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The stnrcture of multituberculate humerus and shoulder and elbow joints is analyzed and

compared with those of anurans, lacertilians, monotremes, and fossil and extant therian

mammals. The following features me recognized as characteristic of the humeri of

tetrapods with a primary sprawling stance: prominent radial and ulnar condyles (trochlea

in parasagittal forms), lesser tubercle wider than greater tubercle (narrower in parasagittal

forms), wide interhrbercular groove (narrow in parasagittal forms). Torsion of the hume-

rus occurs in terrestrial tetrapods with abducted forelimbs, which use syrrmetrical

diagonal gaits, but not in anurans which have abducted forelimbs but use asymmetrical
jumps, and not in fossorial therians with sprawling or semi-sprawling stance (except

Chrysochloridae). Lack of torsion is not indicative of parasagittalism. Condylm structure

of the elbow joint, characteristic of multituberculates, occurs in all tetrapods withprimary

abducted forelimbs. Fossorial therians that secondarily acquired half-sprawling or

sprawling stance, differ from tetrapods with primary sprawling stance in having atroch-

lea and radial condyle, but no ulnar condyle, and in having a narrow intertubercular
groove. The hypotheses of Sereno & McKenna on multituberculate parasagittal stance

and of Kielan-Jaworowska & Gambaryan on sprawling stance are tested by anatomical

comparisons and reconstructions of foretmb movements. It is shown that the range of

humeral excwsion during flexion-extension at the shoulderjointinmultituberculates was

much smaller than in Dinelphis, and that during the swing phase the forelimbs were

stretched anteroventrally, as characteristic of mammals before landing. It is concluded

that multituberculates were adapted for asymmetrical jumps with abducted forelimbs,

rather than that they moved like Didelphis. As there is no trace of an incipient trochlea in

any known multituberculate, while the trochlea made its appemance in therians possibly

during the Late Jurassic, the idea that parasagittalism occurred in mammalian evolution

in common ancestors of therians and multituberculates is refuted.
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Introduction

Multituberculate stance : GAMBARYAN & KIELAN-JAWOROWSKA

Extant therian mammals (marsupials and placentals) differ from monotremes, among
other ways, in limb posture, which is abducted in monotremes and more or less
parasagittal in therians. Among the therians, due to adaptations to the fossorial mode
of life, the Talpidae secondarily acquired abducted position of the forelimbs, while
Chrysochloridae, Myospalacidae and, apparently, extinct Palaeanodonta abduct (ab-
ducted) their limbs during digging.

Conclusions on the gait of extinct vertebrates should be based on osteology and
ichnology. In the case of Mesozoic mammals, however, frackways have been found
only'in a single Late Jurassic locality in Argentina (Leonardi 1994 and references
therein) and it is not known to which mammalian group these tracks belong. Another
difficulty in reconstructions of the gait of Mesozoic mammals concerns the scarcity of
the postcranial elements and their small size (see Lillegraven et aL.1979 and references
therein;Jenkins & Schaff 1988; Kielan-Jaworowska 1989; Krebs 1991; Krusat 1991;
Kielan-Jaworowska & Gambaryan 1994; Sereno & McKenna 1995;Li et al.1995;
Dashzeveg etal.1995).

The question arises whether multituberculates retained a sprawling stance
throughout their history or acquired a parasagittal stance. In the latter case, did the
common ancestor of therians and multiruberculates acquire a parasagittal posture, as
argued by Sereno & McKenna (1995), or did therians and multituberculates inde-
pendently acquire parasagittal postures? The answer to this question has an important
bearing on the phylogenetic position of multituberculates.

Sereno & McKenna (1995) published a preliminary description of a complete
shoulder girdle, associated with the proximal segments of the forelimb of the Late
Cretaceous multituberculate from Mongolia (cf. Bulganbaatar nemegtbaataroides,
referred to further as Bulganbaatar), and demonstrated a small (approx. 15') degree of
torsion of the humerus. They argued that the multituberculate forelimb stance was
similar to that in therians (parasagittal) rather than abducted, as reconstructed by
Kielan-Jaworowska & Gambaryan (199 4).

If the conclusions of Sereno & McKenna (1995) on parasagiffalism of multituber-
culate limbs are valid, this would support the hypothesis on the sister group relation-
ships of Multituberculata and Theria (promoted also e.g., by Rowe 1988;Lucas & Luo
1993; McKenna L996; Stidham 1996): The validity of such a conclusion requires,
however, that this postural style of the forelimbs should occur in all the multitubercu-
lates, or at least in basal multituberculates.

The Late Triassic-Early Jurassic Haramiyidae possibly are not related to multi-
tuberculates (Jenkins et al. 1996). The oldest uncontested multituberculates derive
from the Late Jurassic of Portugal (Hahn 1969, 1993 and references therein). All older
purported multituberculates - Mojo from the Liassic of Belgium (Hahn et al. 1987),
and unnamed fragments from the Bathonian of England (Freeman 1979 and references
therein, see also Kermack 1988) - are represented by broken teeth. The multitubercu-
late nature of these fragments is possible, but cannot be unequivocally demonstrated.
The Kimmeridgian multituberculates from Portugal are represented by numerous
broken skulls, lower jaws and isolated teeth (Hahn 1993 and references therein), but
their postcranial fragments have not been described. In the collection of Purbeck (latest
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Jurassic or earliest Cretaceous) from England (Simpson I928a; Kielan-Jaworowska &
Ensom 1992) postcranial fragments have not been encountered either. The same
concerns multituberculates from the Morrison Formation of North America (Simpson
1929).

In the collection of Early Cretaceous multituberculates from the Aptian or Albian
of Khoboor in Mongolia (Kielan-Jaworowska et al.1987),housed in the Paleontologi-
cal Institute in Moscow, there are some purported multituberculate postcranial frag-
ments, which have not been described. Kielan-Jaworowska & Nessov (1992) described
a proximal fragment of a humerus and a proximal fragment of a femur from the
Coniacian of Uzbekistan. The multituberculate materials from the Late Cretaceous of
Mongolia contain several incomplete postcranial skeletons (Simpson t92&b;McKenna
1961; Kielan-Jaworowska & Dashzeveg 1978; Kielan-Jaworowska 1989; Kielan-
Jaworowska & Gambaryan 1994; Sereno & McKenna 1995). The majority of the Late
Cretaceous and Paleocene materials from North America contains only postcranial
fragments (Deischl 1964; Sahni I912;Ikawe & Jenkins 1983).

The most complete multituberculate shoulder girdle and forelimbs are those of the
Late Cretaceous Bulganbaatar (Sereno & McKenna 1995). Prior to this finding,
Kielan-Jaworowska & Qi (1990) described two complete multituberculate humeri of
Eocene ?Lambdopsalis bullafrom China (referred to further as Inmbdopsalrs). On this
basis, as well as on an analysis of several multituberculate postcranial fragments from
Asia and North America, including especially well preserved pelvic girdle and hind
limbs, Kielan-Jaworowska & Gambaryan (1994: fig. 61) reconstructed the multituber-
culate posture as sprawling.

In order to test the opposing conclusions of Kielan-Jaworowska & Gambaryan
(1994) on one side, and of Sereno & McKenna (1995) on the other, concerning the
posture of multituberculate forelimbs, we shall analyze the suite of characters that
distinguish the shoulder joint, humerus, and elbow joint that differ in a sprawling
stance (in tetrapods that use either symmetrical or asymmetrical gaits) from those in
a parasagittal stance. As Lambdopsalis from China was probably semi-fossorial in
its habits, among the therians studied for comparison we include also fossorial
forms.

Institutional abbreviations: AMNH - American Museum of Natural History
New York; IVPP - Institute of Vertebrate Paleontology and Paleoanthropology,
Beijing; PSS-MAE - Paleontological and Stratigraphical Section (PSS) of the Geologi-
cal Institute, Mongolian Academy of Sciences, Ulan Bator, and collections of the joint

Mongolian Academy of Sciences-American Museum of Natural History Paleontologi-
cal Expeditions (MAE); Zfr{ -Znological Institute, Russian Academy of Sciences, St.
Petersburg; ZPAL- Institute of Paleobiology, Polish Academy of Sciences, Warsaw;
ZPALUW-Institute of Geology, University of Warsaw.

Other abbreviations: m. - muscle; mm. - muscles.

Terminology and methods

We refer to the posture of limbs of therian mammals as parasagittal. In many therian
mammals, however, the humeri function at angles 10-30" from the parasagittal

15
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plane, while the femoral ixes are positioned 2u50" from the parasagittal plane
(Jenkins r971a, 1974;Jenkins & weijs 1979). As the shoulder and hip joints are
closer to the sagittal plane than the maximum width of the trunk, the humerus and

ectepicondyle ulnar condyle

Fig' 1. Diagrammatical drawings showing the method of measurements. A, B. l,eft humeru s of l^ambdo-
psalis. A. Distal view (dorsal is up), showing the excursion (arrows) ofradius and ulna about the condyles.
B' Proximal epiphysis. Br - dorsal view (horizontal position), Bz - oblique view with distal epiphysis
elevated dorsally 45",8t - obtque (almost vertical) view with distal epiphysis elevated for 85'. C.
Nemegtbaatar, proximal view of the right humerus and outline of glenoid fossa of the scapula (hatched
areas) superimposed on the humeral head, in two extreme positions. or, B, - angles of convexities: cr - of
theradialcondyle,B-oftheulnarcondyle(posit ionainTablel),y-ofthehumeralhead;6-angleof
rotation of the glenoid fossa about the humeral head; as - width of the whole articular surface of the distal
epiphysis; rh, rr, ru - lengths of the radii: rh - of the humeral head, rr - of the radial condvle, ru - of the
ulnar condyle. Scale bars are 5 mm, the upper scale is for A and B, the lower for C.

A
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femur abduct at the beginning of the propulsive phase to avoid contact with the
trunk. The antebrachium and crus are directed obliquely with respect to the sagittal
plane. Therefore the manus and foot are situated closer to the sagittal plane than the
elbow and knee joints.

