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Preface

Frederick S. Szalay is a commanding figure — one of those
peerless inimitable people that leave a lasting impression
however briefly they are encountered. Passionate and fear-
less, he approaches his work, as he does everything else in
his life, with great gusto and verve and expects everyone
around him to do the same. To have worked with him was
alternately a terror and a blessing, but was in any case truly
inspirational. Students and colleagues alike were apprehen-
sive of his much renowned (but in reality rarely displayed and
usually deserved) critiques, but therefore all the more appre-
ciative of his generously given honest praise and unwavering
confidence and support. His unbelievable breadth and depth
of knowledge of all things mammalian and paleontological
is due in no small part to his absurdly dense and complete
library, compiled with the same ravenous collector’s eye that
he applies to souvenirs from foreign locales, abbreviation
systems for tooth structures and joint surfaces, and dissect-
ible road kill carcasses. Those brave readers prepared to work
through the long philosophical preambles and the “very,
very long sentences and creative grammar constructs” (in the
words of one admirer) that distinguish Fred’s insightful work
from more mundane contributions are sure to learn something
valuable from one of the most astute and creative practitioners
of evolutionary morphology.

Equally at home with dental, cranial, or postcranial mor-
phology, Fred made major contributions to the literature on
mammalian evolutionary morphology, particularly in Primates,
Archonta, and Metatheria, as will be detailed below. The esteem
in which he is held by his colleagues can be partly measured by
the number of taxa named after him in honor of his contributions
to our knowledge of mammalian evolution. These include the
primates Jemezius szalayi (Beard, 1987), Szalatavus attricuspis
(Rosenberger et al., 1991), Tatmanius szalayi (Bown and Rose,
1991), Dryomomys szalayi (Bloch et al., 2007), and Magnadapis
fredi (Godinot, this volume); the marsupials Szalinia gracilis
(de Muizon and Cifelli, 2001), Sinodelphys szalayi (Luo et al.,
2003), Oklatheridium szalayi (Davis et al., this volume), and
Fredszalaya hunteri (Shockey and Anaya, this volume); and the
multituberculate Ectypodus szalayi (Sloan, 1981).

Frederick Sigmund Szalay was born in Hungary on
November 15, 1938. In many ways he was the product of
the war-torn years of World War II where as a child he spent
months forced to live in the cellars of Budapest while bombs
were falling. Towards the end of the war this was followed by
street combat between the German and Soviet forces, which
he witnessed firsthand when he and other small rascals man-
aged to sneak upstairs from the cellar. As a 6-year-old at the
end of 1944, he helped his uncle and some friends coax an
unexploded 5001b bomb down the stairs from the third floor
of the house where they lived. Having to scavenge for food
with his beloved grandfather during the winter of 1945-1946
stands out as something he will never forget.

In addition to being a voracious reader of travel and natural
history (and also a student of French and English), most of
his high school years were spent playing a variety of sports
(swimming, track and field, boxing, and rowing) and shoot-
ing photographs, with very little academic effort (but much
mischief, and detailed planning with his friends on how to
leave the Iron Curtain behind). Having the family background
of a Jewish mother and a father from the titled nobility who
was a feudal judge in pre-War Hungary nullified any chance
of his attending university under the communists. Following
the defeat of the 1956 uprising in Hungary, and after a previ-
ous attempt at escape which ended in capture, he and a good
friend managed to reach Austria in late November 1956. He
never finished his last year in Gymnasium (high school).

Oddly, Fred had no acquaintance with either vertebrate
paleontology or evolutionary biology while attending col-
lege in the US. After reaching the United States in December
1956, he worked for nine months at odd jobs. Then a small
Catholic college in Maryland offered him a refugee scholar-
ship. Mt. St. Mary’s College offered a straightforward pre-
med curriculum with no opportunity for the study of geology.
His consummate interests in mammalian natural history had
to be satisfied with a biology major and chemistry minor, but
his last two summers were spent in near bliss working at the
Catskill Game Farm in New York State. The great variety of
mammals that he worked with while living on the premises
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set the stage for his plans for a Mammalogy Ph.D. at the
University of Massachusetts at Amherst, taking with him an
NDEA (National Defense Education Act) Fellowship that he
won following graduation from college (and naturalization in
1961). While at Amherst Fred took Albert Wood’s year long
course in Vertebrate Paleontology and a seminar with Lincoln
Brower on Evolution and Ecology at Amherst College. Added
to these pivotal experiences was the reading of George G.
Simpson’s Meaning of Evolution (followed by Simpson’s
other books on evolution and systematics), and as he often
told his students, Simpson’s writings were perhaps the most
important reasons for shifting his interests from mammalogy
to paleontology. A combination of these truly inspirational
experiences at Ambherst led to a quick trip to the American
Museum of Natural History (AMNH) to interview with
Malcolm McKenna, followed by a transfer to the Biology
Department at Columbia University, and the AMNH.

In addition to McKenna’s much valued tutelage (as Fred
often stated), and the no less influential atmosphere of the
Vertebrate Paleontology traditions at the AMNH, were the
much treasured associations with fellow graduate students in
Biology and Geology at Columbia; professors such as Bobb
Schaeffer, Edwin Colbert, and John Imbrie; postdocs like
Leigh Van Valen and Len Radinsky; and the hosts of perennial
visitors that stream through the AMNH regularly. Yearly field
work and field courses in geology rounded out the bases for
his long continued dedication to understanding mammalian
evolutionary history and macroevolutionary dynamics. After
completing his doctorate in 1967, Fred stayed on as an NSF
Postdoctoral fellow until taking a job in the Department of
Anthropology at Hunter College, CUNY. He was a Research
Associate in the Department of Vertebrate Paleontology of
the AMNH until 1985, and on the Graduate Faculty of the
City University of New York. He retired from Hunter College
in 2003, and is now an Adjunct Professor in the Department
of Biology, University of New Mexico. He is also Professor
Emeritus in the Ecology and Evolutionary Biology Doctoral
Program, City University of New York.

It is an honor and a privilege for all of us to have known
him, to have learned from him, and to be able to contribute
to this volume celebrating his career. This book acknowl-
edges and celebrates the contributions of Dr. Frederick S.
Szalay to the field of Mammalian Evolutionary Morphology.
Fred Szalay has published about 200 articles, 6 mono-
graphs, and 6 books on this subject. His dissertation work
was awarded the Newberry Prize in Vertebrate Zoology. He
has received numerous grants from the National Science
Foundation and the Wenner-Gren Foundation, and was
awarded a Guggenheim Fellowship in 1980. Throughout
his career, Fred has been a strong advocate for biologically
and evolutionarily meaningful character analysis. In his
view, this can be accomplished only through an integrated
strategy of functional, adaptational, and historical analysis.
Using this approach, he has made major contributions to
the following areas of study:
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Primate Evolutionary Morphology

1. Primate Origins. Fred’s dissertation work on the insecti-
vore-primate transition set the groundwork for a career-long
interest in the subject of primate origins both from a phyloge-
netic and ecological/adaptive perspective. His first monograph
on the subject (Szalay, 1969, #10 in Szalay bibliography), the
publication of his dissertation, concentrated on the dental
evidence for the phylogenetic relationships of the still frus-
tratingly difficult to interpret mixodectids and microsyopids.
From this work he developed the hypothesis that the mor-
phological changes in the dentition that distinguished the
first primates (plesiadapiforms) from their predecessors was
the result of a shift from a primarily insectivorous diet to a
more herbivorous one (Szalay, 1968, #6). This work was fol-
lowed by several papers that explored the dental, cranial, and
postcranial evidence linking Plesiadapiformes to Euprimates
and which developed a coherent explanation of the adaptive
significance of primate synapomorphies. For example, Szalay
et al. (1975, #52) used postcranial evidence to infer that ple-
siadapiforms were arboreal and closely related to euprimates.
Although both of these proposals were initially challenged,
they have subsequently been supported with evidence from
new fossils (Bloch and Boyer, 2002; Bloch et al., 2007) and
new phylogenetic analyses (Silcox, 2001; Bloch and Boyer,
2002; Bloch et al., 2007). Primate origins and the evolution-
ary morphology of plesiadapiforms are topics addressed in
this volume by Silcox and Boyer and Bloch.

2. Phylogenetic relationships within Primates. Fred Szalay
also worked on the delineation of major taxa within Primates.
Basicranial evidence was marshaled to understand the rela-
tionships within Strepsirhini (Szalay and Katz, 1973, #42)
and to support the validity of Haplorhini (Szalay, 1975, #58).
The latter paper, along with many to follow, argued that the
fundamental division within Primates was Strepsirhini (adap-
ids + lemuriforms) and Haplorhini (7arsius + omomyids +
anthropoids). These hypotheses, which are the best supported
today, were defended by Fred against the rival hypotheses
of “Plesitarsiiformes” (plesiadapiforms + tarsiiforms) and
“Simiolemuriformes” (strepsirhines + anthropoids) favored
by other paleontologists. Fred also addressed the origin and
phylogenetic relationships of anthropoid primates (Szalay,
1975, #55; Rosenberger and Szalay, 1980, #75), a theme visited
in this volume by Rosenberger et al. and Maier.

3. Major publications. Fred has also described and named
numerous Paleocene and Eocene primate taxa, a subject
represented here by Godinot and Couette. Fred is the author
or editor of several important books and monographs on the
subject of primate evolution. These are:

1969: Mixodectidae, Microsyopidae, and the insecti-
vore-primate transition. Bulletin of the American Museum
of Natural History 140, 193-330.

1975: Approaches to Primate Paleobiology. Contributions
to Primatology, Volume 5. Karger AG, Basel.
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1975: Phylogeny of the Primates: A Multi-disciplinary
Approach. Plenum, New York (Luckett, W. P. and E. S.
Szalay, Eds.).

1976: Systematics of the Omomyidae (Tarsiiformes,
Primates): Taxonomy, Phylogeny, and Adaptations.
Bulletin of the American Museum of Natural History 156,
157-450.

1979: Evolutionary History of the Primates. Academic,
New York (Szalay, F. S. and E. Delson, Eds.).

Szalay and Delson (1979, #72) is perhaps the most remarka-
ble of all these volumes, as it was a huge undertaking that has
never been replicated despite enormous interest in primates
and a proliferation of primatologists since the late 1970s.

Mammalian Evolutionary Morphology

1. Archonta. The morphological evidence supporting the
supraordinal grouping Archonta, and its adaptive signifi-
cance. Szalay (1977, #66) provided the first morphological
support for McKenna’s (1975) revised concept of Gregory’s
(1910) Archonta, a clade that includes Primates, Scandentia,
Dermoptera, and Chiroptera. Szalay (1977, #66) used tarsal
evidence to unite Primates, Scandentia, and Dermoptera, as
well as previously cited similarities to include Chiroptera
as well. Although Archonta (including Chiroptera) has
not been subsequently supported, Euarchonta (excluding
Chiroptera) has been strongly supported in molecular stud-
ies (e.g., Murphy et al., 2001). In other words, the grouping
of Primates, Scandentia, and Dermoptera that he originally
recognized based on tarsal evidence has now been supported
in numerous other studies using different datasets. Szalay and
Drawhorn (1980, #73) proposed that Archonta originated and
diversified in an arboreal milieu, another hypothesis that has
been supported in subsequent studies (e.g., Bloch and Boyer,
2002; Bloch et al., 2007). Szalay continued to work on this
group throughout his career, including the publication of a
monograph with S. G. Lucas in 1996 (#145).

2. Marsupialia. After spending a sabbatical year in Australia
in 1980, Szalay (1982, #80) proposed a completely novel
hypothesis of marsupial relationships based on tarsal evi-
dence. He hypothesized that the South American Dromiciops
is more closely related to Australasian marsupials than
to other South American marsupials. He formalized this
by including Dromiciops with Australasian marsupials in
Australidelphia, whereas other South American marsupi-
als were placed in Ameridelphia. The classification of
Dromiciops with Australasian taxa in Australidelphia was
initially met with strong resistance and was highly criticized,
but it has subsequently been supported in both morphological
(e.g., Horovitz and Sanchez-Villagra, 2003) and molecular
(e.g., Amrine-Madsen et al., 2003) analyses. Szalay’s
(1982, #80) novel hypothesis of marsupial relationships has
major implications for the biogeographic history of this
group. Szalay further developed his ideas on marsupial phy-

logeny, functional morphology, and biogeography in both
a book (Szalay, 1994, #142) and a monograph (Szalay and
Sargis, 2001, #198). This group is considered by Davis et al.
and Kear et al. in this volume.

3. Other Mammals. In 1990, Szalay, with co-editors M. J.
Novacek and M. C. McKenna, organized an important confer-
ence on the subject of mammalian phylogeny and evolution,
which resulted in the publication of two volumes (Szalay
et al., 1993, #130-131). The themes of mammalian systemat-
ics and paleontology play into several contributions in this
volume: e.g., Davis et al., Penkrot et al., Bergqvist, Shockey
and Anaya, and O’Sullivan. Fred also published a monograph,
with F. Schrenk in 1998 on “edentates” (#148). This study
included an analysis of xenarthrans, a group discussed in this
volume by Argot.

Theory and Practice of Phylogeny
Reconstruction/Adaptive Scenarios

1. The integration of postcranial evidence into hypotheses
of mammalian systematics. Szalay’s (1977, #66) phylogeny
and classification of mammals were based completely on tarsal
evidence, which was both novel and controversial at the time
because such studies were typically based on teeth. Most were
critical of this study, but George Gaylord Simpson (1978),
probably the best known mammalian systematist in the history
of the field, was supportive of Szalay’s innovative analysis. In
fact, Fred’s analyses can fairly be seen as building on and refin-
ing the traditions of “total evidence” practiced by the best of
the previous generation of mammalian paleontologists includ-
ing Simpson, William K. Gregory, William D. Matthew, and
Henry E Osborne. The hegemony of dental evidence was based
on the assumption that teeth reflected relationships better than
the limb skeleton, which was thought to be more influenced
by functional demands and thus more prone to parallelism. As
anticipated by and demonstrated by Szalay, this assumption
is faulty at best. Fred was able to use postcranial evidence to
support controversial hypotheses on Primates (sensu lato; i.e.,
including plesiadapiforms), Euarchonta, and Marsupialia (specifi-
cally Australidelphia), as well as many other mammalian groups
such as Glires, Xenarthra, and Mesozoic taxa. The majority of
the contributions in this volume build on this aspect of Szalay’s
work, including those by Kear et al., Argot, Salton and Sargis,
Penkrot et al., Bergqvist, Shockey and Anaya, O’Sullivan, Polly,
Boyer and Bloch, Dagosto et al., Sargis et al., Harcourt-Smith
et al., and Warshaw.

2. Phylogenetic and adaptational analysis. In the 1970s the
trend toward both numerical phenetic and cladistic methods
of phylogenetic analysis was rapidly expanding. Fred Szalay
was and is a vocal critic of the superficial character counting,
distribution-based, algorithm driven solutions to phylogeny
reconstruction advocated by some, particularly cladists. He
advocates instead for the primacy of biologically informed



character analysis using functional, developmental, and adap-
tational criteria to both weight characters and test hypotheses
of homology and polarity (Szalay, 1981, #76). Fred was also
heavily influenced by the work of Walter Bock, and is a strong
proponent of the logical inseparability of functional-adap-
tive and phylogenetic analysis; one is not primary to another,
they are reciprocally illuminatory (if we might borrow that
Hennigian phrase) (Szalay, 1981, #78; Szalay and Bock, 1991,
#127; Szalay, 2000, #160). In fact, “The meeting of these two
‘separate’ disciplines is of course what is usually referred to as
morphology” (Szalay, 1981, #78, p. 160). This point of view is
represented in his concept of the “transformation series”, a test-
able hypothesis of polarity based not on distribution, but on the
fossil record and a functionally logical sequence of ancestor-
descendant states. In Fred’s view, the a-historical approaches,
those that are phenetic, correlation based, and do not consider
the phylogenetic history of the subject organism and its influ-
ence on the likely response to selection, are not adequate for
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analyzing adaptation. His 1981 (#78) paper outlined a his-
torically informed approach for analyzing adaptations of fossil
organisms. The influence of this point of view is clear in many
of the contributions to this volume.
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1. Earliest Evidence of Deltatheroida
(Mammalia: Metatheria) from the Early
Cretaceous of North America

Brian M. Davis*

Sam Noble Oklahoma Museum of Natural History

Department of Zoology
University of Oklahoma
2401 Chautauqua Ave.
Norman, OK 73072, USA
bmdavi@ou.edu

Richard L. Cifelli

Sam Noble Oklahoma Museum of Natural History

Department of Zoology
University of Oklahoma
2401 Chautauqua Ave.
Norman, OK 73072, USA
rlc@ou.edu

Zofia Kielan-Jaworowska
Instytut Paleobiologii PAN

ul. Twarda 51/55

PL-00-818 Warszawa

Poland
zkielan@twarda.pan.pl

1.1 Introduction

Deltatheroida are small therian mammals known only from
the Cretaceous of Asia and North America. As fossils, they
are represented mainly by isolated teeth and dentigerous jaws,
though rostra, a petrosal, and the calcaneus, at least, have been
described for the best known genus, Asiatic Deltatheridium
(Rougier et al., 1998; Horovitz, 2000). Aside from two dubi-
ous forms: Oxlestes (Nessov, 1982) and Khuduklestes (Nessov
et al., 1994), Deltatheroida are unambiguously represented by

* Address for correspondence: bmdavi@ou.edu

E.J. Sargis and M. Dagosto (eds.), Mammalian Evolutionary
Morphology: A Tribute to Frederick S. Szalay, 3-24.
© Springer Science + Business Media B.V. 2008

only four genera (Deltatheridium, Deltatheroides, Deltatherus,
and Sulestes), all Asiatic in distribution and all placed in the
family Deltatheridiidae (see Kielan-Jaworowska et al., 2004).
The Asian record of Deltatheridiidae ranges from Coniacian to
late Campanian. In North America, one genus, Aptian-Albian
Atokatheridium, has been tentatively referred to Deltatheroida
(Kielan-Jaworowska and Cifelli, 2001). Other records of the
group on this continent consist of poorly represented, unnamed
taxa from the Turonian (Cifelli, 1990a), late Campanian, and
late Maastrichtian (Fox, 1974).

The dentition of deltatheroidans has beguiled mammalian
systematists since the first specimens were found some 80 years
ago, the main problem areas being molar structure and dental
formula. It has long been generally agreed that the molars are
characterized by a number of plesiomorphies: Gregory and



Simpson (1926, p. 2), for example, described them as exhib-
iting a “pretritubercular stage of evolution™ (in the sense of
Osborn, 1907), and they lack certain apomorphies common to
eutherians and metatherians (Cifelli, 1993a). Combined with
this primitiveness (for example, the small protocone, broad
stylar shelf, and weak conules on upper molars; small, poorly
basined talonid, often with only hypoconid and hypoconulid,
on lower molars), however, are certain specializations sug-
gestive of carnivory (Butler, 1990a, b). Most significant in
this regard is the hyperdevelopment of postvallum-prevallid
shearing, as indicated by a salient, elongate postmetacrista on
upper molars and enlarged paraconid-paracristid on lowers.
This functional complex is associated with carnivory in living
mammals and has been identified in various fossil forms: in
addition to Deltatheroida, three groups of marsupials and as
many as three groups of eutherians are characterized by the
hypertrophied postvallum-prevallid shearing system (Muizon
and Lange-Badré, 1997). Reduction of crushing and grinding
function often accompanies hypertrophy of postvallum-prevallid
shearing in molars of mammalian carnivores (Maclntyre, 1966;
Muizon and Lange-Badré, 1997). This leaves open the door for
interpretation of certain features of deltatheroidan molars (e.g.,
small protocone and small talonid) as correlates of carnivorous
specialization, rather than plesiomorphies. The general consen-
sus, however, seems to be the interpretation that deltatheroidans
represent the first therians specialized for carnivory; and that
otherwise, their molar structure is exceedingly primitive (e.g.,
Szalay, 1994). In any event, molar structure has proven to be of
limited use in assessing broader relationships of Deltatheroida
(however, Rougier et al. (2004) have identified several informa-
tive molar characteristics in deltatheroidans).

Interpretation of the postcanine dental formula in deltath-
eroidans has changed through the years, with significant
implications for higher relationships of the group. Gregory
and Simpson (1926) found the molar structure to be structur-
ally antecedent to that of creodonts and certain insectivores, a
view that attained wide acceptance (Matthew, 1928; Simpson,
1928, 1945). The first specimens to be described are poorly
preserved; that of Deltatheridium preserved six upper and
lower postcanine loci, and that of Deltatheroides preserved
seven upper molar loci. Gregory and Simpson (1926) inter-
preted the specimens as preserving P/pl1-3, M/m1-3 and P/
pl—4, M/m1-3, respectively: that is, a eutherian (four premo-
lars and three molars) or eutherian-derived pattern, rather
than the count seen in marsupials (three premolars and four
molars). This interpretation, based on poorly preserved speci-
mens then available, was to lead mammalian systematists
astray for nearly 50 years. Van Valen (1966) erected the order
Deltatheridia to include creodonts and certain insectivores;
and this view, or minor variants thereof, attained some general
acceptance in the late 1960s and early 1970s (McKenna et al.,
1971; Szalay and McKenna, 1971; McKenna, 1975). Based on
new, more numerous, and better preserved specimens, Butler
and Kielan-Jaworowska (1973; see also Kielan-Jaworowska,
1975) documented the presence of three premolars and four
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molars in Deltatheroides and the lower jaw of Deltatheridium;
the existence of a fourth upper molar in Deltatheridium was
later reported by Rougier et al. (1998). Despite this similarity
to marsupials, deltatheroidans were for a time relegated to the
taxonomic Erebus of “Theria of metatherian-eutherian grade”
(Kielan-Jaworowska, 1975; Kielan-Jaworowska et al., 1979)
or “tribotheres” (Butler, 1978; Clemens and Lillegraven,
1986). A metatherian relationship for Deltatheroida was first
championed by Kielan-Jaworowska and colleagues (Kielan-
Jaworowska and Nessov, 1990; Kielan-Jaworowska, 1992;
Marshall and Kielan-Jaworowska, 1992), in part based on
perceived similarities to Stagodontidae (North American,
Cretaceous marsupials) and/ or Borhyaenoidea (South
American, Cenozoic marsupials). More substantial support
for this hypothesis has come from newly collected specimens
of Deltatheridium from Mongolia, which show marsupial
similarities in the pattern of tooth replacement, structure of
the dentary, and aspects of cranial anatomy (Rougier et al.,
1998). Nonetheless, the position of Deltatheroida as basal
Metatheria remains precarious, differing even in some stud-
ies conducted by the same authors (e.g., Luo et al., 2002;
Luo et al., 2003).

Though higher-level relationships of Deltatheroida are not
directly relevant to the present paper (except, perhaps, in our
conclusions as to molar count), we accept deltatheroidans as a
stem group of Metatheria. This provides us with an excellent
opportunity to link our chapter thematically with the purpose
of this book: to honor Fred Szalay. Fred has worn many hats
during his long, magnificently productive scientific career as a
student of mammalian evolution. Lest physical anthropology
attempt to lay proprietary claim on Fred Szalay, we point out
that he is widely recognized for his seminal contributions on
the evolutionary radiations of metatherian mammals. Szalay
was the first to recognize fundamental, adaptively important
differences in the ankle of metatherians and eutherians (Szalay,
1984), is the progenitor of a once-radical but now universally
accepted hypothesis that South American microbiotheres are
closely related to Australian marsupials (Szalay, 1982), and
is the co-describer of the first Cretaceous marsupial from Asia
(Trofimov and Szalay, 1994; Szalay and Trofimov, 1996).
Szalay and Sargis (2001) reconstructed the early adaptive radia-
tion of marsupials in South America based on form-function
analysis, and tested hypotheses of marsupial relationships using
the same data. In this context, it is also relevant to mention
that Fred is author of a widely-cited book on the evolutionary
history of marsupials (Szalay, 1994). We are pleased to offer
this small contribution as a tribute to Fred Szalay, who has
added so much to understanding of metatherian history.

1.1.1

We follow the general practice of abbreviating molars and premo-
lars with the letters “M” and “P”, respectively; teeth belonging
to the lower dentition are indicated with a lower case letter.
Right and left are abbreviated “R” and “L”, respectively. Molar

Conventions and Abbreviations
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terminology follows that of Bown and Kraus (1979). Standards
of measurement are illustrated in Figure 1.1, and measurements
of all described specimens are listed in Table 1.1.

Institutional abbreviations: FMNH, Field Museum of Natural
History, Chicago, Illinois; OMNH, Oklahoma Museum of
Natural History, Norman, Oklahoma; SMP-SMU, Shuler
Museum of Paleontology, Southern Methodist University,
Dallas, Texas.

1.1.2 Historical Background

Of the many significant scientific advances made by the
American Museum Central Asiatic Expeditions (Andrews,
1932), the discovery of Cretaceous mammals clearly ranks
among the most groundbreaking. Mesozoic mammals had,
of course, been known to science as early as the first
half of the nineteenth century (Broderip, 1828); and both
Cope (1882, 1892) and Marsh (1889a, b, 1892) described
a number of Late Cretaceous taxa from western North
America. These, however, were based on scant remains:
jaws, or — more commonly — bits and pieces thereof.
It thus came as a welcome surprise when skulls were reported
from the Djadokhta Formation, in the Mongolian part of the
Gobi Desert (Gregory and Simpson, 1926). Three of the
five genera described by Gregory and Simpson were placed
in the then new family Deltatheridiidae: Deltatheridium,
known by two rostral parts of the skull and associated
dentaries; Deltatheroides, known by a partial rostrum
preserving partial crowns for the last four postcanine teeth;
and Hyotheridium, represented by a snout with the upper and
lower tooth rows interlocked. Of these, Hyotheridium is so
poorly known as to be indeterminate (it may be a eutherian);
we follow Kielan-Jaworowska et al. (2004) in considering
the type and only species, H. dobsoni, as a nomen dubium.
As noted above, Gregory and Simpson (1926) accorded
Deltatheridiidae a basal position among Eutheria, an inter-
pretation that was to remain unchallenged until new, more
complete fossils were described in the 1970s.

The first record of deltatheroidans from North America
is that of Fox (1974), who reported several Deltatheroides-
like isolated teeth from Campanian and Maastrichtian
horizons (units follow current stratigraphic nomenclature):
an upper molar from the Scollard Formation, Alberta;
a lower molar and a trigonid of another from the Lance
Formation, Wyoming; and a talonid from the Dinosaur
Park Formation, Alberta. Subsequently, Cifelli (1990a)
described another fragmentary specimen (a lower molar
trigonid) from the Smoky Hollow Member of the Straight
Cliffs Formation (Turonian), Utah, referring the fossil to
Deltatheridiidae, indet.

Returning to Asia, Kielan-Jaworowska (1975) had, in the
meantime, described new material from the Gobi Desert,
Mongolia, assembled by the Polish-Mongolian Palaecontological
Expeditions. Recovered from both the Djadokhta and
Baruungoyot formations, these fossils include five specimens

(three rostra with dentaries, a maxilla, and a dentary) of
Deltatheridium and a dentary assigned to Deltatheroides.

The geographic range of Deltatheroida was extended to
middle Asia by Nessov (1985), who described Sulestes kara-
kshi from the Bissekty Formation (Coniacian) of Uzbekistan.
The holotype is a maxillary fragment with M1-2; Nessov
(1987) later referred an isolated lower molar to the genus.
In recognition of its distinctness from Deltatheridium
and Deltatheroides, Nessov (1985) placed Sulestes in
its own subfamily, Sulestinae. Kielan-Jaworowska and
Nessov (1990) elaborated on the systematics of the group
by removing Deltatheroides and some unnamed taxa to
their own family, Deltatheroididae. Subsequent authors
(McKenna and Bell, 1997; Kielan-Jaworowska et al., 2004;
Rougier et al., 2004) have abandoned formal subdivision
of Deltatheroida, recognizing (as we do herein) the single
family Deltatheridiidae. A second deltatheroidan from the
Bissekty Formation of Uzbekistan was initially described
by Nessov (1993) as Deltatheroides kizylkumensis and later
(Nessov, 1997) transferred to its own genus, Deltatherus.
D. kizylkumensis is known by two lower molars and an
edentulous fragment of a maxilla. A more recent record
of a Mongolian deltatheroidan genus in the Cretaceous
of middle Asia was provided by Averianov (1997), who
named Deltatheridium nessovi from the Darbasa Formation
(Campanian) of Kazakhstan. D. nessovi is known only by
the labial part of an upper molar, perhaps M2.

Several significant fossils from Mongolia have been reported
in recent years. Two new specimens of Deltatheridium
pretrituberculare, represented by partial skulls with well-
preserved upper and lower dentition and postcranial fragments,
were collected in the Gobi Desert at the Ukhaa Tolgod local-
ity, Nemegt Basin, by members of the Mongolian Academy of
Sciences—American Museum of Natural History Expeditions.
The most significant details of these specimens were pub-
lished by Rougier et al. (1998) and Horovitz (2000). The
nearby locality of Kholbot (Red Rum) yielded to the same
field parties a maxilla of Deltatheroides cretacicus, including
all four molars in a good state of preservation. As a result,
this hitherto poorly understood taxon is incomparably bet-
ter known (Rougier et al., 2004). For the sake of complete-
ness, several other Asiatic taxa deserve passing mention: an
undescribed specimen known as the “Gurlin Tsav skull”, first
thought to represent a deltatheroidan (Kielan-Jaworowska
and Nessov, 1990) but now considered to be more closely
related to stagodontid marsupials (Rougier et al., 1998; Rougier
et al., 2004); and Oxlestes and Khuduklestes, each based on
an isolated axis vertebra (see Nessov, 1982; and Nessov et al.,
1994, respectively) and, for all intents and purposes, indeter-
minate (Kielan-Jaworowska et al., 2004).

Atokatheridium boreni was described by Kielan-
Jaworowska and Cifelli (2001) on the basis of a single upper
molar from the Antlers Formation of southern Oklahoma
(a lower molar was regarded as probably representing the
species but was not formally referred to A. boreni). This



taxon, of possible reference to Deltatheroida as suggested by
Kielan-Jaworowska and Cifelli (2001), is notable in its occur-
rence: Atokatheridium is of Aptian-Albian age, significantly
older than the Asiatic taxa securely referred to the group.
Tentative placement of Afokatheridium in Deltatheroida
was subsequently adopted by Kielan-Jaworowska et al.
(2004) and was provisionally supported by the preliminary
cladistic analysis of Rougier et al. (2004). Herein we describe
additional fossils of Atokatheridium boreni, together with
those representing a new but allied species. These new
specimens allow us to refer both taxa to Deltatheroida,
family Deltatheridiidae, with some confidence, to present
morphological comparisons among relevant genera, and to
make preliminary faunal comparisons between the classic
“Trinity therian” sites of Texas and the Antlers Formation
of Oklahoma.

1.1.3  Geological Context

The specimens described herein were collected from the Antlers
Formation in extreme southeast Atoka County, Oklahoma
(Figure 1.1). The Antlers Formation is a terrigenous unit
comprised of sandstones, together with variegated siltstones
and mudstones that were deposited under deltaic, fluvial, and
strandplain systems, not far from the paleocoastline (Hobday
et al., 1981). In Oklahoma, the Antlers Formation crops out as
a narrow band extending westward from the Arkansas border
across the southeastern part of the state, turning southward
into northcentral Texas. From there it extends southward and
westward into central Texas, where its lateral equivalent, the
Trinity Group, can be subdivided into three formations on the
basis of an interposed marine unit, not present in northcentral
Texas or Oklahoma. These three units are, in ascending order,
the Twin Mountains, Glen Rose, and Paluxy formations; the
Glen Rose being a nearshore limestone of marine origin (see
detailed discussion of stratigraphy in Winkler et al., 1990),
famous for its dinosaur trackways (Bird, 1985). Invertebrates
from the Glen Rose Formation and marginal marine facies
of the Twin Mountains Formation show the latter unit to be
Aptian in age, and that the basal Albian lies near the bottom of
the Glen Rose Formation. The marine Walnut Formation of the
Fredericksburg Group, together with data from the Glen Rose
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FIGURE 1.1. Standards of measurement for upper (A) and lower (B)
molars. ANW, anterior width; L, length; POW, posterior width. Line
drawings based on Arokatheridium boreni.
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Formation, suggest that the Paluxy Formation correlates with
the lower Albian (Jacobs and Winkler, 1998). Many sites in
the Trinity Group of Texas and Oklahoma have yielded fossil
vertebrates, mainly fishes and reptiles (e.g., Langston, 1974;
Thurmond, 1974).

The Twin Mountains and Paluxy formations are litho-
logically similar, so that they cannot be distinguished
northward and eastward of the pinchout of the Glen Rose
Formation, where they are laterally represented by the
Antlers Formation. As such, the undifferentiated Antlers
Formation is simply regarded as being of Aptian-Albian
age (e.g., Winkler et al., 1990; Jacobs and Winkler, 1998).
Most of the published mammals from the Trinity Group of
Texas are from sites north of the Glen Rose pinchout, and
hence are placed in the Antlers Formation. Most notable
among these sites are Greenwood Canyon, worked by Bryan
Patterson and associates in the early 1950s (Patterson, 1951,
1955, 1956), and Butler Farm, worked by Bob Slaughter
and associates in the 1960s (e.g., Slaughter, 1965, 1968a, b,
1969, 1971). Both of these sites are close to the top of the
Antlers Formation, suggesting that they may lie within the
younger part of the age range for the unit, perhaps around
108 Ma (Jacobs and Winkler, 1998, Figure 1.2).

The Antlers Formation thins northward and eastward
into Oklahoma and it is estimated (Rennison, 1996) to be
about 150 m thick in the vicinity of OMNH locality V706,
which yielded the specimens reported herein. Correlation
with parts of the Trinity Group in Texas, including sites
that have yielded mammals there, is hampered by a number
of factors, including lateral variability in lithology and lack
of intercalated marine units. Based on data from a nearby
well hole (Hart and Davis, 1981), OMNH V706 appears to
lie near the local middle of the Antlers Formation (Cifelli
et al., 1997; see Brinkman et al., 1998 for more complete
discussion of stratigraphy, sedimentology, and age of the
Antlers Formation at OMNH locality V706). This was
corroborated by Rennison (1996) who, based on ratios of
stable carbon isotopes, proposed two possible correlations
of the lower to middle part of the Antlers Formation in
Oklahoma: with the middle part of the Twin Mountains
Formation and/or the lower to middle part of the Glen
Rose Formation. Summarizing the limited and somewhat
equivocal data now available, OMNH locality V706 (1)
lies within the Antlers Formation of Oklahoma; (2) prob-
ably correlates with the upper Aptian to lowest Albian; and
(3) appears to be older than the most productive mammal
sites in the Antlers Formation of Texas, Greenwood
Canyon and Butler Farm.

Given this possible difference in age of important mammal
sites, together with some obvious faunal differences among
vertebrate-bearing sites of the Antlers Formation and Trinity
Group (see below) in general, we believe that it is no longer
appropriate to recognize a collective, generalized “Trinity
fauna.” Meticulous studies by L. L. Jacobs, D. A. Winkler,
and others at Southern Methodist University, Dallas, have
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Oklahoma

A OMNH V706

FiGure 1.2. Early Cretaceous mammal localities, Trinity Group,
Texas and Oklahoma. A, Map detailing outcrop of Antlers Formation
(shaded) in southeastern Oklahoma. McLeod Honor Farm (OMNH
microvertebrate locality V706) indicated by dot. B, Map detailing
mammal-bearing microvertebrate localities from the Trinity Group
(Aptian—Albian): 1, McLeod Honor Farm; 2, Greenwood Canyon;
3, Butler Farm (all Antlers Formation); 4, Paluxy Church (Twin
Mountains Formation, late Aptian).

resulted in the discovery of many new sites in the Trinity
and overlying groups, with recognition of important faunal
changes within the sequence (e.g., Winkler et al., 1990;
Jacobs and Winkler, 1998). To promote comparisons (both
geographically and stratigraphically) and precision of usage,
we herein introduce the term Tomato Hill local fauna in refer-
ring to the vertebrate assemblage from OMNH locality V706.
A list of the 42 vertebrate taxa (including eight mammalian
varieties) currently recognized from the Tomato Hill local
fauna is given in Table 1.1.

TaBLE 1.1. Measurements of described specimens. Numbers in brackets
indicate estimates due to breakage. Standards of measurement
illustrated in Figure 1.1.

1D Locus L ANW POW

Oklatheridium szalayi

62411 LM1 1.4 [1.3] [1.6]

62410 LM2 1.5 [1.7] [1.8]

61180 LM2 [1.5] [1.7] [1.8]

63727 RM3 [1.5] [2.2] [1.6]

33945 Lml - 1.0 -

33940 Rm2or3 - 1.0 -
cf. Oklatheridium sp.

33455 LMx [1.6] 1.9 [2.1]
Atokatheridium boreni

61151 LM1 [0.9] 1.1 1.3

61623 RM2 1.2 1.6 1.7

63725 LM3 [1.5] [2.0] [2.0]

61624 Lmx 1.3 0.8 0.5

61181 Lmx - 0.8 -

Tomato Hill is the local name for the immediate vicinity
of OMNH locality V706, which lies on the flank of the first
major terrace above the Muddy Boggy River and on the
grounds of the Howard McLeod Corrections Center, operated
by the Department of Corrections of the State of Oklahoma.
As such, the fossil site was secure from unwanted collecting
or other activities, until several years ago, when prison offi-
cials determined that landscaping of the area was needed. As
aresult, the site no longer exists, its former location now lying
several meters above current ground level. Vertebrate fossils
can occasionally be found in the nearby roadbed, up to 300 m
from the former site.

Local exposure of the Antlers Formation at OMNH
locality V706 consisted mainly of alternating gray-green and
red claystones, together with localized, intermittent lenses
of poorly consolidated sandstones and occasional horizons
with small limonitic carbonate nodules, suggesting the pres-
ence of paleosols. There were two fossil horizons at OMNH
V706, the upper of which represented a mass death assem-
blage, consisting of numerous, mostly articulated dinosaur
skeletons. Most of these belong to the basal iguanodontian
Tenontosaurus tilletti (see Ostrom, 1970; Forster, 1990), rep-
resenting a wide variety of growth stages. At least one partial
skeleton of the maniraptoran Deinonychus antirrhopus was
also recovered from this horizon (Brinkman et al., 1998). Both
of these species are otherwise known only from the Cloverly
Formation, Wyoming and Montana (Ostrom 1969, 1970).

The lower fossil horizon at Tomato Hill, located immediately
adjacent to and approximately 1.5m below the dinosaur assem-
blage, lay in a dark gray, mottled mudstone with numerous
localized, thin sandstone lenses, often bearing small mud clasts.
Limonitic carbonate nodules were also abundant in this horizon.
Fossils from this horizon, which include those described herein,
consist mainly of microvertebrate remains, together with dino-
saur and crocodile teeth, as well as small fragments of larger
bone (e.g., turtle carapace). Preservation of the bone varies from



TABLE 1.2. Vertebrate fauna of the Tomato Hill Local Fauna (OMNH
locality V706), Antlers Formation, Atoka County, Oklahoma.

References are given in footnotes.

Chondrichthyes
Hybodontiformes
Hybodontidae
Hybodus butler
?Hybodus sp.!
Polyacrodontidae
Lissodus anitae'
Osteichthyes
?Semionitiformes
?Semionotidae
gen. and sp. indet.!
?Lepisosteiformes
?Lepisosteidae
gen. and sp. indet.!
Pycnodontiformes
Pycnodontidae
?Palaeobalistum sp.
Gyronchus dumblei'
Amiiformes
?7Amiidae
gen. and sp. indet.!
Order and family indet.
gen. and sp. indet.!
Lissamphibia
Allocaudata
Albanerpetontidae
Albanerpeton arthridion*
?Caudata, family indet.
gen. and sp. indet.!
Anura, family indet.
gen. and spp. (2) indet.!
Reptilia
Testudines
Family indet.
gen. and sp. indet.!
Pleurosternidae
Naomichelys sp.!
Glyptopsidae
2Glyptops sp.!
Squamata
?“Paramacellodidae”

1

Atokasaurus metarsiodon®
Teiidae
Ptilotodon wilsoni®
gen. and sp. indet.?
?Scincomorpha
gen. and spp. indet. (2)3
?Anguimorpha
gen. and sp. indet.’
Crocodylia
Bernissartiidae
Bernissartia sp.!
?Atoposauridae
gen. and sp. indet.!
?Goniopholididae
gen. and sp. indet.!
?Pholidosauridae
gen. and sp. indet.!
Ornithopoda
Family incertae sedis
Tenontosaurus tilletti®
Sauropoda
Brachiosauridae
Astrodon sp.!
Theropoda
Carcharodontisauridae
Acrocanthosaurusatokensis'
Dromaeosauridae
Deinonychus antirrhopus*
?Aves
Order and family indet.
gen. and sp. indet.!
Mammalia
Eutriconodonta
Triconodontidae
Astroconodon denisoni®
Multituberculata
Family incertae sedis
?Paracimexomys crossi’
gen. and spp. (2) indet.
“Stem Cladotheria”
Spalacotheriidae
?Spalacotheroides sp.®
Boreosphenida, order uncertain
Holoclemensiidae
Holoclemensia texana®
Pappotheriidae
?Pappotherium sp.’
Family uncertain
gen. and spp. (3) indet.?
Deltatheroida
Deltatheridiidae
Atokatheridium boreni'
Oklatheridium szalayi®

ICifelli et al. (1997).

2Gardner (1999).

3Nydam and Cifelli (2002).

4Brinkman et al. (1998).

SWerning (2005).

STurnbull and Cifelli (1999).

TCifelli (1997).

8RLC, unpublished data.

9This study.

10Kjelan-Jaworowska and Cifelli (2001).

B.M. Davis et al.

excellent to abraded and rolled; some of the mammal teeth are
lacking the enamel and have an etched appearance, suggesting
that their owners had become meals and had passed through
digestive tracts. The accumulation of vertebrate fossils at this
horizon has been interpreted as lag formed within a fluvial
overbank deposit, probably laid down in a localized depression
on a floodplain (Cifelli, 1997).

1.2 Systematic Paleontology

Infraclass Metatheria Huxley, 1880

Cohort Deltatheroida Kielan-Jaworowska, 1982

Family Deltatheridiidae Gregory and Simpson, 1926
Included genera: Deltatheridium Gregory and Simpson,
1926, type genus; Atokatheridium Kielan-Jaworowska and
Cifelli, 2001; Deltatheroides Gregory and Simpson, 1926;
Deltatherus Nessov, 1997; Oklatheridium gen. nov.; Sulestes
Nessov, 1985; and taxa left in open nomenclature (Fox, 1974;
Cifelli, 1990a).

Distribution: See Kielan-Jaworowska et al. (2004).
Diagnosis: See Kielan-Jaworowska et al. (2004).
Comments: Additional characters used to define Deltatheroida
can be found in Appendix 3 of Rougier et al. (2004).
Atokatheridium (Kielan-Jaworowska and Cifelli, 2001) and
Oklatheridium gen. nov. are referred to the Deltatheridiidae
based primarily on the presence of hypertrophied shear-
ing crests (postmetacrista and paracristid) and an enlarged
paraconid, which are apomorphies relative to the condition
in basal Boreosphenida. Sulestes has been demonstrated to
be phylogenetically removed from the core of the family in
recent analyses (Luo et al., 2003; Rougier et al., 2004), and
is clearly derived in a separate direction from the rest of the
Deltatheroida. As noted, however, we follow recent studies
(Rougier et al., 1998, 2004; Kielan-Jaworowska et al., 2004)
and include Sulestes in Deltatheridiidae, without subdividing
the family. Khudukulestes (Nessov et al., 1994) and Oxlestes
(Nessov, 1982), known only by isolated axis vertebrae, have
been referred to the Deltatheroida based on their large size with
respect to contemporaneous mammals; however, this element
is unknown from and non-comparable to most other Mesozoic
mammals, leaving no support for their inclusion in the cohort.
Type species: Oklatheridium szalayi sp. nov., type species
by monotypy.

Etymology: Okla-, in reference to the state of Oklahoma,
where specimens belonging to the taxon were discovered, and
—theridium, from the Greek theridion, meaning small beast,
a common suffix for Cretaceous mammals; szalayi, in honor
of Frederick S. Szalay, for his invaluable contributions to our
understanding of mammalian paleobiology, and especially for
his work on the Metatheria.

Holotype: OMNH 62410, a LM2 lacking the protoconal
region of the crown (Figure 1.3B).

Referred specimens: OMNH 62411, LM1; OMNH 61180,
LM2; OMNH 63727, RM3; OMNH 33945, Lm1; OMNH
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FiGure 1.3. Upper molars of Oklatheridium szalayi gen. et sp. nov.
(A-D) and ?Oklatheridium sp. (E) OMNH locality V706, Antlers
Formation (Aptian—Albian), Atoka County, Oklahoma. A, OMNH
62411, LM1, in occlusal (Al) and labial (Az) views; B, OMNH 62410
(holotype), LM2, in occlusal (B)) and labial (B,) views; C. OMNH
61180, LM2, in occlusal (C,) and lingual (C,) views; D, OMNH 63727,
RM3, in occlusal (D,) and lingual (D,) views; E, OMNH 33455, LM2
or 3, in occlusal (E,) and labial (E,) views.

61643, Rm2 or 3; OMNH 33940, Rm2 or 3; OMNH 63728,
Rm?2 or 3; OMNH 63730, Lm2 or 3.

Distribution: OMNH locality V706, Antlers Formation
(Aptian—Albian), Atoka County, Oklahoma.

Diagnosis: Moderate-sized deltatheroidan, larger than
Atokatheridium but smaller than other taxa, and distinctive
from all other deltatheroidans in having a deeper ectoflexus,
larger and more anteriorly placed parastyle, stronger and
more inflated stylocone (Sulestes might have had a sty-
locone of similar size, though breakage prevents direct
comparison), taller, more labially oriented postmetacrista,
and well developed conular cristae (all presumed apomor-
phies). Differs from all deltatheroidans except Sulestes in
less height differential between the paracone and metacone,

metacone somewhat broader than the paracone, portion of
the preprotocrista labial to paraconule strong and broad, pro-
toconal region anteroposteriorly expanded, and conules well
developed (all presumed apomorphies). Differs specifically
from Sulestes in greater width of the protoconal region (ple-
siomorphy), and lack of marginal cuspules on the metastylar
lobe of the stylar shelf (polarity uncertain). Differs from all
deltatheroidans except Deltatheridium in strong suppression
of the metastylar lobe on M3. Differs from Pappotherium
in stronger development of the metastylar lobe, less height
differential and less divergence between metacone and para-
cone, stronger postmetacrista, and weaker developed post-
protocrista terminating at the base of the metacone. Differs
from Holoclemensia in less development of the parastylar
lobe and greater development of the metastylar lobe, and
absence of cusp “C” and other stylar cusps.

Description: Three upper molar loci are known for
Oklatheridium szalayi. It is unknown whether or not this
taxon possessed four molars, as is the case in Deltatheridium
and Deltatheroides, but a reasonable case in the affirmative
may be made based on other close morphological simi-
larities between these deltatheroidans (see the Morphological
Comparisons section of the Discussion). The upper dentition
of O. szalayi is based on five isolated molars, all incomplete.
Two specimens, OMNH 62411 and 62410 (Figures 1.3A, B;
LM1 and LM2, respectively) are very similar in terms of wear
patterns, relative morphology, preservation, and breakage and
almost certainly belong to the same individual. The speci-
mens were also found in relatively close association, though
both are isolated teeth.

The M1, represented by one specimen (OMNH 62411;
Figure 1.3A), is the most complete, lacking only the
protocone. The parastylar lobe is significantly narrower
than the metastylar lobe, giving the crown an asymmetrical
outline. The stylocone is large, occupies the entire surface
of the parastylar lobe, and is positioned directly labial to the
paracone. The stylocone is roughly conical, though somewhat
transversely compressed, and stands approximately one-half
the height of the paracone (an exact comparison is impos-
sible due to slight breakage at the apex of the paracone).
The stylocone is connected via a weak crest to the parastyle,
which is positioned lower on the crown and slightly more
lingually. The parastyle is closely appressed to the stylocone,
and situated at the terminal end of a moderately well devel-
oped preprotocrista. Both this crest and the parastyle are
heavily worn, presumably due to occlusion with the proto-
conid of the opposing lower molar. There are no other stylar
cusps present, though the labial margin is rimmed by a strong
crest. The metastylar lobe is relatively narrow and runs
obliquely to the long axis of the crown. The occlusal surface
is occupied almost entirely by the slope of the postmetacrista,
which is very tall and sharp. The ectoflexus is somewhat
shallow due to the size difference between the parastylar and
metastylar lobes. The paracone and metacone are conical,
closely appressed, and roughly equal in size at their bases.
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The cusps were presumably divergent (most of the metacone
is missing due to breakage), since the paracone leans ante-
riorly. The bases of both cusps are equal in lingual extent.
The apices of the paracone and stylocone are connected
via a short, salient, and somewhat weakly developed pre-
paracrista. The crest dips low in the middle, forming a weak
notch. The centrocrista is straight and very weak. The post-
metacrista is extremely well developed, with a deep carnas-
sial notch present near the base of the metacone. The crest
runs posterolabially. The protoconal region of the crown is
small, comparable in width to that of Arokatheridium. This
region is considerably better developed than in most other
deltatheroidans (except Sulestes). The protocone itself is
entirely missing. The conules are well developed, approxi-
mately equal in size, and possess weak internal cristae (the
postparaconular crista is slightly the better developed of the
two). The paraconule is positioned more labiad relative to
the metaconule. The preprotocrista is continuous from the
paraconule to the parastyle, creating a narrow shelf on the
anterior margin of the crown. The postprotocrista extends
past the metaconule only to the base of the metacone before
terminating. The trigon basin is very small and restricted.
The M2 is represented by two specimens (OMNH 62410
(holotype) and 61180; Figure 1.3B, C, respectively). Both
specimens are missing the protoconal region of the crown;
OMNH 61180 additionally lacks the metastylar lobe and
the tip of the metacone. From what is present, the M2 was
larger than the M1. The parastylar lobe on M2 is much wider
than on M1, though still not as wide as the metastylar lobe.
The stylocone is similar in all relative dimensions to M1,
though this cusp is much taller on OMNH 62410 than on
OMNH 61180. The parastyle is positioned somewhat more
labially than on M1. The ectoflexus is very deep on the type
specimen, though the stylar shelf is rather broad centrally on
OMNH 61180, indicating a shallower ectoflexus (breakage
prevents determination of the actual depth on this specimen).
The metastylar lobe is very broad and similar to that of M1
in all respects. There are no stylar cusps present posterior to
the stylocone, though both specimens exhibit a small cuspule
positioned on the posterior margin of the stylocone. The
paracone and metacone are somewhat more transversely com-
pressed than on M1. The paracone is taller than the metacone,
but both cusps are approximately equally long in labial view.
They share a significant portion of their bases and are some-
what divergent. The preparacrista is similar to that of M1,
though the crest OMNH 61180 is significantly sharper and
more deeply notched. The centrocrista is sharp and straight.
The postmetacrista on M2 is very strong, sharp, and deeply
notched, even more so than on M1. The crest runs much more
directly labially than on M1. The preprotocrista is relatively
narrow but still complete. Both specimens are broken labial
to the conules, but OMNH 61180 shows evidence of a sharp
crest running up the lingual surface of the paracone, likely
representing an internal crista from the paraconule. This
feature is absent on OMNH 62410, and shows a different
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orientation of the postparacrista from the condition on M1.
The postprotocrista is similar to that of M1 in that it termi-
nates at the base of the metacone.

The M3 is represented by one fragmentary specimen
(OMNH 63727, Figure 1.3D), preserving only the paracone,
metacone, and metastylar lobe. Based solely on the central
portion of the crown, the M3 was larger still than the M2,
falling in line with the typical deltatheroidan molar size
progression of M1<M2<M3>?M4 (M4 is not known for this
taxon, but it is reasonable to assume that the tooth at this locus
would have been smaller than the M3). The metastylar lobe
is strongly reduced relative to M1 and M2, consisting of a
narrow, flat, gently rounded shelf. A slight concavity exists at
the posterolabial corner of the metastylar lobe, which could
have fit the parastylar lobe of a succeeding molar. This feature
provides possible evidence for the presence of four molars in
Oklatheridium szalayi. The parastylar lobe appears to have
broken away at the deepest point of the ectoflexus, which
was apparently very shallow. The paracone and metacone are
closely appressed at their bases and strongly divergent, with
the paracone significantly taller than the metacone, which is
very short relative to the metacone on the other loci. Both
cusps are somewhat transversely compressed, with nearly flat
labial faces. The preparacrista is preserved from the apex of
the paracone to its base, and is relatively strong and sharp.
The centrocrista is straight and sharper than in the other loci.
The postmetacrista, however, is very low and weak, though a
small carnassial notch is still present at the base of the meta-
cone. No trace of a postprotocrista is present on the base of
the metacone, implying that it terminated more lingually, if it
progressed past the metaconule.

The lower dention of Oklatheridium szalayi is based on six
isolated molars, all of which preserve only the trigonid. These
trigonids can be confidently referred to the upper molars
based on expected size and morphology; it is also noteworthy
that upper and lower molars referred to O. szalayi achieve the
highest frequency of tribosphenic specimens in the collection
from this locality. The trigonid is tall; though the talonid is
missing, the trigonid cusps are much higher than the break
that roughly indicated the position of the talonid. All three
trigonid cusps are strong, with the protoconid being the
tallest. The paraconid is taller and anteroposteriorly longer
than the metaconid. As in other deltatheroidan taxa, this
height difference appears to increase posteriorly through the
molar series. O. szalayi differs from other deltatheroidans in
having a more “closed” trigonid, with the bases of the paraco-
nid and metaconid contacting each other. Both cusps support
sharp crests with carnassial notches; however, the paracristid
is much stronger than the protocristid, as would be expected
in a dentition specialized for postvallum-prevallid shear.
A well-developed wear facet is present on the anterior surface
of the paracristid (facet 2 of Crompton, 1971). The lower
molars are primitive in retaining well developed cusps e
and f on the anterior surface of the trigonid. A short, strong
precingulid runs nearly vertically, associated with cusp f, but
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is restricted to the anterior surface of the paraconid lingual
to the paracristid notch (primitively, cusp f is placed more
anterolabially on the molar, as is the case in the aegialodontid
Kielantherium). Additionally, O. szalayi possesses a distal
metacristid (see Section 1.3 for comments regarding the inter-
pretation of this feature), though it appears to be variable in
strength between specimens. This feature is shared by many
early tribosphenic mammals, as a vertical continuation of the
cristid obliqua from the talonid.

Though only trigonids are preserved, the morphology
of the break where the talonid was connected does shed
light on what the talonid would be expected to look like.
The morphology of the break where the talonid was connected
suggests the talonid was smaller than the trigonid (OMNH
33945 and 33940; Figure 1.4). Though its length cannot be
assessed, it was likely narrower than the trigonid (though it
could have been expanded posteriorly, in a “flexed” manner
similar to that of Kermackia, cf. Butler, 1978: Figure 1.3K).
All deltatheroidans possess a small talonid relative to the
trigonid. However, the upper molars of Oklatheridium szalayi

FiGURE 1.4. Lower molars of Oklatheridium szalayi gen. et sp. nov.
OMNH locality V706, Antlers Formation (Aptian—Albian), Atoka
County, Oklahoma. A, OMNH 33945, Lml, in occlusal (A,), pos-
terior (A,), and lingual (A;) views; B, OMNH 33940, Rm2 or 3, in
occlusal (B,), posterior (B,), and lingual (B,) views.
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possess relatively well developed protocone and conules, so it
would be expected that the talonid of this taxon would also be
broader and better developed than is typical of Deltatheroida
(Sulestes, which has the best developed talonid among
previously known Deltatheroida, also has a strong protocone
and conules on the upper molars. See Kielan-Jaworowska and
Nessov, 1990: Figures 1.1-1.4). Confirmation of these specu-
lations must, however, await discovery of more complete
material.

Despite the lack of knowledge concerning talonid mor-
phology, the lower molars of Oklatheridium szalayi compare
favorably with those of deltatheroidan mammals. However, a
number of features are common to other early tribosphenic
mammals, prompting comparisons to non-deltatheroidan
taxa. Kielantherium is similar in having a relatively taller
paraconid than metaconid, but O. szalayi differs in having
a lesser height differential between protoconid and paraco-
nid, less separation of paraconid and metaconid (presumed
apomorphies), and a more lingual placement of cusp f and
the precingulid (polarity uncertain). Molars of O. szalayi dif-
fer from the stem boreosphenidan Potamotelses (Fox, 1975)
in being generally higher-crowned (even on ml), in having a
relatively taller paraconid and a transversely wider trigonid,
and in retaining a stronger cusp e (presumed plesiomorphy).
O. szalayi differs from all “Trinity therians” in the fact that
the paraconid is substantially taller and more robust than
the metaconid. However, it is similar to both Pappotherium
and Holoclemensia in the degree of development of strong
shearing crests on both the anterior and posterior edges of
the trigonid.

The molar loci of Oklatheridium szalayi are defined on the
basis of general morphological trends present in most primi-
tive tribosphenic mammals (and specifically the resemblance
of the lower molar specimens to equivalents in deltatheroidans
where tooth locus can be established with certainty), as one
moves posteriorly through the molar series. The ml (rep-
resented by one specimen, OMNH 33945; Figure 1.4A) is
smaller than the posterior molars. The tooth is also relatively
lower crowned, with the protoconid slightly recumbent poste-
riorly. The posterior margin of the trigonid (most notably the
posterolingual margin) slopes gently posteriorly down toward
the talonid (or where the talonid would be in a complete
molar). Without a dentary with associated teeth or at least a
larger sample of isolated teeth that includes complete lower
molars, it is unclear whether the remaining trigonids (OMNH
33940, 61643, 63728, and 63730; Figure 1.4B) represent
the second or third molar locus. In Deltatheridium, the m2
is the largest molar, though this difference is not as clear in
Deltatheroides. In both taxa, however, the occlusal outline of
ml is preserved on m2, while the m3 has a somewhat broader
trigonid. In occlusal outline, the four trigonids designated m2
or m3 are all very similar to the specimen designated as m1,
hence by analogy it is possible that they all represent m2.
However, due to difficulties in differentiating between the sec-
ond and third molar loci without a better sample, the specimens
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are assigned as m2 or 3. These trigonids are somewhat larger in
all dimensions than m1. The crown is higher, and there is a
greater size difference between the paraconid and metaconid.
The two cusps are nearly subequal on m1, but on m2 or 3 the
paraconid is noticeably taller and longer than the metaconid.
One of these trigonids (OMNH 61643) was described briefly
by Kielan-Jaworoska and Cifelli (2001) as “Family et gen.
indet., sp. B”.

Comments: Upper molars of Oklatheridium szalayi exhibit
features typical of primitive boreosphenidans, such as a para-
cone taller than the metacone and a relatively small protocone.
However, they are derived in a number of important features.
In most early tribosphenic taxa, prevallum/postvallid shear-
ing is dominant (Crompton, 1971; Clemens and Lillegraven,
1986). O. szalayi, as well as some other taxa (e.g., Sulestes,
Pappotherium, and Potamotelses), possesses an enlarged shelf-
like preprotocrista in addition to a strong preparacrista that
would allow second-rank or en echelon shear along the anterior
margin of the upper molar (Fox, 1975). However, O. szalayi
departs from most other early tribosphenic mammals in also
possessing an hypertrophied postmetacrista which, coupled
with a tall, sharp paracristid on the lower molars, would have
provided strong postvallum-prevallid shearing capability.
Referred specimen: OMNH 33455, RM2 or M3 (Figure
1.3E).

Distribution: OMNH locality V706, Antlers Formation
(Aptian—Albian), Atoka County, Oklahoma.

Description: (from Cifelli, 1997, p. 10) “Judged by the
relatively wide stylar shelf labial to the paracone and the
elongate preparacrista, OMNH 33455 (Figure 1.3) appears
to be a penultimate tooth, M2 or 3, depending on whether
three or four molars were present in the dentition (see Fox,
1975 for discussion). The posterolabial corner of the tooth
and the metacone are missing; the tip of the protocone is
also broken (Figure 1.3A). Damage precludes some standard
measurements; ANW is 1.96 mm; protocone width and length
(as defined by Butler, 1990a) are 0.64 and 0.79, respectively.
Stylar cusps A and B (terminology follows Clemens, 1979)
are prominent, the latter being nearly as tall as the paracone.
A well-marked preprotocrista extends labially from the proto-
cone to stylar cusp A; this crest is uninterrupted in the region
of the paracone (Figure 1.3A, B), such as in primitive marsu-
pials and eutherians. By contrast, the postprotocrista extends
only to the base of the metacone. Both conules are well
developed and project slightly beyond the occlusal margin
of the tooth. The paraconule is positioned about halfway
between protocone and paracone and bears a small postpara-
conular crista that terminates at the base of the paracone; the
metaconule is placed distinctly closer to the protocone and its
internal crista is weak or lacking.”

Comments: OMNH 33455 is similar to upper molars of
Oklatheridium szalayi in terms of general outline and mor-
phology (Figure 1.3), such as the shape and proportions of
the stylocone and paracone, but it is distinct in a number
of important ways. As mentioned above, the locus represented
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by OMNH 33455 cannot be confidently determined, prima-
rily due to loss of the metastylar lobe, so direct compari-
sons with other specimens must be approached cautiously.
For example, OMNH 33455 is larger than the type specimen
of O. szalayi (OMNH 62410), an M2, though it appears to be
smaller than the M3 (OMNH 63727) in some dimensions. But
for present purposes, morphological similarities suggest the
most appropriate comparisons are with the M2 of O. szalayi
(OMNH 62410).

The cusps on OMNH 33455 are more robust than in
O. szalayi (likely due to its larger size). The parastyle is
better separated from the stylocone and positioned lower and
more labially. The preparacrista is sharper and more distinct,
and the preprotocrista is substantially wider and stronger in
OMNH 33455. These differences leave some doubt as to the
association of this specimen with Oklatheridium, but given
the nature of the specimens in the Tomato Hill Local Fauna,
it is most likely that the similarities between OMNH 33455
and Oklatheridium indicate the specimen represents a similar,
related taxon. However, breakage of the metastylar lobe on
OMNH 33455 prevents us from referring this specimen con-
fidently or placing it elsewhere.

Holotype: OMNH 61623, RM2 (Figure 1.5B).

Newly referred specimens: OMNH 61151, LM1; OMNH
63725, LM3; OMNH 61624, Lmx; OMNH 61181, Lmx;
OMNH 34905, Rmx.

Distribution: OMNH locality V706, Antlers Formation (Lower
Cretaceous: Aptian—Albian), Atoka County, Oklahoma.
Revised diagnosis: Small deltatheroidan differing from all
other deltatheroidans in smaller size, weaker stylocone, shal-
lower ectoflexus, slightly narrower parastylar lobe, trend
of increasing width of metastylar lobe posteriorly through
molar series (excluding the unknown but hypothesized M4),
greater height differential between the paracone and meta-
cone, extremely weak development of conules, lack of
conular cristae, transversely wider protoconal region, and a
taller protocone. Differs from Oklatheridium and Sulestes
in weaker conules. Differs from Oklatheridium in slightly
narrower metastylar lobe and more posteriolabially oriented
postmetacrista on M2, and in retention of a wide metastylar
lobe on M3.

Description: Three upper molar loci are known with some
confidence in Atokatheridium boreni. Each locus is repre-
sented by a single specimen; two are complete, but all three
are rather worn (Figure 1.5). The M1 (OMNH 61151), despite
being heavily worn, is confidently referred based on numer-
ous general morphological similarities between it and the
M2 (OMNH 61623). The M3 (OMNH 63725), however, is
both broken and heavily worn or digested, making its referral
somewhat more tentative.

The M1 (Figure 1.5A) is very small, though its original
size is impossible to determine due to loss of nearly all the
enamel. The parastylar lobe is very narrow and bears a small
stylocone. The parastyle is small and closely approximated
to the stylocone, though placed considerably lower on the crown.
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FIGURE 1.5. Upper molars of Atokatheridium boreni Kielan-Jaworowska
and Cifelli, 2001. OMNH locality V706, Antlers Formation (Aptian—
Albian), Atoka County, Oklahoma: A, OMNH 61151, LM1, in occlusal
(A)) and labial (A,) views; B, OMNH 61623 (holotype), RM2, in occlusal
(B,) and labial (B,) views; C, OMNH 63725, LM3, in occlusal (C,) and
labial (C,) views.

The ectoflexus is nearly absent, despite the metastylar lobe
being significantly wider than the parastylar lobe. No cusps
or cuspules appear to have been present posterior to the
stylocone, and no evidence of a cingulum along the labial
edge of the stylar shelf is preserved. The paracone is taller
than the metacone, though it cannot be determined how great
the original difference was. The cusps are connate, share
a large part of their bases, and are divergent. A short, low
preparacrista runs from the apex of the paracone directly to
the stylocone. The centrocrista appears to have been straight.
The postmetacrista, though also worn, is still very tall and
strong. The crest runs posterolabially from the apex of the
metacone, and bears a strong carnassial notch near the base
of the metacone. The entire surface of the metastylar lobe
slopes anteriolabially from the postmetacrista. The protoco-
nal region of the crown is short but transversely wide (rela-
tive to other deltatheroidans), and shallowly basined. Given
the apparent amount of wear, the protocone is very tall and
procumbent. No evidence of conules remains, though they
were likely present since they occur on the type specimen.
The preprotocrista runs uninterrupted to the parastyle and is
not particularly well developed. The postmetacrista termi-
nates at the base of the metacone.
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The M2 (OMNH 61623; Figure 1.5B) is strongly simi-
lar to M1 in almost every respect, though its improved
preservation provides more information (though the tooth
is still somewhat abraded). The M2 is considerably larger
than the M1, though enamel loss on the M1 makes direct
size comparison difficult. The parastylar lobe is wider than
on M1, though the stylocone is still small. The ectoflexus
is slightly deeper, and a weak cingulum rims the labial
margin of the crown. The metastylar lobe is wider than
on M1. The paracone is significantly taller than the meta-
cone, and both cusps are spire-like and strongly divergent.
Conules are present as weak bulges along the pre- and
postprotocristae, approximately equidistant between the
bases of the paracone and metacone and the protocone.

The M3 (OMNH 63725; Figure 1.5C) is missing the para-
cone and parastylar lobe, and what remains of the molar is
heavily abraded, with a melted appearance. The M3 is larger
still than the M2, and much of the size difference is due to the
presence of a significantly wider metastylar lobe on the M3. In
both these respects, the relationships between the M2 and the
presumed M3 of Atokatheridium are strikingly similar to those
seen in Deltatheroides cretacicus (see Section 1.3.1 for further
discussion). Though the entire parastylar lobe is missing, the
ectoflexus was likely very deep, in sharp contrast with the
preceding molars (however, a relatively narrow parastylar lobe
would result in a shallower, short ectoflexus, less of a departure
from the morphology of the M1 and M2). The metastylar lobe
is very wide, nearly as wide as the portion of the crown from
the metacone to protocone. No trace of a rimming cingulum
or stylar cusps remains. The metacone is short and stout, and
was closely appressed to the paracone. The postmetacrista is
tall and deeply notched, running much more directly labiad
than on M1 or M2. The protoconal region is very wide and
short, but worn almost smooth. No evidence of conules is
present, but their small size on the M2 makes it unlikely that
they would be preserved on a tooth as worn as OMNH 63725.
The protocone is heavily worn, so height cannot be determined.
The preprotocrista is broken not far from the protocone, but
the postprotocrista terminates in a similar spot as on the M2,
posterolingual to the base of the metacone.

The lower dentition of Atokatheridium boreni is repre-
sented by one complete molar and two trigonids (Figure
1.6). The only lower molar specimen bearing a talonid
was described by Kielan-Jaworoska and Cifelli (2001, p.
382) in the initial publication of Atokatheridium boreni,
though it was referred to ?A. boreni: “OMNH 61624 is
complete except for the tip of the protoconid and some
loss of enamel fragments on the precingulid. The tooth is
1.28 mm long, trigonid width is 0.86, and the talonid width
is 0.49 mm. The precingulid extends to the lingual margin
of the tooth, forming a small, mesiolingual projection at
the base of the paraconid. The paracristid is heavily worn;
the protocristid and talonid also show wear, though major
shearing surfaces (see Crompton, 1971) are clear and well
developed. The paraconid and metaconid are well separated,
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FIGURE 1.6. Lower molars of Atokatheridium boreni Kielan-Jaworowska

and Cifelli, 2001. OMNH locality V706, Antlers Formation (Aptian—
Albian), Atoka County, Oklahoma: A, OMNH 61624, Lmx, in occlusal
(A,), posterior (A,), and lingual (A,) views; B, OMNH 61181, Lmx, in
occlusal (B,), posterior (B,), and lingual (B) views.

so that the trigonid angle is rather obtuse compared to that
seen in Pappotherium, Holoclemensia, and early members
of Marsupialia and Eutheria. The paraconid is much taller
and more robust than the metaconid and appears to slant
anteriorly, though this appearance may be an artifact of
preservation. A distal metacristid (see Fox, 1975) extends
distolabially from the apex of the metaconid. The talonid
is much lower and narrower than the trigonid and has a
very small, shallow basin that is open lingually. Two cusps,
hypoconid and hypoconulid, are present; despite the pres-
ence of some wear on the rim of the talonid, it is clear no
entoconid was ever present.” This specimen is referred to
the upper molars based on deltatheroidan characteristics,
such as a paraconid much taller than the metaconid and
a small, poorly-developed talonid; and to Atokatheridium
specifically because of its small size (Atokatheridium is con-
siderably smaller than Oklatheridium). In comparison with
Deltatheridium, OMNH 61624 compares most favorably
with the m3 based on the angle formed by the trigonid
cusps, but the talonid is considerably better developed in
Atokatheridium. This is plausible, since the protoconal
region on the M3 is the widest of the molar series, and if
the protocone was as tall on that tooth as it is on the M2,
one would expect a more discernable talonid on the m3
compared to taxa such as Deltatheridium.
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Both of the isolated trigonids (OMNH 34905 and
OMNH 61181) compare very well with the trigonid of
OMNH 61624 in both size and morphology. Both are
complete, but virtually all the enamel is missing except for
two small chips still attached to the anterior and posterior
surfaces of OMNH 34905, so the full height of the trigonid
cusps is still difficult to evaluate. OMNH 61181 likely rep-
resents the same locus as OMNH 61624. The protoconid
is spire-like, and is by far the tallest cusp. The metaconid
is strongly reduced in size, with the paraconid higher and
slightly anteriorly projecting. The trigonid is open lin-
gually. The paracristid is sharp and notched, though not
as strongly as in Oklatheridium. A distal metacristid is
present, running steeply posteriorly from the metaconid.
OMNH 34905 is identical in morphology, but it preserves
chips of enamel on the anterior base of the paraconid and
the posterior surface of the protoconid.

Comments: With the description of Oklatheridium szal-
ayi, the large majority of tribosphenic lower molar specimens
from the Tomato Hill Local Fauna are partitioned into two
morphological groups; this allows a more confident assign-
ment of OMNH 61624 to Atokatheridium boreni than was
made by Kielan-Jaworoska and Cifelli (2001).

1.3 Discussion

1.3.1

Both the age (Early Cretaceous) and generally plesiomorphic
nature of the molars of Oklatheridium and Atokatheridium
invite comparison with primitive boreosphenidan taxa
(such as Aegialodon, Kielantherium, and Potamotelses).
The lower molars of the Tomato Hill taxa resemble those
of early boreosphenidans in a number of ways (Figure 1.7).
Cuspule e is present, situated on the anterolingual margin
of the paraconid (see Appendix 1 of Luo et al., 2002 for
distribution of this character), and cuspule f is cuspate on
most trigonids. A distal metacristid is present on the poste-
rior aspect of the trigonid, running ventrolabially from the
metaconid, and similarly developed as in the Trinity therians
(see Patterson, 1956; Turnbull, 1971; Butler, 1978) but much
weaker than in Aegialodon or Kielantherium. Our observa-
tions suggest that the distal metacristid is a true crest and not
a wear feature, despite the fact that both the preparacrista
and preprotocrista are expected to produce separate facets
on the posterior wall of the trigonid (Crompton, 1971). In
Aegialodon, the paraconid is taller than the metaconid, but
the height difference is greater in the Tomato Hill taxa, as
it is in other deltatheroidans. The talonid is shallow, open
lingually, and poorly developed relative to the trigonid;
only two cusps are present (hypoconid and hypoconulid).
The trigonid/talonid proportions of Atokatheridium (a talo-
nid is not known for Oklatheridium) are certainly primitive.
The talonid is better developed than in Aegialodon, much

Morphological Comparisons



1. Earliest Evidence of Deltatheroida

D

Aegialodon dawsoni

D

Holoclemensia texana

Kokopellia juddi

15

F Oklatheridium szalayi

@u

Prokennalestes trofimovi

FIGURE 1.7. Lower molar comparisons (lingual and occlusal views): A, Aegialodon dawsoni; B, Kielantherium gobiense (reversed);
C, Trinititherium slaughteri,; D, Deltatheridium praetrituberculare; E, Atokatheridium boreni; F, Oklatheridium szalayi (reversed); G,
Holoclemensia texana; H, Kokopellia juddi; 1, Prokennalestes trofimovi. (A modified from Kermack et al. 1965; B-I original.) Line draw-

ings not to scale.

less developed than in Potamotelses, but of similar structural
grade as Kielantherium. Atokatheridium is also similar to
stem boreosphenidans in lacking a postcingulid.

