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Abstract

Investigating the functional morphology, locomotor diversification,

and paleoecology of Mesozoic mammals

Meng Chen

Chair of the Supervisory Committee:
Gregory P. Wilson

Departments of Biology

The first two-thirds of mammalian history occurred in the Mesozoic Era (252—-66
Ma). Mesozoic mammals have been long thought of as generalized, nocturnal, terrestrial
taxa that were constrained by selective and ecological pressures imposed by
contemporary terrestrial vertebrates. However, this notion has been challenged by
discoveries of the last two decades. A number of relatively complete Mesozoic mammal
skeletons have distinctive morphologies that suggest their evolution of ecological
diversity comparable to extant mammals. To test this hypothesis, I used qualitative and
quantitative approaches to infer functional morphology, locomotor diversity, and
ecological structure of Mesozoic mammals at the species, clade, and community scale,

respectively. The first study uses functional morphology and comparative anatomy to



infer locomotion and posture in a recently recovered Early Cretaceous eutriconodontan
mammal, Yanoconodon allini. The second study uses multivariate morphometrics of the
appendicular skeleton in a broad sample of extant, small-bodied mammals as a basis to
infer locomotor modes in ten Mesozoic mammal species. The results are combined with
previous interpretations of other Mesozoic mammals to assemble temporal patterns of
locomotor diversification of mammalian clades through the Mesozoic. The third study
compares ecological structure and occupation, as measured by body size, diet, and
locomotion, from a broad sample of extant, small-bodied mammalian communities to the
inferred paleoecological structure of two Early Cretaceous mammalian communities.
Results indicate that the ancient mammalian communities significantly differed from the
modern mammalian communities, perhaps due to sampling artifacts of the fossil record,
non-analog paleoenvironments of the Early Cretaceous communities, and/or evolutionary
ecological transitions that only occurred after the extinction of non-avian dinosaurs.
Together, these studies provide a more comprehensive and more quantitative approach to

the study of Mesozoic mammals at both the species- and community levels.
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CHAPTER 1:

INTRODUCTION



Mesozoic mammals originated in the Late Triassic (approximately 220 Ma;
Kielan-Jaworowska et al., 2004) at about the same time as dinosaurs (Brusatte et al.,
2010). Through the Mesozoic Era, mammals became relatively taxonomically rich (more
than 320 species) and were distributed in both northern and southern landmasses
(Lillegraven et al., 1979; Kielan-Jaworowska et al., 2004). Mammals also underwent
critical morphological transformations during this interval that shaped their evolution and
ecology and likely those of modern mammals (e.g., Kielan- Jaworowska et al., 2004).
Previous studies of these transformations have mostly focused on the skull and dentition
(e.g., tri-ossicular middle ear [Allin and Hopson, 1992; Rowe, 1996], tribosphenic molar
[Luo et al., 2001a,b], and encephalization [Jerison, 1973; Rowe et al., 2011]). Inferences
about the evolution of functional morphology, ecological diversification, and the
ecological roles of mammals in Mesozoic terrestrial ecosystems have historically been
hampered by a fossil record of mostly dental specimens, some cranial material, and very
few postcranial skeletons (e.g., Kielan-Jaworowska et al., 2004).

In the last three decades, discoveries of relatively complete fossil skeletons of
Mesozoic mammals have facilitated the study of the evolution and ecology of these
mammals (Kielan-Jaworowska et al., 2004; Luo, 2007; Bi et al., 2014; Krause et al.,
2014; Luo et al., 2015). Now there is little doubt that Mesozoic mammals evolved an
array of ecomorphologies, functionally comparable to those of extant mammals (e.g.,
Wilson et al., 2013; Chen and Wilson, 2015), which enabled them to occupy diverse
regions of ecospace in Mesozoic terrestrial ecosystems (Luo, 2007). However, no study
has tested this hypothesis by quantifying how ecologically diverse Mesozoic mammals

were through time, across clades, and within communities.



This dissertation attempts to test the aforementioned hypothesis. I used functional
morphological, morphometric, and community paleoecological approaches to
quantitatively and qualitatively investigate locomotor mode and posture, locomotor
diversification, and ecological structure at the species-, clade-, and community levels,
respectively, through the Mesozoic.

In Chapter Two, 1 use the Early Cretaceous mammal, Yanoconodon allini, as a
case study to investigate locomotion and posture in Mesozoic mammals. Previous studies
of Yanoconodon allini focused on the evolutionary and developmental transition to a tri-
ossicular middle ear and the homoplasy in the thoraco-lumbar transition (Luo et al.,
2007). In this study, I focus on postcranial skeleton and use a comparative anatomy
approach to evaluate the function of each element in order to infer possible locomotor
mode and posture used by Yanoconodon allini.

In Chapter Three, 1 develop a new multivariate morphometric approach to infer
locomotor modes in Mesozoic mammals. The study was motivated by an increasing
number of Mesozoic mammal specimens that have been recovered worldwide with
relatively complete postcranial skeletons, providing a unique opportunity for
investigating locomotor diversification of Mesozoic mammals in a comprehensive way.
Previous studies on these new fossils have focused on a single taxon, a limited region of
the skeleton, or have been largely qualitative. To build upon these studies, I first
developed morphometric models using modern analogs. I applied multivariate analyses to
a large dataset of osteological indices derived from appendicular skeletal measurements
of a taxonomically diverse sample of extant, small-bodied mammals representing diverse

locomotor modes. I found that the eight locomotor modes could be reliably distinguished



from one another in these analyses and that they form a morphofunctional continuum
reflecting similarity in biomechanical demands. The resulting models were then used to
infer locomotor mode in ten fossil mammals from different clades and different times in
the Mesozoic. Combined with previous locomotor inferences of 19 additional taxa, I
compiled temporal patterns of locomotor diversification across and within Mesozoic
mammal clades.