Thus the main difference between the abducted (sprawling) and parasagittal limbs
does not concem the angle of humeral and femoral abduction from the sagittal plane,
but the positions of hands and feet during the propulsive phase in respect to this plane.
In tetrapods with sprawling posture the hands and feet are situated far away from the
sagittal plane, while in tetrapods with parasagittal posture they are positioned close to
this plane. Another important difference concerns the plane in which the ulna moves.
While in the sprawling posture the ulna moves in three planes perpendicular to one
anotheq in parasagittal posture, the presence of a humeral trochlea restricts movement
to one plane, which is perpendicular to the transverse axis of the elbow joint.

For defining the convexity of the condyles quantitatively (Fig. 1A), we placed the
humerus vertically on the humeral head under a binocular microscope (position 0" in
Table 1 and Fig. 2), and made a drawing of its distal extremity with camera lucida. On
this drawing we measured the angle of the convexities of both condyles (angles in
Fig. 1A, and columns a in Table 1) and the ratio of the radius of each condyle to the
width of the whole articular surface (rrlas and m/as in percent in Fig. 1A and columns
b in Table 1). Then we turned the distal end of the humerus 30" upwards (position 30"
in Fig. 2), made a drawing of the distal end and repeated the measurements. We
continued to turn the humerus in 30' increments until position 120' (Fig. 2). As the data
obtained for positions 30" and 60' were very close to one another, we omitted position
30' in Table 1. The last columns in Table 1 give the mean angle of the convexity
(including position 30') and mean ratio of lengths in columns b.

In order to measure the convexity of the humeral head, we placed the humerus
under the binocular microscope in dorsal view, in a horizontal position (position 0')
and drew the contour of the head with camera lucida (Fig. 1B). On the drawing we
found the radius of the arc of the convexity and measured its angle. Then we elevated
the distal part of the humerus dorsally by 45" and then up to 85", and made drawings
and measured the angles again. It proved impossible to make the drawing at the
position of 90" (vertical), as then the distal epiphysis obscured the contour of the head.

We are aware that the shapes of the humeral condyles and heads sometimes do not
correspond to a sector of a circle, but rather of an ellipse. Therefore our measurements
of the angles of the arcs of the condyles (Table 1) and humeral heads (text) are not
always precise. Still, they better describe the convexity of these structures than the
subjective statements such as'convex' or'flat'.

In order to measure the amplitude of flexion-extension of the humerus in the
shoulder joint, we placed the humerus on a needle, held in plasticine, under the
binocular microscope. The scapula was also placed on the needle and held in plasticine.
Under the binocular microscope we moved the glenoid fossa about the humeral head
and measured the angle of amplitude. The result was tested on camera 1u"i64 6lpvings
of the humeral head and glenoid fossa in various positions (Fig. 1C). On the drawings
we also measured the possible angle (6) of rotation of the glenoid fossa in respect to
the humeral head, using contours of the humeral head drawn in proximal view and
mirror images of the glenoid fossa in distal view.

I7
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Structure and function of forelimbs in some extant
and fossil terrestrial tetrapods

The majority of extant tetrapods with sprawling stance (Urodela, Lacertilia, Crocody-
lia, and Monotremata) use symmetrical diagonal gaits (GambaryanI967 ,1974; Sukha-
nov 1974), referred to also as lateral sequence gaits (Hildebrand 1988), in which

Fig. 2. Camera lucida drawings of the articular surfaces of the humeri, showing angles of the convexities
of the condyles, measured at distal view of left humeri (epicondyles omitted), placed on the humeral head.
Dorsal is up. 0' vertical position of the humerus,3V120" - positions of humerus rotated dorsally with

cBA
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movement of one forelimb is followed by movement of the opposite hind limb, after

which the next forelimb and next hind limb move; at the same time lateral flexures of

the body take place (Schaeffer 1941). The only groups of extant tefrapods thathave

sprawling stance and use asymmetrical gaits (in which the forelimbs move first and

then the hind limbs) are the Anura and the Crocodyta (only when running fast). As an

example of sprawling stance with asymmefical gaits we shall discuss Anura; as

6\r* GP

9:rro"€-

respect to the vertical position, for angles shown on the figure. L. Varanus. B. Lambdopsalis. C.

Taihyglossus.D.Talpa.E.Chrysochloris.F. Myospalax.NotethatinVaranusthecondylesdonotextend
onto the dorsal side. The ulnar condyle, characteristic of Varanus, Lambdopsalis atd Tachyglosszs, does

not occur in Theria ([)-D. Scale bar are 5 mm.
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Abbreviations: a- angle of the arc of condyle, (0") -measured atthe vertical position of the humerus, distal
view of the condyles, (60', 90", 120") - measured at angles of the humerus, rotated dorsally in respect to
the vertical position, so that the condyli are seen only in ventral view; b - ratio ofthe length ofradius of
condyle arc to maximum width of the whole articular surface, in percentages (see Figs 1 and 2 for
explanation); Krypt. - Kryptobaata4 n.n. - no numb er; om. * ornithorhynchus; rc - rudia7 condyle; Tach.
- Tachyglossus; Trich. - Trichosurus; uc - ulnar condyle; Mean - mean values of a and b, including also
data of the position of 30" (see Fig. 2), not included into the Table.

examples of sprawling stances with symmetrical gaits - the Lacertilia and Monotrema-
ta; as examples of non-fossorial mammals with parasagittal posture - some primitive
Theria; finally fossorial Theria which acquired a sprawling or half-sprawling stance.

Our analysis of the structure and movements of the forelimbs in extant tefapods is
simplified, because we discuss only the characters that distinguish the sprawling and
parasagittal patterns.

Anura. - Comparison of the structure of anurans with that of other tetrapods poses difficulties
because of the high specialization of the anurans. The coracoid and scapula (sometimes also the
clavicle) contribute to the glenoid fossa, which is concave (not saddle-shaped, as in lacertilians and
monoffemes, see below) and faces more ventrally than laterally. The humeral head is spherical and
there is no torsion. As the bones of the antebrachium are fused, on the distal end of the humerus there
is a very large spherical radial condyle (eminentia capitata) which articulates with the fused radius

Table 1. Convexity ofthe radial and ulnar condyles along the articular surface seen at four different angles

Species and condyles
0' 60' 90" t20" Mean

a b b a b a b a b
Varanus griseus
ZIN 508

rc 150 25 138 24 138 22 l l 0 1n 135 23
uc 58 42 90 25 85 L-) 55 50 75 33

Tach. aculeatus
zIN 31024

120 - ) l 138 30 120 30 l l 8 26 127 29
uc 75 L-) 99 30 9 1 26

Orn. anatinus
ZPALMw/2

rc 08 43 110 59 105 55 108 46 08 52
uc )n t7 t70 t9 r05 t t 4 1 l a

Lambdopsalis bulla
rwPV8408

rc 25 30 115 30 35 27 r28 29 25 29
uc l 2 20 1 1 0 20 08 .,^ 93 l4 06 22

Lambdopsalis bulla
TWPV9O51

rc )n 29 l t 7 30 25 30 20 30 20 30
uc 1 6 29 113 24 05 24 00 22 108 25

Krypt. saichanensis
PSS 8-2

rc 50 20 t l 1 28 40 21 38 2 l 130 . A

uc t 8 l 7 1 1 3 20 20 20 t n 20 1 1 8 1 9
Trich. vulpecula
zrN 31713 rc 79 36 85 30 78 26 80 J J 81 3 1

Echinosorex sp.
ZIN n.n. rc 46 40 70 30 1 8 39 5 l

Neurotrichus sp.
ZIN n.n. IC rt4 28 8 l 27 72 30 120 2 l 94 26
Talpa europaea
ZINn.n. rc t20 25 142 28 r20 28 125 2 l 130 26

Chrysochloris aureus
ZIN n.n. rc 108 l 8 120 l 3 168 1 3 173 l 3 138 t4

Nannospalax nehingi
ZIN2I9 rc 50 45 40 45 40 40 30 40 40 M

Myospalax myospalax
ZIN 386 rc 83 34 10 . A 80 44 96 7,4 82 34
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and ulna, while the ulnar condyle is vestigial and dbes not contribute to the joint (Thireau & Marolle

1968r Minkotr 1975).
The mechanics of jumping in Anura has been investigated by, among others, Gans (i961)' Gray

(1968), and Emerson (1983). In anurans the trajectory ofjump is very steep, the angles oftake off

and landing are each 35-40" (Gray 1968: fig. 6.12). Before landing, the frog extends the forelimbs

anteroventrally, so that the humeri are close to the parasagittal position. The manus is placed in

prolongation of the antebrachium, both at 80' to the horizontal. At landing the humerus strongly

ibducts acquiring a transverse position, the elbow joint flexes and the humeral head is situated lower

than the etUow loint. In shouldir joint there occur medial rotation, flexion-extension and abduction-

adduction; in elbow joint pronation, flexion-extension and abduction-adduction. These movements

are possible because of the spherical structure of the humeral head and distat condyle. Because of the

anteroventral direction of the forelimbs at the beginning of landing, the glenoid fossa faces lateroven-

trally rather than laterallY.

Lacertilia (e.g., Polydaeilalu.s niloticus and varanus griseus) (Figs 24, 3A, 7 A, 8A). - In

Varanus,both scapula and coracoid contribute to the glenoid fossa, the coracoid part being wider than

the icapular. The glenoid has a saddle-shape surface with a convex medial part and faces posterolat-

erally.
io. Uor*u, and Polydaedalzs both proximal and distal epiphyses of the humerus are strongly

expanded; the torsion is OO'. fne articJar surface of the head is transversely elongated and faces

almost proximally. The head is asymmetrical; its medial side is reflected ventrally, the middle part

dorsally, while the lateral part is narrow and directed transversely (Fig. 8A). The middle part of the

head overhangs the shaft dorsally (Fig. 8Az). The transverse diameter of the lesser tubercle is larger

than that of the greater tubercle, which is poorly defined. Extending from the lateral end ofthe greater

tubercle there is a prominent crest of th6 tubercle, strongly bent ventrally (Fig. 3A)' The poorly

defined internrbercular groove occupies abottt 60Vo of the width of the proximal epiphysis. While in

lacertilians several muscles pass along the intertubercular groove, in therians there is only a tendon'

The distal end of the humerus is divided by the intercondylar groove into radial and ulnar condyles.