The lower molars of the Tomato Hill taxa possess a few
characters that serve to distance them somewhat from the
primitive boreosphenidan condition. Most notable is the
hypertrophy of the paraconid and paracristid. The paraco-
nid is significantly taller than the metaconid (somewhat
similar to Kielantherium), projecting somewhat anteriorly
and supporting a very strong crest and carnassial notch
(this shearing surface is particularly well developed on
trigonids referred to Oklatheridium). Notably, the paraconid
of both taxa lacks the distinct mesiolingual keel present
in Kokopellia and more derived metatherians (Luo et al.,
2002). Additionally, the trigonid basin is somewhat more
closed in Oklatheridium compared to primitive taxa and
Atokatheridum, due to a swelling of the bases of the paraco-
nid and metaconid.

The upper molars of Oklatheridium and Atokatheridium
provide strong support for a molar count of four, though only
three loci are represented in each taxon. It should be noted,
however, that in some early taxa the upper and lower molar
counts are not equal (Sinodelphys, for example, has four
upper molars but only three lower molars, see Luo et al.,
2003). Though the ancestral boreosphenidan molar count is
unknown, all stem taxa with a known (or at least surmised)

dentition suggest four molars were present. The aegialodon-
tid Kielantherium gobiense, initially described on the basis
of a single lower molar (Dashzeveg, 1975), is known by
a dentary preserving four molars (Dashzeveg and Kielan-
Jaworowska, 1984). The “Trinity therians” Holoclemensia
and Pappotherium were reconstructed by Butler (1978) as
having four upper molars (but see Fox, 1975 for contrast-
ing interpretation of Pappotherium). Additionally, the del-
tatheridiids Deltatheroides cretacicus and Deltatheridium
pretrituberculare have been demonstrated to possess four
molars (Gregory and Simpson, 1926; Rougier et al., 1998),
though the ultimate upper molar is tiny and was assumed
absent in early descriptions (Butler and Kielan-Jaworowska,
1973; Kielan-Jaworowska, 1975; Rougier et al., 1998).
Though an ultimate molar is not known for either of the
Tomato Hill taxa, one is assumed to have been present
based on morphological similarities at the third molar locus
between these taxa and the two aforementioned deltatheri-
diids. Additionally, the slight concavity on the posterolabial
margin of the metastyle of the M3 of Oklatheridium might
suggest an interlocking mechanism with the parastyle of an
M4 (however, it should be noted that this feature is absent on
the M3 of Arokatheridium). Figure 1.8 shows the molar series
of both Oklatheridium and Atokatheridium with a hypotheti-
cal M4. The large metastylar lobe on M3 of Atrokatheridium
suggests its M4 (if present) was large compared with that of
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Deltatheridium praetrituberculare
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FiGure 1.8. Upper molar series comparisons: A, Deltatheridium praetuberculare; B, Oklatheridium szalayi; C, Deltatheroides cretacicus;
D, Atokatheridium boreni; E, Sulestes karakshi. (A and C from Rougier et al. 2004; B, D, and E original.) Line drawings resized for com-

parison; scale bar applies only to silhouettes.

other deltatheroidans (as is the case in Deltatheroides), where
reduction of the posterolabial portion of M3 correlates with
strong overall reduction of the fourth molar (as is the case in
Deltatheridium).

The primitive condition for the protoconal region is well
illustrated by the recently-described upper molar of the aegi-
alodontid Kielantherium (Lopatin and Averianov, 2006, see
our Figure 1.9A). The protocone is very small and situated on
a short, narrow shelf, and the conules are lacking. The post-
protocrista is very short, though the preprotocrista provided
double-rank shearing on the anterior margin of the molar.

The protoconal region differs significantly between the two
Tomato Hill taxa. The protocone is tall and transversely
wide in Afokatheridium, but the conules are virtually absent.
In Oklatheridium, the entire width of the protoconal region
is uncertain, but it was likely nearly as wide and longer
still than in Atokatheridium. The conules in Oklatheridium
are relatively large compared to those of stem boreosphe-
nidans, deltatheroidans, or other contemporaneous taxa,
providing another point of contrast. All considered, the
protoconal region of Atokatheridium shows a blend of primi-
tive and advanced features, while Oklatheridium is generally
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FiGUre 1.9. Upper molar comparisons: A, Kielantherium gobiense
(reversed); B, Pappotherium pattersoni (reversed); C, Holoclemensia
texana (reversed); D, Deltatheridium praetrituberculare; E,
Atokatheridium boreni (reversed); F, Oklatheridium szalayi (lin-
gual half reconstructed); G, Kokopellia juddi; H, Prokennalestes
trofimovi. (A from Lopatin and Averianov 2006; B modified from
Slaughter 1965; C modified from Slaughter 1968; D from Rougier
et al. 2004; E-F original.) Line drawings not to scale.

more advanced. The protocone of both taxa is much better
developed than the tiny, poorly developed protocone of
Kielantherium and Picopsis (Fox, 1980), and is more similar
to that of Holoclemensia.

Upper molars of the Tomato Hill taxa exhibit primitive
morphology in a number of other features (Figure 1.9).
The postprotocrista terminates just slightly around the base of
the metacone; though the crest is somewhat better developed
than in Potamotelses, it is equal to or less developed than
in Pappotherium. The paracone and metacone also show
some primitive features, such as the sharing of a significant
portion of their bases and height. The cusps are connate at
their bases and divergent, with the notch occupied by the
centrocrista straight but shallow. The paracone is taller than
the metacone, as in other early boreosphenidans, but the
height difference is less in Oklatheridium (and thus more
advanced). The parastylar lobe is generally primitive in
the Tomato Hill taxa. The stylocone is large, with a much
smaller and closely appressed parastyle situated basally on a
small anterior projection of the shelf. It should be noted that
this anterior projection in Oklatheridium is somewhat larger
(advanced) than in Atokatheridium. Finally, the absence of
any stylar cusps posterior to the stylocone can be interpreted
as primitive, though as Clemens and Lillegraven (1986, p.
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77), wisely observed, “evolution of stylar cusps in the region
between the stylocone and metastylar corner of the crown poses
vexatious questions.” Posterior stylar cusps (with the exception
of non-homologous cuspules) are absent in Peramus, most stem
boreosphenidans, all deltatheroidans, and basal metatherians.
However, a stylar cusp in the “D” position is present in the
“tribotheres” Pappotherium, Holoclemensia, and Comanchea,
and the basal eutherian Paranyctoides, suggesting some degree
of homology, or raising the possibility of some functional
importance of this portion of the stylar shelf.

There are a number of advanced features present in the
upper molars of the Tomato Hill taxa, though the two taxa
differ somewhat in many of these. The protocone is wide
and well developed, especially in Oklatheridium (coupled
with strong conules). The preprotocrista is moderately devel-
oped but continuous from the paraconule to the parastyle, a
feature present in Pappotherium but absent in Holoclemensia.
The metacone is relatively taller in Oklatheridium than in all
other early taxa, approaching (though still shorter than) the
paracone in height. Most notably, the metastylar lobe and
postmetacrista are much more strongly developed than in any
contemporaneous taxa.

The main features that serve to differentiate the Tomato
Hill taxa from stem boreosphenidans such as Aegialodon,
Kielantherium, and Potamotelses are those commonly asso-
ciated with adaptations for carnivory. The primary shearing
surfaces (in this case, the postmetacrista and paracristid) are
hypertrophied. It should be noted that these features appear
independently multiple times through evolution, for example,
in the Late Cretaceous Stagodontidae as well as the South
American ‘“dog-like” marsupials, the Borhyaenidae (see
Muizon and Lange-Badré, 1997). Additionally, the protocone
is better developed than in some early boreosphenidans.
Significance of the relatively large protocone is unclear; it
appears that the protocone became enlarged independently
in later metatherians, eutherians, and perhaps among the
“Trinity therians”. In the context of Early Cretaceous mam-
mals, the Tomato Hill taxa are unique in possessing such an
advanced suite of characters, such as a large protocone and
specializations for carnivory, especially given their small
body size.

The only tribosphenic mammals with both geographic and
temporal proximity to the Tomato Hill taxa hail from strati-
graphically younger horizons in the Trinity Group of northern
Texas. The “Trinity therians”, traditionally referred to as
“Theria of metatherian-eutherian grade” (Patterson, 1956;
Kielan-Jaworowska et al., 1979) because their affinities to the
two higher groups of mammals are debatable, are a motley
group of six described taxa that vary widely in size and mor-
phology (Patterson, 1956; Slaughter, 1965, 1968a, b, 1971,
Turnbull, 1971; Butler, 1978, 1990a; Jacobs et al., 1989).
Direct comparison of lower molars between these taxa and
the Tomato Hill taxa yields only a few similarities, mainly
with the larger and more advanced Pappotherium (Figure
1.7). No “Trinity therian” has cusp proportions that approach
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the height differential between the paraconid and metaconid
seen in either Oklatheridium or Atokatheridium. However,
both Pappotherium and Holoclemensia have well developed
shearing crests on the trigonid (due to the size of the meta-
conid, Holoclemensia shows emphasis on the protocristid as
opposed to the paracristid). The talonid of Arokatheridium
is much less developed than that of any described “Trinity
therian”, in that it is very small relative to the trigonid and it
bears only two cusps (Trinititherium has been described as
having an incipient entoconid (Butler, 1978), but no evidence
of any entoconid is present in Atokatheridium). The talonid
of Atokatheridium is very primitive, but the trigonids of the
Tomato Hill taxa are advanced and clearly divergent from any
forms seen among the “Trinity therians”.

The differences among upper molars of the Tomato Hill
taxa and the “Trinity therians” are more striking (Figure 1.9).
Pappotherium is more generally primitive than either, with
a narrower metastylar lobe, smaller metacone, and poorly
developed protocone. Holoclemensia, on the other hand, is
oddly derived. It differs from the Tomato Hill taxa in having a
very large cusp in the mesostylar position (absent on all other
contemporaneous taxa), a narrow metastylar lobe, a small
stylocone, and a very small metacone. However, the proto-
cone is about as well developed as in Oklatheridium.

The Tomato Hill taxa differ from basal Eutheria in a
number of features (Figures 1.7, 1.9). The oldest North
American eutherian, Montanalestes keeblerorum (Cifelli,
1999), from the Aptian—-Albian Cloverly Formation, is
derived in having a well developed, three-cusped talo-
nid; it retains a vestige of a distal metacristid on the first
molar only. Upper molars from early eutherians (such as
Murtoilestes) differ from the Oklahoma taxa in having
a smaller stylocone and a larger protocone and conules.
Neither Atokatheridium nor Oklatheridium compares well
with any basal eutherian.

There are also important differences between basal
metatherians and the Tomato Hill taxa (Figures 1.7, 1.9).
Disregarding Sinodelphys szalayi (Luo et al., 2003) (for
which little occlusal morphology is known), Kokopellia juddi
(Cifelli, 1993b; see also Cifelli and Muizon, 1997) is the
oldest uncontested metatherian. It differs from the Tomato
Hill taxa in having subequal paraconid and metaconid; a
well developed, three-cusped talonid; some approximation of
entoconid and hypoconulid; and presence of a postcingulid.
Upper molars have a similarly developed protocone (though
the conules are weaker in Kokopellia than in Oklatheridium),
but differ in having a subequal paracone and metacone and
subequal parastylar and metastylar lobes.

Comparison of Oklatheridium and Atokatheridium to
Kokopellia is noteworthy in that the Deltatheroida have often
been placed basally within Metatheria (Rougier et al. 1998,
2004; Kielan-Jaworowska et al. 2004; a trend followed in this
paper). The inclusion of the Tomato Hill taxa in Deltatheroida
indicates that the group was already morphologically diverse
and distinctive by the end of the Early Cretaceous, in turn
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implying that diversification of Metatheria was already well
under way by that time.

Atokatheridium and Oklatheridium compare favorably
with other deltatheroidans. Lower molars (Figure 1.7) are
very similar, sharing a tall paraconid and strong, sharp
paracristid. The height difference between the paraconid
and metaconid is the least in Oklatheridium and the great-
est in Afrokatheridium (the full height of the metaconid
is unknown in Sulestes due to breakage). The trigonid is
open lingually in Afokatheridium, as in Deltatheridium and
Sulestes, though it is more closed in Oklatheridium. A distal
metacristid is present in all deltatheroidans. The small, low
talonid preserved in Afokatheridium is very similar to that
of Deltatheridium. Both have a shallow, open talonid basin
and only two cusps (hypoconid, hypoconulid) are present
in the majority of specimens belonging to Deltatheridium
pretrituberculare, as is the case for the only known lower
molar of Atokatheridium boreni. The talonid in Sulestes,
however, is somewhat stronger and possesses three equally
developed cusps. The height difference between the trigonid
and talonid is less in Sulestes than in other deltatheroidans,
though it is likely that the only known lower molar referred
to this genus is an m1, and in Deltatheridium the m1 has the
relatively lowest trigonid.

The upper molars of the Tomato Hill taxa share a number
of similarities with other deltatheroidans (Figures 1.8, 1.9),
most notably retention of a large stylocone, emphasis on
the postmetacrista, and a taller paracone that shares a sig-
nificant portion of its base with the metacone. The general
outline of the M2 of Atokatheridium is very similar to that
of Deltatheroides. However, Atokatheridium has a signifi-
cantly narrower stylar shelf and wider protoconal region,
with a taller protocone. Atokatheridium differs similarly from
Deltatheridium, but also has a shallower ectoflexus and shows
less emphasis on prevallum shear, with a reduced preparac-
rista. Conversely, Oklatheridium has the deepest ectoflexus
among deltatheroidans, as well as the greatest width disparity
between the parastylar and metastylar lobes. The postmetac-
rista is very strongly developed, as in other deltatheroidans,
but the crest is oriented more directly labiad. The metacone in
Oklatheridium is lower than the paracone, but the height dif-
ference is relatively much less than in other taxa. The proto-
cone and conules of Oklatheridium are much better developed
than in any other deltatheroidan; though Sulestes has strong
conules, the protoconal region is relatively narrow.

The third upper molar locus of each of the Tomato Hill taxa
suggests the presence of a fourth molar, as noted earlier, but
in each taxon the expected morphology of that fourth molar is
quite distinct (Figure 1.8). The M3 referred to Oklatheridium
shows strong reduction of the metastylar lobe, leaving only a
rim labial to the metacone. This condition is seen in other taxa
in which the fourth molar is heavily reduced, with the third
molar assuming the morphology typical of the ultimate molar.
The unique Late Cretaceous (Lancian) marsupial Glasbius
exhibits this condition, with a tiny fourth molar present; this
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condition is also seen in Deltatheridium, where the presence
of the fourth upper molar remained undocumented until
exceptionally complete material became available (Rougier
et al., 1998). The size of the M3 referred to Oklatheridium
indicates that a succeeding molar was present; morphology
of the M3 suggests that the last molar was strongly reduced.
In this respect, the most appropriate model for restoration of
the tooth row is Deltatheridium (Figure 1.8A, B). By contrast,
the M3 assigned to Atokatheridium possesses a very wide
metastylar lobe and a deep ectoflexus that is distinct from
the anterior molars. Morphology indicates that an M4 was
certainly present in this taxon as well. Though loss of the
anterior half of the tooth makes direct comparison with the
other loci impossible, the relative strength of the metastylar
lobe suggests a much larger M4 than would have been present
in Oklatheridium, perhaps more similar to the condition seen
in Deltatheroides (Figure 1.8C, D; see Rougier et al., 2004).

1.3.2  Faunal Comparisons

Vertebrates of the Tomato Hill local fauna are listed in Table
1.1. Many of the 42 taxa known thus far are only identified
to higher taxonomic level, reflecting incompleteness of the
fossils, the fact that many groups remain to be studied, and
the poor state of knowledge regarding Early Cretaceous
terrestrial vertebrates in general. Among mammals, for exam-
ple, only the triconodontid Astroconodon (see Turnbull and
Cifelli, 1999) and the deltatheroidans (Kielan-Jaworowska
and Cifelli, 2001, this study) have received treatment to date,
with the remainder being currently under study. With these
caveats, a few general comments on mammals of the Tomato
Hill local fauna may be made.

The most obvious comparison lies with the two main mam-
mal-yielding sites in the Trinity Group of Texas, both of which
are in reasonably close geographic (and possibly stratigraphic)
proximity (Figure 1.1): Greenwood Canyon (Montague
County) and Butler Farm (approximately 20km to the south,
in Wise County). As noted under “Geological Context”, above,
both of these sites (which, like OMNH V706, no longer exist)
lay within the local uppermost part of the Antlers Formation,
and mammals collected from them are probably somewhat
geologically younger than those of the Tomato Hill local fauna.
A minimum of some eight mammalian varieties is known
from Greenwood Canyon, which is reasonably close to the
estimate for the Tomato Hill local fauna. Similarly, published
reports suggest the presence of at least eight mammalian taxa
at Butler Farm, though the actual number may be closer to six,
if the synonymies suggested in Table 1.3 are verified by further
study. The Greenwood Canyon and Butler Farm faunas are
strikingly similar to each other, even at the species level: the tri-
conodontid Astroconodon denisoni is present in both, as are the
stem boreosphenidans Kermackia texana, Pappotherium pat-
tersoni, and Holoclemensia texana. Indeed, if (as we suspect)
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TaBLE 1.3. Mammals from Greenwood Canyon (Montague County)
and Butler Farm (Wise County), upper Antlers Formation, northern
Texas. References and comments are given in footnotes.

Greenwood Canyon Butler Farm

Eutriconodonta Eutriconodonta
Triconodontidae Triconodontidae
Astroconodon denisoni' Astroconodon denisoni'
Multituberculata Multituberculata

Family uncertain
gen. and sp. indet. (2)?
“Stem Cladotheria”
Spalacotheriidae
Spalacotheroides bridwelli®
Boreosphenida, Order uncertain
Family uncertain
gen. and sp. indet.*>
Kermackiidae
Kermackia texana*
Pappotheriidae
Pappotherium pattersoni*
Holoclemensiidae®
Holoclemensia texana*

Family uncertain
gen. and sp. indet. (2)?

Boreosphenida, Order uncertain
Kermackiiidae
Kermackia texana’
[Trinititherium slaughteril®
Pappotheriidae
Pappotherium pattersoni®
[Slaughteria eruptens]'
Holoclemensiidae
Holoclemensia texana'!

!Patterson (1951), Slaughter (1969), Turnbull and Cifelli (1999).

2Krause et al. (1990).

3Patterson (1955, 1956).

4Butler (1978).

>Passing mention should be made of a partial edentulous dentary, FMNH PM
583, described as an unidentified therian by Patterson (1956, Figures 10, 11), and
later designated as the holotype and only known specimen of Adinodon pattersoni
by Hershkovitz (1995), who placed it in his marsupial family “Marmosidae”. We
follow Cifelli and Muizon (1997) in regarding this as a nomen dubium and, like
Patterson, consider the specimen to represent an interesting but presently uniden-
tifiable “therian of metatherian-eutherian grade” (i.e., stem boreosphenidan).
®Family erected by Aplin and Archer (1987), who followed Slaughter (e.g.,
1968a, b, 1971) in regarding Holoclemensia to be marsupial. Butler (1978)
placed the genus in the Pappotheriidae, within his suprafamilial group (infra-
class) Tribotheria, a collocation of basal tribosphenic mammals. Most sub-
sequent workers (e.g., Kielan-Jaworowska et al., 1979; McKenna and Bell,
1997; Kielan-Jaworowska et al., 2004; but see Fox, 1980; Luo et al., 2003)
have followed Butler in excluding Holoclemensia from Metatheria, but a for-
mal revision remains in the future, and for present purposes we provisionally
recognize Aplin and Archer’s monotypic family Holoclemensiidae.
7Slaughter (1971).

8We follow W. A. Clemens (cited in Butler, 1978: 11) in considering the holotype
and only known specimen of 7. slaughteri, a posterior lower molar (SMP-SMU
61728), to probably represent a positional variant of Kermackia texana, also known
only by a lower molar, though we do not formally synonomize them.

°Slaughter (1965, 1971).

10The holotype and only known specimen of Slaughteria eruptens, a fragment of
dentary bearing four teeth (SMP-SMU 61992), was originally described and illus-
trated by Slaughter (1971, pl. 9) as Pappotherium pattersoni. Butler (1978) erected
the new genus and species Slaughteria eruptens for the specimen, partly on the
strength of Slaughter’s 1971: 137) observation (based on X-rays) that no unerupted
teeth were present in the specimen. Slaughter (1971) considered the first molari-
form tooth of SMP-SMU 61992 to be a molarized last premolar (and therefore evi-
dence of eutherian affinities), whereas Butler (1978) supposed it to be a first molar.
Subsequent study using ultra high-resolution X-ray computed tomography shows
that both interpretations were incorrect: the tooth in question is the last deciduous
premolar (Kobayashi et al., 2002). We follow Slaughter (1971) and Kobayashi
et al. (2002) in regarding the specimen as probably belonging to Pappotherium pat-
tersoni, but do not formally sink Slaughteria eruptens into synonymy.
!Slaughter (1968a, b, 1971).
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the boreosphenidans Slaughteria eruptens and Trinititherium
slaughteri (both from Butler Farm) are junior subjective
synonyms of Pappotherium pattersoni and Kermackia texana,
respectively, then the two mammalian assemblages are identi-
cal, with one exception: the stem cladotherian Spalacotheroides
bridwelli, which is known only from Greenwood Canyon.
Whether or not this is a significant difference is difficult to
judge, especially in light of the tiny, fragile nature of spalaco-
theriid fossils, and the small sample sizes in general. Based on
published reports (Patterson, 1956; Slaughter, 1971; Turnbull,
1971; Butler, 1978), the most characteristic feature of the
Greenwood Canyon—Butler Farm assemblages appears to be the
great abundance of the stem boreosphenidans Holoclemensia
and, to a lesser extent, Pappotherium.

By comparison, current data show that the mammalian
assemblage of the Tomato Hill local fauna is quite differ-
ent. The triconodontid Astroconodon denisoni is shared with
Greenwood Canyon and Butler Farm. However, this species
has a considerable stratigraphic range, as it is also known
from Paluxy Church, one of the stratigraphically lowest verte-
brate sites known in the Twin Mountains Formation (Winkler
et al., 1990, p. 102). In a broader context, occurrence of the
genus Astroconodon is widespread, both geographically and
stratigraphically: it is also known from the?Aptian—Albian of
the Cloverly Formation, Wyoming and Montana (Cifelli et al.,
1998), and from near the Albian—Cenomanian (Early—Late
Cretaceous) boundary in the Cedar Mountain Formation,
Utah (Cifelli and Madsen, 1998).

Two other mammalian varieties possibly shared between
the Tomato Hill local fauna and the Texas sites are the
aforementioned Spalacotheroides (a stem cladotherian)
and Pappotherium (a stem boreosphenidan), both of which
are tentatively identified by rare, incomplete fossils from
OMNH locality V706. Unfortunately, the holotype of
Spalacotheroides bridwelli (the only species known for the
genus), which consists of a dentary fragment bearing an
incomplete molar (FMNH PM 933, see Patterson, 1955,
Figure 145), is not particularly diagnostic, owing to recent
discovery of a number of other spalacotheriids with similar
lower molars (see review by Cifelli and Madsen, 1999).
Identification of Pappotherium in the Tomato Hill local
fauna is based on a heavily worn, incomplete upper molar,
and should be regarded as tentative.

The most important difference between the mammalian
assemblages from Butler Farm and Greenwood Canyon
on one hand, and the Tomato Hill local fauna on the other,
concerns the presence and relative abundance of boreosphe-
nidans. Whereas the Butler farm and Greenwood Canyon
faunas are dominated by Holoclemensia (especially) and
Pappotherium, these are rare at Tomato Hill, where most of
the boreosphenidan fossils are referable to the two deltath-
eroidans Atokatheridium boreni and Oklatheridium szalayi.
Given the limited data at hand, the source(s) of these faunal
differences (geological age, paleoecology, or both) cannot be
identified at present.
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1.3.3 Deltatheroida In Space and Time
1.3.3.1 North America

With the exception of a few fossils from the Neocomian Lakota
Formation of South Dakota (Cifelli and Gordon, 2005), no
mammals older than Aptian—Albian age are known from the
Early Cretaceous of North America. Hence, Atokatheridium
and Oklatheridium are, by default, the oldest deltath-
eroidans known from the continent. Among boreosphenidans,
the Aptian—Albian record from North America otherwise
consists of “tribotheres” (e.g., Holoclemensia, Pappotherium,
Kermackia, see Butler, 1978 and comments above) and a
single eutherian, Montanalestes (Cifelli, 1999). Beginning at
the Early—Late Cretaceous boundary, North American assem-
blages became dominated by marsupials (Cifelli and Davis,
2003; Cifelli, 2004), with occasional “tribotheres” also present
(e.g., Fox, 1972, 1976, 1980, 1982; Clemens and Lillegraven,
1986); eutherians did not reappear until the late Santonian or
early Campanian (Fox, 1984), and did not diversify appreci-
ably until the late Maastrichtian (e.g., Lillegraven, 1969).
Following the Aptian—Albian, the next possible deltatheroidan
is from the Turonian part of the Straight Cliffs Formation,
southern Utah, represented by a relatively large but incom-
plete lower molar (Cifelli, 1990a). The only other specimens
of deltatheroidans from the Cretaceous of North America
were reported by Fox (1974), who identified an upper molar
(Scollard Formation, late Maastrichtian, Alberta) and three
lowers or parts thereof (Oldman Formation, late Campanian,
Alberta; Lance Formation, late Maastrichtian, Wyoming) as
cf. Deltatheroides sp. Rougier et al. (2004) considered the
upper molar, at least, unidentifiable to genus, and we follow
their judgment. In a strict consensus tree resulting from the
analysis of Rougier et al. (2004), this upper molar came out
as part of an unresolved tetrachotomy with Arokatheridium,
Deltatheridium, and Deltatheroides; the four collectively
forming a sister taxon to Sulestes within Deltatheroida.

1.3.3.2 Asia

The geologically oldest boreosphenidans of Asia come from
the Barremian of Liaoning Province, China. The two best
known are Eomaia scansoria and Sinodelphys szalayi, referred
to Eutheria and Metatheria, respectively (Ji et al., 2002; Luo
et al., 2003). Through the remainder of the Cretaceous, the
boreosphenidan fauna of Asia was dominated by eutherians,
and in this respect it differs markedly from North American
assemblages for this time interval (e.g., Lillegraven, 1974;
Cifelli, 2000; Cifelli and Davis, 2003).

The antiquity of Deltatheroida in Asia is debatable.
Excluding Kielantherium (see above), which is from the
?Aptian—Albian “Ho6vor Beds”, Mongolia (Dashzeveg and
Kielan-Jaworowska, 1984), the next geologically oldest taxa
that have been referred to Deltatheroida are of Cenomanian
age. Both of these, Oxlestes grandis (from the Khodzhakul
Formation, Uzbekistan, see Nessov, 1982; Nessov et al.,



1. Earliest Evidence of Deltatheroida

1994) and Khuduklestes bohlini (Gansu Province, China,
geological unit unknown see Nessov et al., 1994), are based
on axis vertebrae and were referred to Deltatheroida on the
basis of their relatively large size. Neither of these constitutes
a verifiable record of the group, and we follow Rougier et al.
(2004) in dismissing them from further consideration.

The geologically oldest, generally accepted records of del-
tatheroidans in Asia come from Coniacian strata in the Bissekty
Formation at Dzharakuduk, Uzbekistan. Sulestes (represented
by S. karakshi Nessov 1985 and Sulestes sp., see Kielan-
Jaworowska and Nessov, 1990), known by a maxilla fragment
with M1-2 and a referred lower molar, is relatively advanced,
despite its geological age; as noted, Rougier et al. (2004) place
it as sister taxon to remaining deltatheroidans. Deltatherus
kizylkumensis was initially placed in Deltatheroides by Nessov
(1993), but later transferred to its own genus (Nessov, 1997).
The only informative specimens are two lower molars, one
of which was illustrated by Kielan-Jaworowska et al. (2004,
Figure 12.7C). We accept Deltatherus as a deltatheroidan and
included it within the family Deltatheridiidae, but cannot com-
ment further on its affinities. Finally, the geologically youngest
and incomparably best known deltatheroidans come from beds
of probable Campanian age in Asia. These are Deltatheroides,
from the? early Campanian (and possibly younger strata) in
Mongolia (Gregory and Simpson, 1926; Kielan-Jaworowska,
1975; Rougier et al., 2004); and Deltatheridium, known from
the? early through? late Campanian of Mongolia (D. pretritu-
berculare, Gregory and Simpson, 1926; Kielan-Jaworowska,
1975; Rougier et al., 1998) and the Campanian of Kazakhstan
(D. nessovi, see Averianov, 1997).

1.3.3.3  Origin and Dispersal of Deltatheroida

Ever since Deltatheroida were given ordinal status and
recognized as being amonophyletic clade (Kielan-Jaworowska,
1982), they have been recognized as a mainly Asiatic group.
Given the perceived similarity of Deltatheroides-like fossils
described by Fox (1974) to the Mongolian form, presence of
the group in North America could be reasonably explained
by immigration from Asia, probably not long before first
occurrence of relevant fossils. Though specimens from the
Gobi Desert remain indisputably the most complete and
abundant, the waters have become considerably murkier with
the discoveries of the past 2 decades. Summing up evidence
then available, Cifelli (2000) concluded that Deltatheroida
dispersed twice between North America and Asia. A
significant result of the analysis by Rougier et al. (2004) is
that known distribution of the group may be explained by a
single dispersal between the two continents.

Where did Deltatheroida originate? Data at hand are insuf-
ficient for anything more than speculation: the answer may
be summarized as “source unknown”. If pressed to speculate,
however, we are inclined to favor a North American origin
for deltatheroidans, as suggested by Rougier et al. (2004).
This group of elegant little carnivores first appeared in North
American Aptian—Albian, antedating their appearance in Asia.
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New data presented above also show that there was some
morphological diversity, at least, among deltatheroidans in
the Aptian—Albian of Oklahoma.

Though rare and poorly represented, Deltatheroida appear
to have been continuously present in North America from the
Aptian—Albian until nearly the end of the Cretaceous, and
in Asia from the Coniacian through the ?late Campanian,
at least. Hence, the minimum age constraint for dispersal to
Asia is Coniacian. Occurrences of several other boreosphe-
nidan groups are germane here, though they provide little in
the way of clarification. Stratigraphic distributions suggest the
following examples: marsupials (stem-based definition, see
Kielan-Jaworowska et al., 2004) appeared in North America
no later than the Albian—Cenomanian boundary (Cifelli, 2004)
and appeared in Asian no later than Coniacian (Averianov and
Kielan-Jaworowska, 1999); Ungulatomorpha were present in
Asia by the Cenomanian or Turonian (Setoguchi et al., 1999),
were diverse on the continent by the Coniacian (Nessov et al.,
1998), and had appeared in North America by the late Campanian
(Cifelli, 2000) or, perhaps, as early as Santonian (Nessov et al.,
1998); and the ?nyctitheriid lipotyphlan Paranyctoides appears
to have been present in Asia by the Coniacian (Nessov, 1993;
Archibald and Averianov, 2001), whereas its first appearance in
North America is late Santonian or early Campanian (Fox, 1984;
Cifelli, 1990b). Though these distributions do not provide much
in the way of constraints, they do suggest the working hypoth-
esis that a mammalian dispersal event between North America
and Asia may have occurred sometime between the Early-Late
Cretaceous boundary and the Coniacian, and that Deltatheroida
may have dispersed between the continents during this interval.
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2.1 Introduction
Kangaroos (Macropodoidea: Marsupialia) are a characteristic
group of Australo-New Guinean mammals that diversified dur-
ing the geographic isolation of the Australian continent in the
Cenozoic. They are first recorded in the Late Oligocene, although
the clade diverged from other diprotodontians around 38 million
years ago (mya; Westerman et al., 2002), with early forms per-
haps resembling small arboreal ‘phalangerids’ (Flannery, 1982).
Living macropodoids vary widely in body size (<500¢g in
Hypsiprymnodon to >60kg in larger species of Macropus),
and show a high degree of ecological diversity. They include
forms specialized for climbing (e.g., Dendrolagus), bur-
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rowing (e.g., Bettongia leseur), and occupation of closed
rainforest/woodland (e.g., Hypsiprymnodon, Setonix) through
to open temperate/tropical and/or arid zone grassland (e.g.,
Macropus). Despite this variability, the appendicular skeleton
of macropodoids is remarkably conservative with all mem-
bers of the group showing similar modifications (particularly
in the long bones of the hind limb, tarsus, and pes) favoring a
bipedal hopping gait. Windsor and Dagg (1971) standardized
terminology for kangaroo locomotion designating ‘slow pen-
tapedal progression’ as that involving synchronous use of the
limbs and tail (present in all macropodoids and extensively
used by species of Dorcopsis; Bourke, 1989), ‘walking’ as a
gait involving asynchronous use of all limbs (confined to spe-
cies of Dendrolagus; Windsor and Dagg, 1971), ‘quadrupedal
bounding’ as movement employing synchronous use of all
limbs (present in species of Dendrolagus, Windsor and Dagg,
1971; Flannery et al., 1996; and H. moschatus, Johnson and
Strahan, 1982), and bipedal hopping characterized by syn-
chronous use of the hind limbs only (used at high speeds by
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all Recent macropodoids except H. moschatus; Johnson and
Strahan, 1982).

The macropodoid taxa studied in this paper (Appendix) can
be placed within four major family-level clades (Balbaridae,
Hypsiprymnodontidae, Potoroidae and Macropodidae; see
Kear and Cooke, 2001) each of which exhibits a range of
characteristic locomotor strategies. The first of these, Balbaridae,
is an extinct Oligo-Miocene group of basal macropodoids that
is thought to have used slow quadrupedal bounding as their pri-
mary gait (Cooke and Kear, 1999). The presence of an oppos-
able first toe, together with a high degree of lateral flexibility
in the foot and robust fore limbs, is also potentially indicative
of climbing ability (Cooke and Kear, 1999). The record of
confidently attributed balbarid appendicular elements is scant,
and most inferences about locomotor behavior are drawn from
a single near complete skeleton (representing a new species
of Nambaroo from Riversleigh, northwestern Queensland; see
Cooke and Kear, 1999). However, because of the close similari-
ties with living hypsiprymnodontids, a potential analogue for
the locomotor habits of extinct balbarids is available. Modern
hypsiprymnodontids are represented by the single species
Hypsiprymnodon moschatus (Hypsiprymnodontinae); a small
plesiomorphic macropodoid currently restricted to the tropical
rainforest areas of northeastern Australia (Johnson and Strahan,
1982). However, the fossil occurrences of hypsiprymnodontids
are geographically widespread (as far as southeastern Australia)
indicating a broader distribution during the mid-late Tertiary
(Flannery and Archer, 1987; Flannery et al., 1992; Wroe,
1996). Locomotor behavior in extant hypsiprymnodontids
(H. moschatus) is characterized by consistent use of quadrupedal
bounding at both high and low speeds (Johnson and Strahan,
1982). This contrasts with most other living macropodoid
groups (Macropodidae, Potoroidae), which predominantly
employ both slow pentapedal locomotion during feeding and
full bipedal hopping at higher speeds. However, some nota-
ble exceptions include the potoroos (Potorous: Potoroidae:
Potoroinae), which, like hypsiprymnodontids, mainly use
quadrupedal bounding (not incorporating the tail) at slower
speeds (see Buchmann and Guiler, 1974), and tree kangaroos
(Dendrolagus: Macropodidae: Macropodinae), which utilize an
asynchronous walk when moving along branches and/or climb-
ing (Windsor and Dagg, 1971). Some intriguing fossil taxa are
also thought to have employed distinctive locomotor strategies.
For example, Plio-Plesitocene sthenurines (Macropodidae),
a group that includes some of the largest kangaroos (e.g.,
Procoptodon ~2.5m high), have been interpreted as special-
ized high level browsers that habitually used bipedal hopping
at the expense of quadrupedal and/or pentapedal gaits (Wells
and Tedford, 1995).

Considerable work has been devoted to the structure and
function of the limb skeleton in marsupials (e.g., Elftman,
1929; Jenkins, 1971; Van Valkenburgh, 1987; Szalay, 1994).
A number of contributions have also discussed functional
aspects in fossil taxa (e.g., Finch and Freedman, 1988;
Munson, 1992; Muizon, 1998; Szalay and Sargis, 2001; Argot,
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2001, 2002, 2003a, b, 2004). For macropodoids, research has
focused largely on functional analysis of particular species or
clades (e.g., Flannery, 1982; Bishop, 1997; Ride et al., 1997;
Kear et al., 2001a, b), but as yet few studies have investigated
broad-scale evolutionary trends in the group as a whole.

The purpose of this study is to examine the relationship
between locomotor strategy and proportional changes in the
proximal limb bones and metatarsals of a range of modern
and extinct macropodoids using morphometric analyses. In
addition, trends in hind limb evolution through time are inves-
tigated, firstly using only observations on extant taxa and infer-
ring ancestral conditions on dated molecular phylogenies, and
secondly by adding information from the fossil record. The
results suggest that incorporating fossils can drastically change
inferences about past diversity and evolutionary trends.

2.2 Materials and Methods

One hundred and eighty-six specimens belonging to 44 spe-
cies of macropodoids (Appendix) were included together
with a phalangerid (7richosurus vulpecula), phascolarctid
(Phascolarctos cinereus), and vombatid (Vombatus ursinus),
which served as outgroups. Material was derived from col-
lections of the South Australian Museum, Museum Victoria,
Australian Museum, Queensland Museum, and University of
New South Wales. Measurements for some fossil taxa were
also derived from the literature; these include Sthenurus
tindalei (Wells and Tedford, 1995), Procoptodon goliah
(Tedford, 1967), Protemnodon tumbuna (Menzies and Ballard,
1994), and Macropus mundjabus (Flannery, 1980). All skel-
etal remains examined were from adults and only articulated
or definitively associated fossil elements were used.

A set of three measurements for the maximum lengths of the
long bones were taken for each specimen using digital calipers
(where <150mm) to the nearest 0.01 mm, or steel tape (where
>150mm) to the nearest 0.1 mm. Mean and standard deviation
values for each species are reported in the Appendix.

(1) Femur length (FL) was the distance from the distal apex
of the greater trochanter to the distal point of the femoral
condyles.

(2) Tibia length (TL) was the distance between the proximal
and distal articular surfaces of the tibia.

(3) Metatarsal IV length (MtL) was the distance between the
proximal and distal articular surfaces of metatarsal IV.

Measurements were combined into two functional indices
derived from the literature (see Howell, 1944; Hildebrand,
1985, 1988; Finch and Freedman, 1988; Garland and Janis,
1993; Christiansen, 2002). These represent indicators of pri-
mary locomotor habits.

(1) Femoro-tibial index (T/F = [TL/FL] x 100) is the tibia
length divided by the femur length. It gives a measure of
proportional change in the proximal limb elements.
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(2) Femoro-metatarsal index (Mt/F = [MtL/FL] x 100) is the
longest metatarsal (metatarsal IV in macropodoids) length
divided by the femur length. This gives an indication of
proportional change in the metapodials relative to the
propodial part of the limb.

To test for potential correlations between limb bone lengths
and inferred primary locomotor strategy, measurements were
log-transformed and regression lines fitted to the data using
standard least-squares. Tibia and metatarsal lengths were arbi-
trarily treated as the dependent variables. Regression analyses
were carried out using Prism 4.0a, which also provided 95%
confidence intervals (CI) for the slopes.

The relationships between limb bone length, locomotion,
and phylogeny was examined using the functional index
(T/F, Mt/F) values, which were averaged for each species
(Appendix) and optimized onto dated phylogenies based on
molecular and fossil information. The most common molecule
sequenced for macropodoids is a ~2.5kB region of mtDNA
spanning 128, valine tRNA, and 16S rRNA. Eighteen of the
living species measured above have been sequenced for this
gene. The other widely sequenced molecule, protamine P1,
was not used, as it was available for fewer taxa and produced
poorly resolved trees (see Westerman et al., 2002). Alignments
followed Westerman et al. (2002). The arrangement for these
18 taxa found in the larger taxon set of Westerman et al.
(2002) was used to infer branch lengths (analyses of the 18
taxa alone yielded a very similar topology). Branch lengths
were inferred using PAUP (Swofford, 2000) and the optimal
model selected by hierarchical likelihood ratio tests (Posada
and Crandall, 1998), the GTRig model. As the chi-squared
test detected no significant rate heterogeneity (P > 0.05),
the molecular clock constraint was enforced to generate an
ultrametric tree. This was calibrated to absolute time using
the first calibration point used by Westerman et al. (2002);
this is one of the most robust and precise calibration points
for macropodoids. Purtia has traditionally been considered a
primitive member of the potoroine (Bettongia + Aepyprymus)
clade and occurs in late Oligocene deposits around 24 my old
(see Case, 1984; Woodburne et al., 1993). Accordingly, we
set the potoroine-macropodine split at 25 mya. The other fos-
sil Westerman et al. (2002) used to date this divergence, the
putative basal macropodine Nambaroo, has been reinterpreted
as a basal macropodoid (Kear and Cooke, 2001) and thus can
no longer be used to date this split. However, the ~23 my old
(early Miocene) Ganguroo is a true basal macropodid, further
supporting the interpretation that this split occurred at least
24 mya but not much earlier. Based on these two calibration
fossils, the branch lengths of the ultrametric tree were scaled
with Mesquite (Maddison and Maddison, 2003) so that the
depth of the potoroine-macropodine split was 25; branch
lengths throughout this rescaled tree thus represented millions
of years. This tree is hereafter termed the ‘extant tree’.

Fossil lineages were then added to the ‘extant tree’, to
generate the ‘full tree’. Purtia and Gangaroo were assumed

to insert low on the potoroine and macropodine stem line-
ages (diverging at 24 mya), due to their plesiomorphic char-
acteristics. Within sthenurines, the split between Sthenurus
tindalei and S. stirlingi was set at 1.4mya, the split between
S. andersoni and the previous two species at 3.5mya, and
the split between Procoptodon and Sthenurus at 4.2 mya (see
Prideaux, 2004). In the absence of more precise informa-
tion, other fossil taxa are assumed to have diverged mid-way
along the branch connecting relevant extant taxa. For exam-
ple, Nambaroo is a sister taxon to all other macropodoids
(sensu Balbaridae; Cooke and Kear, 1999; Kear and Cooke,
2001), and is assumed to have diverged mid-way along the
stem leading from the outgroups to macropodoids. The three
species of Protemnodon diverged along the stem leading to
derived macropodines (Dawson, 2004), Macropus mundjabus
diverged along the stem leading to M. giganteus (Flannery,
1980), and the sthenurine clade diverged along the stem lead-
ing to the Wallabia-Macropus clade (e.g., Szalay, 1994).

For each of the two trees (extant and full) and for each of
the two traits (T/F and Mt/F), the values for each species (ter-
minal branches) were used to infer ancestral conditions along
internal branches (extinct ancestral lineages) with square-
change parsimony (Huey and Bennett, 1987) in Mesquite
(Maddison and Maddison, 2003). The other available option
in Mesquite, linear parsimony, appears less reliable (Webster
and Purvis, 2001) and was not employed. The trends through
time were then examined by plotting the inferred values of
lineages passing through each time slice. This was done for
the extant and full trees to investigate the effects of adding
fossil taxa on inferences of past diversity. The fossil taxa
contribute the only direct observations for the past, and could
also potentially change the inferred values for other (internal)
branches, which are not directly observed.

2.3 Results

2.3.1 Regression Analyses of Hind
Limb Bone Lengths

Both tibia (Figure 2.1A) and metatarsal IV lengths (Figure
2.1B) were found to scale differently with femur length in
bipedal saltating, and in obligate quadrupedal diprotodontians
(see Table 2.1). When tibia length is plotted against femur
length, the regression slope is >1 in bipedal saltators, and
not significantly different from 1 in quadrapeds. This implies
strong positive allometry in tibia length in hopping forms,
and corroborates the conclusions of others including Windsor
and Dagg (1971), who noted that tibia length in particular
increased in proportion to that of the femur in larger-bodied
macropodoids. Furthermore, for the size ranges considered
here, the hopping forms had consistently longer tibiae (rela-
tive to femur length) than did the quadrapeds. When metatar-
sal IV length is plotted against femur length, the regression
slopes for both bipedal and quadrapedal taxa do not differ
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FIGURE 2.1. Regression plots of, A, log tibia versus log femur, B,
log metatarsal IV versus log femur, and C, log metatarsal IV versus
log tibia lengths, showing close fit of standard regression lines to the
data for consistently bipedally saltating (), and consistently quadru-
pedal (0) macropodoid taxa.

from 1, suggesting that metatarsal IV scales approximately
isometrically in both groups. However, as before, for the size
ranges considered here, the hopping forms had consistently
longer metatarsals (relative to femur length) than did the
quadrupeds. These results suggest that high tibia or metatarsal
IV lengths correlate with locomotor mode.
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2.3.2 Comparison of Index Values
In Macropodoids

2.3.2.1 Femoro-Tibial Index

Amongst mammals, high T/F values (around 100-200) are
traditionally correlated with adaptations towards bipedal
saltating gaits (Finch and Freedman, 1988). This trend is
evident in the present sample, which indicates that kanga-
roos of all body sizes consistently have T/F values >100
(see Appendix). The ougroup taxa generally fall below
this range (e.g., Vombatus ursinus, 74.8; Phascolarctos
cinereus, 77.8), although the primarily arboreal phalang-
erid Trichosurus vulpecula (101.3) does exhibit tibia/femur
proportions similar to some ‘short-legged’ kangaroo taxa
(most notably tree kangaroos; e.g., Dendrolagus bennettita-
nus, 101.8). This is significant given that phalangerids are
thought to be closely related to macropodoids (Aplin and
Archer, 1987; Kear and Cooke, 2001), and indeed utilize a
high speed quadrupedal bound similar to that of some more
plesiomorphic kangaroos when moving about on the ground
(Goldfinch and Molnar, 1978).

Within Macropodoidea, the lowest values occur in tree
kangaroos (ranging from 101.1 in Dendrolagus matschei to
109.1 in D. goodfellowi) in which the tibia and femur show
little differentiation in relative length. Similar T/F proportions
also occur in some species of the consistently pentapedal (see
Windsor and Dagg, 1971) Dorcopsis (D. atrata, 109.8), and
in the New Guinean Plio-Pleistocene species of Protemnodon
(105.8 in P. hopei, 107.8 in P. tumbuna). Murray (1991)
suggested that Protemnodon might have been a ‘low-geared’
macropodid, favouring slower speed locomotor modes, and
requiring considerable energy expenditure and distance to
achieve high-speed saltation. The only other macropodoid
to exhibit markedly low T/F values is Sefonix brachyurus
(108.2). Windsor and Dagg (1971) noted that this species
also utilizes a quadrupedal bounding gait similar to that of
Dendrolagus.

The plesiomorphic Hypsiprymnodon moschatus (110.6)
has T/F values close to those of Potorous tridactylus (117.6)
and the Riversleigh Nambaroo (Balbaridae) species (113.9).
Both H. moschatus and species of Potorus are known to
be habitual quadrupedal bounders (Buchmann and Guiler,
1974; Johnson and Strahan, 1982), and a similar locomotor
strategy has been suggested for balbarids (Cooke and Kear,
1999).

T/F values are also comparable in Recent bipedal saltating
potoroines (123.9 for Aepyprymnus rufescens, 126.9 for species
of Bettongia) and the enigmatic Oligo-Miocene taxon Purtia
(121.2). Whether this relationship reflects similar locomotor
habits or ecology is unclear. Notably, however, Purtia has been
considered an early potoroid (Case, 1984), although Kear and
Cooke (2001) have alternatively suggested affinity with the
extinct macropodid subfamily Bulungamayinae.

Some species of the small forest-dwelling Dorcopsis
(Dorcopsis sp., 121.7; D. luctosa 119.1) and Thylogale (120.3
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TaBLE 2.1. 95% confidence intervals (significance level set at P < or = 0.05) derived from standard least squares regression analyses of log
limb bone lengths for bipedally saltating, and consistently quadrupedal (including pentapedal locomotors; see Introduction for gait defini-

tions) macropodoid and outgroup diprotodontian taxa.

Consistent saltating bipeds

Consistent quadrupeds

Regression analysis 95% CI P 95% CI P
Log tibia length versus log femur length 1.157 to 1.311 <0.0001 0.7681 to 1.144 <0.0001
Log metatarsal IV length versus log femur length 0.8832 to 1.185 <0.0001 0.4134 to 1.262 0.0008
Log metatarsal IV length versus log tibia length 0.7731 to 0.9420 <0.0001 0.6463 to 1.276 <0.0001

in T. billiarderii, 124.9 in T. thetis) have values comparable
to those of potoroines. Dorcopsis in particular has an unusual
locomotor mode, favouring slow pentapedal progression
with the tail used as an arched prop rather than laying flat
on the ground (Bourke, 1989). However, both Dorcopsis and
Thylogale regularly use bipedal hopping at higher speeds (as
in potoroines; see Bourke, 1989; Strahan, 1998), and it is
probably this habitus that is reflected in the elongation of the
tibia relative to the femur (a feature thought to be intimately
linked to the use of more efficient high speed bipedal progres-
sion; Windsor and Dagg, 1971).

The majority of both fossil and Recent macropodids
have high T/F values. Most modern macropodines have
means >126 (e.g., 126.7 in Petrogale penicillata to 185.5
in Macropus fuliginosus), reflecting their consistent use of
high-speed bipedal hopping. Interestingly, the bulungamayine
Ganguroo bilamina also falls within this range (143.2), sug-
gesting that some of the hind limb adaptations necessary for
effective bipedal saltation may have already evolved within
the macropodid clade by at least the early Miocene.

The Plio-Pleistocene species of Protemnodon (Macropodinae)
show considerable disparity in their T/F values. For example,
those of the large-bodied P. anak from southeastern Australia
(152.4) are comparable to modern Macropus species (see
Appendix), whereas the New Guinean P. hopei and P. tumbuna
show values (see above) closer to those of tree kangaroos
(Dendrolagus). Such high variability within a single genus is
surprising, but is consistent with recent indications of taxonomic
diversity within the clade (Dawson, 2004). In terms of loco-
motor behavior, this suggests that the species of Protemnodon
were adapted for a number of primary gait types, ranging from
quadrupedal bounding (P. hopei and P. tumbuna) to full bipedal
hopping (P. anak). This may have occurred in response to differ-
ing habitat preferences between individual species, with some
(e.g., P anak) favoring more open woodland and grassland
environments (typifying southern mainland Australia in the Late
Pleistocene; Macphail, 1997), as opposed to closed dense forest
conditions (i.e., New Guinea) in which quadrupedal progression
enables easier directional changes when moving among obsta-
cles covering the ground (Windsor and Dagg, 1971).

The highest T/F values within Macropodoidea occur within
the extinct giant Plio-Pleistocene sthenurines (Macropodidae).

These include species of Sthenurus (approximating some of
the larger macropodines in size; Wells and Tedford, 1995),
which has values (S. tindalei, 154.9; S. stirlingi, 172.4;
S. andersoni, 178.1) comparable to Macropus (see Appendix),
and Procoptodon goliah, which has the highest T/F values of
any macropodoid tested (189.1). Wells and Tedford (1995)
suggested that Sthenurus might have been a habitual bipedal
hopper with little or no dependence on pentapedal or quadru-
pedal movement. Similarly, Procoptodon is thought to have
been specialized for bipedal progression (Murray, 1991).
Indeed, the extreme elongation of the hind limb bones in both
Sthenurus and Procoptodon is likely to have conferred some
selective advantage towards this habitus by increasing stride
length (critical for bipedal hopping at larger body sizes; see
Windsor and Dagg, 1971) and/or height when standing erect
for browsing.

2.3.2.2 Femoro-Metatarsal Index

As with the T/F index, bipedal hopping mammals are known
to show consistent Mt/F values ranging from around 40 to 60
(Howell, 1944; Finch and Freedman, 1988). This trend is also
evident in the present sample, with most macropodoids scoring
between 45 and 65 (see Appendix). Notably, however, some
taxa, namely the habitually quadrupedal species of Dendrolagus
(D. matschei, 27.3; D. goodfellowi, 29.6; D. lumholtzi, 33; D.
bennettitanus, 34.7) and Dorcopsis (D. atrata, 29.6; D. luctosa,
34.9; Dorcopsis sp., 37.1), H. moschatus (30), S. brachyurus
(38.1), the Oligo-Miocene Purtia (36.6), and the enigmatic
species of Protemnodon (P. tumbuna, 26; P. hopei, 30; P. anak,
35.4), have considerably lower values. Despite this, these figures
are still significantly higher than any of those for the outgroup
taxa (V. ursinus, 15.8; P. cinereus, 21.2; T. vulpecula, 21.6), sug-
gesting that marked metatarsal elongation may be a common
feature shared by all macropodoids.

Most other Recent and fossil potoroids and macropo-
dids in the present study have values that fall within the
expected range for bipedal saltators (see Appendix). Taxa
with significantly higher values include the larger-bodied
species of Macropus (M. giganteus, 60.4; M. parryi, 62.3; M.
Suliginosus, 63; M. rufus, 63.5) and the giant Late Pleistocene
sthenurine P. goliah (65). Interestingly, the small ‘wallaby-
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sized’ (see Kear and Cooke, 2001) Oligo-Miocene bulun-
gamayine G. bilamina (63) and balbarid Nambaroo (63.3)
also have Mt/F values comparable to these large bipedal
macropodids. This is unusual given that both these small-
bodied taxa are thought to have utilized a considerable degree
of quadrupedal movement in their primary gaits (Cooke and
Kear, 1999; Kear et al., 2001a). Regardless of these conflict-
ing locomotor strategies and body sizes, the presence of high
MU/F values in a number of independent macropodoid taxa
is important because it indicates that elongate metatarsals
evolved several times (perhaps in response to similar environ-
mental constraints) in a number of kangaroo groups during
the late Oligocene to Recent.

2.3.3 Trends Through Time

The reconstructed, least-squares values for T/F and Mt/F on
all branches in the ‘extant tree’ are shown in Figure 2.2A.
On each branch, the lower number (in italics) is the T/F
value, and the upper number (in plain text) is the Mt/F value.
The reconstructed values for each branch in the ‘full tree’ are
shown in Figure 2.2B, using the same notation. The trends
through time, namely the inferred values for all lineages exist-
ing at each given time slice, are also plotted. The trends through
time for T/F are shown in Figure 2.3A (inferred using the
‘extant tree’) and in Figure 2.3B (inferred using the ‘full tree’).
Similarly, trends through time for Mt/F are shown in Figures
2.3C and 2.3D (extant and full trees, respectively).

2.4 Discussion

2.4.1 Limb Proportions Versus Locomotion
and Ecology

Macropodoids have been a ubiquitous element of the
Australian mammal fauna since at least the late Oligocene
(Cooke and Kear, 1999). Their characteristic adaptation to
bipedal hopping has led to a number of important modifications
in the hind limb skeleton, particularly elongation of the femur,
tibia, and metapodium. Windsor and Dagg (1971) examined
the relationship between limb morphology and movement,
recognizing that kangaroos employ a number of primary loco-
motor strategies (i.e., walking, slow pentapedal progression,
quadrupedal bounding, and bipedal hopping), and that these
vary considerably according to habitat preference. Importantly,
they found no reliable correlation between bipedal hop pat-
tern and relative lengths of the femur and tibia; however,
tibia length was reported to increase over that of the femur in
larger-bodied taxa. This is confirmed by the present analysis,
which shows that T/F values do not differ greatly between
bipedal saltators, although they do tend to reach a maximum
in the largest species tested (e.g., P. goliah; see Figure 2.2).
Conversely, Mt/F values fail to conform to a similar pattern,
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instead varying widely between body sizes, major clades, and
in taxa through time (Figure 2.3C, 2.3D).

Although unable to discern between bipedal hop patterns,
the T/F (and to a lesser degree Mt/F) values recorded here do
seem to reflect major differences in primary gait, especially
between quadrupedal taxa (which tend to have low scores)
and habitual bipedal saltators. In addition, these figures
correlate well with preferred habitat in extant taxa (where
discernable); primarily quadrupedal macropodoids (e.g.,
H. moschatus, S. brachyurus, and species of Dendrolagus)
generally occupying more densely vegetated environments
(see Windsor and Dagg, 1971). However, this trend is less
evident in the fossil taxa where low T/F forms such as the
apparently quadrupedal New Guinean Protemnodon tum-
buna and P. hopei, and the Riversleigh Nambaroo species,
correlate with a range of interpreted paleohabitats including
closed rainforest to alpine grassland (e.g., Flannery, 1992,
1994; Megirian, 1992; Hope et al., 1993; Archer et al., 1997,
Archer et al., 2001; Guerin, 2004).

Some early fossil forms (e.g., the Oligo-Miocene G.
bilamina, Purtia sp.) show high T/F and Mt/F values well
within the range of modern bipedal saltators. This suggests
that like today, ancient macropodoids probably exhibited a
wide variety of locomotor strategies (including quadrupedal
bounding to habitual bipedal saltation), and thus were proba-
bly able to occupy a similar spectrum of habitats. Indeed, such
locomotor diversity, which appears to have been established
in a range of taxa (e.g., quadrupedal balbarids and bipedal
bulungamayines) by at least the early Miocene, might have
facilitated the successful diversification of modern kangaroos
(including macropodines and sthenurines, which replaced
many of these earlier forms) into the mosaic of open forest
and grassland environments that spread across the Australian
continent after the onset of aridity in the Miocene-Pliocene
(Megirian, 1992; Macphail, 1997; McGowran and Li, 2002).

2.4.2 Limb Proportions Versus Phylogeny

As comparison of Figures 2.2A and 2.2B clearly shows,
incorporation of fossil taxa demonstrably changes the inferred
T/F and MUtF values for internal branches within macropo-
doids. This effect is more evident in Mt/F than T/F values. The
results for Mt/F will therefore be discussed below; however a
similar (but weaker) pattern is also found in the T/F results.
Amongst currently living taxa, high (>60%) Mt/F values are
restricted to three species of Macropus (M parryi, M. gigan-
teus, M. rufus); consideration of extant taxa alone would thus
suggest that this condition evolved fairly recently (<1 mya),
with all early lineages having low inferred proportion values.
However, some basal fossil macropodoids (Nambaroo and
Gangaroo) have unexpectedly high Mt/F values. Addition
of these fossils to the analysis (1) adds lineages with directly
observed high Mt/F values to the basal parts of the tree,
and (2) increases the inferred values of nearby internal
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FIGURE 2.2. Macropodoid phylogenies showing reconstructed least-squares values for T/F and Mt/F. A, ‘extant tree’ (fossil taxa excluded), B, “full

tree’ (fossil taxa included). On each branch, the lower number (in italics)

branches. In the ‘extant tree’ (Figure 2.2A), the inferred
value of the branch leading to crown-clade macropodoids
(Hypsiprymnodon upwards) is 36.6. The inferred value for
the same branch increases to 45.5 with the incorporation of
the fossil taxa. When plotted through time, the differences

is the T/F value, and the upper number (in plain text) is the Mt/F value.

in the trends implied by the extant and full phylogenies are
striking (see Figures 2.3C, 2.3D). Consideration of extant
species alone suggests that low Mt/F values (<37%) charac-
terized all early macropodoid lineages, and that high Mt/F
values (>40%) evolved only recently (around 25 mya) within
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FIGURE 2.3. Plots of reconstructed least-squares values for T/F and Mt/F at each node versus time. A, T/F values inferred using ‘extant tree’;
B, ‘full tree’. C, Mt/F values inferred using ‘extant tree’; D, ‘full tree’. Horizontal lines at T/F value 120 (A, B) and Mt/F value 40 (C, D)
indicate minimum mean value correlating with habitual bipedal saltation.

macropodids (Figure 2.3C). The timing of this change,
functionally related to bipedal saltation, is consistent with
previous suggestions that the evolution of derived macropo-
doid locomotor strategies was driven by the onset of aridity
and adaptation to increasingly open environments (e.g.,
Flannery, 1982). However, inclusion of fossil taxa changes
the picture. These demonstrate that some early kangaroos
had high Mt/F proportions, and indeed that the ancestors of
macropodoids had values over 45. When plotted over time,
there is no trend towards gradual increase of Mt/F values;
rather macropodoids seem to have established a broad range
of metapodial proportions very early in their evolutionary
history, and then maintained them through to the present day
(see Figure 2.3D). Thus, when the full evidence is considered,
there is no clear correlation between the evolution of high
MU/F values and increasing aridity in the late Tertiary. Because
living taxa with high Mt/F ratios (Macropus) represent only

one of the many clades that evolved this feature, considera-
tion of living taxa alone gives distorted interpretations; such
problems will be manifest whenever groups that are ecologi-
cal analogues replace each other over geological time.
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Appendix
Hind limb bone measurements and index values of 47 diprotodontian marsupial taxa (mm)

N FL TL MtL T/F Mt/F
Taxon Mean SD Mean SD Mean SD Mean SD Mean SD
Vombatus ursinus 8 9.2 6.2 2.7 74.8 1.8 15.8 0.6
Phascolarctos cinereus 7 9.5 6.4 1.8 77.8 0.8 21.2 0.8
Trichosurus vulpecula 5 14.3 10.2 2.3 101.3 5.9 21.6 1
Nambaroo sp. 1 - - - 113.9 - 63.3 -
Hypsiprymnodon moschatus 2 3.5 2.5 0.1 110.6 2.1 36.6 2.3
Potorous tridactylus 6 23.1 83.6 12.9 30.2 2.9 117.6 5.9 43 5.7
Bettongia lesuer 8 83.6 4.7 108.2 53 1.2 129.5 39 51.8 1.8
Bettongia penicillata 7 4.6 103.9 4.7 452 32 126.9 33 55.1 2.6
Aepiprymnus rufescens 10 153 20.3 50.25 10.5 1239 9.5 55.8 12
Purtia sp. 1 109.4 - - - 121.2 - 36.6 -
Ganguroo bilamina 1 64.1 - 91.8 - - 143.2 - 63 -
Protemnodon hopei 1 - - 78.1 - 105.8 - 30 -
Protemnodon tumbuna 1 319 - - - 107.8 - 26 -
Protemnodon cf. anak 2 40.3 506.5 105.4 14.1 152.4 13.3 354 -
Dorcopsis sp. 3 132.7 8 6.5 34 121.7 2.3 37.1 0.7
Dorcopsis luctosa 2 137.9 11.7 163.9 3.7 0.8 119.1 7.4 349 2.4
Dorcopsis atrata 1 - 170.8 - 46 - 109.8 - 29.6 -
Dendrolagus goodfellowi 2 134.3 0.4 1 0.1 109.1 4.2 29.6 1.3
Dendrolagus matschei 1 - 135 - 36.5 - 101.1 - 27.3 -
Dendrolagus bennettitanus 1 153.2 - - 53.2 - 101.8 - 34.7 -
Dendrolagus lumholtzi 2 1245 11.7 129.9 8.6 41.1 33 104.5 2.9 33 0.5
Petrogale godmani 1 162 - 206.1 - 60.8 - 127.2 - 37.5 -
Petrogale xanthopus 3 152.1 6.9 207.5 8.2 70.7 3.8 136.5 1.6 46.5 3.4
Petrogale penicillata 4 143.5 55 181.8 6.6 59.3 2.4 126.7 1.5 41.1 0.6
Thylogale thetis 2 126.7 13.2 158.8 27.2 53.1 0.2 124.9 8.4 42.1 4.2
Thylogale billarderii 5 139.7 134 168 16 56.2 1.5 120.3 1.5 40.5 4.8
Onychogalea fraenata 10 124.7 19.4 176.4 8.2 60.5 3.5 143.7 17.1 49.7 7
Setonix brachyurus 3 105.9 6.1 114.6 6.7 40.3 1.9 108.2 1.6 38.1 0.4
Lagorchestes hirsutus 3 91.7 6.4 125.1 5.6 51.7 1.3 136.6 4 56.5 29
Wallabia bicolor 8 183 12.1 255.5 11.3 83.1 4.1 139.8 44 45.5 3.1
Macropus agilis 3 156.7 14 205.8 353 97.5 - 130.8 10.7 56.7 -
Macropus parryi 6 170.1 315 241 55 104.3 9.1 146.2 4.9 62.3 6.4
Macropus giganteus 7 2422 39.4 420.7 91.5 147 28.8 172.2 56.3 60.4 6.2
Macropus fuliginosus 12 2533 18.5 465.4 45.5 157.8 10.7 185.5 16.6 63 6
Macropus mundjabus 1 - 434 - - 182 - 59.5 -
Macropus robustus 4 39.2 74.8 16.7 165.6 5.9 53.2 2.5
Macropus rufus 5 281 424 486 97.7 168.7 14.4 181.3 11.6 63.5 7.1
Macropus irma 1 - - - 154.7 - 579 -
Macropus dorsalis 6 17.5 213.3 16 79.5 4 142.8 5.5 52.9 3.5
Macropus parma 6 119.3 6.8 147.4 14.6 2.6 127.4 2 49.2 3
Macropus rufogriseus 8 18.5 21.3 133 144.6 9.9 54.3 5.7
Macropus eugenii 9 126.8 7.5 11.3 60.6 1.3 138.2 4.1 47.7 2.2
Macropus greyi 2 4.6 8.5 - 151 0.9 59.5 -
Procoptodon goliah 1 320 - 605 - 208 - 189.1 - 65 -
Sthenurus andersoni 1 - - 130.5 - 178.1 - 56.6 -
Sthenurus tindalei 1 319 - 494 - 168.1 - 154.9 - 52.7 -
Sthenuus strirlingi 4 316.1 24.6 544.5 33.7 170.5 6.3 172.4 33 54.1 2.3

References Archer,. M.,.Hand,. S. 1., Godthelp, H., 2001. Australia.’s L(.)st World:
Prehistoric Animals of Riversleigh. Indiana University Press,

Aplin, K. P, Archer, M., 1987. Recent advances in marsupial sys- Bloomington, MN.
tematics with a new syncretic classification. In: Archer, M. (Ed.),  Archer, M., Hand, S. J., Godthelp, H., Creaser, P., 1997. Correlation of
Possums and Opossums: Studies in Evolution, Volume 1. Surrey the Cainozoic sediments of the Riversleigh world heritage fossil prop-

Beaty, Chipping Norton, New South Wales, pp. 15-72. erty, Queensland, Australia. In: Aguilar, J. P, Legendre, S., Michaux,



34

J. (Eds.), Actes du Congres BiochroM’97. Ecole Pratique des Hautes
estudes Institut de Montpellier, Montpellier, France, pp. 131-152.

Argot, C., 2001. Functional-adaptive anatomy of the forelimb in
Didelphidae, and the palaeobiology of the Paleocene marsu-
pials Mayulestes ferox and Pucadelphys andinus. Journal of
Morphology 247, 51-79.

Argot, C., 2002. Functional-adaptive anatomy of the hindlimb anat-
omy of extinct marsupials, and the palaeobiology of the Paleocene
marsupials Mayulestes ferox and Pucadelphys andinus. Journal of
Morphology 253, 76-108.

Argot, C., 2003a. Postcranial functional adaptations in the South
American Miocene borhyaenoids (Mammalia: Metatheria):
Cladosictis, Pseudonotictis and Sipalocyon. Alcheringa 27,
303-356.

Argot, C., 2003b. Functional adaptations of the postcranial skel-
eton of two Miocene borhyaenoids (Mammalia: Metatheria),
Borhyaena and Prothylacinus from South America. Palacontology
46, 1213-1267.

Argot, C., 2004. Functional-adaptive features and palaeobiologic
implications of the postcranial skeleton of the Late Miocene sabre-
tooth borhyaenoid Thylacosmilus atrox (Metatheria). Alcheringa
28, 229-266.

Bishop, N., 1997. Functional anatomy of the macropodid pes.
Proceedings of the Linnean Society, New South Wales 117,
17-50.

Bourke, D. W., 1989. Observations on the behaviour of the
Grey Dorcopsis Wallaby Dorcopsis luctosa (Marsupialia:
Macropodidae) in captivity. In: Grigg, G., Jarman, P., Hume, 1.
(Eds.), Kangaroos, Wallabies and Rat Kangaroos.Surrey Beatty,
Sydney, pp. 633-640.

Buchmann, O. L. K., Guiler, E. R., 1974. Locomotion in the potoroo.
Journal of Mammalogy 55, 203-206.

Case, J. A., 1984. A new genus of potoroinae (Marsupialia:
Macropodidae) from the miocene Ngapakaldi local fauna,
South Australia, and a definition of the potoroinae. Journal of
Paleontology 58, 1074-1086.

Christiansen, P., 2002. Locomotion in terrestrial mammals: the
influence of body mass, limb length and bone proportions
on speed. Zoological Journal of the Linnean Society 136,
685-714.

Cooke, B. N., Kear, B. P., 1999. Evolution and diversity of kan-
garoos (Macropodoidea: Marsupialia). Australian Mammalogy
21, 27-29.

Dawson, L., 2004. A new fossil genus of forest wallaby (Marsupialia:
Macropodinae) and a review of Protemnodon from eastern
Australia and New Guinea. Alcheringa 28, 275-290.

Elftman, H. O., 1929. Functional adaptations of the pelvis in mar-
supials. Bulletin of the American Museum of Natural History 58,
189-232.

Finch, M. E., Freedman, L., 1988. Functional morphology of
the limbs of Thylacoleo carnifex Owen (Thylacoleonidae:
Marsupialia). Australian Journal of Zoology 36, 251-272.

Flannery, T. F., 1980. Macropus mundjabus, a new kangaroo
(Marsupialia: Macropodidae) of uncertain age from Victoria,
Australia. Australian Mammalogy 3, 35-51.

Flannery, T. F., 1982. Hindlimb structure and evolution in the kan-
garoos (Marsupialia: Macropodoidea). In: Rich, P. V., Thompson,
E. M. (Eds.) The Vertebrate Fossil Record of Australasia. Monash
University Press, Clayton, Australia, pp. 508-524.

B.P. Kearet al.

Flannery, T. F., 1992. New pleistocene marsupials (Macropodidae,
Diprotodontidae) from subalpine habitats in Irian Jaya. Alcheringa
16, 321-331.

Flannery, T. F., 1994. The fossil land mammal record of New
Guinea: a review. Science in New Guinea 20, 39-48.

Flannery, T. F., Archer, M., 1987. Hypsiprymnodon bartholomaii
(Potoroidae: Marsupialia), a new species from the Dwornamor
local fauna and a reassessment of the phylogenetic position of H.
moschatus. In: Archer, M. (Ed.), Possums and Opossums: Studies
in Evolution. Surrey Beatty, Sydney, pp. 749-758.

Flannery, T. F., Martin, R., Szalay, A., 1996. Tree Kangaroos: A
Curious Natural History. Reed Books, Melbourne, Australia.

Flannery, T. F., Rich, T. H., Turnbull, W. D., Lundelius, E. L. Jr.,
1992. The macropodoidea of the early Pliocene Hamilton local
fauna from Victoria, Australia. Fieldiana Geology 25, 1-37.

Garland, T. Jr, Janis, C. M., 1993. Does metatarsal/femur ratio pre-
dict the maximum funning speed in cursorial mammals? Journal
of Zoology, London 229, 133-151.

Goldfinch, A. J., Molnar, R. E., 1978. Gait of the brush-tail possum
(Trichosurus vulpecula). Australian Zoology 19, 277-289.

Guerin, G., 2004. Plant macrofossils associated with the Riversleigh
macrofauna. Australian Biology 17, 55-62.

Hildebrand, M., 1985. Digging in quadrupeds. In: Hildebrand, M.,
Bramble, D. M., Leim, K. F., Wake, D. B. (Eds.), Functional
Vertebrate Morphology. Belknap, Cambridge, MA, pp. 89-109.

Hildebrand, M., 1988. Analysis of Vertebrate Structure, 3rd ed.
Wiley, New York.

Hope, G. S., Flannery, T. F.,, Boeardi, N., 1993. A preliminary report
of changing quaternary mammal faunas in subalpine New Guinea.
Quaternary Research 40, 117-126.

Howell, B. A., (1944). Speed in Animals. Their Specialisation for
Running and Leaping. University of Chicago Press, Chicago.

Huey, R. B., Bennett, A. F., 1987. Phylogenetic studies of co-
adaptation: preferred temperatures versus optimal performance
temperatures of lizards. Evolution 41, 1098-1115.

Jenkins, F. A. Jr., 1971. Limb posture and locomotion in the Virginia
opossum (Didelphis marsupialis) and in other non-cursorial mam-
mals. Journal of Zoology, London 165, 303-315.

Johnson, P. M., Strahan, R., 1982. A further description of the
musky rat kangaroo, Hypsiprymnodon moschatus Ramsay, 1876
(Marsupialia: Potoroidae), with notes on its biology. Australian
Zoology 21, 27-46.

Kear, B. P, Cooke, B. N., 2001. A review of macropodoid systematics
with the inclusion of a new family. Memoirs of the Association of
Australasian Palaeontologists 25, 83—101.

Kear, B. P. Archer, M., Flannery, T. F., 2001a. Postcranial morphology
of Ganguroo bilamina Cooke, 1997 (Marsupialia: Macropodidae)
from the middle Miocene of Riversleigh, northwestern Queensland.
Memoirs of the Association of the Australasian Palaeontologists
25, 123-138.

Kear, B. P. Archer, M., Flannery, T. F.,, 2001b. Bulungamayine
(Marsupialia: Macropodoidea) postcranial remains from the late
Miocene of Riversleigh northwestern Queensland. Memoirs of the
Association of the Australasian Palaeontologists 25, 103-122.

Macphail, M. K., 1997. Late Neogene climates in Australia: fos-
sil pollen- and spore-based estimates in retrospect and prospect.
Australian Journal of Botany 45, 425-464.

Maddison, W. P., Maddison, D. R., 2003. Mesquite: a modular system
for evolutionary analysis. Version 1.0. http://mesquiteproject.org.



