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tho AT, AN EAT 1A (RS, 1988) FELE SR AR REFERN,
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ELIKHEEE, M Kielan-Jaworowska (1989) WIHE T ¥ H L4045 Bt x4l a0
PIERN o FHE T AR FER = B itAY palacanodoars (Rose and Emry, 1983), —4%
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1982) M EFHATICR, FHAW R shap (R B2 8 8y 8 28 ) A L po P FE R/ AT BB b
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Abstract

Fragments of the posteranial skeleton of a taeniolabidoid multituberculete, ¢Lambdo-
psalis bulls, from the Eocene of China are described. These consist of cervical vertebrac
C2-C3 (fused), a fragment of the neuzal arch of C4, and complete C5-C7, thoracic vertebrae
T1-T3, and two humeri, which are the first complete multituberculate humeri ever described.
The fusion of C2 and C3, and the stout structure of the humerus with a very large deltope-
ctoral crest, a wide distal end, and prominent radial and ulnar condyles, indicate & fossorial
mode of life for §L. Fuila. These postcranial elements and a wide flattened, skull with a
vertical occipital plate, suggest adaptations scen in some modern golden moles and cricetid
rodents such as Myospalex that dig with claws and displace the soil with the head,

Introduction

Chow and Qi {1978) described the skull of an unusual multituberculate; Zam-
bdopsalis bulla, from the Nomogen Formation (Late Paleocene) of Inner Mongolia;
Kielan-Jaworowska and Sloan (1979) commented further on its structure. Subsequen-
tly the skull of Lambdopsalis was described in detail by Miao (1988), who sugge-
sted that Lambdopsalis may have been fossorial. A similar conclusion was reached
independently by Kielan-Jaworowska (1989), who described a partial postcranial ske-
leton of an unidentified taeniolabidoid multituberculate from the Djadokhta Forma-
tion (Late Cretaceons) of Mongolia. Her conclusjon was based on a preliminary
examination of Lembdopsalis humeri and cervical vertebrae in the collection of the
Institute of Vertebrate Paleontology and Paleocanthropology in Beijing. These latter
specimens were collected by Qi Tao in 1981, at rhe Bayan Ulan locality in the Bayan
Ulan beds (Early Eocene) in the Shara Murum Region, Inner Mongolia. The remnants
of Lambdopsalis bulla were found (lower jaws with teeth and skull fragmenis, associa-

ed with fragments 'of postcranial skeletons tentatively assigned also (o L. bulfa).
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In addition these beds yielded also remnants of multituberculates Sphenopsalis and
Prionessus.

The description of the postcranial fragments from this collection, consisting of the
cervical vertebrae C2-C3 (fused), a fragment of the neural arch of C4, complete but
scparate C5-C7, thoracic vertebrae T1-T3, and two humeri is the objective of the
present papet.

An assignment of the specimens described in this paper to Lamébdopsalis bulla
cannot be demonstrated with certainty. The cervical and thoracic vertebrae that we
describe were found in a block of celestite that also yielded cranial fragments,
lower jaws, and teeth of L. bwila. Although the vertebrac were not found in ana-
tomical arrangement with the skull, they correspond in size to the skull of L. &ul-
la, and it s probable that they belong to this species. Among the cervical vertebrae
found in this block, C2 and C3 are fused, while the remaining cervicals are not,
Miao (1988, $.82) when describing the skull of L. bslle, mentioned “the complete
fusion of the cervical weriebrae®. However, bhoth Dr. Desui Miao and Prof. James
A. Hopson now believe {pers. comm., 198% to ZKJ) that, in the postéranial mate-
rial found by Miaso, C2-C4 are fused, while {5-C7 are separate. This postcranial
material was not found in anatomical arrangement with the skull either. In addi-
tion, part of the collection of L. bulla described by Miao is from the Late Paleocene
Nomogen Formation, while the collection that we describe here is from the Early
Eocene Bayan Ulan Formation. MNevertheless, there are no doubts that the cranial
and dental fragments of Lombdopsalis yielded by the rocks of both formations are
conspecific.