The radial con dylers354zo longer than the ulnar one, compressed laterally and its convexity is greater

than that of the ulnar condyle, as shown in Table 1 and Fig. 2A. The surface of the longitudinal axis

of the radial condyle is at 1,5" to the longitudinal axis of the shaft, while the longitudinal axis of the

ulnar condyle is parallel to the axis of the shaft (Fig. 3A).

The articulation for the radial condyle on the head of the radius, in proximal view, is dorsoven-

trally elongated and concave. The length ofits arc is smaller in both anteroposterior and transverse

directions than the corresponding arcs of the radial condyle. The articular surface for the ulnar

condyle on the ulna is concave and consists oftwo surfaces at about 80' to one another. Flat, triangular

surfaces on both radius and ulna form an articulation between the two bones; the articular surface on

the ulna is wider than that on the radius. In lacefiilians the ulnar and radial condyles are seen only in

ventralanddistalviewanddonotextendontothedorsalsurface(Fig.7A).Thisisconsistentwith
the horizontal orientation of the humerus during the whole propulsive phase. As the extension at the

elbow joint is small, the condyles would be useless on the dorsal side'

As demonstrated by Jenkins & Goslow (1983), in Varanus exanthematicus at the beginning of

the propulsive phase the elbow joint is extended to ll0-125" . During the first half of the propulsive

phase, the elbow joint is flexed to an angle slightly less than 90'. By the end, the elbow joint extends

again to an angle between l2O and 135'. By the end of propulsion, the humerus is retracted to foflrl

an angle of between 120 and 135 " with the median plane and rotated medially by 30-40' . An analysis

of the convexity of the radial and ulnar condyles (Table 1 and Fig. 2) allows to establish in which

stage of the propulsive phase the mobility of the elbow joint (abduction-adduction and rotation) was

the greatest. The angles from 0 to 120", at which the humerus has been drawn, show the most extended

(atO")andthemostflexed (atl2}")positionsoftheelbowjoint,inallstudiedtetrapods.InVaranus

the greatest mobility is at the begiming and at the end of propulsion'

An active rotation of the humerus during the propulsive phase increases the transverse diameter

(perpendicular to the length of the humerus) of the lesser tubercle (Figs 3,{, 8A). This is due to the
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Fig. 3. Stereo-photographs of left humeri in ventral view, Recent. A.. Polydaedalus niloticus (Varanidae),

ZPAL UW E-10d, x 1. B. Omithorlrynchus anatinus,ZPALMw-2, x 1.5. C. Tachyglossus aculeatus,ZIN
31024, x. 1. cr - crest of the greater tubercle, ec - ectepicondyle, en - entepicondyle, gt - greater tubercle,
hh - humeral head, it - intertubercular groove, lt - lesser tubercle, rc - radial condyle, s - sesamoid bone,
uc - ulnar condyle.

insertion on the lesser tubercle of mm. subscapularis and scapulohumeralis posterior, which are
responsible for the rotation. An increase of the transvelse diameter of this tubercle results in an



ACTA PALAEONTOLOGICA POLOMCA (42) (L)

increase of the moment arm of these muscles. On the crest of the greater tubercle, which is bent

venhally, m. pectoralis inserts, which is also responsible for the rotation of the humerus.

Because of the medial rotation of the humerus during the propulsive phase, the ectepicondyle

which at the beginning of this phase is situated medially to the entepicondyle, at the end of the phase

is placed laterally to the entepicondyle. The radial condyle traces a longer trajectory than the ulnar

condyle, and the trajectory of the proximal part of the radius is longer than the trajectory of the ulna.

This is caused by the longer proximo-distal axis of the radial condyle than that of the ulnar condyle

and its position at angle of 25' to the longitudinal axis of the humerus. The articular surface for the

ulnar condyle on the ulna allows abduction-adduction and flexion-extension, but prevents rotation

movements. In addition, the radio-ulnar articulation allows for distal excursion of the radius in

relation to the ulna. Because of a transverse displacement of the flat articular cilcumference

(circumferentia articularis Davies & Davies 1962; Schaller 1992) across the radial notch on the ulna,

the radius and ulna cross one another. The length of the arc of the concavity of the radial head is

smaller in both anteroposterior and transverse directions than the corresponding arcs of the radial

condyle, and the following movements: extension-flexion, abduction-adduction and small rotation of

the radius occur in this articulation.

Monotremata (Figs 2C, 3B., C,7C, D, 8E, F). - In monotremes (as in lacertilians) the scapula

and coracoid contribulg to the glenoid fossa, the coracoid part being wider than the scapular. The

glenoid fossa has a sad,dle-shape surface with a convex anterior part and faces laterally.

ln monotremes the proximal and in particular the distal epiphyses of the humerus are strongly

expanded: thetorsion is45-60' inTachyglossu,s, and70-85'inOrnithorhyncftus (personalmeasure-

ments and Simpson 1928a). The head is symmetrical; its articular surface faces proximally, and the

middle of the head overhangs the shaft dorsally. When seen in proximal view the head is concave in

the middle, the concavity being deeper in Omithorhynchus thaninTachyglossus (Fig. 8Er, Fr). The

lesser tubercle is placed further away from the middle of the humeral head than the greater tubercle;

this ihcreases the moment arm of m. subscapularis and m. proscapulohumeralis which insert on the

lesser tubercle. The crest of the greater tubercle, on the medial side of which inserts m. pectoralis, is

strongly bent venhally. The intertubercular groove is poorly defined and extends for 507o ofthe width

of the proxirnal epiphysis in Omithorhytchus and 607o in Tachyglossus. Mm. biceps brachii,

coracobrachialis, supracoracoideus and part ofpectoralis pass along the groove, in contrast to therians

(see below) where the interhrbercular groove houses only the tendon of m. biceps brachii. In the distal

epiphysis, radial and ulnar condyles are conjoined (Jenkins 19'73), the radial part being seen on the

ventral side and partly in distal view, the ulnar in dorsal and distal views. The entepicondyle is

enoflnous, extending for about a half of the epiphysis width; the ectepicondyle is shorter, but still

projects strongly laterally, especially in Ornithorhynchus. The radial condyle tn Tachyglossus rs

spherical and in Ornithorhynchus elongated transversely (Fig. 38, C). This results in different

percentage ratios of the lengths of the radius of condylar arc to maximum width of the whole articular

surface (Table 1), which is 29 inTachyglossas and 52 in Omitharhlmchus.
The elbow joint is of the ball-and-socket type, with a spoon-shaped, longitudinally elongated

surface on the ulna and an oval concavity on the proximal part of the radius, arranged perpendicularly

to the spoon-shaped surface on the ulna. Both these surfaces move about the conjoined radio-ulnar

condyle. There is also a flat, triangular surface on the ulna that articulates with the roughly rectangular

surface on the head ofthe radius. The transverse diameters of these surfaces are almost equal to each

other and therefore the movement between these bones is limited.

The functional analysis of the monotreme forearm has been done by, among others, Haines

(1946), Jenkins (1970, 1973) and Pridmore (1985). lnTachyglossus, during the propulsive phase the

longitudinal axis of the humerus remains roughly perpendicular to the sagittal plane. Because of the

strong torsion of the humerus, during the middle of the propulsive phase, the humeral head is situated

lower than the elbow joint, and in order to retain the horizontal position of the humerus, the head

overhangs the shaft dorsally. Propulsion takes place mostly due to the medial rotation in the shoulder
joint. At the same time the elbow joint flexes and the antebrachium rotates medially for about 55'.

Radius and ulna move together in different directions about the spherical, conjoined radio-ulnar

L)
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condyle. The flat radio-ulnar articulation allows a small displacement of the radius relative to the ulna,
but not rotation. Some pronation and supination is possible by conjoint movement of the radius and
ulna on the radio-ulnar condyle (Jenkins 1973), but independent pronation-supination is impossible
because articular circumference and radial notch are of the same size, and the radius and ulna are
bound together by an interosseous ligament (Haines 1946).

In Omithorhynchus, the rotation of the humerus occurs as tn Tachyglo,sszs, the difference,
however, is that in Ornithorhynchzs the humerus retracts by 40", the head elevates and there is
extension in the elbow joint rather than flexion. The larger excursion of movements in the shoulder
joint results in differences in structure of the humeral head, which in Ornithorhynchas overhangs the
shaft more strongly dorsally than in Tachyglossus.

Non-fossorial Theria (e.g., Barunlestes, Trichosaras, and, Cercopithecus) (Figs 4, 8J). - In
therians only the scapula contributes to the glenoid fossa, which is concave, ellipsoidal or rounded.
The therian shoulder and elbow joints were discussed by, among others, Jenkins (l97la, 1973 and
197 4), and Jenkins & Weijs (197 9).

The proximal and distal epiphyses of the humerus in most therians are only liftle or not expanded
and almost parallel to one another; there is only very little or no torsion. The articular surface of the
head faces more dorsally than proximally. In most Theria the lesser tubercle is distinctly smaller than
the greater tubercle, on which the main extensors of the shoulder joint, mm. supraspinatus and
infraspinatus insert. The interhrbercular groove is narro% ranging between l4-23%o ofthe proximal
epiphysis width (Kielan-Jaworowska & Gambaryan 1994). OnIy the tendon of m. biceps brachii
passes along the inbrnrberculm groove.