2. Evolution of Hind Limb Proportions in Kangaroos (Marsupialia: Macropodoidea) 35

McGowran, B., Li, Q. Y., 2002. Sequence biostratigraphy and
evolutionary palacoecology: foraminifera in the Cenozoic Era.
Memoirs of the Association of the Australasian Palaeontologists
27, 167-188.

Megirian, D., 1992. Interpretation of the Miocene Carl creek lime-
stone, northwestern Queensland. The Beagle, Records of the
Northern Territory of Museum of Arts and Science 9, 219-248.

Menzies, J. 1., Ballard, C., 1994. Some new records of pleistocene
megafauna from New Guinea. Science in New Guinea 20, 113-139.

Muizon, C. de., 1998. Mayulestes ferox, a borhyaenoid (Metatheria:
Mammalia) from the early Paleocene of Bolivia. Phylogenetic and
palaeobiologic implications. Geodiversitas 20, 19-142.

Munson, C. J., 1992. Postcranial morphology of Ilaria and
Ngapakaldia (Vombatiformes: Marsupialia) and the phylogeny of
the vombatiforms based on postcranial morphology. University of
California Publications in Zoology 125, 1-99.

Murray, P. F, 1991. The Pleistocene megafauna of Australia. In:
Vickers-Rich, P., Monaghan, J. M., Baird, R. F,, Rich, T. H. (Eds.),
Vertebrate Palaeontology of Australasia. Pioneer Design Studio,
Monash University, Melbourne, Australia, pp. 1071-1164.

Posada, D., Crandall, K., 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics 14, 817-818.

Prideaux, G., 2004. Systematic and evolution of the sthenurine
kangaroos. University of California Publications in Geological
Sciences 146, 1-646.

Ride, W. D. L., Pridmore, P. A., Barwick, R. E., Wells, R. T,
Heady, R. D., 1997. Towards a biology of Propleopus oscillans
(Marsupialia: Propleopinae: Hypsiprymnodontidae). Proceedings
of the Linnean Society, New South Wales 117, 243-328.

Strahan, R., 1998. The Mammals of Australia. Reed New Holland,
Sydney, Australia.

Swofford, D. L.,2000. PAUP". Phylogenetic Analysis Using Parsimony
(“and Other Methods). Version 4. Sinauer, Sunderland, MA.

Szalay, E S., 1994). Evolutionary History of the Marsupials and an Analysis
of Osteological Characters. Cambridge University Press, New York.

Szalay, F. S., Sargis, E. J., 2001. Model-based analysis of post-
cranial osteology of marsupials from the Paleocene of Itaborai,
Brazil, and the phylogenetics and biogeography of Metatheria.
Geodiversitas 23, 139-302.

Tedford, R. H., 1967. The fossil Macropodidae from Lake Menindee,
New South Wales. University of California Publications in
Geological Sciences 64, 1-156.

Van Valkenburgh, B., 1987. Skeletal indicators of locomotor behav-
iour in living and extant carnivores. Journal of Vertebrate
Paleontology 7, 162—-182.

Webster, A. J., Purvis, A., 2001. Testing the accuracy of methods
for reconstructing ancestral states of continuous characters.
Proceedings of the Royal Society of London, Biological Sciences
269, 143-149.

Wells, R. T., Tedford, R. H., 1995. Sthenurus (Macropodidae: Marsupialia)
from the Pleistocene of Lake Callabonna, South Australia. Bulletin of
the American Museum of Natural History 225, 1-111.

Westerman, M., Burk, A., Amrine-Madsen, H., Prideaux, G., Case,
J. A., Spinger, M. S., 2002. Molecular evidence for the last
survivor of an ancient kangaroo lineage. Journal of Mammalian
Evolution 9, 209-223.

Windsor, D. E., Dagg, A. I, 1971. Gaits in the Macropodinae
(Marsupialia). Journal of Zoology, London 163, 165-175.

Woodburne, M. O., MacFadden, B. J., Case, J. A., Springer, M. S.,
Pledge, N., Power, J. D., Woodburne, J. M., Springer, K. B., 1993.
Land mammal biostratigraphy of the Etadunna formation (late
Oligocene) of South Australia. Journal of Vertebrate Paleontology
14, 483-515.

Wroe, S., 1996. An investigation of phylogeny in the giant extinct
rat kangaroo Ekaltadeta (Propleopinae: Potoroidae: Marsupialia).
Journal of Paleontology 70, 681-690.



3. Changing Views in Paleontology:
The Story of a Giant (Megatherium, Xenarthra)

Christine Argot*
Département Histoire de la Terre
Muséum national d’Histoire naturelle

UMR 5143 Paléobiodiversité et paléoenvironnements

57 rue Cuvier, C.P. 38
75005 Paris

France
argot@mnhn.fr

3.1 Introduction

Until the eighteenth century, fossils were included in
the legends composing the history of life on Earth, which
included biblical myths like the Deluge. Knowledge of the
history of life is still evolving, shared between numerous
geological, biological, and ecological scenarios (e.g., what we
know about function, use of ecological niches, and integration
of organisms within communities), each one trying to explain
a small part of the whole. The main interest of these scenarios
seems to provide the opportunity to open the imagination and
propose new hypotheses, more than explaining how events
really occurred, a point definitely beyond what we can reach
(Cohen, 1994). Paleontology is a historical science, which
tries to make sense of scattered remains through the composi-
tion of a linear story that organizes facts through time and is
plausible in the context of current knowledge. But several
stories are plausible according to the data known, the supposed
rhythms and modalities of evolution, the representations of
time ..., etc. Therefore, an evolution in the specific field of fossil
reconstructions usually refers to an evolution in our represen-
tation of the remains of vanished organisms. Here is the story
of the theories and interpretations that developed around a
spectacular and now extinct animal.

The story of the discovery of the first skeleton of the giant
ground sloth Megatherium americanum has been told by Cuvier
(1812) and Simpson (1984). It is summarized here, in order to
provide a basis for the present analysis. In 1788 the skeleton
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of a big mammal was discovered in northern Argentina, on the
bank of the river Lujédn, near the city of the same name located
65 km west of Buenos Aires. The giant skeleton was discovered
by a Dominican, Manuel Torres. The following year it was sent
to Madrid and placed in the royal Cabinet of Natural History.
One of the employees, Juan Bautista Bru, assembled and drew
the skeleton and its various elements in five plates.

French anatomist Georges Cuvier determined the nature
and systematic affinities of this mammal on the basis of
Bru’s drawings. He published the first paper on this subject
in 1796 (the transcription of a lecture given previously at the
French Academy of Sciences), and complemented this paper
in 1804, including in the appendix an original description of
the bones of the skeleton written by Bru. The 1804 paper is
reproduced in full in Cuvier’s famous book “Recherches sur
les ossemens fossiles de quadrupedes” (first edition published
in 1812). The controversy concerning the priority of Cuvier’s
and Bru’s descriptions of this specimen has been the subject
of two reviews (Hoffstetter, 1959; Lopez-Pifiero, 1988) and
will not be discussed here. Cuvier gave the taxon the name
Megatherium americanum, i.e., “big beast of America,” fol-
lowing the rules of Linnean nomenclature. Megatherium thus
became the first fossil mammal to be identified with both
generic and specific names.

Although the order Xenarthra is now known from an
abundance of extinct species and could be considered as
the symbolic group of a continent, South America, it was
known only from living species during Cuvier’s lifetime,
except for Megalonyx (i.e., “great claw”), another giant sloth
known from a few elements discovered in Virginia, USA,
and described by Thomas Jefferson in 1797 (see Simpson,
1984, for a historical review). Only four xenarthran families
are extant today, providing little indication of the past rich-
ness of the order. Megatherium americanum belongs to the
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FiGURE 3.1. First representation of a nearly complete skeleton of
Megatherium americanum, drawn and engraved by Juan Bautista
Bru, and reproduced in the first edition of Cuvier’s book “Recherches
sur les ossemens fossiles” (1812). The head and body length is up to
4m long, and the shoulder height is 2.25 m. Note that the tail is lack-
ing, as well as parts of the pelvis and sternum. The stiffness of the
limbs and axial skeleton is remarkable, the feet lie flat on the ground,
and the head of the radius is placed distally. No life dynamics stand
out in this drawing, which just reproduces a lifeless object.

family Megatheriidae that appeared during the Santacrucian
(end of Early Miocene, i.e., about 17 million years ago) in
Patagonia, and disappeared at the end of the Pleistocene.
Megatherium americanum, known from the Argentinean
plains and Bolivian altiplano, belongs to this last period, the
“Lujanian” age (middle-late Pleistocene of South America,
approximately 800,000-10,000 years Bp; McKenna and Bell,
1997), an age named after the first place where Megatherium
was found, Lujan, and characterized by a distinctive “mega-
fauna”, i.e., a great number of very large vertebrate taxa.

At the end of the eighteenth century, the interest of
paleontologists focused on the bones of quadrupeds, and
these bones became the basis of many discussions concerning
the problem of vanished species (Cohen, 1994). The Lujdn
specimen is the first sub-complete skeleton of Megatherium
(and the first fossil vertebrate) to have been assembled
(Figure 3.1). As emphasized by Rudwick (1992), “in style,
Bru’s engraving belongs to a pictorial tradition as long as
comparative anatomy itself: a strictly lateral profile draw-
ing providing the most effective visual summary of almost
any animal” (p. 32). The skeleton is nearly complete, big
and spectacular, and once mounted and exhibited it became
accessible to everybody. However, in contrast to dinosaurs
and mammoths, Megatherium has never become the hero of
novels, comics, movies or advertisements. A reason might
be that it lived far away, mainly in Patagonia, whereas
mammoths and dinosaurs were known from all over the
world and during a longer period of time. Moreover, mod-
ern sloths, discovered by Europeans at the beginning of the
sixteenth century, i.e., only two centuries before Cuvier’s
description of Megatherium, were probably not familiar to
most people, except specialized naturalists. Lastly, there are
no mythical animals similar to the giant sloth, in contrast to
the similarity of medieval dragons to dinosaurs. However,
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Megatherium might have appealed to popular imagery,
especially because of its strangeness and enormity. From
these two points of view at least, it indeed stands out
from the “norms” of the modern fauna, as it is bigger
than the three largest living terrestrial animals (the elephant,
rhinoceros, and hippopotamus) and as such, it allows both
traveling through time and imagination, and illustrates the
problems and questions met by paleontologists when they
try to reconstruct vanished organisms.

3.2 Lessons from Anatomy

3.2.1

Cuvier is the creator of four “embranchements” or morphological
types, each one representing the basic configurations of animal
functions (Eigen, 1997). Guiding Cuvier’s conclusions was his
belief in the “conditions of existence,” the coordination of vital
parts that made an animal’s life possible in a given milieu. The
analysis of these conditions led to the formulation of general
laws; Cuvier showed in particular that the objects of nature are
connected in predictable conformations, as is the organization
of our knowledge about them (Eigen, 1997). In this context, the
principle of correlation of forms probably served as a unifying
principle of Cuvier’s classifications.

The case of Megatherium illustrates Cuvier’s method of
working particularly well. He performed an osteological anal-
ysis of the skeleton, comparing it to the skeletons of living
species that he had at hand, which were called “Edentata” at
that time: extant sloths, giant anteaters, tamanduas, armadil-
los, as well as scaly anteaters (pangolins), aardvarks, and
monotremes (especially echidnas). There were no temporal
relationships between extinct and extant mammals in Cuvier’s
thought process. According to him, these faunas were fully
distinct, without genealogical links, but it is useful to com-
pare them in anatomical studies, especially when a vanished
animal has, even at a different scale, all the details of organi-
zation that characterize an extant species. In this case, the
consequences of this organization should be similar (Cuvier,
1812). This comparative process follows a method already
used by a predecessor, another French anatomist, Daubenton.
It is still followed nowadays, as it remains the key that allows
us to resolve the identity of fossil bones. This thought process
was regarded with mistrust by some of Cuvier’s contemporaries;
in their way of thinking, the behavioral and osteological pecu-
liarities of modern sloths precluded any comparison with the
giant discovered. However, the rational comparative process
began to convince more and more people and we can say
that it is from this time that anatomists are “seeking the truth
in speaking bones.”

Another interest of comparative anatomy outlined by
Goethe at the end of the eighteenth century is that the science
of morphology might provide insight into primordial forms
(Steigerwald, 2002). Morphology was thought to be capable
of providing objective knowledge of organisms by discerning

Cuvier’s Anatomical Observations (1812)
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the pure forms guiding their formation; these primordial
forms were the “necessary” forms of organisms in which the
specific forms realized by specific organisms are contained
as possibilities (Steigerwald, 2002). Goethe also defended
the comparison of all animals with every animal and of every
animal with all animals versus the comparison of animals
to human beings, which was traditional in anatomy until
the eighteenth century (Steigerwald, 2002). Recalling this tradi-
tion, Richard Owen noted (1858) that no single bone would
have better excused the common conclusion of the medieval
anatomists concerning the nature of large fossil bones (i.e.,
that they were those of human giants) than the clavicle of
Megatherium, since the largest claviculate mammal known at
the time of its discovery was humans. Morphology became
then and since a descriptive discipline that broadly consists of
tracing topological correspondences in organs that are consid-
ered to be homologous (Camardi, 2001).

From his analysis, Cuvier established that Megatherium
had the head and shoulder of a sloth, whereas its legs and
feet showed a peculiar mix of characters belonging to both
anteaters and armadillos (1812). Cuvier determined that
Megatherium was a sloth primarily on the basis of skull
morphology, and secondly on the dental formula (although the
fossil had no canine, in contrast to the modern sloths he had at
hand). He noted that the limbs are sub-equal in length (Figure
3.2), in contrast to modern sloths, which led him to deduce
that Megatherium probably did not crawl on the ground (like
modern sloths), nor run or jump, since the runners and espe-
cially jumpers usually have longer hind limbs than forelimbs.
The presence of a clavicle did not suggest to him the possibility
of human affinities, but rather that Megatherium probably
used its hands to grasp or even to climb. Another behavioral
reference from the development of the humeral crests is that
the muscles attached there, which are useful in moving the
hand and digits, were probably extremely well-developed.
This, according to Cuvier, appears to be a clue concerning the
important use of the hands by this animal. The development

FIGURE 3.2. Megatherium americanum as it appears in the second
edition of “Recherches sur les ossemens fossiles” (Cuvier, 1821—
1824). Note that the animal looks less awkward and stiff in this
drawing than in Bru’s engraving, with more flexed limbs, and that
the radius is reversed (i.e., the head is proximal).
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of the anterior crest of the radius suggests powerful pronator-
supinator muscles, and this feature, associated with a rounded
and concave radial head rotating freely on the ulna, indicates
a skillful hand. The pelvis is incomplete on the Spanish
skeleton, and the iliac wings are the only remaining parts
(Figures 3.1, 3.2). However, they allowed Cuvier to make
one of the only paleoecological interpretations that appears
in his description; the shape of the ilium suggested to him
that the development of the intestines was like that of extant
herbivorous species, which was consistent with the shape of
the molars. The diet is therefore inferred within the context
of the entire organism.

The tibia and fibula are fused to one another on both the
right and left hind limb, and Cuvier noted this feature as
being characteristic of this animal. This is still true today,
Megatherium americanum being the only megatheriid to
exhibit a full ankylosis of these two bones, which increases
the width of the leg. Is this feature related to the weight that
the leg has to support? This is not yet explained function-
ally. Finally, and still only from Bru’s engravings, Cuvier
described, on the inner side of the hind foot, a bone that he
(rightly) interpreted as the fusion of the first two cuneiforms
and the first two digits of the foot.

Problems may appear when we see something that does not
correspond to what we know, or to what we expect. Cuvier’s
misinterpretation regarding the hand of Megatherium illus-
trates this point. In the first edition of his “Recherches sur
les ossemens fossiles” (1812), Cuvier did not criticize the
way Bru mounted the skeleton, but described linearly the
three digits with enormous ungual phalanges, the clawless
fifth digit, the vestigial pollex, and the unfused carpal bones
(Figure 3.3). In the second edition of his book, his description
appears to be influenced by the hand structure of anteaters and
armadillos, and doubts concerning the interpretation of the
hand of Megatherium appear: is it the pollex or fifth digit that
is vestigial? Now considering the hand as a digging apparatus,
Cuvier interpreted the fifth digit as the vestigial one, and the
pollex as the clawless digit. This deduction appears “true”
to him, as it better mimics the model chosen and follows a
general rule indicating that when a reduction of digits occurs,
the most external digit gets reduced first. In this work, Cuvier
suggests that the ungual phalanges have not been attributed
to the correct digits, especially because they do not show a
regular decrease in size toward the most lateral digit.

Cuvier’s general comments concerning the hind foot are
disappointing because he did not seem to pay attention to
the information provided by the shape of the bones, in sharp
contrast to his usual habits. First, he did not say anything
about the peculiarities (shape and position) of the astragalus.
The position of this bone and its pivot-like structure both
relate to the lateral rotation of the hind foot, which results in
Megatherium walking on the calcaneum and fifth digit. Such
rotation (Figure 3.3) is unique among mammals and is still
unexplained. This rotation is thought to be related to the presence
of an enormous claw on the third digit, which prevents the
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FIGURE 3.3. Extremities of Megatherium americanum. The right
hand in dorsal view is above, the right foot in dorsal view is below.
On the left, the elements as they appear in the second edition of
“Recherches sur les ossemens fossiles” (Cuvier, 1821-1824), from
Bru’s engravings. On the right, as they appear in Owen’s monographs
(1858, 1860). Observe that the more precise drawings represented in
Owen’s monographs allow a better understanding of joint function,
especially the tibio-astragalar one (see details in the text).

animal from putting its foot flat on the ground. Is this the
only possible explanation? Could this pedolateral rotation not
be the consequence of the presence of this claw, but the cause
of the disappearance of the two most lateral claws? Why did
two digits disappear and only one clawed digit remain? Could
the pedolateral rotation be related to bipedalism in the giant
sloths? It is a hypothesis that is difficult to test, as no other
graviportal mammal developed bipedalism, or even occa-
sional erect posture (see a more extensive discussion below).
The pedolateral rotation is not represented in Bru’s engrav-
ings, or in most representations of Megatherium (see below).
Was this peculiarity difficult to show because it was unknown
in modern mammals and not understood then? Cuvier was
astonished by the fact that only three digits remained on
the hind foot of Megatherium; all the clawed-mammals he
knew (e.g., carnivores, rodents) have five clawed digits. But
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modern sloths also exhibit only three digits on the hind foot,
which outlines, according to Cuvier, the similarity between
the structure of the hind foot of Megatherium and its closest
extant relatives. However, there is actually no similarity at
all; in modern sloths, the remaining digits are II-III-IV, not
III-IV-V, and there is no pedolateral rotation with its addi-
tional modifications. The tibioastragalar joint is nevertheless
extremely mobile, which allows, for example, the positioning
of the plantar sole in continuation with the leg, thereby facili-
tating suspensory behavior. The pedolateral rotation of giant
ground sloths therefore brings into question the various adap-
tive potentialities present in the ancestral condition.

3.2.2 An Ancestral Constraint Kept By Modern
Sloths: The Acromio-coracoid Bridge

Modern sloths are the highly specialized living representatives
of Tardigrada, and use an original inverted suspensory behavior
during their active periods. They are represented today by a
half dozen species placed in two genera: Choloepus spp., the
two-toed sloth, and Bradypus spp., the three-toed sloth. The
peculiar suspensory mode of life characterizing these animals
represents a remarkable case of convergent evolution, since
many studies support the diphyletic origin of tree sloths:
Choloepus being recognized as a megalonychid, whereas
the affinities of Bradypus are unclear (Patterson and Pascual,
1968; Webb, 1985; Gaudin, 1995, 2004). Despite superficial
resemblances, the two genera differ both in their anatomy
(e.g., morphology of the skull; dentition; number of fore
digits; number of cervical, dorsal, and caudal vertebrae; pres-
ence/absence of the entepicondylar foramen of the humerus;
relative length of the forearms; development of volar
pads; structure of the hairs) and physiology (e.g., behavior,
habits, diet, quality of thermoregulation) (Goffart, 1971;
Aiello, 1985; Webb, 1985; Gaudin, 2004). The split between
the two extant sloth genera is ancient, dating back perhaps 40
My (Gaudin, 2004), and the appearance and evolution of their
suspensory locomotion is not yet understood, mainly because
of the lack of fossil tree sloths and transitional forms.
Modern sloths are so specialized that they appear unable to
provide any useful information for better understanding the
giant members of their group. However, even these highly
specialized mammals exhibit — of course — inherited features.
This inherited morphology, transmitted from ancestors to their
more recent descendents represent genetic, developmental,
and physical constraints that existed together with various
adaptive traits related to a specific environment exploited by
the group during its evolutionary history (see, for example,
Bock and von Wahlert, 1965; Szalay, 1999; Szalay and Sargis,
2001, and references therein for a review of this point).
Recently, some paleontologists have stressed the stability (or
stasis) of a species through time (issue of punctuated equi-
librium; see Gould and Eldredge, 1977), which allowed us to
focus our attention on the stability of anatomical traits in the
evolution of species (Camardi, 2001). An example of a
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Choloepus didactylus
A
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acromio-
coracoid

Megatherium americanum

B

FIGURE 3.4. A, three-dimensional reconstruction of the shoulder joint of a frozen adult male specimen of Choloepus didactylus, from a
series of 600 um slices obtained by medical computer tomography. Note that the clavicle has no sternal articulation (only a ligamentous
bond), whereas the acromial end is tightly articulated with a robust acromiocoracoid bridge. Compare with the anatomy of the shoulder
joint of Megatherium americanum (B), which emphasizes the robustness of the acromiocoracoid bridge and the broad articular facet with

the clavicle.

stable anatomical trait, whose appearance and function is not
yet fully understood, is discussed below.

Sloths are characterized by a very unique shoulder joint,
with the acromial end of the clavicle articulating with an
acromiocoracoid bridge specific to this order (Figure 3.4).
Furthermore, there is no sternal articulation, the clavicle
being linked to the manubrium by a ligament. The lack of this
medial articulation does not restrict the animal to maintaining
a fixed distance between the manubrium and the acromion.
Hence, the clavicle loses its usual role, which is to ensure
that relative movement between these structures is arcuate
(Jenkins, 1974). This condition increases the range of move-
ment in the arm of sloths (Mendel, 1985), in contrast to fully
aclaviculate mammals that exhibit linear shoulder excursions
restricted to the parasagittal plane (Jenkins, 1974). In mam-
mals that employ generalized patterns of quadrupedal, ter-
restrial locomotor movements, the weight-bearing forefoot is
placed lateral to the sagittal plane through the shoulder joint,
and the medially directed component of propulsive force is
resisted by the clavicle acting as a strut and preventing medial
displacement of the shoulder (Jenkins, 1974). In sloths sub-
jected to “inversed gravity,” the role of the clavicle as a strut
is less important, which might explain the loss of the medial
attachment, the sternal ligamentous attachment of the clavicle
providing support only when it is placed under tension (i.e.,
when the animal is hanging down; see Mendel, 1985).

The bony bridge between the distal part of the acromion
and the coracoid process characterizes the scapula of all sloths,
regardless of the size, substrate preference, or geological
age of the species. This bridge is present in Megatherium
americanum, and it does not disappear with the specialized
locomotion of modern hanging sloths. It is also present in the
oldest sloth known from nearly complete skeletons, Hapalops

sp., which is known from the end of the Early Miocene of
Patagonia, Argentina (see Scott, 1903: plate XXX). The
locomotion of this relatively small sloth is still unknown,
although it has been interpreted as being semi-arboreal, a
conclusion based on a very small set of characters (White,
1997). This means that the terrestrial specialization of giant
ground sloths many millions of years later, and the appearance
of a suspensory mode of life in the most recent sloths, with
very peculiar anatomical constraints and environmental
conditions, did not lead to the disappearance of this structure.
What could be its function?

Modern sloths are characterized (among other features)
by the development of the acromioclavicular head of the
m. deltoideus, an abductor and protractor of the arm that
wraps extensively around the shoulder joint. Some fibers fuse
with the radial head of the m. biceps brachii and with the
superficial head of the m. pectoralis major, which suggests an
emphasis on powerful flexion of the arm and supination of the
forearm (Mendel, 1985). The development of such a flexor
and supinator unit is helpful both in climbing and digging
taxa, which might explain the development of this acromioc-
oracoid bridge (and associated muscles) in both fossil sloths
(some of them likely having been semi-arboreal, whereas others
were powerful diggers; see White, 1997; Vizcaino et al., 2001)
and digging armadillos and glyptodonts. This peculiar feature
therefore seems to reinforce the general statement made
by Szalay and Schrenk (1998) that “postcranial similarities
in the stem of both groups [Xenarthra and Palaeanodonta]
were likely to be adaptations at least to digging (in a broad
sense) from an unknown ancestry” (p. 171), although these
authors acknowledge the uncertainties related to the detailed
biological role of the postcranial attributes characterizing
these groups. The bony bridge between the distal end of the
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acromion and the coracoid process might help buttress the
distal end of the flared acromion, in order to resist the mus-
cular tensile forces acting on it and in the absence of the strut
function normally exerted by the clavicle (in modern sloths).
However, this bridge exists regardless of the development of
the clavicle. Moreover, xenarthrans are not the only mammals
to have a mobile shoulder, useful for climbing or digging,
and, therefore, the following question arises: why would such
a bridge develop only in one group within this order? How
can we understand an original structure when no other living
mammal developed a similar structure by convergence?

Convergent adaptations are indeed sometimes used to
stimulate the imagination, as their appearance in unrelated
groups suggests similar relationships between structure and
function (Ricqles, 1991). In morphology, it seems that there
are only a limited number of solutions to a given functional
problem. However, each solution is achieved from distinct
premises, which usually leads to different (although super-
ficially similar) final structures. This led some authors to
conclude that morphology remains confined to inquiries into
the geometric processes of conservation of forms, the science
of argumentation based on analogies enduring a definitive
lack of explanatory power (Camardi, 2001). When analogs
are lacking it becomes almost impossible to understand a
structure, and despite the improvements of science, we are
still lacking a theoretical, functional science of forms that
would allow us to deduce the behavior of a fossil directly
from its morphology, without using any guide represented by
living organisms (Ricqles, 1991). It is clear, then, that a mor-
phological theory of organisms is still missing. What paleon-
tologists would need is to be able to identify the “signature” left
by different modes of life, this signature being the minimal
complex of characters necessary to identify an adaptation,
isolated within a larger mass of information.

3.2.3 Interpreting Fossil Remains

Animal reconstructions go back to Cuvier at the start of the
nineteenth century (Rudwick, 1992). With Cuvier, the recon-
stitution of lost species was mainly ruled by the application of
the principle of correlation of forms (1812) that mimics math-
ematical theorems but leads to some exaggerations; e.g., from
the teeth, you could know not only the diet, but also the shape
of the skull, the morphology of the limbs, the organization of
the digestive apparatus, and even the orientation of the eyes,
one part determining the whole. From this principle, Cuvier
created a true myth: from one fragment it would be possible
to recreate the entire animal, a rather holographic thought
process. However, a fragmentary skeleton often does not
allow us to build correct reconstructions, as the imagination is
not constrained enough by the shape. This has been expressed
especially by Armand de Ricqles (1991) who outlined the
importance of the information given by the different parts of
the body. Ricqles emphasized that this is the combination of
various clues that is judged significant or not, a process that
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he called the “convergence of presumptions.” The problem is
that a collection of independent tests only gives the status of
a probability to the solution reached.

We might indeed consider that the adaptations of a fossil
examined stands in a field of probability, a field born with
the first fragment discovered and that narrows with each
new fragment discovered. With the entire skeleton, only one
of the possibilities suggested by the initial fragment would
materialize. However, since we shall never know all the biotic
and abiotic conditions surrounding the fossil organism while
it was living, the conclusion reached will always remain as a
small cloud of probabilities (i.e., with a probability < 1). And
the worlds reconstructed will then remain, of course, very
ambiguous.

The major problem is still to represent something that we
do not know and never saw alive, especially when the principle
of correlation of forms cannot be applied as, for example,
in modern sloths that exhibit in particular an ankle joint and
enormous claws that do not allow the foot to lie flat on the
ground, a neck that is too short and stiff to graze, unusual
proportions of the limbs, and a peculiar orientation of the
femur (because of the position and orientation of the acetabu-
lum). Hence, these mammals appeared imperfect, weak, and
vulnerable to Cuvier, who wrote that they probably escaped
by a miracle from one of the cataclysms that destroyed previous,
imperfect faunas (1821-24).

Anatomical reconstructions look easy to do, although
they are usually far from being infallible. They include, for
example, a rational process of identification of the elements
discovered, the use of living species as models of reference,
imagination, and practical skill. A reconstruction therefore
reflects the techniques and ways of thinking from a specific
time, and always stays at the frontier of art and science.
However, too much fantasy would appear to be counter-
productive if it is too far from the knowledge we possess.
Changes in modern representations should therefore be attrib-
uted, at least in part, to the subsequent growth of scientific
knowledge: “In a science such as paleontology ... there is
indeed an unmistakable element of progressive improvement
in the development of knowledge” (Rudwick, 1992, p. 220).

However, Rudwick stressed an essential point: do the
scenes from deep time simply represent in visual terms the
process of scientific discovery (i.e., discovery and identifica-
tion of bones, assemblage of a partial skeleton belonging to
a particular individual, reconstruction of a complete skeleton
sometimes based on the remains of many individuals, com-
parative analysis for reconstructing the soft parts, inferences
about the habits and mode of life, and integration in a scene
with coexisting individuals and specific ecological elements)?
And, in the end, is there a correct manner in which to reconstruct
fossils? Would a textual description be better than a visual
one? Textual conclusions may be very ambiguous when pale-
ontologists try to take into account all the information provided
by the elements found. Alternatively, some visual reconstruc-
tions remain too close to the modern forms, hardly indicative
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of fossil forms unknown in modern faunas. However, it is
clear that “clothing” a skeleton requests a deep knowledge
and understanding of a living animal’s body, the only relevant
source of information concerning, for example, the organiza-
tion and attachment of muscles. Bryant and Seymour (1990)
outlined the limits of such muscular reconstructions, show-
ing in particular that although most muscular attachments
in Carnivora can be associated with osteological features,
which provide information concerning the position of the
attachments and the orientation of the muscle bundles, the
inference of muscle size and functional significance from the
same osteological features is problematic. It is clear that mus-
cular reconstructions in extinct taxa are based on assumptions
regarding the similarity of musculature in closely related taxa,
which emphasizes the importance of phylogenetic relation-
ships. In the case of Megatherium, we are unfortunate from
this point of view, as it does not make sense to infer that the
organization of the musculature of the giant ground sloths
was similar to that of modern sloths. Reconstructions can-
not, however, be restricted to muscular reconstructions, and
a functional analysis also depends on the movements that
can be inferred from typically well-preserved and informa-
tive skeletal parts, i.e., the shape of joint articulations. Only
a small part of the broad articular facet of the humeral or
femoral head seems to be involved in locomotor movements
(M. Schmidt, personal communication, 2003), the rest of it allow-
ing the animal to perform more extreme postural movements.
It is therefore likely that more thorough analyses of articular
shapes may help to infer movements and behaviors beyond
basic locomotion.

3.3 Paleoecological Interpretations
of Megatherium over One Century

3.3.1 Nineteenth Century: Cuvier,
Pictet, And Owen

Cuvier hardly goes further than the pure description of
the skeleton itself. According to his comments (1812),
Megatherium appears to be a quadruped more or less similar
to other large living quadrupeds, not as specialized as rumi-
nants, and lacking any important specificity. Cuvier does not
even mention the locomotor specialties of modern sloths, but
he probably never had the opportunity to observe a modern
sloth alive. This is one of the important points to keep in
mind when considering reconstructions that have been made
of extinct organisms, namely that the knowledge of those
who do the reconstructions determines how they interpret the
available elements.

Successive researchers went beyond Cuvier’s description,
such as the French geologist Pictet (1853-57) who, on the
basis of more complete remains, discussed several hypotheses
concerning the possible mode of life of Megatherium. Pictet
based his interpretations on two main points: (1) the forelimbs
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were probably not restricted to locomotion, and (2) the tail
could have played a role in locomotion or provided a strong
support. His three main hypotheses are:

(1) Megatherium might have been a fossorial taxon because
of the enormous claws and herbivorous diet, although the
country would have been endangered by the galleries dug
up by such an enormous creature. As described by Owen
(1860), it would have been an earth whale! But another
giant mammal, the mammoth, has also been considered
as a giant mole in many Siberian legends (Cohen, 1994)
because it was usually found with the tusks emerging
from the ground. However, Pictet rejected this hypothesis,
concluding that the orientation of the claws precluded the
hand from being an efficient digging apparatus, although
the hands may have been capable of grasping objects.

(2) Instead, Megatherium might have been arboreal because
of some features shared with modern sloths, such as the
pronation-supination capabilities of the forearm. However,
the size of the body still represents the largest problem
with this hypothesis, unless the trees associated with the
Lujanian megafauna were much more robust than extant
trees. Was the tail prehensile and used during climbing?
It was not; Pictet observed that the articular facets of the
caudal vertebrae indicate a tail that curved upward.

(3) Finally, Megatherium might have been terrestrial, and
able to uproot trees to better handle them when eating
their foliage. In 1860, Richard Owen, on the basis of more
complete remains discovered in 1832 and 1837, recognized

FIGURE 3.5. The assembled skeleton of Megatherium americanum as
it appears in Owen’s monograph (1858). Note that despite the infor-
mation provided by a fully complete skeleton, Megatherium still
appears as a typically quadrupedal mammal, the right hand grasping
the branch being the only original feature separating it from any
other ruminant. Also, note that despite the very precise drawings of
the hands and feet that provide much information about the function
of the wrist and ankle joints (reproduced in Figure 3.3), the extremi-
ties are drawn here in an implausible stance.
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the triangular base represented by the posterior part of the
body (pelvis, tail, and hind limbs); the tail and a major
portion of the pelvis were unknown during Cuvier’s life-
time. According to Owen, this would have represented a
reliable support from which the animal was able to eas-
ily uproot trees, an activity made easier by the powerful
clawed forelimbs.

Beyond the details, these interpretations outline how the
shape of bones constrains interpretations, since the most com-
plete elements known to Owen (in contrast to Cuvier) helped
the English anatomist to imagine stances unknown in typical
quadrupeds. Unfortunately, despite this original textual inter-
pretation, Megatherium remained quadrupedal in the illustra-
tions from Owen’s monograph (Figure 3.5).

Concerning the hind limbs, an interesting observation
made by Pictet (1853-57) is that the acetabula are directed
ventrally, so that the femora are oriented vertically and are
not oblique as is usually the case in typical quadrupeds.
According to Pictet, this orientation would have led to an
awkward quadrupedal gait, and is consistent with a semi-
erect posture. However, the vertical orientation of the femora
is also seen in very large mammals like elephants, although
the knee joint of Megatherium suggests that the giant sloth, in
contrast to elephants, was characterized by a flexed, abducted
position of the hind limb (Toledo, 1996).

3.3.2 Two Additional Reconstructions:
Hawkins And Riou

Despite his limited comments concerning the postures and
paleoecology of Megatherium, Cuvier often used skeletal
and life reconstructions of fossils during his lectures, and
described the possible habits of these animals, putting them
into a paleobiological context (Rudwick, 1999). However,
body profiles, as represented in the second edition of Cuvier’s
book on fossil vertebrates (1821-24) are less informative
than the textual reconstruction of their likely appearance
and habits. From this time, however, skeletal reconstructions
became the first stage in the reconstruction of complete pre-
historic scenes (Rudwick, 1992). It is still the greatest goal
of functional anatomy, namely to give life again to vanished
organisms, surrounded by the environment in which they once
lived.

In the middle of the nineteenth century, a series of life-
sized three-dimensional reconstructions of some of the most
spectacular fossils that geological research had revealed in the
preceding decades was produced by the sculptor Benjamin
Waterhouse Hawkins, with the scientific advice of the anato-
mist Richard Owen, for the Great Exhibition (the first major
international event of that kind), which took place in London
in 1851. These vanished worlds were then allowed to pen-
etrate the consciousness of a large public (Rudwick, 1992)
and from that time, artists and writers began to take another
look at these elements, adding to the naked skeletons a look,
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stance, fur, color, and expression of feelings. Although these
attributes come directly from their imagination, there is at
least one common basis to the artistic and scientific recon-
structions, which is drawing. Drawing represents a means to
focus the eye on realities that must be the same for both artists
and scientists, as illustrated by the multiple talents of various
past scientists and philosophers. In the present context, it is
noteworthy that Cuvier was a skillful artist (Rudwick, 1992),
whereas Goethe would have liked to be able to express him-
self entirely in drawings (Steigerwald, 2002), a complemen-
tary form of expression for a poet.

The dinosaur series is certainly the most famous series known
from this Great Exhibition, but Rudwick (1992) noted that B.
W. Hawkins was commissioned by the Department of Science
and Art to continue his educational work by drawing a whole
set of paleontological scenes, thereby making his reconstruc-
tions available to those unable to visit them. One of the wall
posters he created illustrates Megatherium americanum (Figure
3.6). Two individuals are represented, one quadruped and the
other a biped, grasping a tree trunk. The small head contrasts
with the huge belly and hindquarters. They seem to suffer from
obesity and it is difficult to imagine how they could raise their
bellies while moving. The individual on the right is represented
with a small mane on the neck and shoulders. Its hind feet lie
flat on the ground, the single huge claw pointing forward. By
contrast, it rests on the lateral side of its left hand. The apparent
lack of pedolateral rotation, in contrast to the “manolateral”
rotation is particularly interesting. If Megatherium walked
primarily quadrupedally, the hand would indeed probably
exhibit features related to lateral rotation, as the hind feet do.
Cuvier (1812), influenced more by the direct observations he
made on living mammals than by the information provided by
the Spanish skeleton that he never actually saw, did not inter-
pret the reduction and loss of the claw on the fifth digit of the
hand as an incipient specialization toward the lateral rotation
of the hand. By contrast, Owen (Hawkins’ scientific advisor)
suggested a relationship between the loss of the fifth digit claw
and the load from the weight of the body (1858). Recently,
lateral contact of the hand with the ground has been suggested
for several Andean Pleistocene megatheriids, in relation to a
peculiar morphology of metacarpals IV and V (Pujos et al.,
2002). The clawless fifth digit of Megatherium americanum
would illustrate an incipient lateral load displacement, not
achieved because of the lack of specialization of the hand,
still involved in various movements. The reconstruction seems
therefore to support this hypothesis.

In 1867 French physician Louis Figuier, involved in the
popularization of science (see details in Rudwick, 1992),
published some ‘ideal landscapes of the ancient world,
painted by Edouard Riou, the illustrator for French writer
Jules Verne, an occasional creator of vanished worlds.
Among these landscapes, a view of South America during
the Pleistocene was represented (Figure 3.7). In this landscape,
two quite indistinct sloths are shown. The most familiar
silhouette is a long-nosed, hairy mammal represented in a
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FIGURE 3.6. A wall poster by B. W. Hawkins showing Megatherium americanum. This poster is reproduced in Rudwick (1992, p. 164).

FIGURE 3.7. A typical South American landscape, drawn by Edouard
Riou and represented in a book describing the Earth before the
Deluge, as understood during the second part of the nineteenth cen-
tury. According to the author of the book, Louis Figuier, this scene
groups four typical South American mammals of the ‘Quaternary
Epoch’: Glyptodon, Megatherium, Mylodon, and the Mastodon.
Number 1 probably represents Mylodon and number 2, Megatherium.
Landscape shown in Figuier (1874, p. 401) — numbers added.

bipedal stance, grasping a tree trunk. However, although
this posture can be considered as being narrowly associated
with Megatherium, Rudwick (1992) identified this sloth as
Mylodon (its posture following the skeletal reproduction of
this genus represented in Pictet [1853-57: pl. VII, figure
5]), with Megatherium as a hairy, quadrupedal mass stand-
ing just beside it. As a large, clawed herbivore, it has been
represented as being similar to a huge bear, lacking any
distinctive, recognizable character except the long nose.
The animal, reduced to an indistinct mass, suggests a recon-
struction based only on the skull, and especially teeth. Tooth
shape provides information about the diet of the animal, and
tooth dimensions allow the estimation of body mass. Many
regression equations have been developed with modern taxa
that relate tooth dimensions (or mandibular length) to body
weight (e.g., see Martin, 1990; Myers, 2001; Wroe et al., 2004).
However, the inferences from the skull do not provide any
detailed information concerning other aspects of the ani-
mal’s behavior, including, for example, limb use in feeding,
locomotion, preferred stances, differential use of the fore
and hind limbs, and defense behavior. Riou’s illustration
outlines the problem of visual reconstructions that remain
too close to modern forms. A reconstruction should always
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be based on a rigorous analysis of bones, something the
artist occasionally forgets. A typical detail showing that the
information provided by the skeleton has not been taken into
account is that the hand of Megatherium has four distinct
claws of equal size like that of a modern bear, even though it
was well-known from the first discovery that this animal had
only three clawed manual digits. In the same illustration, the
mastodon looks like a modern elephant, whereas Glyptodon
is quite similar to a large turtle. This close association of
past faunas with modern ones suppresses what gives a fossil
species an “identity,” and illustrates that a fossil cannot dif-
fer from any present-day quadruped if the artist only tries to
design it from modern natural evidence, without taking into
account its peculiarities.

3.3.3 The Parisian Exhibition:
Albert Gaudry’s Choice

In 1854, the Museum of Natural History of Paris included the
first skeleton of Megatherium americanum in the comparative
anatomy exhibition, and associated it with the ruminants. It
is quadrupedal like the modern herbivores and similar to the
Madrid sloth specimen. The Parisian skeleton, collected in
Tarija (Bolivia), includes only a few original elements of the
head and limbs. The missing parts were reconstructed from
the Spanish skeleton. The specimens chosen for this exhibition
were supposed to illustrate Cuvier’s theoretical ideas related to
the Revolutions of the Globe (Derieux, 1998). This theory was
an attempt to provide a coherent story about the disappearance
of extinct species, supposing a discontinuous succession of lost
worlds separated by terrifying cataclysms. The successive
faunas were therefore totally distinct, since nobody had a precise
idea about the time during which these extinct species lived.
Megatherium was included to illustrate such vanished worlds,
and how different fossils could be from extant species.

The skeleton that can be seen today in the exhibition of pale-
ontology (Figure 3.8) is registered in the catalog of Comparative
Anatomy in 1871 by Paul Gervais, professor of comparative
anatomy since 1866. This specimen was previously part of
the Great Exhibition that took place in Paris in 1867 (Derieux,
1998). It was mounted by Dr. Sénéchal, with bones collected in
the pampas of the Santa-Fé province, Argentina. This skeleton
has been included in the gallery of paleontology since its open-
ing in 1898, and since then it has stood erect on its hind limbs,
with its fore feet lying on a tree. The public presentation of this
skeleton was influenced by the beliefs and personality of the
designer of the gallery, Albert Gaudry, who was also an active
paleontological researcher. Gaudry was an evolutionist and
in this gallery he wished to consider each fossil as a member
of the evolutionary chain, its age illustrating the evolutionary
degree achieved: “if it is true that the geological strata are noth-
ing but stages in the history of the development of beings, the
knowledge of these stages of evolution will provide a precious
aid for the determination of the ages of the earth” (translated by
Simpson, 1984, p. 100). In contrast to Cuvier’s catastrophism,
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FIGURE 3.8. Megatherium americanum, as it appears today in the
gallery of paleontology of the Museum of natural history of Paris.

Gaudry organized the gallery with the idea that a single world
has evolved since the oldest ages, with the specimens exhibited
illustrating the idea of progress and increased complexity as
was typically the case at the time (Gould, 1995). This represen-
tation of a progressive evolution of living beings was probably
born from the representations of historical periods illustrating the
progress of humanity (Cohen, 1994). In this historical con-
text, the Parisian, bipedal Megatherium is placed among other
giants and spectacular fossil mammals, such as Mastodon
angustidens, Elephas meridionalis, and Glyptodon asper, this
group representing, according to Gaudry (1895), “I’apogée
du monde.”

However, Gaudry does not interpret the bipedalism of
Megatherium based on anatomical clues, but mainly because
he wished to surprise and impress the public: “This gigantic
edentate probably had an odd bearing, like the living anteaters;
it walked on the external side of its feet, flexing obliquely its
phalanges in order to press the top side of its huge nails [sic]
against the ground. This arrangement is favorable not to walk
but to climb. Nobody will suppose that Megatherium climbed
trees; what trees would have been able to carry such a heavy
creature! But it is natural to believe that it often rested on
its powerful hindquarters, and stood up against trees, grasp-
ing them with its forefeet in order to devour their fruits and
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foliage. We thought that it would be curious to represent our
Megatherium erected like this on its hind legs, resting on a
tree. Its mouth is 3.15m above the ground; it could easily
reach 3.50m high.... We hope that our Megatherium will
make a great impression in the future gallery of paleontology”
(1895, p. 253; personal translation, italics added — see the
construction of this Megatherium in Figure 3.9).

Bipedalism in this context has an aesthetic meaning rather
than a scientific one. However, Gaudry also seemed to have
the desire to represent this animal in a “natural” way, and
the posture chosen indeed belongs to one of those described
by Pictet (1853-57). Touching the visitor with the aesthetic,
external appearance is supposed to improve the understanding
of scientific knowledge linked to the object (Déotte, 1993);
first you have to be touched before being deeply moved,
whereas trying to understand would be the last step. However,
the knowledge may sometimes add more darkness than light
to the first impression captured by the visitor. The exhibi-
tion of objects in a particular context is supposed to lead the
public to open passively to specific knowledge (Derieux,
1998). All exhibitions are intellectual constructions, with
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FIGURE 3.9. Megatherium americanum being assembled before the
opening of the gallery of paleontology of the Museum of natural
history of Paris. Figured in Glangeaud (1898).
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an irreducible distance between the shape of the object, the
ever-growing knowledge of scientists, and the imagination
of the public. Hence, once included in an exhibition, a fossil
escapes partly from science and stands far from the “truth”
that it is supposed to hold in its fragments. Moreover, in the
specific case of paleontology, fossils are supposed to help the
public’s understanding of the history of Earth. Fossils repre-
sent particular shapes expressed during different epochs of the
evolution of life. Although this shape is one of the only ele-
ments of identity available, fossils cannot simply be reduced
to it, as they are indicative of past events and environments.
It is in this framework that they can help researchers produce
something like an evolutionary history of functions.

3.3.4 Recent Information About
The Locomotion Of Megatherium

Concerning the locomotion of these animals, in his famous
book “Splendid Isolation,” Simpson (1980) described
megatheriids as such: “Large as they are, they surely
were not even semi-arboreal, and with their very stout but
relatively rather short hind legs, they probably could walk
bipedally on occasion if not habitually” (p. 91). Simpson did
not provide a reference for this speculative judgment, which
seems to have been instinctive, or depending simply on com-
mon sense. According to new data, one point is in favor of at
least occasional bipedalism: tracks of footprints, discovered
in the Pliocene (Casamiquela, 1974) and late Pleistocene of
Pehuen-Co (Aramayo and Bianco, 1996), both in the prov-
ince of Buenos Aires. Although it is impossible to attribute
these tracks specifically to Megatherium americanum, the
hind foot prints indicate pedolateral rotation, with the claw
of the third toe pointing toward the inner side of the foot.
No tail print is observed, suggesting that the tail was held
a few centimeters above the ground, playing a role in the
equilibrium of the animal.

Based on these tracks, Megatherium could reach 5-6km/h
(1.4-1.67m/s; Casinos, 1996, Table 3) when walking
bipedally. Casinos (1996) also further investigated whether
bipedalism was possible, considering some biomechanical
characteristics of the skeleton like the moment of resistance
of the vertebral column and the bending moment at breaking
of the femur. To my knowledge, this is the only biomechanical
study to have been performed on Megatherium. From this
study, it appears that the skeleton was able to support the
forces generated by bipedalism. When compared to average
mammalian values, the humerus appears to be the longest and
thinnest bone among the long bones of the skeleton, and the
tibia the shortest and thickest one (Casinos, 1996). It has also
been estimated that the body mass of a “typical specimen”
like the one from Madrid was close to four tons. The func-
tion of peculiar features like the unique outline of the femur,
which is very wide transversely, flattened anteroposteriorly,
and twisted, although possibly related to bipedal walking on
the lateral side of the foot and therefore to high lateral stresses
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exerted on the hind limb, is still unclear. As discussed by
Casinos (1996, p. 95), “perhaps this bipedalism was the only
one possible” for such a giant, with the particular historical
constraints it had to deal with. In this case, is the specializa-
tion toward pedolateral rotation dependent on the weight of
the animal? The fact that a pivot-like astragalus (suggesting
pedolateral rotation) is present in a large variety of sloths of
all sizes, including, for example, a small sloth from Salla,
Bolivia (Late Oligocene) weighing less than 50kg and having
five functional digits (Pujos, 2002), precludes any absolute
link between these two variables.

In the context of the order Xenarthra, one issue is to deter-
mine why bipedalism would have evolved in sloths. Was it
to occasionally get some leaves from the tops of trees, or
possibly for defense? Megatherium has indeed been described
as an efficient stabber by Farifia and Blanco (1996), although,
as outlined by these authors, a giant adult mammal with
an adult body mass of four tons should not be particularly
concerned about the possibility of being attacked by, for
example, a saber-toothed Smilodon. An erect posture would
have freed the forelimbs for roles other than locomotion, such
as manipulating large prey (e.g., turning the glyptodonts of
the Lujanian fauna upside down to reach their unprotected
ventral region) or tearing branches out (Farifia and Blanco,
1996), which would explain the lack of specialized “manola-
teral” rotation.

The major problem faced when reconstructing the loco-
motion of extinct animals is that modern kinematics and
dynamics data that model the locomotion of living forms
through quantified parameters like angular variations or
ground force reaction are of limited value when dealing
with fossil elements. As outlined by Gould (1993), nothing
is more complex than the integrated parameters of the form
and behavior of a living organism, compared with what exists
in the realm of human construction. The use of technology
to render accurate and believable animals is therefore one of
the greatest all-time challenges to human ingenuity (Gould,
1993). Today the relationship between behavior (function,
sensu lato) and skeletal structures has not yet been achieved,
so it remains difficult to improve the interpretation of fossils
using the most modern tools. In this context, the fossil post-
cranial material housed in museums represents a great but
not yet fully exploited source of information concerning
extinct faunas. “The reconstruction of the deep past, although
hailed as one of the “wonders” of science, still had to depend
on far more traditional resources to be made comprehensible
and persuasive to the general public” (Rudwick, 1992, p.
172). Paleontologists still work at this level.

3.4 Conclusion

I wished to show in this chapter how the “only true story”
told by fossils is developed day after day, illustrating (and
sometimes hiding) a complex network of scientific hypotheses
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based on very fragmentary evidence. It is astonishing to real-
ize that Megatherium americanum, a famous fossil mammal
used in many paleontological exhibitions, has never really
been studied functionally. In fact, we still know almost nothing
concerning, for example, the constraints and mechanisms that
have led to the formation of the acromiocoracoid bridge or to
the peculiar pedolateral rotation, if this rotation is related to the
occasional bipedalism of a giant mammal, and why the order
Xenarthra is the only one to have evolved both characters,
which are unknown in modern faunas.

The reconstruction of fossils transports modern human
beings back into a scene that no human beings actually
witnessed (Rudwick, 1992), but such reconstructions are, and
will always be, pure human constructions. Paleontologists,
like any researchers working in the historical sciences,
have to deal with events that occurred only once. They
only have access to morphological characters and have to
assume that their reconstruction hypotheses will never be
tested with other types of evidence. Despite the absence
of experimentations and life dynamics in the material at
hand, reconstructions and models are built day after day by
the well-thought-out interpretation of the observation of a
static material (Babin, 1991). In this context, paleontology
remains a dialog between imagination and materialization,
fossils falling into the area of imagination as soon as they
are discovered so that they do not simply remain cadavers.
The work of paleontologists is to make sense of the frag-
ments studied and to share the story obtained despite the
fact that most of the constitutive elements of the identity
of a fossil leave no trace. In this framework, paleontology
does not relate especially to the “truth,” whose access is now
denied forever, but more with the knowledge that we have
about the vanished worlds, with the ideas built around them.
The most important point is to give coherence and sense
to what is observed, keeping in mind the bases on which
the conclusions have been made, both scientifically and
historically; the story told has its own story! And, despite
their imperfections, the reconstructions are in some ways
the best visual tools we have with which to present the
conclusions of specialists to a large public audience.
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4.1 Introduction

Functional morphology of the mammalian forelimb skeleton
and the details of its joints have been explored and discussed
in great depth relative to other postcranial regions, despite
potential difficulties with interpreting the morphology of this
region. The mammalian forelimb performs a variety of biolog-
ical roles, including postural, locomotor, feeding, exploratory,
grooming, and defense related behaviors. Detailed morphol-
ogy might therefore reflect several overlapping functions
and compromises between various demands. Much work has
focused on primates, with a particular interest in climbing and
rotational mechanics of the shoulder and elbow (e.g., Roberts,
1974; Roberts and Davidson, 1975; Fleagle and Simons, 1982;
Rose, 1988, 1989; Harrison, 1989; Ciochon, 1993; Gebo and
Sargis, 1994). Function-based analyses of mammalian dig-
gers such as geomyids and vermilinguans focus on aspects of
the shoulder, elbow, and wrist that correlate with digging and
movement of soil (e.g., Campbell, 1939; Reed, 1951; Yalden,
1966; Taylor, 1978, 1985; Rose and Emry, 1983; Szalay and
Schrenk, 1998; Stein, 2000). Studies of proportional differ-
ences and details of the shoulder and elbow joints in cursorial
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© Springer Science + Business Media B.V. 2008

mammals have identified a suite of characteristics associated
with lengthening the stride and stabilizing joints in the par-
asagittal plane for high-speed locomotion (e.g., Hopwood,
1947; Smith and Savage, 1956; Taylor, 1974; Hildebrand,
1995). There has been less published work on the functional
morphology of aquatic mammals (but see Osburn 1903;
Howell, 1970; Smith and Savage, 1956; Kerbis Peterhans and
Patterson, 1995). This chapter is a comparative morphologi-
cal study of the tenrecoid scapula, humerus, ulna, and radius,
with particular emphasis on the shoulder and elbow joints.
The following questions are addressed:

(1) Do aspects of the tenrecoid forelimb exhibit intergeneric
variation that correlate with expected differences based
on positional behavior in other mammalian locomotor
specialists?

(2) Do taxon-specific features of the tenrecoid forelimb suggest
phylogenetic affiliation among members of the tenrecoid
subfamilies, such as those found in the hindlimb?

(3) Do Solenodon, Petrodromus, and/or Echinosorex share
characteristics of the forelimb with tenrecoids that might
be phylogenetically meaningful?

4.1.1 General Form and Variation
of the Mammalian Scapula and Forelimb

Studies on mammalian forelimb form and function focus on
a series of general skeletal characteristics that demonstrate
considerable variability among taxa. The study of highly
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variable aspects of form can result in differences in interpreta-
tions of what a particular aspect of form is, i.e., where it begins
and ends, in addition to how it is defined. Particular char-
acters of form are, therefore, briefly defined and discussed,
especially those that are often identified and described in the
literature discussed here. Some aspects of their variability are
also illustrated (for this section, refer to Table 4.1 for proposed
locomotor correlates of form). Functional and phylogenetic
interpretation of these characters in relation to taxon differ-
ences are addressed further in the Results/Discussion section.

Overall scapular shape varies considerably among mammals.
At one end of the spectrum of form there is a triangular scapula,

J.A. Salton and E.J Sargis

as in humans, with an expanded vertebral (medial) border and
the humeral articular surface at the apex. This is generally an
effect of a relatively small supraspinous fossa and expanded
infraspinous fossa. At the other end of the spectrum is a more
rectangular form, usually the correlate of a more moderate verte-
bral border, a broader axillary (lateral) border towards the glenoid
fossa, and a broader supraspinous fossa with a steeply inclined
cranial (superior) border towards the glenoid fossa (Figure 4.1;
see Argot, 2001, for scapular morphotypes in metatherians).
Differences in form are attributed to various attachments of mus-
cles that protract, retract, and rotate the scapula and humerus,
stabilize the shoulder joint, and anchor the scapula, yet there

TaBLE 4.1. Aspects of the mammalian forelimb with proposed relationship to locomotor behavior.

Climber Digger Terrestrial/runner Leaper Swimmer

SCAPULA
Scapula shape®%: 13 Short and broad Elongated Long and narrow
Scapula shape® Short Long, narrow Short
Scapular spine® High and long Present, not enlarged Low
Supraspinous fossa' Large Less well-developed
Supraspinous fossa'’ Cranially expanded Large
Infraspinous fossa'!!11:22 Broad Narrow and deep
Vertebral border!®-!1322 Extended relative to length
Acromion?®08:10.13 Large, angled cranially Long, flaring Not as large
Coracoid process®!%13 Long, caudally oriented Stout, prominent Short, medially oriented
Glenoid fossa*$1> Wide Elliptical Tall and narrow
HUMERUS
Humerus shape®7:12:1423 Long, narrow Robust, short, wide
Humerus/radius length'® Long, narrow Short Long Long
Humeral head?%1° Hemispherical Elliptical Anteroposteriorly elongated
Humeral head!” Large Smaller
Bicipital groove®!! Clearly defined Well-formed into tunnel ~ Not as well-formed
Lesser tuberosity®10-13.17.22 Low, small (but bigger than Pronounced Higher, larger

greater tuberosity)
Greater tuberosity® 1013171823 Lower than head Pronounced Prominent, high
Deltopectoral crest®: 101922 Large, distally extended Prominent, distally extend. Small, short
Midshaft? Wide
Distal end of humerus'? Wide Narrow
Entepicondylar foramen? Elongated
Medial epicondyle®?10:13.142022 YWell-developed, long Enlarged Short
Lateral epicondyle®% 101422 Well-extended Enlarged
Capitulum*'3 Spherical Spindle-shaped
Trochlea!” Developed anteriorly more More concave posteriorly

than posteriorly
Trochlea!®!3 Well-separated from capitulum Continuous with capitulum
Trochlea 31920 Mediolaterally wide, shallow Mediolaterally narrow, deep
Coronoid fossa '° Deep
Olecranon fossa'®?! Shallow Deep
ULNA
Ulnar length?8:!1,12,14.16 Long Short, wide Long
Olecranon process>>$%1013.1421.22 1 egg prominent Large Prominent
Olecranon process™!? Curved anteriorly Straight or curved posteriorly
Trochlear notch (proximal lip)? Long Shorter
Trochlear notch!” Deep
RADIUS
Radius shape?!0-12.13.14.23 Long, bowed Short, wide
Radial head®#3-10.13 Circular Elliptical Elliptical

'Roberts and Davidson (1975); 2Verma (1963); *Reed (1951); “Szalay and Dagosto (1980); *Van Valkenburgh (1987); °Smith and Savage (1956); 7Yalden
(1966); 8Stein (2000); *Biknevicius (1993); '°Argot (2001); ! Taylor (1974); '? Casinos et al. (1993); '3Sargis (2002); '# Grand and Barboza (2001); !> Larson
(1993); '® Hildebrand (1995); '7 Rose (1989); ' Heinrich and Rose (1997); ' Gebo and Sargis (1994); 2 Szalay and Sargis (2001); 2! Ciochon (1993); 22 Rose

and Emry (1983); 2 Hopwood (1947)
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FIGURE 4.1. Right scapulae of Potamogale and Echinops. Lateral view of Potamogale (top left), demonstrating a greatly attenuated triangular
form and no articular processes. Lateral view of Echinops (center), which is more rectangular, somewhat circular cranially, with distinct
acromion, metacromion, and coracoid processes. Articular surface of scapula of same Echinops specimen (top right). Subdivisions on scale

are 1.0mm.

are also differences in the position of the scapula against the
lateral ribcage resulting in a variety of muscle mass distributions.
Scapular position is difficult to determine on a disarticulated
skeleton, although it is undoubtedly strongly correlated with dif-
ferences in scapular shape.

The scapular spine denotes the border between the suprasp-
inous fossa and infraspinous fossa and the Mm. supraspinatus
and infraspinatus. Some taxa develop a secondary spine, poste-
rior and ventral to the primary spine, which is associated with
an expanded M. teres major and scapular head of the M. triceps
brachii (Taylor, 1978, Rose and Emry, 1983). A secondary spine
located superior to the primary scapular spine, within the space
of the supraspinous fossa, might be associated with an expanded
M. rhomboideus or a laterally expanding M. subscapularis.

The acromion process of the scapular spine, when present
as a process, is highly variable and can reach well beyond
the humeral articulation (Figure 4.1). A metacromion process
may or may not be present, hanging caudally from the
acromion and extending back along the scapular spine.
Development, presence, and absence of the acromion and
metacromion are associated with protraction and lateral
rotation of the humerus, as well as scapular stabilization.
The coracoid is another highly variable feature of the scapula,
and, when present, can extend proximally/ventrally and
laterally to differing degrees. Its relative length is correlated
with the M. coracobrachialis and associated with humeral
adduction (Stein, 2000; Argot, 2001; Sargis, 2002). Finally,

the shape and size of the glenoid fossa varies amongst mam-
malian locomotor specialists, presumably in correlation with
a shoulder joint that facilitates multiaxial rotation vs. one that
restricts movement to a particular plane (Figure 4.1).

Relative length and width of the humerus vary dramatically,
from the relatively slender, elongated humerus of a brachiating
primate (e.g., Hylobates) to a short and robust block-like humerus
of a golden mole (Figure 4.2). Relative differences in length
and width are generally ascribed to differences in functional
mechanics of the musculoskeletal lever system; a relatively short
humerus is related to increased force of the muscles originating
on the scapula, and a longer humerus contributes to a longer
stride for high-speed motion (at the expense of power). Yet the
more distal forelimb bones also need to be considered relative
to the humerus to interpret mechanical output. For example, in
high-speed cursors, lengthened and narrow limbs are expected
for long-strides with minimal resistance. Yet the humerus is often
short and somewhat robust and the distal elements of the limb are
long and thin because muscle mass of the limb is concentrated at
the shoulder and proximal arm with long elastic tendons extend-
ing to the distal elements (see Hildebrand, 1995).

Shape and relative size of the humeral head varies with
differences in rotational facilitation of the glenohumeral joint,
yet characteristics of the head do not reliably or necessarily
intuitively correlate with features of the glenoid fossa (see
Taylor, 1974). The greater tuberosity, attachment site for
the humeral retractor M. infraspinatus and protractor M.
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supraspinatus, is generally interpreted in terms of its robustic-
ity and proximodistal height above or below the humeral head.
The lesser tuberosity is the primary attachment site for M.
subscapularis, a medial rotator and adductor of the humerus,
and is also discussed in terms of its length and robusticity.
The position of the greater and lesser tuberosities might also
be of functional relevance; more anteriorly positioned tuber-
osities result in increased, uninterrupted surface area along
the proximal surface of the humeral head, and may be related
to rotational facilitation (Figure 4.2). The bicipital groove (or
tunnel in some cases), positioned anteriorly between the two
tuberosities, transmits a tendon of the M. biceps brachii, and
its development might be correlated with powerful forelimb
flexion (Figure 4.2).

Muscles associated with the deltoids and pectorals attach
at several sites along the anterior and lateral humerus, and
are usually associated with characters designated as the del-
topectoral crest (ridge, process, or eminence), deltoid tuber-
cle (tuberosity), and/or pectoral process (Figure 4.2). Many
mammalian taxa have a deltopectoral crest running down the
anterior third of the humerus, with a deltoid tubercle towards

deltopectoral crest

ﬁ‘;,
deltoid
tubercle

lateral
epicondyle

capitulum

lesser
tuberosity
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the distal end of the crest, as in Didelphis (Taylor, 1978). In
some forms, the deltoid musculature inserts on the lateral
edge of the humerus where a deltoid tubercle is formed and
the pectorals attach on the anterior surface, in which case the
ridge is referred to as a pectoral ridge (e.g., in tamanduas,
Taylor, 1978; Szalay and Schrenk, 1998). The deltoids often
act as lateral rotators and abductors of the humerus, whereas
the pectorals adduct and retract the humerus (Larson, 1993;
Argot, 2001).

At the distal end of the humerus, the coronoid (ulnar)
fossa marks the point at which the coronoid process of the
ulna (ulnar distal trochlear crest of the semilunar or trochlear
notch) rests when the forearm is completely flexed. When the
forearm is extended, the ulnar proximal trochlear crest (ole-
cranon beak) inserts into the olecranon fossa of the humerus.
Deep or perforated coronoid and/or olecranon fossae are gen-
erally attributed to more extreme degrees of forearm flexion
and extension, respectively.

The trochlea and capitulum of the distal humerus mark
the articular surfaces with the ulna and radius, respectively
(Figure 4.2). Differences in mediolateral widths of each sug-

bicipital groove

greater tuberosity

humeral head

coronoid fossa

entepicondylar
foramen

medial epicondyle

trochlea

FIGURE 4.2. Right humeri of Solenodon and Microgale. Anterior view of Solenodon (top left), demonstrating a humerus with pronounced
crests and processes, including a deltopectoral crest, and wider shaft. Anterior view of whole humerus (center left) and views of proximal
humerus (upper right) and distal humerus (lower right) of Microgale dobsoni. Subdivisions on scale are 1.0 mm.
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FIGURE 4.3. Right radii and ulna of Setifer, Limnogale, and Tenrec. Proximal view of Setifer radius (top left), illustrating mediolaterally
elliptical radial head, proximal view of Limnogale radius (middle top), demonstrating a rounded head, and medial view of 7enrec antebra-

chium (bottom). Subdivisions on scale are 1.0 mm.

gest how much body weight is distributed on one side of the
humerus relative to the other. Capitulum shape is correlated
with movement of the radius on the humerus, and a more
spherical shape is generally indicative of multiaxial move-
ment, whereas a trochleated capitulum is correlated to varying
degrees with fast flexion/extension of the ulna that requires
lateral bracing.

The olecranon process of the ulna is the attachment site for
the M. triceps brachii, which is the primary forearm extensor
(Figure 4.3). The olecranon process is generally considered
in terms of its robusticity and length relative to the rest of
the ulna. Overall ulnar and radial proportions are commonly
compared to humerus length to determine mechanical com-
promises between speed (a relatively longer forearm) and
power (a relatively shortened forearm). Lastly, the articular
surface of the radial head ranges from completely rounded to
a mediolaterally-expanded ellipse, indicating greater degrees
of mobility in the former and a more restricted lateral elbow
joint in the latter (Figure 4.3). All of these characteristics are
considered in tenrecoids below.

4.2 Materials and Methods

The scapula, humerus, radius, and ulna of 12 tenrecoids and
3 outgroups were studied and digitally photographed (Nikon
Coolpix 995) in several standardized views. Skeletal speci-
mens were examined at the American Museum of Natural
History (AMNH), Field Museum of Natural History (FMNH),
Harvard University Museum of Comparative Zoology (MCZ),
and United States National Museum of Natural History

(USNM). Two Echinops specimens were borrowed from
H. Kuenzle’s laboratory at the University of Munich
(UMUN), Germany, and a Hemicentetes and Tenrec specimen
were borrowed from the University of Darmstadt (DARM),
Germany (see Salton, 2005, for specimen list).

Digital image files were written into TPSdig (Version
1.31, 2001, FJ. Rohlf), which allows for superimposition of
landmarks (x,y coordinates) onto images and calibration of
image scale from a millimeter ruler. Linear measurements
were then calculated from specific coordinates (Salton, 2005).
Measurements included those that incorporate features with
proposed functional and/or phylogenetic significance (see
Table 4.1). Precision of digital measurements was tested
against fine-point caliper measurements from three complete
specimens, and there were no significant differences (P <
0.05) between caliper and digital values.

The following tenrecoid species were studied: Echinops
telfairi, Setifer setosus, Hemicentetes semispinosus, Tenrec
ecaudatus, Microgale cowani, M. dobsoni, M. talazaci,
Oryzorictes tetradactylus (or O. hova), Limnogale mergulus,
Geogale aurita, and Potamogale velox (Table 4.2). The fol-
lowing species were included as outgroups for comparison
with tenrecoids (orders according to Springer et al., 2004):
Solenodon paradoxus (Eulipotyphla), Petrodromus tetra-
dactylus (Macroscelidea), and Echinosorex gymnurus
(Eulipotyphla). These taxa were chosen because tenrecoids
have traditionally been included in Lipotyphla, but have
more recently been allied with other African mammals in
Afrotheria (Springer et al., 2004; for further discussion of
outgroup choices see Salton and Szalay, 2004; Salton, 2005;
Salton and Sargis, 2008).
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TABLE 4.2. Taxonomy and primary locomotor behavior of study taxa.

Family/subfamily Genus Species n Locomotor Behavior
Tenrecidae/Tenrecinae Echinops telfairi 13 Arboreal/terrestrial
Tenrecidae/Tenrecinae Hemicentetes semispinosus 18 Terrestrial/fossorial
Tenrecidae/Tenrecinae Setifer setosus 19 Terrestrial
Tenrecidae/Tenrecinae Tenrec ecaudatus 14 Terrestrial
Tenrecidae/Oryzorictinae Limnogale mergulus 5 Aquatic/terrestrial
Tenrecidae/Oryzorictinae Microgale cowani 22 Terrestrial
Tenrecidae/Oryzorictinae Microgale dobsoni 21 Terrestrial
Tenrecidae/Oryzorictinae Microgale talazaci 13 Terrestrial
Tenrecidae/Oryzorictinae Oryzorictes tetradactylus/hova 35 Fossorial/terrestrial
Tenrecidae/Geogalinae Geogale aurita 4 Terrestrial
Potamogalidae Potamogale velox 3 Aquatic/terrestrial
Macroscelididae Petrodromus tetradactylus 3 Terrestrial/saltatory
Solenodontidae Solenodon paradoxus 10 Terrestrial/fossorial
Erinaceidae Echinosorex gymnurus 1 Terrestrial

TABLE 4.3. Indices.

APLI Acromion Process Length Index = length of scapula from distal end to tip
of acromion process/length of scapula to base of glenoid fossa
GFSI Glenoid Fossa Shape Index = Glenoid fossa dorsoventral length/mediolateral width
HHSI Humeral Head Shape Index = Humeral head length/width
HRLI Humerus/Radius Length Index (Brachial Index) = Humerus length/radius length
HSI Humerus Shape Index = Humerus width/length
MEWI Medial Epicondyle Width Index = Medial epicondyle width/trochlear width (distal view)
OPLI Olecranon Process Length Index = Olecranon process length/ulna length
RSI Radius Shape Index = Radius depth/length

SSI Scapula Shape Index = Scapula width/length
USI Ulna Shape Index = Ulna depth/length

In order to control for size differences between species,
linear measurements (see Salton, 2005) were transformed
into ten indices (Table 4.3). Statistical analyses were per-
formed using STATISTICA (Version 6.0, StatSoft Inc.,
Tulsa, OK). Indices were each compared between species
using one-way ANOVA and the Tukey honest significant
difference (HSD) post hoc test (P < 0.05). All ANOVA
tables are in Salton (2005).

4.3 Results and Discussion

43.1

There are no subfamily-level differences in the Scapular
Shape Index (SSI) between the tenrecines and oryzorictines
due to the considerable variation within Oryzorictinae and
their overlapping ranges with Tenrecinae (Table 4.4). A nar-
row, elongated scapula is characteristic of some fossorial
rodents and soricids (Reed, 1951; Stein, 2000), and this might
be expected in Hemicentetes. Lengthening of the scapula is
presumably correlated with a large and posteriorly displaced
origin of the M. teres major and M. triceps brachii caput
longum, which retract and rotate the shoulder and extend the
forearm, respectively (Yalden, 1966; Taylor, 1978; Neveu
and Gasc, 2002). Microgale cowani has a significantly longer
and narrower scapula than M. dobsoni (Figure 4.4, Table 4.4;

Scapula

P < 0.05). This is consistent with a series of other postcranial
traits that suggests M. cowani is more of a habitual digger
than previously recorded. Oryzorictes has a narrow and
elongate scapula (Figure 4.4), significantly more so than in
any of the other study taxa (Table 4.4; P < 0.05), and similar
in form to subterranean talpids.

The swimmers Limnogale and Potamogale do not have simi-
lar scapular morphology (Figure 4.4), yet they both have long
and narrow scapulae relative to the other tenrecoids (except
Oryzorictes), which suggests considerable retraction-based
loading during aquatic propulsion. Although the supraspinous
fossa is well-developed in leaping marsupials (Argot, 2001),
the supraspinous fossa in the elephant shrew Petrodromus is not
remarkable (Figure 4.4). Rather, its infraspinous fossa is deep
and expanded at the caudal vertebral border, highlighting the
importance of the M. teres major in powerful forelimb retrac-
tion. Unlike Hemicentetes and Tenrec, Echinops and Setifer
have a relatively flat (vs. angled) axillary border and steeply
rising cranial border, resulting in an enlarged, broad suprasp-
inous fossa (Figure 4.4). The supraspinous fossa is large and
cranially expanded in arboreal scandentians, primates, and
xenarthrans (Roberts and Davidson, 1975; Gebo and Sargis,
1994; Monteiro and Abe, 1999; Sargis, 2002), related to an
enlarged attachment area for the M. supraspinatus and its func-
tion as a scapular suspensor and forelimb protractor (Taylor,
1974; Taylor, 1978; Roberts and Davidson, 1975; Argot, 2001;
Vasquez-Molinero et al., 2001).



4. Evolutionary Morphology of the Tenrecoidea (Mammalia) Forelimb Skeleton 57

Tenrec

Microgale cowani ,".-f. dobsoni Limnogale

Ve

- — _

Potamogale

Geogale

FIGURE 4.4. Lateral view of right scapulae scaled to length in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left),
and three outgroup taxa (bottom right). Note differences in the relative length and width of the whole scapula, angle of the axillary border,
breadth of the vertebral border, depth of the supraspinous and infraspinous fossae, and shape of the acromion and metacromion processes.