1f the species described by Miao (1588) has C2-C4 fused, while in the species
which we describe only C2 and C3 are fused, then either we and Miao are dealing
with postcranial fragments belonging to two different species (and possibly to dif-
ferent genera}, or we are dealing with the same species which shows a considerable .
variability in the degree of fusion of the cervical vertebrae. The latrer possibility
appears more probable, as in the described specimen the suture between C2 and C3
is still preserved, which shows that the fusion of these wveriehrae was not complete
as yet.

The two humeri that we describe were found in the same area thar yielded
numerous fragments of L. &uila, but again not in anatomical arrangement with the
skull. They differ slightly in size and proportions (see Table 1) and may belong to
different species or genmera. As this cannot be demonstrated with any certainty, and
as they roughly correspond in size to the skull of L. buile, we assign both bumeri
to ?L. bulla and regard the observed differences as owing to the individual variation.

Two (or three) other multituberculate species that occur in the Bayan Ulan
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beds are known from teeth and incomplete skull fragments (Matthew and Gra-
nger, 1925; Macthew, Granger and Simpson, 1928; Granger and Simpson, 1929;
Miao, 1986, 1988). They are either too large with respect to the postcranial ele-
ments described herein (Sphemopsalis nobilis, Sphenopsalis sP.), or too small(Prionessus
lucifer). In addition, specimens of Lambdopsalis are much more comrﬁon than are
those of Sphenopsalis and Priosessas. However, because of the ambiguity we assign
all the described postcranial remnants to Lemébdopselis bulla tentatrively.

Although numerous partial postcranial skeletons of multituberculates have been
described (see Krause and Jenkins, 1983, and Kiclan-Jaworowska, 1589 for reviews)
some parts are still poorly known or unknown. Kielan-Jaworowska (1989) described
the first multituberculate cervical vertebrae (C2-C7) but the atlas has not been found
as yet. Many fragmentary multituberculate humeri have been described and reconstru-
cted {Gidley, 1909; Simpson; 1928, Kiclan-Jaworowska and Dashgeveg, 1978; Krause
and Jenkins 1983; Jenkins and Krause; 1983), none of them being complete. In

this paper we describe the firse complete multituberculate humeri known.

Ahbbreviations

IVPP-Institute of Vertebrate Paleontology and Paleoanthropology, Beijing
ZPAL-Institute of Paleobiology (Zaklad Paleobiclogii} of the Polish Academy of

Sciences, Warsaw.

Systematic Paleontology
Order Taeniclabidoidea Sloan and Van Valen, 1965
Family Taeniolabididae Granger and Simpson, 1929
7Lambdopealis Chow and Qi, 1978

sl ambdopsalis bulla Chow and Qi, 1978
{Plates 1—4, Text figs. 1—-2)

Material Cervical vertebrae C2-C3 (fused), fragment of the left side of the
neural arch of C4, and cervical wvertebrae C5-C7, thoracic vertebrae TI1-T3-1VPP
V9052; two left humeri-IVPP V8408 and IVPP V9051. All of the above are from
the Bavan Ulan beds, Bayan Ulan, Shara Murum Region, Inner Mongolia, People’s
Republic of China.

Description
Axis and cervical vertebra three €2 and C3 are fused and will be referged

to here as the fused vertebrae. Their length, without the dens, which is damaged,

15 about 10mm. The width across the anterior articular processes is 10mm. On the
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ventral surface a suture between the two component bodies is preserved but, on the

;N

Fig. 1 plambdepsalis bwlic Chow and Qi, 1978
Reconstrusction of the fused vertebrae C2-C3,
ventral view

dorsal surface the suture is less obvious.
The body is strongly . compressed dorso-
ventrally; its caudal extremity is flat.
On the basis of the preserved part it is
impossible to state with any certainty
whether the arches of the fused verte-
braec were or were not completely fused.
The damaged arch, which was preserved
on the left side (P1. I, fig. 1) but was
pardy broken during preparation, was
directed slightly posteriorly. It shows a
possible suture between the two compo-
neat parts. On the basis of a compari-
son with a taeninlabidoid from Bayn Dzak

