontidae and all its descendants (Rowe,
1986, 1988). Mammaliamorpha is diagnosed by charac-
ters of the cranium, dentition, and postcranium. A de-
gree of uncertainty exists in the distributions of some
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postcranial characters listed here because the trithe-
ledontid postcranium is as yet poorly known. This leaves
open the possibility that some characters described
below are more widely distributed than described
here. Nevertheless, there is strong, unequivocal support
for monophyly of Mammaliamorpha, and it is clear
that none of these character states occurs outside of
Node 5. Moreover, this degree of uncertainty was in-
sufficient to compromise phylogenetic resolution among
the taxa depicted in Figure 10.2 in any of the tests
aimed at understanding sampling effects (Rowe and
Simmons, unpublished).

The medial wall of the mammaliamorph orbit is even
more extensive than was the case in Node 5 ancestrally,
with the orbitosphenoid joining the previous contribu-
tions by the frontal and palatine. Even with this addi-
tion, however, the primitive orbital fissure was not yet
completely closed. At the rear of the skull, the prootic
posterolateral flange became perforated by cranial ves-
sels. In addition, the paroccipital process was elaborate-
ly modified, bifurcating distally to form separate qua-
drate and mastoid processes that are separated ventrally
by a deep fossa, which is often interpreted (probably
erroneously) to have provided origin to a hyoid muscle.
The quadrate process developed direct articulation with
the quadrate, whereas in eucynodonts ancestrally the
two bones were separated by an intervening slip of the
squamosal.

The dentition underwent further profound modifica-
tion with the development of multiple roots and a con-
sequent escalation in complexity of crown morphology
and occlusal relationships. Crown diversity in the
cheekteeth is so great and so widely divergent among
the taxa within Mammaliamorpha, especially tritylo-
dontids, that little can be said of precise crown structure
in mammaliamorphs ancestrally. Root morphology is
also variable, with three or more roots developing on
the cheekteeth in a number of taxa. Some authors have
argued that division of the roots is non-homologous in
basal mammaliamorphs because root morphology dif-
fers among these taxa (Sues, 1985; Hopson and Bar-
ghusen, 1986). However, in light of the other data sup-
porting mammaliamorph monophyly, it would appear
that there were divided roots in the cheekteeth of mam-
maliamorphs ancestrally. Like crown structure, mam-
maliamorph root morphology diversified at a rapid rate
from a common ancestral form with divided roots.

In the postcranium, the atlas-axis complex became
more flexible with loss of the atlas postzygapophysis and
flattening of its centrum. At the same time, a stout dens
formed as a neomorphic outgrowth from the axis cen-
trum, contributing strength and stability to the joint
(Jenkins, 1969, 1971). At the opposite end of the ver-
tebral column, the distal caudal centra became elon-
gated with greatly reduced neural and haemal arches.
Associated with vertebral differentiation was the seg-
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mentation of the sternum, to produce sternebrae. The
sternum originated developmentally and functionally as
a part of the shoulder girdle. However, in mamma-
liamorphs it appears to have become functionally linked
to the vertebral column as well, by facilitating the para-
sagittal flexion-extension of the vertebral column. The
appearance of epipubic bones, which lay embedded in
the abdominal musculature, may also be linked to para-
sagittal locomotion, although a host of other functions
have been suggested.

Tritylodontids include large animals, such as Kayen-
tatherium (Sues, 1986a), as well as very small forms
such as Oligokyphus (Kuhne, 1956). The highly derived
dentition of tritylodontids offers both strong corrobora-
tion of the group’s monophyly and evidence pertaining
to their phylogeny. Recent phylogenies (Clark and
Hopson, 1985; Sues, 1986b) indicate that tritylodontids
arose from a small ancestor, and that size increase with-
in the group was secondary.

Mammaliamorphs first appear in the Early Jurassic,
between 208+ 8 and 203 +7 million years ago (see
above, Node 5). Tritylodontids have a record that ex-
tends to into the Middle and perhaps the Late Jurassic
(e.g., Clark and Hopson, 1985).