Subdivisions on scale are 1.0 mm.

Within the Tenrecinae, the acromion process reaches
ventrally well beyond the glenoid fossa in Echinops and
Hemicentetes, whereas that in Tenrec and Setifer is less ven-
trally extended (Figures 4.4, 4.5). Though there is consider-
able intraspecific variation for the Acromion Process Length
Index (APLI), the trend of a longer acromion in a climber and
a digger is consistent with data from rodents and marsupials
(Stein, 2000; Argot, 2001). Oryzorictes has a significantly
longer acromion process than Setifer, Tenrec, and Microgale
(Figures 4.4, 4.5, Table 4.4; P < 0.05). Limnogale is unlike
Potamogale, which lacks an acromion process almost alto-
gether (Figures 4.4, 4.5; of the three available Potamogale
scapulae, two had broken scapular spines, so n = 1 for this
variable). The acromion process is the site of origin for M.
deltoideus pars acromialis (Neveu and Gasc, 2002), which
acts as a protractor and lateral rotator of the humerus.
Although some forelimb diggers have large acromion proc-
esses, they are reduced in some, e.g., talpids and erinaceids
(Reed, 1951; Verma, 1963). Length of the acromion in a
digger might therefore be indicative of whether the animal
is generating force from the shoulder musculature, as in
Oryzorictes and xenarthrans (Smith and Savage, 1956), or
more from the forearm, as in Talpa and erinaceids.

The metacromion is an attachment site for Mm. trapezius,
atlantoscapularis, omotransversarius anterior, and for the
extension of the deltoideus pars acromialis (Campbell, 1939;
Neveu and Gasc, 2002), muscles involved with scapular
stabilization and humeral rotation. A conspicuous arc of the
metacromion is only present in the two most extreme locomo-

tor specialists, Oryzorictes and Petrodromus (Figure 4.4),
suggesting that the metacromion, when present, is a good
indicator of heavy loading at the shoulder. Geogale has
an unusual metacromion process, which does not project
anteriorly in a characteristic “c” shape, but extends back
(posteriorly along the long axis of the scapula) and forms a
wide, thin sheet of bone confluent with the scapular spine
(Figure 4.4). It is unclear which of the attached muscles is
most influencing this form, but given the lack of rotational
arm movement in Geogale (JAS pers. obs.), it is most likely a
reflection of a strongly anchored scapula.

Although there are apparent differences in the shape of the
glenoid fossa between taxa, the Glenoid Fossa Shape Index
(GFSI) may not be a reliable variable because it is difficult
to discern the limits of humeral head rotation against the
fossa (see Taylor, 1974). Nonetheless, the glenoid fossa of
tenrecoids appears to be generally dorsoventrally (antero-
posteriorly if facing ventrally) narrow with some variation
between taxa. Within Tenrecinae, the shape of the glenoid
fossa in Hemicentetes is distinctive in its high, narrow, almost
rectangular shape (Figure 4.6), which is consistent with
glenoid fossa shape in other mammalian diggers (Reed, 1951;
Stein, 2000). Limnogale has a significantly narrower glenoid
fossa than in any other tenrecoid (Figure 4.6, Table 4.4; P <
0.05), yet the functional interpretation of this trait is unclear.
Though it seems as if a narrow glenoid fossa would restrict
motion to a single plane, the highly restricted shoulder joints
of Potamogale and Petrodromus (based on their humeral mor-
phology) have rounded glenoid fossae (Figure 4.6).
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TABLE 4.4. Index summary statistics*

J.A. Salton and E.J Sargis

Taxon SSI APLI  GFSI HSI HRLI HHSI MEWI USI OPLI RSI
Echinops telfairi Mean 0.47 1.17 1.45 10.46 1.12 1.02 1.07 0.079 0.17 0.10
SD 0.05 0.04 0.16 0.95 0.12 0.06 0.16 0.008 0.02 0.01
n 13 10 13 13 12 13 12 11 11 12
Setifer setosus Mean 0.50 1.07 1.48 11.01 1.09 1.10 0.95 0.083 0.16 0.11
SD 0.04 0.28 0.11 0.82 0.05 0.08 0.12 0.006 0.01 0.01
n 19 17 18 19 15 19 19 17 17 16
Hemicentetes semispinosus Mean 0.44 1.20 1.60 7.66 1.11 1.24 1.38 0.094 0.22 0.13
SD 0.02 0.02 0.15 0.45 0.11 0.10 0.21 0.009 0.01 0.01
n 16 12 15 18 14 17 18 16 16 15
Tenrec ecaudatus Mean 0.47 1.09 1.54 10.52 1.19 1.10 1.17 0.091 0.23 0.13
SD 0.03 0.01 0.18 0.85 0.11 0.09 0.12 0.007 0.01 0.01
n 11 10 11 12 8 12 12 13 14 9
Microgale cowani Mean 0.41 1.15 1.52 13.06 0.97 1.05 1.14 0.069 0.16 0.08
SD 0.04 0.02 0.13 0.78 0.08 0.10 0.14 0.005 0.01 0.02
n 20 18 19 22 14 22 22 12 13 14
Microgale dobsoni Mean 0.53 1.14 1.57 13.04 0.97 1.10 0.92 0.063 0.12 0.08
SD 0.29 0.02 0.11 3.89 0.11 0.05 0.10 0.007 0.01 0.01
n 21 21 18 21 10 20 21 10 10 10
Microgale talazaci Mean 0.51 1.14 1.58 14.33 0.93 1.09 1.01 0.065 0.12 0.08
SD 0.05 0.02 0.10 0.78 0.02 0.07 0.11 0.003 0.01 0.004
n 13 10 11 12 8 12 12 8 8 8
Oryzorictes sp. Mean 0.31 1.26 1.59 7.83 1.10 1.40 1.49 0.094 0.27 0.15
SD 0.03 0.03 0.17 0.49 0.12 0.13 0.18 0.006 0.03 0.01
n 35 31 30 34 7 34 34 10 10 7
Limnogale mergulus Mean 0.36 1.21 1.88 12.34 0.94 1.08 1.03 0.077 0.17 0.10
SD 0.02 0.08 0.33 0.58 0.11 0.05
n 5 3 5 5 1 5 5 1 1 1
Geogale aurita Mean 13.59 1.09 1.00 0.83 0.069 0.13 0.09
SD 1.88 0.08 0.08
n 4 1 4 4 1 1 1
Potamogale velox Mean 14.75 1.32 0.96 0.58 0.093 0.19 0.13
SD 1.36 0.05 0.03 0.17 0.006 0.01 0.01
n 3 3 3 2 3 3 3
Solenodon paradoxus Mean 9.33 1.09 1.15 1.26 0.099 0.19 0.14
SD 0.95 0.03 0.08 0.10 0.008 0.02 0.01
n 10 7 10 10 10 10 7
Petrodromus tetradactylus Mean 13.74 0.72 0.89 0.56 0.044 0.11 0.05
SD 0.82 0.04 0.004 0.002 0.01 0.003
n 2 1 2 2 3 3 3
Echinosorex gymnurus 11.49 1.29 0.93 0.75 0.072 0.19 0.10
n 1 1 1 1 1 1 1

*See Table 4.3 for index descriptions; values in bold are discussed in the text

4.3.2 Humerus

Overall shape of the humerus in terms of its length relative to
width does not appear to be reliably correlated with positional
behavior, except for the consistent finding of a relatively
short, wide humerus correlated with digging (Smith and
Savage, 1956; Yalden, 1966; Casinos et al., 1993; Hildebrand,
1995; Grand and Barboza, 2001; Luo and Wible, 2005). This
is also the case with the taxa studied here; the humeri of
Hemicentetes, Oryzorictes, and Solenodon are significantly
wider at midshaft than those of the other study taxa (Figure
4.7, Table 4.4; P < 0.05). With the exception of Oryzorictes,
the oryzorictines have longer, thinner humeri than the ten-
recines (Figure 4.7). Despite other traits that correlate with
digging in the M. cowani postcranium, its humeral shape as
defined by the Humeral Shape Index (HSI) is within the range
of the other Microgale species (Table 4.4).

There are no significant differences among tenrecines
in humerus length relative to the radius (HRLI, or brachial
index); all have a humerus that is slightly longer than the
radius, although Tenrec has a slightly higher value than the
others (Table 4.4). In oryzorictines, the humerus tends to be
shorter than the radius, except in the digging Oryzorictes, in
which the humerus is just longer than the radius, as in tenre-
cines (Table 4.4). The swimmer Potamogale and the saltatory
Petrodromus represent two ends of a spectrum; Potamogale
has an extremely long humerus relative to the radius, whereas
Petrodromus has a low brachial index (Table 4.4). Lengthening
of the distal limb elements has been well-correlated with the
mechanics of higher-speed locomotion, whereas shortened
distal limbs and short limbs in general are correlated with
more powerful forelimb (and hind limb) thrust. Petrodromus
most likely concentrates muscle mass at the proximal end
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Echinops Setifer Hemicentetes

M. cowani M. dobsoni M. talazaci Oryzorictes Limnogale

Microgale

Potamogale Solenodon Petrodromus

FIGURE 4.5. Dorsal view of right scapulae scaled to length in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and
two outgroup taxa (bottom right). Note length of the acromion process, which is longer in the diggers. Subdivisions on scale are 1.0 mm.
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FIGURE 4.6. Articular surface of right scapulae scaled to height in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom
left), and three outgroup taxa (bottom right). Note the shape of the glenoid fossa, ranging from rectangular in Hemicentetes to spherical in

Petrodromus. Subdivisions on scale are 1.0 mm.

of the limb, as in other mammalian cursors, and effectively
lengthens its stride with a long distal limb and long tendi-
nous insertions (Hildebrand, 1995). Smith and Savage (1956)
noted similarities in scapular form between aquatic mammals
and fossorial mammals. The extreme shortening of the distal
limb in Potamogale suggests that it uses its arms for some
aquatic paddling, which, in terms of movement and direction
of reactive force, is similar to digging in Oryzorictes (though
differences in humeral shape reflect the lighter resistance of
water vs. soil, and considerably less powerful elbow flexion/
extension in Potamogale).

Humeral head shape (HHSI) varies with locomotor behavior
in the Tenrecinae. The digging Hemicentetes has a significantly
(anteroposteriorly) longer head than the other tenrecines (Table
4.4; P < 0.05), whereas the climber Echinops has a more
rounded humeral head (Figure 4.8). This is consistent with data
from arboreal primates and several small digging mammals,
and reflects multiaxial rotational movement in the climbers
and more restricted shoulder motion in the diggers (Reed,
1951; Stein, 2000; Argot, 2001). A comparison across all taxa

demonstrates that the diggers Hemicentetes, Oryzorictes, and
Solenodon share an elliptical articular surface of the humeral
head vs. a more rounded head in the others (Figure 4.8, Table
4.4), and Oryzorictes, like Hemicentetes, has a significantly
higher HHSI than the other tenrecoids (Table 4.4; P < 0.05).

A well-formed bicipital groove is likely correlated with the
size of the tendon of the M. biceps brachii that passes through
it, and may be indicative of powerful flexion associated with
climbing (Taylor, 1974; Argot, 2001) or digging (Campbell,
1939; Reed, 1951). There is tremendous intraspecific variation
in the formation of the bicipital groove. In several Hemicentetes
and Oryzorictes specimens, the groove is completely closed to
form a bicipital tunnel (Figure 4.9), characteristic of talpids
(Barnosky, 1982), but this is not the norm for either tenrecoid
genus. The presence of a well-formed bicipital groove or tunnel
may be indicative of digging, yet the absence of this trait is not
clear in terms of positional behavior.

Tenrec has a larger greater tuberosity (in terms of medi-
olateral width and anteroposterior length) than the other
tenrecines (Figure 4.8; Salton, 2005), which might indicate
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Setifer Hemicentetes Tenrec

M. cowani M. dobsoni M. talazaci Oryzorictes Limnogale

Geogale  Potamogale Solenodon Petrodromus Echinosorex

FIGURE 4.7. Anterior view of right humeri scaled to height in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and
three outgroup taxa (bottom right). Note differences in relative midshaft width, greater and lesser tuberosity height, distal humerus width,
epicondyle widths, trochlea and capitulum shape, presence/absence of entepicondylar foramen and coronoid fossa, and deltoid tuberosity/
deltopectoral crest shape. Subdivisions on scale are 1.0 mm.
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M. talazaci

Solenodon Petrodromus

FIGURE 4.8. Proximal articular surfaces of the right humeri of tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left),
and two outgroup taxa (bottom right). Note differences in greater and lesser tuberosity size and presence/absence of a bicipital groove.

Subdivisions on scale are 1.0 mm.

Hemicentetes

Oryzorictes

FIGURE 4.9. Proximal articular surfaces of right humeri in two
digging tenrecoids, illustrating the formation of a complete bicipi-
tal tunnel. Most specimens from each of these two genera have
a bicipital groove; only a few have a completely formed tunnel.
Subdivisions on scale are 1.0 mm.

a more restricted shoulder joint with powerful parasagittal
forelimb movement. Hemicentetes does not have a more pro-
nounced greater tuberosity despite predictions based on other

mammalian diggers, nor does Echinops have a smaller one
relative to the others (see Table 4.1). The greater tuberosity
of the humerus serves as an attachment site for M. infrasp-
inatus, which retracts the humerus, and M. supraspinatus,
which protracts the humerus. Both muscles serve to stabilize
the shoulder joint, so the relative size of the greater tuberosity
may correlate with restriction of shoulder mobility (Roberts
and Davidson, 1975; Argot, 2001; Sargis, 2002). Among
the oryzorictines, Oryzorictes has a larger greater tuberos-
ity (Figure 4.8; Salton, 2005), suggesting a more powerful
and restricted fore and aft stroke, and perhaps implying that
Oryzorictes and Hemicentetes utilize different types of arm
strokes when digging (Figure 4.8). The greater tuberosity
in Potamogale is remarkable compared to that of the tenre-
cids and highly unusual for any mammal (Figures 4.7, 4.8),
although it is somewhat similar to the condition found in
microchiropteran bats. It extends proximally and anteriorly
as a sharp process that is claw-like in shape. It reaches high
beyond the proximal surface of the humeral head. Although
different from bats in its shape and anterior position on the
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humerus, the greater tuberosity projection in Potamogale may
serve as a protective lock against the scapula and help to pre-
vent overextension of the forelimb during swimming.

The digger Hemicentetes has a broad lesser tuberosity rela-
tive to other tenrecines, and Tenrec has a smaller lesser tuber-
osity (Figure 4.8; Salton, 2005). The lesser tuberosity is the
primary attachment site for M. subscapularis, a medial rotator
and adductor of the arm (Taylor, 1978; Argot, 2001). One might
therefore expect a larger lesser tuberosity in diggers (Rose and
Emry, 1983; Stein, 2000), and perhaps a larger tuberosity (rela-
tive to the greater tuberosity) in climbers (Argot, 2001; Sargis,
2002). The small lesser tuberosity in Tenrec is consistent with
its large greater tuberosity, suggesting a forelimb with very
limited rotational mobility. There is a strong negative cor-
relation between the size of the greater tuberosity and lesser
tuberosity in tenrecines, as well as the other study taxa (-0.87
for tenrecines, —0.70 for all study taxa; Salton, 2005). Like
Tenrec, Potamogale has a diminutive lesser tuberosity (Figure
4.8), which, when coupled with the large greater tuberosity,
suggests an armstroke that is limited to one major directional
plane (as in forward and backward paddling). The other semi-
aquatic taxon, Limnogale, has a relatively large lesser tuberos-
ity (Figure 4.7), as in Oryzorictes, suggesting more rotational
arm movement during swimming. This is consistent with tarsal
and hind limb morphology, which suggests more varied limb
movements in Limnogale compared to more restricted and
powerful swimming strokes in Potamogale (Salton and Szalay,
2004; Salton, 2005).

Interpretation of the deltopectoral region of the humerus is dif-
ficult, due to the interplay between the attachment of the Mm. del-
toideus and pectoralis musculature, which results in their varying
functions as lateral rotators and abductors (deltoids) and adductors
and retractors (pectorals). A large and/or expanded deltopectoral
crest is found in arboreal marsupials (Argot, 2001), arboreal pri-
mates (Gebo and Sargis, 1994), and fossorial rodents (Rose and
Emry, 1983; Stein, 2000). In tenrecines, there is little develop-
ment of the deltopectoral crest or deltoid tubercle. There is a small
deltoid tubercle on the proximal quarter of most Echinops and
Setifer specimens, a moderate crest in Hemicentetes and Tenrec,
and a moderate tubercle at the distal third of the Hemicentetes
humerus (Figure 4.7). Among the oryzorictines, Microgale
cowani and Oryzorictes have noticeable anterior pectoral crests
and lateral deltoid tubercles, whereas M. dobsoni, M. talazaci,
and Limnogale do not (Figure 4.7). The similarity between
M. cowani and Oryzorictes is another indication (in addition to
a lengthened scapula and other postcranial traits, see below) that
M. cowani utilizes digging behavior more than the other two
Microgale species.

Most of the variation in the width of the distal humerus is
accounted for by the medial and lateral epicondyles. These
structures serve as areas of origin for the wrist and digital flexors
(medially) and extensors (laterally). They are therefore reliable
indicators of flexion and extension of the hand, and are par-
ticularly well-developed in a taxonomic range of climbers and
diggers (e.g., Rose and Emry, 1983; Biknevicius, 1993; Stein,

2000; Argot, 2001; Grand and Barboza, 2001; Sargis, 2002).
Overall width of the distal humerus is particularly great in the
diggers Hemicentetes, Oryzorictes, and Solenodon (Figure 4.7).
Potamogale and Petrodromus have the narrowest distal humeri,
reflecting less powerful wrist and digital flexion/extension.

There are significant differences among the tenrecines in
medial epicondyle width (MEWI; Figures 4.7, 4.10, Table
44; P < 0.05), indicating varying development of the wrist
and digital flexors. Hemicentetes has the widest medial
epicondyle, which is consistent with data from other mam-
malian diggers (Biknevicius, 1993; Stein, 2000; Grand and
Barboza, 2001), and the relatively wide medial epicondyle of
Tenrec suggests that it utilizes some manual scratch digging
that is not reflected at the shoulder joint. Of the oryzoric-
tines, Oryzorictes has a significantly wider medial epicondyle
than the others (Figures 4.7, 4.10, Table 4.4; P < 0.05),
and Microgale cowani has a wider medial epicondyle than
the other Microgale species (Figures 4.7, 4.10, Table 4.4).
The medial epicondyle of Solenodon is wide, reflecting its
digging behavior, whereas that of Potamogale and Petrodromus
is narrow (Figures 4.7, 4.10, Table 4.4).

The entepicondylar foramen, which transmits the median nerve
(Reed, 1951), is considered to be a primitive therian trait that has
been lost in several mammalian taxa such as bats, catarrhine
primates, and some treeshrews (e.g., Szalay and Dagosto, 1980;
Ciochon, 1993; Simmons, 1994; Sargis, 2002). Interestingly,
the presumably more basal of the tenrecoid taxa, Geogale and
Potamogale, do not have an entepicondylar foramen, whereas
there is a moderate entepicondylar foramen in all of the other
tenrecoids (Figure 4.7). Sargis (2002) suggested that its absence
in the tupaiid Urogale might be related to digging, yet the tenre-
cid diggers (and Solenodon) have large entepicondylar foramina.
In the Tenrecoidea there is little intraspecific variability (i.e., a
foramen is always present or absent in adults of a given species),
and the entepicondylar foramen is retained in all the Malagasy
tenrecoids except for Geogale. The loss of the entepicondylar
foramen in Potamogale might have functional significance given
the narrowing and specialization of its distal humerus, but this
does not apply to Geogale, which has few specializations of the
forelimb. Additionally, macroscelidids retain an entepicondylar
foramen, despite the narrowing and specialization of their distal
humeri. This is likely a trait that is easily lost in any particular
taxon, and was perhaps lost relatively late in both the Potamogale
and Geogale lineages.

Another highly variable, simple feature of the mammalian
humerus is the perforation of the coronoid fossa through to
the olecranon fossa. In tenrecoids, occasional perforation of
the fossa occurs in the more terrestrial taxa, but, when present,
this is an intraspecifically variable characteristic. None of the
Echinops or Hemicentetes specimens had a perforated coronoid
fossa, whereas 11% of Setifer specimens and 61% of Tenrec
specimens had a complete perforation. Perforations were
present in 10% of Microgale cowani and M. dobsoni humeri
and 25% of M. talazaci specimens, but none were present in the
humeri of Oryzorictes, Geogale, Limnogale, or Potamogale.
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FiGURE 4.10. Distal surfaces of the right humeri in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and three
outgroup taxa (bottom right). Note differences in medial epicondyle mediolateral length and sharpness of trochlear and capitular edges.

Subdivisions on scale are 1.0 mm.

The complete absence of this trait in a taxon is correlated with
generally shallow coronoid and olecranon fossae, and its pres-
ence indicates deeper fossae. Similar to the bicipital groove,
the absence of a perforated coronoid fossa is not particularly
meaningful functionally, as all taxa include specimens with
a non-perforated fossa. Yet the presence of this trait is likely
correlated with great extension of the forearm during terrestrial
locomotion (see Szalay and Sargis, 2001).

All Malagasy tenrecoids have a well-defined, slightly
rounded capitulum, whereas that of Potamogale is medi-
olaterally lengthened and rectangular, with sharply defined
medial and lateral borders (Figures 4.7, 4.11). A distally flat-
tened (as opposed to rounded) capitulum with well-defined
borders is characteristic of more terrestrial vs. arboreal car-
nivorans, primates, and scandentians (Szalay and Dagosto,
1980; Harrison, 1989; Rose, 1989; Gebo and Sargis, 1994;
Sargis, 2002), and represents a restriction of radial rotation
against the humerus. Aside from the flattened capitulum in
Potamogale, the other tenrecoids have a rather uniformly
rounded capitulum that does not seem to vary with locomotor
behavior. The capitulum in all tenrecoids remains relatively
large and plays a significant role in load-bearing at the elbow,
as opposed to a more derived mammalian condition where
the trochlea takes over more direct loads at the elbow, and the
capitulum is reduced, playing a more important role in move-
ment associated with radial rotation (Szalay and Dagosto,
1980). Potamogale’s distal humerus suggests a highly stabi-
lized forearm that does not allow for mediolateral excursion
at the elbow. Its trochlea is mediolaterally narrow, medially
bound by a steep incline, and laterally bound by the sharp

rectangular edge of the capitulum (Figure 4.10). Potamogale
and the elephant shrew Petrodromus share similar capitu-
lum/trochlea articular form, yet other aspects of their distal
humeri are distinct: Petrodromus has a wide entepicondylar
foramen, complete perforation of the coronoid fossa, and a
less extended medial epicondyle (Figures 4.7, 4.11).

Setifer has a deeper (proximodistally) trochlea than the
other tenrecines (Figure 4.11; Salton, 2005), which is typical
of a more terrestrial mammal (Szalay and Dagosto, 1980;
Gebo and Sargis, 1994; Szalay and Sargis, 2001; Sargis, 2002)
and represents extended surface area for ulnar articulation and
medial restriction of that articulation. Microgale talazaci has
a deeper trochlea than the other oryzorictines (Figure 4.11;
Salton, 2005), yet other postcranial traits do not suggest that
this species is more or less terrestrial than the others.

4.3.3 Ulna

The Ulna Shape Index (USI) is extremely variable among
tenrecoid taxa and highly correlated with locomotor behavior
(Figures 4.12, 4.13, Table 4.4). Other mammalian diggers exhibit
relatively short, curved, and deep ulnae, whereas those of climb-
ers tend to be relatively long and shallow (Verma, 1963; Taylor,
1974, Casinos et al., 1993; Hildebrand, 1995; Stein, 2000; Grand
and Barboza, 2001). Of the tenrecines, Hemicentetes has the
highest USI, and Echinops has the lowest (Figure 4.13, Table
4.4). The USI in Setifer is not significantly different from its
sister taxon Echinops, and that of Tenrec is not significantly dif-
ferent from Hemicentetes (Table 4.4; P < 0.05), perhaps reflect-
ing some climbing and digging, respectively, in these taxa. All
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FIGURE 4.11. Anterior view of right distal humerus in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and three
outgroup taxa (bottom right). Note differences in the shape of the trochlea and capitulum, especially the convergence in form between

Potamogale and Petrodromus. Subdivisions on scale are 1.0 mm.

three Microgale species have relatively long ulnae, though M.
cowani has a slightly deeper ulna than the other two (Figure 4.13,
Table 4.4). Oryzorictes, Potamogale, and Solenodon have the
shortest, deepest ulnae (Figure 4.13), with similar USI values as
Hemicentetes (Table 4.4), reflecting a decreased out-lever of the
forearm for increased out-force against a resistant substrate (i.e.,
soil/water). Despite some other shared traits with Potamogale
that are related to stabilizing articulations at potentially vulner-
able joints, Petrodromus has an extremely long and shallow ulna
(Figure 4.13, Table 4.4), which denotes its high-speed terrestrial
mode of locomotion.

The olecranon process, the attachment site for the M.
triceps brachii, has been well-correlated with locomotor
behavior in arboreal, terrestrial, and fossorial mammals
(Verma, 1963; Rose and Emry, 1983; Van Valkenburgh, 1987;
Biknevicius, 1993; Ciochon, 1993; Stein, 2000; Argot, 2001;
Grand and Barboza, 2001; Sargis, 2002). As the olecranon
process length increases, triceps gains leverage for powerful
ulnar extension against the humeral trochlea. Fossorial mam-
mals have a particularly elongated olecranon process for dig-
ging, whereas that of climbers is less elongated, which allows
for maximal elbow extension (Hildebrand, 1995).

As with ulnar shape, there are significant function-based
differences among tenrecoids in the length of the olecranon
process. Within Tenrecinae, both Hemicentetes and Tenrec have
high Olecranon Process Length Index (OPLI) values, whereas
Echinops and Setifer have low values, indicating a shorter process

(Figure 4.13, Table 4.4). All three Microgale species have rela-
tively short olecranon processes, yet that of M. cowani is signifi-
cantly longer than the others (Figure 4.13, Table 4.4; P < 0.05),
suggestive of some digging. The fossorial Oryzorictes has a
significantly longer olecranon process than any of the other study
taxa (Figures 4.12, 4.13, Table 4.4; P < 0.05). Limnogale and
Potamogale both have long processes, with similar OPLI values
as M. cowani. Surprisingly, Solenodon has a shorter olecranon
process than the other diggers and Zenrec, although it is still
of moderate size, in the range of Potamogale and Echinosorex.
However, Solenodon is similar to Oryzorictes in the medial cur-
vature of its olecranon process (Figure 4.12), which, like the wide
medial epicondyle, is related to the origin of powerful wrist and
digital flexors necessary for scratch digging (Hildebrand, 1985).

4.3.4 Radius

Results from the Radial Shape Index (RSI) are almost identi-
cal to those from the Ulna Shape Index: digging tenrecoids,
Potamogale, and Solenodon all have relatively deep radii,
whereas the climber and more terrestrial genera have longer,
shallower radii (Figure 4.13, Table 4.4). This makes sense
from the same general function-based perspective for the
ulna; the deep forearm bones are related to powerful displace-
ment of dirt and water during digging and swimming, respec-
tively (see above). Radial form in the diggers Hemicentetes,
Oryzorictes, and Solenodon is also distinct in its transition
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FIGURE 4.12. Anterior surfaces of right ulnae and radii in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and three out-
group taxa (bottom right). Note differences in ulna and radius shape, and relative length of the olecranon process. Subdivisions on scale are 1.0mm.
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FIGURE 4.13. Medial view of right ulnae and radii in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and three
outgroup taxa (bottom right). Note differences in olecranon process length and shape, trochlear notch shape, and widening of the radius along
the shaft. Subdivisions on scale are 1.0 mm.
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from being relatively shallow at the proximal shaft to up to
twice its proximal depth at the distal shaft. In contrast, the
ulna, with its long and thick olecranon process, narrows at
its distal end to the same degree as in the other taxa (Figure
4.13). The radius plays an important load-bearing role at the
proximal wrist joint and limits rotational movement of the
carpus, whereas the proximal ulna plays more of a load-bear-
ing role at the elbow joint and the relatively small radial head
does little to facilitate rotation. Although other studies have
found a more elliptical radial head in diggers (Reed, 1951;
Stein, 2000), the shape of the radial head is not more ellipti-
cal in Oryzorictes than in the other taxa, yet it is distinct in
form (Figure 4.14). Two processes of the anterior radial head
surface (which are present but small in some other taxa) serve
to fold over and cup the capitulum, stabilizing the elbow joint
along its anteroposterior axis (Figure 4.14). Potamogale and
Solenodon have similar outgrowths of the proximal radial
head, and Potamogale has an additional posterior notch
capitulum (see Potamogale distal humerus, Figure 4.10). The
radial head in the arboreal Echinops is more rounded than in
the other three tenrecines, but not more so than in Limnogale
or Geogale, which also have rounded radial head surfaces.
Petrodromus represents the extreme in having an enormously
mediolaterally widened radial head, which offers a large sur-
face area for humeral articulation and restricts rotation.

Echinops Setifer

J.A. Salton and E.J Sargis

4.4 Summary and Conclusions

4.4.1 Echinops and Setifer: Arboreal
vs. Terrestrial Tenrecines

The tenrecines Echinops and Setifer offer a good model for
investigating skeletal differences that have been strongly influ-
enced by an arboreal habitat. These sister taxa are extremely
difficult to distinguish with superficial characteristics, though
Setifer has an additional molar in its dental formula and tends
to have a greater average body mass. Postcranial regions other
than the forelimb show several similarities between the two
taxa that seem to be related to climbing behavior (see Salton
and Szalay, 2004; Salton, 2005), which may indicate that
their common ancestor was arboreal. Postcranial differences,
especially in the tarsus, demonstrate convergences between
Echinops and other mammalian climbers, and between Setifer
and more terrestrial taxa (Salton and Szalay, 2004).

The forelimb of Echinops exhibits several differences from
Setifer that are indicative of arboreal behavior in the former,
including a longer acromion process; a slightly wider glenoid
fossa; a rounder, larger humeral head; a mediolaterally wider
medial epicondyle; a shallower, longer ulna; and a rounder
articular surface of the radial head. Several features in com-
mon between the two taxa and not shared by Hemicentetes or

Hemicentetes Tenrec

> &

Microgale cowani M. dobsoni

Il NS . .

Geogale Potamogale

M. talazaci

Solenodon

Oryzorictes Limnogale

-

Petrodromus Echinosorex

FIGURE 4.14. Proximal surfaces of right radii in tenrecines (top), oryzorictines (middle), two other tenrecoids (bottom left), and three
outgroup taxa (bottom right); top is anterior, bottom is posterior. Note differences in radial head shape, ranging from rounded in Limnogale
to elliptical in Petrodromus. Subdivisions on scale are 1.0 mm.
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Tenrec include a large, rounded scapular surface area for the
supraspinatus with a steep cranial border; rectangular infrasp-
inous fossa; deltoid tubercle on the lateral edge of the humerus;
short olecranon process; and long, shallow radius. These shared
traits have been associated with climbing in other mammals
(see Table 4.1), and other shared postcranial characteristics
also tend to be characteristic of arboreal behavior (see Salton
and Szalay, 2004; Salton, 2005; Salton and Sargis, 2008). It is
possible that Setifer climbs more than reports would suggest.
JAS observed Setifer in the field and found that although Setifer
nests on the ground, it is able to climb when prodded to do
so (as can Tenrec; see Eisenberg and Gould, 1970). The traits
shared by Setifer and Echinops more likely reflect a common
ancestor that was arboreal rather than being Setifer-like.

4.4.2 Hemicentetes, Oryzorictes, and Solenodon:
Fossorial/Semi-fossorial

As already established by many other studies on fossorial
mammals, digging behavior is strongly indicated in forelimb
morphology. The semi-fossorial Hemicentetes and Solenodon,
as well as the fossorial Oryzorictes, have a suite of character-
istics that demonstrate extremely high loads incurred by the
elbow and shoulder during digging. The 7enrec postcranium
has some characteristics that suggest digging behavior as well,
though not to the extent of the other three genera. Traits related
to digging in these taxa include: an elongated, narrow scapula;
short, wide humerus with a widened medial epicondyle; pro-
nounced attachment sites for the deltoid and pectoral muscu-
lature; well-developed bicipital groove (sometimes forming
a complete tunnel); proximodistally and anteroposteriorly
elliptical humeral head; long (and sometimes medially curved)
olecranon process; and short, deep ulna and radius.

4.4.3 Limnogale and Potamogale: Semi-aquatic

Other regions of the postcranium demonstrate some similarities
between Limnogale and Potamogale, which are likely based
on a shared semi-aquatic habitus. However, differences in the
details of postcranial form do not point to a close common
ancestry between Limnogale and Potamogale, and rather sug-
gest that Limnogale is an oryzorictine, as supported by recent
molecular data (Olson and Goodman, 2003). Morphology of
the forelimb demonstrates very little similarity at all between
Limnogale and Potamogale, despite their shared swimming
behavior, and suggests that they use their arms in very different
ways. Limnogale has a large acromion process (Potamogale
has almost none), large lesser tuberosity, small greater tuberos-
ity, relatively short humerus, wide distal humerus and medial
epicondyle with an entepicondylar foramen, and rounded capit-
ulum. Limnogale shares several of these features with the other
oryzorictines, and it seems that its similarities to Potamogale
are function-based convergences rather than synapomorphies.
The differences between them emphasize the importance of
forelimb stability and unilateral motion in the Potamogale

forelimb, whereas Limnogale probably uses its arms for steer-
ing and changing direction (and perhaps more grooming and
digging while on land), in addition to aquatic paddling. Unlike
the other tenrecoids, Potamogale and Geogale have no entepi-
condylar foramen, which is an interesting observation given
that Potamogale and Geogale are hypothesized to be basally
divergent tenrecoid taxa (see Olson and Goodman, 2003).

4.4.4 Microgale spp.: Terrestrial/Fossorial?

The three Microgale species examined in this study are
usually referred to as terrestrial, with some possible climbing
in M. talazaci (based on foot and tail length; Eisenberg and
Gould, 1970). This study confirmed a series of characteristics
correlated with terrestrial running, and did not reveal any traits
in M. talazaci that suggest climbing behavior. Rather, the
forelimb (and other regions) of the M. cowani skeleton exhib-
its several features characteristic of a digger, such as a long,
narrow scapula; large pectoral crest and deltoid tubercle; wide
medial epicondyle; and short, deep ulna with a long olecranon
process. Olson and Goodman’s (2003) molecular phylogeny of
Microgale does not place M. cowani anywhere near the root of
the Microgale tree. This suggests that M. cowani, rather than
being a close relative of Oryzorictes, may have convergently
evolved a series of similar traits based on more frequent dig-
ging behavior than is recognized in the literature.

4.4.5 Petrodromus: Cursorial

The elephant shrew Petrodromus is the fastest running animal
of all the taxa examined in this study, and the forelimb exhibits
many traits (as does the hind limb) that reflect the importance
of joint stabilization and restriction of movement to the paras-
agittal plane. Though its overall scapular shape is unremark-
able, the metacromion process is long and narrow, and the
glenoid fossa is spherical with a long overhanging coracoid
process. The humerus is narrow and long with an enormous,
perforated coronoid/olecranon fossa and a flat, spindle-shaped
capitulum. The greater tuberosity is very robust and rises above
the humeral head, and the medial and lateral epicondyles are
almost nonexistent. The ulna is completely straight, long, and
shallow, and has a very short olecranon process. The radius is
also long and shallow, and the radial head is mediolaterally
elliptical to an extreme. Petrodromus and Potamogale share a
similar form of the humeral distal articular surface. But small-
scale differences, such as the angle of the trochlea and shape
of the capitular tail, strongly suggest that the similarities are
convergent and based on the need for joint stabilization.
Unlike other regions of the postcranial skeleton (Salton and
Szalay, 2004; Salton, 2005; Salton and Sargis, 2008), the fore-
limb offered little in terms of understanding phylogenetic rela-
tionships between taxa. Features of the shoulder and elbow joints,
and the associated bones, are highly variable between particular
genera and species and show few consistent subfamily-level dif-
ferences. Forelimb form is highly dependent on species-specific
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behavior, and is not as constrained as, for example, aspects of the
hind limb (Salton and Szalay, 2004; Salton, 2005).

As discussed in Salton and Szalay (2004) and Salton (2005),
tenrecines and oryzorictines have a series of differences in the
hind limb skeleton that are correlated with differences in basic
posture. The tenrecine hind limb is more laterally rotated,
and allows for much more general rotational movement than
the oryzorictine hind limb. Oryzorictines have a parasagitally
directed knee and foot and show much more constraint against
mediolateral leg movement (Salton and Szalay, 2004). Both
Geogale and Potamogale vary from the tenrecine and oryzoric-
tine hind limb patterns, exhibiting some novel aspects of form,
as well as some combination of tenrecine and oryzorictine
traits. The forelimb, however, does not exhibit subfamily-level
differences between tenrecines and oryzorictines that can be
attributed to any basic differences in known positional behav-
ior, or that may be attributed to phylogenetic inertia. Analysis of
forelimb indices did not differentiate tenrecines from oryzoric-
tines, unlike analyses of other postcranial regions. Aside from
some similarities between the sister taxa Echinops and Setifer
that appear to be phylogenetically important and unrelated to
locomotor specialization, each tenrecoid genus exhibits func-
tion-based variation that often corresponds with hypotheses
based on other mammalian locomotor specialists.
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5.1 Introduction

Small-bodied eutherian mammals with bunodont teeth from
the Paleocene and Eocene have long been the subjects
of taxonomic contention, with regard to both the assign-
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ment of individual genera to supergeneric clades (such as
Hyopsodontidae, Pentacodontidae, and Dormaalidae) and to
the place of those larger groups within Eutheria. Taxa tradi-
tionally placed in the family Hyopsodontidae have proven
particularly problematic from the first standpoint, the clade
has become a wastebasket for small-bodied, bunodont taxa
whose morphology suggests affinities with the basal ungulate
order Condylarthra (in this study, Ungulata and ungulate
refer to the traditional morphological concept of this group,
minimally including Artiodactyla, Perissodactyla, Hyracoidea,
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Proboscidea, Sirenia, and their extinct relatives, particularly
condylarths and the South American ungulate radiation (e.g.,
McKenna and Bell, 1997); for visual simplicity, we use
condylarth and Condylarthra without quotes, although we
recognize that this group is likely para- or polyphyletic).

At the root of the problem of hyopsodontid monophyly is
that hyopsodontids have been united primarily by their small
size, bunodont dentitions, and by a suite of vague and likely
plesiomorphic dental characters, such as semimolariform P4/
p4, distinct entoconids, unreduced M3/m3, and the presence
of a variably developed hypocone (Simpson, 1937; Archibald,
1998). This lack of clearly diagnostic synapomorphies has
led several authors to suggest that Hyopsodontidae is likely
polyphyletic (Rigby, 1980; Cifelli, 1983; Archibald, 1998;
Tabuce et al., 2001; Hooker and Dashzeveg, 2003; Zack et
al., 2005a), particularly if the subfamily Mioclaeninae is
included. Mioclaeninae has been recognized as a subfamily
of Hyopsodontidae (e.g., Matthew, 1937; Simpson, 1937), but
most recent works recognize Mioclaenidae as a distinct clade
(Cifelli, 1985; McKenna and Bell, 1997; Archibald, 1998;
Muizon and Cifelli, 2000).

Lack of support for the monophyly of Hyopsodontidae is
particularly problematic, as hyopsodontids (used in the broad
sense to include mioclaenids) have been identified as poten-
tial ancestors of a number of other ungulate clades, including
extant artiodactyls (Simpson, 1937; Schaeffer, 1947), hyra-
coids (Godinot et al., 1996), and the extinct South American
ungulate radiation (Cifelli, 1983; Muizon and Cifelli, 2000).
It has also been suggested that members of the extant order
Macroscelidea (elephant-shrews or sengis) evolved from
hyopsodontids (Hartenberger, 1986; Simons et al., 1991;
Butler, 1995; Tabuce et al., 2001).

Compounding the dual problems of the monophyly of
Hyopsodontidae and of its potential relationships to later
groups is the fact that most hyopsodontids are only known
from dental remains. Until recently, only the type genus,
Hyopsodus, has been known from substantial postcranial
remains (Matthew, 1915; Gazin, 1968). Isolated proximal
tarsal elements have also been ascribed to the European genus
Paschatherium (Godinot et al., 1996), and it was these bones
that prompted the suggestion of a relationship of hyopsodon-
tids to hyracoids. Matthew (1918) described several fragmen-
tary elements of the genus Apheliscus, including an ulna and
partial humeri on the basis of a skeletal association (AMNH
15696), which also includes a badly crushed partial skull
and both dentaries. Unfortunately, these postcranial elements
were too poorly preserved to make meaningful functional or
phylogenetic inferences.

The impetus for the present study was the identification of
a new skeletal association of Apheliscus chydaeus (USNM
525597, collected by Dr. Thomas M. Bown; Willwood
Formation, early Eocene, Bighorn Basin, Wyoming), includ-
ing the partial upper and lower dentitions (at a light wear stage,
indicating a young adult individual), a partial ilium, portions
of all long bones (epiphyses unfused), nearly complete astra-
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galus, calcaneum, and cuboid, a partial entocuneiform, partial
metapodials, and an intermediate phalanx. In contrast to the
specimen of Apheliscus described by Matthew (1918), the
postcranial elements of USNM 525597 are reasonably well
preserved, although initially encrusted in hematite — a condi-
tion that prevented recognition of the specimen’s significance
for over 15 years. This dental-postcranial association provides
more complete elements of Apheliscus, as well as postcranial
elements of a second North American Eocene hyopsodontid,
Haplomylus (see Materials and Methods).

Apheliscus is a dentally distinctive small condylarth
found in Paleocene and Eocene deposits of the greater
Bighorn Basin, Wyoming (Matthew, 1918; Bown, 1979;
Rose, 1981; Gingerich, 1994), as well as the Powder River
and Washakie basins, Buckman Hollow, and Togwotee
Pass of Wyoming, the Sand Wash Basin of Colorado,
and the San Juan Basin of New Mexico (Cope, 1875;
McKenna, 1960, 1980; Delson, 1971; Rose, 1981; Wilf
et al., 1998). In the Bighorn Basin, where it is best repre-
sented, Apheliscus is a rare taxon in surface assemblages,
but it is one of the most common taxa in early Eocene
quarry samples, which are typically rich in small-bodied
taxa. Affinities of Apheliscus have been enigmatic since
the original description (Cope, 1874). In prior studies,
the phylogenetic position of Apheliscus has been assessed
based on dental morphology, the most distinctive feature of
which is an expanded P4/p4 shearing complex, which has
led to variable interpretations of the genus as a creodont
(Cope, 1874, 1877), as an insectivoran in its own family
Apheliscidae (Matthew, 1918), or as a pentacodontid pan-
tolestan (Gazin, 1959). Most recent workers have favored
affinities to Condylarthra, with specific affinities to either
arestricted Hyopsodontidae (Van Valen, 1967; Rose, 1981)
or to Mioclaenidae (McKenna, 1960; Archibald, 1998).

Eocene Apheliscus, and Haplomylus, have been known only
from their cheek dentition. Cheek dentitions of Haplomylus are
abundant in late Paleocene and early Eocene deposits of the
greater Bighorn Basin and contemporaneous North American
strata (Delson, 1971; Bown, 1979; Rose, 1981; Gingerich,
1994, Robinson and Williams, 1997) but no anterior dentitions,
cranial, or postcranial remains have previously been attributed
to the genus. Unlike Apheliscus, the hyopsodontid affinities of
Haplomylus have been hypothesized since the first description
of the genus by Matthew (1915). Aside from several studies
describing stratigraphic variation within the lineage (Gingerich,
1976; Bown, 1979; Rose, 1981; Bown et al., 1994a; Robinson
and Williams, 1997), very little attention has been devoted to
the genus, particularly with regard to its phylogenetic posi-
tion within the Hyopsodontidae. A notable exception to this
is Simons et al. (1991), who hypothesized potential affinities
between Haplomylus and the extant order Macroscelidea
(elephant-shrews or sengis) based on several dental characters
shared by Haplomylus and Eocene macroscelideans, includ-
ing: a molariform p4 with an enlarged median paraconid and
a bicuspid talonid; a well-developed paraconid on p2 and p3;
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a postprotocrista on P4-M2 that is directed toward the hypocone
rather than toward the metaconule; trigonids wider than talonids
on ml and m2; reduction of hypoconulids on m1 and m2; and,
P4 transversely widened, with an expanded parastyle.

A recent preliminary description of the new postcranial
material of Apheliscus and Haplomylus described in detail
here, established the significance of these specimens for
clarifying the phylogenetic integrity of hyopsodontids, and
for understanding the relationships of these taxa to other
groups (Zack et al., 2005a). This study confirmed the likely
polyphyly of Hyopsodontidae and favored an origin of
Macroscelidea from hyopsodontids allied to Apheliscus and
Haplomylus (classified in the family Apheliscidae; Zack
et al., 2005b). Zack et al. (2005b) include most taxa tradi-
tionally classified as hyopsodontids in Apheliscidae, while
Hyopsodontidae includes only Hyopsodus and taxa usually
assigned to Mioclaenidae. Zack et al. (2005a) informally
referred to Apheliscus and Haplomylus as apheliscines.
Apheliscidae and apheliscids replace this informal designa-
tion. The purpose of this paper is to present more complete
descriptions and illustrations of this material, as well as more
extensive comparisons to macroscelideans, Hyopsodus, and
other contemporary taxa that show similar postcranial adapta-
tions to apheliscids than published in Zack et al. (2005a).

5.2 Materials and Methods

A dentally associated partial skeleton of Apheliscus chydaeus
(USNM 525597) was used to identify additional (and in
many cases, better preserved) isolated postcranial elements of
Apheliscus from the Bighorn Basin. Most of these additional
elements come from quarry samples including Rose Quarry
(D-1460Q) and Dorsey Creek Quarry (D-2035) where, in
contrast to its scarcity in surface collections, Apheliscus tends
to be relatively common.

Initial recognition of Haplomylus postcrania was based on
the identification of isolated tarsals with morphologic similar-
ities to Apheliscus from several Willwood localities- all low
in the Willwood Formation- corresponding to the earlier part
of the Wasatchian (Sandcouleean and Graybullian subages).
The size and morphology of these tarsals suggested that they
belonged to a close relative of Apheliscus. The newly identi-
fied tarsals are tentatively ascribed to Haplomylus, the only
remaining Willwood hyopsodontid (traditional sense) whose
postcrania was unknown. Supporting this supposition is the
restriction of these tarsal morphs to the early Wasatchian and
their abundance at these levels compared to other small tarsal
material. This matches the dental record of Haplomylus,
which is abundant in Sandcouleean and Graybullian faunas
but absent from the later Wasatchian. Based on comparisons
to Apheliscus, the size of these elements is also appropriate
for Haplomylus.

Subsequently, abundant tarsals matching this morphol-
ogy were identified in the 8abc limestone from the early
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Wasatchian (University of Michigan locality, SC-4; Wa-1)
in the Clarks Fork Basin. Other postcranial material consist-
ent with the morphologic pattern seen in the tarsals is also
present in the 8abc limestone. The size and relative abundance
of this postcranial material in the 8abc limestone is consist-
ent with the size and abundance of Haplomylus speirianus
dentitions known from this fauna. This material cannot be
ascribed to any of the other taxa known from dentitions in
the 8abc assemblage, as the size and morphology of these
postcranials do not match those of other taxa represented
dentally in that assemblage. Most taxa represented dentally
in the 8abc assemblage, or their close relatives, are known
elsewhere from skeletal associations, which do not match the
morphology of the elements ascribed to Haplomylus. The few
taxa whose postcrania are unknown, including Plagiomene,
Viverravus, and Niptomomys, are not of appropriate size to
go with these elements, and the first two are also very rare
in the 8abc assemblage, in contrast to the relative abundance
of Haplomylus postcranials. Thus, strong indirect evidence
supports the reassociation of isolated postcranial elements
from the Willwood Formation, particularly from the 8abc
limestone, to Haplomylus speirianus. Nevertheless, until
definitive associations of Haplomylus teeth and postcrania are
found, attributions to elements to Haplomylus must remain
somewhat tentative.

5.2.1

AMNH, American Museum of Natural History, New York;
DMNH, Denver Museum of Natural History, Denver,
Colorado; UCMP, University of California Museum
of Paleontology, Berkeley, California; UM, Museum
of Paleontology, University of Michigan, Ann Arbor,
Michigan; USGS, United States Geological Survey,
Denver registry, Denver, Colorado; USNM, Department of
Paleobiology (fossil specimens) or Mammalogy (modern
specimens), United States National Museum of Natural
History, Washington, DC; YPM, Yale Peabody Museum,
Yale University, New Haven.

Institutional Abbreviations

5.2.2 Locality Abbreviations

D, Bighorn Basin localities, USGS, Denver; SC, Clarks Fork
Basin localities, Sand Coulee area, University of Michigan
Museum of Paleontology, Ann Arbor; W, Bighorn Basin
Localities, University of Wyoming, Laramie; Y, Bighorn
Basin localities, YPM.

5.2.3 Principal Specimens Examined

Most fossil specimens examined in this study come from the
southern Bighorn Basin, except for most Haplomylus postcrania
and some leptictid postcrania examined, which comes from
University of Michigan locality SC-4 (8abc limestone) in the
Clarks Fork Basin. One specimen of Hyopsodus, USNM 23740,
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comes from the Bridger Basin. For southern Bighorn Basin
specimens, locality abbreviations follow Bown et al. (1994b).
For more detailed locality information, see Bown et al. (1994b),
Bloch and Bowen (2001), and Silcox and Rose (2001).

5.2.3.1 Apheliscus chydaeus

W-22: USNM 525597, associated left P3-M3, right P3-4, M2-
3, left p2-4, m2-3, left astragalus, calcaneum, cuboid, distal
femur, proximal radius, proximal humerus, right humeral
shaft, ulnar fragment, proximal tibia, fragments of both tibial
shafts, vertebrae.

W-16A, Banjo Quarry: USNM 525594, left astragalus.

5.2.3.2  Apheliscus sp. (Intermediate Between A.
chydaeus and A. insidiosus)

D-2037Q, McNeil Quarry: USNM 493819, unassociated left
distal humerus, distal femur, and proximal tibia, right distal
femur and calcaneum. Though unassociated, these could
belong to a single individual, as there is no duplication of
elements and all elements are of appropriate size to represent
a single individual. Semiarticulated postcranial remains of
other taxa are known from McNeil Quarry (personal observa-
tion) strengthening possibility that the Apheliscus postcrania
from this quarry represent a single individual.

5.2.3.3 Apheliscus insidiosus

D-1350Q: USNM 488325, left proximal femur and proximal
tibia, right distal femur, unassociated but possibly from a sin-
gle individual based on degree of epiphysial fusion.

D-1460Q, Rose Quarry: USNM 493903, unassociated left
proximal tibia and distal tibia-fibula, right distal humerus and
cuboid; USNM 521789, right calcaneum; USNM 521790,
right astragalus; USNM 521791 right astragalus; USNM
525593, unassociated right calcaneum, proximal femur, and
distal humerus.

D-2035Q, Dorsey Quarry: USNM 488326, left femur;
USNM 491971, left distal tibia-fibula (identified as a possible
leptictid by Rose, 1999); USNM 495051, right tibia-fibula
(identified as a possible leptictid by Rose, 1999); USNM
525591, unassociated left astragalus and calcaneum; USNM
525592, right astragalus; USNM 525646, associated right
proximal tibia and fibula.

Bighorn Basin, locality unknown: AMNH 15696, associ-
ated crushed cranium with left P4-M3, right P4, M2-3, left
mandible with p4-m3, right mandible with p4-m1, m3, left
humeral shaft and proximal ulna, right distal humerus, pelvic
and vertebral fragments.

5.2.3.4 Haplomylus speirianus

SC-4 (8abc limestone): USNM 513057-513062, proximal
femora; USNM 513140, femur; USNM 513173-513175,
distal femora; USNM 513239, distal tibia-fibula; USNM
513245-513247, proximal tibiae; USNM 513512, humerus;
USNM 513555-513557, distal humeri; USNM 513632-
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513635, astragali; USNM 513655-513665, calcanei; USNM
513668, cuboid; USNM 513868, tibia-fibula.
D-1223: USNM 488321, left astragalus.
W-37: USNM 493902, right astragalus.
W-44: USNM 488327, two unassociated left calcanei.
W-46: USNM 488328, left calcaneum.
W-86: USNM 493901, left calcaneum; USNM 525595,
unassociated left and right calcanei.
Anthill across from W-86: USNM 488329,
right calcaneum.
Y-327: USNM 525596, right astragalus.

5.2.3.5 Leptictidae

We have examined the specimens listed by Rose (1999). Note
that USNM 491971 and 495051, identified as possible leptic-
tids in that work are here reidentified as Apheliscus. We have
also examined newly identified isolated leptictid elements, all
either Prodiacodon or Palaeictops, from D-1460Q (USNM
493931, USNM 493778, USNM 493761, uncataloged speci-
mens), D-2035Q (uncataloged specimens), and SC-4 (USNM
513235, 513240, 513636, 513666, 513667, 513063).

5.2.3.6  Macrocranion

Isolated Macrocranion tarsals are abundant in almost all Willwood
quarries and screenwash localities and have been identified based
on specimens illustrated in Godinot et al. (1996). Fused distal tibia-
fibulas from these localities were reassociated with Macrocranion
based on their fit to Macrocranion proximal tarsals and by refer-
ence to Macrocranion skeletons from Messel, Germany, which
indicate extensive distal fusion of the tibia and fibula in this
genus (Storch, 1993, 1996). Most of the Macrocranion material
examined for this study comes from three localities, D-1460Q, D-
2037Q, and D-2018 (Castle Gardens) and remains uncataloged.

5.2.3.7 Hyopsodus

The primary specimens of Hyopsodus examined are three
skeletons, USNM 23740, USNM 17980 (both Hyopsodus
paulus, see Gazin, 1968), and an uncataloged specimen in
the YPM from Y-332a that includes most of the posterior
portion of the skeleton including both hind limbs with nearly
complete, articulated pedes. Other specimens examined are
isolated elements, including humeri (USGS 25179, USNM
493816, 493823, 521829, 521832, 521694), tibiae (USGS
4725, USNM 493816) astragali (USGS 25331, USNM
493782), and calcanei (USGS 4725, USNM 527532).

5.2.3.8 Modern Comparative Specimens Examined

Hypsiprymnodon moschatus: USNM 238443, 238444,
Rhynchocyon cirnei: USNM 537657.

Petrodromus tetradactylus: USNM 521009.
Elephantulus rufescens: USNM 283463.

Echinosorex gymnurus: USNM 448861.

Hemiechinus auritus: USNM 396508; KDR personal
collection uncataloged.
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Erinaceus europaeus: USNM 251764, 251765.
Dolichotis patagonum: USNM 175890.

Jaculus jaculus: USNM 308400, 477276.
Pedetes capensis: USNM 344334, 295258.
Dipodomys deserti deserti: USNM 034369, 034370.
Dipodomys ordi palmeri: USNM 05372.
Ochotona rufescens vizier: USNM 326747,
326748, 326750.

Ochotona alpina argentata: USNM 240727.
Sylvilagus sp.: KDR personal collection L1, L2.
Tupaia tana: USNM 574901.

5.3 Description of Apheliscus and
Haplomylus Postcrania

5.3.1

The associated fore- and hindlimb fragments of USNM
525597 indicate that the forelimb of Apheliscus was rela-
tively short in comparison to the hindlimb, although the
lack of complete elements makes this observation impos-
sible to quantify. Unassociated elements of Haplomylus
also indicate a forelimb that is significantly shorter than
the hindlimb. The complete humerus of Haplomylus from
the 8abc limestone (USNM 513512) is shorter than the
preserved length of the most complete femora (USNM
513058 and 513140) and tibia-fibula (USNM 513868) of
Haplomylus from this locality, despite the fact that the
lengths of the latter elements would certainly be even
greater if they were complete. As such, it is reasonable
to infer that the forelimbs of both apheliscid genera were
reduced in comparison to the hindlimbs, although com-
plete, associated elements of both genera will be required
to confirm this.

It should be noted that in the following descriptive sections,
unless a feature is explicitly ascribed to either Apheliscus or
to Haplomylus, that the statement applies to both genera.

Forelimb

5.3.1.1 Humerus

The humeral head is ovoid with an articular surface that tapers
posteriorly (Figure 5.1). The greater and lesser tuberosities
are broad, flat, and about even with the level of the head.
The deltopectoral crest is weakly developed, restricted to the
proximal one-third of the humeral shaft. It is broad proxi-
mally, tapering to a sharp, slightly elevated crest distally. The
shaft itself is gracile and long.

The distal end of the humerus is narrow, with only a mod-
erately prominent medial epicondyle. There is an entepi-
condylar bar, forming a patent entepicondylar foramen.
The supinator crest is weakly developed in Apheliscus, and
virtually absent in Haplomylus. The olecranon and coronoid
fossae are very deep in Apheliscus, leaving only a thin sheet
of bone separating the two fossae, while in Haplomylus
the olecranon fossa is perforate. The trochlea is sharp, and
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the capitulum is round to subovoid, with the capitulum
of Haplomylus rounder and more prominent than that of
Apheliscus. Features of the distal humerus (capitulum, trochlea,
entepicondyle) are approximately aligned in the same
transverse plane.

5.3.1.2 Radius

The apheliscid radius is known from a single proximal radius
of Apheliscus associated with USNM 525597. In proximal
view, the radial head is subrectangular; i.e., the facet for
articulation with the ulna is flat, but the medial and lateral
rims of the head are slightly rounded. The capitular eminence
is high, giving the radial head a considerable amount of relief.
The surface of the radial head is virtually perpendicular to the
long axis of the radial shaft (Figure 5.1D, E).

5.3.2 Hind Limb

Although complete, associated femora and tibiae of a single
individual are not known for either Apheliscus or Haplomylus,
evidence from isolated elements suggests that the tibia was
relatively elongate in comparison with the femur in both

FIGURE 5.1. Apheliscid forelimb elements. A. Distal humerus of
Apheliscus (USNM 493903) in anterior view. B, C. Anterior (B) and
medial (C) views of the humerus of Haplomylus (USNM 513512).
D, E. Proximal (D) and anterior (E) views of the proximal radius of
Apheliscus (USNM 525597). Scale bar equals Smm. See appendix
for anatomical abbreviations used in this and subsequent figures.
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genera. The complete femur of Apheliscus (USNM 488326)
is slightly shorter than the complete tibia-fibula (USNM
495051) from the same quarry, suggesting a crural index near
one. Lengths of the hindlimb elements of Haplomylus can
only be estimated as complete elements are not known, but
the available material suggests that the crural index of this
genus was higher than in Apheliscus. As in the case of relative
forelimb size, this inference should be viewed cautiously until
complete, associated elements become available.

5.3.2.1 Femur

The femur is gracile (more so in Haplomylus than in Apheliscus)
(Figures 5.2, 5.3). The femoral head is small, subspherical to
ovoid, and the articular surface does not extend onto the long
neck. In Apheliscus the greater trochanter is slightly higher than
the head, whereas in Haplomylus it projects distinctly above the
head. It is also anteroposteriorly extended and mediolaterally
compressed in Haplomylus. The trochanteric fossa for attach-
ment of the pyriformis, gemelli, and obturator muscles is large
and deep in both taxa (Figure 5.2B). The lesser trochanter is well
developed and projects posteromedially (Figure 5.2C). There is
a prominent, proximally located third trochanter on the lateral
aspect of the femur (slightly better defined in Haplomylus than in
Apheliscus); the proximal extent of this third trochanter is at the
level of the distal termination of the lesser trochanter.

The distal femur is well preserved in Apheliscus (USNM
488326, 493819), and is deep and narrow (Figure 5.3B, C).
The patellar groove is deep, narrow, long, and extends far
proximally along the shaft of the femur, and the medial lip

FIGURE 5.2. Proximal femur of Haplomylus (USNM 513057) in
anterior (A), posterior (B), and proximal (C) views. Scale bar
equals 5 mm.
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FIGURE 5.3. Femur of Apheliscus. A. Anterior view of whole femur
(USNM 488326, lesser trochanter reconstructed from USNM
525593). B, C. Medial (B) and distal (C) views of distal femur
(USNM 493819, reversed). Scale bar equals 5 mm.

is higher than the lateral lip (Figure 5.3A, C). The articular
surfaces of the condyles are anteroposteriorly elongate and
anteriorly extensive. Distal femoral material of Haplomylus is
limited to three poorly preserved epiphyses. These appear to
conform to the morphology of Apheliscus in being deep and
narrow, but otherwise, their poor preservation does not reveal
much useful morphological information.

5.3.2.2 Crus

The proximal apheliscid tibia, when viewed proximally, is
roughly an equilateral triangle (or rather, heart-shaped) in
outline (Figures 5.4B, 5.5B). The tibial condyles are nearly
equal in area, and the lateral condyle is elevated slightly
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FIGURE 5.4. Tibia-fibula of Apheliscus. A. Posterior view of whole
tibia-fibula (USNM 495051, reversed; anterior face is encased in
matrix). B-D. Proximal tibia (USNM 493903, reversed) in proximal
(B), anterior (C), and distal (D) views. E-G. Fused distal tibia-fibula
(USNM 493903) in anterior (E), posterior (F), and distal (G) views.
Scale bar equals 5 mm.

above the medial condyle (Figure 5.4C, 5.5A). The tibial
tuberosity is narrow and projects anteriorly. The fibular facet
on the proximal tibia is situated just posteroinferior to the lateral
tibial condyle (Figures 5.4D, 5.5C). This facet appears to have
a small extension onto the lateral surface in Haplomylus, but
its absolute position on the proximal tibia is the same. There
is a prominent and sharp cnemial crest that defines the medial
margin of a well excavated lateral fossa for the tibialis anterior
muscle. If size is removed as a distinguishing factor, the proxi-
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FIGURE 5.5. Tibia-fibula of Haplomylus. A, Composite whole tibia-
fibula in anterior view (proximal: USNM 513245, reversed; distal:
USNM 513868, reversed). Image of USNM 513868 has been digit-
ally straightened to correct for midshaft breakage. B, C, Proximal
tibia (USNM 513245, reversed) in proximal (B) and distal (C) views.
D-F, Fused distal tibia-fibula (USNM 513239) in anterior (D), pos-
terior (E), and distal (F) views. Scale bar equals 5 mm.

mal tibiae of Apheliscus and Haplomylus are so similar that
only the relative size and depth of the proximal fibular facet
can reliably differentiate them.
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FIGURE 5.6. Tarsal elements of Apheliscus. A-D, Astragalus (USNM 521791, reversed) in dorsal (A), ventral (B), medial (C), and distal (D)
views. E-G, Calcaneum (USNM 521789) in dorsal (E), lateral (F), and distal (G) views. H, Cuboid (USNM 493903) in dorsal view. Scale

bar equals 1 mm.

The tibia is extensively fused to the fibula distally, for
slightly more than one-third of the total tibial length in
Apheliscus (Figure 5.4A). Fusion is more extensive in
Haplomylus, although the full extent of fusion in this genus
cannot be assessed due to a lack of complete elements (Figure
5.5A). Proximal to the point of fibular fusion, the tibial shaft
is narrow. Distally, on the posterior surface of the fused distal
tibia-fibula of Apheliscus there is a narrow cleft marking the
line of fusion between the two elements, but there is no trace
of the fusion on the posterior surface in Haplomylus (Figures
5.4E, F; 5.5D, E). There is a shallow depression at the point
of fusion on the anterior surface in both taxa. The anterior
surface of the distal tibia continues past the level of the distal
articular surface to form an anterior tubercle.

The distal articular surface of the tibia is about twice as
wide mediolaterally as anteroposteriorly and deeply excavated
(particularly laterally between the distal ends of the tibia and
fibula) to accommodate the relief on the astragalar trochlea
(Figures 5.4G, 5.5F). In Haplomylus, the medial malleolus
curves laterally to produce a hook-like structure (Figures 5.4E,
F; 5.5D, E); that is, the medial malleolus is slightly torqued so

that the articular surface for the astragalus faces slightly ante-
riorly rather than laterally. In Apheliscus the medial malleolus
is less gracile (USNM 4930903), but it is not well enough pre-
served to determine the orientation of the articular surface for
the astragalus. The fibular malleolus is laterally expanded, with
four proximodistally-oriented ridges on the posterior surface.
These processes form sulci for alignment of the peroneus
tendons. The presence of these specialized malleoli promotes
further stabilization of the crurotarsal joint for parasagittal
motion. On the posteromedial surface of the distal tibia in
Apheliscus there is also a deep sulcus for passage of the tibial
flexor tendons, but this excavation is either absent or not pre-
served in the Haplomylus distal tibia.

The free, unfused proximal fibula of apheliscids is slender
distally but widens proximally (USNM 495051, 491971).

5.3.2.3 Astragalus

The astragalar trochlea is moderately well grooved, and espe-
cially in Apheliscus, asymmetrical (Figures 5.6A, D; 5.7A,
D). The medial rim of the trochlea is sharp, has a smaller



5. Postcranial Morphology of Apheliscus and Haplomylus

81

FIGURE 5.7. Tarsal elements of Haplomylus. A-D, Astragalus in dorsal (A, USNM 513632), ventral (B, USNM 513632), medial (C, USNM
493902, reversed), and distal (D, USNM 513632) views. E-G, Calcaneum (USNM 493901, reversed) in dorsal (E), lateral (F), and distal
(G) views. H, Cuboid (USNM 513668) in dorsal view. Scale bar equals 1 mm.

radius of curvature, and is lower than the lateral rim. The
articular surface of the trochlea extends to the posterior mar-
gin of the astragalar body, and there is no astragalar foramen.
The astragalar body is expanded and excavated medial to
the trochlea to form a distinct cotylar fossa for articulation
with the medial malleolus of the tibia (Figures 5.6A, C;
5.7A, C; see also Figure 5.13). This cotylar fossa is enlarged
in Haplomylus to include most of the medial surface of the
astragalar body (Figures 5.6C, 5.7C). In contrast to the cotylar
fossa in Apheliscus, which faces dorsomedially, the cotylar
fossa in Haplomylus faces medially; i.e., the medial wall of
the astragalus is more vertical in Haplomylus. The margin
of the cotylar fossa is delimited by a bony rim that is most
prominent anteromedially. Between the distal margin of the
cotylar fossa and the medial extension of the articular surface
of the head onto the neck there is a small, dorsomedially-ori-
ented process in Apheliscus. The fibular facet, which is deeper
dorsoventrally in Apheliscus, has a small ventrodistal process
on its distal margin; this process is reduced in Haplomylus.
Ventrally, the ectal facet is broadest posteromedially, tapers
anterolaterally, and is smoothly concave; the ectal facet is

wider proximally in Haplomylus (Figures 5.6B, 5.7B). Its
lateral margin is defined by the anteroventral termination of
the fibular facet. The sustentacular facet is essentially circular,
slightly convex, and does not meet the navicular facet distally.
The astragalar neck of Apheliscus is moderately elongate and
projects anteromedially away from the astragalar body; the
neck may be relatively longer in Haplomylus but otherwise
similar. The articular surface of the head itself is oblique,
with considerable extensions ventrally and (particularly)
dorsally along the long axis of the head. The boundary
between the navicular and cuboid facets is particularly sharp
in Haplomylus. A narrow cuboid facet is present in both taxa
(Figures 5.6D, 5.7D; see also Figure 5.13). The navicular
facet is expanded dorsoventrally to give the astragalar head
a rhomboidal shape in distal view. Medially, the facet for the
medial tarsal bone and/or spring ligament extends far proxi-
mally onto the astragalar neck. The contact between this facet
and the navicular facet is gentle in Apheliscus and sharper in
Haplomylus. On the ventral surface of the astragalar head,
a small calcaneal facet, confluent with the navicular facet,
is present laterally. The long axis of the head is oriented at
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approximately 45° to the mediolateral axis of the trochlea in
dorsal view; that is, the lateral edge of the head is situated
farther dorsally than the medial edge at an angle of roughly
45°.

5.3.2.4 Calcaneum

The calcaneal tuber is elongate, and is slightly longer relative
to the distal length of the calcaneum in Haplomylus than in
Apheliscus (Figures 5.6E, 5.7E; see also Figure 5.14). The
distal calcaneum is not elongate. The ectal facet is unevenly
convex, with a noticeable inflection at mid-length such that
the posterior half faces almost medially, while the anterior
half faces much more distally. The ectal facet in Apheliscus
faces somewhat dorsally, but in Haplomylus the distal portion
of the ectal facet faces distally. The proximal portion of the
ectal facet does not extend far up onto the tuber. Lateral to the
ectal facet is a prominent fibular facet (Figures 5.6F, 5.7F).
Posteroventral to the fibular facet is a pit for articulation with
the lateral malleolus.

The sustentacular facet is small, gently concave, and
ovoid to subtriangular in outline (Figures 5.6E, 5.7E).
In Apheliscus the sustentacular facet faces dorsally; in
Haplomylus it faces slightly distally. In apheliscids the
sustentacular and ectal facets are nearly in transverse
alignment (vs. a sustentacular facet that is situated farther
distally along the calcaneal body). At the ventrodistal
margin of the calcaneum is a prominent plantar tuber-
cle. Laterally, there is a small, distally situated peroneal
tubercle. The cuboid facet is somewhat wider mediolater-
ally than dorsoventrally and is oriented oblique to the
transverse plane (Figures 5.6G, 5.7G). In Haplomylus the
cuboid facet is relatively smaller, narrower, and possibly
more concave than in Apheliscus, approximating a sellar
joint. Dorsal to the cuboid facet in both taxa is a small
astragalar facet.

5.3.2.5 Cuboid

The cuboids of both Apheliscus (USNM 493903, 525597,
Figure 5.6H) and Haplomylus (513668, Figure 5.7H) are
gracile and elongate. In dorsal view, the cuboid is medi-
olaterally constricted distal to the ectocuneiform facet; this
distal constriction is more obvious in Apheliscus, as the body
of the cuboid in Haplomylus is overall relatively narrower
mediolaterally. The calcaneal facet is gently helical, while the
astragalar facet is oriented proximomedially. The navicular
facet is flat and faces medially. The ectocuneiform facet is
large, faces mediodistally, and includes a small continuation
of the navicular facet dorsally. The distal (metatarsal) facet
is subtriangular in Apheliscus (shortest side dorsally) except
for a shallow notch on the medial side. In Haplomylus, the
metatarsal facet is semilunar with a deeper medial notch. The
long plantar tubercle is large, rhomboidal in ventral view, well
separated from the calcaneal facet and metatarsal facets, and
projects distinctly from the body of the cuboid.
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5.4 Functional Interpretations

5.4.1 Forelimb Function

The functional signal implied by the apheliscid forelimb is
consistent with specialized cursorial (or saltatorial) locomo-
tion (Gambaryan, 1974; Berman, 1985). In fact, both modes
of progression may have been used, as occurs in some extant
small mammals (Berman, 1985; Emerson, 1985; Bramble,
1989; Fischer, 1994; Stein and Casinos, 1997). The proxi-
mal humerus provides some indication of rapid flexion and
extension at the shoulder joint, as the deltopectoral crest is
relatively low and proximally located. The oval shape and
comparatively small articular area of the humeral head also
imply a limited range of movement at the shoulder. The distal
humerus suggests a substantial range of extension (e.g., deep
coronoid and olecranon fossae), with simultaneous restric-
tion to predominantly parasagittal motion (narrow distal end,
sharp trochlea, rounded capitulum). The proximal radius of
Apheliscus suggests a limited ability to supinate (flat ulnar
facet, distinct capitular eminence), consistent with terrestrial
habits (Taylor, 1974; Heinrich and Rose, 1997; Argot, 2001,
2003). In addition, the articular surface of the radial head is
nearly perpendicular to the radial shaft, also indicative of ter-
restrial locomotion (see Heinrich and Rose, 1997). Finally,
the small medial epicondyle and weak supinator crest indicate
reduced attachment sites for forelimb muscles associated with
complex movements of the forearm and manus (Taylor, 1974;
Argot, 2001, 2003, 2004).

The relatively small size of the forelimb elements in
comparison with hind limb elements suggests that much of
the thrust in locomotion was generated by the hind limbs,
which may favor a hopping or bounding gait over running
(Berman, 1985; Offermans and de Vree, 1987). However,
the forelimb is not as small as in bipedally hopping (rico-
chetal) mammals such as Pedetes or Dipodoides. Moreover,
forelimb elements show modifications for rapid terrestrial
locomotion (Heinrich and Rose, 1997; see also Gebo and
Rose, 1993). In ricochetal forms, in which the forelimb
does not participate in locomotion, the forelimb is more
apt to be specialized for mobility to allow manipulation of
objects, to dig, or to perform other tasks (see Offermans
and de Vree, 1988).

The forelimbs of Apheliscus and Haplomylus differ some-
what in their degree of specialization for rapid terrestrial
locomotion, with Haplomylus showing slightly greater spe-
cialization in the latter direction. The distal humerus of
Apheliscus is slightly broader than that of Haplomylus due
to a more prominent supinator crest and medial epicondyle.
While the coronoid and olecranon fossae of Apheliscus are
deep, there is no supratrochlear foramen, as is present in
Haplomylus. The actual differences in the depths of the fos-
sae, however, are minimal, suggesting that the range of exten-
sion at the elbow in Apheliscus was only slightly less than in
Haplomylus.
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5.4.2 Hind Limb Function

The morphology of the hind limb also indicates specializa-
tion toward rapid terrestrial locomotion in apheliscids. The
high greater trochanter provides a long level arm for the
deep gluteals. The height of the greater trochanter would also
limit the potential range of thigh abduction (Taylor, 1976;
Rose, 1999; Argot, 2002, 2003, 2004). The lesser trochanter
projects posteromedially — a common configuration in
specialized cursors and saltators (Taylor, 1976; Rose, 1999;
Argot, 2002) — suggesting an emphasis on fore-aft flexion of
the hip. Together, the morphology of the femoral trochanters
is consistent with ability for rapid flexion and extension of the
hip through the increase of lever arm lengths. The small size
of the femoral head, its medial position on a distinct neck,
and its restricted articular surface would further limit the
range of mobility at the hip joint in favor of primarily paras-
agittal motion, while simultaneously maintaining the ability
for rapid flexion and extension. The distal end of the femur
is anteroposteriorly deep with anteriorly extensive articular
surfaces, suggesting that apheliscids could extend the knee to
a considerable degree and were not necessarily restricted to a
habitually flexed position.