(Kielan-Jaworowska, 1989) it is conclu-

ded chac there were two transverse processes on each side of the fused vertebare

Fig, 2

?Lamédopialis éuilg Chow and Qi, 1978

Reconstruction of the lefr humerus, based mostly on 1¥PP V9051, A. posterior; B
lateral’ C. anterioc: and D, medial views
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(broken off on both sides}. Each of the transverse processes arises by two roots: a
ventral one from the body, visible in rhe ventral view as an oblique crest and direc-
ted in lateral aspect nearly horizontally, and & dorsal one from the arch, directed

in lateral aspect more obliquely downward.

Teble 1
1iombdopsalis dulln Measurements of the humeri (ia mm)
IVPP VB4Ds IVPP V9051
Length 36.5 38.6
Width of the head 8.0 9.0
Proximal widih 11.2 13.0
Distal width 16.1 . 15.8

Right and left anterior articular processes are confluent with each other and form
in ventral view a convex area that protrudes ventrally. Extending posterolaterally
from the lateral corner of the anterior articular process is the ventral root of the
first transverse process. The middle part of the anterior articular processes extends
posteriorly as the ventral crest. 'The crest is prominent anteriorly and constricted
along the midlength of the axial part. 1t is less prominent on C3 and is also con-
stricted at its midlength. A medial furrow extends along the axial part of the
ventral crest and disappears on C3. The laterz] depressions are deep immediately
behind the anterior articular processes and shallow posteriocrly. On each side of the
depressions there are three shallow, irregular furrows, separated by faint ridges. The
medial of these ridges, which is hardly discernible, widens posteriorly and reaches
the lateral corner of the posterior margin of the fused vertebrae. The lateral ridge
is more prominent. 1t reaches the posterior part of the lateral margin of the body
and continues posterolaterally as the venrral root of the second transverse process.
The ventral side of the body is perforated by numerous nutrient foramina, four of
which are larger than the others. The caudal articular process, preserved on the
left side is flat and directed anteroventrally, more vertical than horizontal,

In the middle of the dorsal side of the body there is a low, flat prominence
surrounded by twe pairs of depressions on both sides. The whole ares is perfora-
ted by nutrient forsmina. Extending laterally between the two depressions is a
transverse groove leading to the intervertebral foramen, which originally separated
the axis and C3.

Cervical vertebrae four to seven Only a fragment of the right side of the
arch has been preserved (PI. I, Fig. 1). The bodies of C5-C7 are less compressed
dorsoventrally than in the fused vertebrae. All are slighrly damaged and therefore
the measurements given below are somewhat tentative. C5 (along the ventral crest}

is 3,6 mm long 2nd 7mm wide, C6 is 3,5 mm long and about 6.6 mm wide, C7
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is 3,2 mm long and slightly narrower than C6. The ventral crest in C5 is less pro-
minent than in the fused vertebrae; in C6 and C7 it is hardly discernible. The bo-
dies, when seen in ventral view, are perforated by nutrient foramina. In all three

vertebrae the transverse processes are broken off. Along che lateral sides of the

| 4
bodies in ventral view there are distinct traces of broken off ventral branches of the ;
transverse processes, directed longitudinally, Both cranial and caudal articular proce-
sses are well preserved on both sides of all three cervicals. They form oval, flat ]

surfaces, directed obliquely anteroventrally. The basal pares of the arches are preser-
ved in all three cervicals. They arise upwards above the posterior articular proces-
-ses and are slightly inclined anteriorly. A distinct caudal costal fovea is preserved
on the lefe lateral part of the body of C7, in the posterodersal corner,