NoDE 7: (UNNAMED). This unnamed taxon comprises
the last common ancestor that mammals share with
Sinoconodon and all its descendants. The diagnosis of
this taxon consists solely of features of the skull, which
may simply reflect that the postcranium of Sinoconodon
is virtually unknown. The diagnosis of this group is
more extensively detailed by Crompton and Luo (this
volume, chapter 4). Information used to score character
states for Sinoconodon (Rowe and Simmons, unpub-
lished) was generously provided by Z. Luo and A. W.
Crompton (personal communication), supplementing
previous literature (Crompton and Sun, 1985; Patterson
and Olson, 1961).

The medial wall of the orbit became completely
closed by further expansion of the orbitosphenoid,
which contributed to the orbital processes of the frontal
and palatine. The hindbrain was expanded, causing the
parietals to bulge outward into the temporal fenestrae
and the basicranium to become wider than the choana.
Correspondingly, the cavum epipterycum became com-
pletely enclosed beneath the trigeminal ganglion, and
the petrosal promontorium also appeared.

On the dentary is a large condyle that articulates with
a distinctive glenoid fossa on the squamosal (Crompton
and Sun, 1985), although the quadrate and articular re-
mained involved in the articulation and the postdentary
bones remained attached to the mandible throughout
life. The dentary-squamosal articulation is a widely dis-
cussed character. Under the character-based definitions
of the Linnean System, many authors regarded it as the
definitive structure dividing mammals from reptiles.
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This engendered debate about whether Mammalia was
mono- or polyphyletic because some authors asserted
that the dentary condyle evolved convergently among
the various Triassic and Jurassic taxa that possess it
(e.g., Barghusen and Hopson, 1970). In light of the re-
cent phylogenetic analyses summarized here and else-
where, it is now evident that the dentary-squamosal
articulation evolved only once, but that it is more wide-
ly distributed than previously believed. It is true that all
mammals possess this articulation, but it now also
appears true that not all taxa with a dentary-squamosal
joint are mammals under a definition based on common
ancestry.

The dentition of Sinoconodon is highly apomorphic
in that the upper and lower cheekteeth did not occlude,
and there was little or no replacement of them during
ontogeny (Crompton and Luo, this volume, chapter 4).
The position of the cheekteeth is also unique in that the
rear end of the row extends onto the lower edge of the
zygoma (Crompton and Sun, 1985; Crompton and Luo,
this volume, chapter 4). This is yet another manifesta-
tion of the high rate of dental evolution in eucynodonts.

As with tritylodontids and tritheledontids, the earliest
members of Node 7 first appear in the Early Jurassic
(see above, Node 5).

Nope 8: MAMMALIAFORMES. Mammaliaformes com-
prises the last common ancestor shared by Mammalia
and Morganucodon and all its descendants (Rowe,
1986, 1988). In older works (e.g., Hopson and Cromp-
ton, 1969), morganucodontids were considered to be
among the oldest “true” mammals and were believed
most closely related to monotremes among extant taxa.
This was properly taken as an indication that Mammalia
had both originated and split into its two major daugh-
ter lineages sometime before the Late Triassic. Implicit
in this view was the idea that the origin of Mammalia
corresponds to the appearance of the last common
ancestor of monotremes and therians, and not a more
distant ancestor. This view is formalized in the contem-
porary phylogenetic definition of Mammalia, which is
based on the last common ancestor of living taxa.
However, the strength of evidence now indicates that
monotremes and therians are more closely related to
each other than to morganucodontids (Kemp, 1983;
Rowe, 1988; Gauthier et al., 1988; Wible, 1991).
Under the phylogenetic definition, morganucodontids
are not mammals, a conclusion hinging on their revised
phylogeny. A number of authors continue to refer to
morganucodontids and Sinoconodon as “mammals,”
evidently in an effort to preserve the traditionally recog-
nized membership of Mammalia. However, this impli-
citly casts the definition of mammals in terms of char-
acters and evolutionary grade, a perspective largely
abandoned by the phylogenetic system (but see Szalay,
this volume, chapter 9).
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Mammaliaformes is diagnosed by characters of the
skull and dentition. There was further modification of
the orbital floor, in which the maxilla has come to par-
ticipate (Luo, personal communication). There was also
further modification of the dentition, in which the
cheekteeth came to occlude in a unilateral pattern
(Crompton and Jenkins, 1979; Crompton, 1989),
although lateral excursion of the mandibles was still
greatly constrained by the transverse process of the
pterygoids and the persistence of a robust coronoid
bone on the medial surface of the dentary. Mamma-
liaform cheekteeth are also differentiated into a pattern
of relatively simple premolariform teeth in front, with
more complex molariform teeth behind. Whether these
dental groups also possessed the replacement patterns
commonly associated with the terms “premolar” and
“molar” is as yet unclear in most relevant extinct taxa.