In'most therians a broad concave surface - the trochlea - replaces the ulnar and radial condyles,
which as a rule are not recognizable. In primitive therians such as e.g., Late Cretaceous eutherian
Barwilestes (Fig. 4C) (Kielan-Jaworowska 1978) and Late Cretaceous metatherian Asiatherium
(Szalay & Trofimov 1996 and personal observations), the vestigial radial condyle is still visible as a
spherical dtructure, while the rlnar condyle cannot be distinguished, being confluent with the wall of
the trochlea. In more advanced therians, even in scansorial.forms, in which there is a strong degree of
rotation ofthe antebrachium and manus, there is a trochlea, typical for the therian pattern ofthe elbow
joint. The remnant of the radial condyle is still recognizable in the scansorial marsupial Trbhosurus
(Ftg.4A), while in the primate Cercopithecus,inspiteof rotation in the elbow joint, the remnantof the
radial condyle is hardly discemible (Fig. 4B). Comparis onof Trichosurus withEchinosorex shows that
in Echinosorex, which is terrestrial, there is no separate radial condyle (Table 1). The same is true of
other extant terrestrial insectivorous mammals such as Paraechinus utd, Erinaceus, and rodents
Meriones, Rattus, and, Citellus, measured by us but not included in Thble 1. [n scansorial and in many
other therians, on the radius there is an articular circumference which allows the rotation of the radius.
In all other non-fossorial therians (except the Anthropoidea, in which, due to an increase of the
manipulatory activity ofthe antebrachium and manus, there is a spherical radial condyle - capitulum),
the radial condyle is not differentiated from the trochlea. The presence of a trochlea restricts the
movements of the ulna to a plane perpendicular to the transverse axis of the elbow joint.

Fossorial rheria (e.g., Talpidae, chrysochloridae, spalacidae, Myospalacidae, and extinct
Palaeanodonta) (Figs 2D-F, 5, 6,7F-}J,8G-I). - It is generally accepted that abduction of the
forelimbs during digging, which is characteristic of most fossorial Theria (but not e.g., of the
Spalacidae) is secondary (see Gambaryan 1960 and Hildebrand 1988, for reviews). This means that
fossorial Theria originated from forms with parasagittal limbs and a trochlea. In consequence we
accept also that the radial condyle (capitulum), that occurs in the fossorial forms that abduct their
forelimbs, made its appearance secondarily, in relation to the compulsion of rotation in the elbow
joint. In these fossorial forms, including extinct palaeanodonts (Rose & Emry 1983; Rose et al. 1992
and references therein), adaptations for digging resulted in the formation of a radial condyle and
retention of the trochlea. The ulnm condyle, however, did not reappear. As in all Theria (see above),
the interhrbercular groove in all fossorial therians is narrow.

Among the fossorial therians only the Talpidae acquired a fully sprawling stance of the forelimbs,
which are oriented at l2Ul6O" with respect to the sagittal plane. The glenoid fossa faces venfally
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Fig. 4. Stereo-photographs of left humeri (C distal end only) in ventral view. A. Trichosurus vulpeculu,

Recent, ZIN 31713. r I.B. Cercopitltecrs sp.. Recent, ZIN no number, x l. C. Ba.rtmlestes butleri -

vestigial radial condyle is seen on the right side ofthe trochlea, Late Cretaceous, Barun Goyot Formation,

Mongolia. ZPAL MgM-V77. x 6. ec - ectepicondyle, en - entepicondyle, gt greater tubercle, hh
humeral head. it - intertubercular gtoove, lt - lesser tubercle, tr trochlea. Above the trochlea in all tluee

specimens tlrere is a deepening of fossa coronoidea, partly broken rn Barunlestes.

and is elongated anteroposteriorly. The proximal and distal ends of the humerus are expanded. The

humeral head is narrow allowing only flexion-extension, while rotation of the humet-us is in the
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Fig. 5. Talpa europaea,Recent Stereo-photograph of left humerus in ventral view, coated with ammonium
chloride, ZPAL Mw-5, x 2.5. cr - crest of the greater tubercle, ec - ectepicondyle, en - entepicondyle, lt -
lesser tubercle, rc - radial condyle, tr - trochlea.

humero-clavicular joint, which does not occur in other mammals (Gambaryan 1960). While the
animal draws the soil aside, rotation takes place, and that is why the lesser tubercle is larger than the
greater, as characteristic of animals with sprawling posture, but in contuast to the condition. in
non-fossorial Theria. There is no humeral torsion. The radial condyle is complete$ separated from
the trochlea and very prominent in Talpa.In Neurotrichus, which belongs to the primitive Talpidae,
and in which the abduction of the forelimbs is less advanced tbannThlpa, the convexity of the radial
condyle is smaller (Table 1). The changes in orientation of the manus require independent movements
ofradius and ulna. The presence of a spherical radial condyle, separated from the trochlea, ensures
rotation of the radius about its longitudinal axis. The articulation of the radius and ulna is flat,
allowing only for a small movement of the bones relative to each other, but not rotation (Gambaryan
1960 and references therein; Gambaryan & Gasc in preparation).

Chrysochloridae and Myospalacidae move their forelimbs posterolaterally during digging, and
we refer to them as half-sprawling; this probably was also the case in extinct Palaeanodonta (Rose &
Emry 1983; Rose e/ al. 1992). Chrysochloridae differ from the Talpidae and all other fossorial
therians in having twisted humerus, the torsion of which amounts to about 60". In Chrysochloridae
the lesser tubercle is larger than the greater and the radial condyle is completely separated from the
trochlea, as in other fossorial therians. The Chrysochloridae (Figs 7H, 8G) are similar to the Talpidae
in the structure of the glenoid fossa, but differ in structure of the proximal and distal extremities of
the humerus (Gasc et al. 1986).

The extinct Palaeanodonta resemble the Chrysochloridae in various adaptations for burrowing,
but differ from them in having only very little humeral torsion (Rose & Emry 1983).

The structure of the glenoid fossa in Spalacidae (Nannospalax) and Myospalacidae is the same
as in non-fossorial therians. These two fossorial families of Rodentia differ considerably from each
other in the mode of burrowing, which results in a different structure of the distal extremity of the
humerus (Fig. 6). In Spalacidae, whose humerus works in a parasagittal plane, there is only a trochlea,
and the distal end of the humerus is not expanded; while in Myospalacidae, which abduct the
forelimbs during digging, there is a separate radial condyle in addition to the trochlea, and the distal
end of the humerus is shongly expanded (Gambaryan 1960; Gambaryan & Gasc 1993).

In spite of the abducted hajectory of digging in Myospalacidae, the lesser tubercle is smaller than
the greater, as characteristic of mammals with parasagittallimbs, including Spalacidae. While in other
tetrapods with abducted limbs medial rotation of the humerus takes place due to the action of mm.
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Fig. 6. Stereo-photographs of left humeri in ventral view. A. Nannospalax nehringi, Recent, ZPAL Mw-4,
x 1.5. B. Myospalax myospalax, Recent, ZN 386, x 1.4. Note than in Nannospalax (Spalacidae), whose
forelimbs work in a parasagittal plane there is a trochlea and no radial condyle. ln Myospalax (Myospala-
cidae) which abducts forelimbs, in addition to the trochlea there is a prominent radial condyle. cr - crest
of the greater tubercle, crl - crest of the lesser tubercle, ec - ectepicondyle, en - entepicondyle, gt - greater
tubercle, hh - humeral head, it - intertubercular groove, lt - lesser tubercle, rc - radial condyle, tr - trochlea.

subscapularis, proscapulohumeralis and pectoralis (in monotremes), or mm. subscapularis, scapulo-
humeralis posterior and pectoralis (ir lacertilians), all of which insert on the lesser tubercle, in
Myospalacidae the medial rotation is due to mm. latissimus dorsi and teres major which insert on the
enlarged crest of the lesser tubercle (Fig. 68).

The convexity of the radial condyle in all fossorial therians with half-sprawling stance studied
by us is greatest at the beginning of the propulsive phase (Table 1 and Fig. 2, position 120'), which
indicates that the mobility of the elbow joint was greatest at this stage. This shows also that the elbow
joint is in the most flexed position at this stage. In Talpa, which has a sprawling stance, the greatest
mobility (the greatest convexity of the radial condyle) occurs at the extended elbow joint (positions
30 and 60').

Humerus structure in sprawling and parasagittal stance

The data presented in the foregoing chapter allow one to establish the list of features
that distinguish the humeri in sprawling and parasagittal stance (Figs 3-8).

Torsion. - The torsion (or twisting) of the humerus was generally regarded as
a very important character that allows distinction of the sprawling from the parasagittal

n



28 Multituberculate stanc e : G AIvBARYAN & KIELAN-JAWOROWSKA

Fig. 7. Camera lucida drawings showing the distal ends of the humeri in dorsal view. A. Varanus,B.
Lambdopsalis, C. Tachyglossus. D. Omithorhynchus, E. Myospalax, F. NannospaLax, G. Talpa, H.
Chrysochloris. ec-ectepicondyle,en-entepicondyle,fo-fossaolecrani,rc-radialcondyle,tr-trochlea,
uc- ulnar condyle. Scale bars are 5 mm, with except for Chrysochloris which is 2 mm.

stance in fossil mammals (e.g., Simpson 1928a; Irssertisseur & Saban 1967;Kielarr-
Jaworowska & Gambaryan 1994; Sereno & McKenna 1995). The data discussed above
show that humeral torsion is indicative of the sprawling posture in animals that use
symmetrical diagonal gaits; however, it does not occur in anurans which have a sprawl-
ing posture, but use asyrnrnetrical jumps. Humeral torsion is high (60") in Chryso-
chloridae, that secondarily acquired a half-sprawling posture, but very small or absent
in other fossorial mammals that also secondarily acquired a half sprawling or sprawling
(Talpidae) posture. It follows that lack of the torsion is not indicative of parasagittalism.