In Chapter Four, 1 extend the quantitative approach to investigate the ecological
structure of Mesozoic mammal communities. I first compiled ecological trait data (body
size, diet, locomotion) of 28 extant, small-bodied mammal communities from four
climate regions (arid, tropical, temperate, cold) across the world. In plotting these data in
ecospace and analyzing the disparity (magnitude of differences among species within the
same community) and diversity (number of ecological combinations) of these ecospace
occupations, I showed clear differences across the extant communities from different
climate regions that are in part due to differences in environmental parameters. Because
the Jehol Group currently provides the best fossil record of the Early Cretaceous
terrestrial ecosystems, I applied the same approach to two Early Cretaceous mammal
communities. Results show that the Early Cretaceous mammal communities have
similarities and differences with extant, small-bodied communities. The differences may
be due to sampling artifacts of the fossil record, non-analog paleoenvironments of the
Early Cretaceous communities, and/or evolutionary ecological transitions that only
occurred after the extinction of non-avian dinosaurs.

In Chapter Five, 1 provide concluding remarks that highlight the important

findings from the dissertation and relate back to the central hypothesis of the dissertation



that Mesozoic mammals occupied diverse regions of ecospace in Mesozoic terrestrial
ecosystems.

Together, these studies provide a new quantitative approach to the investigation of
Mesozoic mammals, from species level to the clade level and the paleocommunity level.
Through the dissertation, the reader should be reminded that the fossil record of
Mesozoic mammals is scarce, which might bias interpretations of the patterns exhibited
in these studies. As more and more Mesozoic mammals are recovered, the existing

patterns may be revised.
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CHAPTER 2:

POSTCRANIAL SKELETON OF EUTRICONODONTAN YANOCONODON ALLINI
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ABSTRACT—A recent study hypothesized that Yanoconodon allini (Eutriconodonta:
Jeholodentidae) from the Lower Cretaceous Yixian Formation of northeastern China had a
semiaquatic locomotor mode. However, detailed description and functional study of the
postcranial skeleton of Yanoconodon have not yet been carried out. Here, we describe and
analyze the functional morphology of its postcranial skeleton. Our analyses indicate that
Yanoconodon has a composite of adaptive features for diverse locomotor modes. Its humerus has
a spindle-shaped head, an indistinct neck, and a broad and shallow intertubercular groove, all of
which resemble those of non-therian mammaliaforms or cynodonts that have been interpreted as
semifossorial or semiaquatic. The lack of an enlarged olecranon process of the ulna and the lack
of styloid processes at the distal ends of the radius and ulna would have limited the digging
efficiency of Yanoconodon. The triangular scapula and the pivotal pectoral girdle of
Yanoconodon resemble those in extant mammals with some climbing ability. The femur has a
spherical head with a very short neck and small greater trochanter. No malleoli are present in the
distal ends of the tibia and fibula to stabilize the movement of the upper ankle joint in a
parasagittal plane. The astragalus is partially superimposed on the calcaneus. Taken together,
these postcranial skeletal features imply that Yanoconodon had a sprawling posture in both the
forelimbs and hind limbs and was a generalized terrestrial mammal capable of swimming. This
study documents the morphological features of the entire postcranial skeleton of Yanoconodon
and comprehensively analyzes functions of each postcranial element. Our results are consistent

with the previous locomotor inference of Yanoconodon.
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INTRODUCTION

The Eutriconodonta is one of the most species-rich groups of Mesozoic mammals. To date,
more than 30 species have been reported from the Early Jurassic to the Late Cretaceous and from
all major landmasses (Kielan-Jaworowska et al., 2004; Hu et al., 2005; Meng et al., 2005, 2006;
Luo et al., 2007a; Martin and Averianov, 2007; Montellano et al., 2008; Gao et al., 2010;
Kusuhashi et al., 2009; Meng et al., 2011; Gaetano and Rougier, 2011, 2012). They are
characterized by (i) three principal cusps aligned mesiodistally in bilaterally compressed molars
and (ii) relatively precise occlusion between upper and lower molars (Lillegraven et al., 1979;
Kielan-Jaworowska et al., 2004). They range in size from small-bodied taxa (~100 g; Kielan-
Jaworowska et al., 2004) to the largest mammals known from the Mesozoic (~16 kg; Hu, 2006).
The smaller-bodied taxa likely fed on insects and invertebrates, whereas taxa of larger body size
preyed on or scavenged small vertebrates (Kielan-Jaworowska et al., 2004; Hu et al., 2005; Hu,
2006). Despite a relatively rich fossil record of eutriconodontans, most taxa are known from
fragmentary fossils, mainly isolated teeth and jaw fragments and a few cranial and postcranial
elements (Kielan-Jaworowska et al., 2004). Relatively complete skeletons have been reported for
only seven species (Jenkins and Schaff, 1988; Ji et al., 1999; Hu et al., 2005; Hu, 2006; Luo et
al., 2007a; Gao et al., 2009; Meng et al., 2006, 2011).

The incompleteness of the fossil record of eutriconodontans limited our understanding of
their paleoecology and paleobiology to aspects of their feeding. However, with an increasing
number of relatively complete eutriconodontan fossils discovered in recent years, it is now
possible to infer locomotor mode and substrate use among some eutriconodontans (see Luo,
2007; Chen and Wilson, 2015). Qualitative and quantitative analyses of some of these fossils

indicate that eutriconodontans were ecomorphologically diverse, possessing features adapted to
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different habitats and locomotor strategies (Luo, 2007; Chen and Wilson, in press). The
jeholodentid Yanoconodon allini from the Lower Cretaceous Yixian Formation of northeastern
China was among those taxa analyzed and was interpreted as semiaquatic in habit (Chen and
Wilson, 2015). However, the postcranial skeleton of Yanoconodon has not yet been fully
described. Here, we describe the postcranial anatomy and functional morphology of the holotype
specimen, and discuss locomotor diversity within the Eutricondonta. Our results indicate that the
postcranial skeleton of Yanoconodon was adapted to diverse locomotor mode. It had a semi-
sprawling posture in both the forelimbs and hind limbs and was mostly terrestrial but probably
occasionally swam in ponds or rivers. Our results support the previous hypothesis that
ecomorphological diversification of Mesozoic mammals occurred at lower taxonomic levels

(Chen and Luo, 2013).