Morganucodontids first appear together with Sinoco-
nodon, tritylodontids, and tritheledontids in the Early
Jurassic (see above, Node 5).

Nope 9: MamMALIA. Mammalia comprises the last
common ancestor of monotremes and therians and all
of its descendants (Rowe, 1986, 1987, 1988; Rowe and
Simmons, unpublished; de Queiroz and Gauthier,
1990). In older literature, the mammalian boundary was
ambiguous because no consensus could be reached on
which character or character assemblage marked the
most meaningful discontinuity between mammals and
reptiles. This uncertainty is removed by a phylogenetic
definition of Mammalia, whose common ancestry
unequivocally sets it apart from all other taxa, living
and extinct. The phylogenetic definition has also sig-
nificantly altered our view of many basic properties of
Mammalia, including its diagnosis, membership, and
distribution in time. This is not merely a semantic trans-
formation, because it reflects a revised genealogical
hypothesis among the Mesozoic taxa that have long
figured centrally in this debate, and it alters our mea-
sures of the most fundamental evolutionary properties
of many of these taxa (Rowe, 1988).

Most of the skeletal characters diagnosing Mamma-
lia, and which set the last common ancestor of mon-
otremes and therians apart from morganucodontids,
involve “repackaging” of an enlarged brain and special
sense organs. In the snout, the prenasal process was lost
in adults, rendering the external nares confluent. The
nasal chamber expanded to such an extent posteriorly
that its rearmost portion lies in a subcerebral position.
An ossified cribriform plate appeared at the same time,
fully separating the nasopharynx from the braincase. At
the rear of the skull, the hindbrain became greatly in-
flated, resulting in profound remodeling of the skeletal
structures in that region. The parietals bulged outward
into the temporal fenestrae, and the paroccipital pro-
cesses were rotated sharply downward as the brain
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expanded outward over the region of the trigeminal
ganglion and middle car structures, from its ancestral
position lying almost entirely between them. In addi-
tion, the occipital condyles were greatly expanded, com-
ing to enclose the entire ventral two-thirds of the fora-
men magnum.

The visceral arch skeleton was also affected by infla-
tion of the hindbrain. The middle ear ossicles, which
derive from the first arch, shifted, in the most famous
transformation of this entire history, from their primi-
tive attachment throughout ontogeny to the mandible,
to a new position suspended beneath the adult cranium.
As a result, the quadrate (now the incus) and articular
(now the malleus) were removed from the cranioman-
dibular joint, which in adult mammals is built entirely
from the dentary and squamosal, with occasional secon-
dary contributions from other bones such as the alisphe-
noid. The second visceral arch was also affected. The
stapes was reduced and the stapedial foramen, retained
in adult morganucodontids, tritylodontids, and most
mammalian embryos, was lost in adult mammals. Later-
al to the stapes, Reichert’s cartilage became attached to
the cranium but, unlike the ear ossicles, its proximal
end coossified with the cranium to form the adult sty-
loid process, while its more distal corpus became de-
tached and continued its primitive role in the hyoid
apparatus. Technically a visceral arch derivative, the
transverse process of the pterygoid became reduced
from a massive structure that fit closely between the
coronoid bones of the mandible to a vestigial structure,
the pterygoid hamulus. The modifications of the middle
ear probably signal greater auditory sensitivity to high
frequencies. Taken collectively, these visceral arch
modifications all contributed far greater ranges of lat-
eral movement and longitudinal rotation of the man-
dibles than ever before.