Condylar structure of the elbow joint. - In all extant vertebrates with primary
abducted limb posture (Urodela, Anura, Lacertilia, Crocodylia, Monotremata) the.re are
prominent, radial (capitulum) and ulnar condyles at the distal end of the humerus.
A spherical radial condyle permits the rotation of radius about its longitudinal axis and
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Fig. 8. Camera lucida drawings of the proximal parts of left humeri. Ar-Jr proximal views, Az-Jz dorsal

views A. Varanus-g. tnmUdipsatis. i. Ne egtioator.D. Chulsanbaatar.E. Omithorhynchus'E ' Tachy-

glossus. G. Chrysochloris. li. Myospalax. l. Nannospalax. J. Trichosurus. gt - gleater tubercle, hh -

humeral head, it-intertubercular groove, lt- lessertubercle' Scalebars are 5 mnr, exceptforD and G which

;;'[|.ffimut t1" t".ro tot"rcle has greater transverse diameter than the greater ubercle in animals
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but smaller in animals with parasagittal limbs (I, J)'ln Myospaloxwlnch

abducts its forelimbs, the lesser tubercle is smaller, as the rotary function of muscles that insert upon it' is

replaced by muscles that insert on enlarged crest of the lesser tubercle (see Fig. 6).
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adduction-abduction in the elbow joint. In specialized forms (monotremes, Fig. 38, C)
there is a conjoined radio-ulnar condyle, while in anurans the ulnar condyle is vestigial
and an enormously enlarged radial condyle articulates with fused radius and ulna. In
mammals with parasagittal limbs the condyles disappear and are transformed into
a trochlea; however, a vestigial radial condyle may be recognized in some early
therians or extant scansorial mammals (Fig. 44, C, see also Jenkins r973).In forms
with a trochlea, the rotation of the radius is ensured by the movements in the shoulder
joint, as all the movements of the forelimb are in the same plane. In fossorial forms
which abduct their forelimbs during digging, or acquired a fully sprawling stance
(Talpidae), a radial condyle developed secondarily in addition to the frochlea, but never
an ulnar condyle. The ulnar condyle is necessary for abduction-adduction ofthe ulna;
its lack is consistent with the presence of a trochlea, which restricts the movements of
the ulna to one plane.

The condylar structure of the elbow joint, with a spherical radial and well defined
ulnar condyle (or conjoined radio-ulnar condyle) and lack of a trochlea, is charac-
teristic of primary sprawled forelimbs, while presence of a radial condyle and a
trochlea is characteristic of secondary sprawled forelimbs.

Size of the lesser and greater tubercles. - In forms with primary abducted
forelimbs, e.g., in lacertilians, cynodonts, morganucodontids and monotremes, the
lesser tubercle is wider and protrudes more strongly over the shaft of the humerus
(medially) than the greater tubercle (Fig. SA-G, see also Jenkins I97tb; Jenkins &
Panington 1976).In mammals with parasagittal limbs the lesser tubercle is smaller
(and narrower) than the greater tubercle. In some, but not all burrowing mammals with
sprawling forelimbs (Talpidae), and those with hatf sprawling forelimbs (chryso-
chloridae), the size of the lesser tubercle increases and it becomes larger than the
greatet tubercle. This difference between sprawling andparasagittal limbs is related to
different movements of the humerus in the shoulder joint. In forms with sprawling
limbs, during the propulsive phase there occurs medial rotation of the humerus in the
shoulder joint, caused by the action of mm. subscapularis and scapulohumeralis
posterioq which insert on the lesser tubercle. An increase of the size of these muscles
reflects in an increase of the transverse diameter of the lesser tubercle. This character,
however, is equivocal, for e.g., in Myospalacidae, which abduct their forelimbs, the
greater tubercle is larger than the lesser tubercle Gig. 68), and rotation of the humerus
is due to the action of mm. latissimus dorsi and teres major which insert on an enlarged
crest ofthe lesser tubercle. The larger transverse diameter ofthe lesser tubercle than of
the greater tubercle is indicative of the primary sprawling stance. It occurs also in most
fossorial therians which secondarily acquired a semi-sprawling or sprawling stance,
with exception of the Myospalacidae.

width of the intertubercular groove. - In tetrapods with sprawling stance,
several muscles that originate on the coracoid bone and sternum pass along the wide
intertubercular groove. In therians, the intertubercular groove is narrow, as only the
tendon of m. biceps brachii caput longum passes along the groove. A wide intertuber-
cular groove is indicative of primary sprawling stance; a narrow groove is indicative
of parasagittal stance. In fossorial therians which secondarily acquired a sprawling or
semi-sprawling stance, the intertubercular groove is narrow.
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Forelimb structure in multituberculates
(Figs 1, 2B'7B.,8B-D,9)

The multituberculate glenoid fossa has been described by McKenna (1961), Deischl (1964), Krause
& Jenkins (1983), Kielan-Jaworowska & Gambaryan (1994) and, sereno & McKenna (1995). As
stated by Krause & Jenkins (1983: p. 209): 'The glenoid is a shallow pyriform fossa, broadest
posteriorly and tapering towards the coracoid suture [...].The scapular and coracoid parts of the
glenoid [...] form an arcuate (approrimately 90') surface to receive the humeral head'. The scapular
spine is not situated in the middle of the lateral side of the scapular blade (as in therian mammals),
but very close to its anterior margin. tn front of it, there is an incipient supraspinous fossa (Kielan-
Jaworowska & Gambaryan 1994). The infraspinous fossa is deep and relatively large. The medial
pmt of the scapula (fossa subscapulmis) is convex, its arc being 120" (Kielan-Jaworowska &
Gambaryan 1994).

The multituberculate humeri, figured or described by Gidley (1909), Simpson (1928a), Deischl
(1964), Sahni (L972), Jenkins (1973), Kielan-Jaworowska & Dashzeveg (1978), Krause & Jenkins
(1983) and Kielan-Jaworowska (1989), are incomplete. The only complete multituberculate humeri
described so far are: (1) two isolated bones, IVPP V9051 and IVPP V8408, from the Early Eocene
Bayan Ulan Formation of China, identified by Kielan-Jaworowska & Qi (1990) as ?Lambdopsalis
bulla (see also Kielan-Jaworowska & Gambaryan 1994), and (2) two humeri belonging to the same
individual, PSS-MAE-103, of Bulganbaatar nemegtbaataroides fromthe Late Cretaceous Djadokhta
Formation at Rayn Dzak in Mongolia, found in association with the skull, pectoral girdle and other
parts of the forelimbs (Sereno & McKenna 1995).

The multituberculate humeri vary in proportions, from relatively slender ones, such as
Kryptobaatar saichanensis (originally referred to Tugrigbaatar by Kielan-Jaworowska & Dash-
zeveg 1978) and. Bulganbaatar nemegtbaataroides (Sereno & McKenna 1995), to more robust
such as Lambdopsalis bulla (Kielan-Jaworowska & Qi 1990; Kielan-Jaworowska & Gambaryan
1994, and Fig. 9). In all the humeri, their proximal and distal epiphyses are expanded, and as a
rule the distal more strongly than the proximal. The degree of torsion in Ltmbdopsalls, in IVPP
V8408 is 38' and in IVPP V9051 is 24' . Kielan-Jaworowska & Gambaryan (1994) attributed the
differences between the two humeri of Lambdopsalls to individual age and the inaccuracy of
gluing. Howeveq reexamination of the specimens shows that there is indeed a difference between
the degrees of torsion. Both humeri fit best into the size of Lambdopsalls (Miao 1988). Given that
there is a high variation in the degree of torsion in Monotremata, one can accept that similar
variation may have existed in Lambdopsalis.

The humerus of Kryptobaatar saichanensis is known from two large fragments, on the basis of
which we tentatively estimate its degree of torsion as about 30' . In Butganbaatar the torsion is only
15' (Sereno & McKenna 1995). Deischl (1964) calculated the degree of torsion in multituberculate
humeri to be 70', which is higher than estimated by us for any taxon.

The humeral head is spherical and strongly overhangs the shaft dorsally; its articular surface faces
more proximally than dorsally (as in graviportal mammals), which means that it is larger in proximal
than in dorsal view (Fig. 8B-D). Such structure of the humeral head indicates the ability for stretching
the forehmbs. The lesser tubercle is slightly lower than the greatertubercle, but its transverse diameter
is larger. It is placed further away from the middle of the humeral head than the greaier tubercle. The
interhrbercular groove is very wide in multituberculates examined by us. In incomplete humeri of the
Late Cretaceous Mongolian taxa the width of the interhrbercular groove (Kielan-Jaworowska, 1989;
Kielan-Jaworowska & Gambaryan 1994: figs 16E and 23E) amounts to 30Vo of the proximal
epiphysis in Nemcgtbaatar,zPALMgM-I/81, about 40vo n chulsanbaatar,zFAl-MgM-vg3, and
4OVo in an unidentified multituberculate from the Djadokhta Formation, ZPN-MgM-A165. In the
unidentified humerus from the Coniacian of Uzbekistan, figured by Kielan-Jaworowska & Nessov
(1992: fi.g. 5A), the interhrbercular groove amounts to 39Vo of the proximal epiphysis. The width of
the interhrbercular groove is 28Vo and 3l7o of the width of the proximal epiphysis in two specimens
of I'ambdopsalis @g. 9). Sereno & McKenna (1995) refer to the groove tn Bulganbaatar as wide,
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Fig. 9. Inmbdopsalis bulla, Eocene, Bayn fllan Beds, Bayan Ulan, China. Stereo-photographs of left
humeri in venfalview, x 1.5. A. IVPPV8408. B. IVVP V9051. Fossacoronoidea is seen in both specimens
above the condyles. cr - crest of the greater tubercle, ec - ectepicondyle, en - entepicondyle, gt - greater
tubercle, hh - humeral head, it - intertubercular groove, lt * lesser tubercle, rc - radial condyle, uc - ulnar
condyle.

but it appears narrow in their fig. 3e. However, on the copy of the original of the drawing (kindly sent
to us by Paul Sereno) it is wide, similar to that in other multituberculates. The crest of the greater
tubercle in multituberculates is prominent.