MATERIALS AND METHODS

The holotype specimen of Yanoconodon allini was recovered from the Lower Cretaceous
(125-122 Ma; early Aptian; REF) Yixian Formation at Daluozigou locality in Fengning County,
Hebei Province, China (Luo et al., 2007a). The specimen is dorsoventrally compressed in
laminated siltstone and split into a main part and a counter part (NJU-PO6001A, B, respectively;
Figs. 1-2). The skull of NJU-P06001 is largely crushed; most of the postcranial elements are
well preserved as either bony elements or molds. The specimen is housed in the collection of the
Paleontological Laboratory at Nanjing University, Nanjing, China.

The monophyly of the Eutriconodonta is problematic (see e.g., Gao et al., 2010; Gaetano
and Rougier, 2012). The inconsistent phylogenies of Eutriconodonta may be primarily due to a

taxonomic sampling difference; the long-branch attraction of jeholodentids and gobiconodontids
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may result in a monophyletic clade of eutriconodont mammals (Gao et al., 2010). In addition, the
monophyly of the Jeholodentidae has also been challenged (Meng et al., 2011). Without further
study to investigate such this issue, here we tentatively follow Luo et al (2007a) to place
Yanoconodon within monophyletic Jeholodentidae of Eutriconodonta as our working hypothesis.

Previous study of Yanoconodon preliminarily investigated the developmental transition
of three middle ear bones and the homoplastic characters in the thoraco-lumbar transition (Luo et
al., 2007a). Many postcranial elements have yet to be fully analyzed and described. In this study,
we focus on the characteristics of the entire postcranial skeleton of Yanoconodon to investigate
functional and ecological implications for Early Cretaceous eutriconodontan mammals. For the
anatomical terminology of the skeleton and the muscle, we follow Kielan-Jaworowska and
Gambaryan (1994), and Gambaryan et al. (2002) when applicable. Otherwise, we adopt the
terminology of extant mammals, such as Evans (1993). For the ankle joint, we followed Szalay
(1994) and Szalay and Sargis (2001) in dividing the ankle joint into to the upper and lower ankle
joints.

Institutional Abbreviations—IVPP, Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Science, Beijing, China; NJU-P, Nanjing University—
Paleontology Laboratory, Nanjing, China.

Anatomical Abbreviations—am, acromion process; act, acetabulum; as, astragalus; at,
atlas; ax, axis; C, cervical vertebra; Ca; caudal vertebra; Ct, centrum; cl, clavicle; cm,
calcaneus; cod, coronoid process of dentary; cos, coracoid process of scapula; cou, coronoid
process of ulna; cp, carpal; ct, capitate; cu, cuboid; D, dorsal vertebra; dt, dentary; de, distal
carpal; ded, dentary condyle; dm, dorsal margin of the scapula; dp, distal phalanx; dpc,

deltopectoral crest; ds, dens of axis; dr, distal end of the radius; ecp, ectepicondyle; ecte,
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ectocuneiform; ef, extensor fossa; enp, entepicondyle; enpf, entepicondylar foramen; entc,
entocuneiform; ep, epipubis; fd; fibular distal end; fe, femur; fh, femoral head; fi, fibula; fpe,
fibular proximal end; gl, glenoid fossa; gt, greater tubercle; gtr, greater trochanter; hh, humeral
head; hm, hamate; hu, humerus; i, incisor; ic, interclavicle; icg, intercondylar groove; il, ilium;
in, incus; ip, intermediate phalanx; is, ischium; isf, infraspinous fossa; it, ischial tuberosity; itf,
intertrochanteric groove; itg, intertuberclar groove; itl, intermedium; jg, jugal; la, lamina of
neural arch; led, lateral condyle; lel, lateral centrale; It, lesser tubercle; Itr, lesser trochanter; lu,
lunate; ma, malleus; ?mb, partial impression of sternal maubrium; me, metacarpal; med, medial
condyle; mel, medial centrale; metc, mesocuneiform; ?mm, ?medial malleolus; mt, metatarsal;
mtc, metacromion; na, navicular; ob, obturator foramen; op, olecranon process; p, pedicle of
neural arch; pb, pubis; ph, phalanges; pp, proximal phalanx; ps, pisiform; pz, prezygapophysis;
r, rib; ra, radius; rac, radial condyle; rad, radiale; rh, radial head; S, sacral vertebra; St,
sternabra; sa, scapular angle; sbs, subscapular spine; sbsf, subscapular fossa; s¢, scapula; sp,
scapular spine; scp, scaphoid; sq, squamosal; ssf, supraspinous fossa; td, tibial distal end; tf,
tibial fossa; ti, tibia; tm, trapezium; tn, trochlear notch; tp, trapezoid; tpe, tibial proximal end;
tq, triquetrum; tr, transverse process; tt, teres tuberosity; ul, ulna; ule, ulnar condyle; uln,

ulnare. “L” and “R” in parenthesis refer to left and right, respectively.

DESCRIPTION AND COMPARISON
Axial skeleton
Sternebrae—Ten sternebrae (St1-St10) are preserved in both the main (NJU-P06001A)
and counter parts (NJU-P06001B). Most sternebrae are negative molds aligned anteroposteriorly,

and all sternebrae are displaced to the right side of the vertebral column in the main part (Figs. 1,
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3A, C) but to the left side in the counterpart (Figs. 2-3B, D). The manubrium (St1) is damaged
and its outline largely overlaps with the disarticulated components of the cervical vertebrae. It is
hardly discernible. Sternebrae 2—6 are relatively well preserved, and each of them is bilaterally
broad in the trapezoid outline that bears a narrow anterior margin and a broad posterior margin
(Fig. 3B). Sternebrae 7-10, in contrast, are relatively bilaterally compressed, and their sizes
decrease progressively (Fig. 3C). The xiphoid (St10) tapers posteriorly, showing a much wider
anterior surface than the posterior surface. Between preceding and succeeding sternebrae, a
concave fossa is present that serves as the articular recess for the distal end or the costal cartilage
of the ribs.