In the postcranium, modification of the occiput was
complemented by the atlas, whose formerly separate
parts fused to form a solid ring. In addition, the cervical
ribs became fused to their vertebrae, enclosing the fora-
mina transversaria, and perhaps also contributing
strength and stability to the craniocervical mobility.
Elsewhere in the postcranium, the limbs and girdles de-
veloped secondary ossification centers or epiphyses. In
many areas these are related to the more intricate and
precise sculpting of the joints, for example, in the sty-
loid processes of the radius, tibia, and fibula. Secondary
ossifications are also involved in the fibular flabellum,
patella, and sesamoid bones in the flexor musculature
of the hands and feet. At least a small degree of opposi-
tion of the hallux to the other toes was possible in mam-
mals ancestrally, though the degree of movement is left
ambiguous by the highly modified feet on monotremes
(see Szalay, this volume, chapter 9).

Because Mammalia is defined on the basis of the
common ancestor of two extant lineages, it is also possi-
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Ficure 10.3. Cynodont phylogeny
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ble to provide a “soft” diagnosis. As detailed elsewhere
(Gauthier et al., 1988, Appendix B; Gauthier et al.
1989), extensive remodeling of “soft” tissues affected
the nervous system, circulatory system, pulmonary
system, digestive system, excretory system, endocrine
system, and the integument and modified a number of
developmental and metabolic pathways. Behavioral
modifications have also been documented. Although we
will probably never know the exact levels within Synap-
sida at which these modifications arose, these charac-
ters nevertheless distinguish mammals among extant
tetrapods (Gauthier et al., 1988, 1989) and can be
postulated to have been present in, if not apomorphic
of, the ancestral mammal.

A long gap in the stratigraphic record separates the
oldest mammal fossils from morganucodontids, the sis-
tergroup of mammals. The oldest fossil possessing char-
acter states derived within Mammalia is Phascolother-
ium bucklandi, a member of Theriimorpha (Rowe,
1988). It is known from the Middle Jurassic (Batho-
nian) Stonesfield Slate of England, which is between
166 = 8 and 161 + 8 million years old (Harland et al.,
1990). This estimate of the minimum age of Mammalia
represents a reduction by nearly one-fourth over pre-

vious estimates, which treated morganucodontids as the
earliest mammals.

The large number of osteological characters diagnos-
ing Mammalia may reflect a jump in evolutionary rates,
as was the case with the origin of Node 5 (above).
However, with the wide margin of dating error and a
major gap in the mid-Jurassic fossil record (Fig. 10.3),
it remains possible that this number merely reflects
average evolutionary rates during the Jurassic, and that
stratigraphic incompleteness accounts for their accu-
mulation at this node.

Nobe 10: THERIMORPHA. Theriimorpha is the only
taxon discussed here that I prefer to diagnose using a
stem-based definition (de Queiroz and Gauthier, 1990).
The monophylies of theria and Mammalia are both
firmly established; hence there is little doubt that a
monophyletic taxon exists that includes therians and all
extinct taxa closer to therians than to monotremes. De-
spite this certainty on monophyly of Theriimorpha, its
diagnosis is among the weakest of any on the tree, and
relationships among the basal theriimorphs are suf-
ficiently unresolved that stable node-based definitions
are not yet practical. This weakness is due in part to
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the high incompleteness of virtually all Mesozoic fossils
representing the group, as well as to the lack of a fossil
record and the highly apomorphic nature of mono-
tremes, the sister taxon of Theriimorpha. Doubtless,
as the Jurassic through Early Cretaceous segment
of theriimorph history is more completely understood,
the diagnoses of Theriimorpha and a number of sub-
sequent nodes will be revised.