The distal epiphysis is expanded in all known multituberculate humeri, perhaps being the
narowest irt Bulganbaatar, if correctly reconstructed by Sereno & McKenna (1995: frg. 3). Its
characteristic feature is the presence of a very large, spherical radial condyle, delimited by a deep
intercondylar groove from the prominent ulnar condyle. The ulnar condyle is narrower than the radial
condyle and in ventral view more elongated longitudinally; there is a longitudinal crest that extends
along its longitudinal axis. The differences between the angles of convexity ofthe radial and ulnar
condyles are very small in multituberculates, while in other tetrapods with primary abducted
forelimbs (but not in monotremes), the ulnar condyle is much less convex (Table 1 and Fig. 2A*C).
In all known multituberculate humeri there is no trace of even an incipient fochlea (contra Sercno
& McKenna 1995), the entepicondyle is large, the ectepicondyle smaller. Among all studied tetra-
pods, only in multituberculates do the radial and ulnar condyles extend from the ventral to the dorsal
surface of the humerus (Figs 1A, 28.78,9).

In the multituberculate ulna, the olecranon is very extensive, relatively larger than typical for
Theria, and it approaches the size in some non-specialized fossorial forms, such as Ellobius and
Prometheomys (Gambaryan 1960). As noted by Krause & Jenkins (1983), the medial margin of the
olecranon apex bears a small excrescence, also seen in the ulna of an unidentified multifuberculate
AMNH 118267, figured by Kielan-Jaworowska & Gambaryan (1994: frg. 14D). In the semilunar
notch there is a longitudinal concave facet for the ulnar condyle of the humerus, separated by
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a prominent ridge from the shallow and concave radial notch (Kielan-Jaworowska & Gambaryan
1994: frg.16D, E). The ridge that separates the ulnar condyle from the radial notch articulates with
the intercondylar groove on the humerus. The head of the radius is elliptical, longer anteroposteriorly
than transversely, and bearing a spheroidal concave facet that articulates with the radial condyle. On
the medial side of the proximal part there is a facet - articular circumference (Kielan-Jaworowska &
Gambaryan L994: frg. 14A), for articulation with the uha.

Evaluation,of Sereno & McKenna hypothesis

Sereno & McKenna (1995) suggested that multituberculate posture was parasagittal,
similar to that of Didelphis. They based their hypothesis on the structure of the shoulder
girdle and forelimbs in Bulganbaatar, the humerus of which shows a small degree of
torsion (15'), on the sfructure of the distal end of the humerus, and the structure of the
glenoid fossa. Sereno & McKenna (1995: p. M6) argued that the parasagittal position
of multituberculate..:forelimbs is indicated by: 'marked ventral (not lateral) orientation
of the glenoid, reduction in size of humeral epicondyles, and hinge-like form of the
elbow joint (suggested by prominent, narow ulnar condyle and broad intercondylar
groove on therdistalrend of the humerus, approaching the form of the therian trochlear
joint)'.

As discussed above and exemplified by Anura, Talpidae and Myospalacidae, the
lack of humeral torsion does not necessarily imply parasagittal position of the fore-
limbs. We disagree with Sereno & McKenna's (1995) interpretation of the structure of
the distal end of the multituberculate humerus. In various Late Cretaceous and Pale-
ocene multituberculate humeri examined by the second author, and figured e.g., by
Deischl (1964), Jenkins (1973), Kielan-Jaworowska & Dashzeveg (1978), Krause &
Jenkins (1983), Kielan-Jaworowska & Qi (1989), and Kielan-Jaworowska & Gamba-
ryan (1994), the intercondylar groove is narrow, both condyles are convex and the
radial condyle is spherical. A sharp ridge in the semilunar notch of the ulna, that divides
the articular surface for the ulnar condyle from the radial notch (e.g., Jenkins 1973:
frg. 22; Krause & Jenkins 1983: fig. 13C; Kielan-Jaworowska & Gambaryan 1994:
frg. l4D, E) indicates the presence of a narrow intercondylar groove. Such a ridge does
not occur on the ulnae of therian mammals with a trochlea, except for some fossorial
forms, in which the radial condyle is present (personal observations, see also Lesser-
tisseur & Saban 1967 and Jenkins 1973:tig.23).

In specialized fossorial mammals such as monotremes and various fossorial ther-
ians that abduct their forelimbs during digging, the distal end of the humerus, and
especially the entepicondyle, is strongly expanded (Figs 38, C, 68, and 7C-H). In
nonfossorial therians, on the conffary, the distal end of the humerus usually is hardly
expanded and the epicondyles are srnall (Figs 4, 5A). Sereno & McKenna (1995)
referred to the multituberculate epicondyles as 'reduced in size'. However, the distal
end of multituberculate humerus is expanded and the entepicondyle, measured in
ventral view, extends for 28407o of the epiphysis width in various taxa figured by
Krause & Jenkins (1983), Kielan-Jaworowska & Qi (1990), Kielan-Jaworowska &
Gambaryan (1994), and Sereno & McKenna (1995), while the ectepicondyle is dis-
tinctlv smaller.

J J
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We accept the venfral orientation of the glenoid fossa in Bulganbaatar recognized
by Sereno & McKenna (1995), but such a position does not necessarily indicate
parasagittalism, as it occurs also in forms with abducted limbs, e.g., in the Talpidae.

In order to test the parasagittal position of the forelimbs in multituberculates, we
studied the possible movements in the shoulder joint of Nemegtbaatar gobiensis
(ZPN- MgM-V81), in which the scapula with glenoid fossa and proximal part of the
humerus have been found in association (Fig. 1C). In Didelphis the range of excursion
of the humerus in flexion-extension in the shoulder joint is 70" (140-70") in propulsive
phase and up to 60" in swing phase (Jenkins & Weijs l919).ln Nemegtbaatar the
maximum excursion of the humerus is 50' (160-110'). This shows that the range of the
humeral excursion is much smaller inNemegtbaatarthaninDidelphis. The orientation
of multituberculate humeral head, discussed on p. 31, shows that during the swing
phase the forelimbs were stretched anteroventrally, as characteristic of mammals
before landing (Gambaryan 1974). This indicates that multituberculates were adapted
for jumps as a mode of locomotion, rather than that they moved similarly Io Didelphis-

In order to veriff the opinion of Sereno & McKenna (1995: p. 141) that: '[...]

a mobile pectoral girdle and shoulder joint and a forelimb posture with the elbow near
the body wall arose only once, some time before the Late Jurassic, in a common
ancestor of multituberculates, therians and their extinct allies' we compare the humeri
in early therians and multituberculates.

In a symmetrodont from the Late Jurassic of Western Liaoning, Chtna (Li et al.
1995) there is an incipient trochlea and prominent radial condyle, larger than in
Barunlestes (personal information from Professors Chankuei Li and Yaoming Hu,
letter of October 3I, 1996). Krebs (1991) mentioned the presence of a trochlea in the
Kimmeridgian 'eupantothere' Henkelotherium; however, examination of his fig. 8
shows the presence of both ulnar and radial condyles, in addition to which a trochlea
might be present. The shoulder girdle is built on a modern therian pattern, consisting
only of a scapula, with wide supraspinous fossa and coracoid process, and a clavicle.
Rougier (1993) described the postcranial skeleton of an Early Cretaceous prototribos-
phenid Vincelestes, which has a distinct trochlea in addition to prominent radial and
ulnar condyles. The intertubercular groove is very wide, and the degree of torsion
is 40'.

In the Late Ctetaceous metatherian Asiatherium (Szalay & Trofimov 1996) in
addition to the trochlea there is a vestigial radial condyle. In the Early Cretaceous
(Aptian or Albian) fauna of Khoboor in Mongolia, housed in the Palaeontological
Institute in Moscow, there are numerous as yet undescribed postcranial fragments,
examined by us, among which there are distal ends of therian humeri with a well
developed trochlea and vestigial radial condyle. In the oldest described eutherian
humerus of the Late Cretaceous Bdrunlestes there is a well developed trochlea and
a vestigial radial condyle (Fig. 4C), much less prominent than in all known multituber-
culate humeri, including Bulganbantar. The humerus of a Paleocene therian described
by Jenkins (1913), not only acquired a trochlea, but also lost a vestige of the radial
condyle. Its structure is similar to those in advanced therians.

The trochlear structure of the humeri of Cretaceous (Fig. 4C) and Paleocene
therians (Jenkins 1973) is very different from that of the humeri of various Paleocene
multituberculates (e.g., Krause & Jenkins 1983; Kielan-Jaworowska & Qi 1990 and
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Figs 78 and 9 in this paper), which show a condylar structure. While in therians a

trochlea is well developed in Early Cretaceous forms and possibly made its appearance

during the Late Jurassic, it has not been acquired in the evolution of multituberculates.

In reply to critiques by Presley (1995) and Rougier et al. (1996), Sereno &

McKenna (1996: p. 406) argued that: "As evidence against the therian-like structure

and function of the multituberculate pectoral girdle and hind limb they [Presley and

Rougier et al.] citethe greater degree of torsion in the shaft of another multituberculate
(Lambdopsalrs t...1). Marked humeral torsion and fossorial habits, however, are clearly

correlated among mammals (for example, moles [sic] among living therians). In-

creased humeral torsion in this avowed fossorial multituberculate from the Paleogene

can thus not be interpreted with confidence as a 'residuum of the primitive torsion

between the humeral head and elbow condyle'[...]."

The reply of Sereno & McKenna (1996) implies that primitively multituberculates

acquired a parasagittal position (apparently with a trochlea) while the abducted posi-

tion in Lambdopsalis, as demonsfrated by marked torsion of its humerus is secondary

and due to its fossorial habits. Let us compare the structure of the humerus of

Lambdopsalls with those of fossorial therian mammals. There is no humeral torsion in

the Talpidae, but among extant fossorial therians there is a torsion of about 60' in

Chrysochloridae. More important, however, is that in all fossorial therians, which

secondarily abduct their forelimbs during digging, or acquired fully sprawling stance

(Talpidae), the distal end of the humerus looks very different fromthatinlnmbdopsalis
(Figs 5-7, 9, see also Ro se et al. !992 andreferences therein). In fossorial therians there

is a distinct radial condyle, in addition to the trochlea, but no an ulnar condyle,

characteristic of multituberculates and other tetrapods with primary abducted fore-

limbs. It cannot be excluded that the notable torsion of the humerus in l-ambdopsalis

may have increased because of its semi-fossorial habits; however, there is no doubt that

the condylar structure of the distal end of the humerus, characteristic for all multituber-

culates, with prominent radial and ulnar condyles, is primitive for mammals, as was

convincingly demonstrated by Jenkins (1973).