The sternebrae of Yanoconodon, in general, show relatively shorter profiles in contrast to
those of Repenomamus, which are long and bilaterally compressed (Hu, 2006). A large number
of the sternebrae in Yanoconodoncompensate for the shortening of the sternal elements to
maintain the length of the thorax relative to the trunk. The sternal series is segmented, which is
the prevalent morphology of the thorax among extant mammals (Lessertisseur and Saban,
1967a). The segmented condition of the sternal series is also common among premammalian
cynodonts, such as the tritylondontids Oligokyphus and Bienotheroides, and Mesozoic mammals
(Kiithne 1956; Sun and Li, 1985; Ji et al., 1999, 2002; Luo et al., 2003, 2006, 2007a, 2007b,
2012; Luo and Ji, 2005; Hu, 2006; Meng et al., 2011; Chen and Luo, 2013; Yuan et al., 2013;
Zheng et al., 2013; Zhou et al., 2013; Bi et al., 2014). One exception among Mesozoic mammals
is the holotype specimen of Zhangheotherium quinquecuspidens (IVPP V7466; Hu et al., 1997,
1998), which possesses a fused sternal structure. This fused sternebrae condition either
represents a unique (autapomorphic) morphological feature of Z. quinquecuspidens or a

pathological condition of an individual (Chen and Luo 2013).
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Cervical vertebrae—The holotype specimen (NJU-P06001; Figs. 1-3A, B) preserves
seven cervicals (C1-C7), which is also the prevailing count among extant mammals (Narita and
Kuratani, 2005) and other Mesozoic mammals (Chen and Luo, 2013). Unlike extant mammals,
the elements of each cervical are not fused but are disarticulated in the holotype specimen. Most
of the disarticulated elements are well associated with the cervicals. First cervical atlas (C1)
consists of the disarticulated left and right halves of the neural arch and a centrum. The neural
arch is in either anterior or posterior view; the centrum is in dorsal view (Fig. 3A). The pedicles
of the neural arch bear enlarged lateral ends that would have had cranial and caudal articular
facets for receiving occipital condyles anteriorly and contacting the superior articular facet of the
axis (C2) posteriorly, respectively. These facets are not preserved due to the damage. The left
and right neural laminae of the atlas extend laterally but meet medially in the sagittal plan of the
vertebral column. The left and right laminae together form an obtuse angle (about 125°). In
morganucodontids, the neural laminae (semicircular arches) of the atlas show a relatively deeper
profile than those in Yanoconodon (Jenkins and Parrington, 1976). The neural lamina and lateral
ends of the neural arch together form a pair of notches on the dorsolateral corners of the neural
arch of C1 in Yanoconodon. A similar notch is present in Repenomamus and morganucodontids
but deeper and more concave than that in Yanoconodon (Jenkins and Parrington, 1976; Hu,
2006). We interpret this notch as a homolog to the alar notch in some therian mammals (Evans,
1993). The presence of the transverse process or the “rib” in C1 remains undetermined, though a
suspicious broken bony element is preserved near the left half of the neural lamina. A transverse
foramen is not preserved. The vertebral foramen (canal) is half as wide as the atlas. The centrum
of C1 in dorsal view shows an oval shape with a slightly convex anterior surface. The centrum

has a broken fovea dentis at the dorsodistal end for receiving the dens of the axis.
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The axis (C2) has a relatively long dens that protrudes anteriorly to lie on top of the fovea
dentis of the atlas, forming the atlas-axis articulation as in extant mammals (Fig. 3A;
Lessertisseur and Saban, 1967a). The neural arch of C2 is dorsoventrally compressed due to the
preservation. Each neural lamina bears two branches projecting anteriorly and posteriorly,
forming pre- and post-zygapophyses of C2, respectively, as in the multituberculate
Nemegtbaatar gobiensis (Kielan-Jaworowska and Gambaryan, 1994) where these pre- and post-
zygapophyses firmly articulate with their counterparts in the preceding and succeeding cervicals,
respectively.

Cervicals 3-5 are progressively broader and shorter (Fig. 3A). Cervical 5 is the shortest
(most anteroposteriorly compressed) vertebra, and it bears the most robust transverse processes
among C3—C5. In C5, the laminae are separated and the centrum is oval in dorsal or ventral
view. The centrum has a flat anterior surface and a slightly convex posterior surface. The neural
arches of C6 and C7 are increasingly expanded bilaterally. In turn, the transverse processes of C6
and C7 become shorter than those of the preceding cervicals, which maintains an appropriate
size of the neck. The spinous processes of the cervicals are broken off. Judging by the depths of
the negative molds, we interpret that the spinous processes of the post-axial cervicals are short.
The ribs are detached in C2—C4 but CS5.

The short and broad cervical series that is prevalent in both eutriconodontans (Ji et al.,
1999; Hu, 2005; Luo et al., 2007; Meng et al., 2011) and multituberculates (Kielan-Jaworowska,
1989; Kielan-Jaworowska and Gambaryan, 1994) implies that they share a short, wide neck. In
extant large aquatic mammals, such as whales, the cervical series is disproportionally short
relative to the trunk in comparison with their terrestrial relatives (Narita and Kuratani, 2005).

Nevertheless, this adaptive morphology of the large aquatic mammals might not be comparable
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to the small extinct, Mesozoic taxa. In contrast, a general shortening of the neck in subterranean
rodents, particularly in those with wide heads (Hildebrand, 1985), is an adaptive morphology for
digging (Stein, 2000) as seen in a number of multituberculates (see Kielan-Jaworowska et al.,
2004). In addition, Yanoconodon and multituberculates have protruding and divergent pre- and
post-zygapophyses of the cervicals; this implies that there is extensive zygapophyseal
articulation among cervicals in Yanoconodon and multituberculates, which would reduce
bilateral mobility of the neck but buttress the neck during head-lift digging.

Dorsal vertebrae—Almost all dorsal vertebrae (D1-D25) are preserved in dorsal or
ventral view (Figs. 1, 2, 3B-D, 4A). The neural arches of D19-25 are displaced on the right side
of the centra in the main part (NJU-PO6001A; Fig. 3C) but the left side in the counter part (Fig.
3D). The total number of the dorsal vertebrae in Yanoconodon is 25 close to the 26 in
Repenomamus (Hu, 2006) and more than the 22 in the closely related sister taxon Jeholodens and
the number in other Mesozoic taxa (Ji et al., 1999; Chen and Luo, 2013). The greater number of
dorsal vertebrae contributes to the trunk elongation and disproportionately short neck region in
Yanoconodon.