The basal theriimorph represented in Figure 10.2 is
Gobiconodon, which is the most complete of the ther-
iimorphs that consistently fell outside of Theriiformes in
the analyses summarized above. There are many other
taxa that cluster unresolved in this position, such as
Trioracodon ferox, Triconodon mordax, Phascolother-
ium bucklandi, and the unnamed “eupantothere” briefly
described by Krebs (1987). In one of the many equally
parsimonious trees, Gobiconodon and Triconodon are
sister taxa in what would constitute a monophyletic Tri-
conodonta, based on tooth crown morphology. Howev-
er, there are numerous other possible relationships
among basal theriimorphs, and stable resolution of
their relationships will probably be gained only with the
discovery of more complete specimens.

The diagnosis of Theriimorpha includes the inflected
angle, or pterygoideus shelf, of the dentary. In addi-
tion, the external acoustic meatus became redirected to
occupy a characteristic position behind the cranioman-
dibular joint. Both characters are equivocal because of
the highly apomorphic state of monotremes. In the
shoulder girdle, the coracoid was reduced, as indicated
in Gobiconodon by a reduced articular facet on the sca-
pula.

As described earlier (see Node 9, Mammalia) the old-
est theriimorph is Phascolotherium bucklandi, which
preserves the inflected angle, from the Middle Jurassic
Stonesfield Slate (Rowe, 1988).

Nope 11: THERIFORMES. Theriiformes comprises the
last common ancestor therians share with multitubercu-
lates (sensu Simmons, this volume, chapter 11), and all
its descendants. The position of Multituberculata has
long been controversial, and no consensus can be found
even in recent phylogenetic literature., However, the
solution advocated here was stable in the face of the
sampling tests described above and takes into account
all available date (Rowe, 1988; Rowe and Simmons,
unpublished; see also Sereno and McKenna, 1990).

Equivocation on the position of multituberculates
appears in large part an artifact of sampling, which in
the past was restricted to dental and cranial data.
Although many authors have looked to the dentition for
information on higher-level relationships, even the most
primitive multituberculate teeth are so apomorphic that
little unambiguous information relevant to the broad
temporal scope of this problem remains. This dentition
has been highly informative at the more restricted tem-
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poral scope of relationships within the group, however
(Greenwald, 1989; Simmons, this volume, chapter 11).
Relatively few cranial characters have been found to
support any of the competing hypotheses of multi-
tuberculate relationships to other taxa, and homoplasy
complicates the issue in every analysis. Multitubercu-
lates were long linked with morganucodontids and
monotremes, based on resemblances of the braincase
that subsequent studies have shown to be plesiomorphic
(Presley, 1981; Kemp, 1983; Novacek and Wyss, 1986;
Rowe, 1988). More recently, however, Wible (1991)
analyzed selected subsets of the cranial and dental data
used by Rowe (1988) and found what appeared to be
new support for sister relationships between multi-
tuberculates and monotremes. Comparing these results
is complicated because the two studies analyzed dif-
ferent sets of taxa and characters. The most inclusive
analysis (Rowe and Simmons, unpublished) found that
multituberculates and therians share communication of
the post-temporal fenestra with an enclosed paracranial
passage rather than with the temporal fossa, as it did in
mammals ancestrally (Kielan-Jaworowska et al., 1986;
Wible, 1990). In addition, the incus lies postertor to the
malleus, and the ectotympanic lies on a plane inclined
from the horizontal (Miao and Lillegraven, 1986).
Reference to the postcranium provides a great deal of
additional corroboration of this relationship. It was rec-
ognized for many years that multituberculates and the-
rians share striking postcranial resemblances (Gidley,
1909; Simpson and Elftman, 1928; Jenkins and
McClearn, 1984), but most authors have asserted the
similarities to be convergent because the dentitions of
multituberculates and therians are so different. When
all available data are considered, however, it now
appears that the multituberculate dentition diverged at
a rapid rate rather than at a distant in time,.and that the
postcranial similarities reflect common ancestry. The
most marked similarities involve the shoulder girdle and
humerus, the femur, and the ankle. In the shoulder, the
procoracoid became lost as a discrete adult ossifica-
tion and the acromion process became strongly
down-turned, projecting to a level below the roof of
the glenoid. The humeral head became spherical and
strongly inflected dorsally, and the teres and de-
Itopectoral crests became reduced to narrow tubercles
separated by a narrow bicipital groove. The distal end
was also modified with only weakly developed entepi-
and ectepicondyles. The femoral head became spheric-
al, inflected medially, and set apart from the shaft on a
constricted neck. The lesser trochanter rotated from its
former position medial to the shaft to a new position on
the ventral surface of shaft, while the greater trochanter
became elongated and massive. In the ankle, the cal-
caneal tuber was elongated to a length greater than its
width. In the foot, the entocuneiform developed a
strongly saddle-shaped articulation (viz., fully oppos-
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able hallux), and a styloid process developed on the
proximal end of metatarsal V for the insertion of the
peroneal musculature.