The relatively short femur compared to the tibia-fibula
is similar to cursors, and is consistent with the pattern of
lengthening distal limb elements to increase stride (Taylor
et al., 1974; Hildebrand, 1985; Argot, 2004; see also Berman,
1985). The large, deeply excavated attachment site for m.
tibialis anterior on the lateral side of the proximal tibia sug-
gests powerful dorsiflexion of the ankle; this feature occurs in
cursorial taxa (e.g., lagomorphs, macroscelideans), as well as
fossorial (e.g., dasypodids) and semi-aquatic taxa (e.g., cas-
torids, less so in Lutra). Distal fusion of the tibia and fibula is
an adaptation to stresses on the distal crus, and, while present
in a number of cursorial taxa (e.g., lagomorphs, artiodactyls,
macroscelideans, many rodents), is also characteristic of
diggers, some semiaquatic and aquatic mammals, as well as
leapers (e.g., dasypodids, castorids, erinaceids, talpids, soric-
ids, pinnipeds) (Barnett and Napier, 1953; Argot, 2002). The
elongate, gracile nature of the apheliscid hind limb argues
for cursorial habits, as cursors typically have long, gracile
limbs to increase stride length while minimizing limb mass,
while fossorial and semi-aquatic taxa tend to have much more
robust and relatively shorter limb elements (Taylor et al.,
1974; Hildebrand, 1985; Argot, 2004).

Both apheliscids possess deeply grooved astragali that
restrict the range of motion at the crurotarsal joint to the par-
asagittal plane. The astragalus of Haplomylus in particular
resembles those of modern lagomorphs, rodents, canids, and
especially macroscelideans. The distal fusion of the tibia
and fibula, in concert with the greater relief of the astragalar
trochlea and more prominent development of the medial
and lateral malleoli, allow the formation of a hinge joint at
the crurotarsal articulation; that is, only parasagittal motion
is permitted at the articulation of the fused tibia-fibula and
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the astragalus. The distinctive anterior tubercle on the distal
tibia contacts the anterodistal-most extension of the articular
surface of the trochlea when in articulation, perhaps prevent-
ing hyperflexion of the ankle or stabilizing the ankle when
dorsiflexed. Although well developed in Apheliscus, the
anterior tubercle on the distal tibia is even more prominent
in Haplomylus.

The cotylar fossa, which contacts the medial malleolus,
helps to stabilize the ankle joint, particularly in dorsiflexion,
and also serves to help prevent hyperdorsiflexion. The latter
is especially the case in the Apheliscus, in which the cotylar
fossa faces dorsomedially. At the same time, continuation
of the trochlear articular surface proximoventrally implies
an increased range of plantarflexion at the ankle joint.
Stabilization for parasagittal motion, enhancement of the
range of plantarflexion at the crurotarsal joint, and adapta-
tions to prevent hyper-dorsiflexion together strongly suggest
specialized saltatorial or cursorial locomotion in apheliscids
(see Taylor, 1976; Szalay, 1985; Argot, 2002, 2003, 2004).

The other tarsal joints suggest a general restriction of
motion to a single plane of action. The astragalocalcaneal,
astragalonavicular, naviculocuboid, and calcaneocuboid artic-
ulations are tight and permit very little or no motion, while
the presence of an alternating tarsus supports the emphasis
on tarsal stability. Most motion in the ankle took place at
the crurotarsal joint, although some parasagittal motion at
the transverse tarsal joint (possibly accompanied by slight
rotation) may have also been possible. This restriction of
movement at the transverse tarsal joint is particularly evident
in Haplomylus in which many of the tarsal articular surfaces
are flat or angular (e.g., the articular surfaces of the astragalar
head). The more gently curved ectal facets of Apheliscus sug-
gests that a small amount of motion may have been possible at
the astragalocalcaneal joint in this taxon. Restriction of tarsal
mobility mainly to parasagittal motion at the crurotarsal and
transverse tarsal joints is consistent with cursorial specializa-
tion (Taylor, 1976; Szalay, 1985; Argot, 2002, 2003, 2004),
while the tight articulations at all tarsal joints suggest further
stabilization of the tarsus for rapid terrestrial locomotion
(Taylor, 1976; Szalay, 1985; Argot, 2002).

Every character indicative of rapid locomotion in Apheliscus
is also present in Haplomylus, but many suggest greater
specialization for speed Haplomylus. This corroborates the
signal apparent in apheliscid forelimbs, which also indicate
somewhat greater specialization in Haplomylus. Both taxa,
however, show clear specialization for rapid terrestrial loco-
motion.

5.5 Comparisons to Other Taxa

As described above, the postcranial morphology of Apheliscus
and Haplomylus indicates that these two small-bodied forms
were adapted for rapid terrestrial locomotion. Detailed
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comparisons to contemporary taxa showing similar adapta-
tions, particularly those of similar body size, are warranted
for two reasons. First, such comparisons will hopefully be of
use in distinguishing isolated apheliscid elements from those
of contemporary forms that are at least superficially similar in
morphology. Second, comparisons will help evaluate whether
these similarities represent evidence of recent common ances-
try. In addition to comparisons with taxa that show postcranial
similarities to apheliscids, comparisons should also be made
to taxa that show sufficient dental similarities to Apheliscus
and/or Haplomylus to have been postulated to share a recent
common ancestry with one or both taxa.

Based on these criteria, the most relevant taxa (either
by hypothesized phylogenetic affinity, functional similar-
ity, or both) for detailed comparison to apheliscids include
Hyopsodus, pentacodontids, Eocene leptictids, Macrocranion,
and extant macroscelideans. On the basis of dental morphol-
ogy, previous assessments of the relationships of Apheliscus
and Haplomylus have suggested affinities to hyopsodon-
tids in the broad sense (Matthew, 1915; Simpson, 1937;
McKenna, 1960; McKenna and Bell, 1997) and, in the case
of Apheliscus, pentacodontids (Gazin, 1959), making com-
parisons to both groups appropriate. Unfortunately, post-
cranial remains of pentacodontids have not been described,
aside from an abstract reporting on new skeletons of the
pentacodontid Aphronorus (Boyer and Bloch, 2003). This
brief account indicates similarities to the basal palacanodont
Escavadedon (Boyer and Bloch, 2003) and generally suggests
a robust, fossorially adapted animal, quite different from the
taxa described here; however, detailed comparisons to penta-
codontids must await full description of this material. In the
case of hyopsodontids, Hyopsodus remains the only other
hyopsodontid for which substantial postcrania have been
described (Gazin, 1968), and is therefore the logical choice
for comparisons between Apheliscus, Haplomylus, and other
hyopsodontids.

Comparisons to leptictids and Macrocranion are warranted
because the postcranial morphology of these two contem-
poraries of Apheliscus and Haplomylus suggest locomotor
adaptations similar to those reconstructed for apheliscids
(Storch, 1993, 1996; Godinot et al., 1996) and because dental
and postcranial remains indicate relatively similar body sizes.
While apheliscid postcranial elements are at least superfi-
cially similar to those of Eocene leptictids, their dentitions
are quite different and, to our knowledge, a close relation-
ship between these taxa has never been suggested (cf. the
relative positions these taxa in McKenna and Bell, 1997).
Unlike apheliscids, leptictids have comparatively sectorial
teeth with characteristically tall trigonids, narrow talonids,
transverse upper molars, and low hypocones (see Figure 5.8).
This configuration is quite dissimilar from the bunodont teeth
of apheliscids, which have lower trigonids, broader talonids,
more quadrate upper molars, and stronger, more distinct
hypocones. With no dental evidence for a close phylogenetic
relationship, therefore, leptictids should serve as a useful
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example of postcranial convergence with apheliscids. On
the other hand, several authors have used dental morphology
to suggest potential phylogenetic affinities between some
hyopsodontid condylarths, as traditionally defined, and some
putative erinaceomorph insectivores, including Macrocranion
(Russell, 1964; Russell et al., 1975; Rigby, 1980; Bown and
Schankler, 1982) (see Figure 5.8), making comparisons to the
latter taxon even more pertinent. Although clear differences
do exist between the dentition of Macrocranion and those of
apheliscids (e.g., the salient postmetacrista on Macrocranion
upper molars), the dentitions of Macrocranion and aphelis-
cids are both small, relatively bunodont, with low trigonids,
inflated metaconids and protoconids, reduced paracristids,
and distinct hypocones (Rigby, 1980). Finally, postcranial
comparisons to modern macroscelideans are included to
illustrate more clearly the numerous similarities to aphelisc-
ids, which, in combination with previously recognized dental
similarities (Simons et al., 1991) strongly suggest a close
phylogenetic relationship between these two taxa (Zack et al.,
2005a). For comparison, Figure 5.8A illustrates the dentition
of the Eocene macroscelidean Chambius.

Beyond the above taxa, detailed comparisons between the
postcrania of apheliscids and those of other early Tertiary
ungulates (artiodactyls, perissodactyls, arctocyonids, phena-
codontids, mesonychids) will not be explored in detail here
for several reasons. First, aside from the loose association of
all being ungulates, no other close phylogenetic relationship
has been hypothesized between apheliscids on one hand and
any of these groups on the other, making direct comparisons
less appropriate from a phylogenetic standpoint. Second,
early Eocene representatives of these groups are all much
larger than their contemporary apheliscids, making direct
functional comparisons between these taxa and apheliscids
less applicable.

Among early Tertiary ungulates, generalized features con-
sistent with rapid terrestrial locomotion are found in artio-
dactyls (Franzen, 1981, 1988; Rose, 1982, 1985; Thewissen
and Hussain, 1990; Erfurt, 2000), perissodactyls (Kitts,
1956; Rose, 1990, 1996), phenacodontids (Radinsky, 1966;
Thewissen, 1990; Williamson and Lucas, 1992), and mesony-
chids (Zhou et al., 1992; O’Leary and Rose, 1995), unlike the
arboreal or scansorial morphology of some other early ungulates
(e.g., arctocyonids or periptychids) (Matthew, 1937; Russell,
1964; Rigby, 1981; Rose, 1987). These features include: a
long, gracile humerus with a high greater tuberosity, and a
low, proximally-restricted deltopectoral crest; a narrow dis-
tal humerus with a reduced medial epicondyle, prominent
trochlea and capitulum, and deep (or perforate) olecranon/
coronoid fossae; a proximal radius with a subrectangular
head, and high capitular eminence; a long, gracile femur with
a high greater trochanter, a small, spherical head, and a long
neck; a narrow, deep distal femur with a long patellar troch-
lea; a narrow and deep tibial plateau; a sharp cnemial crest;
tight articulation at the crurotarsal joint promoted by a deeply
grooved distal tibia and astragalar trochlea; elongation and/ or
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FIGURE 5.8. Comparison of apheliscid dentitions to other relevant taxa. Except for A, the left column illustrates the upper cheek dentition
in occlusal view, the center column illustrates the lower cheek dentition in buccal view, and the right column illustrates the lower cheek
dentition in occlusal view. In A, there is no buccal view of the lower dentition. Except where noted, illustrations are of left P4-M3 and right
p4-m3. A, Chambius (Macroscelidea): modified from Hartenberger (1986). B, Haplomylus: USNM 493936 (uppers) and USNM 521645
(lowers, p2-3 present but not illustrated). C, Apheliscus: USNM 494896 (uppers) and USGS 12608 (lowers, reversed). D, Hyopsodus: USNM
521652 (uppers) and USNM 521661 (lowers, partial p3 included). E, Macrocranion: USNM 509582 (P2-M3, reversed) and USNM 495560
(lowers). F, Palaeictops (Leptictidae): USGS 9160 (P3-M3) and USGS 308 (lowers, reversed). All scale bars equal 2 mm.

compaction of the tarsal joints. These features, however, are
found in most cursorial or saltatorial mammals (Taylor, 1974,
1976; Hildebrand, 1982; Gebo and Rose, 1993; Heinrich and
Rose, 1997; Argot, 2002, 2003; Rose and Chinnery, 2004),
and their presence does not argue persuasively for a close
phylogenetic relationship.

In contrast to these vague similarities, there are numerous
dissimilarities, particularly in details of tarsal morphology,
which argue against a close phylogenetic affinity between
apheliscids and these other taxa. With the exception of the
derived phenacodontid Meniscotherium (Williamson and
Lucas, 1992), none of these taxa has a cotylar fossa, and none
shows other features such as extensive fusion of the tibia and
fibula or elongation of the cuboid. In turn, apheliscids lack the
distinctive features, particularly in the tarsus, that character-
ize artiodactyls (e.g., “double-pulley” astragalus: Schaeffer,
1947) or perissodactyls (e.g., short astragalar neck with a

saddle shaped navicular facet: Radinsky, 1966). In the case
of both mesonychids and phenacodontids, even some of the
more generalized similarities are lacking in the earliest mem-
bers of these groups (e.g., Ankalagon and Tetraclaenodon)
(Matthew, 1937) suggesting independent development of
cursorial ability. Taken in combination with well-documented
differences in size and dental morphology (e.g., Cifelli, 1983
and Archibald, 1998), it seems safe to conclude that the gen-
eral postcranial similarities shared by apheliscids, artiodac-
tyls, perissodactyls, mesonychids, and phenacodontids reflect
similar locomotor strategies, rather than suggesting a close
phylogenetic relationship.

5.5.1

As supposed hyopsodontids, apheliscids are compared to
Hyopsodus — the type genus of the family Hyopsodontidae

Hyopsodus
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FIGURE 5.9. Comparison of apheliscid humeri to other taxa in anterior view. A, Apheliscus (USNM 493903). B, Haplomylus (USNM
513512). C, Rhynchocyon (USNM 537657). D, Eocene Leptictidae (UM 88105). E, Hyopsodus (proximal: USNM 25179; distal: USNM

493816, reversed). All scale bars equal 5Smm.

— to emphasize the substantial differences between these taxa.
The postcranium of Hyopsodus, described and illustrated by
Matthew (1915), Gazin (1968), and Godinot et al. (1996), is
more distinct from that of apheliscids than the similar denti-
tions of the taxa would imply. Apheliscids and Hyopsodus do
share a few noteworthy postcranial similarities that suggest
some capacity for rapid terrestrial locomotion in Hyopsodus.
The greater tuberosity on the humerus of Hyopsodus projects
well above the humeral head (Figure 5.9E), as in aphelisc-
ids, although Hyopsodus shows even greater development
of this feature (Gazin, 1968). This morphology would have
increased the lever mechanical advantage at the shoulder, and
is associated with cursorial (or at least terrestrial) progres-
sion. In the distal humerus, the capitulum is rounded and the
trochlea is sharp in both the apheliscids and in Hyopsodus.
A supratrochlear foramen is present in Hyopsodus, similar to
Haplomylus but in contrast to Apheliscus, and all three taxa
have a deep olecranon fossa indicating a comparable capacity
for considerable extension and consistent with cursorial hab-
its. On the proximal femur, the lesser trochanter of Hyopsodus
is similar to apheliscids in pointing posteromedially (Gazin,

1968) as is typical of terrestrial (particularly cursorial) taxa.
The distal end of the Hyopsodus femur is anteroposteriorly
deep (compared to its width), as is the patellar trochlea. In
both cases, the morphology of Hyopsodus is similar to, but
not as strongly developed, as in apheliscids and is again con-
sistent with incipient cursorial habits.

Contrasting with these limited similarities is a much more
extensive suite of differences that suggest that the locomotor
repertoire for Hyopsodus was very different from apheliscids.
At a gross level, the long bones of Hyopsodus are much more
robust than those of apheliscids, and a size disparity (seen
in apheliscids) between forelimb and hind limb elements
is not evident. This is true of both large (e.g., YPM uncat.)
and small-bodied Hyopsodus (e.g., USNM 23740), the latter
being similar in size to Apheliscus and Haplomylus.

On the humerus, the greater tuberosity of Hyopsodus is
displaced anteriorly from the head (not the case in aphe-
liscids), presumably allowing for greater abduction at the
shoulder in Hyopsodus, resulting in a more mobile shoulder
that is more typical of arboreal or scansorial than cursorial
mammals. The deltopectoral crest of Hyopsodus, sharper
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FIGURE 5.10. Comparison of apheliscid femora to other taxa. A—C. Apheliscus: A, proximal (USNM 488325); B, anterior (USNM 488326);
C, distal (USNM 493819, reversed). D-F. Haplomylus: D, proximal (USNM 513057); E, anterior (proximal: USNM 513057; distal shaft:
USNM 513140; distal epiphysis: USNM 513173); E, distal (USNM 513173). G-1. Rhynchocyon (USNM 537657): G, proximal; H, anterior;
1, distal. J-L. Eocene Leptictidae: J, proximal (USNM 493932); K, anterior (proximal: USNM 493932; distal: UM 88105); L, distal (USNM
495152). M-0. Hyopsodus: M, proximal (USNM 17980, reversed); N, anterior (proximal: USNM 17980, reversed; distal: YPM uncat.);
O, distal (YPM uncat.; same as in N). Portions in white denote reconstructions based on more complete but poorly preserved elements; all

scale bars equal 5 mm.

and higher than in Haplomylus, extends distally past the
midpoint of the shaft, and resembles small, slow-moving
terrestrial taxa such as Solenodon and Erinaceus (Taylor,
1974; Rose, 1999). The supinator crest that is better devel-
oped than in apheliscids and the medial epicondyle is larger,
indicating that the forearm and hand were better adapted for
manipulation in Hyopsodus.

The femoral head of Hyopsodus is relatively larger than
that of apheliscids (Figure 5.10M, O). The neck is short and
almost vertically oriented in Hyopsodus, in contrast to the
longer, medially oriented neck in apheliscids. Unlike aphe-
liscids, the greater trochanter is lower than the head, and it
is more widely separated from the head mediolaterally. The
trochanteric fossa is shallower in Hyopsodus than in aphelis-
cids, making the whole proximal femur appear anteroposte-
riorly compressed. The low greater trochanter and shallow
trochanteric fossa indicate that the gluteal muscles and lateral

rotator muscles in Hyopsodus likely had low mechanical
advantage, with the possible exception of the superficial glu-
teal, which had a comparatively distal insertion on the third
trochanter. The lateral displacement of the greater trochanter
suggests that Hyopsodus could abduct its thighs to a con-
siderable degree. These characters are generally consistent
with fossorial or arboreal habits (see Rose et al., 1991). As
alluded to above, the prominent, posterolaterally-projecting
third trochanter of Hyopsodus is situated one-half to one-third
of way down the shaft. The third trochanter in apheliscids is
more proximally located (i.e., no more than one-quarter of
the length from the proximal end). This suggests an emphasis
on increasing the relative mechanical advantage of the super-
ficial gluteal muscles in Hyopsodus in a pattern similar to
some fossorial taxa (Dasypodidae, Tubulidentata, Pholidota,
Plesiorycteropus: see MacPhee, 1994, Figures 5.33-5.35).
While the distal femora of Hyopsodus and apheliscids are



88

generally similar, the articular surfaces of the femoral con-
dyles are posteriorly restricted in Hyopsodus, indicating a
limited range of extension at the knee and a habitually flexed
hind limb posture.

The tibia of Hyopsodus is shorter than the femur, resulting
in a low crural index that would be atypical of a specialized
cursor. The proximal tibia of Hyopsodus is mediolaterally
broad, unlike the anteroposteriorly deeper proximal tibiae of
apheliscids (Figure 5.111, J), while the cnemial crest is lower
and less sharp than in apheliscids, and the shaft of the tibia
is slightly bowed medially. In a particularly striking contrast
to apheliscids, the tibia and fibula of Hyopsodus are separate
along their entire length. Finally, the distal articular surface of
the tibia in Hyopsodus is flat and is inclined proximolaterally
to distomedially, unlike the transverse, deeply grooved articu-
lar surface in apheliscids (Figure 5.12E). Overall, in contrast
to the numerous specializations for running or leaping in
apheliscids, the tibia of Hyopsodus is very generalized and
is similar to, but more robust than, the crus of the scansorial
Tupaia tana.

T.A. Penkrot et al.

The astragalus of Hyopsodus is dissimilar from those of
apheliscids in most respects. Major differences from aphe-
liscids include: virtually flat astragalar trochlea; equivalent
lengths of the medial and lateral rims of the trochlea; retention
of astragalar foramen and restriction of the trochlear articu-
lar surface to the dorsodistal portion of the astragalar bodys;
large but poorly defined fibular facet; reduced lateral process;
absence of cotylar fossa; broader ectal facet; larger, flatter,
and more circular sustentacular facet; the sustentacular facet
merges into cuboid facet; short astragalar neck; subspherical
astragalar head with long axis transverse; proximomedial
extension of articular surface of head onto neck absent; rela-
tively smaller cuboid facet (Figure 5.13).

As with the astragalus, Hyopsodus calcaneal morphology
differs significantly from that of apheliscids. Differences
include: generally shorter and more robust calcaneum,
particularly the tuber; less convex ectal facet, facing more
dorsally and lacking a sharp turn at midlength; long axis of
ectal facet long axis oriented proximodistally; larger fibular
facet that parallels the ectal facet and faces laterally rather

FIGURE 5.11. Comparison of apheliscid tibia-fibulae to other taxa. A, B. Apheliscus: A, proximal (USNM 493903, reversed); B, posterior
(USNM 495051, reversed). C, D. Haplomylus: C, proximal (USNM 513245, reversed); D, anterior (proximal: 513245, reversed; distal:
USNM 513868, reversed and digitally straightened to correct for midshaft breakage). E, F. Rhynchocyon (USNM 537657, reversed): E,
proximal; F, anterior. G, H. Eocene Leptictidae: G, proximal (DMNH 29264); H, anterior (USNM 513235). 1, J. Hyopsodus: 1, proximal
(USNM 493816); J, anterior (USNM 23740, reversed). All scale bars equal 5 mm.
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FIGURE 5.12. Comparison of apheliscid distal tibia-fibulae to other taxa. A, Apheliscus (USNM 493903). B, Haplomylus (USNM 513239).
C, Rhynchocyon (USNM 537657, reversed). D, Eocene Leptictidae (USNM 493935; medial malleolus reconstructed from an uncatalogued
specimen from Rose Quarry [D-1460]). E, Hyopsodus (USNM 493816, reversed). F, Macrocranion (UCMP uncat., reversed). All scale bars
equal 5mm.

FIGURE 5.13. Comparison of apheliscid astragali to other taxa in dorsal and distal views. A, B. Apheliscus (USNM 521791, reversed): A,
dorsal; B, distal. C, D. Haplomylus: C, dorsal (composite of USNM 493902 and 513632); D, distal (USNM 513632). E, F. Rhynchocyon
(USNM 537657): E, dorsal; F, distal. G, H. Prodiacodon (USNM 513636, reversed: G, dorsal; H, distal. I, J. Hyopsodus: 1, dorsal (USNM
25331, reversed; details from USNM 493782 and YPM unnumbered); J, distal (YPM unnumbered). K, L. Macrocranion: K, dorsal (UCMP

uncataloged); L, distal (USNM 493780). All scale bars equal 1 mm.

than proximodorsally; larger, rounder sustentacular facet;
distal extension of sustentacular facet on the medial aspect
of the calcaneal body present; cuboid facet transversely nar-
rower, circular, more concave, and oriented perpendicular to
the long axis of the calcaneum; larger peroneal tubercle that
is proximally expanded via a bony shelf on the lateral aspect
of the calcaneum (Figure 5.14).

The apheliscid cuboid is relatively much more elongate and
gracile than that of Hyopsodus (Figure 5.15D). As illustrated
by Gazin (1968), the Hyopsodus cuboid is comparatively
short and cylindrical. There is no distal constriction of the
cuboid in Hyopsodus. The metatarsal facet in apheliscids is
relatively much smaller than the proximal articular surface,
unlike the condition in Hyopsodus, in which the proximal and
distal ends of the cuboid are roughly comparable in size.

Overall, the tarsal morphology of Hyopsodus is consistent
with substantial mobility at the tibiotarsal, astragalocalcaneal,
and transverse tarsal joints, as opposed to the restriction of
motion to the parasagittal plane in the ankles of apheliscids.
The tibiotarsal joint of Hyopsodus shows features that would
permit mediolateral rotation (flat distal tibia and astragalar
trochlea) while limiting plantarflexion (posteriorly restricted
trochlea). Features of the astragalocalcaneal articulation on
Hyopsodus (i.e., large ectal and sustentacular facets, smoothly
convex calcaneal ectal facet) also imply some freedom of
movement and potential for inversion and eversion, while the
rounded, transverse astragalar head suggests that motion at
the transverse tarsal joint was not restricted to the parasagit-
tal plane. In contrast, the apheliscid tarsus indicates greater
restriction of possible motions to the parasagittal plane.
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FIGURE 5.14. Comparison of apheliscid calcanei to other taxa in dorsal view. A, Apheliscus (USNM 521789, reversed). B, Haplomylus
(USNM 513655, reversed). C, Rhynchocyon (USNM 537657). D, cf. Prodiacodon (USNM 493931; details from UM 88105). E, Hyopsodus
(USNM 23740). F, Macrocranion (USNM 493780). All scale bars equal 1 mm.

FIGURE 5.15. Comparison of apheliscid cuboids to other taxa in dorsal view. A, Apheliscus (USNM 493903). B, Haplomylus (USNM 513668).
C, Petrodromus (USNM 521009, reversed). D, Hyopsodus (USNM 23740, reversed). All are in dorsal view; all scale bars equal 1 mm.

The postcrania of Hyopsodus overall suggest terrestrial
or scansorial habits. Despite several apparent indicators of
incipient cursorial ability (i.e., high humeral greater tuberosity,
supratrochlear foramen, sharp humeral trochlea, deep femoral
condyles, deep patellar trochlea), the majority of characters
indicate that the postcranium of Hyopsodus was not well
suited to running (at least, not efficient running). Although
some of the postcranial features are contradictory, Hyopsodus
may best be characterized as a generalized, small terrestrial
mammal, perhaps capable of occasional bursts of speed, with
some additional propensity to both climb and dig (see also
Gazin, 1968). Moreover, in addition to the differences in
postcranial function between Hyopsodus and apheliscids, no
distinctive shared features in the postcranium suggest a close
phylogenetic relationship between these two taxa. The few
characters in Hyopsodus consistent with incipient cursoriality
may be most appropriately viewed as convergent on aphelis-
cid morphology.

5.5.2 Eocene Leptictidae

While the dentition is not suggestive of a close phylogenetic
relationship between apheliscids and leptictids, here we show
that these two families have superficially similar postcrania
suggesting that they share similar locomotor repertoires.
Apheliscids and Eocene leptictids share a number of func-
tionally significant characters, particularly in the long bones
of the hind limb, which suggest similar locomotor habits.
The femora of both taxa have similarly positioned and robust
proximal attachment sites for hip flexor-extensor muscles (i.e.,
gluteals, lateral rotators, iliopsoas). The femoral shaft is long
and gracile, and the distal end is narrow and anteroposteriorly
deep. The patellar groove is well defined and proximally exten-
sive. The proximal tibia is correspondingly deep. Together, the
morphology of elements contributing to the knee suggests the
ability for rapid and full extension of the knee. The tibia and
fibula are longer than the femur in the case of both apheliscids
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and leptictids (Rose, 1999). These overall patterns in the hind
limb are very similar to those of extant artiodactyls, perissodac-
tyls, lagomorphs, some carnivorans, and macroscelideans, and
are strongly suggestive of cursoriality.

Apheliscid and leptictid humeri are short compared to
hindlimb elements. In both taxa, the short humerus suggests
that the hindlimbs provided most of the thrust during rapid
locomotion. Beyond this basic similarity, the humeri of leptic-
tids are quite different from those of apheliscids, indicating
differences in forelimb use. Humeri of leptictids are more
robust than in apheliscids (Figure 5.9D). The greater and
lesser tuberosities are lower in leptictids than in Haplomylus,
but attachment sites for rotator cuff muscles are better
developed in leptictids. The deltopectoral crest in leptictids
is broader (especially proximally), has a flatter anterior sur-
face, and is more distally projecting in leptictids. The site
of insertion of teres major is also more evident in leptictids.
Leptictid humeri have a much larger medial entepicondyle
(Rose, 1999), which protrudes distomedially beyond the
level of the trochlea. The supinator crest is much stronger,
the trochlea is not as sharp, and the capitulum is wider in
leptictids. The radial fossa in leptictids is never perforate, and
the olecranon fossa is shallow. Finally, the capitulum, trochlea,
and entepicondylar bar lie in the same mediolateral plane in
the apheliscids, the medial structures (entepicondyle, trochlea)
project farther distally than lateral structures (capitulum, lateral
epicondyle) in leptictids.

The disparity in leptictid and apheliscid forelimbs probably
reflects differences in substrate use. Rose (1999) noted that
leptictid humeri were particularly similar to those of bur-
rowing extant lipotyphlans in being short and robust, with
a long, well-developed deltopectoral crest, low greater and
lesser tuberosities, a prominent supinator crest, a broad distal
articular surface, and a well-developed medial epicondyle. He
concluded that leptictids were likely habitual forelimb diggers
that used their hind limbs to brace themselves while burrow-
ing. Apheliscid forelimbs do not necessarily suggest fossorial
habits, nor are they entirely inconsistent with such behavior.
Apheliscid humeri are, however, primarily adapted for speed
and parasagittal mobility, and are more consistent with run-
ning than with digging behavior (Rose, 1990). Therefore it is
likely that, unlike leptictids, the forelimb participated in rapid
locomotion in apheliscids, suggesting that both Apheliscus
and Haplomylus were quadrupedal cursors to a degree.

Femora of leptictids are more similar to those of aphelis-
cids than are the forelimb elements. The proximal femur of
leptictids can be distinguished from that of apheliscids pri-
marily by the presence of a slightly larger femoral head with
a dorsolateral extension of the articular surface onto the neck
in leptictids, suggesting greater capacity for hindlimb abduc-
tion (Rose, 1999) (Figure 5.10J-L). The greater trochanter
is perhaps slightly higher in leptictids than in Haplomylus,
and noticeably higher than in Apheliscus, but otherwise the
arrangement of the trochanters, shape of the greater tro-
chanter, and depth of the trochanteric fossa are similar in
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leptictids and apheliscids. Differences in distal femoral mor-
phology between leptictids and apheliscids are subtler. Aside
from size (apheliscids tend to be smaller than leptictids from
comparable stratigraphic levels), the most notable difference
is that apheliscids have a more proximally extensive patellar
groove.

Eocene leptictids share with apheliscids extensive fusion of
the distal tibia and fibula (absent in Paleocene Prodiacodon:
Matthew, 1918), and the elements are quite similar, but again
there are differences in the details. The leptictid proximal
tibia is deeper anteroposteriorly while the tibial tuberosity is
broader and less anteriorly projecting than those of the aphe-
liscids. The proximal fibular facet in leptictids is relatively
smaller than that of apheliscids and is situated distolateral to
the lateral tibial plateau. The proximal one-third of the tibial
shaft is slightly more mediolaterally compressed in aphelisc-
ids, and in leptictids the cnemial crest tends to be lower than
in apheliscids (Figure 5.11G, H).

Leptictids have a moderately developed posterior process
on the distal tibia (lacking in apheliscids), while apheliscids
possess an anterior tubercle (lacking in leptictids) (Figure
5.12D). Both features appear to be mechanisms to stabi-
lize the tibioastragalar joint: in apheliscids, contact of
the anterior tubercle with the astragalus would prevent
hyper-dorsiflexion and rotation (in dorsiflexion), while in
leptictids the posterior process would prevent hyper-plantar-
flexion and rotation of the pes (in plantarflexion). The con-
figuration of grooves on the posterior surface of the malleoli
for passage of muscle tendons is similar between leptictids
and apheliscids.

The differences between leptictids and apheliscids are most
notable in the tarsus, particularly the astragalus. There are
some general cursorial similarities such as the presence of
a well-grooved trochlea, lack of an astragalar foramen, and
presence of an elongate astragalar neck, but there are several
differences. As in apheliscids, the lateral rim of the trochlea
is higher than the medial rim in leptictids, but the asymmetry
in leptictids is much less pronounced. The ectal facet is nar-
rower and more concave in apheliscids than in leptictids. The
sustentacular facet is well separated from the navicular facet
in apheliscids, but in leptictids these two facets are nearly
confluent distomedially (Figure 5.13).

Significantly, leptictids lack the cotylar fossa present in
apheliscids, and instead possess a lateral process off the astra-
galar body with a well-developed fossa for articulation of the
lateral malleolus (Rose, 1999). These features may represent
two different solutions for stabilizing the tibioastragalar joint
during rapid locomotion, with each depression functioning
as a guiding pivot for its respective malleolus. The cuboid
facet is relatively larger and more sharply offset on apheliscid
astragali than in leptictids.

Calcaneal features shared by apheliscids and leptictids
include a moderately elongate calcaneal tuber, a small susten-
tacular facet that faces dorsodistally, and a reduced peroneal
tubercle, but again there are more differences than similarities.
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The ectal facet in leptictid calcanei faces dorsally, is essen-
tially oriented proximodistally, and is smoothly convex; the
ectal facets in apheliscids are angled at approximately the
midpoint of the facet (Figure 5.14). Unlike apheliscids, leptic-
tids lack a fibular facet on the calcaneum. The sustentaculum
in leptictids is slightly more distal, overlapping less with the
ectal facet in transverse alignment than in apheliscids. The
cuboid facet in both groups are slightly concave, but the lep-
tictid facet is subcircular and more nearly perpendicular to
the long axis of the calcaneum in leptictids, while it is ovoid
and oblique to the long axis of the calcaneum in apheliscids.
The peroneal tubercle is slightly more proximally extensive
in leptictids.

Overall similarities in the hindlimb indicate that Apheliscus
and leptictids were probably comparable in cursorial ability,
while Haplomylus was potentially more specialized for cur-
soriality than either of these taxa. Despite the differences
just discussed, among their contemporaries, apheliscids
most strongly resemble leptictids in postcranial morphol-
ogy. The details of postcranial and dental morphology,
however, indicate that this resemblance is convergent.

5.5.3 Macrocranion

It has been suggested that some small-bodied condylarths are
closely related to certain putative erinaceomorph insectivores
(e.g., Macrocranion: Russell, 1964; Russell et al., 1975;
Rigby, 1980; Bown and Schankler, 1982). In fact, here we
report several striking postcranial similarities between the
apheliscids and Macrocranion from North America. Pending
a full review of North American Macrocranion postcrania
being undertaken by T. Penkrot and S. Zack (Penkrot et al.,
2004 and in preparation), we restrict our comparisons to the
proximal tarsals and distal tibia-fibula.

The distal tibia-fibula of Macrocranion is so similar to that
of Haplomylus that size is the best distinguishing feature (the
distal tibia-fibula of Macrocranion is about one-third the size
of the Haplomylus tibia-fibula at comparable stratigraphic
levels). Specific similarities shared by Macrocranion and
apheliscids include complete distal fusion of the tibia and
fibula, deep excavation of the distal articular surface of the
tibia-fibula, presence of a hook-like, laterally recurved medial
malleolus and presence of a prominent anterior tubercle on
the distal tibia that is virtually identical to that of Haplomylus
(Figure 5.12F).

Macrocranion and apheliscids share a deeply grooved
astragalar trochlea; the trochlea of Macrocranion is particu-
larly similar to that of Haplomylus (Figure 5.13). Both taxa
lack an astragalar foramen, show a similar degree of posterior
extension of the articular surface of the trochlea, and the
lateral rim of the trochlea has a greater radius of curvature
than the medial rim. Of particular significance, Macrocranion
possesses a well-developed cotylar fossa on the medial aspect
of the astragalar body that is virtually identical to that of
Haplomylus. Ventrally, the ectal facet is similar in overall

T.A. Penkrot et al.

shape and orientation to that of Haplomylus, particularly in
being more concave than in Apheliscus. The sustentacular
facet of Macrocranion is similar to that of Haplomylus in
being shifted medially on the posterior aspect of the astragalar
neck. In both Macrocranion and apheliscids, the astragalar
neck is comparably elongate and the articular surface of the
astragalar head extends onto the neck. The navicular and
cuboid facets on the astragalar head are similarly propor-
tioned to those of apheliscids, although they are less well
delineated from one another in Macrocranion.

Both apheliscids and Macrocranion have an elongate cal-
caneal tuber and a comparatively short calcaneal body (Figure
5.14). Macrocranion also has a well-developed fibular facet
comparable in size and orientation to the fibular facet in
Apheliscus. The cuboid facet in Macrocranion is slightly con-
cave and angled proximomedially to distolaterally, similar to
the morphology of the cuboid facet in apheliscids. Finally, the
peroneal tubercle on the lateral aspect of the Macrocranion
calcaneum is comparably distally situated but smaller than in
either apheliscid.

Along with these similarities, there are also notable differences
between Macrocranion and apheliscids, particularly at the
subastragalar joint. Unlike the apheliscids, the sustentacular
facet of the Macrocranion astragalus is large, anteroposteriorly
elongate, and confluent with the articular surface of the head.
Similarly, there is a distal extension of the calcaneal susten-
taculum in Macrocranion that appears as a continuous, dis-
tolaterally tapering web of bone contacting the medial margin
of the cuboid facet. The articular surface of the sustentacular
facet in Macrocranion continues distolaterally along this
distal extension of the sustentaculum. Apheliscids lack these
distal extensions of the sustentaculum and facet. The calca-
neal ectal facet of the Macrocranion calcaneum arcs smoothly
instead of turning sharply at the midpoint as in apheliscids.
This configuration of facets in Macrocranion is superficially
similar to the expanded sustentacular facet present in artio-
dactyl astragali and implies an increased range of parasagittal
motion of the navicular/cuboid on the astragalar head and of
the astragalus on the calcaneum (Schaeffer, 1947).

Other tarsal differences between Macrocranion and aphe-
liscids include a narrower astragalar body in Macrocranion,
particularly proximally where the medial margin of the troch-
lea is angled proximolaterally to mediodistally. Additionally,
in Macrocranion the facet for the median tarsal bone or spring
ligament of the astragalus abruptly turns proximally at the
base of its proximomedial extension onto the neck. In the
apheliscids the articular surface of the head curves proximo-
medially in a smoother arc onto the neck.

The many morphologic similarities in the distal tibia-fibula
and tarsus shared by Macrocranion and the apheliscids sug-
gest that the resemblances may be more than simple con-
vergence. Minimally, the numerous resemblances between
Macrocranion and apheliscids indicate that Macrocranion
was specialized for rapid terrestrial locomotion, a hypothesis
that has already been suggested in reference to the specimens
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from the Grube Messel, Germany (Storch, 1993, 1996). The
presence of both an anterior tubercle on the distal tibia-fibula
and a cotylar fossa on the astragalus are notable. Moreover,
several details of the distal tibia-fibula and tarsal morphology
are virtually indistinguishable from those of Haplomylus. No
other known taxa from the Paleocene or Eocene of North
America are adapted for cursoriality using this same suite
of postcranial characters. The fact that Macrocranion is also
specialized for rapid locomotion in the “apheliscid” fashion
may imply relatively recent shared common ancestry. The
blurred line between some hyopsodontid (i.e., apheliscid)
condylarths and erinaceomorph insectivores has been noted
by previous authors (Gingerich, 1983; Bown and Schankler,
1982; Novacek et al., 1988). The two groups have been dis-
tinguished by a relatively small number of dental characters,
such as the strength of the M1 postmetacrista or the relative
sizes of m1-3, with the caveat that relationships are likely to
change as both groups become better known and more taxa
and morphologic features can be compared. With regard to
the latter point, despite the well-preserved postcrania known
for Macrocranion, data on these elements have seldom been
used to help assess the phylogenetic position of the genus.
With more comprehensive phylogenetic studies, the relation-
ship between erinaceomorph insectivores and small-bodied
condylarths may be better understood.

5.5.4 Recent Macroscelidea

Postcranial comparisons to modern macroscelideans more
clearly illustrate the numerous similarities to apheliscids,
strongly suggesting a close phylogenetic relationship between
these two taxa (Zack et al., 2005a). In most features relevant
to this study, extant macroscelideans are morphologically uni-
form and, unless otherwise noted, the following comparisons
apply to Rhynchocyon, Petrodromus, and Elephantulus.

The postcrania of apheliscids resemble those of macros-
celideans in features that indicate similarities in locomotor
repertoire. The similarities to macroscelideans, particularly
in features that are not widespread among mammals, also
suggest a close phylogenetic relationship between apheliscids
and living macroscelideans. In both macroscelideans and
apheliscids the forelimb elements are shorter and more gracile
than the hindlimb elements. In the proximal humerus, aphelis-
cids and macroscelideans share an ovoid humeral head with a
posteriorly restricted articular surface, moderately tall greater
tuberosities, and well-developed lesser tuberosities (Figure
5.9C). The greater tuberosity tends to be relatively taller in
macroscelideans, but otherwise macroscelidean proximal
humeri are very similar to those of apheliscids. The height
of the tuberosities indicates some restriction of motion at the
shoulder to the parasagittal plane and increased lever arm for
rotator cuff muscles (in use during running), although not
to the degree seen in cursorial mammals in which the fore-
limb provides significant thrust (e.g., artiodactyls or canids:
Gambaryan, 1974). Haplomylus and macroscelideans also
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share a gracile humeral shaft and a deltopectoral crest that is
proximally broad, but tapers distally to its termination in the
proximal half of the humerus, one-fourth (i.e., Haplomylus) to
one-half (i.e., Rhynchocyon) the distance along the shaft. The
deltopectoral crest is relatively low in both taxa except for a
slight anterior projection at its distal termination.

In the distal humerus, both taxa have weak supinator
crests, with apheliscids possessing a relatively stronger crest.
Extant macroscelideans have a reduced medial epicondyle
relative to apheliscids, but both taxa retain an entepicondy-
lar foramen, a primitive feature that is lost in many cursors
(e.g., Artiodactyla: Rose, 1985). The radial and olecranon
fossae are deep in both apheliscids and macroscelideans,
permitting a substantial range of flexion and extension at the
elbow. In Haplomylus and macroscelideans, the fossae are
deep enough to produce a supratrochlear foramen, in contrast
to Apheliscus. In both apheliscids and macroscelideans, the
trochlea projects sharply distally, and the capitulum is ovoid.
The proximal radius of Apheliscus is similar to Petrodromus
and Elephantulus in being ovoid and in having a flat ulnar
facet. Rhynchocyon has a much broader proximal radius,
but in all taxa, little or no capacity for supination is evident.
Taken together, the elbows of apheliscids exhibit adaptations
for rapid locomotion similarly to those of macroscelideans
(Taylor, 1974; Rose, 1999).

Apheliscids and macroscelideans also show similar adapta-
tions for rapid locomotion at the hip joint. The femoral head
in both taxa is small and subspherical, with an elongate neck
(Figure 5.10G-I). Rhynchocyon differs from the remaining
taxa in having an extension of the dorsal margin of the head
onto the neck (Rose, 1999). The greater trochanter is high and
well developed in both taxa approaching (i.e., Apheliscus) or
exceeding (i.e., Haplomylus and macroscelideans) the height
of the femoral head, while the lesser trochanter is strong and
points posteromedially. This development of the trochant-
ers provides long lever arms for the gluteals and iliopsoas.
In both apheliscids and macroscelideans, the trochanteric
fossa is deep and the third trochanter is strong, bladelike, and
proximally located. These features are not unique to either
apheliscids or macroscelideans, as they are present in many
cursorial mammals (Taylor, 1976; Heinrich and Rose, 1997;
Rose, 1999; Rose and Chinnery, 2004).

The knee joint in both apheliscids and macroscelideans
also strongly suggests similarly specialized cursorial loco-
motion. The distal femur is deep in both taxa, with anteriorly
extensive condylar articular surfaces and a deep, proximally
extensive patellar groove. Together, these features suggest
both a large range of extension possible at the knee (articu-
lar surfaces of femoral condyles), as well as an increased
moment arm for the quadriceps muscles (deep distal femur,
long and well-defined patellar groove). While most of these
features are frequently found among cursorial mammals
(Taylor, 1976; Hildebrand, 1982; Rose, 1999; Argot, 2002,
2003), the proximal extent of the patellar groove is relatively
unusual.
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Apheliscid and macroscelidean tibiae share a promi-
nent, sharp cnemial crest, and a narrow, projecting tibial
tuberosity (Figure 5.11E, F). In both macroscelideans and
apheliscids, the medial and lateral tibial condyles are antero-
posteriorly long and approximately equal in area, and the
proximal fibular facet is located posterodistal to the lateral
tibial plateau. In Apheliscus, the proximal fibula is large and
has a small facet that extends the articular surface of the
lateral tibial condyle. The presence of an expanded proximal
fibula is unusual among cursorial mammals, which tend to
reduce the proximal fibula, while the extension of the articu-
lar surface of the lateral tibial condyle onto the fibula is
unusual among eutherian mammals generally (Meng et al.,
2003), and was only found in macroscelideans among mod-
ern eutherians examined. Both features are well developed
in macroscelideans, in which the proximal fibula is large
and articulates with the distal femur when the knee is flexed.
While the proximal fibula of Haplomylus remains unknown,
it shares with macroscelideans an extension of the tibial
facet for the proximal fibula onto the lateral rim of the tibial
plateau, a feature lacking in Apheliscus. Macroscelideans
have a fused tibia and fibula at the proximal fibular facet,
whereas the two bones meet proximally in a synovial joint
in apheliscids.

In both apheliscids and macroscelideans, the tibia is as
long as or longer than the femur, although the precise crural
indices of apheliscids have yet to be determined, pending
identification of complete proximal and distal elements of a
single individual. In both groups, the shafts of the tibia and
fibula are gracile and fused distally for a significant portion
of their lengths. Fusion of the tibia-fibula begins more proxi-
mally in macroscelideans at approximately one-third of the
way from the proximal end. In apheliscids, fusion starts at
roughly midshaft (Haplomylus) or at about one-third of the
way from the distal end of the tibia (Apheliscus). This high
degree of tibia-fibula fusion in combination with gracile and
elongate shafts is typical of leaping mammals, including both
terrestrial taxa like macroscelideans and some arboreal leap-
ing primates (Barnett and Napier, 1953; Hildebrand, 1982;
Rose, 1999). Thus, the morphology shared by apheliscids
and macroscelideans, although not exclusively restricted to
saltators or cursors, does reinforce the argument of locomotor
analogy between these two taxa.

Similarities in distal tibia-fibula morphology shared by
apheliscids and macroscelideans are striking. In both groups,
the distal surface of the tibia-fibula is deeply grooved to
accommodate the astragalar trochlea, the medial malleolus is
elongate and recurved laterally, and there is a strong anterior
tubercle (Figure 5.12C). Neither taxon has a posterior proc-
ess, in contrast to rodents, lagomorphs, and leptictids, among
other mammals (Szalay, 1985; Rose, 1999). The only differ-
ence of note is that the lateral malleolus is relatively shorter
in macroscelideans than in apheliscids.

Matching the morphology of the distal tibia, the astragalar
trochlea is asymmetric and deeply grooved in both macro-
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scelideans and apheliscids (Figure 5.13). Both taxa lack an
astragalar foramen, have a posteroventrally extensive articular
surface on the trochlea, and have a medial trochlear rim with
a smaller radius of curvature than the lateral rim. Both medial
and lateral rims are sharply defined. Modern macroscelideans
have a well-developed cotylar fossa on the medial aspect
of the astragalar body, which articulates with the hook-like
medial malleolus. The prominent malleoli interlock with the
astragalar trochlea to permit only flexion and extension at the
crurotarsal joint.

The distribution of cotylar fossae among fossil and extant
Eutheria is quite limited (e.g., Hyracoidea, Cercopithecoidea),
and its presence in both macroscelideans and apheliscids
therefore suggests a close phylogenetic relationship. The
similarity in cotylar fossa morphology between modern
macroscelideans and Haplomylus is particularly close. The
cotylar fossae of Apheliscus and macroscelideans are less
immediately similar, due to the greater difference in relative
size and orientation in the cotylar fossae between Apheliscus
and macroscelideans (versus between Haplomylus and mac-
roscelideans). As a result of the configuration of the cotylar
fossa in Apheliscus, there would have been a relatively limited
period of contact between the cotylar fossa and the medial
malleolus in Apheliscus. In Apheliscus, the cotylar fossa
appears to have served as a stop against extreme dorsiflexion,
rather than as a guiding pivot between the medial malleolus
and astragalus as in both Haplomylus and macroscelideans.

On the calcaneum, apheliscids and macroscelideans share a
well-defined fibular facet posterolateral to the ectal facet (Figure
5.14). The morphology of this fibular facet is unusual: its semilu-
nar shape, proximoventral orientation, and sharply defined mar-
gins allow it to function as an extension of the trochlear articular
surface, providing a pivot for the lateral malleolus.

In both apheliscids and macroscelideans, the astragalo-
calcaneal articulation is tight, and little or no movement is
possible at the subastragalar joint. The calcaneal ectal facet
changes orientation at approximately its midpoint in aphelis-
cids such that approximately half of the facet faces medially,
while the remainder faces distally. Macroscelideans show the
same change in orientation, but a larger proportion of the facet
faces distally, with only a minor portion facing medially. The
change in orientation is particularly sharp in Haplomylus and
macroscelideans, effectively preventing movement between
the astragalus and calcaneum. The sustentacular facets of
the astragalus and calcaneum are small and not proximodis-
tally elongate, again limiting potential movements between
these bones. Unlike in apheliscids where the sustentaculum
projects medially from the calcaneal body, in macroscelide-
ans it juts mediodistally. Matching this on the astragalus,
the macroscelidean sustentacular facet is set entirely on the
medial aspect of the astragalar neck, and, unlike apheliscids,
is confluent with the articular surface of the head distally. In
Haplomylus the facet is shifted medially on the astragalar
neck, and faces ventromedially, while it is more central in
position and ventral in orientation in Apheliscus.
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The proximal tarsals are generally elongate in both aphe-
liscids and macroscelideans, particularly with an elongate
calcaneal tuber, gracile body, and a moderately long astra-
galar neck. Both apheliscids and macroscelideans have a
cuboid facet on the astragalar head. The delineation between
the navicular and cuboid facets is defined in Haplomylus by
an abrupt change in orientation of the articular surface; this
distinction is more marked in macroscelideans. The navicu-
lar and cuboid facets are less well delineated in Apheliscus.
Apheliscids and macroscelideans share an oblique orientation
of the navicular facet, although this facet is dorsoventrally flat-
tened in macroscelideans and slightly convex in apheliscids.
Apheliscids retain a facet on the medial side of the astragalar
neck, possibly for the medial tarsal bone or spring ligament;
a similar facet is strongly reduced or absent in macroscelide-
ans. On the distal calcaneum, modern macroscelideans lack a
distinct peroneal tubercle, whereas apheliscids retain a small
tubercle. The cuboid facet in macroscelideans is roughly
quadrate, and faces almost directly distally, whereas in aphe-
liscids the cuboid facet is either subcircular (Haplomylus) or
ovoid (Apheliscus) and faces mediodistally. The cuboid facet
in macroscelideans is more deeply concave than in aphelisc-
ids, but in both groups the facet is concave dorsoventrally and
not mediolaterally, restricting transverse movements.

On the proximal cuboid of macroscelideans, the astragalar
and calcaneal facets can be distinguished by a subtle change
in the orientation of the articular surface (Figure 5.15C).
Otherwise, the proximal articular surface of the cuboid is
faintly convex, and faces proximolaterally and dorsally. The
proximal articular surface in apheliscid cuboids is more dors-
oventrally convex than in macroscelideans, with a more abrupt
change in orientation of the articular surface at the margin
between the astragalar and calcaneal facets, matching the more
angled cuboid facet of the calcaneum. Although an apheliscid
navicular has yet to be identified, the presence of a astraga-
locuboid contact and the shapes of the astragalar navicular
facet, the calcaneal cuboid facet, and the cuboid calcaneal facet
imply that non-parasagittal motion at this joint was limited or
absent. Our manipulations of elements indicate that little or no
movement is possible at the transverse tarsal joint in modern
macroscelideans (T. Penkrot, personal observation), but with
no apheliscid navicular available, limited parasagittal motion at
the transverse tarsal joint of apheliscids is possible.

The cuboids of apheliscids and macroscelideans are long
and gracile, with a mediolateral constriction immediately
distal to the ectocuneiform facet (more pronounced in
apheliscids). Whereas many modern cursorial mammals
(lagomorphs, some artiodactyls, some perissodactyls, some
carnivores) truncate and/ or fuse the cuboid, navicular, and
cuneiforms (Hildebrand, 1982), macroscelideans and aphelis-
cids are unusual among cursors in lengthening the cuboid. The
configuration of facets on the cuboid suggests tight articula-
tion with adjacent tarsal elements, with little or no movement
possible between distal tarsal bones (T. Penkrot, personal
observation). Distally, the cuboids are mediolaterally constricted
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just distal to the ectocuneiform facet. The navicular facet
is narrow, as is the ectocuneiform facet. There is a marked
change in orientation of the articular surface between the
navicular and ectocuneiform facets, particularly in Apheliscus
due to the relatively broader proximal cuboid in this genus.
The offset between the navicular and ectocuneiform facets is
less in Haplomylus, and further reduced in macroscelideans.
Just proximal to the metatarsal facet in Haplomylus there is a
small subcircular facet on the posteromedial margin of the
cuboid body, a facet that was not apparent in the cuboid of
Apheliscus. In macroscelideans this small facet articulates
with the distal part of the ectocuneiform. The metatarsal facet
in macroscelideans is crescentic, and in apheliscids the meta-
tarsal facet is semilunar, with either a shallow (Apheliscus)
or a deep (Haplomylus) medial notch. The metatarsal facet is
flat. The presence in all of these taxa of a small, flat metatarsal
facet on the distal cuboid argues against any significant ability
for abduction of the lateral metatarsals.

The postcrania of both apheliscids and macroscelideans are
strongly indicative of specialized rapid terrestrial locomotion.
The close overall similarity in the postcrania between aphelis-
cids and macroscelideans, and the means by which these taxa
approach cursoriality, imply phylogenetic affinity.

5.6 Phylogenetic Position of Apheliscus
and Haplomylus

The postcranial features described above suggest that
Apheliscus and Haplomylus are more closely related to extant
Macroscelidea than to any other living group of mammals.
This hypothesis invites a rigorous cladistically based test that
incorporates other living and extinct taxa that may be closely
related to Macroscelidea. The higher-level systematic posi-
tion of macroscelideans is contentious, making it difficult to
determine what other taxa are appropriately included in such
a test. Recent workers have entertained three different hypoth-
eses for the position of Macroscelidea within Eutheria.

The first hypothesis, which links Macroscelidea to Rodentia,
Lagomorpha, and their extinct relatives traces its origin to
McKenna’s (1975) efforts to resolve the interrelationships
of eutherian mammals based on shared derived characters.
McKenna (1975) allied Macroscelidea with Lagomorpha
and the Asian Paleogene family Anagalidae. Szalay (1977)
provided the first support for this relationship in his ground-
breaking analysis of the phylogenetic significance of euth-
erian tarsal morphology, in which he documented derived
similarities in the tarsus of macroscelideans, lagomorphs,
anagalids, and additional Asian Cretaceous and Paleogene
taxa (Pseudictopidae, Eurymylidae, Zalambdalestidae).

Subsequent investigations of the interrelationships of
eutherian orders based on morphology have supported a
relatively close phylogenetic relationship between macros-
celideans and lagomorphs, although most studies have linked
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Lagomorpha most closely with Rodentia in a clade termed
Glires (Novacek, 1982, 1986; Novacek and Wyss, 1986;
Novacek et al., 1988; Shoshani and McKenna, 1998; Asher et
al., 2003, 2005b). The combined grouping of Macroscelidea
with Glires and the Asian Paleogene taxa mentioned above
has been called Anagalida (Novacek, 1986; McKenna and
Bell, 1997), the name used by McKenna (1975) for a mac-
roscelidean-lagomorph clade. While tarsal morphology was
instrumental in the initial recognition of Anagalida, recent
diagnoses of the clade have relied primarily on dental, crani-
omandibular, and embryologic characters (Novacek, 1982,
1986). Szalay (1985) reevaluated the similarities in the
tarsals of lagomorphs and macroscelideans and concluded
that they probably represent convergence. Szalay noted that
significant differences exist in the crurotarsal morphology
of macroscelideans and lagomorphs, including the presence/
absence of a cuboid facet on the astragalus, size and orienta-
tion of the fibular facet or the calcaneum, and the form of the
tibioastragalar joint. Based on this evidence, he concluded
that the similarities shared by the two groups represent con-
vergent adaptation to similar locomotor strategies, and not
evidence of a close phylogenetic relationship.

A second potential phylogenetic position for Macroscelidea
emerged from Hartenberger’s (1986) description of the first
Eocene macroscelidean, Chambius kasserinensis. Hartenberger
(1986) was impressed by similarities between the dentitions
of Chambius and louisinine hyopsodontid condylarths such
as Louisina and Microhyus (see Figure 5.8). Based on this
material, he hypothesized that macroscelideans are ungulates,
derived from the same radiation that produced artiodactyls and
perissodactyls. Subsequent descriptions of additional material
of Eocene and Oligocene macroscelideans have confirmed that
the earliest known African macroscelideans have dentitions
strikingly similar to those of early ungulates (Simons et al.,
1991; Tabuce et al., 2001). Simons et al. (1991) suggested that
Haplomylus, rather than Louisininae, is the condylarth sister
taxon to Macroscelidea, while Tabuce et al. (2001) placed
the louisinine Microhyus in this role. There is general agree-
ment, however, that the dentitions of Eocene and Oligocene
macroscelideans support derivation of Macroscelidea from a
basal ungulate stock (Simons et al., 1991; Butler, 1995; Tabuce
et al., 2001; Holroyd and Mussell, 2005). This hypothesis has
yet to be corroborated by non-dental morphology, however,
partly because the cranial and postcranial morphology of early
African macroscelideans and potential “condylarth” relatives
has been almost unknown prior to the present work.

A radically different view of the position of Macroscelidea
within Eutheria has emerged recently from molecular phy-
logenetic studies. An early study based on eye lens protein
sequences suggested that macroscelideans might be linked
with the ungulate orders Hyracoidea, Proboscidea, Sirenia,
and Tubulidentata (Jong et al., 1993). As molecular studies
began to sample Eutheria more extensively, a novel clade
(Afrotheria) including these taxa, as well as the lipotyphlan
families Tenrecidae and Chrysochloridae was recognized
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(Stanhope et al., 1998; Madsen et al., 2001; Murphy et al.,
2001). Afrotheria has become one of the best-supported and
most unexpected results of molecular phylogenetic studies of
eutherians. The linkage of several ungulate orders with some
insectivores to the exclusion of other ungulates stands in par-
ticular contrast to all morphology-based studies of eutherian
higher-level phylogeny. In fact, subsequent morphological
studies have found little if any support for Afrotheria (Asher,
1999; Whidden, 2002). Despite its lack of morphological
support, the persistent recognition of Afrotheria in molecular
studies suggests that this hypothesis should still be given
serious consideration by morphologists.

In summary, there are three viable hypotheses of the
superordinal phylogenetic position of Macroscelidea, each
based on a different approach to reconstructing eutherian
phylogeny. Studies with a broad morphologic base that
sample across Eutheria at the ordinal or subordinal level
(Novacek, 1986; Novacek and Wyss, 1986; Novacek et al.,
1988; Shoshani and McKenna, 1998; Asher et al., 2003)
support Anagalida based on craniodental and embryologic
characteristics. In contrast, studies based on dental morphol-
ogy but sampling more densely and at lower taxonomic lev-
els continue to support a relationship of macroscelideans to
a broadly conceived Ungulata, and more specifically to what
are now considered apheliscid condylarths (Hartenberger,
1986; Simons et al., 1991; Butler, 1995; Tabuce et al.,
2001). Finally, molecular evidence favors the inclusion of
Macroscelidea in Afrotheria (Stanhope et al., 1998; Madsen
et al.,, 2001; Murphy et al., 2001). Thus, reconstruction of
the affinities of Macroscelidea is largely dependent on the
source of data employed.

To evaluate these varied potential phylogenetic positions
of Macroscelidea, in the initial presentation of this material
(Zack et al., 2005a), we tested the hypothesized link between
apheliscids and macroscelideans using three character-taxon
matrices, each with a different taxonomic focus. In that study,
Apheliscus and Haplomylus were incorporated into a character-
taxon matrix (Meng et al., 2003) that sampled all well-known
anagalidan clades. Apheliscus and Haplomylus were also
added to a character-taxon matrix (Asher et al., 2003), which
samples all extant afrothere clades, along with many other
living and extinct eutherians. Because, in this context, our
primary interest was in testing the affinities of apheliscids
to macroscelideans against a broad sample of afrotheres, we
analyzed the matrix of Asher et al. (2003), with only living
afrotheres and fossil taxa with a potential relationship to
Afrotheria included. Finally, a new character-taxon matrix
was constructed, including Apheliscus, Haplomylus, macro-
scelideans, and a diversity of taxa placed by morphologic
studies in Ungulata. Characters in the latter matrix were
coded from the cheek dentition and tarsus. All three analyses
also included Hyopsodus, providing an opportunity to test the
hypothesis that this taxon is not closely related to Apheliscus
and Haplomylus. A full account of the new matrix, modifica-
tions to existing matrices, and the methods used to analyze
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FIGURE 5.16. Phylogenetic relationships of apheliscids (modified from Zack et al., 2005a). A, Strict consensus of 16 most parsimonious trees
from reanalysis of the Meng et al. (2003) character-taxon matrix with some characters ordered (black lines only). The gray line indicates the
position of Haplomylus when all characters are unordered. For visual simplicity, Zalambdalestidae, Archonta, Mimotonidae, Lagomorpha,
Eurymylidae, and Rodentia have been collapsed into single terminal taxa. B, Single most parsimonious tree from analysis of basal ungulates
with all characters unordered or with some characters ordered. C, Single most parsimonious tree derived from reanalysis of the Asher et al.
(2003) character-taxon matrix with all characters unordered and only afrotheres and their potential extinct relatives included.

all three matrices can be found in the online supplementary
material to Zack et al. (2005a).

One reviewer of an earlier version of this paper suggested
that the similarities shared by Macrocranion and apheliscids
might indicate that apheliscids have erinaceomorph, rather
than macroscelidean affinities. To evaluate this hypothesis,
it was suggested that we reanalyze Asher et al’s (2003)
matrix with all taxa included and use a molecular scaffold
to constrain the phylogenetic positions of extant forms
(Springer et al., 2001). To further evaluate the phylogenetic
position of Apheliscus and Haplomylus we have followed
this suggestion, with a slight modification. Rather than use
Asher et al.’s (2003) original sample, we have used the sam-
ple from Asher et al. (2005a), which includes two additional
taxa (Centetodon and Solenodon) and lower diversity of
some clades (e.g., Euprimates). This modified matrix has
already been analyzed using a molecular scaffold, making
it easier to evaluate the effect of the inclusion of Apheliscus
and Haplomylus. Following Asher et al. (2005a), we used
the molecular topology presented in Roca et al. (2004) to
constrain the phylogeny of extant taxa. The three changes
made to the matrix by Asher et al. (2005a) were also made
for the present analysis. The new analysis was performed
using PAUP"4.0b10 (Swofford, 1999), with the Roca et al.
tree used as a backbone constraint. One thousand heuristic
replicates were performed.

Analysis of the three original matrices placed Apheliscus
and Haplomylus on the macroscelidean stem (Figure 5.16)
and generally supported a sister-group relationship between
Haplomylus and African macroscelideans. Because the
characters and taxa included in the three matrices differ,
the specific characters supporting apheliscid-macroscelidean
ties also differed between the three analyses. However, in all
cases, postcranial characters provided significant character

support for an apheliscid-macroscelidean link. The molecu-
lar scaffold analysis produced five most parsimonious
trees (L: 1224; CI: 0.27; RI: 0.47), the consensus of which
differs from that presented by Asher et al. (2005a: figure
5.9b) only in the addition of Apheliscus and Haplomylus as
the monophyletic sister taxon to Macroscelidea. The latter
result indicates that apheliscids are not closely related to
Erinaceomorpha and the postcranial similarities shared by
Macrocranion and apheliscids are either convergent or indi-
cate that Macrocranion is not an erinaceomorph.

All three of the original analyses resolved Hyopsodus as
phylogenetically distant from Apheliscus, Haplomylus, and
Macroscelidea, supporting separation of these taxa at the
familial level. In contrast, the ungulate analysis resolved the
louisinine Paschatherium, another form traditionally included
in Hyopsodontidae, as phylogenetically close to Apheliscus,
Haplomylus, and Macroscelidea, but basal to the latter taxa.
This finding agrees with another study by the senior authors
(Zack et al., 2005b) that analyzed the interrelationships of
taxa traditionally placed in Hyopsodontidae and Mioclaenidae
based on an extensive sample of both groups. That study
recognizes a dichotomy between Hyopsodus and mioclae-
nids, on the one hand, and other hyopsodontids (including
Apheliscus, Haplomylus, and Paschatherium). This result has
been formalized by once again incorporating Mioclaenidae in
Hyopsodontidae, while placing most other hyopsodontids in
a resurrected Apheliscidae.

Apheliscids and hyopsodontids can be distinguished by
several dental features, most notably the structure of the molar
trigonids (Zack et al., 2005b). In addition, several consistent
differences in astragalar morphology separate the two fami-
lies. Paschatherium, Apheliscus, and Haplomylus share the
derived presence of a well-developed cotylar fossa, a deeply
grooved astragalus, and loss of the astragalar foramen. These
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features are also present in recently described tarsals of a sec-
ond louisinine, Microhyus (Tabuce et al., 2006). In contrast,
Choeroclaenus (Schaeffer, 1947), South American kollpani-
ine hyopsodontids (Muizon et al., 1998), and Hyopsodus lack
a cotylar fossa, retain an astragalar foramen and ungrooved
trochlea, and have a derived medial expansion of the astra-
galar body.

While there is strong support for linking apheliscids with
macroscelideans, the higher-level phylogenetic position of
Macroscelidea remains unclear. Apheliscids can be of some
help in assessing which of the three hypotheses outlined
above is most likely. As the paraphyletic stem group for
Macroscelidea, apheliscids clarify the sequence of morpho-
logic changes leading to macroscelideans, particularly with
regard to postcranial morphology.

Overall, the postcranium of apheliscids does not provide
particularly strong support for anagalidan affinities. Although
representatives of several anagalidan clades show evidence for
cursorial locomotion (Sulimski, 1968; Bleefeld and McKenna,
1985; Szalay, 1985; Meng et al., 2003), only lagomorphs
and mimotonids, both members of Glires, show the degree
of specialization seen in apheliscids and macroscelideans.
In fact, Haplomylus and Apheliscus support Szalay’s (1985)
conclusion that the crurotarsal features shared by extant
macroscelideans and lagomorphs were developed by parallel
evolution and do not represent evidence of common ancestry.
Unlike lagomorphs, but as in macroscelideans, apheliscids
have a well-developed cotylar fossa, a large astragalar cuboid
facet, and an elongate cuboid. Neither macroscelideans nor
apheliscids have the proximally extensive calcaneal ectal
facet or enlarged distal calcaneoastragalar facet seen in
lagomorphs. Macroscelideans and lagomorphs are similar in
lacking a peroneal tubercle, having a reduced facet for the
medial tarsal or spring ligament, and having a sharp bend in
the ectal facet. The morphology of apheliscids indicates that
these similarities developed in parallel in macroscelideans
and lagomorphs, as apheliscids retain a peroneal tubercle
and a proximally extensive medial tarsal/spring ligament
facet, while Apheliscus lacks a sharp bend in the ectal facet.
Absence of a fibular facet in mimotonids (Szalay, 1985;
Meng et al., 2004), a likely sister taxon of lagomorphs, may
also suggest convergent development of a large fibular facet
in macroscelideans and lagomorphs, although loss of the
fibular facet in mimotonids would be equally parsimonious.
Apheliscids and macroscelideans lack a posterior process on
the distal tibia, a critical feature shared by all Glires. On the
other hand no gliran has the equally distinctive combination
of a cotylar fossa and enlarged medial malleolus shared by
apheliscids and macroscelideans.

Taken together, the identification of apheliscids as stem
macroscelideans combined with the discovery of basal mem-
bers of Glires indicates that the crurotarsal similarities
present in modern lagomorphs and macroscelideans prob-
ably represent convergent adaptation for similar modes of
locomotion, rather than evidence of shared common ancestry.
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In contrast, many of the features in which modern macro-
scelideans and lagomorphs differ appear to represent more
fundamental distinctions that were already established early
in the histories of both groups. Consequently, similarities in
the crura and tarsals of macroscelideans and lagomorphs do
not provide convincing evidence for including Macroscelidea
within Anagalida. Although the linkage of Apheliscidae to
Macroscelidea weakens the hypothesized inclusion of macro-
scelideans in Anagalida, it cannot yet discount any potential
connection between macroscelideans and anagalidans. Much
of the recent support for Anagalida in higher-level phyloge-
netic studies has come from embryology and, particularly,
cranial morphology, neither of which can be meaningfully
assessed in apheliscids.

The postcranial morphology of apheliscids is more consist-
ent with affinities to some ungulates. While apheliscid tarsals
bear no particular similarity to the morphotypic ungulate
tarsus, as represented by taxa such as Protungulatum and
Mithrandir (=Gillisonchus) (Szalay and Decker, 1974; Rigby,
1981), other ungulates, including perissodactyls, artiodactyls,
hyracoids, and mesonychid and phenacodontid condylarths,
show many of the derived features present in apheliscids, such
as a deeply grooved astragalar trochlea, oblique astragalar
head, and an enlarged fibular facet. However, most of these
similarities are common among cursorial mammals and their
shared presence in apheliscids, macroscelideans, and other
ungulates does not provide particularly compelling evidence
for a close phylogenetic relationship. In most cases, more
distinctive similarities are lacking.

A more compelling character complex is the combina-
tion of a cotylar fossa and expanded medial malleolus. In
addition to apheliscids and macroscelideans, this complex
occurs in several other putative ungulates, including hyra-
coids, proboscideans, tubulidentates, Meniscotherium, and
Plesiorycteropus. This morphology otherwise has a very
restricted distribution within Eutheria, occurring elsewhere in
some catarrhine primates (MacPhee, 1994) and the tillodont
Esthonyx (T. Penkrot and S. Zack, personal observation),
as well as in macropodid marsupials (Szalay, 1994). The
cotylar fossa/medial malleolus complex occurs in taxa that
show a variety of locomotor repertoires ranging from semi-
arboreal (extant Hyracoidea) to cursorial (Macroscelidea,
Antilohyrax) to graviportal (basal Proboscidea) to fossorial
(Tubulidentata). This broad functional distribution indicates
that convergence due to similar locomotor habits is unlikely
to be the reason for the recurrence of this complex. As such,
the cotylar fossa/expanded medial malleolus offers a potential
synapomorphy linking apheliscids and macroscelideans to a
suite of putative ungulates.

There are hints that other features may be supportive of such
a relationship. For instance, the basal hyracoid Antilohyrax
shows a degree of fusion of the tibia and fibula similar to
that seen in apheliscids and macroscelideans (Rasmussen and
Simons, 2000), a condition that is otherwise rare among early
mammals with an ungulate dentition. At present, however, the



5. Postcranial Morphology of Apheliscus and Haplomylus

limited record of early Paleogene paenungulates and tubuli-
dentates, combined with the morphologic diversity of known
members of these taxa obscures other potential synapomor-
phies. This one character complex is not itself sufficient to
overturn the strong morphologic support for other groupings
such as Altungulata (Perissodactyla plus Paenungulata; e.g.,
Thewissen and Domning, 1992), but it suggests that more
similarities between African ungulates will be revealed when
more of the early history of these groups is known.

While the cotylar fossa/expanded medial malleolus sug-
gests that macroscelidean affinities may lie with paenun-
gulates and tubulidentates, it does not resolve whether
macroscelideans are ungulates or afrotheres, because both
of these groups are also members of Afrotheria in molecular
studies. Similarly, Meniscotherium and Plesiorycteropus have
been allied with afrotheres in a recent phylogenetic analysis
combining morphological and molecular data (Asher et al.,
2003). The cotylar fossa complex does not, however, rep-
resent a clear morphological synapomorphy of Afrotheria,
as it is lacking in chrysochlorids and tenrecids, with the
exception of the tenrecid Potamogale (Salton and Szalay,
2004), but it does suggest a link between the more ungulate-
like afrotheres (potentially including Meniscotherium and
Plesiorycteropus), which also share an herbivorously adapted
dentition, in contrast to the insectivorous dentitions of tenrec-
ids and chrysochlorids. Alternatively, the cotylar fossa could
have been present primitively in afrotheres and lost in most
tenrecoids, a possibility that has been suggested in the case
of dental features (Robinson and Seiffert, 2004). Either way,
dental and tarsal morphology indicates that a close relation-
ship between apheliscids, macroscelideans, paenungulates,
and Meniscotherium is not unreasonable. Tubulidentates and
Plesiorycteropus may also be related to this group, but in the
absence of meaningful dental evidence, such a relationship
is more tentative. Placement of this clade in either Ungulata
or Afrotheria must await resolution of the larger conflict
between morphological and molecular data in reconstructing
the higher-level phylogeny of Eutheria.