Thoracic vertebrae one to three The lenpth of the thoracic vertebrae inc-
reases in size posteriorly, T1 (along the midlength} is 3,4 mm long, T2 4,6 mm,
and T3 4,3 mm. The bodies are in ventral view trapezoidal rather than rectangu-
lar, the anterior margins being longer than the posterior ones. Because of post mor-
tem damage, the width of the vertebrae cannot be given. The ventral crests are
hardly developed. The cranial and caudal costal foveae are seen in beth ventral and
lateral aspects, The caudal fovea is larger than the cranial one, which causes the
above mentioned trapezoidal shape of the bodies. The transverse processes are bro-
ken off. The middle part of the dorsal side of the body {seen only in T3) 1is ele-
vated. As on the cervical veriebrae, there are numerous nutrient foramina. The
caudal and cranial extremities of the bodies are flat. The basal part of the arch is
preserved on T1. This appears to be directed somewhat anteriorly, -as are the ar-
ches of the cervical vertebrae. The fragments of the damaged arches of T2 and T3
allow one to judge that these were possibly directed vertically and were longer than

the arches of the rervical vertebrae.

Hamerus (Measurements see Table 1). For descriptive purposes the humerus 2
is oriented vertically. The surface referred to as rthe posterior one was in life po-
sterodorsal, while the anterior one was anteroventral. The two humeri differ slightly
in size and propertions, but we assign them rentarively te the same species, The
proximal and distal parts of the humerus are twisced relative to one another, a plane
through the tubercles and deltopectoral crests lies approximately 35° te the plane
through the epicondyles, The humerus is stout. The head strongly overhangs the
shaft posteriorly, The surface of the prominent ‘head incorporates more than one
half of a sphere. The greater tuberosity is higher and lies closer to the head than
.does the lesser ruberosity. In proximal view the lesser cuberosity stands apart from
the head as a major prominence; the grearer ruberosity is almeost confluent with the

head.
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The shaft, as characteristic of multituberculate humeri, 1s more or less triangular
in cross section, which is disturbed in the proximal part by the presence of a very
large deltopectoral crest. The latter is broken off in the proximal part in IVPP
V8408 but is more completely preserved in V9051, allowing its reconstruction. It
has a thickened margin. It stands apart from the shafc as a crescent-shaped promi-
nence, well seen in beth lateral and anterior views., Distally the prolongation of
the deltopectoral crest is divided into two weak branches. The medial one of them
reaches the ulnar condyle, whereas the lateral one merges into the entepicondyle,
The oval, obliquely arranged entepicondylar foramen lies between these two branches.
It is about 2 mm long in both humeri. The ridge of the lesser tuberosity has a
thickened margin and bears in its proximal part a small crescent-shaped prominence,
as is usual in multituberculates. The ectepicondylar flange {(posterior crest of Kie-
lan-Jaworowska and Dashzeveg, 1978) starts as a rounded ridge below the humeral
head. On both sides the ectepicondylar flange the surface of the shafr is slightly
concave. Distally it continues as a sharp ridge that merges inte the ectepicondyle.
The bicipital groove is wide and relatively shallow, deeper on the side of the grea-
ter tuberosity.

The distal end of the humerus is very wide and robust. The entepicondyle is
very prominent, much larger than the ectepicondyle. Both radial and ulnar condyles
are large and are well separated by a deep intercondylar groove. In anterior view
the radial condyle appears enormous and completely spherical, It is separated by a
deep furrow from the ectepicondyle. In posterior view the radial condyle appears
small and has a medial longitudinal ridge, while it is the ulnar condyle that domi-
nates. The lacter, however, is more elongated longitudinally and not so completely
spherical as the radial condyle. There is a -small prominence {longitudinal ridge)
separating the ulnar condyle from the entepicondyle, seen both in posterior and distal
views. In distal view the radial condyle is spherical, more rounded than the ulmar
condyle, which is slightly compressed laterally and arranged obliquely, There is a
deep olecranon- fossa perforated by a foramen. The presence of an ectepicondylar

foramen cannot be determined with any cerrainty.