The oldest members of Multituberculata (sensu Sim-
mons, this volume, chapter 11) are from the Kimmerid-
gian Guimarota deposits of Portugal, which are be-
tween 155 £ 8 and 152 + 12 million years old. Many au-
thors have included haramiyids, a poorly known taxon
based entirely on isolated and highly derived teeth,
within Multituberculata, extending the range of the
group into the Triassic (Hahn, 1973; Sigogneau-Russell,
1989). However, haramiyids were the most phylogeneti-
cally labile taxa studied by Rowe and Simmons (unpub-
lished). When analyzed with the taxa depicted in Figure
10.2, there were at least six other equally parsimonious
positions for haramiyids besides the possibility that they
are the sister taxon to multituberculates, and several
thousand possible positions when all taxa were con-
sidered. This lability leaves little justification for using
haramiyids to mark the minimum time of multitubercu-
late origin. Moreover, the broad temporal separation
between haramiyids and multituberculates speaks,
albeit circumstantially, against the possibility of sister
relationships between them.

NobEe 12: (UNNAMED). This unnamed taxon comprises
the most recent common ancestor of Vincelestes and
Theria and all its descendants. Vincelestes is known
from several nearly complete skulls and postcranial
skeletons, but to date only a preliminary description of
the skull (Bonaparte and Rougier, 1987) and details of
the snout (Wible et al., 1990) have been published.
Nevertheless, the conclusion that Vincelestes is the sister
taxon of Theria has been reached by all who have
treated it (Bonaparte and Rougier, 1987; Rowe and
Simmons, unpublished; Wible et al., 1990); further test-
ing of this conclusion will occur as Rougier completes
his ongoing analysis of the postcranium. The skull in
Vincelestes shares with therians a broad contact be-
tween the alisphenoid and frontal, and a cochlea that is
elongated and coiled 360 degrees or more. Bonaparte
and Rougier (1987) also described a small participation
by the squamosal in the braincase.

Vincelestes is the earliest representative of Node 12.
It was collected from the La Amarga Formation of
Argentina, of Early Cretaceous (Hauterivian) age,
roughly between 135+ 8 and 132 £ 8 million years old
(Harland et al., 1990).