In D4-D25, the centrum is wider than long. That ratio is 2:1 in D21-D25, where each
centrum has a slightly concave surface on the ventral side, which is surrounded by distinctive
ridges extending along the anterior and posterior margins (Figs. 1-3B, D, 4A). In D5-D11, a
ventral crest extends sagittally along each centrum. The neural arches of all of the dorsal
vertebrae are much narrower than those of the cervical vertebrae. The transverse processes
(“diapophyses”) are small, protruding laterally in D11-D13 (Fig. 3D); the transverse processes
become progressively longer and larger in D14 and D15 than in the preceding ones. No

transverse processes are discernible in the post-D15 dorsal vertebrae. Based on the negative
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molds, we interpret the pedicles of the dorsal vertebrae as short and with pre- and post-
zygapophyses in the anterior and posterior ends, respectively. The pre- and post-zygapophyses
are connected by a ridge along the dorsolateral side of the pedicle (Fig. 3B, D). A transition of
the zygapophyseal orientation is noticeable in D13—D17. The pre-zygapophyses orient more
vertically in D14 than in D13 (Figs. 3D, 17), and the pre-zygapophyses become progressively
more vertically oriented after D15. The change in orientation implies an identity transition
among the dorsal vertebrae, which makes it possible to subdivide the dorsal vertebrae into the
thoracic and lumbar regions (Williams et al. 1989; Evans 1993; Filler, 1987; Argot, 2003). Given
the depths of the molds, we interpret the spinous processes as small in D10-D22. In D23-D25,
the spinous process is unknown because no mold is preserved. Based on the small spinous
processes in D10-D22, we interpret that Yanoconodon had a small epaxial vertebral muscle and
its trunk had great bending ability. This is in contrast to the well-developed, tall spinous
processes and the large, reconstructed epaxial muscles in multituberculates (Kielan-Jaworowska
and Gambaryan, 1994).

All the dorsal vertebrae have associated ribs, and all the ribs are preserved in anterior or
posterior view (Figs. 1, 2, 3B-D, 4A). The ribs associated with D1-D5 are short and stout and
show strong curvatures. Subsequently, the ribs become progressively longer and less curved until
D14. Posterior to D14, the ribs decrease in size and become tiny knobs in D25 (Figs. 3C-D, 4A).
The proximal ends of the ribs of D1-D5 are enlarged and equipped with two heads, the
capitulum and the tuberculum, as in extant therians (Lessertisseur and Saban, 1967a; Evans,
1993; Argot, 2003). No double heads are discernible in the ribs of D6—-D25. Nevertheless, the
ribs of D17-D25 have dorsoventrally expanded proximal ends, as in Repenomamus (Hu, 2006).

No lumbar ribs are present in Jeholodens (Ji et al., 1999).
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Sacral vertebrae—Three sacral vertebrae (S1-S3) are preserved in the type specimen
(Figs. 4C, 4D). Sacral 3 is the best preserved among the three. All the centra are displaced to the
right side of the neural arches in the main part in dorsal view (NJU-P06001A). They are
bilaterally expanded and are wider than the centra of the dorsal vertebrae. The centra of the
sacral vertebrae possess ventral crests extending anteroposteriorly in the ventral surface, dividing
the ventral surface into two shallow facets. The transverse processes of the sacrals expand
anteroposteriorly and laterally to increase contact area between the sacrals and the ilia in order to
stabilize the pelvis. No symphysis, however, is visible in the lateral ends of the transverse
processes due to damage. The spinous processes of the sacrals are as small as those of the dorsal
vertebrae.

Caudal vertebrae—First eight caudal vertebrae (Cal—Ca8) are preserved in the holotype
specimen (Fig. 4B). Caudals 1-2 are preserved with the disarticulated pelvic elements, and they
appear wider than the sacrals. In Ca3—Ca5, the neural arches are displaced from the centra and
the transverse processes are detached from the neural arches. These transverse processes have a
knob-like profile that bears an enlarged lateral end. The pre- and post-zygapophyses are oriented
somehow obliquely. The pre-zygapophyses are prominent, flaring anterolaterally; the post-
zygapophyses are small, projecting posteriorly. Because of the size difference between the pre-
and post-zygapophyses, we interpret the articulation between caudal vertebrae as weak and, in
turn, that the tail had substantial range of mobility. This mobility would be enhanced further in
Ca6—Ca8, which have smaller pre- and post-zygapophyses than in Ca3—Ca5 (Fig. 4B). The
spinous processes of Cal—Ca8 are small and inclined posteriorly given to the depth of the
negative molds. The morphology of the caudal vertebrae of Yanoconodon resembles that of other

eutriconodontans (Jenkins and Parrington, 1976; Ji et al., 1999; Meng et al., 2011).
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Pectoral Girdle

Clavicle—Both left and right clavicles are preserved in the holotype specimen (Figs. 1, 2,
5C-D, 6). The left clavicle is completely exposed; the medial (sternal) half of the right clavicle
overlaps the right scapula. The clavicle is narrow and curved (Fig. 6A—C). About three-fifths of
the length of the clavicle is bowed anteroventrally, and the medial end is slightly curved
posteriorly. This curvature gives the clavicle a subtle sigmoid profile. Unlike the medial end, the
enlarged lateral end of the clavicle tapers towards the lateral tip to form a flat anterodorsal facet.
This facet would articulate with the acromion process of the scapula, forming a mobile joint
between the clavicle and the scapula.

Interclavicle—Although the body of the interclavicle is broken and largely overlaps with
the rib of C4, the outline of the interclavicle remains discernible in both the main and counter
parts (Figs. SA-B, 6A—C). The interclavicle has a thomboid outline that has a broad body with
relatively narrow anterior and posterior ends (see the reconstruction in Fig. 6A). The
interclavicle body has a prominent median ridge extending anteroposteriorly and a crescentic
ridge extending bilaterally on the ventral surface. The intersection of the two ridges in the center
of the ventral surface bulges to forming a tubercle. This tubercle subdivides the posteroventral
surface of the interclavicle into two symmetrical concave areas. The tubercle is herein termed the
interclavicle prominence. Posterior to the interclavicle prominence, the posterior end articulates
with the manubrium (Stl) of the sternal series. Similar to Yanoconodon, cynodonts Thrinaxodon
and Massetognathus also possess an interclavicle with a prominent interclavicle prominence
(Jenkins, 1970a, 1971). In contrast, Repenomamus lacks the interclavicle prominence or the well-
defined ridges on the ventral surface (Hu, 2006).