Comparisons

The only multituberculate cervical vertebrae hitherto described belong to an uni-
dentified taenioclabidoid {(ZPAL MgM-I/165) from the Late Cretaceous of Bayn Dzak
in Mongolia (Kielan-Jaworowska, 1989). ¢L. bwlla (1VPP V9052) is more than
twice as large as the taeniolabidoid from Bayn D=zak, but is reminiscent of it in
having the axis fused with C3. The fused vertebrae in IVPP V9052 differ from
(hose in ZPAL MgM-I/165 in having less prominent ventral crest. The broken ma-
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rgins of the fused vertebrae in IVPP V9052 show that there were iwo transverse
processes, similarly arcanged as in ZPAL MgM-1/165. In other respects the fused
and the remaining cervical vertebrae are in both forms similar, although the lack of
transverse processes in IVPP V9052 and of neural arches in ZPAL MgM-1/168 makes
fucther comparisons impossible,

The two humeci described above are possibly the most stout multitubecculate hu-
merl 56 fac described. ‘They are more stout than the gracile one reconstcucted for 4
Tugrighaatar (Kielan-Jaworowska and Dashzeveg, 1978) and possibly also more stout
than that of Ptlodus, ?Mesodma sP., ?Stygimys kuszmauli (all figuced by Krause
and Jenkins, 1983; see also Gidley, 1909), and of Catopsalis matthewi (referred to
also a8 Djadocheatherium-see Simpson, 1928; Kielan-Jaworowska and Slean, 1979;
Simmons and Miao, 1986). 1ln all these multituberculate humeri the distal end is
very wide and stout, relatively wider than in other Mesozoic mammals. In the
unidentified taeniclabidoid from Bayn Dzak (Kielan-Jaworowska, 1989) only the
proximal part of the humecrus has been presecved and the deltopectoral crest was
broken off. It seems that the humeral head in 9L. bwlla encompasses a somewhat
greater poction of a sphere than in previously known multituberculate humerd, A
well developed deltopectoral crest was figuced by Krause and Jenkins (1983) for
Pilodus monienus, it was, however, possibly less prominent than in ?L. bulia.

The distal part of the Upper Jurassic mammalian humerus of Colocado, descri-
bed by Prothero and Jensen (1983) may belong to a multitubecculate (suggested as
one of the possibilities by the authors). It cesembles the humerus of 2L, bulla
possibly more closely than it does other multituberculate humeri, having, however,
a more slender shafr,

The humerus of ?L. bulla resembles also in some features that of Eopzostrodon
(Jenkins and Pacrington, 1976), differing in having a lessec twisting of the anterior
and posterioc paris in celation to each other, more prominent head, much lacger del-
topectoral crest and lacgec ulpar and rcadial condyles., The humecus of the Early
Cretaceous tciconodont Gobfronodon (Jenkins and Schaff, 1988) cesembles that of
?L. bulla in having a robust deltopectoral crest, but differs in having a differently

shaped distal end, with grooved trochleae as in advanced mammals.

Reconstroction of life hakits

Pceliminacy investigations of the postcranial feagments of 9L, bulla (Miao, 1988;
Kielan-Jawocowska, 1989) indicate that this multituberculate .was possibly adapted
foc digging. There are numerous papers on adaptations of modern mammals to a
fossorial mode of life (see Gambarjan, 1960; Dubost, 1968; Nevo, 1979; and Hilde-

brand, 1985 for summaries). Gambarjan {1960) recognized seven different types in
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which Recent Eurasian mammals may be adapted for digging, three of which he
classified within a single-phase mode of digging, the remaining four within a don-
blephase mode. Dubost {1968) recognized three main types of fossorial adaptations:
in the first type the digging is done primarily by rooust and short, heavily-muscled
and large-clawed forelimbs; in the second type by large, rapidly evergrowing incisors
and in the third type by a combination of both. Finally Hildebrand (1985) dealing
pot only with mammals, but also with other groups of fossorial quadrupeds, recogni-
zed six categories of digging. He pointed out (1985: 94) that: “-- some of these
[categories] are not sharply set off from others, and many burrowers dig in more
than one wav”.