NopE 13: THERIA. Theria comprises the most recent
common ancestor shared by extant marsupials and
placentals and all of its descendants (but see Cifelli, this
volume, chapter 14, and Szalay, this volume, chapters 9
and 15, for a different concept of Theria) Because it
is defined by two extant lineages, data from virtually
every anatomical system diagnose Theria (e.g., Marshall,
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1979; Lillegraven et al., 1987). Although the exact point
within Theriimorpha at which most soft characters
arose is uncertain, these characters are nevertheless
apomorphic of therians, compared to other extant taxa,
and we may infer the characters to have been present in
extinct therians. There are a number of poorly known
Mesozoic taxa, in particular deltatheridians and various
other taxa commonly referred to as “therians of the
metatherian-eutherian grade,” that have not yet been
analyzed phylogenetically. It is uncertain whether these
taxa lie within Theria or only close to it, and their even-
tual inclusion into future phylogenetic analyses is likely
to revise the following “hard” diagnosis.

Theria is diagnosed by modifications of both the cra-
nium and postcranium. In the vicinity of the braincase,
the anterior lamina of the prootic was lost. and the floor
of the cavum epipterycum became enclosed predomi-
nantly by the alisphenoid. In addition, the pila antotica
no longer formed an ossified adult structure, although
atavistic remnants of the structure have been reported
in rare Recent individuals (e.g., de Beer, 1937). The
postcranium was marked by more subtle modifications.
In the vertebral column, the inferior lamella appeared
on the ventrum of the sixth cervical vertebra, and
secondary ossifications developed on the faces of most
or all presacral centra. Elsewhere in the postcranium,
the acetabulum was remodeled by the development of
an inverted, U-shaped articular tract for the femoral
head.

Kuehneotherium was long viewed as the earliest the-
rian (e.g., Hopson and Crompton, 1969; Prothero,
1981) and as such, it was properly taken as evidence of
the Triassic origin of mammals because it seemed to in-
dicate that monotremes and therians had, by the Late
Triassic, already diverged from their last common
ancestor. However, using ancestry-based taxon defini-
tions, it now appears that Kuehneotherium is neither a
therian nor a mammal. The oldest fossils preserving
characters derived within Theria are teeth of the marsu-
pial Pariadens kirklandi, from Late Cretaceous
(Cenomanian) Dakota Formation of Utah (Cifelli and
Eaton, 1987), which is between 97 + 3 and 90 * 3 years
old.

Constraints on the Positions of
Unresolved Taxa

A number of additional taxa were treated in the analy-
ses by Rowe and Simmons (unpublished), including Mas-
setognathus, Asioryctes, Docodonta, Triconodon, Triora-
codon, Kuehneotherium, Dinnetherium, Haramiyidae,
and an unnamed “eupantothere” described briefly by
Krebs (1987). These taxa were less complete than those
described above, and their positions could not be un-
ambiguously resolved. However, it was found that each
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of these taxa ranged in position over finite segments of
the tree depicted in Figure 10.2. Massetognathus was
closer to Mammaliamorpha than either Diademodon
and Cynognathus, but it was not as close as Exaereto-
don. In a similar way, Docodonts, Dinnetherium, and
Kuehneotherium each consistently varied between
Nodes 7 and 9, while Triconodon, Trioracodon, and
Krebs’s unnamed “eupantothere” fell between Nodes 9
and 11. Haramiyidae was the least complete and the
most labile taxon studied, ranging in positions between
Nodes 6 and 13.

Conclusions

Methods of sampling taxa and characters for particular
systematic problems can be a determining factor in the
outcome of phylogenetic analyses, and they may be a
major source of current conflicts in interpreting early
mammalian phylogeny. Some of the most persistent sys-
tematic problems in early mammalian history have been
the result of restricted character sampling, in part a re-
sult of the preservational bias toward dental data. But
because different systems transform at different rates,
we should not expect any particular region to be in-
formative for phylogenetic questions at all temporal
scales. Resolution of a host of long-standing systematic
problems in early mammalian history, such as the posi-
tion of multituberculates, has been gained by reference
to a diverse data set and by filtering out artifacts attri-
butable to sampling. Further examination of sampling
and rates may be the most direct avenue to resolving
many remaining conflicts.