5.7 Macroscelidean Biogeography

The finding that Apheliscus and Haplomylus are stem macros-
celideans has significant implications for the biogeography of
Macroscelidea. Apheliscus and Haplomylus represent the first
taxa from outside of Africa strongly linked to macroscelideans.
The sister taxon relationship between Haplomylus and African
Macroscelidea (excluding Apheliscus) further suggests a North
American origin for the order. The late Paleocene first appear-
ance of Phenacodaptes (Archibald, 1998), widely considered
the sister taxon or ancestor of Apheliscus (Gazin, 1959; Rose,
1981), also represents a downward extension of the temporal
range of the macroscelidean stem of almost 10 million years.
The full biogeographic implications of these findings are
largely dependent on the true higher-level affinities of macro-
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scelideans. If macroscelideans are members of Ungulata, as
traditionally defined, a North American origin for the order
would not be surprising, given that North America was home
to a diverse Paleocene radiation of basal ungulates placed in
the order “Condylarthra.” Moreover, early Paleocene North
American taxa such as Protungulatum are widely viewed
as plesiomorphic enough to have given rise to all remaining
ungulates (Sloan and Van Valen, 1965; Van Valen, 1978;
Cifelli, 1983; Archibald, 1998).

If macroscelideans are, instead, anagalidans, the present
data simply replace one biogeographic conundrum with
another. With the notable exception of Macroscelidea, all
major anagalidan clades make their first appearances in
Asia. The Asian Paleocene played host to a diversity of ana-
galidans, mirroring the diversity of Paleocene ungulates in
North America. Both groups occupied a number of small- to
medium-sized herbivorous and omnivorous niches on their
respective continents. Regardless of whether they originated
in North America or Africa, current evidence places the origin
of Macroscelidea outside of Asia. Therefore, if macroscelideans
are anagalidans, dispersal from Asia must still be invoked to
explain their presence outside that continent, and the lack of
stem macroscelideans in Asia remains a problem.

The implications of macroscelidean affinities for aphelis-
cids are most dramatic if the afrothere hypothesis proves to
be correct. As indicated by the name of the group, Africa has
been considered the center of origin of Afrotheria, based on
the dominantly African distributions and first appearances
of most afrothere groups (Figure 5.17). In fact, prior to the
present work, Macroscelidea was one of three afrothere clades
(the others being Tenrecidae and Chrysochloridae) restricted
to Africa, and one of four (the above three plus Hyracoidea)
with unambiguously African first appearances (Butler, 1984;
Mahboubi et al., 1986; Gheerbrant et al., 2003). Of the three
remaining afrothere clades, the first appearance of Sirenia is
unambiguously non-African (Savage et al., 1994). Sirenians
are aquatic and generally marine, though, which facilitates
intercontinental dispersal. While the oldest definitive probos-
cideans come from the early Eocene of Africa (Gheerbrant
et al., 1996, 2002, 2003), anthracobunids, a poorly known
group sometimes allied with proboscideans (Wells and
Gingerich, 1983), appear at the same time in Indo-Pakistan.
The oldest definitive tubulidentate is Myorycteropus from the
early Miocene of Africa (Maclnnes, 1956; Patterson, 1975).
A possible tubulidentate, Leptomanis, is known from the late
Eocene or early Oligocene of Europe (Thewissen, 1985), but
this material may represent a pholidotan (Storch, 1978).

The presence of Paleocene macroscelidean relatives in
North America provides the strongest evidence to date for a
non-African origin of an afrothere group. The Paleocene first
appearance of apheliscids would make them the oldest known
afrotheres by approximately 5 million years, and would mark
the first record of afrotheres in the Paleocene. In conjunc-
tion with the weaker evidence that sirenians, proboscideans,
and tubulidentates had non-African origins, this weakens the
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evidence for an African origin of Afrotheria. The possibil-
ity of an African origin for afrotheres cannot be dismissed,
but the recognition of the earliest potential afrotheres in the
Paleocene of North America suggests that Holarctic origins
are equally likely. More data are clearly needed, particularly
from the Paleocene of Europe, which would provide one
likely route between North America and Africa. There is
evidence for Paleocene and earlier Eocene faunal exchange
between Europe and both North America (Russell, 1964;
Hooker, 1994; Hooker and Dashzeveg, 2003) and Africa

(Gheerbrant and Russell, 1989; Tabuce et al., 2005). Of
particular interest is the recent report of forms with similari-
ties to two European apheliscid genera, Paschatherium and
Microhyus, in the middle Eocene of Africa (Tabuce et al.,
2005). While the latter genera are tarsally somewhat divergent
from Apheliscus, Haplomylus, and African macroscelideans
(Godinot et al., 1996; Tabuce et al., 2006), their presence in
Africa indicates that apheliscids were capable of interconti-
nental dispersal and highlights the gaps in our knowledge of
the history of these taxa.
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5.8 Conclusions

Apheliscid postcranial morphology strongly indicates spe-
cialized cursorial (or possibly saltatorial) locomotion. Several
features indicative of cursoriality in Apheliscus are present
in a more extreme form in Haplomylus. Together with the
dentition, which indicates particular similarities between
Haplomylus and macroscelideans (Simons et al., 1991), the
morphology of the previously unknown apheliscid postc-
ranium strongly supports a close phylogenetic relationship
between apheliscid condylarths and Macroscelidea. Multiple
shared derived characters unite apheliscids with macroscelide-
ans to the exclusion of other taxa, including the presence of
an anterior tubercle on the distal tibia, a recurved, hook-like
medial malleolus, and a well-defined cotylar fossa on the
astragalus. The apheliscid genera Apheliscus and Haplomylus
represent two steps in a continuum of increasing specialization
for rapid locomotion when compared with extant macros-
celideans, which show further elongation of the crus and more
substantial adaptations to restrict mobility at the elbow.

Comparison of apheliscid postcranium to that of Hyopsodus
illustrates fundamentally different functions in the two taxa.
Hyopsodus was likely capable of generalized terrestrial loco-
motion, mixing traits typically associated with scansorial,
cursorial, and fossorial mammals, while apheliscids were
likely capable of cursoriality. Cladistic analyses presented
here and elsewhere do not support a close phylogenetic rela-
tionship between apheliscids and Hyopsodus (Rigby, 1980;
Tabuce et al., 2001; Zack et al., 2005a, b).

There are superficial similarities between apheliscid post-
crania and those of contemporary leptictids. Both taxa appear
to be adapted for hindlimb-propelled, rapid terrestrial loco-
motion, although leptictid forelimb morphology suggests
somewhat more habitual fossorial behavior than in aphelis-
cids. Despite the superficial resemblance between leptictids
and apheliscids, detailed comparisons of postcranial elements
and dentition do not support a close relationship between
these taxa, implying that the similarities are convergent.

Morphologic similarities in the distal tibia-fibula and
tarsus of apheliscids and the erinaceomorph ‘“insectivore”
Macrocranion are also intriguing. A combination of features,
including an anterior tubercle on the distal tibia, a recurved
medial malleolus, a well-defined cotylar fossa on the medial
aspect of the astragalar body, and several calcaneal charac-
ters, is virtually identical in configuration to the tibiotarsal
joint in Haplomylus. Further study of the postcranium of
Macrocranion is needed to resolve its relationship to aphelis-
cids, but these similarities indicate that the boundary between
small-bodied condylarths and erinaceomorph insectivores
deserves renewed investigation.

Our study of apheliscid postcrania raises several issues
relevant to future work. First, the fact that the oldest known
macroscelidean relatives are now recognized from the
Paleocene and early Eocene of western North America
indicates that the earliest stages of macroscelidean evolu-
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tion may have taken place outside of Africa. This poses a
biogeographic problem, but we hope that future discover-
ies from North America, Europe, and Africa will fill these
gaps in the sengi fossil record. Second, as mentioned above
in the discussion of Macrocranion postcrania, the interre-
lationships of apheliscids, other small-bodied condylarths,
and erinaceomorph insectivores requires further study.
Addressing this issue may help to resolve the biogeographic
questions noted above by (potentially) identifying additional
macroscelidean relatives among putative erinaceomorph
insectivore taxa, including forms present in Europe such as
Macrocranion, Adunator, and Adapisorex. The identification
macroscelidean relatives among European erinaceomorphs,
in combination with the existing European record of louisi-
nine apheliscids would provide a clearer link between North
American apheliscids of the Paleocene and Eocene and the
more recent African macroscelideans, although it would
imply some homoplasy in either the dentition or the tarsus.
Third, while the new material does not fully resolve the con-
troversy surrounding the higher-level systematic position of
Macroscelidea, it does weaken the support for a relationship
to Anagalida, while strengthening the case for a relationship
to African ungulates, within either Ungulata or Afrotheria.
Finally, the discovery of fossil sengis in the Paleocene and
Eocene of western North America, as the oldest known rep-
resentatives of any potential afrotherian group, has implica-
tions for the biogeography of Afrotheria. That the earliest
known afrothere taxa now occur outside of Africa does not
support the hypothesis that afrotheres originated in Africa
very early in eutherian history, but instead suggests a post-
Cretaceous, Holarctic origin.
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Appendix

Abbreviations for Figures

afc astragalar facet (cuboid)
at anterior tubercle

cba cuboid facet (astragalus)
cbc cuboid facet (calcaneum)
ce capitular eminence

cfc calcaneal facet (cuboid)
cty cotylar fossa

dp deltopectoral crest

eca ectal facet (astragalus)
ecc ectal facet (calcaneum)
ef entepicondylar foramen
ff fibular facet

gtb greater tuberosity

gtr greater trochanter

1tb lesser tuberosity

Itr lesser trochanter

me medial epicondyle

mm medial (tibial) malleolus
nva navicular facet (astragalus)
nve navicular facet (cuboid)

of olecranon fossa/
supratrochlear foramen

ptf proximal fibular facet

pt patellar trochlea

pt peroneal tubercle

N supinator crest

sfa sustentacular facet
(astragalus)

sus sustentaculum/ calcaneal
sustentacular facet

tb cnemial crest (tibial crest)

tc tibial crest (eminence
of distal articular surface)

tro astragalar trochlea

ttr third trochanter

T.A. Penkrot et al.
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6.1 Introduction

The Itaborai Basin, in the state of Rio de Janeiro, is one of the
smallest depositional basins in Brazil and is the only one
to have yielded a terrestrial fauna of late Paleocene age.
For 50 years its limestone was commercially exploited,
allowing the recovery of a great amount of fossil vertebrates,
predominantly from fissure fill deposits (Sequence S2
sensu Medeiros and Bergqvist, 1999), of Itaboraian age.
Among the vertebrates, the fossil mammals are the most
abundant, with marsupials being the most diverse but
ungulates the most abundant. Fossil edentates are very
rare. Since the end of the 1980s, the Itaborai basin has
been completely flooded and no further fossil collecting
has been possible (Figure 6.1).

Among the ungulates, the “condylarths” comprise the sec-
ond least abundant group next to the Xenungulata. The rela-
tionships of most “condylarths” are very uncertain and they
probably represent a paraphyletic assemblage. Some authors
have advocated abandonment of the concept of Condylarthra
altogether. Herein I follow the concept of “Condylarthra”
as advocated by Archibald (2005), and the recommendation
of Prothero et al. (1988) to add quotation marks to the term
“condylarth” in order to emphasize its paraphyly, as already
done by Muizon and Cifelli (2000).

The first “condylarth” fossils discovered in the Itaboraf
basin were assigned by Paula-Couto (1949) to Didolodus
Ameghino, 1897. A few years later (1952), the same author
recognized the presence of four species in the basin, then
known as Ernestokokenia protocenica, Ernestokokenia
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Morphology: A Tribute to Frederick S. Szalay, 107-133.
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parayirunhor (renamed as Paulacoutoia protocenica and
Miguelsoria parayirunhor, respectively, by Cifelli, 1983a),
Lamegoia conodonta (placed in the Didolodontidae),
and Asmithwoodwardia scotti, originally considered to be
the first South American hyopsodontid but later placed in
the Didolodontidade by Paula-Couto (1978). The first two
species were differentiated mainly on their lower molars,
while the larger size and the presence of a protocone-
hypocone crest characterized Lamegoia, the least common
“condylarth” at Itaborai.

Lamegoia conodonta is the largest “condylarth” at Itaboraf
and approximates the size of a wolf; only twelve isolated
teeth are currently recognized for this species. Paulacoutoia
protocenica is the smallest of the three “condylarth” species
of Itaborai, but the most abundant. Its size is similar to the
coati, Nasua nasua. Victorlemoinea prototypica is only a little
smaller than L. conodonta, but much more abundant than the
former. A review of all dental specimens of “Condylartha”
suggests the presence of two new species of Didolodontidae,
not yet described. The length and width (in mm) of m2 of the
Itaborai “condylarths” and other ungulates are provided in
Table 6.1. As for all other mammalian species of the Itaboraf
basin, except for Carodnia vieirai Paula-Couto, 1952, the
“condylarth” species were established exclusively on their
dental features. Although postcranial bones are almost as
abundant as fossil teeth, they were found dissociated and
mixed. These remained unstudied until the 1980s, when
Cifelli (1983b) undertook the first attempt to assign some
isolated postcranials (tarsals) to the Itaborai species.

Cifelli’s (1983b) work resulted in important changes to
the current taxonomy of the Itaborai ungulates, mainly to the
“Condylarthra” and Litopterna. Using four different methods,
Cifelli (1983b) assigned the isolated foot bones to the Itaborai
ungulate species. His association showed that certain taxa with
typical “condylarth” dental morphology presented tarsal bones
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FIGURE 6.1. Itaborai basin. A, 1957; B, 2003.

L.P. Bergqvist

TaBLE 6.1. Length and width of the m2 of Itaboraf ungulates.

Length Width
Taxa (min—-max) (mean) (min—-max) (mean) Number of specimens
“Condylarthra”
Paulacoutoia protocenica 7.8-9.7 8.2 6.3-7.7 6.9 8
Lamegoia conodonta 14.8 14.8 12.6 12.6 1
Species indet 1 7.0 7.0 6.4 6.4 1
Species indet 2 10.5 10.5 9.0 9.0 1
Victorlemoinea prototypica 14.5 14.5 9.0 9.0 1
Litopterna
Asmithwoodwardia scotti 3.3-39 3.6 2.6-3.0 2.8 5
Protolipterna ellipsodontoides 3.8-5.5 43 3.04.2 3.5 75
Miguelsoria parayirunhor 4.3-6.2 5.2 34-52 4.2 40
Paranisolambda prodromus 8.7-9.4 9.1 54-6.4 6.0 12
Notoungulata?®
Itaboraitherium atavum 5.1 5.1 3.1 3.1 1
Camargomendesia pristina 4.8-5.6 52 3.8 4.7 12
Colbertia magellanica 5.9-8.0 6.9 4.1-6.0 5.0 17
Astrapotheria®
Tetragonostylops apthomasi 10.2-11.9 11.1 6.7-8.0 7.3 5
Xenungulata
Carodnia vieirai 28.8-33.5 31.2 27.2-28.2 27.7 2

#Measurements taken from Cifelli (1983a)

with derived litoptern features, while some primitive tarsals were
assigned to a species placed in the order Litopterna due to its
derived dental features. He then placed Miguelsoria parayirunhor
in the order Litopterna and transferred Victorlemoinea prototyp-
ica to the order “Condylarthra”. The placement of V. prototypica
within “Condylarthra” was not widely accepted (e.g., Bond et al.,
1995; McKenna and Bell, 1997; Soria, 2001).

This work is the first of a series that will present the results
of a new proposal for reassociation of other postcranial bones
(besides ankle bones) to the Itaborai ungulate species, originally
part of my doctoral dissertation (Bergqvist, 1996). Although
some may question this study, as the postcranials are not in

direct association with teeth, I followed the steps of Dr. Frederick
Szalay, who was one of the pioneers to study mammalian iso-
lated postcranials and showed their ultimate importance. In this
chapter I describe, illustrate, and comment on all bones assign-
able to the various “condylarth” species from Itaborai.

6.2 Abbreviations

CV, coefficient of variation, AMNH, American Museum of
Natural History, New York, USA; DGM, Divisdo de Geologia
e Mineralogia of Departamento Nacional da Producdo Mineral,
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Rio de Janeiro, Brazil; MCN-PV, Museu de Ciéncias Naturais
— Paleontologia de Vertebrados, Porto Alegre, Brazil; MCT,
Museu de Ciéncias da Terra (continuing DGM collection),
Rio de Janeiro, Brazil, UM, University of Michigan, Museum
of Paleontology, Michigan, USA; USGS, United States
Geological Survey; USNM, United States National Museum,
Washington D.C., USA.

6.3 Materials and Methods

The fossil bones of Itaborai basin are, in general, well-pre-
served, with little or no abrasion, making the study of even
delicate bone structures straightforward. Most of the long
bones are broken at the diaphysis, preserving just one end. All
were recovered from fissure fill deposits and bear different
colors (white, cream, orange, brown). Diogenes Campos and
Llewelin Price recovered, in 1968, all the brownish fossils,
fortunately a large and important sample from a single fis-
sure in the northeastern side of the basin, named because of
its importance as the “1968 Fissure”. The other colors come
from fissures worked in 1948 and 1949 (northern and south-
eastern parts of the basin, respectively; Figure 6.2). Many
of the fossils lack precise collecting information, and exact
provenance cannot be established.

Bones selected for the analysis are those that include at
least one end preserved. All long bones (except the fibula),
metacarpals, pelvis, tarsals, metatarsals, and ungual phalanges
were selected for reassociation. Vertebrae, ribs, and non-ungual
phalanges were excluded from this work, as their morphol-
ogy and intraspecific variation are poorly known. The fossils
examined for each taxon are listed in the Appendix.

Several studies based on recent mammals showed that there
is a high correlation between different body measurements
and body mass (see Damuth and MacFadden, 1990). Such
studies have also shown a high correlation between body
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mass and dental measurements (e.g., Gingerich ef al., 1982;
Fortelius, 1990).

The use of m1/M1 or m2/M2 as independent variables in
the prediction of body mass became more widely accepted
after the work of Gingerich (1974), who observed in different
mammal species that these teeth are the least variable in
size. Damuth (1990) and Fortelius (1990), studying extant
ungulates, concluded that the length of the series p4-m3/P4-
M3 presents a higher coefficient of correlation (r = 0.967)
with body mass than do measurements of isolated teeth.
This variable, however, has little application in many fossil
species, due to fact that complete series are not always (or
even usually) preserved. Fortelius (1990) also observed that
the width of a tooth is more related to diet than to the size of
an animal, suggesting that prediction of body mass should
be based on length measurements. Damuth (1990) indicated
that the area of a tooth should not be used in correlation, as
some lineages show decrease in molar width through time.
He showed that the length of a tooth presents a higher coef-
ficient of correlation than the area.

Cifelli (1983a) was a pioneer in the use of logarithmic
linear regression in early Paleogene species, and the
methodology employed here follows his proposal, which
was based on three independent methods: morphology,
relative size and abundance, and, in some cases, “fit”. Due
to the large temporal and morphological hiatus between
Paleocene and recent ungulates, new regression equations
were established in this chapter based on archaic ungulates
for which the skeleton and teeth are known by association.
Sixteen species of North American “condylarths” and two
litopterns were selected for this purpose, not only for their
availability, but also because they represent a similar level
of dental and pedal organization to the species in question
(Table 6.2). As taxa with similar teeth tend to have a similar
diet, a relationship should exist between tooth and body
size (Fortelius, 1990).

Sao José Fault

300 500m

f—_— — —

Figure 6.2. Outline of the Sdo José de Itaborai basin, showing the location of the fissures worked in 1948 (1); 1949 (2) and 1968 (3).
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TABLE 6.2. North American “condylarths” and South American litopterns with m2/M2 and skeleton directly associated used in the regres-
sions. The measurements under M2 and m2 were used for establishing the regression lines — the upper refers to the length and the lower to
the width. AS = astragalus; CA = calcaneum; EC = ectocuneiform; FE = femur; ID = collection number; HU = humerus; MC = metacarpal;
MT = metatarsal; NA = navicular; RA = radius; SP = species; TI = tibia; UL = ulna.

ID SP M2 m2 UL RA HU MC FE TI CA AS NA EC MT
AMNH 4378 Phenacodus wortmani 8.6 8.6 X X X X X X X X
10.2 7.4
AMNH 15262 Phenacodus wortmani 11.7 11.8 X
13.6 10.9
AMNH 15283 Phenacodus wortmani 12.0 - X
52 -
AMNH 4370 Phenacodus wortmani 12.4 13.1 X
15.8 12.0
UM 64179 Copecion brachypternium - 7.0 X X X
- 6.0
AMNH 16343 Loxolophus hyattianus 5.7 6.2 X X X X
7.2 4.7
AMNH48699 Chriacus sp. 7.5 7.1 X
8.5 44
USGS 2353 Chriacus sp. 7.4 7.8 X X X X X X X X
9.1 4.7
USGS 48006 Chriacus sp. - 6.2 X X X
- 4.7
AMNH 3115 Chriacus pelluidens - 6.3 X
- 4.5
AMNH 17384 Thryptacodon australis - 6.6 X X
- 5.1
AMNH 16542 Arctocyon ferox 10.9 11.7 X X X X
12.4 9.4
AMNH 27601 Carsioptycus coarctatus 8.4 - X X
11.2 -
AMNH 16517 Carsioptycus coarctatus - 9.1 X
- 8.3
AMNH 3636 Periptycus rhabdodon 10.9 10.3 X X X X
11.6 8.3
AMNH 3637 Periptycus rhabdodon 9.8 9.7 X
11.5 8.8
AMNH 16500 Ectoconus sp. - 12.3 X X X X X X
- 9.4
AMNH 48002 Meniscotherium chamense 9.5 8.3 X X X X X
10.3 5.8
USNM 22675 Meniscotherium chamense - 8.5 X X X X
- 6.3
USNM 22918 Meniscotherium chamense - 9.7 X
- 11.1
USNM 19555 Meniscotherium robustum - 9.9 X X X X X X X
- 7.3
USNM 23740 Hyopsodus paulus 4.0 - X X X
5.7 -
USNM 17980 Hyopsodus paulus 4.1 4.2 X X X
5.8 35
AMNH 14654 Hyopsudus walcottianus - 6.6 X X
- 5.1
AMNH 9270 Diadiaphorus majusculus 19.0 - X X X X X X
244 -
PU 15799 Diadiaphorus majusculus 23.7 20.5 X
23.1 11.9
IGM 183544 Megadolodus molariformis - 17.8 X X
- 16.6

The logarithmic linear regressions were established using
the equation Y = a + bX, where Y and X are the dependent
(postcranial measurement) and independent (tooth measure-

ment) variables, respectively, and the parameters a (y intercept)
and b (slope) were calculated mathematically using the soft-
ware SYSTAT, version 5.03. Although the length of the m2/M2
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is better correlated with body mass than the area in extant
mammals (Damuth, 1990), several tests accomplished within
“condylarths” in this work indicated that, in most cases, the
area of the tooth presented a higher coefficient of correlation.

Besides these measurements, all postcranial bones of
“condylarths” and Paleogene South American ungulates were
studied directly or from published descriptions. Although
many species available for comparison belong to more recent
and presumably derived groups, the contrast with primitive
“condylarths” permitted the identification of apomorphies
particular to each order, facilitating a preliminary assignment
of specimens to major taxonomic groups.

The specimens were arranged in groups (morphotypes)
based on similarity. One hundred and eight measurements
were taken and scatterplot graphs were generated using the
software SYSTAT 5.03. Some of these graphs are figured in
Bergqvist (1996). Groupings based on measurements were
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then compared to the morphotypes, to check if there was
an agreement between morphology and size. The same 108
measurements were tested in relation to the area and length of
the second lower molar, to check, for each bone, which bone
measurement presented the highest correlation with tooth
length or area. Using the software SYSTAT, regression equa-
tions and lines were constructed and the ones with a coefficient
of correlation higher than 0.900 were used in the reassociations
proposed here. All measurements were log transformed to
remove the size effect on variability (Gingerich, 1974). The
square root of the area was calculated, to allow comparison
between values from one variable (distance between two
points) and two variables (area).

The dental remains of each Itaborai species, where feasible,
were counted, and the minimal individual number (MIN) was
calculated (Table 6.3). Most of the dental material consists
of isolated cheek teeth, and it was not always possible to sort

TaBLE 6.3. Total specimen number and minimal individual number (MIN) of the ungulate species of Itaborai Basin. A, number of specimens
sorted; B, minimal individual number; C, fossil used for calculation of the MIN.; #, species represented by different teeth.

1948/49 1949 1953 1961 1967 1968 No Date* MCN-PV  Total
Paulacoutoia protocenica A=32 0 0 0 0 0 18 7 57
B=5 0 0 0 0 0 3 4
C = left p4 0 0 0 0 0 Right M2 Right M2
Lamegoia conodonta A=6 0 0 0 0 0 5 1 12
B=1 0 0 0 0 0 1 1
C=+# 0 0 0 0 0 # Left dp4
Victorlemoinea protoptypica A=19 1 0 0 0 0 3 1 24
B=3 1 0 0 0 0 1 1
C = left dp4 Left dentary 0 0 0 0 # Left Dp3
Asmithwoodwardia scotti A=0 1 1 0 0 0 2 1 5
B=0 1 1 0 0 0 1 1
C=0 Skull Dentary? 0 0 0 # Left dentary
Miguelsoria parayirunhor A=8 7 6 0 10 12 59 15 117
B=4 3 3 0 3 2 12 4
C = left dentary ~ Left dentary  Left dentary 0 Left m2 Right m3 Left m2 Left ml
Protolipterna ellipsodontoides A=0 0 0 0 0 575 0 0 575
B=0 0 0 0 0 50 0 0
C=0 0 0 0 0 ME 0 0
Paranisolambda prodromus A=7 7 0 1 1 54 19 14 103
B=4 2 0 1 1 8 3 4
C = left m2 Left M1 0 M Right m1 Left dP3 Right M2 Left m2
Colbertia magellanica® A=122 23 ? ? ? ? ? o 145
B=18 7 ? ? ? ? ?
C = right m2 Right M2
Camargomendesia pristina® A=0 2 ? ? ? 26 ? o 28
B=0 1 ? ? ? 16 ?
C=0 # ? ? ? Right dentary ?
Itaboraitherium atavum® A=2 4 6 ? ? ? ? o 12
B=1 1 ? ? ? ? ?
C=+# # ? ? ? ? ?
Tetragonostylops apthomasi® A =343 16 ? ? ? 25 ? 27 411
B =25 6 ? ? ? ? ? 3
C = left m3 Left m3 ? ? ? ? ? Left dp4
Carodnia vieirai® A=13 4 ? ? ? 0 ? 0 17
B=2 2 ? ? ? 0 ? 0
C =right m3 # ? ? ? 0 ? 0

2]t also includes the specimens of the orders “Condylarthra” and Litopterna from the AMNH collection.
Only the cataloged specimens were counted, with the exception of the dentaries of C. pristina collected in 1968.

? = Specimens not catalogued or classified
##% = Specimens not classified
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some of the closely similar forms (i.e., among the notoungu-
lates), as many deciduous teeth are present and the locus of
certain isolated cheek teeth is difficult to determine.

In most cases, the bones were reassociated by size,
whereby groups (morphotypes) were assigned to the species
in which the dependent variable (bone measurement) was
closest to the mean actual value of the specimens of a group.
When the specimens of a group presented synapomorphies
with more derived species, the morphology was first used
for the assignment of this group to one of the orders present
in Itaborai Basin. Postcranial bones of 48 species of fossil
“Condylarthra” and South American ungulates were studied
for this purpose. The regression was then used to assign ele-
ments to species based on size. In cases where the coefficient
of correlation of m2/M2 was lower than 0.900 (minimum
value considered here for the regression) the bones were
tentatively associated on the basis of coloration (only for
the brownish ones), relative abundance, and direct articula-
tion. For direct articulation, as the goal was articulation of
specimens of a single species, not specimens of the same
individual, the criteria used for defining the “most appropriate”
articulation were less rigorous.

For the humerus, femur, tibia and astragalus, logarithmic
linear regressions were proposed. For the humerus, the meas-
urement that presented the highest coefficient of correlation
with the length of m2 (r = 0.925) was body width above
entepicondylar foramen (BWAEF; Figure 6.3), and the result-
ant equation was:

Log(BWAEF) = —0.654 + 1.614 Log(m2 length).

The femur presented several measurements with a high
coefficient of correlation with the area of the m2 (r > 0.950).
The body area above lesser trochanter (BAALT) (Figure 6.3),
though presenting a slightly lower coefficient of correlation
(r = 0. 966) than the area of the body between lesser tro-

FIGURE 6.3. Measurements taken for estab-
lishing the regression lines. A, body width
above entepicondylar foramen of humerus, B,
body width above lesser trochanter of femur,
C, width of the medial face of tibia, D, area
of the distal end of tibia, E, maximum length
of the trochlea of the astragalus.
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chanter and third trochanter, was selected for this purpose as it
was based on more taxa (11). The regression equation was:

Log(BAALT) = 0.093 + 1.302 Log(m?2 area)

For the tibia it was necessary to establish two different
equations, as some of the bones preserved only the proximal
half, while others only the distal half of the body. For the
first case, the width of the medial face (WMF) (Figure 6.3)
presented » = 0.989 with the area of m2, and the resultant
equation was:

Log(WMF) = -0.665 + 1.830 Log(m?2 area)

For the distal half of the tibia, the coefficient of correlation
of the area of the distal end (ADE) (Figure 6.3) with the area
of m2 was r = 0.963, and the equation:

Log(ADE) = —0.147 + 1.433 Log(m?2 area)

As proposed by Cifelli (1983a), the total length of the astragalus
presented the highest coefficient of correlation with the area
of m2 (r = 0.930). However, to test the association proposed
by Cifelli (1983a), I used the maximum length of the trochlea
(MLT) (Figure 6.3), which had a slightly lower coefficient of
correlation (r = 0.921) with the area of m2. The resulting
equation was:

Log(MLT) = 0.283 + 1.345 Log(m?2 area)

The proposed assignment of the remaining bones (except
metapodials) was based on the “expected morphology” and
direct articulation. For metapodials, associations were based
exclusively on morphology. For all other bones consid-
ered here, the relative abundance of postcranial and dental
specimens was considered. The relative frequency of the
postcranial and dental specimens was first considered in the
associations proposed for the fossils collected from the “1968
fissure” (the brownish ones).
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The “expected morphology” of the bones studied here, of
each Itaborai order, was conceived after the direct observation
of all “condylarths” and South American ungulates (of the
same orders present at Itaboraf) with bones and teeth in direct
association. Through this comparative observation it was
possible to realize the morphological features typical of each
order. The phylogenetic analysis undertaken by Bergqvist
(1996) showed the apomorphic ones. In most features, the
“condylarths” bear the most primitive morphology.

All humeri recovered at Itaborai are of primitive mor-
phology, retaining an entepicondyle and entepicondylar
foramen. This condition prevented reassociation based on
morphology. Size and relative abundance proved to be the
only available criteria for associating humeri.

The low coefficient of correlation for most ulnar measure-
ments led to an alternative method of reassociation based on
direct articulation with the humerus. Observations on the humer-
oulnar articulation in extant mammals have shown a series of
variations in the morphology of this joint, each of which was
taken into account for the proper association of these bones:

(1) The orientation of the medial crest of the trochlea is directly
related to the orientation of the ulnar coronoid process: if
the medial crest is weak and more obliquely placed (in rela-
tion to the main axis of the humerus), the coronoid process
projects more anteriorly than distally, contrary to when the
medial crest is more vertical and projected

(2) The direction of the posterior borders of the trochlea is
directly correlated to the placement of the semilunar notch
in relation to the ulnar body: laterally oriented borders
imply an oblique position of the semilunar notch, whereas
a more longitudinal orientation is associated with more
vertical borders

(3) The symmetry and parallelism of posterior borders of the
trochlea are related to the shape of the anconeus process:
a more developed upper projection of the lateral border of
this process implies higher asymmetry and feeble paral-
lelism

(4) Variation in the anteroposterior length of the trochlea (at
the level of the constriction between the medial crest and
the capitulum) is related to the length of the notch: a slen-
der trochlea articulates with a notch that is proportionally
short (in relation to the total length of the ulna) and deep

The morphology of the femur is variable among “condy-
larths”, and features such as head shape and placement of
the third and lesser trochanters may vary within a family.
However, the femur of notoungulates (with the exception
of Homalodotheriidae) presents little divergence from the
femur of Arctocyonidae (i.e., greater trochanter and head at
about the same level, shaft almost straight, lesser and third
trochanter at the same level), preventing reassociation based
exclusively on morphology. However, most of the femur
measurements presented a high coefficient of correlation with
the area of the second lower molar.
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Morphology of the tibia varies dramatically among South
American ungulates of the Paleogene and Neogene, and this
variation is observed among the Itaborai fossils. This great
morphological variation facilitated the sorting of the tibiae
into morphotypes. As some tibiae preserved the proximal
half, while others preserved the distal half, the reasso-
ciation of this bone required two separate regressions. The
association of the distal halves was also supported by direct
articulation with the astragalus.

Generally, the astragalus of each mammalian order has a
distinctive morphology, and its value in mammalian taxon-
omy has long been recognized (at least since Matthew, 1909).
In some orders, the astragalus of early forms presents the
derived features of the order, while the teeth remain primitive
(Schaeffer, 1947, Cifelli, 1983a). Since the Paleocene, most
of the derived features of each South American ungulate
order are already present in the astragali, which made the
association of the astragalus the most confident among the
bones studied.

Besides having an important functional role, the calcaneum
retains basic characteristics at various taxonomic levels,
being an important taxonomic tool (Stain, 1959). Like the
astragali, the calcanea of early forms also bear the derived
features of the order. Both astragali and calcanea were first
reassociated to one of the Itaborai species by Cifelli (1983a);
he used direct articulation with the astragalus to reach his
conclusions. Several attempts to establish a regression line
were undertaken, but the coefficient of correlation with both
area and length of m2 was low, except for the total length of
the calcaneum, which, however, was established for only six
species. Thus, I employed the same methodology used by
Cifelli (1983a).

No regression line was necessary for the association of the
navicular and ectocuneiform, once it could be confidently
suggested based on morphology, relative abundance, and
direct articulation with the astragalus and navicular, respec-
tively. Unfortunately, only a few fossil ungulate ectocunei-
forms have been studied, and most of the descriptions are
superficial. However, the available information shows that its
morphology is more constant among ungulates than is that of
the navicular.

6.4 Systematic Paleontology

Order “CONDYLARTHRA” Cope, 1881
Family DIDOLODONTIDAE Scott, 1913

Pauvracouroia Cifelli, 1983b
Paulacoutoia protocenica Paula-Couto, 1952
LamEGoia Paula-Couto, 1952
Lamegoia conodonta Paula-Couto, 1952

Family Sparnotheriodontidae Soria, 1980
VicrorLEMOINEA Ameghino, 1901
Victorlemoinea prototypica Paula-Couto, 1952
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6.4.1 Paulacoutoia protocenica
6.4.1.1 Humerus

The assignment of these bones to P. protocenica was tenta-
tively made only by size, as the morphology of the humerus
is very conservative in most Paleogene taxa.

The three specimens retain only the distal part (Figure
6.4), which is anteroposteriorly compressed. The deltoid
tuberosity is not preserved, but based on the specimen MCN-
PV 1702, it seems to be placed on the distal half of the
shaft, as in Hyopsodus Leidy, 1870 (Figure 6.5). The distal
end is broad. The supinator crest is long, convex, weakly
developed, and distally thick. The radial and olecranon fos-
sae are deep and perforated, forming a broad supratrochlear
foramen. Perforation of the olecranon fossa allows a greater
arc of movement for the antebrachium, and the olecranon
may pass into it when the antebrachium is fully extended
(Taylor, 1974). This feature is often present in cursorial

FIGURE 6.4. Right humerus of Paulacoutoia protocenica. A, ante-
rior and B, posterior views of MCN-PV 1711. Outline drawings of
MCN-PV 1711 in A’ and B’ in the same views. ¢, capitulum; ef,
entepidondylar foramen; le, lateral epicondyle, mct, medial crest of
trochlea; me, medial epicondyle; s¢ supinator crest; sf, supratroch-
lear foramen. Scale bar: 1cm.
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mammals, though it can be sporadically present in mammals
with other locomotor habits (O’Leary and Rose, 1995). The
existing bone between the olecranon and radial fossae is
very thin. The medial epicondyle is longer than wide, as in
Meniscotherium Cope, 1874, but more prominent than in this
taxon. Proximodistally short but longer entepicondyles are
present in more cursorial forms, such as Phenacodus Cope,
1873 (Rose, 1990) and Pachyaena Cope, 1874 (O’Leary and
Rose, 1995). Above it sits a well-developed entepicondylar
foramen. The lateral epicondyle is much smaller than the
medial. The medial border of the trochlea is steeply inclined
and projects strongly downward, forming a prominent sharp
crest. The trochlea is confluent with the capitulum, which is
transversely broader than the trochlea and less convex medi-
olaterally than proximodistally. According to Taylor (1974), a
more angular trochlea and capitulum limits movement to the
anteroposterior plane.

6.4.1.2 Tibia

The bone assigned to P. protocenica is also the appropriate
size for the proterotheriid Paranisolambda prodromus (Paula-
Couto, 1952). The order Litopterna has a derived and
consistent skeletal morphology, especially in the hind feet
(Bergqvist, 2005), present since the most primitive forms of
the Paleocene (Bergqvist, 1996). On the other hand, the tibia
of “condylarths” (with the exception of Phenacodontidae that
are incipiently cursorial), in particular Loxolophus Cope,
1885, retains most of the primitive features of Eutheria (see
Dagosto, 1985).

The tibia assigned to P. protocenica resembles that of
“condylarths”. The bone is almost complete, except for
the absence of both epiphyses, suggesting that it probably
belonged to a juvenile (Figure 6.6). In general, it resembles
the tibia of Meniscotherium chamense Cope, 1874 (Figure
6.7). The shaft is slightly convex anteriorly, deeper than wide,
and roughly triangular in proximal cross-section. The three
faces are of different lengths, the medial being more extended
anteroposteriorly than the lateral, so the cnemial crest is
more laterally placed and (barely) visible in posterior view,
a feature very common among “condylarths” (e.g., Chriacus
Cope, 1883; Ectoconus Cope, 1884; Hyopsodus). The shaft
becomes gradually thinner distally and more or less oval in
cross section. At the distal end it strongly widens again.
The cnemial crest is moderately prominent and extends half-
way down the shaft before becoming indistinct. The popliteal
notch is deep, but no popliteal crests are discernible. The
interosseous crest is blunt but well-defined all the way down
the shaft. No fibular articular surfaces are preserved.

6.4.1.3 Astragalus

The same two specimens assigned by Cifelli (1983a) to
P. protocenica, based on the total length as the dependent
variable, were assigned to this taxon here using the maxi-
mum length of the trochlea. However, the specimens were
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FIGURE 6.5. Forelimb bones of some North American mammals used for comparison with Itaborai “condylarths”. Left humerus of A,

Arctocyon primaevus, in medial view (from Russell, 1964), B, Chriachus sp., in anterior view (USGS 2353; from O’Leary and Rose, 1995),
C, Phenacodus primaevus, in medial view (AMNH 15262); right humerus of D, Hyopsodus paulus, in anterior view (USNM 23740; from
Gazin, 1965), E, Meniscotherium chamense, in anterior view (USNM 19555; from Gazin, 1968), F, Pachyaena gigantea, in anterior view
(USNM 14915; from O’Leary and Rose, 1995), G, Periptychus rhabdodon, in anterior view (AMNH 837); left radius of H, Arctocyon
primaevus, in anterior view (from Russell, 1964), I, Phenacodus trilobatus, in proximal view (USGS 7146; from O’Leary and Rose, 1995);
left ulna of J, Meniscotherium chamense, in medial view (USNM 22435; from Gazin, 1968), K, Phenacodus wortmani, in medial view
(AMNH 4378); L, right ulna of Pachyaena gigantea, in lateral view (USNM 14915; from O’Leary and Rose, 1995). Not to scale.

FIGURE 6.6. Right tibia of Paulacoutoia protocenica. A, posterior
and B, posterolateral views of DGM 345M. Outline drawings of
tibia in A’ and B’ in the same views. cc, cnemial crest; ic, interos-
seous crest; pn, popliteal notch. Scale bar = 1 cm.
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FIGURE 6.7. Hind limb bones of some North American mammals used for comparison with Itaborai “condylarths”. Left femur of A,
Arctocyon primaevus, in anterior view (from Russell, 1964), B, Copecyon brachypternus, in anterior view (UM 64179; from Thewissen,
1990); C, right femur of Phenacodus wortmani, in anterior view (AMNH 4378); right tibia of D, Ectoconus majusculus, in posterolateral
view (AMNH 16500; from Matthews, 1937), E, Meniscotherium chamense, in posterior view (USNM 17917), F, right tibia and fibula of
Periptychus rhabdodon, in anterior view (AMNH 17075; from Matthew, 1937). Not to scale.

also of appropriate size for Paranisolambda prodromus.
As mentioned before, the litopterns have a very constant
skeletal morphology (Bergqvist, 2005), and an astragalus
with typical litoptern morphology would be expected for this
species. Moreover, P. prodromus is much more abundant in
the basin than P. protocenica, and more litoptern-like astragali
would be expected to be found in the basin, as was shown by
Bergqvist (1996).

These astragali were described by Cifelli (1983a) under the
name Ernestokokenia protocenica. The specimen provision-
ally numbered as LE 443 in his paper has now received the
collection number MCT 1388M. Cifelli’s descriptions of the
astragalus (and calcaenum) were transcribed here with minor
changes, but with new information added.

The adult astragalus of P. protocenica is approximately 20%
smaller than the specimen USNM 17917 of Meniscotherium
chamense. The astragalar body is relatively deep and bears
a moderately grooved tibial trochlea (Figure 6.8), interme-
diate between Phenacodus intermedius Granger, 1915 and
M. chamense (Figure 6.9). The medial and lateral crests are
moderately sharp, with about the same anteroposterior length,
but the lateral exhibits a larger arc than the medial, although
not as much as in M. chamense. The astragalar foramen
persists in a small and presumably juvenile specimen (DGM
1388M), but is filled with cancellous bone and virtually
obliterated in a larger specimen. The medial malleolar facet
extends far anteriorly onto the neck and nearly to the head of
the astragalus, where it curves abruptly medially. This distinc-
tive structure is synapomorphic for Didolodontidae (Cifelli,

1993; Bergqvist, 1996). An extensive fibular facet, terminating
anteroinferiorly in a well-developed fibular shelf, covers the
lateral wall of the astragalar body, which is also vertical.

The neck is medially offset from the trochlea, forming an
angle of approximately 30° with respect to the anteroposte-
rior axis of the trochlea. This is another feature that is clearly
distinct between Itaboraian forms and the more primitive
astragali of Tiupampan “condylarths” (Muizon et al., 1998).
The head is somewhat narrower transversely, and bears a
navicular facet that is obliquely oriented in a very similar way
to M. chamense (Williamson and Lucas, 1992). The shape
of the head and trochlea (moderately grooved) are sugges-
tive of little cursorial abilities. However, Van Valkenburgh
(1987) concluded that astragalar trochlea depth is a character
that better reflects heritage than behavior. Medial collateral
ligament and cuboid facets are absent. A small supplementary
facet, continuous with that for the navicular but not with the
sustentacular, is present in the specimen MCT 1388-M, and
in life contacted the dorsolateral neck of the calcaneum, as
articulation of the two tarsals demonstrates. The sustentacular
facet is expanded distally and may or may not be continu-
ous with the navicular facet. The interarticular sulcus is deep
and the ectal facet is triangular and moderately concave,
and approximates Arctocyon de Blainville, 1841 in size and
orientation. Posteriorly, the groove for the digital flexor
tendons is well-marked and somewhat offset from that of the
posteroinferior margin of the tibial trochlea.

According to Wang (1993), the astragalus is one of the
most important hind limb elements in the transformation
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FIGURE 6.8. Right astragalus of Paulacoutoia protocenica. A, proximal; B, plantar; C, distal, and D, posterior views of AMNH 55388.
Outline drawings of astragalus in A’, B’, C’ and D’ in the same views. dfg, groove for the deep digital flexor tendon(s); ef, ectal facet; fs,
fibular shelf; ff, fibular facet; iaf, inferior astragalar foramen; is, interarticular sulcus; mmf, medial maleolar facet; nf, navicular facet; saf,
superior astragalar foramen; sf, sustentacular facet; tt, tibial trochlea. Scale bar: 1cm.
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FIGURE 6.9. Tarsal bones of some North American mammals used for comparison with Itaborai “condylarths”. Right astragalus of A,
Arctocyon primaevus, in proximal and plantar views (from Russell, 1964), Left astragalus of B, Didolodus sp. (AMNH 117457), in proximal
view, C, Meniscotherium chamense (USNM 17917), in proximal view, D, Phenacodus primaevus (AMNH 15262), in proximal view; E,
right astragalus of Pachyaena gigantea (AMNH 15228), in proximal view; left calcaneum of F, Hyopsodus paulus, in anterior view (USNM
23740; from Gazin, 1965), G, Meniscotherium chamense, in medial view (USNM 17917); H, Pachyaena gigantea, in anterior view (AMNH
2959), I, Phenacodus primaevus, in anterior view (AMNH 15262); J, right calcaneum of Arctocyon primaevus in anterior view (from
Russell, 1964); K and L, right navicular and ectocuneiform of Arctocyon primaevus (from Russell, 1964). Not to scale.
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from plantigrade to digitigrade, and the main difference
between both postures is the plantar extension between
the tibia and the astragalus. A large astragalar foramen
between the trochlea and the plantar tendinal groove
prevents rotation beyond the foramen, restricting dorso-
plantar extension. Although in P. protocenica there is a
marked depression for the superior astragalar foramen, it
seems not to have been functional. Moreover, the plantar
tendinal groove has a different depth but the same orientation
of the trochlea. On the sides of the depression, a polished
surface indicates that the trochlea continued posteriorly
to the depression. This feature is suggestive of, at least,
a digitigrade posture in P. protocenica. Carrano (1997)
observed that the crests of the trochlea differ in size,
being distinctly asymmetrical in plantigrade animals, as
is the case in this species. However, in plantigrade taxa,
the crests of the trochlea are wider and shallower than in
digitigrade taxa, which is different from what is present in
P. protocenica.

A’
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6.4.1.4 Calcaneum

This bone (Figure 6.10) resembles closely that of
Meniscotherium chamense (e.g., USNM 17917; Figure 6.9),
mainly in the very salient dorsally projected beak at its ante-
rior extremity. This feature is absent in other North American
“condylarths”, and also in all Paleocene “condylarths” of
Tiupampa, Bolivia, (Muizon et al., 1998). The proportionally
short neck and developed fibular tubercle are primitive fea-
tures also present in North American “condylarths” (except
in Copecion Gingerich, 1989).

It exhibits a robust tuber calcis that enlarges at its posterior half,
being slightly deeper than thick. The tuberosity bears a medial
process, well-developed and separated from the lateral portion by
a shallow and oblique sulcus. Plantolaterally, a shallow groove
may have received the flexor digitorum superficialis muscle.

The ectal protuberance on the dorsal surface of the calca-
neum is prominent and is situated farther posteriorly on the
robust body, but less so than in M. chamense. The articular

C!

FIGURE 6.10. Left calcaneum of Paulacoutoia protocenica. A, anterodorsal; B, posteroplantar; C, lateral, and D, distal views of AMNH
55390. Outline drawings of calcaneum in A’, B’, C’ and D’ in the same views. aas, accessory articular surface; bk, beak; cc, invagination
for the calcaneum-cuboid ligament; cf, cuboid facet; cr, crest; ef, ectal facet; fdsm, groove for the flexor digitorum superficialis muscle;
ff, fibular facet; ft, peroneal (fibular) tubercle; mp, medial process; pt, plantar tubercle; sf, sustentacular facet; su, sustentaculum; te, tuber

calcis. Scale bar: 1 cm.
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surface for the fibula is well-developed and strongly convex
anteroposteriorly but relatively flat transversely; an extensive
articular surface is also developed on the lateral surface of the
protuberance. The calcaneal ectal facet is broad and obliquely
oriented with respect to the tuber. The sustentaculum is
thick and much broader transversely than proximodistally.
A moderately transversely broad sustentaculum occurs in arc-
tocyonids and may be primitive (O’Leary and Rose, 1995). It
bears a rather small, ovoid (with longer transverse axis), and
slightly concave facet, which does not attain contact with the
cuboid facet at the distal end of the calcaneum.

The most conspicuous feature of the bone is the verysalient,
dorsally projecting beak at the anterior extremity (ahead of
the anterior level of the ectal facet). It is proportionately
more projecting than in M. chamense, a larger species than
P. protocenica. The dorsal surface of this prominence is
rugose, and probably gave origin to one of the heads of the
extensor digitorium brevis muscle and the anterior astra-
galocalcaneal ligament. A narrow articular surface for the
lateral side of the astragalar head descends from the apex
of the prominence down to its medial surface. A similar
facet, named the distal astragalar facet by O’Leary and
Rose (1995), is present in Pachyaena gigantea Osborn and
Wortman, 1892 and Mesonyx Cope, 1872 (Figure 6.9). The
cuboid facet is dorsoventrally elongate and somewhat con-
cave in that direction. Its major axis, following the curvature
of concavity, is oblique and bears a medial invagination for
the calcaneum-cuboid ligament. Inferior to the cuboid facet,
the tubercle for attachment of the calcaneotarsal and tarsal
fibrocartilage ligaments is modestly developed. On the dis-
tolateral surface of the calcaneum the peroneal tubercle is
robust but not large, and rugose, suggesting that the lateral
collateral ligaments and quadratus plantae muscle are well-
developed. The crest extending proximally from it termi-
nates at the base of the ectal prominence.
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6.4.2 Lamegoia conodonta
6.4.2.1 Humerus

This bone is much larger than but similar to that of P. pro-
tocenica (Figure 6.11). In some ways (shape of the trochlea,
projection and size of the entepicondyle), it resembles that
of Periptychus Cope, 1881. The proximal end is not pre-
served, but the shaft is broken above the deltoid tuberosity,
which is pronounced but ends smoothly. The deltoid tuber-
osity is less pronounced than in more primitive arboreal
or scansorial arctocyonids (such as Chriacus, Anacodon,
and Arctocyon), but more so than in more cursorial forms
like Phenacodus (Figure 6.5). The deltoid crest is more
prominent than the pectoral one. Proximally, the shaft is
transversely compressed, but distally it becomes anteropos-
teriorly compressed. The supinator crest is almost completely
broken, but from the remaining portion, it appears to have
been long (extending up to the deltoid tuberosity) but weak.
The radial and olecranon fossae are as in P. protocenica.
The supratrochlear foramen has an irregular outline, making
it unclear whether it is a natural feature or was artificially
(taphonomically) made. The medial epicondyle is almost
twice as long as it is wide, as in more cursorial forms like
Phenacodus, and the entepicondylar foramen is very large.
The medial crest of the trochlea is less prominent and sharp
than in P. protocenica; its distal border is almost at the
same level as the capitulum, which is more rounded and
longer proximodistally than transversely. Proximolateral to
the capitulum there is a shallow groove and a lateral crest,
which is less prominent than the medial one. A similar crest
is developed, to a greater or lesser degree, in arboreal taxa
such as Chriacus and Oxyaena Cope, 1874, in terrestrial
forms such as Ursus, and in cursorial taxa like Pachyaena
gigantea, Hyracotherium Owen, 1840, and Diacodexis
Cope, 1882 (Rose, 1990; Figure 6.5).
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FIGURE 6.11. Left humerus of Lamegoia conodonta. A, anterior; B, posterior, and C, medial views of MCT 2313M. Outline drawings of
humerus in A’, B’ and C’ in the same views. dt, deltoid tuberosity; lct, lateral crest of trochlea; lg, lateral groove. Scale bar: 1 cm.



120

6.4.2.2 Ulna

The ulnae assigned to L. conodonta are the largest recovered
in the basin (with the exception of Carodnia vieirai, the
tapir-sized ungulate of Itaboraf). The largest specimen (MCT
1833M) articulates so perfectly with the humerus assigned to
this species that they may have belonged to the same individual.
This is supported by the same coloration and fossilization
type in both specimens.

The specimen MCT 2326M is quite complete, lacking only
the proximal and distal epiphyses (Figure 6.12). It is a strong
element, showing no tendency toward reduction or fusion
with the radius. The entire bone is mediolaterally compressed
and deep, especially at the semilunar notch. It is almost
straight, in both lateral and anterior profile, being somewhat
convex at the level of the semilunar notch and slightly concave
distally, as in Phenacodus wortmani (Cope, 1880; Rose,
1990; Figure 6.5). This might suggest that L. conodonta had
incipient cursorial capability. The preserved part of specimen
MCT 1833M is slightly more convex posteriorly than the
figured specimen, but it seems to have belonged to an older
(with olecranon epiphysis fused) and rather larger individual.
Its lateral and medial surfaces are slightly convex at the ole-
cranon and concave on the rest of the shaft — shallowly on the
medial surface and deeply on the lateral one. The absence of
a longitudinal crest on the medial surface is a feature present
only in these specimens. Among the comparative sample it
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is only observed in some “condylarths”, such as Arctocyon,
Hyopsodus, and Ectoconus, as well as notoungulates (except
for Thomashuxleya Ameghino, 1901; Figure 6.5).

The olecranon is prominent and long (longer than the sem-
ilunar notch and ~25% of the total preserved ulnar length,
excluding the epiphysis), providing a long lever arm for the
elbow extensor muscles, triceps brachii and anconeous. It is
transversely compressed and bends slightly medially. As in
Pachyaena gigantea, the semilunar (trochlear) notch outlines
a wide oval in lateral view, being more tightly curved at the
proximal than at the distal end. In anterior view, it is saddle-
shaped and oblique to the proximodistal axis of the shaft.
Forms in which the semilunar notch is more open and set
out from the axis of the ulna have greater freedom of supina-
tion (Taylor, 1974). The anconeus and coronoid processes
are only slightly prominent and equally projected anteriorly,
but well-projecting medially and laterally. The radial notch
is somewhat worn, but seems to have been smoothly con-
cave and facing anterolaterally. Thus the proximal part of
the radius sits anterolateral to the ulna, as in non-cursorial
mammals.

The fossa for the brachioradialis muscle is best defined
in specimen DGM 1833M. It is deep and proximodis-
tally elongated, as in Meniscotherium chamense, indicating
strong capability for flexion of the antebrachium. The deep
and well-defined anterolateral fossa provides a broad origin
for the abductor pollicis longus muscle. It occupies almost

FIGURE 6.12. Right ulna of Lamegoia conodonta. A, anterior; B, medial, and C, lateral views of MCT 2326M. Outline drawings of ulna in
A’, B’ and C’ in the same views. ap, anconeus process; ¢p, coronoid process; cpq, crest for the pronator quadratus muscle; fapl, fossa for
the adutor pollicis longus muscle; ol, olecranon; rn, radial notch; sn, semilunar notch. Scale bar: 1cm.
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completely the lateral face of the body and may be a primi-
tive eutherian feature (O’Leary and Rose, 1995). It is bound
anteromedially by a more or less sharp interosseous crest,
and posterolaterally by a salient rounded crest that projects
laterally from the shaft, as in Pachyaena (O’Leary and Rose,
1995). This anterolateral fossa may suggest the presence
of a well-developed digit I (still unknown for this species),
although this is not true for Pachyaena, in which a vestigial
pollex is present (O’Leary and Rose, 1995). In Pachyaena,
the abductor pollicis longus might have inserted on the
second metacarpal, as in Sus and Tapirus (Getty, 1975).
Distally, the shaft enlarges laterally and has a sharp crest
where the distal portion of the pronator quadratus muscle
probably inserted. The distal articular facet was probably
located completely on the distal epiphysis, which is not pre-
served on any of the specimens.

6.4.2.3 Femur

A nearly complete femur is known for Lamegoia, missing
only the epiphyses, which indicates that it belonged to a
juvenile individual (Figure 6.13). It also suffered postmortem
deterioration, as shown by erosion and the presence of several
fractures. Proximally, the bone is much wider than deep, but
it is only slightly wider distally. It is slightly bent medially.
Proximally, the dorsal surface of the shaft is almost flat,
bearing a discrete concavity between the head and the greater
trochanter. Distally, on the same surface, an elliptical depression
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above the trochlea appears to be the result of postmortem
damage or deformation.

The femoral head and the epiphysis of the greater trochanter
are missing, but from what is preserved, the latter probably either
projected slightly above the head or was even with it. The neck
is short and slightly directed anteriorly. The trochanteric fossa is
deep, but a trochanteric crest is lacking. The lesser trochanter is
a narrow but long wing on the medial edge of the shaft, directed
medially as in Arctocyonidae and Pachyaena (Figure 6.7).
Unlike most “condylarths”, the lesser trochanter does not have
a triangular shape, but is rounded in outline, suggestive of the
condition in Phenacodus wortmani and Copecion brachypternus
(Cope, 1882) (Thewissen, 1990). Taylor (1976) associated large
size and medial position of the lesser trochanter in Viverridae
with greater climbing ability. Although this is incompatible
with other lines of evidence for locomotion in L. conodonta,
these features may indicate higher capacity for outward rota-
tion of the femur and capability for locomotion on a variety of
substrates. The third trochanter is distal to the lesser trochanter,
being placed about halfway down the length of the shaft. It is
well-developed and its shape also resembles that of C. brach-
ypternus, although it is less salient. Gazin (1968) indicated
that this position provides considerable leverage to the gluteus
superficialis muscle for abducting the limb and flexing the hip
joint. Howell (1944), however, attributed little adaptive but great
phylogenetic significance to this condition. The greater develop-
ment would be a reflection of large musculature, rather than a
disproportionately powerful superficial gluteus muscle.
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FIGURE 6.13. Left femur of Lamegoia conodonta. A, anterior and B, posterior views of DGM 337M. Outline drawings of femur in A’ and
B’ in the same views. It, lesser trochanter; ne, neck; tf, trochanteric fossa; tt, third trochanter. Scale bar: 1 cm.
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6.4.2.4 Astragalus

The first description of the astragalus of L. conodonta (Cifelli,
1983a) was based on a very poorly preserved specimen (DGM
940M). A complete and well-preserved specimen was found
later and a detailed description is presented here.

The astragalus of L. conodonta is very similar to that of
Paulacoutoia protocenica, but 50% larger (Figure 6.14). It
is also similar to an unassociated specimen of ? Didolodus
(AMNH 11457) from the Casamayoran of Chubut (Figure
6.9). The body has a moderately deep tibial trochlea with
well-defined and rounded crests, the medial crest forming a
shorter arc than the lateral. Compared to P. protocenica, the
crests are more equally developed, while in this species the
lateral crest is noticeably more pronounced than the medial
one. The astragalar channel is reduced, with tiny openings.
The superior foramen is more posterioly placed and not seen
in dorsal view, differing from P. protocenica, Pachyaena, and
Meniscotherium, in which the superior astragalar foramen is
larger and placed more anteriorly (Figure 6.9). Posteroplantar
to the foramen, the groove for the deep digital flexor tendons
is deeply depressed but almost indistinct from the trochlea.
The medial wall of the body is vertical; the facet for the medial
malleolus of the tibia is well-developed and extends anteriorly
onto the neck, where it flares sharply medially, more than it
does in P. protocenica. The tubercle for the medial collateral
ligament is proportionately as pronounced as in P. protoce-
nica. The lateral face is also vertical and has a fibular shelf.

The sustentacular facet has an elliptical outline and does
not attain contact anteriorly with the navicular facet or
posteriorly with the groove for the digital flexor tendons.
The ectal facet is similar to that of P. protocenica, but the head
is distinct from this taxon in being transversely elongated and
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almost quadrangular. The cuboid facet is lacking and the facet
for the medial collateral ligaments is small.

The size and position of the superior astragalar foramen,
together with the shape of the plantar tendinal groove, are
suggestive of a capability for plantar extension between the
tibia and astragalus, compared to P. protocenica. As in this
species, Lamegoia conodonta was, at least, semidigitigrade.

6.4.2.5 Calcaneum

This bone was first described by Cifelli (1983a) on a partially
broken specimen of a juvenile. Discovery of an almost com-
plete specimen belonging to an adult provides new informa-
tion on its morphology.

The calcaneum of L. conodonta is larger than that of
P. protocenica, but otherwise in many features they are similar
(Figure 6.15). The heel (tuber) is relatively longer than in P,
protocenica, representing 56% of the total length of the bone (com-
pared to 51% in P. protocenica). The tuberosity is convex (with no
medial process) and has a longitudinal groove on its plantar side for
attachment of the flexor digitorum superficialis muscle.

The calcaneal ectal facet bears a similar orientation and
placement to that of P. protocenica, but is somewhat less
convex and transversely larger. The fibular facet is smaller
in L. conodonta, and is visible only posteriorly. The area
of the (possible) accessory facet is eroded. The depres-
sion for the short part of the fibular collateral ligament is
anteroposteriorly long and deep. The sustentaculum is thick
and has a relatively small, rounded facet, which does not
extend to the cuboid articulation, as in P. protocenica. The
dorsal surface of the calcaneal neck, as in P. protocenica, is
elongated into a conspicuous beak (a supplementary facet
for the astragalus is present on its medial border, but is very

FIGURE 6.14. Right astragalus of Lamegoia conodonta. A, anterior; B, posterior; C, distal, and D, proximal views of MCN-PV 1359M.
Outline drawings of astragalus in A’, B’, C* and D’ in the same views. dgf, groove for the deep digital flexor tendon(s). Scale bar: 1cm.
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FIGURE 6.15. Right calcaneum of Lamegoia conodonta. A, mediodorsal; B, lateral; C, distal of MCN-PV 1271. Outline drawings of astra-
galus in A’, B’ and C’ in the same views. fcl, depression for fibular collateral ligament; fds, groove for the flexor digitorum superficialis
muscle; ft, peroneal (fibular) tubercle; pt, plantar tubercle. Scale bar: 1cm.

reduced); the cuboid facet is as in P. protocenica. Inferiorly,
the protuberance for attachment of calcaneotarsal and tarsal
fibrocartilage ligaments is proportionally more developed
than in P. protocenica. The peroneal tubercle, on the dis-
tolateral corner of the calcaneum, is more robust and better
developed than in P. protocenica. Its great development is
suggestive of a stronger quadratus plantae muscle and the
capability for strong plantar flexion of the pes. The peroneal
tubercle extends posterosuperiorly to join the base of the
fibular side of the ectal protuberance.

6.4.2.6 Navicular

Seven navicular morphotypes are present among ungulate
fossils from the Itaborai basin, but they can be grouped into four
distinct clusters. The first is characterized by being elongate
proximodistally, having a proximal articular surface with a deep
dorsoplantar concavity and a prominent plantar process with
a notch lateral to it. In the second group, there is a proximal
projection of the medioplantar angle, the plantar process is
short, the cuboid facet is large, and a notch is absent. The main
features of the third group are: short proximodistally, proximal
articular surface shallow, articular facet for ectocuneiform
quadrangular in outline, and short plantar process with a notch
medial to it. The last group is characterized by: proximal
articular surface very shallow, prominent plantar process, and
cuneiform facets facing distally and equally developed. The
morphology of the first cluster is very similar to that of litopterns;
the second cluster is very close to Typotheria (Notoungulata),
being distinct in minor details only; some features of the
third cluster are observed among “condylarths” (such as
Phenacodus, Tetraclaeonodon, Arctocyon, Meniscotherium,
and Hyopsodus), but its general morphology is very similar to
the navicular of Arctocyon primaevus (Russell, 1964; Figure
6.9). The navicular of the last cluster is very large and certainly
belonged to Carodnia vieirai.

Besides being very similar to the navicular of Arctocyon
primaevus Blainville, 1841 (sensu Russell, 1964), the navicular
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FIGURE 6.16. Left navicular of Lamegoia conodonta. A, proximal and
B, distal views of MCN-PV 1827. Outline drawings of navicular in A’
and B’ in the same views. cf, cuboid facet; ectf, ectocuneiform facet;
entf, entocuneiform facet; mesf, mesocuneiform facet; npt, notch for
the tendon of the posterior tibialis; pk, plantar knob. Scale bar: 1cm.

assigned to Lamegoia conodonta bears the same color and
pattern of fossilization of the astragalus and calcaneum. It
is short proximodistally and has a subtriangular outline in
proximal view, with a medioplantar angle that is prominent
and projecting proximally (Figure 6.16). The astragalar facet
is moderately deep. The plantar surface is notched for the
tendon of the tibialis posterior muscle, which inserts on a
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moderately developed plantar knob, lateral to the notch. The
cuboid facet is flat, pentagonal, and extends along the entire
lateral surface; it is contiguous with the squared facet for the
ectocuneiform. The facet for the mesocuneiform is the largest,
extending partially onto the medial surface. It is continuous
with the entocuneiform facet, which is the shortest and the
only one that is convex, and it is partially directed plantarly.

6.4.2.7 Ectocuneiform

The shape of the navicular facet and the transverse expansion
of the plantar hook are uncommon features among fossil ungu-
lates, but both are present in the ectocuneiform of Arctocyon
primaevus (see Russell, 1964; Figure 6.9), suggesting that they
may be primitive for ungulates. Their perfect articulation with
the navicular of L. conodonta, together with the same color
and type of fossilization of the remaining fossils assigned to
this species, suggests reference to this species. Assuming this
referral is correct, the ectocuneiform of Lamegoia appears to
be little modified from the primitive condition.

Both ectocuneiforms are perfectly preserved (Figure 6.17).
The body is almost as large as it is long, presenting in dorsal
view a nearly square shape, concave proximodistally, and
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rugose for ligamentous attachment. The navicular facet is
quadrangular in outline and almost flat and contiguous with
the mesocuneiform facet, which is dorsoplantarly concave
and elongated. This facet is also continuous distally with the
dorsal facet for metatarsal II, as well as with the plantar facet
for the same metatarsal in specimen MCN-PV 1760. Gazin
(1965) observed a similar pattern of facet variation in the
ectocuneiform of Meniscotherium. The dorsal facet for meta-
tarsal II is medially projecting at its distal end; the plantar facet
is flat, and when isolated, has an elliptical outline. Both facets
are contiguous with the distal “T” shaped and dorsoplantarly
concave facet for metatarsal III. The cuboid facet, on its lateral
side, is flat and square or rectangular. The plantar surface has
a prominent, transversely expanded, and rugose tuberosity for
attachment of the tendons of the tibialis posterior and flexor
hallucis brevis muscles, as well as ligaments.

6.4.3 Victorlemoinea prototypica
6.4.3.1 Humerus

As in the other two species, only the distal part of the
humerus of V. prototypica is known (Figure 6.18). The four

FIGURE 6.17. Left (A, C) and right (B, D) ectocuneiform of Lamegoia conodonta. A, proximal; B, distal; C, lateral and D, medial views of
MCN-PV 1760 and 1761 (respectively). Outline drawings of ectocuneiform in A’, B’, C’ and D’ in the same views. cf, cuboid facet; mlIIf,
metatarsal II facet; mIIIf, metatarsal III facet; mf, mesocuneiform facet; nv, navicular facet. Scale bar: 1 cm.
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FIGURE 6.18. Right humerus of Victorlemoinea prototypica. A, anterior and B, posterior views of MCT 2315M. Outline drawings of humerus
in A’ and B’ in the same views. lct, lateral crest of trochlea. Scale bar: 1cm.

specimens grouped here present small variations in the
development of the supinator crest and in the diameter of
the supratrochlear foramen, but they are all of appropriate
size for this species, and for this reason they are grouped
together. These humeri are slightly smaller than the one
assigned to L. conodonta.

From the preserved portion, the supinator crest is more
prominent and the medial crest of the trochlea more developed
than in Lamegoia and Paulacoutoia, but not as sharp as in
the latter taxon. The distal part of the shaft has a triangular
cross-section, indicating the presence of a long deltoid crest
with a prominent deltoid tuberosity. The supratrochlear
fossa is as in the previous species. As in L. conodonta, the
trochlea has a lateral crest, but the lateral groove is less
marked.

6.4.3.2 Radius

The reassociation of the radius was based on direct articulation
between the head of this bone and the capitulum of the humerus.
The correlation between both measurements is observed in
extant mammal species (Bergqvist, 1996). In all mammals, the
radial head is slightly larger than the capitulum.

Two complete radii of different individuals are preserved.
The larger one (Figure 6.19) belongs to a juvenile, whereas
the shorter one belongs to an adult. They are moderately
robust, especially distally. Both proximal and distal ends
are transversely expanded relative to the dimensions of
the shaft. Overall, the radial head bears general resem-
blance to those of “condylarths” (such as Phenacodus,
Carsioptychus, Hyopsodus, and Meniscotherium). It has an
elliptical outline, almost twice as wide as in anteroposterior
diameter. The humeral surface is dominated by a central
depression for the capitulum, flanked by a steeply inclined
medial trochlear surface. The proximal ulnar facet is gently
convex, transversely elongate, and extends across almost
two-thirds of the head. The shape of the head and the mod-
erate development of the capitular eminence suggest some
restriction of supination capability.

FIGURE 6.19. Right radius of Victorlemoinea prototypica. A, lateral;
B, anterolateral; C, posteromedial; D, proximal, and E, distal views
of DGM 343M. Outline drawings of radius in A’, B’, C’, D’, and E’
in the same views. ac, anterolateral crest; at, anterior tubercle; cf;,
capitulum facet; ecr, groove for the extensor carpi radialis muscle;
edc, groove for the extensor digitorum communis tendon; ic, inter-
osseous crest; puf, proximal ulnar facet; sf, supplementar facet for
humerus; slf, scapho-lunate facet. Arrow indicates anterior surface
of proximal and distal ends. Scale bars: 1cm.
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A small, supplementary, crescent-shaped facet is present
on the anterolateral corner of the proximal ulnar facet on
specimen DGM 343M. This facet is uncommon in ungu-
lates, but is seen in Homalodotherium Flower, 1873 (a
toxodontian notoungulate) and Pachyaena (O’Leary and
Rose, 1995). A similar facet is also present in the Oligocene
Patriomanis Emry, 1970. Scott (1930) proposed that this
facet in Homalodotherium is for articulation with a sesam-
oid, as it is in recent manids, in which a small sesamoid is
present in the tendon of origin of the supinator brevis muscle
(Emry, 1970). However, in Pachyaena (and, possibly, also in
Victorlemoinea prototypica) it articulated with a matching
surface on the humerus (lateral trochlea) when the elbow was
flexed (O’Leary and Rose, 1995).

The shaft curves gently posteromedially. Taylor (1974)
concluded that in Viverridae the curvature of the shaft is
related to plantigrade posture and the ability to supinate
the manus. The shaft is anteroposterioly compressed proxi-
mally, transversely compressed at mid-shaft, and gradu-
ally thickens at its distal end, becoming nearly round in
cross-section. The bicipital tuberosity is weakly expressed
on specimen DGM 348-M and barely discernible on DGM
343-M. This suggests that in this animal the flexion of
the antebrachium was not powerful, as the biceps brachii
muscle was poorly developed. The interosseous crest is
sharper on its distal half. An anterolateral crest, probably
for attachment of the supinator muscle, is present on the
proximal half. It cuts obliquely across the anterior surface,
and distally it runs medial to the groove for the passage of
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the tendons of the extensor carpi radialis muscle, which is
bound laterally by a prominent anterior tubercle. A more
lateral, shorter, and weakly defined groove probably housed
the extensor digitorum communis tendon.

The distal ulnar articular surface is posterolateral in position,
wide, short, and confluent with the carpal articular surface, which
bears a unique facet for both the scaphoid and the lunate.
This primitive condition is seen in Arctocyon primaevus, a
generalist “condylarth” (Russell, 1964). The distal facet of the
radius is subtriangular, larger and concave on the portion for
the lunate, and flat to smoothly convex medioposteriorly. The
radial styloid process is small, approximating the size seen
among arctocyonids.

6.4.3.3 Ulna

The ungulate ulnae collected in the Itaborai basin can be
separated into three major groups based on the posterior
border of the shaft. Most of the specimens have a slightly
or markedly convex posterior border, as is observed in
almost all “condylarths”, typotherians, and primitive
toxodonts. Some have a posteriorly concave shaft, which
is typical of derived litopterns, Xenungulata, Pyrotheria,
some toxodonts, and Phenacodus. A straight posterior border
is present in few specimens, and is also observed in the
ulnae of astrapotherians and homalodotheriid toxodonts.
The ulna of Victorlemoinea is a robust element (Figure 6.20).
In lateral profile it is slightly concave posteriorly only on the
distal half, the proximal half being flat to smoothly convex.

FIGURE 6.20. Right ulna of Victorlemoinea prototypica. A, lateral; B, medial view of MCN-PV 1718. Outline drawings of ulna in A’ and

B’ in the same views. Scale bar: 1 cm.
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The shaft is transversely compressed, though not as deep as in
L. conodonta.

The olecranon process is prominent and relatively long
(longer than the semilunar notch and 25-26% of the total
preserved ulnar length), differing from L. conodonta in
being much thicker posterioly than anteriorly, and in having
expanded and rough epiphyses. In this way, it is compa-
rable to Pachyaena. In lateral profile, the semilunar notch
resembles that of Pachyena gigantea and L. conodonta. The
articular surface is like that of L. conodonta, except that
the coronoid process projects farther over the shaft in V.
prototypica. The radial facet is flat, narrow, elongated, and
faces anterolaterally, as it does in non-cursorial mammals.
The fossa for the tendon of the brachialis and biceps brachii
muscles is shallow and less marked than in L. conodonta.