Another source of evidence in establishing the sprawlingversus parasagittal posi-

tions of the forelimbs in multituberculates may come from an analysis of the hind limb

posture. In mammals (except for specialized fossorial forms), either both fore- and hind

limbs are sprawled (monofremes) or parasagittal (therians). Some fossorial therians

acquired a sprawling (Talpidae) or half-sprawling (Chrysochloridae and Myospalaci-

dae) position of the forelimbs, while the hind limbs remained parasagittal.

Gambaryan & Kielan-Jaworowska (1995) argued that the deep multituberculate

pelvis (different from that in therians) with femoral adductors originating ventral (not

posteroventral as in therians) to the acetabulum and the mediolateral diameter of the

iibiu l*g"t than the anteroposterior, indicate abduction of the femora by 30-60'. Also

the structure of the multituberculate pes, with Mt III abducted by 30' from the

longitudinal axis of the tub er calcanei, would be ineffective in parasagittal limbs, where

the main axis of the pes extends in a parasagittal plane. Unusrially long transverse and

spinous processes of the lumbar vertebrae in multituberculates cannot be interpreted

except than as an adaptation to asymmetrical gaits and steep jumps. In light of the

above data the parasagittal position of multituberculate forelimbs does not hold.
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Reconstruction of forelimb movements
in multituberculates

The hypothesis of the parasagittal position of multituberculate forelimbs (Sereno &
McKenna 1995) cannot be accepted in view of the anatomical evidence and failure of
an atlempt at reconstruction of parasagittal movements of the humerus in the glenoid
fossa. We accept that multituberculates had a sprawling posture (Kielan-Jaworowska
& Gambaryan 1994) andwe shall try to reconstruct the movements of their forelimbs
according to the premises of this idea @g. 10).

In tetrapods with a ventrally oriented glenoid fossa, abduction may be ensured by
the rotation of the humerus, or by rotation of the scapula. The multituberculate scapula,
which is narrow, with a conve.x medial surface, indicates that the scapula apparently
rotated about its longitudinal axis more than in extant therians in which the scapula is
wide and flat.

The humeral head in multituberculates is more spherical than in any extant small
therian mammal. We measured the three angles of the convexity of the head (as
described on p. 17) in seven taxa of extant therian mammals and found the greatest
angles in scansorial forms, ii Cercopithecus (50-75-123"), and in Trichosurus (51-
105-114'), while in Eosorex, Paraechinus, Nannospalax, Myospalax and Citellus the
angles in the third position were below 105". In two specimens of Lambdopsalis the
respective angles are 130_145-165' (IVPP V8408), 125-150-156' (IWP V9051);
1 08-1 1 0- 1 43" in N e me g tb aat ar (ZPAL MgM-V8 1 ) ; 127 -I 50-l 60' in C huls anb aatar
(ZPAL MgM-V83); 140-153-170' in a taeniolabidoid gen. et sp. indet. (ZPAL MgM-
ur6s).

The high convexity of the humeral head increases the possibility of humeral
rotation, as the coracoid process could move transversely across the humeral head
(changing its orientation with respect to the long axis of the humerus), while remaining
always opposite the intertubercular groove (Fig. 1C). The high convexity of the
humeral head in multituberculates shows that the humerus rotated during the propul-
sive phase, which is necessary for animals with abducted forelimbs.

We made an attempt to reconstruct the rotation of the humerus in the shoulder joint
(Fig. 1C). ff the scapula remained immobile, the humeral head could rotate only for
20", as during further rotation the coracoid process would interfere with the lesser
tubercle. If the scapula moved parallel to the longitudinal axis of the glenoid fossa,
transversely across the humeral head, the rotation of the humerus would increase by
10'. If one accepts that the scapula, in addition to parallel movement, also rotated about
its longitudinal axis, then the rotation of the humerus would increase for a further 15'
or more. This would result in rotation of the humerus for at least 45". In walking
Didelphis, during the propulsive phase, the scapula rotates about its longitudinal axis,
approximately 10" (personal observations of the first author, see also Jenkins & Weijs
1979). Thus rotation of the multituberculate scapula was probably greater than in
Didelphis.

In Fig. 10, we present a reconstruction of the movements of the multituberculate
antebrachium during the propulsive phase. Gambaryan & Kielan-Jaworowska (1994),
on the basis of an analysis of the structure of the lumbar vertebrae and hind limbs,
argued that multituberculates possibly had a steeper trajectory of jump than modern
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manubrium
interclavicle

clavicle

scapura
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manubrium
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interclavicle
interclavicle

Fig. 10. Reconstruction of the forelimb movements during the propulsive phase in multituberculates, based
on Inmbdopsalis, Nemegtbaatar, utd Bulganbaaiar (Sereno & McKenna 1995: frg.3). A - dorsal view
B - lateral view, Ar, Br - beginning, Az,Bz - middle, As, Br - end of the propulsive phase.

therians and that the forelimbs worked mostly to absorb the shock of landing. This
implies that before landing the multituberculate forearms stretched strongly anteroven-
trally, as during jumps of extant therians (Gambaryan I974: frg.152). As discussed on
pp. 31 and 34, this assumption is now confirmed by the structure of humeral head and
shoulder joint. In Fig. 10 we show three stages of propulsion. The early stage (Fig.
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10Ar, Br) illustrates the moment of landing, during which the humerus was oriented
more sagittally than in the successive stages, as characteristic of anurans (Gray 1968;
Emerson 1983). Between the early and the middle stage of propulsion (Fig. 10Br, Bz)
we reconstruct the body as falling down between the limbs, as characteristic ofjumps
of mammals and anurans (Gray 1968; Gambaryan 1974). At the same time the humeral
head was depressed and occupied a position below the level of the elbow joint.

In multituberculates (and in anurans), which land simultaneously on both forelimbs,
there is no undulation of the body, and there occurs a strong flexion of ttre elbow joint.
Landing on both forelimbs resulted in lateral movement of the elbow joint in multituber-
culates, in relation to which the flexion of the elbow joint increased (Fig. 10Az). This
contasts with the movements in tetrapods which use symmetrical, diagonal gaits (Urode-
la, Lacertilia, Crocodylia and Monotremata), where the humerus is oriented horiznntally
during all the stages of the propulsive phase. In these forms there is very little flexion of
the elbow joint, because this is compensated for by undulations of the body.

Between the middle and end of the propulsive phase (Fig. 1082, B:) the body
elevated between the forelimbs, but not as high as at the beginning (Br), the humerus
was situated not so close to the sagittal plane as at the beginning, and the sternum was
situated lower than at the beginning of the propulsive phase. Further elevation of the
stemum was due to the action of the hind limbs. At the end of the propulsive phase
(Fig. 10Al) the humerus was more abducted than at the beginning.

Absorption of the shock of landing in mammals inyolves different elements of the
shoulder girdle and forelimb. The elbow joint plays an important role in this absorp-
tion; during landing it flexes, while m. triceps brachii (one head of which originates on
the scapula and two on the humerus, and it inserts on the olecranon) acts against the
flexion. Increase of the size of the olecranon plays an important role in increasing the
moment arm of m. triceps brachii. As discussed above, the olecranon is very large in
this group.

During the propulsive phase (Fig. 10A) the olecranon is inclined towards the
ectepicondyle. M. epitrochleoanconeus, which originated on the dorsal surface of the
entepicondyle and inserted on the excrescence on the olecranon apex, prevented
extensive inclination of the olecranon. When during landing the forelimbs were
stretched anteroventrally, the elbow joint extended and the olecranon fitted into a deep
fossa olecrani on the dorsal side of the humerus (Fig. 7B). Strong flexion of the elbow
joint during the middle of the propulsive phase, required a deep coronoid fossa on the
ventral side of the humerus, into which fitted the radial head (Fig. 9).

Strong flexion-extension movements of the elbow joint are characteristic also of all
the Theria with parasagittal forelimbs (Gambaryan 1974). Although the stance of
therian and multituberculate forelimbs is different, the strong flexion-extension of the
elbow joint in both groups resulted in formation of a fossa olecrani Gig. 7) which does
not occur in other tetrapods with abducted forelimbs.

As discussed above, the action of the forelimbs varies in forms with sprawling
posture. While in e.g., Varanus the humerus retracts up to 135' during the propulsive
phase, in Tachyglossas there is almost no retraction. The only character that occurs
constantly in all the tetrapods with abducted limbs is the presence of the radial condyle.
The spherical sfructure of the radial condyle is characteristic of forms with primary
abducted forelimbs, and its mean convexity is similar even in forms which move
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differently, it is e.g., 135' in Varanus, and 127' in Tachyglosszs; in forms with
secondarily abducted forelirnbs the mean convexity is e.g., 130' in Thlpa and 136' in
Chrysochlons (see Table 1).

The spherical structure of the radial condyle alone (without data on the structure of
the head of the radius and the articular surface for the ulnar condyle on the ulna) does
not specify the maximum mobility of the elbow joint. However, an analysis of Table 1
and Fig. 2 indicates in which position of the elbow joint the mobility is the greatest.
The most extended position of the elbow joint in multituberculates is at 0' and the most
flexed at I20" .In all multituberculates the least mobility of the antebrachium is at the
position 60'. This shows that the greatest rotation of the antebrachium occurred at the
beginning and at the end ofthe propulsive phase.

The rotation of the radius about its longitudinal axis in multituberculates is
greater than in other extant tetrapods with sprawling posture studied by us. We
measured the angle of the arc of the articular circumference on the radius in
N eme gtb aat ar ZPAL MgM-V8 1 (Kielan-Jaworowska & Gambary an 19 9 4: fig. 1 4A)
which is 120', while the angle of the concave surface of the ulna which articulates
with the radius, is 50' (the ulna in this specimen has been broken at the level of the
radial notch and allowed us to take these measurements). It follows that the free part
of the arc of the articular circumference along which the radius may rotate has an
angle of 70'. Multituberculates are unique among terrestrial tetrapods with sprawl-
ing posture in that they have a large spherical radial condyle and at the same time
a large articular circumference.