The anterior interclavicle has symmetrical left and right lateral extensions. The lateral
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extension is short and broad with a slightly concave area. The lack of extensive overlap between
the interclavicle and the clavicle indicates a non-rigid, largely mobile clavicle-interclavicle joint.
Specifically, we propose two possible configurations of the contact between the clavicle and the
interclavicle. In the first configuration, the concave area of the lateral extension receives the
medial end of the clavicle (See reconstruction in Fig. 6A), and, in the second configuration, the
medial end of the clavicle contacts the margin of the concave area. In either case, the clavicle-
interclavicle joint is a mobile and pivotal joint.

The interclavicle morphology of Yanoconodon is distinct from that of cynodonts
(Jenkins, 1971; Sues and Jenkins, 2006), the multituberculate Kryptobaatar (Sereno, 2006),
zhangheotheriids (Hu et al., 1997, 1998; Ji and Luo, 2005), and the spalacotheriid Akidolestes
(Chen and Luo, 2013). The latter species possesses either a cruciate- or T-shaped interclavicle
without extensive lateral processes. The basal mammaliaform Sinoconodon, the shuotheriid
Pseudotribos, and extant monotremes possess extensive lateral processes that immobilize the
clavicle-interclavicle articulation (Klima, 1973; Luo et al., 2007b). This rigid clavicle-
interclavicle joint embraces the pectoral girdle and limits the range of the shoulder movement
during locomotion, such as vertical climbing. In contrast, the mobile clavicle-interclavicle joint
in eutriconodontans (Ji et al., 1999; Hu, 2006), multituberculates (Gambaryan and Kielan-
Jaworowska, 1997; Sereno, 2006), zhangheotheriids (Hu et al., 1997; Rougier et al., 2003; Luo
and Ji, 2005; Luo et al., 2007b), and spalacotheriids (Chen and Luo, 2013) would function like
the clavicle-manubrium joint in extant therians, which allows a great range of movement in the
pectoral girdle (Jenkins, 1974).

Scapula—Both the left and right scapulae are well preserved in the main and counter parts

(NJU-PO6001A, B; Figs. SC-F, 16). The anterior and posterior margins of the scapula are

22



straight and converge to form an acute angle ventrally. This convergence creates a constricted
neck in the ventral end of the scapula immediately dorsal to the glenoid fossa, as in a number of
Mesozoic and extant taxa (Lessertisseur and Saban, 1967b; Hu et al., 1997, 1998; Rougier et al.,
2003; Luo and Ji, 2005; Hu, 2006; Chen and Luo, 2013). The vertebral (dorsal) margin of the
scapula is curved dorsally. Together, the anterior, vertebral, and posterior margins form a
triangular scapular plate with a well-developed scapular angle in the dorsoposterior corner. On
the lateral side of the scapular plate, the distinctive rugose area extends along the vertebral
margin (Fig. 5E), which would be the site for inserting rhomboid and levator muscles. The
posterior margin of the scapula is curled laterally, forming the inferior lateral crest that extends
along the entire length of the scapula (Fig. 5C, 5E). Anterior to the crest, the prominent scapular
spine protrudes laterally and subdivides the scapula into the supraspinous and infraspinous
fossae. The scapular spine is straight and extends almost three-fourths of the length of the
scapular plate. The metacromion originates at the ventral end of the scapular spine and extends
anteroventrally, terminating at the acromion process. The acromion process is robust and peg-
like. It flares anteroventrally over the glenoid fossa (Fig. SC—F). Bordered by the anterior
scapular margin and the scapular spine, the supraspinous fossa forms a more acute angle than the
scapular plate, which, in turn, forms a rectangular infraspinous fossa. The area of the
infraspinous fossa is about 50% larger than the area of the supraspinous fossa. On the medial
side of the scapular plate, the subscapular fossa is slightly concave and covers more than four-
fifths of the area of the scapular blade (Figs. 5D, 5F, 16). The glenoid fossa of the scapula bears
a small and shallow articular facet. Judging by the orientation of the natural molds, we interpret
the glenoid fossa, which receives the humeral head, as facing more laterally than ventrally (Fig.

5D, 5F). The coracoid process is indistinctive and medial to the glenoid fossa (Fig. 5C-F).
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The scapula of Yanoconodon differs from those of cynodonts, Sinoconodon,
morganucodontids, Haldanodon, Fruitafossor, multituberculates, and extant monotremes in
several ways (Fig. 7; Jenkins, 1971; Jenkins and Parrington, 1976; Kielan-Jaworowska and
Gambaryan, 1994; Luo and Wible, 2005; Martin 2005; Sereno, 2006). In those taxa, the scapula
is narrow and strap-like (likely symplesiomorphy with pre-mammalian cynodonts) and has an
enormous scapular angle that flares dorsoposteriorly (Fig. 7A). In contrast, in Jeholodens and
zhangheotheriids, the scapula has an anteroposteriorly expanded rectangular profile (Fig. 7E-F;
Hu et al,, 1997, 1998; Ji et al., 1999), whereas in Repenomamus and Akidolestes it is semi-
circular (Fig. 7C; Hu, 2006; Chen and Luo, 2013: fig. 6). Among living therians, Procavia
(hyrax; Lessertisseur and Saban, 1967b;) and Petrodromus (elephant shrew; Salton and Sargis,
2008) possess a triangular scapulae as is the case in Yanoconodon and Liaoconodon (Meng et al.,
2011). The scapular spine in Procavia is curved towards the posterior margin at the midlength of
the scapula (Lessertisseur and Saban, 1967b), and the metacromion in Petrodromus is greatly
depressed as in the marsupial Didelphis and other living therians (Fig., 7; Lessertisseur and
Saban, 1967b; Klima, 1987; Salton and Sargis, 2008). In Jeholodens, the metacromion is also
highly depressed but the scapular spine splits into two crests towards the vertebral margin,
forming a unique triangular area in the dorsal part of the scapula (Ji et al., 1999).