The anterolateral fossa is conspicuously different from that
of L. conodonta. It is eye-shaped, not completely occupying the
anteroposterior extension of the lateral surface, and terminates
proximal to the distal end. Whereas its depth in L. conodonta is
almost equal throughout, in V. prototypica it is notably deeper in
its mid-portion. As in Lamegoia, the anterolateral fossa originates
proximally at the midpoint of the semilunar notch. The fossa is
bounded anteromedially by a more or less rounded interosseous
crest, and posterolaterally by a salient sharp crest.

Distally the shaft enlarges and has a sharp lateral crest,
where the distal portion of the pronator quadratus muscle
probably inserted. The distal articular facet was probably
completely located on the distal epiphysis, which is not
preserved in any of the specimens.
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6.4.4

A tibia, very similar to that of Arctocyon ferox (1833), and several
phalanges, close in morphology to Phenacodus, Tetraclaenodon,
and Meniscotherium, could not be confidently assigned to any
of the Itaborai “condylarth” species (see Appendix). They were
described by Bergqvist (1996), but are not included here, except
for the astragali and calcanea, some of which were previously

assigned to Victorlemoinea prototypica by Cifelli (1983a).

“Condylarthra” Indet

6.4.4.1 Astragalus

These astragali approximate the size of the astragalus of
Lamegoia conodonta, but they differ from it in the absence
of a deep tibial trochlea with well-defined crests (Figure 6.21).
They exhibit some morphological variation, and many different
groupings could be proposed depending on the feature or
group of features used to distinguish them. This appears to
comprise a single but variable group.

The astragalar body is robust and of comparable depth to
that of Arctocyon (Figure 6.9). The tibial trochlea is short
and very shallow, reducing the extent of movement of the
proximal astragalar articulation; it is interrupted posteriorly
by an unreduced superior astragalar foramen and is bordered
by sharp lateral and rounded medial crests. Posteroplantarly,
the groove for the digital flexor tendons is broad, shallow
or deep depending on the specimen, and directed postero-
medially. Posterior to the superior astragalar foramen, and
directed posterolaterally, a sulcus extends to the posterior
border of the ectal facet. This sulcus probably protected

FIGURE 6.21. Left astragalus of “Condylarthra” indet. A, dorsal; B, plantar; C, distal; D, proximal of MCT 1837M. Outline drawings of astragalus
in A’, B’, C’ and D’ in the same views. cf, cuboid facet; nf, navicular facet; sf, sesamoid facet (in the medial collateral ligament). Scale bar: 1cm.
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the veins and nerves that run through the astragalar channel
(Cifelli, 1983a).

The medial wall is relatively vertical, and the facet for the
medial malleolus of the tibia is broad and extends well down the
neck (nearly to the head in juvenile specimens) of the astragalus.
The tubercle for the medial collateral ligament is weak. The fibular
facet on the lateral side of the astragalus is extensive and vertical,
and a prominent fibular shelf is developed anteroinferiorly.

The neck is moderately long and oblique in relation to the
trochlea. The head is transversely narrow but deep, both medi-
ally and laterally. In some specimens it is relatively large in
relation to the trochlea, while in others it is relatively small.
The head has three facets. The medial facet is very broad, dors-
oventrally and proximodistally convex, and meets the navicular
facet at a relatively high angle. It probably articulated with a
sesamoid in the medial collateral ligament. The navicular facet,
restricted to the middle portion of the head, is oriented much
more vertically with respect to the astragalar body in most of
the specimens, compared to that of L. conodonta. The cuboid
facet, occupying the inferolateral portion of the head, is broadly
continuous posteroinferiorly with the sustentacular facet. Part
of the cuboid facet was for contact with an accessory facet on
the medial side of the calcaneal neck, but articulation of appro-
priately sized astragali and calcanea indicates that astraga-
locuboid contact was also well-developed (as in an alternating
tarsus). The sustentacular facet is anteroposteriorly elongate
and, in some specimens, achieves very broad contact with the
navicular facet, while in others only with the cuboid facet. The
astragalar ectal facet is somewhat transversely broader than in
Arctocyon, but narrower than in Lamegoia. The ectal and sus-
tentacular facets are separated by a deep interarticular sulcus.
The groove for the digital flexor tendons at the posteroinferior
margin of the astragalus is broad and sharply distinct.

6.4.4.2 Calcaneum

The specimens assigned to “Condylarthra” indet. by Bergqvist
(1996) were separated into two different groups on the basis
of the sustentacular shelf and sustentacular facet morphology.
Morph 1 (DGM 890M, MCT 2575M, and MCN-PV 1271)
presents a deep sustentacular shelf and the sustentacular facet
extends anteriorly to achieve broad contact with the calca-
neocuboid facet (Figure 6.22). In Morph 2 (MCT 2576 and
MCN-PV 1268) the sustentacular shelf is shallow and the
sustentacular facet is isolated, large, and rounded.

The specimens of Morph 1 are slightly shorter than those
assigned to Lamegoia, but more robust, and bear general
resemblance to P. protocenica. They exhibit extensive biometric
variation due to the juvenile condition of the smaller specimen
(MCN-PV 1271). They also show some degree of morphological
variation.

The tuberosity has two parallel and oblique sulci, dividing
it into three parts. The ectal facet is less obliquely located
than in L. conodonta and P. protocenica, and the fibular facet
is transversely broad and well-developed. The depression for
the fibular collateral ligament is more marked and the pero-
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Figure 6.22. Right calcaneum of “Condylarthra” indet. A, dorsomedial;
B, plantar; C, lateral, and D, distal views of DGM 890M. Outline
drawings of calcaneum in A’, B’, C’, and D’ in the same views. Scale
bar: 1cm.

neal tubercle is rather enlarged and rugose, with an incipient
shelf, suggesting a well-developed quadratus plantae muscle
and lateral collateral ligaments.

As in P. protocenica, the anterodorsal portion of the
calcaneal neck is elongated dorsally into a distinct “beak”
(very pronounced in DGM 890M); the cuboid facet,
extending up the distal face of this eminence, is also very
similar to that of P. protocenica, except that it extends
medially, forming an inverted V-shape (excluding MCN-
PV 1271, in which it is continuous). Inferior to the cuboid
facet, the tuberosity for attachment of the calcaneotarsal
and tarsal fibrocartilage ligaments is modestly developed.

The specimens of Morph 2 are quite similar to P. protocenica,
but differ from this species in the greater lateral projection of
the sustentaculum, larger sustentacular facet, and weaker devel-
opment of the fibular facet. The cuboid facet, though partially
eroded, is almost flat, and the plantar tubercle better developed
than in P. protocenica.

6.5 Discussion

Since Victorlemoinea prototypica was proposed (Paula-
Couto, 1952), it has been regarded as a litoptern based on its
lophodont tooth morphology. Cifelli (1983b) observed that
the connecting crest between the hypocone and metaconule
on the upper molars could be regarded as reminiscent of
the specialization in Macraucheniidae. However, by the
Deseadan/Colhuehuapian ages, the Macraucheniidae were far
more primitive than Victorlemoinea, leading Cifelli (1983b)
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to the conclusion that Victorlemoinea’s tooth morphology
was aberrantly specialized and convergent with macrauche-
niids. He then referred it, together with Phoradiadus and
Sparnotheriodon, to the family Sparnotheriodontidae, and
placed this family in the order “Condylarthra” based on the
morphology of the ankle bones he referred to V. prototypica
(Cifelli, 1983b, 1993). Its assignment, as mentioned above,
was not accepted by most subsequent authors, who kept the
family Sparnotheriodontidae in the order Litopterna. Soria
(2001) was the first and sole author to undertake a phy-
logenetic revision of the Sparnotheriodontidae, though he
did not present a cladogram or list the synapomorphies that
supported the placement of Sparnotheriodontidae within
Litopterna.

Cifelli (1983a) associated, with some doubt, a group of
seven relatively large tarsal bones to V. prototypica, noting
that there were no litoptern tarsals large enough to belong
to this species among the fossils recovered from the Itaborai
basin. In spite of great morphologic and size variation, he
assigned the entire group of tarsals to V. prototypica.

Eighteen astragali (including the sample studied by
Cifelli, 1983a) with the same morphology as those assigned
to V. prototypica by Cifelli (1983a) were studied here. In
spite of their great size (CV = 10.4) and morphological
variation (see Table XXXI of Bergqvist, 1996), they were
grouped together because they are visibly distinct from
the other morphotypes proposed by Bergqvist (1996), but
similar in all basic and important features, as mentioned in
the description. However, in contrast to Cifelli (1983a), this
group was not assigned here to V. prototypica, as a revision
of all Itaborai “condylarth” and litoptern teeth (in progress)
has shown the existence of two new species similar in size
to V. prototypica. One of them is clearly bunodont and
represents a new form of Didolodontidae, and the other, as
already observed by Soria (2001), represents a new spar-
notheriodontid, more primitive than V. prototypica. This
large group of astragali may include specimens belonging
to these three large species of the Itaborai basin, but the
assignment of some of them to any one of these species is
impractical.

Although no astragali or calcanea were assigned here to
V. prototypica, it does not weaken Cifelli’s (1983a, b) propo-
sition that the ankle bones of this species are primitive and
“Condylarthra-like”, and that V. prototypica is not a litop-
tern. Cifelli (1993a) and Bergqvist (1996, 1997, 2005) have
shown that several synapomorphies of the order Litopterna
are present in the postcranial skeleton, mainly in the tarsal
bones. The discovery of associated cranial and postcranial
bones of Neogene fossils such as Megadolodus molari-
formis McKenna, 1956 (Cifelli and Villaroel, 1997) and
Prothoatherium colombianus (Hoffstetter and Soria, 1986)
(Cifelli and Guerrero-Diaz, 1989), with primitive bunodont
teeth and derived litoptern postcranial features, support the
derived postcranial morphology of litopterns, even when they
retain primitive bunodont dental morphology. The opposite
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situation is observed among North American “condylarths”.
The Paleocene-Eocene genus Meniscotherium combines an
entirely selenolophodont dentition, similar in several ways to
that of Victorlemoinea, with generalized postcrania and prim-
itive tarsal morphology (Williamson and Lucas, 1992). So,
V. prototypica is not the first or sole “condylarth” to exhibit
a derived dentition in combination with a primitive skeleton.
Furthermore, the humerus, radius, and ulna assigned to
V. prototypica do not exhibit the derived features shared by
litoptern species, such as the absence of the entepicondyle
and entepicondylar foramen of the humerus, markedly
distinct lunate and scaphoid facets of the radius, and ulnar
olecranon longer than the semilunar notch (Bergqvist, 1996,
1998). All of these features are related to cursorial abilities
developed by Litopterna since the origin of the lineage, as
seen in Protolipterna ellipsodontoides, for instance.

Another line of evidence supporting the placement of
V. prototypica among ‘“condylarths” is the entire absence
among the fossils recovered from the Itaborai basin of large
enough tarsals with litoptern morphology to be assigned to
this species (Bergqvist, 1996, 1998). It is possible, but less
probable, that no tarsal bones of V. prototypica were pre-
served. Bergqvist (1996) showed that astragali and calcanea
comprise more than 50% of the fossil postcrania studied in
her dissertation, and Almeida (2005) also observed that
astragali and calcanea are the most abundant fossil bones
recovered from the “1968 Fissure” (with the exception of
vertebrae, phalanges, and metapodials, which are more
numerous in the skeleton than ankle bones). This, in my
view, weakens the possibility that no tarsals of V. proto-
typica are present in the sample. In this case, some of the
larger and more primitive astragali of Itaborai might belong
to this species, and on the basis of the synapomorphies of
the Litopterna proposed by Cifelli (1993) and Bergqvist
(1996, 1997, 2005), V. prototypica could not be placed in
this group.

Soria (2001) is correct when he points out that the relative
abundance and size of the m2 of Paulacoutoia protocenica
and Paranisolambda prodromus are similar (see Cifelli,
1983a). Bergqvist (1996) reached the same conclusion based
on more specimens. Soria (2001) then suggested that it would
be possible to assign primitive tarsals (named “phenacodon-
toid” by him) to P. prodromus and derived tarsals (named
“litopternoid”) to P. protocenica. He continues to state
that this would solve the problem of Sparnotheriodontidae
(both V. prototypica and P. prodromus would have primitive
phenacondontoid tarsals), but in the same paper he recognized
that it would represent a false solution.

Since Matthew (1909), it has been recognized that the
astragalus is of great importance in the study of mammalian
affinities, as each mammalian order has a peculiar and distinct
astragalus, with relatively consistent morphology within the
group. The minor variations in proportions that might be seen
are related to adaptive divergences. Stain (1959) also observed
that, even though function undoubtedly plays an important
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role in shaping the calcaneum, the basic pattern of the bone is
fixed genetically and retains a similar shape in closely related
species. Bergqvist (1996) undertook a detailed study of most
“Condylarthra”, Litopterna, Notoungulata, Astrapotheria, and
Xenungulata known by associated dentitions and skeletons,
from every Paleogene and Neogene age. She noticed that
since the Paleocene, the astragalus of these South American
ungulates exhibits some of the derived features observed in
later taxa from the order to which they belong.

For Soria (2001), the most reasonable postcranial asso-
ciation proposed by Cifelli (1983b) was that of Protolipterna
ellipsodontoides Cifelli, 1983a, as all (not the majority, as
stated by Soria on page 18) bones and teeth came from the sin-
gle fissure in which all fossils have brown color. Considering
the dental morphology of P. ellipsodontoides and the associa-
tion of a “litopternoid” astragalus to Asmithwoodwardia sub-
trigona Ameghino, 1901 by Ameghino (1904), and the fact
that both species have a very primitive didolodontid dental
morphology, Soria (2001) concluded that the “litopternoid”
tarsal bone was typical of Didolodontidae.

Although no didolodontid tarsal bone is known by associa-
tion, it is not unreasonable to expect (challenging Soria, 2001)
that they would have the “phenacodontoid” morphology, as
the family Didolodontidae is placed among ‘“condylarths”.
The tarsals assigned to Lamegoia and Paulacoutoia are not
only of the appropriate size for these taxa, but also exhibit the
primitive general morphology observed in North American
“condylarths” such as Meniscotherium and Arctocyon. Soria
(2001) also suggested that since they are few in number,
they might have belonged to species unknown from dental
morphology. Teeth are the hardest part of the skeleton and
they form a prominent fraction of the mammal remains from
paleontological and archaeological sites (Hillson, 1996;
Bergqvist, 2003). Thousands of teeth were recovered in the
Itaborai basin and it is quite unlikely that postcranial remains
of a species would be preserved without any segment of its
dentition.

Among South American ungulates, the tarsals of notoungu-
lates are also somewhat primitive in morphology, and, in some
ways, similar to those of “condylarths”. Soria (2001) proposed
that the tarsals assigned by Cifelli (1983a) to P. protocenica,
V. prototypica, and L. conodonta may have belonged
to a notoungulate. However, a phylogenetic analysis
based on postcranial features undertaken by Bergqvist
(1996) revealed three tarsal synapomorphies of the order
Notoungulata: constriction of the astragalar neck (exclu-
sive to notoungulates), a well-developed medial collat-
eral ligament tubercle on the astragalus (only moderately
developed in Hyopsodus), and a calcaneal tuberosity with
grooves following different directions. These features are
clearly present in the tarsal bones assigned to notoungulates
by Cifelli (1983a) and Bergqvist (1996). Moreover, the
notoungulate species of the Itaborai basin have smaller
teeth than the “condylarth” taxa (Bergqvist, 1996), and at
least one species (Colbertia magellanica Price and Paula-
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Couto, 1950) is much more abundant than any of the
“condylarth” species. Tarsals appropriate in size and
morphology for C. magellanica are readily identified in the
collections, and, as might be expected, they are also much
more abundant than are those referred to the “condylarths”.

Most of the bones recovered from the Itaborai basin are
incomplete and some appear to have belonged to juveniles
(due to the absence of epiphyses), making functional inter-
pretation problematic. However, some interpretations can
be proposed.

The postcrania assigned to the Itaborai “condylarths” are
primitive in general morphology, although a few features
of the fore- and hind limbs are indicative of slight curso-
rial capabilities, mainly in the family Didolodontidae. The
bones assigned to Lamegoia conodonta and Paulacoutoia
protocenica suggest that the Itaborai Didolodontidae were
generalized mammals with few cursorial abilities, indicated
mainly by the morphology of the astragalus. In both spe-
cies the trochleae have relatively sharp crests, restricting
the mediolateral mobility of the ankle joint; in addition,
the posterior displacement and reduction of the superior
astragalar foramen increases the range of orthal move-
ment. The remaining astragali, among which some cer-
tainly belonged to the sparnotheriodontid Victorlemoinea
prototypica, are less specialized than the astragali of
Didolodontidae, in retaining a large astragalar foramen that
would have restricted anteroposterior rotation of the ankle
(Wang, 1993), and in having flat and short trochleae, which
would have allowed relatively greater mediolateral mobil-
ity. They are also more primitive than those referred to
Didolodontidae in the presence of astragalus-cuboid contact
(Cifelli, 1983a, 1993).

The forelimb bones of the two families are primitive in
general morphology, although a few features of the humerus
(inclination of the medial crest of the trochlea; Taylor,
1974), radius (wide, oval radial head; Rose, 1990), and ulna
(relative length of the olecranon; O’Leary and Rose, 1995)
are also suggestive of slight cursorial capabilities. However,
the distal ends of the humeri show no sign of reduction, all
bearing a well-developed entepicondyle with a large entepi-
condylar foramen, and the distal articulation of the radius of
Victorlemoinea prototypica lacks divided articular facets for
the scaphoid and lunate.

O’Leary and Rose (1995) showed that, depending on the
regression used, the body weight estimation of Pachyaena
gigantea varied from 129 to 396kg. Hence, no body weight
estimations were proposed here due to the great inconsistency
presented by fossil samples with no extant relatives.

6.6 Conclusions

Among the isolated bones recovered in the Itaborai basin
some could be confidently reassociated to species of
“Condylarthra” established on the basis of dental morphology.
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The reassociations proposed by Cifelli (1983b) and here
are supported by abundance, color, size, and morphol-
ogy. Although for some authors these reassociations are
questionable, they appear to be more parsimonious than
other propositions (e.g., Soria, 2001) that assume the total
absence of teeth or tarsals of some species. Considering
the abundance of Itaborai fossils and the size and shape of
the basin, absence of these elements seems totally implau-
sible.

Although no astragali or calcanea were assigned to the
Sparnotheriodontidae, there is a large sample of these bones
currently lacking specific assignments. The morphology
of these ankle bones is the most primitive among Itaborai
“condylarth” tarsals and is suggestive of generalized ter-
restrial habits. Based on bone morphology, the Itaborai
Didolodontidae are generalized terrestrial mammals, with few
cursorial specializations.
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Appendix

Fossils Examined for Each Taxon

Paulacoutoia protocenica: DGM 345M - right tibia lacking
epiphysis; 1388M - left astragalus (juvenile); 1854M — distal
third part of right humerus; MCN-PV 1702 — distal part of
right humerus; 1707 — distal part of right humerus; AMNH
55388 — right astragalus; 55390 — left calcaneum.

Lamegoia conodonta: DGM 337M — left femur; 940M —right
astragalus; MCT 1833M — proximal half of left ulna lacking ole-
cranon epiphysis; 2313M — distal half of right humerus; 2326M
— incomplete right ulna lacking olecranon epiphysis; MCN-PV
1357 —right calcaneum; 1359 —right astragalus; 1760 — left ecto-
cuneiform; 1761 — right ectocuneiform; 1826 — right navicular;
1827 — left navicular; AMNH 55389 — left calcaneum.

Victorlemoinea prototypica: DGM 340M - right ulna
lacking epiphysis; 341M — right ulna lacking epiphysis; 343M
— left radius; 889M - distal part of left humerus; MCT 2314M
— distal third of left humerus; 2315M -; 2327M - distal part of
left humerus; 2423M — incomplete right ulna; 2431M — proxi-
mal part of right radius; 2433M — proximal part of left radius;
MCN-PV 1718 — proximal part of right ulna lacking olecranon
epiphysis.

“Condylarthra” indet.. DGM 890M - right calcaneum;
MCT 1837M - left astragalus; 1861M — ungual phalanx;
1908M - left third metatarsal; 1919M - ungual phalanx;
1940M - ungual phalanx; 2316M - right astragalus; 2317M
— left astragalus; 2318M - right astragalus; 2319M - right
astragalus; 2321M - left astragalus; 2453M - right astragalus;
2460M - right astragalus; 2575M — left calcaneum; 2576M
— left calcaneum lacking tuberosity; 2604M — incomplete right
calcaneum; 1268 — left calcaneum lacking tuberosity; MCN-
PV 1271 - right calcaneum; 1336 — left astragalus; 1360 — left
astragalus; 1361 — left astragalus; 1362 — left astragalus; 1364 —
left astragalus; 1365 — right astragalus; 1366 — right astragalus;
1367 — right astragalus; 1716 — proximal part of left tibia; 1721
—right third metacarpal; 1757 — ungual phalanx; AMNH 55383
— left astragalus; 55391 — right astragalus; 55392 — left astra-
galus; 55393 — right astragalus; 55397 — left calcaneum.
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7.1 Introduction

7.1.1

South America was a remote island continent throughout the
greatest part of the Cenozoic. Such a “splendid isolation”
(sensu Simpson, 1980) drove natural experiments in the
organic evolution of terrestrial faunas on a continental scale.
Thus, the fossil record of Cenozoic South America documents
distinctive faunas, peculiar to that “lost” continent. These
land mammal faunas were initially composed of primarily
marsupials, xenarthrans, and native ungulates (“Stratum I”” of
Simpson, 1980). Somehow, in the mid-Tertiary, rodents and
primates immigrated to South America (defining Simpson’s
Stratum II). Then, in the late Tertiary, South America’s
“splendid isolation” ended with the invasion of numerous
North American land mammals upon the formation of the
Panamanian land bridge (Stratum III: Simpson, 1980; see
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Stehli and Webb, 1985 for an overview of this “Great
American Biotic Interchange”). Now, all the native ungulate
orders are extinct, as are the glyptodont and pampathere
xenarthrans. Even the once spectacular diversity of sloths has
been reduced to just a couple of genera of small, arboreal
folivores.

For its species richness and early appearances of derived
and immigrant taxa, the Deseadan South American Land
Mammal “age” (SALMA, late Oligocene) is of considerable
interest (Patterson and Pascual, 1972). It is characterized
by numerous derived native South American ungulates of
four orders, the first evidence of sloth diversity, some of the
earliest records of rodents in South America, and the earliest
record of primates on that continent (Ameghino, 1895, 1897,
Gaudry, 1906; Loomis, 1914; Patterson and Pascual, 1972;
Hoffstetter, 1969; MacFadden et al., 1985).

7.1.2 Historical Background

Carlos Ameghino discovered the classic Deseadan localities
during expeditions to Patagonia from 1893 to 1896 (see
Simpson, 1984). These localities range from Chubut down
into Santa Cruz provinces of Argentina and include Cabeza
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Blanca, the Gran Barranca, and La Flecha, the later exposures
lying near the Rio Deseado, the inspiration for the name
of the age (Gaudry, 1906). Also located in Patagonia, is
the Deseadan “Scarritt Pocket”, discovered by Simpson
and colleagues in their 1933-34 expedition to Patagonia
(Marshall et al., 1984).

The first important Deseadan locality discovered outside
of Patagonia was Salla (Hoffstetter, 1968). Other extra-
Patagonian Deseadan localities include Taubaté of Brazil
(Soria and Alvarenga, 1989), Fray Bentos Formation in
Uruguay with exposures also in northern Argentina (Mones
and Urbilla, 1978), and the newly discovered localities of
Moquegua, Peru (Shockey et al., 2006). Salla is the best
sampled of these extra-Patagonian localities, with collections
held at MNHN-Paris, MNHN-Bol, PU, UF, and, now, UATF
(see Methods section regarding abbreviations used).

The Salla Beds take their name from a mapmaker’s
misspelling of the Aymaran village of Sahalla, Bolivia.
Bolivian geologist G. Bejarano discovered fossils near
Sahalla in 1962 (first announced by Baird et al., 1966).
Leonardo Branisa, also a Bolivian geologist, and Robert

TaBLE 7.1. Faunal list of mammals of the Salla Beds, late Oligocene
(Deseadan SALMA).

Cohort Marsupiala Illiger, 1811
Order Sparassodonta Ameghino, 1894
Family Borhyaenidae Ameghino, 1894
Fredszalaya hunteri gen. et sp. nov.
Pharsophorus lacerans Ameghino, 1897
Notogale mitis (Ameghino, 1897)
Sallacyon hoffstetteri Villarroel and Marshall, 1982
(= Adinogale sallensis Hoffstetter and Petter, 1983)
Unnamed genus
Paraborhyaena boliviana Hoffstetter and Petter, 1983
Order Paucituberculata Ameghino, 1894
Family Caenolestidae Trouessart, 1898
Evolestes hadrommatos Goin et al. 2007
Palaeothentes boliviensis Patterson and Marshall, 1978
Family Argyrolagidae Ameghino, 1894
Proargyrolagus bolivianus Wolff, 1984
Cohort Placentalia Owen, 1837
Order Cingulata Illiger, 1811
Family Dasypodidae Gray, 1821
Euphractini Wing, 1923
Eutatini Bordas, 1933
Family Peltephilidae Ameghino, 1894
Unnamed genus, cf. Peltephilus sp.
Family Glyptodontidae Gray, 1869
Glyptatelinae Castellanos, 1932
Family Palaeopeltidae Ameghino, 1895
Order Pilosa Flower, 1883
Suborder Folivora DeSulc et al., 2001
Pseudoglyptodon sallaensis Engelmann, 1987
Family Mylodontidae Gill, 1872
Unnamed genus, Shockey and Anaya, in preparation
Unnamed small “orophodontids” (2 spp.) Pujos and de Tulius, 2007.
Family Megalonychidae Gervais, 1855
Unnamed small species Pujos and de Iulius, 2007
Order Primates Linnaeus, 1758
Family Incerta Cedis

(continued)
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TABLE 7.1. (continued)

Branisella boliviana Hoffstetter, 1969
(=Szalatavus attricuspis Rosenberger et al., 1991)
Order Rodentia Bowdich, 1821
Family Agoutidae Gray, 1821
Incamys bolivianus Hoffstetter and Lavocat, 1970
Branisamys luribayensis Hoffstetter and Lavocat, 1970
Cephalomys bolivanus Lavocat, 1976
Family Octodontidae Waterhouse, 1839
Migraveramus beatus Patterson and Wood, 1982
Sallamys pascuali Hoffstetter and Lavocat, 1970
Order Pyrotheria
Family Pyrotheriidae
Pyrotherium macfaddeni Shockey and Anaya, 2004
P. romeroi Ameghino, 1889
unnamed gen. and sp.
Order Astrapotheria
genus indeterminate
Order Litopterna Ameghino, 1889
Family Proterotheriidae Ameghino, 1887
Genus and species indeterminate
Salladolodus deuterotherioides Sora and Hoffstetter, 1983
(regarded as a didolodontid by some students)
Family Macraucheniidae Gervais, 1855
Coniopternium primitivum Cifelli and Soria, 1983a
Family Adianthidae Ameghino, 1891
Thadaniuus hoffstetteri Cifelli and Soria, 1983b
Tricoelodus boliviensis Cifelli and Soria, 1983b
Order Notoungulata Roth, 1903
Interatheriidae Ameghino, 1887
Two unnamed species (See Hitz, 1997)
Suborder Typotheria Zittel, 1892
Archaeohyracidae Ameghino, 1897
Archaeohyrax Ameghino, 1897
Protarchaeohyrax Reguero et al., 2003
Mesotheriidae Alston, 1876
Trachytherus alloxus Billet et al., 2008
Hegetotheriidae Ameghino, 1894
Prohegetotherium schiaffinoi (Kraglievich, 1932)
Sallatherium altiplanense Reguero and Cerdefio, 2005
Suborder Toxodonta Owen, 1853
Family Leontiniidae Ameghino, 1895
Anayatherium ekecoa Shockey, 2005
Anayatherium fortis Shockey, 2005
Family Notohippidae Ameghino, 1894
Eurygenium pacegnum Shockey, 1997
Pascualihippus boliviensis Shockey, 1997
Rhynchippus cf. R. brasiliensis Soria and Alvarenga, 1989
Family Toxodontidae Owen, 1845
Proadinotherium saltoni sp. nov.

Hoffstetter of Paris (Hoffstetter, 1968) accomplished
further fieldwork that provided material for numerous
publications regarding the geological setting and the
fauna. The discovery of the primate Branisella boliviana
Hoffstetter, 1969 sparked interest in Salla that was fol-
lowed up with works on other faunal members such as the
rodents (Hoffstetter and Lavocat, 1970; Hoffstetter, 1976;
Lavocat, 1976; Patterson and Wood, 1982), marsupials
(Patterson and Marshall, 1978; Villarroel and Marshall,
1982; Hoffstetter and Petter, 1983; Wolff, 1984b; Sanchez-
Villagra and Kay, 1997), a suspected “condylarth” and the
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litopterns (Soria and Hoffstetter, 1983; Cifelli and Soria,
1983a,b). More recently, one or both of us have described
some of the other ungulates, including notohippid, leon-
tiniid, and mesotheriid notoungulates (Shockey, 1997;
Shockey, 2005; and Shockey et al., 2007, respectively),
the postcranials of the litopterns (Shockey, 1999), and the
common pyrothere of Salla (Shockey and Anaya, 2004).
Reguero and Cerdefio (2005) have described the hegetoth-
eriid notoungulates. As the oldest known primate of South
America, Branisella continues to be a subject of intensive
study (e.g., Wolff, 1984a; Rosenberger et al., 1991; Takai
and Anaya, 1996; Kay et al., 2002).

7.1.3 Goals of Paper

The purpose of this present work is to summarize and
update the state of knowledge regarding the fauna of Salla,
especially in regard to postcranial skeletal form and func-
tion. This will be accomplished by general descriptions
of selected taxa with summaries of their comparative and
functional anatomy. For both practical and principled rea-
sons, special attention is given to tarsal elements. On the
practical side, tarsals elements are less fragile than other
elements and are thus often preserved. But also, as complex
working elements of the hind limb, they provide both func-
tional and phylogenetic information (Szalay, 1985). That
is, hind limbs are more exclusively devoted to locomotion
than the forelimbs, which may be involved in (and adapted
for) other functions, such as gathering food, modifying the
environment for housing, or for grooming (Szalay, 1985,
1994). Thus, tarsal elements are more likely to provide
pure information regarding locomotion than elements of
the manus or other components of the forelimb. Also, since
the tarsals function as integrated parts of the hind limb they
are not especially phenotypically plastic since alteration of
one element may change its role in relation to the remaining
members of the functional complex.

A secondary goal is to document, in a single work, a sum-
mary of the fauna, including an updated faunal list (Table 7.1)
and figures of some instructive specimens. This will be
accomplished by a general description of selected speci-
mens, followed by discussions regarding their comparative
and functional anatomy. Phylogenetic implications will also
be noted.

7.2 Materials and Methods
7.2.1

Fossils of Salla examined for our studies are housed at the
following institutions (with abbreviations used in the text):
Vertebrate Paleontology Division of the Florida Museum of
Natural History, University of Florida (FLMNH, with UF
indicating FLMNH specimens); the Princeton University
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collection in the Yale Peabody Museum, Yale University
(PU); the Museum National d’Histoire Naturelle, Paris
(MNHN-Paris); Museo Nacional de Historia Natural, La Paz,
Bolivia (MNHN-Bol); and in the developing collection of the
Facultad de Ingenieria Geolégica, Universidad Auténoma
“Tomas Frias,” Potosi, Bolivia (UATF).

Other abbreviations include SALMA, South American
Land Mammal “age”; Ma, millions of years before present;
I, C, P, M represent upper incisors, canines, premolars, and
molars (lower case letters for the respective lower teeth); to
emphasize the lack of understanding of tooth homologies of
xenarthrans compared to other mammals, we designate Cf for
upper caniniformes and Mf for upper molariformes (lower
case letters for the respective lower teeth); Mt, metatarsal;
Mc, metacarpal.

7.2.2 Categories of Locomotion and Confidence
in Functional Interpretations

To summarize general functions of taxa examined, we use a
modified version of the locomotor categories of Argot (2003)
and define general feeding categories (Table 7.2).

We infer function via one or (preferably) more of the
following independent methods:

(1) Morphology is consistent with paradigm (sensu Rudwick,
1964) for hypothetical function

(2) Morphology is consistent with that of extant modern
analogs of known function

(3) Taxon is bracketed by taxa of known function (sensu
Witmer, 1995)

(4) External (non-morphological) physical evidence for func-
tion (e.g., diet known via stomach content or associated
coprolites; putative digger found in fossil burrow)

As usual for faunal overviews, we will provide the best
functional hypothesis for the taxa discussed (see Section
7.4.1). However, since the quality of evidence varies, we
wish to provide information regarding the confidence
one may have in the hypotheses. For example, functional
interpretations based upon complete skeletons will likely
be closer to the true function than those based upon frag-
mentary material. Also, interpretations based upon two
converging lines of evidence will be superior to those
derived from a single principle or observation (or pseudo-
replicates, like multiple observations of interdependent
phenomena). The following means will be used to com-
municate our level of confidence in the hypotheses, from
low levels of confidence (o) to high confidence in robust
hypotheses (8):

Alpha (@) level hypothesis: Hypothesis plausible from
only one line of evidence or the hypothesis has a higher level
of confidence (>B), but it is in conflict with plausible and
competing hypothesis.

Beta (B) level hypothesis: Hypothesis probable from one
line of evidence or, o-level hypothesis that is compatible
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TaBLE 7.2. Locomotor and feeding categories (locomotor categories adapted from Argot, 2003).

Locomotor type

Rarely on ground; typically forages and shelters in trees; usually exhibits particular specializations for climbing.

Arboreal

Scansorial Adept climber that also forages on the ground during a considerable proportion of its time.
Subcursorial May never climb, displays incipient adaptations for running.

Cursorial Never climbs, displays marked adaptations for running.

Fossorial Adept digger, forages and/or shelters below ground, shows marked adaptations for digging.
Graviportal Massive, never climbs, may move rapidly for brief periods, but typically moves slowly.

Feeding categories
Carnivory

Omnivory

Meat is most significant source of calories, dental adaptations (or other oral adaptations
[e.g., shearing beak]) for shearing meat
Meat an important source of calories, but also relies largely upon arthropods, plants or fungi for nutrition.

Usually has unspecialized dentition, but may display incipient adaptations for shearing meat.

Herbivore, unspecialized

General classification for animal that gets nearly all of its nutrition from plant material. Adaptations to crush

and/or slice plant material, such as lophs on occlusal surfaces of cheek teeth. Mandibular condyle usually high
above tooth row in order to facilitate simultaneous occlusion of all grinding teeth.

Browser

Herbivore that consumes a variety of nutrient rich foods, such as new leafy growth, buds, fruits, and seeds.

Adaptations for selective feeding may include narrow muzzle, proboscis, or dexterous manus.

Grazer

Herbivore that receives nearly all of its calories from grasses.

Adaptations for grazing include high crowned cheek teeth, broad muzzle.

with a second, independently derived o-level hypothesis
or, internal independent confirmation via evidence of same
general function in two systems (e.g., grazing deduced
via hypsodonty and broad muzzle; digging via specialized
forelimb and specialized pelvis).

Gamma (Y) level hypothesis: B-level hypothesis consistent
with another independently derived and congruent B-level
hypothesis.

Delta (3) level hypothesis: Unusually compelling evidence,
which may include direct physical evidence of function (e.g.,
method d, above), or morphological feature is a direct result
of function (see macraucheniid example in text), or three
compatible and independent B-level hypotheses.

7.3 Mammal Fauna of Salla

7.3.1

A revised faunal list is provided in Table 7.1. It conserva-
tively records 47 species of mammals, including many of the
natives of Simpson’s Stratum I: marsupials (six sparassodont
and three paucituberculate species), xenarthrans (five species
of cingulates and five species of sloths) and four orders of
extinct, endemic, South American ungulates: Pyrotheria
(three species), Astrapotheria (one indeterminate species),
Litopterna (five species), and Notoungulata (13 species).
Immigrant (Stratum II) taxa include rodents (five species) and
the primate Branisella boliviana (=Szalatavus attricuspis).
For the sake of convenience and for stability of nomen-
clature, we generally follow the higher level classifications
of McKenna and Bell, 1997. Such may not reflect the actual
phylogenies of taxa, but the systematics of most of the above

General Mammalian Fauna

family level groups discussed are not so confidently known
that they may be regarded as dogma.

7.3.2 Systematic Paleontology

SUPERCOHORT THERIA PARKER

AND HASWELL, 1897

COHORT MARSUPIALIA ILLIGER, 1811
MAGNORDER AMERIDELPHIA
SZALAY, 1982

ORDER SPARASSODONTA
AMEGHINO, 1894a

FAMILY BORHYAENIDAE

AMEGHINO, 1894a

FREDSZALAYA GEN. NOV.

Material -UF 172501 (Holotype), partial skull with partial
upper dentition (right P3-M1, roots of right C — P2, and left
M2-4) and associated vertebral and costal fragments and the
left calcaneum.

Locality — The holotype (Figures 7.1, 7.2 and Appendix)
was collected 15m below the El Planimiento by Roger
Portell, Gary Morgan, and Bruce J. MacFadden in 1986.

Type species —Fredszalaya hunteri sp. nov.

Etymology — To honor Fred Szalay, especially for his
contributions to our understanding of marsupial evolution.

Diagnosis — Same as for species.

FREDSZALAYA HUNTERI sp. nov.

Etymology — In reference to Dr. Szalay’s longtime affiliation
with Hunter College, City University of New York, and to
suggest the predacious nature of the animal.

Diagnosis — Medium size borhyaenid with short muzzle and
broad posterior palate, short but distinctive molar protocones,
weak parastyle, but well developed stylar cusp B, with stylar
shelf, especially on M1-2, well developed carnassial postmet-
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FIGURE 7.1. Holotype of Fredszalaya hunteri gen. et sp. nov. (UF
172501). Views of the skull are ventral (left) and dorsal (right). The
insert at upper left is occlusal view of the right M1-2.

acrista, M4 short, lacking metacone, but nearly as wide as
M3 with well developed, elongated, blade-like preparacrista.
Foramen ovale absent.

Smaller than species of Pharsophorous with relatively
wider posterior palate, upper molars with smaller stylar cusp
A and larger stylar cusp B, more conspicuous stylar shelf;
M4 wider with greater development of protocone and with
carnassial preparacrista.

Larger than Notogale mitis with greater development of
upper molar protocones, especially that of M4.

Larger than Sallacyon hoffstetteri Villarroel and Marshall,
1982, also differing by the presence of well-developed stylar cusp
B of M1-2, better developed protocone of M4, M4 relatively and
absolutely wider, zygomatic arch more rectangular.

Differs from Prothylacynus patagonicus by it smaller size,
shorter muzzle with crowded premolars, better develop molar
protocones, protocone retained in a larger M4 and absence of
foramen ovale.

Similar to Borhyaena spp. by the absence of the foramen
ovale on the alisphenoid, but differs by its smaller size,
relatively and absolutely shorter muzzle, relatively larger
protocones and stylar shelves of upper molars.

Description — The skull is grossly similar to that of the
Santacrucian Prothylacynus patagonicus Ameghino, 1891
(see Sinclair, 1906; Marshall, 1979). The cranial vault is
quite flat and the zygomatic arches are exceedingly wide,
suggestive of massive jaw muscles. The incisors are not
preserved and only parts of the roots of the canines remain.
These indicate that the canines were fairly robust.

The P1 is broken, but both roots remain and indicate that
the tooth was set obliquely to the tooth row, with the anterior
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FIGURE 7.2. Calcaneum (left) of the holotype of Fredszalaya hunteri
gen. et sp. nov. (A-D) compared to the posterior view of the morpho-
type of a terrestrial marsupial calcaneum (E) and that of the grasping
morphotype (F). Views of the calcaneum of Fredszalaya hunteri (UF
172501) are A, distal; B, dorsal; C, lateral; and D, posterior. E and
F are adapted from Szalay, 1994: Figure 6.16. Abbreviations are pp,
peroneal process; su, sustentacular process; and tca, tuber calcani.

root being more labial than the posterior. Crowns are miss-
ing from P2-3, but enough of these teeth are present to indi-
cate that the P2 is larger than P1 and that P3 is the largest
premolar, having a slightly larger anteroposterior dimension
than the M1.

The protocone of M1 is basined and sits low on the crown.
The paracone is much higher and it is slightly worn such that it
grades into a stylar cusp (stylar cusp B of many workers) that
lies adjacent to its labial surface. A small stylar shelf is present.
The metacone is conspicuously higher and more robust than
the paracone. The post metacrista is broken on the M1, but is
preserved on M2 and the left M3. This forms the distinctive,
oblique shearing blade of the upper molars. The protocones,
stylar cusps, and stylar shelves are progressively smaller on
M2-3. M4 is smaller than the proceeding molars, lacking a
metacone, but the protocone is retained and better developed
than that of the M3. A well-developed crista connects the para-
cone to the parastyle, forming a shearing blade.

The zygomatic arches and glenoid fossae are preserved.
The glenoid is oval and deep, being buttressed posteriorly by
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bony ridge nearly the entire width of the fossa and anteriorly
by the terminal end of the jugal. Unlike Prothylacynus, but like
Borhyaena (see Sinclair, 1906), there is no foramen ovale.

Given its distinctive morphology and close association to
the skull in the field, there is no reasonable doubt that the
associated calcaneum (Figure 7.2) is that of the Fredszalaya.
It is similar to that of Borhyaena (see Argot, 2003), differing
by its more transverse (rather than strongly oblique) distal
border (as seen in dorsal view) and its shorter sustentaculum,
resulting in a narrower lower ankle articulation. It has no
fibular facet, which appeared also to be lacking in Borhyaena,
but damage made its absence uncertain (Argot, 2003).
The calcaneal tuber of Fredszalaya is narrow and deep. The
cuboid facet is concave and circular, suggesting the socket
of a ball-and-socket calcaneocuboid articulation that would
have allowed significant rotation of the foot. There is no
proximal component of the cuboid facet as seen in didel-
phids, but the cuboid facet is somewhat medially placed such
that nearly half of the facet is sculpted into the body of the
short sustentacular process. The lateral portion of the distal
calcaneal surface is not excavated, but has a slight convexity
that suggests that the cuboidal surface of the calcaneocuboid
joint was not just a simple “ball”. The distolateral area where
the peroneal process would have been (if present) is broken.

The narrow transverse ankle joint and narrow but deep
tuber calci are typical of grasping metatheres (Figure 7.2;
Szalay, 1994 text and Figure 6.16) and unlike that expected
of most borhyaenids, which are typically regarded as being
terrestrial animals (Sinclair, 1906; Marshall, 1978; Szalay,
1994). A relevant exception is provided by Argot (2003), who
documented a variety of skeletal features of Prothylacynus
that are likely related to adaptations for climbing (see her
discussion and, especially, her Figure 21).

Biology of Fredszalaya hunteri — The shearing nature of
the elongated metacristac of M1-M3 and elongated blade-
like preparacrista of the M4 predicts meat-eating habits for
Fredszalaya. This prediction, derived from the principle
of shearing as a means of cutting meat, is supported by
the observation of carnivorous habits in extant marsupi-
als having similar shearing crests, as well as historical
observations of the recently extinct carnivorous Thylacinus
(Tasmanian “wolf”). Carnivory has even been confirmed
in an extinct, Tertiary borhyaenid (Lycopsis logirostrus of
the middle Miocene, La Venta) by the presence of rodent
remains within the body cavity of the borhyaenid (Marshall,
1977:p. 641). Fredszalaya, however, is less extreme in its
meat cutting adaptations than some other borhyaenids. For
example, the stylar shelves and protocones are retained,
whereas these are significantly reduced in Borhyaena. Thus,
it is likely that Fredszalaya was not a meat specialist, but
foraged on other food items, much like the morphologically
similar Prothylacynus (Marshall, 1978; Argot, 2003).

As noted above, climbing abilities are suggested by the
morphology of the calcaneum. Such a hypothesis, based upon
a single element, must be regarded as tentative.

B.J. Shockey and F. Anaya

Phylogeny of Fredszalaya hunteri — Although the skull
of Fredszalaya is superficially more similar to that of
Prothylacynus than that of Borhyaena, we regard the absence
(loss) of the foramen ovale to represent a synapomorphy
uniting Fredszalaya with Borhyaena. Similarities of form
between Fredszalaya and Prothylacynus would represent the
plesiomorphic condition for the lineage leading to Borhyaena.

PROBORHYAENIDAE AMEGHINO, 1897
PARABORHYAENA BOLIVIANA HOFFSTETTER AND
PETTER, 1983

Comments — Proborhyaenids were large to huge carnivorous
marsupials, with the skull of Proborhyaena gigantea reaching
two feet in length (Marshall, 1978). The last records of these
giant terrestrial carnivores were in the Deseadan, with two
named genera: Proborhyaena and Paraborhyaena, the later
described from Salla (Hoffstetter and Petter, 1983).

In their summary of the Salla fauna, MacFadden et al.
(1985) noted that all proborhyaenids remains lacked precise
stratigraphic data. The discovery of a jaw (UATF-V-000129)
during our recent expedition to Salla by colleagues Darin
Croft and Rodolfo Salas at the base of Unit 3 at Pasto
Grande provides the first stratigraphic control for this huge
carnivorous taxon.

Work is in progress on this specimen, but for now we docu-
ment its stratigraphic position at the very base of Unit 3. This
places it in a normal paleomagnetic horizon that, according to
the “best fit” hypothesis of Kay et al. (1998), would be Chron
10n.2n. This would indicate an age of about 28.6Ma. We also
provide the observation that the animal had but one pair of
large, blunt lower incisors. This was previously unknown for
Paraborhyaena (Hoffstetter and Petter, 1983; Babot et al., 2002)
and it represents the most derived condition of incisors known
for proborhyaenids (Proborhyaena has two pairs and the roman-
tically named Callistoe Babot et al., 2002 has three pairs).

No postcranials are known from Paraborhyaena. Aside
from various fragments tentatively referred to Proborhyaena
(see Marshall, 1978), the only postcranial remains of any
proborhyaenid recovered are those of Callistoe vincei,
currently under study by Judith Babot (see Babot et al., 2002).
So, for now little can be deduced regarding locomotion for
proborhyaenids in general, but in regards to Paraborhyaena
we may be content with commenting that it was one of the
largest carnivorous marsupials.

ORDER PAUCITUBURCULATA AMEGHINO, 1894
ARGYROLAGIDAE AMEGHINO, 1904

PROARGYROLAGUS BOLIVIANA WOLFF, 1984

Comments — Postcranials of Proargyrolagus are yet to be
known. However, Sanchez-Villagra and Kay (1997) methodi-
cally considered cranial characters to establish a general
hypothesis regarding its feeding habits. Based on its small
size (~100g, which made folivory most unlikely), unrooted
lower incisors, and the unusually high crowned cheek teeth,
they regarded Proargyrolagus as being an herbivore that
gathered food items, like seeds, at ground level. They also
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noted the well-developed nasal region (similar to that seen in
water-conserving rodents of arid regions) that suggests that
Proargyrolagus could have tolerated dry environments.

Based upon the remarkable convergence between the
postcranial skeletons of Plio-Pleistocene argyrolagids
(Argyrolagus and Microtragulus) with those of desert dwell-
ing heteromyid kangaroo rats and dipodid jerboas, Simpson
(1970) proposed that argyrolagids were also specialized for
bipedal, ricocheted locomotion. Applying such a hypothesis
to Proargyrolagus, however, would represent an extrapolation
from the data, not an interpolation, since none of the proposed
phylogenies of argyrolagids implies that Proargyrolagus is
bracketed by Argyrolagus and Microtragulus (see Sanchez-
Villargra and Kay, 1997).

COHORT PLACENTALIA OWEN, 1837

MAGNORDER XENARTHRA COPE, 1889

ORDER CINGULATA ILLIGER, 1881

PELTEPHILIDAE AMEGHINO, 1894

CF. PELTEPHILUS SP.

Comments — For their dermal horns, cranial shield, and slicing
anterior teeth, peltephilid armadillos have inspired much curi-
osity. This family of armored Xenarthrans is best known from
the early middle Miocene Santacrucian SALMA, however,
until now, little more than isolated osteoderms had been
known from the Deseadan.

The few peltephilid specimens of Salla are variable in terms
of size, tooth number, robustness of mandible, and fusion or
absence thereof of the mandibular symphysis. This variation
suggests that more than one species is present at Salla, but we
are unable to rule out within species variables such as ontoge-
netic changes or sexual dimorphism at this time. Further study
is indicated and is being undertaken.

The peltephilid specimens of Salla (Figure 7.3) are grossly
similar to the well-known Santacrucian Peltephilus Ameghino,
1887 (see Scott, 1903). Similarities include seven teeth of the
mandible (though two specimens of Salla have eight), hoof-
like ungual phalanges of the pes, and the presence of horn-like
cranial osteoderms, including an anterior pair (preserved in a
MNHN-Paris specimen), as predicted by Ameghino (1894).
Some differences between the Salla and Santacrucian animals
are significant, with the Salla peltephilids having generally
plesiomorphic characters. For example, whereas other known
peltephilids have fused mandibular symphyses, both peltephi-
lid mandibular specimens in the UF collection have unfused
symphyses. These may represent immature individuals, as a
larger specimen in the PU collection (PU 21143) does have
a fused symphysis. Also, whereas other known peltephilids
have but seven teeth in the mandible, two of the specimens
of Salla (UF 93587 and PU 21143) have an additional small
tooth anterior to the seven that appear to be homologous to the
seven of UF 93586 (this anterior tooth is designated as “mf 0”
in the Appendix).

Much of the pes is preserved in UF 93515 (Figure 7.3). Mt
IL, III, and IV are subequal in size, suggesting a similar form
to that of Peltephilus strepens which was functionally tridac-
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tyl having much reduced Mt I and V (Mt I and V are missing
on the Salla specimen). Like P. strepens, the Salla peltephilid
has concavities of the distal metatarsals, though not as pro-
nounced as in the Santacrucian example. Also, the peltephilid
of Salla has hoof-like ungual phalanges, even blunter than
those of the Santacrucian animal (compare the hoof in our
Figure 7.3 with that of Scott, 1903: plate 16.14).

Ameghino’s interpretation of the biology of peltephilids
was sensational. He wrote of them as, “ferocious and meat
eating, like a tiger and armed with horns like a rhinoceros
— one’s imagination could not conjure anything more lively
(Ameghino, 1934:317: translated from Spanish by BJS).”
Modern interpretations are less imaginative. Vizcaino and
Farifia (1997) dispute this traditional “killer armadillo” recon-
struction. Citing evidence from the skull and forelimbs of the
Santacrucian P. ferox, they interpret it as being fossorial and
herbivorous.

Although there is insufficient postcranial material of the
Salla peltephilid to obtain any metatarsal index, we note
that the metatarsals are not long, but proportionally similar
to those reported for Santacrucian peltephilids (Scott, 1903)
and to those of our comparative sample of Florida “road kill”
Dasypus specimens. Neither the Santacrucian taxa nor the
Salla peltephilid show any specializations for which they
could be regarded as cursorial.

Based upon the cranial morphology of Peltephilus, Vizcaino
and Farifia (1997) argued against meat eating in peltephilids;
they noted that the teeth were too slender to resist struggling
prey and that the apparent location of the main bite force was
at the anterior jaw rather than half way between the tempro-
mandibular joint and anterior grasping teeth (as predicted
from mechanical models [e.g., Greaves, 1995] and observed
in extant carnivores). Their arguments for herbivory included
the wide zygomatic arch, which strongly suggests lateral jaw
movements, and their high crowned teeth (though the rel-
evance of the later for xenarthrans may be questioned). Their
favored hypothesis was that Peltephilus ate subterranean plant
material.

Though the mandibular symphysis is unfused in most of
our sample of peltephilids of Salla, there is still evidence that
significant forces were applied at the anterior region of the
jaw. That is, the anterior region is the deepest and thickest part
of the mandible. So, the greatest forces (and the equal oppos-
ing forces) associated with the bite appear to have occurred
at that anterior region, just as in Peltephilus (Vizcaino and
Farifia, 1997). Whether these forces involved vegetable mat-
ter or animal, we offer no opinion, but subterranean feeding
seems well-suited for an animal with a specialized anterior
bite, since, at initial contact, the anterior snout would usually
be the only part of the animal in contact with the food item in
an underground environment (the rest of the animal would be
separated from its food by soil).

SUPERFAMILY GLYPTODONTOIDEA GRAY, 1869
Comments — Glyptodonts are not common at Salla, but some
osteoderms are in the various collections of Salla. These are
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B.J. Shockey and F. Anaya

FiGURE 7.3. Peltephilidae. A, UF 93551, nasal horn; B, UF 93515, associated osteoderms, partial pes with medial and distal phylanges; C,

UF 93586, left mandibular ramus.

largely unstudied, but Freddie Carlini (personal communica-
tion) identified two species from two families (Glyptodontidae
and Palaeopeltidae) during visits to the UF collection.

Shockey (2001) described an isolated distal femur that he
referred to the Glyptodontoidea. It was quite distinctive, having
exceedingly asymmetric trochlear ridges, with the medial
being much higher and nearly conical in shape, and a patellar
trochlea having a sinuous path such that the patella must have
rotated transversely during knee flexion-extension. This rota-
tion of the patella likely resulted in differential tension on the
crus, which in turn would have caused rotary movement of the
crus in addition to the flexion-extension.

Evidence of this complex knee extension is also implied by
the complex ball-and-socket medial knee articulation coupled
with the sliding lateral articulation of various glyptodonts
and sloths. The biomechanical consequences of this joint are
poorly understood, but the near ubiquity of the ball-n-socket/
sliding knee joint among sloths and glyptodonts is curious.

ORDER PILOSA FLOWER, 1883

SUBORDER FOLIVORA DELSUC ET AL., 2001
MYLODONTIDAE GILL, 1872

UNNAMED GENUS (Shockey and Anaya, in preparation)
Comments — Along with UATF geology student, Luis Lopez,
we recovered a fairly complete skull (UATF-V-000127,
Figure 7.4) of an unnamed genus of mylodontid sloth during
our visit to Salla in January of 2003. It came from Unit 4 (the
“Principle Guide Zone”) at Calaboza Pata, Salla.

It is distinguished by its broad muzzle, large external nares,
oval to sub-figure-eight molariform occlusal surfaces, and
teeth composed of relatively equal amounts of vasodentin,
orthodentin, and cement. It differs from other Deseadan
sloths by being smaller than species of Octodontotherium
and Orophodon, and its distinctive tooth histology of nearly
equal proportions of the three tissues. The orthodentine does

FIGURE 7.4. Mylodontidae. Lateral and ventral views of cranium,
UATF-V-000127.

not appear to have been much harder than the other tissues,
since the teeth wore quite smoothly, without the orthodentine
forming a palpable ridge, as is typical for sloths.

The broad muzzle of UATF-V-000127 suggests that the
animal ate grass, since many modern grazers have broad
muzzles that help them acquire much grass (a poor quality
food) with a single bite (Gwynne and Bell, 1968; Solounias
et al., 1993). Mylodontids have frequently been interpreted as
being grazers (McDonald, 1997 and references therein), an
interpretation confirmed in Mylodon darwini via the contents
of its coprolites (Moore, 1978).

Based upon the broad muzzle, we suspect that this mylo-
dont of Salla also was a grazer. The only caveat at this time is
that we are curious in regard to the functional significance of
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the enlarged external nares and the consequences of its devel-
opment. Did the large nose have some critical function that
had selective value (with the broad muzzle being merely a
consequence of developing the tall and broad external nares)?
Of course, the two could have a complementary adaptive-
functional history: e.g., the nose as an adaptation for water
conservation in arid environments and the broad muzzle for
eating about the only commonly found vegetation available in
such environments (grass).

ORDER PYROTHERIA AMEGHINO, 1895

FAMILY PYROTHERIIDAE AMEGHINO, 1889
PYROTHERIUM AMEGHINO, 1888

PYROTHERIUM MACFADDENI SHOCKEY

AND ANAYA, 2004

Comments — Various postcranial remains of Pyrotherium
macfaddeni are in the collections of MNHN-Paris, MNHN-
Bol, PU, and UF. These illustrate the extreme graviportal
nature of the beast. These collections also contain various
tarsal elements that illustrate the curious foot of the animal
(see Shockey and Anaya, 2004). Pyrotherium is plantigrade
and almost uniquely has a reversed form of the calcaneoastra-
galar articulation (i.e., the ectal facet of the calcaneum is
concave and sustentacular facet is convex). It also has well-
developed fibular-calcaneal and cuboastragalar articulation.
As far as we know, this form is only seen in the embrithropod
Arsinoitherium and is quite unlike the tarsus of any other
known South American native ungulate.

We are confident that this graviportal beast was a slow, ter-
restrial herbivore. The huge surface area of its teeth indicates
that mechanical digestion was important for the animal and
may suggest that chemical digestion was not as efficient as
that of other ungulates.

ORDER LITOPTERNA AMEGHINO, 1889
FAMILY PROTEROTHERIIDAE AMEGHINO, 1887
SUBFAMILY PROTEROTHERIINAE AMEGHINO, 1885
GENUS INDETERMINATE
Comments — The presence of proterotheriids at Salla was con-
firmed with the discovery of a functionally monodactyl partial
pes referable to the group (Shockey, 1999; see also Figure 7.5).
The enlarged Mt III was broken such that it was not possible to
estimate the length of this element. The length of the Mt III of
the Salla proterotheriid remains unknown, but a left Mt II1, bulk
cataloged (AMNH 14153) with several Loomis notoungulate
specimens from Cabeza Blanca, is complete (see Figure 7.5b).
AMNH 14153 is 81.5mm long and has a proximal width of
16.9mm. Since this Patagonian specimen has a distinctive dor-
sal component of the distal keel, a feature absent in the Salla
specimen, it is probably a species distinct from that of Salla and
apparently is more derived towards cursorial habits. Neither
specimen was associated with dental remains, so they can only
be noted as protertheriine proterotheriids.

Although not as advanced in regard to running abilities as
the Loomis specimen, the Salla proterotheriid can confidently
be classified in the general category of a cursor. The more
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2 cm

FIGURE 7.5. Proterotheriid pes. A, partial right pes of the proterotheriid
of Salla, composite of the distal tarsals and proximal Mt II-IV (PU
24528) and distal metapodials (PU 24525). (Reconstructed as if from a
single individual.) B, left Mt III from Cabeza Blanca (AMNH 14153).

specific reconstruction as it being a forest dwelling running
animal similar to dasyproctid rodents and Old World, Recent
forest ungulates, like duikers (Shockey, 1999 and references
within), should be regarded as tentative.

FAMILY MACRAUCHENIIDAE GERVALIS, 1855
CONIOPTERNIUM AMEGHINO, 1895
Comments — With a little doubt, Cifelli and Soria (1983a)
referred the Salla macraucheniid (?Coniopternium primitivum)
to Coniopternium Ameghino, 1895. We are content to drop
the query and suggest that the slight angle of the calcaneal
tuber of the Salla macraucheniid(s) (Figure 7.6) and that of
Coniopternium andium is a homologous, derived character that
can be regarded as a synapomorphy for Coniopterium spp.
Due to various skeletal modifications restricting movement
to the parasagittal plane (deep trochlea of astragalus and
humerus and transversely elongated astragalonavicular joint),
the non-supinating antebrachium, and elongated metatarsals,
Shockey (1999) inferred that the macraucheniids of Salla
were adapted for a cursorial mode of locomotion (Figures 7.5
and 7.6). Additionally, he proposed that the deep suprapatel-
lar fossa (“patellar pit”) of the femur served as a pit “into
which the patella could have slid (Shockey, 1999:p. 385,
emphasis not in original),” thus serving as a passive stay: a
knee lock structurally different from that of modern horses
(see Hermanson and MacFadden, 1996; Shockey, 2001). At
that time, no macraucheniid patella had been recovered from
Salla, so Shockey constructed a model patella that indeed
“locked” and resisted movement when cloth “ligaments”
attached to it were pulled.
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distal articular facet

4 cm

FIGURE 7.6. Coniopternium cf. C. primitivum. A, UF 172122, man-
dible of juvenile with left di2-dc and right di2, di3-dp4, with m1 still
in crypt; B, UATF-V-000133, patella (views clockwise from upper
left: dorsal, lateral, distal); C, UF 172426, left calcaneum, astragalus,
navicular, and cuboid.

As originally proposed, the suggestion of a macraucheniid
knee lock was as an untested hypothesis. The model patella
merely illustrated what could have occurred, but said nothing
as to what the animal actually did in life. Fortunately, during
our expedition to Salla in January 2004, we recovered patel-
lae associated with two partial skeletons of macraucheniids.
These patellae unambiguously show distal articular surfaces
(Figure 7.6), in addition to the typical facet for articulation
with the patellar groove during knee flexion-extension. The
only plausible explanation for the distal articulation of the
patella is that it contacted the distal surface of the patellar pit
of the femur into which its shape conforms (reconstructed in
Figure 7.7).

In response to the incorrect and over-used dogma of “form
follows function”, investigators are now quick to note non-
functional explanations for morphology (e.g., exaptations,
phylogenetic inertia, multiple functions for a single form;
see Ross et al., 2002 for summary). Articular facets, how-
ever, do provide information regarding the relative position
of bones. Indeed, in the case of the Coniopternium patella,
the form (presence of distal articular facets) is a direct
result of function (patellar “locking” in the suprapatellar
fossa). Thus, we can say with considerable confidence that
the knee of Coniopternium did indeed hyperextend during
the life of the animal such that the patella locked into the
patellar pit. Such an adaptation would have allowed the
animal to stand for considerable amounts of time without
expending much energy.

B.J. Shockey and F. Anaya

E

FIGURE 7.7. Ungulate limb bones. Cranial views of humeri (A,
Eurygenium pacegnum Bol-V-00364; B, Trachytherus alloxus,
UF 91933; C, Coniopternium sp., UF 149207) and femora (D,
Coniopternium sp. MNHN-Bol-V-004502; E, Eurygenium paceg-
num pacegnum Bol-V-00364; F, Trachytherus alloxus, UF 90960;
and G, Proadinotherium, cf. P. saltoni sp. nov. (anterior view
also provided) MNHN-Paris [uncataloged]), and H, a functional
reconstruction of the knee lock of Coniopternium sp. show as
flexed (left) and hyper-extended and locked (right). (H modified
from Shockey, 1999.)

ORDER NOTOUNGUALTA ROTH, 1903

SUBORDER TYPOTHERIA ZITTEL, 1892

FAMILY MESOTHERIIDAE ALSTON, 1876
TRACHYTHERUS ALLOXUS BILLET ET AL., 2008
Comments — Trachytherus is a sheep sized notoungulate with
distinctive gliriform incisors and a robust postcranial skeleton
(see Figures 7.7 and 7.8). Individuals vary considerably, but
there is no discontinuity in the size or other characters to sug-
gest the presence of either two species at Salla or even sexual
dimorphism of the one present.

In an unpublished master’s thesis, Heidy Sydow (1988)
described two partial skeletons of Trachytherus and concluded
that this Deseadan mesothere was a ‘“scratch digger”,
sensu Hildebrand, 1985. Her hypothesis was supported
by our functional analysis (with D. Croft) of mesotheres,
which included Trachytherus, as well as the mesother-
iines, Plesiotypotherium and Mesotherium (Shockey et al.,
2007). In terms of limb proportions and development of
specializations associated with strength of the forelimb,
Trachytherus, Plesiotypotherium and Mesotherium com-
pared most favorably to extant scratch diggers, like wombats
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FIGURE 7.8. Trachytherus alloxus. A, UF 91933 skull (palatal view);
B, UF 172437, astragalus (views clockwise upper left, dorsal,
plantar, medial, distal); and UF 172514, calcaneum in dorsal view
(left) and lateral view (right).

(Vombatus, Lasiorhinus), badgers (Taxidea), and, especially,
aardvarks (Orycteropus).

Adaptations for digging of the forelimb of Trachytherus
include the well developed and distally placed crests for the
deltoid and pectoralis muscles, enlarged medial epicondylar
process of the humerus (Figure 7.7b), enlarged and medially
curved olecranon, enlarged pisiform, and fissured ungual
phalanges. The manus is pentadactyl, with just modest
reduction of the first digit, a condition nearly identical to the
Pleistocene Mesotherium (see Shockey et al., 2007).

The lower limb is similar to that described for Eurygenium
(Figure 7.7), except that there is less calcaneofibular contact
in Trachytherus.

The astragalus is remarkable for the conspicuous asymme-
try of the trochlear ridges (lateral being much higher than the
medial crest), a constricted neck, which is fairly long in some
specimens, but always longer than those of the notohippids
of Salla. The head is subspherical, forming the ball of a ball-
and-socket joint with the navicular. The lateral and medial
walls of the astragalus are oblique with distinctive lateral and
medial processes such that the plantar surface is broader than
the dorsal trochlea. A well-developed groove for the digital
flexor is separate from the trochlea.

The calcaneum has a small fibular facet that is obliquely
oriented on the dorsal prominence. The ectal facet is convex
and broad. The lateral calcaneal border has a groove for the
tendon of the peroneus longus and one specimen (UF 172514)
preserves a small peroneal process this is not directly adjacent
to the distal region of the peroneal groove. The apex of the
tuber is rugose and lacks a distinctive groove for the Achilles
tendon. The cuboid facet is teardrop shaped, slightly concave,
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and obliquely oriented and appeared to have allowed a sliding
articulation with the cuboid; thus, along with the ball-and-
socket articulation of the astragalonavicular joint, would have
permitted some rotation of the pes.

Although no articulated pes of Trachytherus of Salla is
available for study, much of the pes is preserved in a specimen
of T. spegazzinianus recently collected from the Deseadan of
Moquegua, Peru (Shockey et al., in preparation). This illus-
trates that the pes of Trachytherus was pentadactyl. Other
than its larger size and retention of the hallux, the form and
relative position of the elements are similar to those of the
hegetothere pes described below.

We regard the scratch digging hypothesis for Trachytherus
as being robust, since the postcranial morphology of the
animal is consistent with a digging paradigm and with the
morphology of known, extant scratch diggers as noted above
(see also Shockey et al., 2007). Also, other mesotheres
(Plesiotypotherium and Mesotherium) have fossorial adapta-
tions. Indeed, the mesotheriine mesotheres were more derived
in this respect as they evolved ossified reinforcement of their
pelvis, like that seen in some extant diggers (Hildebrand,
1985; Shockey et al., 2007).

FAMILY HEGETOTHERIIDAE AMEGHINO, 1894
Comments — Reguero and Cerdefio (2005) demonstrate
the presence of two species of hegetotheres at Salla,
Prohegetotherium schiaffinoi (Kraglievich, 1932) and
Sallatherium altiplanense Reguero and Cerdefio, 2005. They
noted, but did not describe, the femur and a partial pes
(Reguero and Cerdefio, 2005: Figure 7.5d) associated with
cranial material of P. schiaffinoi. We provide here brief
descriptions of these elements.

UF 172445 is a damaged skull of Prohegetotherium
schiaffinoi associated with fragmentary postcranials and a
nearly complete left femur (missing the greater trochanter)
and a distal right femur. These distal femora have long, nar-
row, but deep, petallar grooves, suggestive of running animals
(Rose, 1999).

The partial pes (UF 172502, Figure 7.9 and Appendix)
was found in close association with cranial material of two
individuals of Prohegetotherium (UF 91661 and 91662),
but it is unknown to which, if either, it pertains. This pes
is very similar to that of the Santacrucian Hegetotherium
mirabile, described and figured by Sinclair (1909:Figure 7.4a
and plate 6.19). Like that of Hegetotherium, the
Prohegetotherim pes is tetradactyl and has a small fibular
facet of the calcaneum. A distal tibia-fibula, into which the
astragalus perfectly fits, is solidly fused, indicating that the
Prohegetotherium also had a fused distal crus. Also, as in
Hegetotherium, the Mt II is shorter than the Mts III and
IV, having a more proximal articulation with the tarsals,
overlapping part of the ectocuneiform. The Mt V was not
preserved, but an impression in the matrix on the lateral side
of Mt IV unambiguously indicates that it was present and
smaller than the Mt I'V.
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FIGURE 7.9. Hegetotheriids of Salla. Sallatherium altiplanense
(Reguero and Cerdeiio, 2005), Holotype, UF 91621, partial skull
(palatal view); Prohegetotherium schiaffinoi (Kraglievich, 1932), UF
172502, partial pes in dorsal view (left) and dorsal view in outline
(right). (See also Reguero and Cerdeiio, 2005.)

The pes of Prohegetotherium is similar to that of
Trachytherus (noted above), but differs by its smaller size,
lack of the first digit, fused distal tibia-fibula, lesser asymmetry
of the astragalar trochlea, and its relatively and absolutely
smaller fibular facet. Otherwise, the hind feet of these animals
are remarkably similar in their general appearance, the relative
lengths of the their metatarsals to one another, and the form
by which Mt IT overlaps the ectocuneiform and Mt III, and Mt
IITI slightly overlapping Mt II. The pes of Prohegetotherium is
quite distinct from that of the interatheriid as indicated in the
description and comments below.

ARCHAEOHYRACIIDAE AMEGHINO, 1897

Comments — The archaeohyracids of Salla are under study
by Marcelo Reguero and his colleagues. They recognize two
genera at Salla, Archaeohyrax and Protarchaeohyrax, which
are represented by numerous teeth, jaws, and cranial material
in all noted collections of Salla. Postcrania, however, have
never been reported.

We note the presence of two astragali (UF 17069 [left] and
UF 17089 [right]), possibly of the same individual, found in
close association with fragmentary dental remains of adult
and juvenile archaeohyracids. The astragli are very similar
to those known for Prohegetotherium, but are larger (see
Appendix) and have a greater asymmetry of trochlear ridges.
Also the groove for the digital flexor is further removed from
the astragalar trochlea, sitting upon a distinctive process.
Such would have provided greater leverage for digital flexion,
offering a modest clue regarding archaeohyracid locomotion
compared to that of the hegetothere.

SUBORDER INCERTAE SEDIS

FAMILY INTERATHERIIDAE AMEGHINO, 1887
UNNAMED TAXA, HITZ, 1997

Comments — We deviate from McKenna and Bell (1997) and
nearly all authorities, by not classifying interatheriids within
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the Typotheria. We leave their higher ordered classification
unresolved (see Section 7.4.3).

Hitz (1997) described (but did not name) two distinct and
otherwise unknown interatheriid taxa of Salla in his doctoral
dissertation (formal naming is a work in progress). He also
described a nearly complete skeleton of the smaller taxon.
This skeleton, however, lacked foot bones, so the pes has been
unknown for any Deseadan interatheriid. However, several
UF and MNHN-Bol tarsal specimens have been found in
association with interatheriid teeth. These are so similar to the
tarsal form seen in Santacrucian interatheriids (Interatherium,
Protypotherium) that there can be little doubt that they are
from interatheres. The description below is based upon
UATF-V-000132, a partial left pes, and UF 173247, a right
proximal tarsus (calcaneal tuber missing) found articulated
and fused by matrix (see Figure 7.10 and Appendix).

The proximal tarsus of the interatheres of Salla is so distinct
that it cannot be confused with that of similar sized typotheres
of Salla. The most conspicuous feature of the calcaneum is
its well-developed, rabbit-like fibular facet. This appears as
a semicircular, dorsal process in lateral view. The articular
surface is proximodistally straight, covering the strongly con-
vex surface of the protuberance that supports it. This is quite
distinct from the obliquely oriented and weaker fibular facets
of the calcani of Trachytherus and Prohegetotherium (Figures
7.7-7.10). The ectal facet is also distinguished by its inclined,
more vertical orientation, such that the calcaneoastragular
contact may be characterized as side-to-side rather than over-
lapping.

The astragalus has a well-defined, fairly deep trochlea. The
lateral and medial sides are vertical and parallel to one another,
rather than oblique as seen in Trachytherus, Prohegetotherium
and the archaeohyracid (below). It lacks the astragalar pero-
neal process that inserts between the distal fibula and the cal-
caneum in Trachytherus and Prohegetotherium. The neck is
relatively longer and much more conspicuous than that of the
notohippids noted below, and the head is subspherical, form-
ing the ball of the ball-and-socket joint with the navicular.
The ectal facet is convex and has a nearly vertical orientation
to meet the steeply inclined ectal facet of the calcaneum. The
fibular facet is vertical and lacks the peroneal process that is
present in typotheres (e.g., Trachytherus, see Figure 7.8b) and
basal notoungulates, such as Colbertia (see Cifelli, 1983).

The pes of the Salla interatheriid appears to be tetradac-
tyl, but functionally tridactyl, with Mt I being absent and
Mt V being reduced in size compared to Mt II-IV. The
articulation of the Mt III and IV with the distal tarsals lies
in about the same plane, similar to that of the Santacrucian
Protypotherium australe and Interatherium robustum, but
unlike that of P. attenuatum in which the articulation between
the cuboid and Mt IV and V appear more distal than the
navicular/Mt III joint.

Elements of the pes of UATF-V-000132 are about the size
as the homologous elements reported for the Santacrucian
interatheriid Protypotherium attenuatum (Sinclair, 1909:
p. 46), but smaller than P. australe (p. 39), and quite a bit



7. Postcranial Osteology of Mammals from Salla, Bolivia (Late Oligocene): Form, Function, and Phylogenetic Implications

147

2cm

FIGURE 7.10. Intertheriidae. A, UATF-V-000132, partial left pes, in frontal and lateral views; B, UF 173247, proximal tarsus: calcaneum (left)

and astraqalus (right) (Shown as photos and in outline).

larger than Interatherium robustum (p. 63). The foot of the
Salla interatheriid differs from those of Protypotherium spp.
by having a narrower cuboid and by the compact manner in
which Mt IIT and IV of the Salla specimen interface with one
another.