The eucynodont phylogeny that has emerged from re-
cent phylogenetic analyses is dominated by several pat-
terns. One involves a great acceleration in the rate and
complexity of dental evolution. The initiation of this
trend can be traced to the ancestral eucynodont, which
lived no later than the earliest Triassic, and in which
appeared several structures critical to occlusion, most
notably the periodontal ligament. From that ancestor
evolved descendants with an enormous diversity of
complex tooth morphologies and occlusal relationships.
Because of its rapid transformation rate, the dentition
in fossil and extant eucynodonts is most likely to be in-
formative with respect to phylogenetic problems encom-
passing short temporal spans, such as relationships at
low taxonomic levels. By reference to the more slowly
evolving skull and postcranium, the broader history of
the dentition can be unambiguously interpreted.

Another pattern, this one long recognized, involves a
major reorganization of the skull involving repackaging
of a greatly inflated brain and special sensory organs.
This trend was manifested throughout eucynodont his-
torv, and during the Mesozoic it resulted in the com-
plete and intimate osseous enclosure of the brain along
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with some of its associated vessels. The brain expanded
to nearly one-half the length of the skull and greatly in-
creased in width. This was associated with ontogenetic
fusions among bones that primitively remained separate
throughout life, a great increase in the extent of both
membranous and endochondral bone, and profound re-
modeling of inherited structures. The nasal capsule and
associated structures also expanded enormously, ex-
tending backward to a subcerebral position, displacing
the choana backward as well. The orbit, lying between
the inflated nasal capsule and brain, became enclosed
medially and was extensively reorganized in other re-
spects.

The postcranium was also reorganized during this
time as the vertebral column became fully differentiated
and the limbs correspondingly transformed. The neck
became markedly differentiated, enhancing mobility of
the head. Specialization of thoracic and lumbar regions
was accompanied by reorientation of the principal plane
of flexure of the vertebral column, indicating a shift to-
ward parasagittal gait. An associated transformation in-
volved segmentation of the sternum, whose role in the
shoulder girdle diminished over time, becoming func-
tionally linked instead to the vertebral column. The
appendicular skeleton was correspondingly modified as
the limbs became long and slender, developing intri-
cately sculpted articulations, and the girdles were mod-
ified to permit great ranges of stable excursion. These
changes probably reflect coupling of breathing tides and
gait cycles, and an expanded metabolic scope.

The various character states that record these trans-
formations are not distributed equally along the phy-
logeny, pointing to yet another pattern. The greatest
number of changes occurred in the last common ances-
tor of tritheledontids and mammaliamorphs (Node 5),
in association with miniaturization. The early parts of
cynodont history were carried out by relatively large
animals. But, beginning at Node 5, a long segment of
the mammalian history involved animals that fall into
the smallest order of vertebrate size magnitudes. With
this reduction in size occurred a rapid remodeling of
virtually all parts of the skeleton, involving a complex
interplay of both paedomorphosis and peramorpho-
sis (Rowe, 1989, 1990). Similar changes have been
described in other miniaturized tetrapod lineages, sug-
gesting that developmental constraints common to all
tetrapods had profound influence on the shape of mam-
malian history.

This general picture bears strong resemblance to
older views, and the broader features of several of
these patterns have long been recognized. However, the
picture has also been altered in fundamental respects
as our measures of the evolutionary properties of taxa
have changed under phylogenetic systematics. In addi-
tion, many new detalis of evolutionary pattern have
come to light, and entirely new patterns involving both
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tempo and mode of evolution have been discovered
through efforts to understand the effects of rate and
sampling on the outcome of phylogenetic analyses. The
picture will undoubtedbly continue to change as we col-
lect new data from extant and extinct forms, and as we
further scrutinize the effects of our analytic methods on
the patterns we seek to explain.

CORRESPONDENCE ADDRESS. Timothy Rowe, Depart-
ment of Geological Sciences, and Vertebrate Paleonto-
logy Laboratory, The University of Texas at Austin,
Austin, TX 78712, USA.
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