Forelimb

Humerus—The left and right humeri are well preserved in the main and counter parts
(NJU-P0O6001A, B); only the right humerus remains in articulation with the glenoid fossa of the
scapula (Figs. 1-2, 8, 16). The humerus is short and robust. The head is large and is spindle
shaped in posterior view (Fig. 8B), as in premammalian cynodonts (Kiihne, 1956; Jenkins, 1971;

Sun and Li, 1985; Sues and Jenkins, 2006). The greater and lesser tubercles are seated medial
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and lateral to the humeral head, respectively. The greater tubercle shows a larger and more
elevated profile than the lesser tubercle (Fig. 8A). It continues distally, forming the deltopectoral
crest that converges to the shaft at midlength of the humerus (Fig. 8A, 8C, 16). The teres crest
originates distal to the lesser tubercle, extends distally, and stops at the same level as the
deltopectoral crest (Fig. 8B, 8C). The tubercles, crests, and shaft together enclose a concave area,
the intertubercular groove, at the anterior surface of the humerus. The intertubercular groove
forms a wide and shallow area proximally and is indistinct by the midlength of the shaft (Fig.
8A, 16). The distal end of the humerus is bilaterally expanded. It is slightly wider than the
proximal end. The distal end has an entepicondyle and ectepicondyle on the medial and lateral
sides, respectively. The entepicondyle protrudes medially and shows a more prominent profile
than the rounded ectepicondyle. Lateral to the entepicondyle, there is an oblong opening that we
interpret as the entepicondylar foramen (Fig. 8A—B, 16). Judging by the positional differences of
the entepicondylar foramen in anterior and posterior views, we interpret the passage of the
entepicondylar foramen as oblique to the transverse axis of the distal end of the humerus. On the
distal end, a shallow groove separates the radial and ulnar condyles, forming a spindle-like
structure in posterior view. Above the groove, there is a shallow recess in posterior view,
forming the olecranon fossa. The transverse axis of the distal end is at an angle to that of the
proximal end, but no precise angle can be estimated.

The humerus of Yanoconodon is a composite of primitive and derived features. For
example, the spindle-like humeral head resembles that in cynodonts and in morganucodontids
(Kiihne, 1956; Jenkins, 1973; Jenkins and Parrington, 1976; Sues and Jenkins, 2006); whereas
the straight deltopectoral crest along the humeral shaft is similar to that in Phascolarctos (koala;

Lessertisseur and Saban, 1967b). The slightly elevated greater tubercle of the humerus in
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Yanoconodon contrasts to that in the docodontan Haldanodon exspectatus (Martin, 2005), the
multituberculate Kryptobaatar dashzevegi (Sereno, 2006), zhangheotheriids (Rougier et al.,
2003; Luo and Ji, 2005), the spalacotheriid Akidolestes (Chen and Luo, 2013), and the eutherian
Ukhaatherium (Horovitz, 2003), all of which are non-elevated. The morphology of the distal end
of the humerus, which lacks a trochlear articulation with the radius, resembles that in cynodonts
and morganucodontids (Fig. 9; Kiihne, 1956; Jenkins, 1973; Jenkins and Parrington, 1976; Sues
and Jenkins, 2006). In contrast, the distal end of the humerus in multituberculates,
Repenomamus, Didelphis, and Tupaia has a prominent intercondylar groove that separates the
radial and the ulnar condyles (Fig. 9; Krause and Jenkins, 1983; Argot, 2001; Hu, 2006; Sereno,
2006; Hurum and Kielan-Jaworowska, 2008). In placentals, the intercondylar groove is well
emarginated, forming the trochlea that embraces parasagittal motion of the elbow joint
(Lessertisseur and Saban, 1967b; Evans, 1993; Boyer et al., 2010; Chester et al., 2010).

Ulna—The ulna is straight and becomes slightly widened towards the distal end (Figs. 1, 2,
8D-F, 16; Table 1). At the proximal end, it has small olecranon and coronoid processes. The
olecranon process has an poorly defined anconeal process that demarcates the dorsal limit of the
trochlear notch from the olecranon process. Together, the anconeal and coronoid processes
define a wide and shallow trochlear notch for articulation with the distal end of the humerus.
Distal to the coronoid process, the radial notch extends mediodistally, which accommodates the
proximal end of the radius. Lateral to the radial notch, a broad, shallow extensor fossa extends
distally and stops at the midlength of the ulna. At the distal end, a styloid process is not
preserved.

Morphological features of the ulna of Yanoconodon are more similar to those of the

tritylodontids Oligokyphus and Kayentatherium (Kiihne, 1956; Sues and Jenkins, 2006) than to
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those of the eutriconodontans Gobiconodon and Repenomamus and the splacotheriid Akidolestes
(Jenkins and Schaff, 1988; Hu, 2006; Chen and Luo, 2013). The ulna is substantially curved in
Gobiconodon and Repenomamus and sigmoidal in Akidolestes (Chen and Luo 2013); this
contrasts to the straight profile in Yanoconodon and tritylodontids. Yanoconodon, however,
shares the wide-open trochlear notch with all of these taxa except Akidolestes (Kiihne, 1956;
Jenkins and Schaff, 1988; Hu, 2006; Sues and Jenkins, 2006; Martin, 2005; Chen and Luo,
2013). In Akidolestes, a prominent coronoid process and a crest-like anconeal process restrict the
trochlear notch and in turn the elbow joint. In addition, the extensor fossa appears more concave
in Akidolestes than in eutriconodontans (Jenkins and Schaff, 1988; Hu 2006; Chen and Luo,
2013), which implies a relatively larger extensor muscle in Akidolestes than in eutriconodontans.

Radius—Both the left and right radii are well preserved (Figs. 1, 2, 8D-F, 16). The radius
is the shortest element in the forearm (Table 1). The radius has a weak sigmoidal profile (Figs.
8D-F). The radial head is slightly enlarged, and it bears an oval rim that is obliquely oriented to
the long axis of the shaft. Close to the radial head, an oblong area is present in medial view. We
interpret this as an area for the attachment of the biceps brachii muscle. The distal end of the
radius is bilaterally expanded, wider than the proximal end in both anterior and posterior views.
It bears a rim that wraps the distal end forming a slightly convex surface. This convex surface
would contact the scaphoid and the lunate to form the proximal wrist. A styloid process is not
preserved at the distal end of the radius.