The postcranial material of 9L. &ulla that we describe here is insufficient for
drawing unequivecal conclusions on the mode of life. The difficulty is increased by
the fact that we cannot demonstrate with any great degree of certainty that the des-
cribed postcranial elements belong to L. &ulla. In the discussion that follows,
however, we tentatively accept that they belong to L. bwlla. 1f it would be demon-
strated by future investigations that the humeri or the cervical vertebrae which we
describe belong to Spkenopselis, or to Priomessus, rather than to Lamébdopsalis, our
conclusions may hold for those genera instead. It should be also stressed that the
three above-mentioned genera are closely related, assigned to the same family (Miao,
1988), and it cannot be excluded that all of them may have been adapted (possibly
at various degrees) to a fossorial mode of life.

The humerus of ?L. &wila has a stoul structure, but is very different from rthose
in the Talpidae (Slonaker, 1920; Dubost 1968) in which the digging is done prima-
rily by very strong, short, large-clawed forelimbs. On the other hand the head in
L. bulla, as reconstructed by Miao (1988), does not show the adaptations characte-
ristic of forms that dig exclusively with the incisors and that bulldoze with the
head. In such forms, e. g. in most Spalacidae {(Gambarjan, 1953, 1960; krapp,
1965; Nevo, 1961; Dubost, 1968), the incisors are long; the occipital plate is large,
sloping forwards and upwards from the condyles, and the lambdoidal crests are pro-
minent.

The humerus in ?L. &#ila is stout and has a prominent deltopectoral crest. The
wide distal end of the humerus and the enormous ulnar condyle indicate the presence
of a large ulna. It seems possible that this multituberculate may have used claws
for digging. One may speculate whether ?L. fulla used both the claws and incisors
for digging. This type of digging is found among others in modern rodent New
World family the Geomyidae (Holliger, 1916; Hill, 1937; Orcutt, 1940, Lehman,
1963), and in some Oligocene Tsaganomyidae {(Vinogradev and Gambarjan, 1952,
cited in Gambarjan, 1960). However, relatively short incisors (Miao, 1986) and
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the structure of the head do not indicare such adaptations.

The head of 9L. &ulia is very wide and flartened, the occipital plate wvertical
and the neck is short, with two or three fused vertebrae. All these characters indi-
cate that 2L. bulla might have used the head for displacing the soil. 1f so, it may
be tentatively concluded that ?L. bwlfa would belong to the sixth category recogni-
zed by Gambarjan (1960), in which the digging is done using both ¢laws and head.
This type of dipging occurs in the modern golden mole Eremitalps (which, howeves, L
has a rtelatively larger occipital plate sloping forward and upward from the condyles,
Hildebrand, 1985), and in the cricetid rodents such as Myospalax (Gambarjan, 1960;
Dubost, 1968). It cannot, however, be excluded that when more complete postera-
nial skeleton of Lambdopsalis is known, the conclusions concerning its habits may
be considerably changed.

Posteranial skeletons of Mesozeoic mammals are rarely found and It is only re-
cently that the adaptations to the fossorial mode of life have been reporied among
them. Henkel and krusat (1980) mentioned fossorial adaptations in Late Jurassic
docodonts, Bleefeld (1987) cited them in Late Cretaccous eutherians, while kielan-
Jaworowska (1989) reported them in Late Cretaceous multituberculates. Fesserial
adaptations have been described in the Oligocene palaeanodonts (Rose and Emry,
1983), in an unidentified Eocene mammal {Rebinson, 1963), and in Miocene moles
(Barnosky, 1981, 1982), It seems possible that the adaptations for digging were
more common among early mammals, and in particular among the multitaberculates,

than previously thought.
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