Conclusions

Testing the hypotheses of Sereno & McKenna (1995) on multituberculate parasagittal
stance and of Kielan-Jaworowska & Gambaryan (1994) on sprawling stance, using
anatomical comparisons and reconstruction of multituberculate forelimb movements,
leads to the following conclusions.

In terrestrial tetrapods with a primary sprawling posture, which use symmetrical
diagonal gaits (Urodela, Lacertilia, Crocodylia, and Monotremata), the humerus shows
a relatively high torsion (up to 60'), wide intertubercular groove, lesser trochanter
wider than the greater one, and the condylar type of the elbow joint, with spherical
radial condyle and oval, convex ulnar condyle. Abducted forelimbs occur also in
Anura, which use asymmetrical jumps and have a straight humerus (without torsion).
Therian mammals acquired a trochlea probably during the Late Jurassic. They retained
a vestigial radial condyle in Late Cretaceous forms, but lost this condyle in the
Paleocene. Fossorial mammals that secondarily acquired half-sprawling or sprawling
stance differ from tetrapods with primary sprawling stance in having a toochlea and
radial condyle, but no ulnar condyle, and in having a nztrrow intertubercular groove.
Among fossorial therians humeral torsion occurs only in Chrysochloridae. The Spala-
cidae, which are fossorial, have no radial condyle, only a trochlea, as their forelimbs
work in a parasagittal plane.

The small degree of humeral torsion (15') found in one multituberculate taxon
(Bulganbaatar) does not imply a parasagittal posture (as proposed by Sereno &
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McKenna 1995), as lack of torsion occurs also in forms with sprawling posture such
as the Anura, and in several digging therians, with secondarily abduct their forelimbs.
Bulganbaatar has no trochlea, but has prominent radial and ulnar condyles, charac-
teristic of forms with primary abducted forelimbs. Multituberculate humeri vary in the
degree of torsion. It cannot be excluded that the relatively notable torsion of Lambdop-
salis (24-38") is, at least in part, related to its semi-fossorial mode of life. However,
the structure of the multituberculate humerus, with spherical humeral head, wide
intertubercular groove, lesser trochanter wider than the greater one, spherical radial
condyle and prominent ulnar condyle, indicates a primary sprawling stance of the
forelimbs.

The structure of the multituberculate scapula which is narrow and has convex
medial side (subscapular fossa) indicates that the scapula was more movable than in
any therian mammal. The rotation at the shoulderjoint was ensured by both the rotation
of the scapula and the rotation of the humerus. The structure of the multituberculate
elbow joint, with spherical radial and ulnar condyles and very extensive articular
circumference on the proximal end of the radius (Kielan-Jaworowska & Gambaryan
1994: frg. 164), indicates a possibility of extensive rotation of the antebrachium and
independent rotation of the radius about its longitudinal axis, as characteristic of
abducted limbs. In several therians, e.g., scansorial forms, the radius also rotates about
its longitudinal axis, but there is no rotation ofboth bones of the antebrachium together.

Kielan-Jaworowska & Gamb aryan (1994) concluded on the basis of an analysis of
multituberculate hind limbs, and structure of lumbar vertebrae with long transverse and
high spinous processes, that multituberculates had sprawling limb posture and were
adapted for asymmetrical gaits with steep jumps. In the present paper, we show that
the range of humeral excursion at flexion-extension in the shoulder joint in multituber-
culates was much smaller than in Didelphis, and that during the swing phase the
forelimbs were stretched anteroventrally, as characteristic of mammals before landing.
This questions the hypothesis of Sereno & McKenna (1995) on Didelphis-like loco-
motion of multituberculates, and gives support to the supposition of Kielan-Jaworow-
ska & Gambaryan (1994) that multituberculates were adapted for asymmetrical jumps
with abducted limbs. At the beginning of the propulsive phase, just after landing, the
humerus was oriented more sagittally than in the successive stages. Between the
beginning and middle of the propulsive phase the body was falling down between the
limbs, while the humeral head was depressed and the elbow joint flexed. Between the
middle and the end of the propulsive phase the body elevated between the forelimbs,
but not as high as at the beginning and the humerus was more abducted than at the
beginning.

The fact that multituberculates never developed a trochlea and retained the condylar
structure of the elbow joint throughout their history while the ancestors of therians
acquired the trochlea possibly during the Late Jurassic and very early lost the ulnar
condyle, indicates that parasagittal posture arose in mammalian evolution only in
therians, and not in common ancestors of therians and multituberculates. Although
multituberculates and therians share many characters which may indicate close rela-
tionship (e.g., pattern of cranial vasculature and structure of ear ossicles), reconstruc-
tion of multituberculate stance and movements does not support multituberculate-the-
rian sister-group relationship.
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Odwiedzione czy przystrzalkowe ustawienie koriczyn
multituberkulat6w

PETR P. GAMBARYAN i ZOFIA KIELAN.JAWOROWSKA

Streszczenie

Celem pracy bylo przetestowanie dw6ch hipotez dotycz4cych pololerttakorirczyn i sposobu
poruszania sig wymarlej grupy ssak6w - multituberkulat6w (wieloguzkowc6w). Kielan-Jawo-
rowska & Gambaryan (1994) opisali dobrze zachowane szkielety multituberkulat6w z osad6w
p6Znokredowych Mongolii, zrekonstruowali ich umig5nienie i wyci4gneli wniosek, 2ekoitczy-
ny multituberkulat6w byly skierowane na boki (odwiedzione), tak jak u wsp6lczesnych gad6w
i stekowc6w. Wniosek ten opieral sig gl6wnie na analizie budowy koriczyn tylnych, w kt6rych
poprzeczna oS koSci piszczelowej jest dluLszanii. podluZna, takjak u czworonog6w o kofczy-
nach odwiedzionych, gdy w przypadku koriczyn parasagitalnych, dluLszajest oS podluZna.
Drugim argumentem bylo skierowanie osi stopy nie r6wnolegle do plaszczyzny podlluinej ciata
i osikoScipigtowej, lecz odwiedzeniejej o 30" odosi ko6cipigtowej, gdy u ssak6w okoriczynach
parasagitalnych o( stopy leiy w przedtu2eniu osi ko(ci pigtowej. Dlugie wyrostki odciste
i poprzeczne krgg6w lgdZwiowych wskazywaly na przystosowanie multituberkulat6w do poru-
szania sig asymetrycznymi skokami. Kompletne koSci ramienne zachowane u paleoceriskiego
multituberkulata z Chin wykazywaly skrgcenie proksymalnych i dystalnych odcink6w w sto-
sunku do siebie, jak u wiekszo5ci czworonog6w o odwiedzionych koriczynach.

Sereno & McKenna (1995) opisali koSi ramienn4i czgS( szkieletu barkowego multituber-
ktlata z p62nej kredy Mongolii. KoSi ta nie wykazuje skrgcenia, charakterysty cznego dla ste-
kowc6w i wsp6lczesnych gad6w, w zwi4zku z czymautorzv wyci4gngli wniosek, 2e multituber-
kulaty mialy kofczyrry parasagitalne (ustawione przystrzakowo), tak jak wsp6lczesne ssaki
wlaSciwe, poruszaty sig podobnie jak oposy, oraz 2e parasagitalnoSi powstala w ewolucji
ssak6w tylko raz u wsp6lnych przodk6w multituberkulat6w i ssak6w wlaSciwych.

W pracy niniejszej przetestowano obie hipotezy w oparciu o por6wnania anatomiczne oraz
rekonstrukcjg ruch6w koriczyn przednich multituberkulat6w. Wykazano 2e brak skrgcenia koSci
ramiennej nie Swiadczy o parasagitalno(ci, poniewaz nie skrgcona ko6i ramienna wystgpuje
r6wniei u form z odwiedzionymi kofczynami, np. u 2ab, oraztlicznych grzebi4cych ssak6w
to2yskowych, u kt6rych'nast4pilo wt6rne odwiedzenie koriczyn. Por6wnuj4c budowe stawu
barkowego, ko6ci ramiennej i stawu lokciowego czworonog6w l4dowych, ustalono liste cech
koSci ramiennej, kt6re wystgpuj4 u czworonog6w o pierwotnie odwiedzionych koriczynach
i wykazano 2e wszystkie te cechy wystgpuj4 u multituberkulat6w, SA to: brak bloczka na koSci
ramiennej i obecnoSi wypuklych klykci promieniowego i lokciowego, szeroka bruzdamigdzy-
guzkowa, oruz guzek mniejszy koSci ramiennej szerszy nrL grtzek wigkszy. Przeprowadzono
teZ rekonstrukcjg ruch6w kortczynprzednrch multituberkulat6w i wykazano, 2e zakres ruch6w
zginania i prostowania w stawie barkowym byl mniejszy niZ u oposa, natomiast koSi rarnienna
mogla bardziej niZ u oposa wyci4ga( sig ku przodowi i w d6l, tak jak to wystgpuje u ssak6w
podczas skok6w. Odrzucono wigc przypuszczenie Sereno i McKenny, 2e multituberkulaty
poruszaly sig podobnie jak wsp6lczene oposy. Wyci4gnigto wniosek ze budowa koriczyn
przednich (takjak i tylnych) multituberkulat6w wskazuje na odwiedzione poloZenie kofczyn
i ladzial skok6w w ich lokomocji. Brak nawet zacz4kowego bloczka na koSci ramiennej
u wszystkich znanych multituberkulat6w wskazuje, 2e nre powstala u nich parasagitalno5i.
ParasagitalnoSi w ewolucji ssak6w powstala tylko u ssak6w wla6ciwych (Theria). Chociaz
multituberkulaty i ssaki wlaSciwe wykazuj4 wiele cech wskazuj4cych na ich pokrewieristwo
(np. przebieg naczy6, krwiono(nych glowy, budowa kostek sluchowych itd.), poloZenie ich
koriczyn nie potwierdza hipolezy, 2e s4 to grupy siostrzane.
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