The form of the proximal tarsus of the Salla interatheriid
and the Santacrucian interatheres is distinct from those of
known typotheres. These differences include parallel sides
of the astragalus, lacking the astragalar peroneal process,
the robust, dorso-ventrally oriented fibular articulation of the
calcaneum, and the more transverse articulation between the
two proximal tarsal elements (strongly inclined ectal facets).
This form is more similar to that of the notohippid tarsals
described below (see Figure 7.11), that noted by Chaffee
(1952) for Rhynchippus pumilus, and of the tarsus of the early
toxodontids Adinotherium and Nesodon (Scott, 1912).

SUBORDER TOXODONTIA OWEN, 1853

FAMILY NOTOHIPPIDAE AMEGHINO, 1894

cf., PASCUALIHIPPUS BOLIVIENSIS SHOCKEY, 1997
Comments — The partial pes described below (Figure 7.12)
was found at the type locality of Pascualihippus bolivi-
ensis (Unit IT of Pasto Grande) in association with lower
molar fragments of a notohippid. These teeth are of a size
similar to teeth of Pascualihippus and Eurygenium paceg-
num, but are not referable to the latter taxon due to the
presence of an entolophid fossetid, a feature lacking in E.
pacegnum. The tarsus described below is similar to those
of early toxodontids (e.g., Adinotherium), so it is possible
that it may be that of the toxodont, Proadinotherium, and
the association with the notohippid teeth is merely a coin-
cidence. However, we note the phylogenetic analysis of
Toxodontia by Shockey (1997) in which Pascualihippus
was shown as being the sister taxon to toxodontids;

Notohippidae Interatheriidae Mesotheriidae Hegetotheriidae
cf. Pascualihippus unnamed sp. Trachytherus Prohegetotherium

V4
24

Toxodontia / Typ?theria

Notoungulata

FIGURE 7.11. Comparative calcani in phylogenetic context. Bold
lines indicate hypothesis from phylogenetic analysis of Cifelli
(1993) and dashed line ambiguously placed to suggest alternative
hypotheses as interatheriids, Typotheria and Toxodontia as unre-
solved tritomy, or interatheriids sister taxa to Toxodontia.

thus such a similar tarsus is a reasonable probability for
Pascualihippus.

The calcaneum of UF 172410 has a fairly robust tuber, and
is rectangular in dorsal view. The fibular facet is large and has
proximodistal orientation, like that of the interathere noted
above, but unlike that of Trachytherus and Prohegetotherium,
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FIGURE 7.12. Pascualihippus boliviensis. A, Holotype MNHN-
Bol-V-003642, ventral view of palate; B, referred left tarsus (UF
172410), calcaneum, astragalus, navicular, cuboid, and ectocunei-
form, dorsal views (photo and in outline).

both of which have obliquely oriented fibular facets. Also, the
ectal facet is vertically oriented. A small, but well-developed
oval facet is present on the medial side of the calcaneum, which
articulates with a similar facet of the navicular, clearly indicat-
ing the “reverse alternating tarsus” of Cifelli (1993) where
tarsal alternation occurs by way of robust calcaneonavicular
contact, rather than the more familiar cuboastragular alternat-
ing tarsus. On the navicular, just distal to the facet for calcaneal
articulation, is a smaller facet for cuboid articulation.

The astragalus has a short neck and a modestly well-
developed, somewhat asymmetric trochlea. The astra-
galar neck is much shorter than those of Trachytherus,
Prohegetotherium, and the interatheriids noted above. The
head is broader than deep, much less spherical than the not-
oungulate specimens described previously, indicating limited
mobility, except in the parasagittal plane.

EURYGENIUM PACEGNUM SHOCKEY, 1997

Comments — Eurygenium pacegnum is the most completely
known notohippid, being represented by a nearly complete
skeleton (Shockey, 1997). One of us (Shockey, 1997) provided
a brief description of this skeleton, including a limited account
of the poorly preserved pes. The strength of the forelimb and
relatively low Mt/femur ratio was noted, suggesting that the
animal was not adapted for speed as originally suggested for
notohippids (e.g., Loomis, 1914).

Since the tarsus of the skeleton of Eurygenium (MNHN-
Bol-V-003643) was poorly preserved (thus not figured in
Shockey, 1997), we provide a figure of another specimen
(UF 172432: Figure 7.13), a partial pes, similar to that of
cf. Pascualihippus, but smaller and lacking the distinc-
tive navicular facet on the calcaneum. A faint facet is seen
on the navicular for cuboid articulation, suggesting that
Eurygenium had some, perhaps transient, articulation with
the calcaneum, but not the strong “reverse alternating tarsus”
of Pascualihippus.

FIGURE 7.13. Eurygenium pacegnum. A, palatal view of holotype
(MNHN-Bol-V-003643); and B, dorsal view of tarsus (UF 172432)
shown as photo and in outline.

Data from the Eurygenium skeleton was recently included
in a multivariate analysis that included extant species of
known function (Shockey et al., 2007). Like Trachytherus,
Eurygenium shared morphometric space among the larger
bodied fossorial taxa. But it also tracked closely with the semi
aquatic capybara (Hydrochoerus). This was a consequence
of similar body size and limb proportions with capybara and
suggests the hypothesis that Eurygenium was a competent
swimmer. The discriminant function analysis of this study
classified Eurygenium with the extant “generalists”.

Caution should be used regarding the swimming hypothesis,
since it was only empirically derived, not generated from any a
priori principles. Thus, a semiaquatic hypothesis should be con-
sidered as being unsupported, though there may not be any partic-
ular evidence against it. So, we continue to regard Eurygenium as
having general terrestrial adaptations and suggest that it was capa-
ble of digging and swimming. Support for the digging hypothesis,
independent of the aforementioned multivariate analysis, is found
in the cleft ungual phalanges. Such digits are frequently found in
extant diggers (see Hildebrand, 1985; Shockey et al., 2007).

FAMILY TOXODONTIDAE OWEN, 1845
PROADINOTHERIUM AMEGHINO, 1895
PROADINOTHERIUM SALTONI, SP. NOV.

Holotype — UF 149222 (Figure 7.14) damaged, but reason-
ably complete mandible containing the complete dentition.

Locality — The holotype comes from Unit 3 of Pasto
Grande of the Salla Beds.

Diagnosis — Relatively small toxodontid having rooted
incisors, no diastema between ¢ and pl, lower premolars
without fossettids, molar entolophid transverse with fossetid.
Differs from Proadinotherium leptognathum by its smaller
size (linear dimension about 80% those of P. leptognathum),
the lack of diastema, and presence of enamel on both the
external and internal surfaces of the incisors (internal enamel
absent in adults of P. leptognathum).
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FIGURE 7.14. Proadinotherium saltoni sp. nov. Mandible (holotype,
UF 149222) in occlusal view.

Etymology — In memory of Justine Salton, with special
regard to the field season that she worked with us at Salla.

Description — Plant roots grew through the holotype, break-
ing it to bits, but these fragments have been reconstructed
to give a reasonably good indication of the jaw morphology
(Figure 7.14, dental metrics given in Appendix). The lower
incisive battery is similar to that of Adinotherium (see Scott,
1912: Plate XVII: Figure 7.10), but the incisors of P. saltoni
have shorter crowns. These incisors are enlarged, spatulate,
and have long, but closed roots; those of the i3s extend pos-
teriorly to the level below the p2. The lower canine is much
smaller than the incisors and may be described as “incisi-
form”, with the qualification that it looks nothing like the
incisors of this animal.

No diastema occurs between the ¢ and pl as in the P. lep-
tognathum specimen figured by Loomis (1914: Figure 81).
The pl is smaller than the canine and is little more than a
peg-like structure, ovoid in occlusal view with a tiny fossettid
in the middle.

The p2 is shaped like a double crescent and lacks a fosset-
tid. None of the lower premolars of the holotype, or those of
the more heavily worn referred specimen, UF 149223, has any
fossettids, which is indicative of the deep, broad ectoflexid
(premolars of other known nesodontine toxodontids form
fossettids early in wear [see Scott, 1912: plate XVIII, Figures
7.4 and 7.5]).

The m1 is moderately worn, having formed a trigonid-
talonid fossettid. It and the other lower molars have an
entolophid fossettid. The m2 is less worn and demonstrates
the generalized form of advanced toxodontids (sensu
Cifelli, 1993) a 7/9 morphology (sensu Shockey et al.,
2004), where the trigonid has the form of the number seven
and the talonid a number nine, the entolophid representing
the upper part of the nine, pierced by the entolophid
fossettid.

No postcranials have been found associated with P. saltoni
teeth at Salla, but we refer a distal femur of the MNHN-Paris
collection to this taxon (Figure 7.7). This referral is based
upon the distinctive, enlarged medial trochlear ridge, similar
to that of other toxodontids and unlike the femora of similar-
sized taxa of Salla (e.g., Eurygenium, Trachytherus; the femur
of Pascualihippus is unknown).
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The medial trochlear ridge of the Salla toxodontid is con-
siderably higher than the lateral ridge of the patellar trochlea,
but is not bulbous, as in Toxodon or Hoffstetterius, which
have been shown to function just like knee locks of horses
(Shockey, 2001). The functional significance of the less modi-
fied, but enlarged MTR of Proadinotherium is unknown, but
it may have served to prevent medial dislocation of the patella
or to prevent lateral movements of the lower leg (Shockey,
2001). Whatever the function, it has been shown that having
an enlarged MTR, at least in bovids, is correlated with living
in open habitats (Kappelmann, 1988). This morphology likely,
and incidentally, served as a “preadaptation” for the knee
locks seen in later toxodontids. These have been documented
to the late Miocene (Shockey, 2001), but our observations of
the distal femur of cf. Pericotoxodon from the La Venta Beds
in the MNHN-Paris collection extents the toxodontid knee
lock back to middle Miocene (about 13 Ma). This is roughly
the same time that knee locks evolved in horses (Hermanson
and MacFadden, 1996).

7.4 Discussion

7.4.1

The species richness of the Salla fauna is mirrored by the
diversity of morphological adaptations; some mammals show
specializations for running, digging, and climbing (uncom-
mon), whereas others were less specialized and perhaps more
versatile in their locomotor abilities.

Biology of Form

7.4.1.1 Marsupials

Given the great diversity of primary consumers at Salla, it not
surprising to see a fair diversity of carnivorous marsupials.
With our description of Fredszalaya hunteri and the work
in progress on a small dog-like marsupial, the species rich-
ness of sparassodonts now includes six taxa. The huge
Paraborhyaena, was presumably terrestrial (o-level hypoth-
esis), but the calcaneum of Fredszalaya suggests some
climbing abilities (o-level hypothesis), perhaps like the
morphologically similar Prothylacynus (Argot, 2002).

7.4.1.2 Xenarthrans

Though instructive postcranials of dasypodids are lacking
(e.g., complete ulnae, metatarsals), one might presume typical
dasypodid digging and insectivorous habits for these animals
(o-level hypotheses) until there is evidence to the contrary.
Likewise, we presume fossorial locomotion (o.-level hypoth-
esis) for the peltephilid based upon the indirect (extrapolated)
link of phylogenetic relationship to Peltephilus and the more
fully developed hypothesis of digging for that taxon offered
by Vizcaino and Farifia (1997). The postcranial evidence
presented here, though incomplete, is at least consistent with
a digging hypothesis. Like Peltephilus, the Salla peltephilid
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appears have focused forces for biting at the anterior region
of its jaw, though its mandibular symphysis was not fused in
most known specimens. A strong anterior bite is unusual for
carnivorous or herbivorous mammals, or any kind of mammal
for that matter. The closest analog among mammals we think
of is the anterior cutting teeth of fruit eating and blood drink-
ing bats. For now, we are content to continue wondering about
the strange peltephilids.

Like most of the notoungulates summarized below, the
mylodontid sloth of Salla has high crowned (indeed, ever-
growing) teeth. Additionally, it had a broad muzzle. The
hypselodonty and broad muzzle each is suggestive of grazing
in this most ancient of mylodontids (B-level hypothesis).

7.4.1.3  Pyrotheria

The relatively huge head and grossly robust postcranial skel-
eton of Pyrotherium macfaddeni leaves no real doubt about its
unspecialized, terrestrial locomotion (y-level hypothesis). The
tusks and probable proboscis provided the animal a means
to probe around and manipulate its environment to find and
obtain food items. Its relatively low crowned teeth makes it
unlikely that it was a grazer, but in absolute terms the crowns
were fairly high, so it probably could have consumed some
grasses. Despite that caveat, it is probably best classified as a
browser (B-level hypothesis).

7.4.1.4  Litopterna

The proterotheriid and macraucheniid litopterns show marked
adaptations for cursorial habits (B-level hypotheses). The
macraucheniids are regarded as open habitat cursors (c-level
hypothesis) and the small proterotheriid has been compared
to forest dwelling cursorial rodents (e.g., dasyproctids) and
artiodactyls (e.g., duikers and tragulids) (Shockey, 1999)
(a-level hypothesis). (No postcranials are known for the adi-
anthid litopterns.) The narrow muzzles (known in the macra-
ucheniid and assumed for the proterotheriid) and low crowned
dentition suggest browsing (B-level hypothesis).

7.4.1.5 Notoungulata

The smaller notoungulates (interatheriids, hegetotheriids, and
archaeohyracids) appear to show modest developments associ-
ated with quick locomotion, such that they may be regarded as
cursorial (y-level hypothesis for interatheres and hegetotheres,
but only a-level hypothesis for the poorly known archaeohy-
racids). There is no compelling evidence at Salla for salta-
tory habits in these small notoungulates, but given their size
and general cursorial adaptations such should be considered
(o-level hypothesis). Suggestive evidence for saltatory activ-
ity includes the fused tibia-fibula at the upper ankle joint in
the interatheriid (Hitz, 1997) and Prohegetotherium. This
is unknown for the archaeohyracid, but we note the greater
mechanical advantage at the astragalus for the digital flexors.
The body of evidence strongly supports the hypothesis
of fossorial habits (d-level hypothesis) for the mesothere
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Trachytherus (for details see Shockey et al., 2007). Modern
wombats, with their digging abilities, high crowned cheek
teeth, and gliriform incisors, serve as a model for Trachytherus
biology, though due to the extreme convergence of the post-
cranial skeletons of mesotheres with those of aardvarks
(Orycteropus) the precise method of digging in Trachytherus
is probably more similar to that of Orycteropus (see Shockey
et al., 2007).

The notohippid Eurygenium is regarded as subcursorial
generalist (B-level hypothesis) as we note only modest adap-
tations for speed in its skeleton. Weaker evidence suggests
that this generalist was capable of swimming and digging (o.-
level hypotheses). Postcranial elements of Pascualihippus and
the toxodontid Proadinotherium are poorly known and thus
are only suggestive of terrestrial, subcursorial habits (a-level
hypothesis). No postcranials of the leontiniid Anayatherium
are known, so we defer any comments on its locomotion, but
we note that its narrow muzzle and mesodont cheek teeth
imply browsing (B-level hypothesis).

Deseadan faunas typically contain numerous high crowned
notoungulates. Remarkably for the late Oligocene, the
notoungulate taxa almost exclusively have high crown, or
hypsodont, dentitions (11/13 species). The only notoun-
gulates at Salla lacking hypsodont teeth are the leontiniids.
Leontiniids at Salla are exceedingly rare, but even they have
moderately high crowned, mesodont teeth (Shockey, 2005).

Compared to contemporaneous faunas throughout the
world, Deseadan faunas have a remarkably large number of
herbivores having high crowned teeth (Patterson and Pascual,
1972; Flynn and Wyss, 1998; MacFadden, 2000). The
phenomenon of this “precocious hypsodonty” began in South
America around 35-30 Ma, about 15 million years earlier than
in North America (MacFadden, 2000). For some, this preco-
cious hypsodonty has implied the early spreading of grass-
lands in South America (Stebbins, 1981; MacFadden, 2000).
Pascual and Ortiz Jaureguizar (1990) provided an alternative
explanation for this precocious hypsodonty, suggesting that
it was a response to tooth wear caused by volcanic grit that
dusted the plants during that time. In more general terms,
Janis (1995 and references therein) demonstrated that any
dust or grit covering low lying plants in open country may
contribute to the evolution of high crowned teeth.

The robust evidenced for Trachytherus being a digging
specialist (Sydow, 1988; Shockey et al., 2007), along with
suggestive evidence of fossorial habits in other Tertiary not-
oungulates (e.g., homalodotheres [Scott, 1930], Scarrittia
[Chaffee, 1952], toxodontids [Hildebrand, 1985]), adds
another dimension to the problem of precocious hypsodont of
notoungulates. Did hypsodonty evolve in response to eating
subterranean foods covered with abrasive grit?

To have confidence in the grazing hypothesis, there must
be some independent evidence for grazing in notoungulates.
Stable isotopic studies have no utility in this context, since
the global carbon shift did not occur until much later
(MacFadden, 2000). That is, prior to the global carbon shift,
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C4 photosynthesis was insignificant; so even grasses would
have been predominantly C3.

Microwear or other dental abrasion analyses are wanting,
but they have the potential to be illuminating. A major
challenge for investigators beginning this work will be to
develop techniques that can discriminate between wear
caused by phytoliths of grass versus non-biogenic abrasives,
such as volcanic grit, dust, or dirt.

Meanwhile, we must use morphological characters
independent of hypsodonty to test grazing hypotheses for
these hypsodont herbivores. One such morphological feature
that appears to be independent of hypsodonty, but associ-
ated with grazing is muzzle width (Gwynne and Bell, 1968;
Solounias et al., 1993). Shockey (1997) noted the broad muz-
zle of Pascualihippus and argued that it, in the context of the
animal’s hypsodont dentition, indicated that grass was a sig-
nificant portion of the animal’s diet (indeed, the generic name,
in addition to honoring Rosendo Pascual, means “grazing
horse”) (y-level hypothesis). The toxodontid Proadinotherium
saltoni also had a broad cropping dentition and hypsodont
teeth, providing two lines of evidence suggestive of grazing
(y-level hypothesis).

The smaller notoungulates (interatheres, archaeohyrac-
ids, hegetotheres) have hypsodont-to-hypselodont dentitions,
suggestive of grazing, but they have narrow muzzles, sugges-
tive of more selective feeding. Also, due to their small body
size with the implied high mass specific metabolic rate, it is
unlikely that they could have obtained the quality of nutrients
they would have required from grasses alone. Thus, we ten-
tatively characterize them as being selective feeders, foraging
upon richer food items (seeds, fruits, tubers and protein and
calorie-rich new-growth, leafy material) at ground level (o
level hypothesis).

7.4.1.6 Immigrant Taxa

Rodents of Salla are numerous and diverse but nothing is
known of their postcranial skeletons, other than that we have
referred a couple of proximal tarsals to the order, but not to
any particular genus. We offer no hypotheses regarding their
locomotion or feeding ecology at this time.

The impulse to assume that the monkey Branisella was
arboreal is tempered by the evidence provided by Kay et al.
(2002). Based upon the relatively high crowned teeth and the
low primate diversity at Salla, they interpret Branisella as
being more terrestrial than other platyrrhines. This evidence,
along with some details of the sediments, were used to
suggest that Salla was dry and not forested, an interpretation
consistent with the interpretation of MacFadden, 1990, but at
odds with the results of the body size distribution analysis of
Croft (2001; discussion below).

7.4.2 Paleoecology of Salla

There is a near consensus that the habitat of Salla was fairly
open and dry, with much grass and scattered patches of brush
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and trees. Such would explain the numerous hypsodont taxa,
which include nearly all of the numerous notoungulates, as
well as the marsupial Proargyrolagus, and (relative to other
primates) Branisella. However, we note the small body size of
most of the hypsodont notoungulates, animals that may have
had difficulty getting enough nutrients to fuel their presuma-
bly high mass specific metabolic rates if they were feeding on
grass. Of the larger hypsodont notoungulates, Trachytherus
had a narrow muzzle, suggestive of specialized feeding, and it
was almost certainly a digger. Their high crowned teeth may
have just served to protect the animal against the rapid tooth
wear caused be eating dirt-covered vegetation, rather than
phytolith-filled grasses. Of the larger notoungulates, only
Pascualihippus and Proadinotherim show independent evi-
dence of grazing — their broad muzzle, a character also seen
in the hypsodont/hypselodont mylodontid sloth.

Croft (2001) showed that the distribution of body size of
the herbivores of Salla was similar to body size distributions
seen in extant, forested habitats but distinct from the patterns
of modern arid regions. He was conscious that his findings
were in conflict with the prevailing hypotheses and suggested
that the slope of his cenogram could have been artificially
flattened since it included taxa from all horizons. That is,
there was not a single Salla fauna, but a dynamic fauna that
changed over time.

Given that the Salla Beds contain up to 600 m of sediments,
deposited over a time span of about 3 million years (MacFadden
et al., 1985), it is probably inappropriate to discuss the
paleoecology of Salla as if it were a single phenomenon.
Clearly, the depositional environment changed over time and
work in progress suggests that there were some changes in
the fauna, though many taxa are found at all horizons. In the
mean time, caveats must accompany any comments about the
environment of Salla.

7.4.3 Phylogenetic Considerations
7.4.3.1 Xenarthrans

The occurrence of the complex (medial ball-and-socket/lateral
sliding) knee joint in Tertiary glyptodonts and sloths (Shockey,
1999; Salas et al., 2005) presents an interesting problem. This
morphology is absent in armadillos and pampatheres. The cur-
rent and essentially universally accepted dichotomous model of
xenarthran phylogeny (armored cingulates vs. hairy pilosans)
is incompatible with any suggestion that the complex knee
articulation of cingulated glyptodonts and pilosan sloths is
homologous. Thus, one might assume that the complex, rotary
knee joint of sloths and glyptodonts evolved independently.
With much curiosity and some discomfort, we include the com-
plex knee joint as a homoplasy among sloths and glyptodonts;
along with other such similar distinctive structures, including
their fused mandibular symphyses with mandibular spout, deep
mandibles, short and wide nasals, descending process of the
jugal, and the tri-lobe (“carved tooth”) nature of glyptodonts
and the most primitive sloths known, Pseudoglyptodon
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sallaensis of Salla and P. chilensis, from the early Oligocene
Tinguirirican fauna (McKenna et al., 2006).

7.4.3.2 Notoungulata

The interatheriid tarsus reveals problems for systematists.
Although the interatheriids had been almost universally con-
sidered to be nested within the Typotheria (e.g., Simpson,
1945; Cifelli, 1993; but see Reguero, 1999 for another inter-
pretation), they have several derived tarsal traits that occur in
the “advanced Toxodontia” (sensu Cifelli, 1993; = leontiniids,
notohippids, and toxodontids), but not Typotheria. These
tarsal characters include the well-developed calcaneofibular
articulation, which is dorsoventrally oriented (rather than
oblique), absence of the astragalar peroneal process, nearly
vertical lateral and medial walls of the astragalar body, and
the steeply inclined orientation of the articulation of the
calcaneum and astragalus at their ectal (lateral) contact.
Characters of the tarsus were not included in the phylogenetic
analysis of Reguero (1999), thus, our finding here provide
independent support for the exclusion of the Interatheriidae
from Typotheria.

These shared characteristics of the interatheriid and
“advanced Toxodontia” tarsus is significant. If they are indeed
homologous, it will have a profound effect on our interpreta-
tions of the inter-familial relationships of notoungulates. It
would suggest that interatheriids are more closely related to
the “advanced Toxodontia”, which would have even broader
implications, since this Toxodontia-interatheriid form is quite
similar to the tarsus of the Arctostylopida (Cifelli et al., 1989;
Missiaen et al., 2006; and discussion below). If, instead, this
suite of characters represents a homoplasy, then it evolved
independently evolved at least three times (Arctostylopida,
“advanced Toxodontia”, and interatheriids [and similar to the
lagomorph morphology]), and it likely suggests a tarsal form
required when near equal forces are transmitted through the
fibula-calcaneum and the tibia-astragalus.

The similarities of the Toxodontia-interatheriid form to
that of the Arctostylopida are of interest. The Arctostylopida
are a small group of ungulates, mostly from Asia but
represented in North America by Artostylops (see Cifelli and
Schaff, 1999 for a review of the Arctostylopida). Initially,
arctostylopids were regarded as being notoungulates (e.g.,
Matthew, 1915; Simpson, 1945), but later students of the
groups generally regarded the dental similarities between
Artostylopida and notoungulates to represent homoplasies
(Cifelli et al., 1989; Cifelli and Schaff, 1999; Missiaecn
et al., 2006), largely based upon differences in the tarsi of
notoungulates and arctostylopids.

Previous comparisons of the arctostylopid tarsus to that of
notoungulates have noted significant differences (Cifelli et
al., 1989; Missiaen et al., 2006). However, these authors used
the putative primitive notoungulate form (e.g., Colbertia) to
compare notoungulates with the actostylopid, Paleostylops
(= Gashatostylops of Cifelli et al., 1989). Cifelli et al.
(1989) at least noted the presence of the arctostylopid-like
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calcaneofibular joint of “advanced Toxodontia”, but reasoned
that this would have evolved too late (perhaps not until the
Oligocene) to have any relevance on the arctostylopid-not-
oungulate question. However, they were not aware of the
same form occurring in interatheriids. This form is unknown
prior the Oligocene, but if it is homologous with that of the
“advanced Toxodontia”, then its origins must have occurred
much earlier. Even if the interatheriid form is not homologous
with that of the Toxodontia, the record of the interather-
iids goes back to the Riochican (Cifelli, 1993; generally
regarded as Paleocene). If these early Tertiary notopithicine
interatheriids had a similar form, then it would be most
relevant in regard to the arctostylopid-notoungulate problem.
Unfortunately, however the tarsus of these Paleocene-Eocene
notopithicine interatheriids remains unknown. Indeed, prior
to this report, the oldest record of any interatheriid tarsus was
Santacrucian, early-middle Miocene [Sinclair, 1909]).

Bloch (1999) reported on the discovery of a partial
skeleton of the North American arctostylopid, Arctostylops.
He noted several tarsal characters that he regarded as
putative synapomorphies to unite arctostylopids with notoun-
gulates. These included astragalus with tibial protuberance
and elongated, constricted neck with oblique dorsal ridge,
and calcaneum with proximally positioned sustentaculum).
Since he had compared the tarsus of Arctostylops with the
primitive notoungulate morphotype, he listed the “steeply
inclined ectal facet” of arctostylopids as being different from
the form of notoungulates. The steeply inclined ectal facet
of the Toxodontia-interatheriid morphotype negates that
difference and strengthens Bloch’s argument for artostylopid-
notoungulate affinities. We also add the well-developed,
anteroposteriorly oriented fibular facet of the calcaneum, the
lack of astragalar peroneal process, and the nearly vertical
medial and lateral walls of the astragalar body to Block’s list
of putative synapomorphies. Further study of the skeleton of
Arctostylops and the postcrania of notoungulates should help
resolve this interesting notoungulate-arctostylopid problem.

7.4.4 Concluding Remarks

Regarding Salla, Simpson (1984:p. 214) wrote: “A needed
monograph, including all the species present in the various
collections, has not yet been published.” Such a work is still
wanting, but we hope that our efforts here will serve in the
interim to better document the varied and curious fauna of
Salla.

This overview of the Salla fauna includes a review of
previous works of Salla and a report of some of our new
findings. The new includes Fredszalaya hunteri gen. et.
sp. nov.; stratigraphic context for one of the last surviving
proborhyaenines (Paraborhyaena) with the observation that
it had a single pair of incisors; the first description of the
peltephilid of Salla (with the documentation of the unfused
mandibular symphysis); the documentation of one of the
oldest mylodontid skulls; the significant elongation of Mt



7. Postcranial Osteology of Mammals from Salla, Bolivia (Late Oligocene): Form, Function, and Phylogenetic Implications 153

III of a Deseadan proterotheriid; the macraucheniid patella
that provides an example of form resulting from function
(essentially proving that Deseadan macraucheniids had
knee locks); the analysis of interatheriid tarsals (casting
doubt upon its classification as a typothere and suggesting
a closer relationship with Toxodontia and raising the prob-
lematic possibility of a notoungulate-arctostylopid relation-
ship); the first descriptions of the tarsals of Pascualihippus,
Eurygenium, Prohegetotherium, and the unnamed interather-
iids of Salla; as well as the distal femur of Proadinotherium
along with the description of the new species of toxodontid,
P. saltoni.

In addition to being a review and to documenting new data,
we like to think of this work as being a preview of works
to come. We have noted some of our works in progress and
those of some of our colleagues. Perhaps most importantly, we
should note work in the Tinguirirican faunas (early Oligocene),
which has great potential for resolving some of the current con-
flicts regarding some of the phylogenetic hypotheses.

We are conscious of the fact that we have raised more
questions than illuminated answers (e.g., the complexities
regarding peltephilid biology, phylogenies of interatheres and
arctostylopids, and the function of notoungulate hypsodonty)
and hope to see continued works regarding these varied
and interesting problems. We have deferred (i.e., avoided)
paleoecological conclusions and note work in progress by D.
Croft and ourselves.

Appendix

A saying in Bolivia goes, “Chancho limpio nunca engorda
(the clean pig never fattens).” The relevance here is that
some answers still lie in the field, at Salla and at other
Tertiary localities of South America, and that we and other
investigators need to continue to soil ourselves with Tertiary
sediments in order to resolve some of these little mysteries of
life on that ancient, “lost” continent.
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Metric data (mm) of proximal tarsals and other elements of taxa discussed in text

Proximal tarsals

Taxon Specimen ID Astragalus Length Trochlear Width Calcaneum Length
Marsupialia

Fredszalaya hunteri UF 172501 - - 33.2
Xenarthra

cf. Peltephilus sp. UF 93515 15.3 12.7 -
Pyrotheria

Pyrotherium macfaddeni UF 172765 - - 150
Litopterna

Coniopternium sp. UF 172426 38.4 25.5 88.5
Notoungulata

Trachytherus alloxus UF 172437 35 15.4 -
Trachytherus alloxus MNHN-Bol-F-94-k 37.5 14.7 -
Trachytherus alloxus UF 90960 34.6 14.8 58.8
Trachytherus alloxus UF 172514 - - 66.7
Prohegetotherium schiaffinoi UF 172502 15.1 7.1 67.3
Prohegetotherium schiaffinoi UF 172445 15.9 7.2 -
Archaeohyracid UF 176069 20.0 8.5 -
Archaeohyracid UF 176089 19.8 8.6 -
Interatheriid, large sp. UATF-V-000132 17.5 7.8 29.2
Interatheriid, large sp. UF 173247 17.7 7.5 -
Interatheriid, small sp. UF 172970 - - 20.8

(continued)
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Appendix (continued)

Taxon Specimen ID Astragalus Length Trochlear Width Calcaneum Length
Eurygenium pacegnum UF 172432 32.7 16.0 59.6
Eurygenium pacegnum Bol-V-003644 - - 54.0
Eurygenium pacegnum Bol-V-004077 26.3 15.0 -

cf Pascualihippus boliviensis UF 172410 39.6 17.9 74.5

Other elements

Taxon Specimen ID Element L w
Marsupialia
Fredszalaya hunteri* UF 172501 C-nuchal crest 162 -
C-M4 34 -
P3 8.8 6.4
Ml (7.5) 6.5
M2 9.5 7.6
M3 10.3 9.1
M4 4.8 8.8
Xenarthra
Peltephilid (unnamed taxon) UF 93586 mf1-mf7 32.5
UF 93587 mf “0” — mf7 34.0
PU 21143 mf “0” — mf7 40.5
UF 93515 Mt 11 23.7 6.3 (proximal)
Mt 11T 25.1 6.1 (prox.)
Mt IV 24.0 6.0 (prox.)
Mylodontid (unnamed genus) UATF-V-127 Cf-Mf4 67.1 -
Mf1 13.2 10.1
Mf2 14.0 11.6
Mf3 19.3 13.0
Mf4 (=10) (=10)
Litopterna
Coniopternium spp. UF 149207 Humerus 158 40 (condyles)
MNHN-Bol-
V-004502 Femur 238 48 (condyles)
MNHN-Bol-
(no #) Fémur 265 -
UF 172425 Mt III 118 -
Notoungulata
Trachytherus alloxus UF 91933 Humerus 185 66
UF 90960 Humerus 146 55
Mt III 60 -
Femur 179 -
Prohegetotherium schiaffinoi UF 172502 Mt II 28.8 6.0
Mt III 329 6.1
Mt 1V (32) 5.5
UF 172445 Femur 91.3 20.2
Interatheriid, large sp. UATF-V-132 Mt III - 7.5 (proximal)
Mt 1V - 7.0 (prox.)
MtV - 3.5 (prox.)
Eurygenium pacegnum MNHN-Bol-
V-3644 Humerus 156 -
radius 126 -
Mc II 52.1 -
Mc III 52.1 -
Mc IV 48.5 -
Mc V (30) -
Femur 175 -
Tibia 164 -
Mt III 44.5 -
Mt 1V 443 -
MtV 42.5 -

(continued)
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Taxon Specimen ID Element L w
Proadinotherium saltoni* UF 149222 il 8.4 4.8
i2 11.8 4.8

i3 (13) 4.6

c 6.9 2.5

pl 5.5 3.5

p2 8.5 43

p3 9.5 55

pd 10.8 6.5

ml 12.6 6.9

m2 16.9 6.8

m3 23.0 6.9

2Holotype

References

Ameghino, F., 1891. Nuevos restos mamiferos fosiles descubiertos
por Carlos Ameghino en el eoceno inferior de Patagonia austral.
Revista Argentina Historia Natural 1, 289-328.

Ameghino, F., 1895. Premiére contribution la connaissance de la
fauna mammalogique de couches a Pyrotherium. Boletin Instituto
Geografico Argentino 15, 603-660.

Ameghino, F., 1897. Mammiferes crétacés de 1’ Argentine. Deuxieme
contribution a la connaissance de la fauna mammalogique de
couches a Pyrotherium. Boletin Instituto Geogréfico Argentino
18, 406-521.

Ameghino, F., 1904. Nuevas especies de mamiferos, cretdceos y ter-
ciarios de la Reptiblica Argentina. Anales de Sociedad de Ciencias
de Argentina, Buenos Aires 56, 193-208.

Ameghino, F., 1934 (originally published in 1910). Geologia,
paleogeografia, paleontologia y anthropologia de la Republica de
Argentina. Obras Completas 18, 1-317.

Argot, C., 2003. Functional adaptations of the postcranial skeleton of
two Miocene borhyaenoids (Mammalia, Metatheria), Borhyaena and
Prothylacynus, from South America. Palacontology 46, 1213-1267.

Baird, D., Woodburne, M., Lawrence, A., 1966. Pyrotherium and
other mammals from Bolivia. Society of Vertebrate Paleontology
News Bulletin 77, 18.

Babot, J., Powell, J. E., Muizon, C. de., 2002. Callistoe vincei, a new
Proborhyaenidae (Borhyaenoidea, Metatheria, Mammalia) from
the early Eocene of Argentina. Geobios 35, 615-629.

Billet, G., Muizon, C. de, Mamani, B. 2008. Late Oligocene mes-
otheriids (Mammalia, Notoungulata) from Salla and Lacayani
(Bolivia): implications for basal mesotheriid phylogeny and distri-
bution. Zoological Journal of the Linnean Society 152, 153-200.

Bloch, J. L., 1999. Partial skeleton of Arctostylops from the Paleocene
of Wyoming: arctostylopid-notoungulate relationship revisited.
Journal of Vertebrate Paleontology 19 (Supplement), 32a.

Chaffee, R. G., 1952. The Deseadan vertebrate fauna of the Scarritt
Pocket, Patagonia. Bulletin of the American Museum of Natural
History 98, 509-562.

Cifelli, R. L., 1983. Eutherian tarsals from the late Paleocene of
Brazil. American Museum Novitates 2761, 1-31.

Cifelli, R. L., 1993. The phylogeny of native South American ungu-
lates. In: Szalay, F. S., Novacek, M. J., McKenna, M. C. (Eds.),
Mammal Phylogeny, Volume 2: Placentals. Springer, New York.

Cifelli, R., Schaff, C. R., 1999. Arctosylopida. In: Janis, J. M., Scott,
K. M., Jacobs, L. L. (Eds.), Evolution of Tertiary mammals of
North America, Volume 1: Terrestrial Carnivores, Ungulates, and

Ungulatelike Mammals. Cambridge University Press, Cambridge,
pp. 332-336.

Cifelli, R., Soria, M. 1983a. Notes on Deseadan Macraucheniidae.
Ameghinana 20, 141-153.

Cifelli, R., Soria, M. 1983b. Systematics of the Adianthidae
(Litopterna, Mammalia). Novitates 2771, 1-25.

Cifelli, R., Schaff, C. R., McKenna, M. C., 1989. The relationships
of the Arctostylopida (Mammalia): new data and interpretation.
Bulletin of the Museum of Comparative Zoology 152, 1-44.

Croft, D. A., 2001. Changing environments in South America as
indicated by mammalian body size distributions (cenograms).
Diversity and Distributions 7, 271-278.

Delsuc, F., Catzeflis, F. M., Stanhope, M. J., Douzery, E. J. P., 2001.
The evolution of armadillos, anteaters, and sloths depicted by
nuclear and mitochondrial phylogenies: implications for the status
of the enigmatic fossil Eurotamandua. Proceedings of the Royal
Society of London B 268, 1605-1615.

Flynn, J. J., Wyss, A. R., 1998. Recent advances in South American
mammalian paleontology. Trends in Ecology and Evolution 13,
449-454.

Gaudry, A., 1906. Fossiles de patagonie, etude sur un portion du
monde Antarctique. Annales de Pale6ntologue 2, 101-143.

Goin, F. J., Sanchez-Villagra, M. R., Abello, A., and Kay, R. F.
2007. A new generalized paucituberculatan marsupial from the
Oligocene of Bolivia and the origin of “shrew-like” opossums.
Palaeontology 50, 1267-1276.

Greaves, W. S., 1995. Functional predictions from theoretical mod-
els of the skull and jaw in reptiles and mammals. In: Thomason,
J. J. (Ed.), Functional Morphology in Vertebrate Paleontology.
Cambridge University Press, Cambridge, pp. 99-115.

Gwynne, M. D., Bell, R. H. V., 1968. Selection of vegetation compo-
nents by grazing ungulates in the Serengeti National Park. Nature
220, 390-393.

Hermanson, J., MacFadden, B. J., 1996. Evolutionary and functional
morphology of the knee in fossil and extant horses (Equidae).
Journal of Vertebrate Paleontology 16, 349-357.

Hildebrand, M., 1985. Digging in quadrupeds. In: Hildebrand, M.,
Bramble, D. M., Liem, K. F., Wake, D. B. (Eds.), Functional
Vertebrate Morphology. Belknap, Cambridge, MA/London, pp.
89-109.

Hitz, R., 1997. Contributions to South American mammalian pale-
ontology: new interathres (Notoungulata) from Chile and Bolivia,
typothere phylogeny, and paleosols from the late Oligocene
Salla Beds. Ph.D. dissertation, University of California, Santa
Barbara.



156

Hoffstetter, R., 1968. Un gisement de mammifere Déséadiens
(Oligocene Inférieur) en Bolivie. Comptes rendus des séances de
I’ Académie des Sciences 267D, 1095-1097.

Hoffstetter, R., 1969. Un primate de I’Oligocene Inférieur sud-
américain: Branisella boliviana gen. et sp. nov. Comptes rendus
des séances de 1’ Académie des Sciences 269, 434-437.

Hoffstetter, R., 1976. Rongeurs caviomorphes de 1I’Oligocene de
Bolivie. Paleovertebrata 7, 1-14.

Hoffstetter, R., Lavocat, R., 1970. Découverte dans le Déséadien de
Bolivie de genres pentalophodontes appuyant les affinités afric-
aines des Rongeurs Caviomorphes. Comptes rendus des séances
de I’ Académie des Sciences 273, 2215-2218.

Hoffstetter, R., Petter, G. 1983. Paraborhyaena boliviana et
Andinogale sallensis, deux Marsupiaux (Borhyaenidae) nou-
veaux du Désédien (Oligocéne Infériur) de Salla (Bolivie).
Comptes rendus des séances de 1’Académie des Sciences 296,
205-208.

Janis, C., 1995. Correlations between craniodental morphology and
feeding behavior in ungulates: reciprocal illumination between
living and fossil taxa. In: Thomason, J. J. (Ed.), Functional mor-
phology in vertebrate paleontology, Cambridge University Press,
Cambridge, pp. 76-98.

Kappelmann, J., 1988. Morphology and locomotor adaptations of
the bovid femur in relation to habitat. Journal of Morphology
198, 119-130.

Kay, R. F., MacFadden, B. J., Madden, R., Sandeman, H., Anaya, F.,
1998. Revised age of the Salla beds, Bolivia, and its bearing on
the age of the Deseadan South American Land Mammal “Age.”
Journal of Vertebrate Paleontology 18, 189-199.

Kay, R. F., Williams, B. A., Anaya, F.,, 2002. The adaptations of
Branisella boliviana, the earliest South American monkey. In:
Plavcan, J. M., Kay, R. F.,, Jungers, W. L., van Schaik, C. P. (Eds.),
Reconstructing behavior in the primate fossil record. Kluwer/
Plenum, New York, pp. 339-370.

Kraglievich, L., 1932. Nuevos apuntes para la geologia y pale-
ontologia uruguayas. Anales del Museo de Historia Natural de
Montevideo 3, 1-65.

Lavocat, R., 1976. Rongerus caviomorphes de I’Oligocene de
Bolivie. II. Rongeurs de Bassin Déséadien de Salla-Luribay.
Palaeovertebrata 7, 15-90.

Loomis, F., 1914. The Deseado Formation of Patagonia. Rumford
Press, Concord, NH.

MacFadden, B. J., 1990. Chronology of Cenozoic primate localities
in South America. Journal of Human Evolution 19, 7-22.

MacFadden, B. J., 2000. Origin and evolution of the grazing guild in
Cenozoic New World terrestrial mammals. In: Sues, H.-D. (Ed.),
Evolution of Herbivory in Terrestrial Vertebrates: Perspectives
from the Fossil Record. Cambridge University Press, Cambridge,
pp. 223-244.

MacFadden, B. J., Campbell, K. E., Cifelli, R. L., Siles, O., Johnson,
N. M., Maeser, C. W., Zeitler, P. K., 1985. Magnetic polar-
ity stratigraphy and mammalian fauna of the Deseadan (Late
Oligocene-Early Miocene) Salla beds of northern Bolivia. Journal
of Geology 93(3), 223-250.

McDonald, H. G., 1997. Xenarthrans: pilosans. In: Kay, R. F,
Madden, R. H., Cifelli, R., Flynn, J. J. (Eds.), Vertebrate
Paleontology in the Neotropics. The Miocene Fauna of La Venta,
Colombia, pp. 233-245.

McKenna, M. C., Bell, S. K., 1997. Classification of Mammals
above the Species Level. Columbia University Press, New York.

B.J. Shockey and F. Anaya

McKenna, M. C., Wyss, A., Flynn, J. J., 2006. Paleogene pseudog-
lyptodont xenarthrans from central Chile and Argentine Patagonia.
American Museum Novitates 3536, 1-18.

Marshall, L. G., 1977. A new species of Lycopsis (Borhyaenidae;
Marsupialia) from the La Venta fauna (late Miocene) of Colombia,
South America. Journal of Paleontology 51, 633-642.

Marshall, L. G., 1978. Evolution of the Borhyaenidae, extinct
South American predaceous marsupials. University of California
Publications in Geological Sciences 117, 1-89.

Marshall, L. G., 1979. Review of the prothylacyninae, an extinct
subfamily of South American “dog-like” marsupials. Fieldiana,
Geology New Series 3, 1-50.

Marshall, L. G., Cifelli, R. L., Drake, R. E., Curtis, G. H., 1984.
Vertebrate paleontology, geology, and geochronology of the
Tapera de Lopez and Scarritt Pocket, Chubut Province, Argentina.
Journal of Paleontology 60, 920-951.

Matthew, W. D., 1915. A revision of the lower Eocene Wasatch
and Wind River faunas, Part IV: Entelonychia, primates, insec-
tivora. Bulletin of the American Museum of Natural History 34,
429-483.

Missiaen, P., Smith, T., Guo, D.-Y., Bloch, J. 1., Gingerich, P.
D., 2006. Asian gliriform origin for arctostylopid mammals.
Naturwissenschaften 93, 407—411.

Mone, A., Urbilla, M., 1978. La edad Deseadense (Oligoceno
Inferior) de la Formacién Fray Bentos y su contenido paleontolog-
ico, con especial referencia a la presencia de Proborhyaena cf.
gigantea Ameghino (Marsupialia:Borhyaenidae) en el Uruguay.
Nota preliminary. Comunicaciones Paleontoldgicas del Museo de
Historia Natural de Montevideo 1, 151-158.

Moore, D. M., 1978. Post-glacial vegetation in the South Patagonian
territory of the giant ground sloth, Mylodon. Botanical Journal of
the Linneaen Society 77, 177-202.

Pascual, R., Ortiz Jaureguizar, O. E., 1990. Evolving climates and
mammal faunas in Cenozoic South America. Journal of Human
Evolution 19, 23-60.

Patterson, B., Marshall, L., 1978. The Deseadan, early Oligocene,
Marsupialia of South America. Fieldiana Geology 42, 37-100.
Patterson, B., Pascual, R., 1972. The fossil mammal fauna of South
America. In: Keast, A., Erk, F. C., Glass, B. (Eds.), Evolution,
Mammals, and Southern Continents. State University of New

York Press, Albany, NY, pp. 247-309.

Patterson, B., Wood, A., 1982. Rodents from the Deseadan Oligocene
of Bolivia and the relationships of the Caviomorpha. Bulletin of
the Museum of Comparative Zoology 149, 371-543.

Pujos, F., De luliis, G., 2007. Late Oligocene Megatherioidea fauna
(Mammalia: Xenarthra) from Sall-Luribay (Bolivia): new data on
basal sloth radiation and Cingulata-Tardigrada split. Journal of
Vertebrate Paleontology 27(1), 132-144.

Reguero, M., Cerdefio, E., 2005. New late Oligocene Hegetotheriidae
(Mammalia, Notoungulata) from Salla, Bolivia. Journal of
Vertebrate Paleontology 25(3), 674-684.

Reguero, M., Croft, D., Flynn, J. J., Wyss, A. R., 2003. Small archae-
ohyracids (Typotheria, Notoungulata) from Chubut Province,
Argentina, and central Chile: implications for trans-Andean tem-
poral correlation. Fieldiana (Geology) New Series 48, 1-17.

Reguero, M. A., 1999. El problema de las relaciones sistematicas
y filogenéticas de los Typotheria y Hegetotheria (Mammalia,
Notoungulata): andlisis de los taxones de Patagonia de la Edad-
mamifero Deseadense (Oligoceno). Ph.D. dissertation. Universidad
de Buenos Aires.



7. Postcranial Osteology of Mammals from Salla, Bolivia (Late Oligocene): Form, Function, and Phylogenetic Implications

Rose, K. E., 1999. Postcranial skeleton of Eocene Lepticidae
(Mammalia), and its implications for behavior and relationships.
Journal of Vertebrate Paleontology 19, 355-372.

Rosenberger, A. L., Hartwig, W. C., Wolff, R. G., 1991. Szalatavus
attricuspis, an early platyrrhine primate. Folia Primatolology 56,
225-233.

Ross, C. F, Lockwood, C. A., Fleagle, J. G., Jungers, W. L. 2002.
Adaptation and behavior in the primate fossil record. In: Plavcan,
J. M., Kay, R. F, Jungers, W. L., van Schaik, C. P. (Eds.),
Reconstructing Behavior in the Primate Fossil Record. Kluwer/
Plenum, New York, pp. 1-41.

Rudwick, M. J. S., 1964. The inference of function from structure in
fossils. British Journal of Philosophy of Science 15, 27—40.

Salas, R., Pujos, F., de Muizon, C., 2005. Ossified meniscus and
cyamofabella in some fossil sloths: a morpho-functional interpre-
tation. Geobios 38, 389-394.

Sanchez-Villagra, M., Kay, R. F. 1997. A skull of Proargyrolagus,
the oldest argyrolagid (late Oligocene Salla Beds, Bolivia), with
brief comments concerning it paleobiology. Journal of Vertebrate
Paleontology 17, 717-724.

Scott, W. B., 1903-1904. Mammalia of the Santa Cruz beds. I.
Edentata. Reports of the Princeton University Expeditions to
Patagonia, 1896-1899, Princeton and Stuttgard 5, 1-364.

Scott, W. B., 1912. Toxodonta of the Santa Cruz Beds. Reports of
the Princeton University Expeditions to Patagonia, 1896—1899,
Princeton and Stuttgard 6, 111-300.

Scott, W. M., 1930. A partial skeleton of Homalodontotherium from
the Santa Cruz Beds of Patagonia. Memoire Field Museum of
Natural History, Geology 1, 1-34.

Shockey, B. J., 1997. Two new notoungulates (Family Notohippidae)
from the Salla Beds of Bolivia (Deseadan: Late Oligocene):
Systematics and functional morphology. Journal of Vertebrate
Paleontology 17, 584-599.

Shockey, B. J., 1999. Postcranial osteology and functional morphol-
ogy of the Litopterna of Salla, Bolivia (late Oligocene). Journal of
Vertebrate Paleontology 19, 383-390.

Shockey, B. J., 2001. Specialized knee joints in some extinct,
endemic, South American herbivores. Acta Palaeontologica
Polonica 46, 277-288.

Shockey, B. J., 2005. New leontiniids (Class Mammalia, Order Noto-
ungulata) from the Salla Beds of Bolivia (Deseadan, late Oligocene).
Bulletin of the Florida Museum of Natural History 45, 249-260.

Shockey, B. J., Anaya, E., 2004. Pyrotherium macfaddeni, sp. nov.
(late Oligocene, Bolivia) and the pedal morphology of pyrotheres.
Journal of Vertebrate Paleontology 24, 481-488.

Shockey, B. J., Hitz, R., Bond, M., 2004. Paleogene notoungulates
from the Amazon Basin of Peru. Natural History Museum of Los
Angeles County, Science Series 40, 61-69.

Shockey, B. J., Salas, R., Quispe, R., Flores, A., Sargis, E. J., Acosta,
J., Pino, A., Jarica, N., Urbina, M., 2006. Discovery of Deseadan
fossils in the Upper Moquegua Formation (late Oligcene-?early
Miocene) of southern Perd. Journal of Vertebrate Paleontology
26, 205-208.

Shockey, B. J., Croft, D. A., Anaya, F., 2007. Analysis of function
in absence of extant functional homologues: a case study of mes-
otheriid notoungulates. Paleobiology 33, 227-247.

Simpson, G. G., 1945. The principles of classification and a classifi-
cation of mammals. Bulletin of the American Museum of Natural
History 85, 1-350.

157

Simpson, G. G., 1970. The argyrolagidae, extinct South American mar-
supials. Bulletin of the Museum of Comparative Zoology 139, 1-86.

Simpson, G. G., 1980. Splendid Isolation: the Curious History of South
American Mammals. Yale University Press, New Haven, CT.

Simpson, G. G., 1984. Discovers of the Lost World: an Account
of Some of Those Who Brought Back to Life South American
Mammals Long Buried in the Abyss of Time. Yale University
Press, New Haven, CT.

Sinclair, E. J., 1906. Mammalia of the Santa Cruz beds: Marsupialia.
Reports of the Princeton University Expeditions to Patagonia 4(3),
333-460.

Sinclair, E. J., 1909. Typotheria of the Santa Cruz Beds. Reports of
the Princeton University Expeditions to Patagonia, 1896-1899,
Princeton and Stuttgard 6, 1-110.

Solounias, N., Teaford, M., Walker, A., 1993. Interpreting the
diets of extinct ruminants: the case of a non-browsing giraffid.
Paleobiology 14, 287-300.

Soria, M. F.,, Alvarenga, H., 1989. Nuevos restos de mamiferos de la
Cuenca de Taubaté, Estado de Sdo Paulo, Brazil. Anais Académia
Brasileira de Ciéncias 61, 157-175.

Soria, M. F., Hoffstetter, R., 1983. Présence d’un Condylarthre
(Salladolodus deuterotheriodes gen. et sp. nov.) dan le Déséadien
de Salla, Bolivie. Comptes rendus des séances de 1’ Académie des
Sciences 297, 549-552.

Stehli, F. G., Webb, S. D., 1985. The Great American Biotic
Interchange. Plenum, New York.

Stebbins, G. L., 1981. Coevolution of grasses and herbivores. Annals
of the Missouri Botanical Garden 68, 75-86.

Sydow, H. K., 1988. Postcranial skeleton of Trachytherus (Mammalia,
Notoungulata) with an evaluation of dentition. Masters thesis,
Department of Geology, University of Florida, Gainesville, FL.

Szalay, F. S., 1985. Rodent and lagomorph morphotype adaptations,
origins and relationships: some postcranial attributes analyzed.
In: Luckett, W. P., Hartenbergber, J.-L. (Eds.), Evolutionary
Relationships among Rodents — a Multidisciplinary Analysis.
Plenum, New York.

Szalay, F. S., 1994. Evolutionary History of the Marsupials and an
Analysis of Osteological Characters. Cambridge University Press,
Cambridge.

Takai, M., Anaya, F., 1996. New specimens of the oldest fossil
platyrrhine, Branisella boliviana from Salla, Bolivia. American
Journal of Physical Anthropology 99, 301-318.

Villarroel, C., Marshall, L. G., 1982. Geology of the Deseadan (early
Oligocene) age Estratos Salla in the Salla-Luribay Basin, Bolivia,
with description of new Marsupialia. Geobios, Mémoire Spécial
6,201-211.

Vizcaino, S. F., Farina, R. A., 1997. Diet and locomotion of the
armadillo Peltephilus: a new view. Lethaia 30, 70-86.

Witmer, L. M., 1995. The extant phylogenetic bracket and the
importance of reconstructing soft tissues in fossils. In: Thomason,
J. J. (Ed.), Functional Morphology in Vertebrate Paleontology,
Cambridge University Press, New York, pp. 19-33.

Wolff, R. G., 1984a. New specimens of the primate Branisella
boliviana from the early Oligocene of Salla, Bolivia. Journal of
Vertebrate Paleontology 4, 570-574.

Wolff, R. G., 1984b. New early Oligocene Argyrolagidae (Mammalia,
Marsupialia) from Salla, Bolivia. Journal of Vertebrate
Paleontology 4, 108-113.



8. Evolution of the Proximal Third Phalanx
in Oligocene-Miocene Equids, and the Utility
of Phalangeal Indices in Phylogeny

Reconstruction

Jay A. O’Sullivan*

Department of Exercise Science and Sport Studies

University of Tampa

401 West Kennedy Boulevard
Tampa, FL 33606, USA
Jjosullivan@ut.edu

8.1 Introduction

The late Oligocene — early Miocene of Florida contain
Miohippus, Archaeohippus, Anchitherium, and Parahippus,
equid genera that possess and define many of the character
state transitions that occurred between advanced anchither-
iine and primitive equine horses. Although much previous
research regarding Archaeohippus has emphasized its unique-
ness, the genus is equally interesting for those characters that
suggest its affinities to other taxa.

The affinities of Archaeohippus are obscured in part by
a complicated taxonomic history. Specimens of this small,
brachydont Miocene horse were first mentioned in publication
by Cope (1886) from the early Barstovian Mascall Fauna of
Oregon. Cope named the species ultimus, and assigned it to
Anchitherium, a genus of large, tridactyl Miocene horses with
brachydont teeth. Osborn (1910) placed both Anchitherium
and Archaeohippus in the grossly paraphyletic subfamily
“Anchitheriinae,” what I will refer to as “Anchitheriinae” sensu
lato (ASL). Osborn’s (1910) formulation of this subfamily also
included Mesohippus, Miohippus, Parahippus, and Hypohippus,
as well as the European palaeothere Anchilophus. The inclu-
sion of the palaeothere renders this concept of the subfamily
polyphyletic. In a more recent review of Osborn’s grouping
(MacFadden, 1992), ASL is defined as those horses with fully
molarized P2-M3 that lack the dental characters that define the
subfamily Equinae (Hulbert, 1989; Hulbert and MacFadden,
1991). This gradistic concept is MacFadden’s (1992, 1998)
paraphyletic “Anchitheriinae,” derived from Osborn’s (1910)
definition and used by many museum collections today. Thus,
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ASL includes the late Eocene-Oligocene genus Mesohippus, its
Oligocene-Miocene descendent Miohippus, and at least eight
genera derived from one or more species of Miohippus (and
perhaps Mesohippus). These taxa comprise the Arikareean
anchithere radiation (AAR) of the New and Old Worlds,
which begins in the late Oligocene (early Arikareean) and
ends in the middle Miocene (late Clarendonian). The eight
taxa in the AAR are Archaeohippus, Desmatippus sensu
MacFadden (1998; Anchippus sensu Albright, 1998, 1999), and
Parahippus, as well as the “Anchitheriinae” sensu stricto (ASS)
of MacFadden (1992): Anchitherium, Kalobatipus, Sinohippus,
Megahippus, and Hypohippus. All members of the AAR are
united by possession of a connection between the metaloph
and the ectoloph (Evander, 1989). This connection is absent
in Mesohippus and only occasionally present in Miohippus
(both members of ASL). All members of ASS are united by
“greatly increased tooth crown area and estimated body size,
relatively well developed cingula, and loss of ribs between
styles on cheek teeth” (MacFadden, 1992, p. 101), as well as a
mesentocuneiform facet on MTIII (Osborn, 1918). Generally,
they are further distinguished from other members of the AAR
by the possession of robust, strongly divergent lateral digits on
the manus and pes. Thus, these groups, arranged from most to
least inclusive, are ASL > AAR > ASS. Of these, only ASS is
possibly holophyletic.

Although the systematics of the AAR is poorly under-
stood, it has a sizeable fossil record. This record indicates an
increase in morphological diversity unparalleled in the earlier
evolutionary history of horses (Webb et al., 1995). Prior to
the AAR, horse evolution in North America was much more
conservative. Seminal work on the subject (Osborn, 1918;
Matthew, 1924; Stirton, 1940) interprets this horse phylogeny
as a series of gradistic genera, each genus distinguished
from its ancestor by increased molar complexity and a slight
increase in body size. This gradistic reconstruction of the

159



160

evolutionary history of early horses may be due in part to very
gradual evolution, which produced only subtle morphological
differences between different species. However, it may also
reflect the perspectives of horse systematists. Much of the
systematics of equids from the middle Miocene and younger
is based on distinct characters in the complex occlusal sur-
faces of their molars, characters that are not always present in
earlier equids. Another factor that explains the lack of resolu-
tion in the early part of the phylogeny of horses is the paucity
of species-level cladistic studies on pre-Miocene taxa other
than Hyracotherium. A recent revision of Hyracotherium
(Froehlich, 1999) demonstrated that the traditional definition
of this taxon includes a variety of primitive equids and other
perissodactyls. Modern revisions of such taxa as Epihippus,
Orohippus, Mesohippus, and Miohippus may similarly reveal
more complex relationships than previously envisioned. Even
considering this possibility, overall known equid morpho-
logical diversity was relatively low until the AAR was fully
underway in the late Arikareean.

Certain lineages in the AAR demonstrate early phases of
the trends in limb and tooth evolution that characterize the
later radiation of advanced equids in the middle Miocene.
The adaptive radiation of equine horses during the middle
Miocene of North America is a well-studied macroevolution-
ary phenomenon that resulted in at least 11 late Miocene
clades (Webb and Hulbert, 1986; MacFadden and Hulbert,
1988; Hulbert and MacFadden, 1991; Hulbert, 1993; for a
review, see MacFadden, 1992). Morphological trends char-
acteristic of this radiation include reduction of the side toes,
elongation of distal limb elements, and increase in tooth
crown height and occlusal complexity. These trends have
been interpreted as adaptations to life in open country and
a diet that included grasses (Marsh, 1879; Simpson, 1951;
Janis, 1976; Behrensmeyer et al., 1992; Janis et al., 1994).
These evolutionary trends can be traced back to the AAR
in members of the genus Parahippus. Primitive members
of this genus, sometimes assigned to the genus Anchippus
(sensu Albright, 1998) or Desmatippus (sensu MacFadden,
1998), are dentally little more derived than advanced species
of Miohippus. The most derived species of Parahippus, such
as the Hemingfordian P. leonensis, possessed cheek teeth that
were incipiently hypsodont and usually covered with cement.
Its feet were tridactyl, but the lateral digits were reduced in
length and thickness and held close to the middle digit, such
that it was probably functionally monodactyl under normal
locomotor conditions (Sondaar, 1968). These and other
derived characters led Hulbert and MacFadden (1991) to
identify P. leonensis as the nearest sister group of the middle
Miocene adaptive radiation of equines.

The clade of large-bodied horses designated Anchitheriinae
sensu stricto (ASS) is characterized by a suite of morphological
trends that differ fundamentally from those that led to the
advanced grazing horses (MacFadden, 1992, Figure 5.15,
node 3). These include an increase in body size without an
increase in relative crown height or occlusal complexity of
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the molars (MacFadden, 1992), and perhaps an even more
functionally tridactyl foot than that seen in many species
of Miohippus. The lateral metapodials and phalanges are
very robustly built and the lateral metapodials are not firmly
appressed to the medial metapodial (Sondaar, 1968). Whereas
the morphology of P. leonensis suggests that it may have
been an early inhabitant of the first North American savannas
(Hulbert and MacFadden, 1991), the morphology of members
of the ASS (brachydont teeth and splayed digits) reflects a
continuation of the forest-dwelling ecology of earlier equids
(Sondaar, 1968).

Archaeohippus is perhaps the most enigmatic genus in
the AAR and shows an interesting mosaic of primitive and
derived features. Among anchitheres, it possesses a unique
facial morphology, including a long pre-orbital region of the
skull with a deeply pocketed malar fossa confluent with a deep
lacrimal fossa. It possessed primitively brachydont teeth, but
with slightly more occlusal complexity than that seen in the
ASS. However, its pedal adaptations are as advanced as those
of Parahippus (Matthew, 1932; Sondaar, 1968), with strongly
reduced lateral metapodials entirely attached by ligaments
to the medial metapodial. In addition, Archaeohippus has
been cited as an example of phyletic dwarfism (MacFadden,
1987, 1998). At approximately 20kg (Janis et al., 1994), the
estimated body weight of Archaeohippus is about half that
of most species of Miohippus, the common equid of the late
Oligocene. The ecology of Archaeohippus must have bridged
that of the more ecologically distinct members of the AAR.
Its primitively brachydont teeth indicate a diet of browse, like
that of Anchitherium, whereas its limb morphology suggests
an affinity for open country, like Parahippus.

As stated above, in the original description of the
type species Archaeohippus ultimus, Cope (1886) assigned
material from Cottonwood Creek, Oregon, to the genus
Anchitherium. In his description of fossils from the same
locality from the Mascall Fauna of Oregon, Gidley (1906)
erected a new genus, Archaeohippus, to distinguish this
small brachydont horse from the anchitheres sensu stricto.
The next named species, the somewhat larger and younger
Archaeohippus mourningi (Merriam, 1913), was originally
assigned to Parahippus. Archaeohippus penultimus was
described from the Sheep Creek of Nebraska by Matthew
(1924). Hay (1924) described both Miohippus blackbergi
and Parahippus minutalis from the Garvin Gully Local
Fauna of Texas. Simpson (1932) described A. nanus from
the Thomas Farm Local Fauna of Florida.

Matthew (1932) recognized the derived nature of the pes and
manus shared by Archaeohippus and Parahippus and the facial
fossa shared by Archaeohippus and Parahippus pristinus, and
suggested that Archaeohippus was a subgenus of Parahippus.
In an excellent synthesis, Bode (1933) rediagnosed the
species Archaeohippus ultimus, Archaeohippus penultimus,
and Archaeohippus mourningi, and defended the generic
status of Archaeohippus. Schlaikjer (1935, 1937) consid-
ered Archaeohippus blackbergi (=Archaeohippus minutalis)
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to be a dwarf Parahippus, as did White (1942). White’s
(1942) justification was that individuals in the Thomas Farm
population of A. blackbergi variably possess advanced dental
characters such as a crochet, additional plications, and a
hypostyle that connects to the ectoloph and metaloph to close
the postfossette. White (1942, p. 19) noted that the patterns of
variation of the dentitions of other species of Archaeohippus
do not display these advanced characters, but are “simple
and stable.” Bode (1933) and Downs (1956) also noted that
these characters were rare and weak when present in popula-
tions of A. mourningi, A. penultimus, and A. ultimus. Rather
than accept the possibility that reduced variation in later
species might involve the loss of advanced dental characters,
Schlaikjer (1935, 1937) and White (1942) concluded that
the other species of Archaeohippus were convergent with
A. blackbergi. White (1942) considered “Parahippus” black-
bergi to be an intermediate between Miohippus and more
advanced Parahippus. White (1942) also identified several
teeth from Thomas Farm lacking a metaloph connected to the
ectoloph as belonging to Miohippus. However, this character
is variable within individual dentitions and cannot be consid-
ered diagnostic when found in isolated teeth (Forsten, 1975).

Downs (1956) compared A. blackbergi with the western
species and returned A. blackbergi to Archaeohippus. For
the next two decades the debate was dropped, to resurface
briefly in the work of Forsten (1975), who agreed with
Downs (1956) that A. blackbergi is the correct name for the
species of tiny horse found in both Texas and Florida during
the Hemingfordian. More recently, Storer and Bryant (1993)
identified A. stenolophus (Lambe, 1905) from the early
Hemingfordian of Saskatchewan.

8.2 Abbreviations and Conventions
Used in this Study

ADP = Archaeohippus/Desmatippus/Parahippus clade; ASL
= “Anchitheriinae” sensu lato; ASS = Anchitheriinae sensu
stricto; AAR = Arikareean Anchithere Radiation; FAM =
Frick American Mammals, American Museum of Natural
History; LSUMG = Louisiana State University Museum of
Geoscience; Ma = Mega anna (millions of years ago), MCIII
= metacarpal III; MTIII = metatarsal III; MCZ = Museum
of Comparative Zoology, Harvard University; PPIIIL/MW =
Proximal Phalanx III Length vs. Midshaft Width index; UF =
University of Florida.

8.3 Specimens Used in this Study

Anchitherium clarencei: UF 175395, UF 58782, UF 47570,
Thomas Farm, FL

cf. Anchitherium: UF uncatalogued, La Camelia Mine, FL
Anchippus texanus: LSUMG V-2258, LSUMG V-2549
Archaeohippus blackbergi: 101 phalanges, 37 uncatalogued
UF, 64 lot catalogued as UF V-6414, Thomas Farm, FL.
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Archaeohippus mannulus: UF 160784, Curlew Creek, FL.
Archaeohippus penultimus: FAM 71650, Thomson Quarry
Sheep Creek, NE

Hypohippus wardi: uncatalogued FAM

Mesohippus bairdi: 3 phalanges lot catalogued as MCZ
20475, White River Badlands, SD

Mesohippus sp.: UF 200610, Toadstool Park, NE; UF
191530, Turkey Foot East High, NE; UF 191842, Horse Hill
High NE; UF 208155, Suzan’s Cat Site, NE; UF 208165,
Sagebrush Flats, NE; UF 207944, Horse Hill New, NE; UF
207642, Sagebrush Flats 1, NE; UF 207923, Twin Buttes,
NE; UF 207124, Horse Hill Low, NE; UF 201879, Twin
Buttes, NE; UF 203240, Sagebrush Flats 1, NE; UF 209585,
Twin Buttes, NE; UF 209566, Sand Creek Flats North, NE;
UF 209584, Sagebrush Flats 2, NE

Miohippus intermedius: AMNH 1196 (cast), Protoceras Beds,
White River, SD

Miohippus sp.: UF 200375, Turkey Foot, NE; UF 16872, I-75,
FL; UF 163794, UF 178933, UF 178934, Brooksville 2, FL;
UF/FGS V 3442, Franklin Phosphate, FL.

Parahippus leonensis: UF 188515, UF 188711, UF 188022,
UF 188418, UF 188021, UF 188776, UF 188497, UF 188020,
UF 192872, UF 192325, UF 190381, UF 192873, UF 192621,
UF 192620, UF 190361, UF 186430, UF 186431, UF 187542,
UF 187715, UF 187716, UF 185568, UF 185890, UF 195591,
UF 195004, UF 193194, UF 195001, UF 193030, UF 195059,
UF 195003, UF 192975, UF 195002, UF 193031, Thomas
Farm, FL

Parahippus pawniensis: FAM 71705, Elder Ranch, Dawes
County, NE

8.4 Discussion

A phylogenetic analysis (O’Sullivan, 2002; in preparation)
of 21 ASL equids and 62 characters in PAUP 4.04b4a for
Maclntosh produced 106 shortest trees 190 steps long. A strict
consensus tree (Figure 8.1) supports the monophyly of a clade
that includes Archaeohippus and Parahippus, and excludes the
ASS. The analysis included the Proximal Phalanx III Length
vs. Midshaft Width index (PPIIIL/MW; see Table 8.1). A
character analysis performed on MacClade 4.0 demonstrates
that this index and several supporting dental characters define
a clade including Archaeohippus, Parahippus, and primitive
parahippines included in the genus Desmatippus (the ADP
clade). All taxa within this clade possess derived elongate
phalanges (Figure 8.2), and have a PPIIIL/MW index of 2.0
or greater.

The elongation of the proximal third phalanx is one of the
most significant morphological developments in the complex
of character transformations that signify the evolutionary
transition among tridactyl equids from the digitigrade “pad-
foot” to the unguligrade “springfoot”, the acknowledged
precursor to the monodactyl state found in modern Equus
(Camp and Smith, 1942; Sondaar, 1968; Hussain, 1975;
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Anchippus texanus
Anchitherium clarencei
Anchitherium gobiense

. ) ASS
Megahippus maithewi

Hypohippus

Kalibatippus praestans
Mesohippus bairdi
Mesohippus stenolophus
Miohippus annectens
Miohippus equinanus
Miohippus obliquidens
Archaeohippus blackbergi
Archaeochippus mourningi
Archaeohippus ultimus
Archaeohippus mannulus

Archaeohippus penultimus

Desmatippus crenidens
Desmatippus integer
Parahippus leonensis
Parahippus tyleri

Parahippus pawniensis

FIGURE 8.1. Strict consensus tree of anchithere sensu lato relationships without the constraint of an outgroup. To the right of designated
clades are silhouettes depicting proportions of proximal third phalanges of the types of Mesohippus protoeulophus (above; AMNH 524a)
and Archaeohippus mannulus (below; UF 160784). The ASS clade is supported by derived dental character states including: (1) protoconule
submerged in protoloph, and (2) metaconule submerged in metaloph. The ADP clade is supported by derived dental character states includ-

ing (1) hypostyle tall and (2) hypostyle connected to the metaloph.

Thomason, 1986). The shared derived character complexes
of the manus and pes of the springfoot equids was recog-
nized by Matthew (1932). While the padfoot equids (in the
form of the ASS clade) successfully radiated throughout
Europe and Asia during the Miocene, they were less com-
mon in North America during this same period. Presumably,
their autecology was better suited to the persistent forested
biomes of the Old World than to savanna-dominated North
America. The padfoot ASS clade equids went extinct during
the middle Miocene as the springfoot equids of the ADP clade
were experiencing unprecedented taxonomic diversity (see
MacFadden, 1992 for an overview).

The dental characters that support the ADP clade pertain to
trends in the development of the hypostyle and the protocone,
and are rather subtle. The pedal adaptations, on the other hand,
are easily evaluated with the PPIIIL/MW index. A phalanx
with an index >2 came from a springfoot ADP equid, while a
phalanx with an index <2 came from a padfoot equid, either a
member of the ASS clade or a more plesiomorphic equid such
as Mesohippus. Thus, a simple index of two linear measurements
from one of the most common skeletal elements in the equid fos-
sil record is a powerful indicator of one of the most significant
ecomorphological transitions in the evolution of the Equidae,
and of the evolution of the ancestors of the subfamily Equinae.
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TaBLE 8.1. Measurements and indices from phalanges of ASL equids included in this study.

Proximal phalanx III

Proximal phalanx III

Taxon n Length Midshaft ML width PPIIL/MW
Anchippus texanus 1 24.6 12.1 2.03
Anchitherium clarencei 4 38.5 243 1.58
Archaeohippus blackbergi 101 25.1 10.4 2.41
Archaeohippus mannulus 1 16.8 7.5 2.24
Archaeohippus penultimus 1 27.2 12 2.27
Hypohippus wardi 1 40 25 1.60
Miohippus intermedius 1 21.6 12.1 1.79
Parahippus leonensis 32 31.9 14.6 2.18
Parahippus pawniensis 1 35 15.5 2.26
Mesohippus sp. 19 159 10.3 1.54
Miohippus sp. (I-75) 1 20.9 13 1.61
Brooksville 2 3 21.5 12.7 1.70
Franklin phosphate 1 27 15.7 1.72
A. Anchippus texanus
30 - B. Anchitherium clarencei
C. Archaeohippus blackbergi
D. Archaeohippus mannulus
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FIGURE 8.2. Plot of PPIIIL/MW index for ASL equids included in this study. The trend line differentiates the broad phalanx of the padfoot
equid from the narrow waisted phalanx of the springfoot equid. The Mesohippus (padfoot) and Merychippus (springfoot) manual skeletons

are redrawn from Simpson (1951).

8.4.1

The fossil record of Florida indicates that the peninsula has
at times been an island, and perhaps at other times an archi-
pelago (White, 1942; Frailey, 1980; Huddleston, 1993). The
strong selectional imperatives of island endemism have been
cited as influencing body size evolution in Florida equids
(Frailey, 1980), possibly resulting in the extreme size reduc-
tion seen in the earliest known species of Archaeohippus,
A. mannulus (O’Sullivan, 2003) from the Gulf Coast of
Florida. In the phylogenetic analysis cited above, one spe-
cies of Parahippus, P. pawniensis, usually nests within

Using Phalangeal Indices As a Diagnostic

the Archaeohippus clad