Carpals—Carpal elements are scattered around the proximal end of the manus in the main
and counter parts (NJU-PO6001A, B; Figs. 1-2, 10). Their profiles are not distinctive from each
other except in size. Given the size and well-preserved molds, we reconstructed the wrist of

Yanoconodon with two transverse rows of seven carpals (Fig. 11). The proximal row comprises
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the scaphoid, lunate, and triquetrum from medial to lateral. The scaphoid has an elongate bean-
like profile with rounded proximal and distal ends and flat medial and lateral surfaces. The
lunate, the second largest carpal in the wrist, has a rounded triangular outline. Presumably it
would contact the capitate and trapezoid distally. The triquetrum is the largest carpal in the wrist.
It is rounded and bears a small and slightly concave fossa on the medial surface. The triquetrum
would contact the hamate distally and the distal end of the ulna proximally.

The distal carpal row consists of the trapezium, trapezoid, capitate, and hamate from
medial to lateral (Figs. 10—11). The trapezium is wide and bears small processes at the medial
and lateral ends, projecting distally. The two processes form a concave facet at the distal end of
the trapezium, which would articulate with the proximal end of the first metacarpal. The
trapezoid has a slim bean profile and a slightly concave distal facet that would contact the
proximal end of the second metacarpal. The capitate has a kidney-shaped profile and is more
rounded than the trapezoid. Unlike the trapezium and trapezoid, distally the capitate bears a
small flat facet for articulating with the third and fourth metacarpals. The hamate is pea-like and
has several small flat facets around. Presumably, these facets would contact the triquetrum, the
capitate, and the fourth and fifth metacarpals accordingly. A pisiform is not preserved.

In Yanoconodon none of the proximal carpals has a distinctive outline that would form
rigid articulations among themselves or with the ulna, radius, or distal carpals. In contrast, the
distal carpals show better-defined outlines for the articulation with the metacarpals (Figs. 10-11).
Based on the width of the distal carpal row, we interpret that each of the distal carpals would
contact two metacarpals, as in the reconstruction of Kayentatherium (Sues and Jenkins, 2006). In
Jeholodens, Ornithorhynchus, Fruitafossor, Akidolestes, and therian mammals, the wrists have

rigid configurations but differ from species to species in carpal morphology (Fig. 11;
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Lessertisseur and Saban, 1967b; Ji et al., 1999, 2001; Luo et al. 2003; Luo and Wible, 2005). In
Akidolestes, the hamate is the most dominant carpal and occupies entire lateral portion of both
the proximal and distal carpal rows (Chen and Luo, 2013); in Jeholodens and Eomaia, the largest
carpals are the bilaterally expanded scaphoid and the elongate trapezium, respectively (Fig. 11; Ji
et al., 1999, 2002; Luo et al., 2003). Despite size differences, both the scaphoid and trapezium in
Yanoconodon and Jeholodens are expanded bilaterally and stacked on the medial side of the
wrist (Fig. 11; Ji et al., 1999, 2002).

Metacarpals and Phalanges—Five manual digits are preserved in the holotype specimen
(NJU-PO6001A, B; Figs. 1-2, 10). The metacarpals and the phalanges of the right manus are
preserved in original anatomical position (Fig. 10A). All five metacarpals (mc1-mc5) have a
dumbbell-shaped profile but they differ in length. Metacarpal 4 is the longest among the five
metacarpals, followed by mc3, mc2, mc5, and mel. Metacarpals 1 and 2 have more bilaterally
expanded proximal ends than the distal ends. Metacarpal 5 is the most robust element among all
metacarpals. All the metacarpals have round proximal ends but their distal ends vary in
morphology (Fig. 11). In mc1, mc2, and mc5, the distal end bears a slightly convex surface,
whereas that in mc3 and mc4surface is flat. The morphology of the metacarpals in Yanoconodon
resembles that in premammalian cynodonts, Repenomamus, and Akidolestes (Jenkins, 1971; Sun
and Li, 1985; Hu, 2006; Sues and Jenkins, 2006; Chen and Luo, 2013). Unlike those taxa, some
Mesozoic taxa have metacarpals with relatively long shafts and small proximal and distal ends
(e.g., Jietal, 1999; Luo and Ji, 2005; Meng et al., 2013).

All proximal phalanges (ppl1—pp5) except the first one are preserved in either dorsal or
ventral orientation (Fig. 10). The first proximal phalanx (pp1) is in either medial or lateral view

and shows the dorsoventrally enlarged proximal and distal ends with a dorsally arched shaft. All
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other four proximal phalanges show transversely expanded shafts and taper distally. Given the
depths of the molds, we interpret that the shafts of all proximal phalanges are wider than deep
with arched ventral but flat dorsal surfaces. The distal ends of the proximal phalanges are
enlarged and become vertically oriented in both the medial and lateral margins. The medial and
lateral margins bear recesses for receiving the collateral ligaments. In each proximal phalanx,
mediodistal to the recesses, a concave groove separates symmetrically bulged areas in the distal
end, which forms the semicircular trochlea that functions as a pulley to restrict movement to the
parasagittal plane at the proximal-intermediate phalangeal joint. All the intermediate phalanges
have broad proximal ends, slender shafts, and rounded distal ends. The distal phalanges all have
a similar outline, despite differences in size. Their dorsal margins are flat, whereas the ventral
margins bear pronounced digital flexor tubercles at mid-length. In contrast to the proximal and
intermediate phalanges, the distal phalanges have great depth and bear slightly concave facets on
their proximal ends, which articulate with the pulley-like distal ends of the intermediate
phalanges. The digital extensor tubercles are small and immediately above the articular facet.

The proximal and intermediate phalanges of Yanoconodon exhibit great similarities to the
stout phalangeal elements of cynodonts, the docodontan Haldanodon, and the eutriconodontan
Liaoconodon (Jenkins, 1971; Hopson, 1995; Damiani et al., 2003; Martin, 2005; Sues and
Jenkins, 2006; Meng et al., 2011; Fernandez et al., 2013). Yanoconodon is the only Mesozoic
mammal known to have proximal phalanges that are wider than deep. Nevertheless, the distal
phalanges of Yanoconodon with the deep profile and pronounced digital flexor tubercle resemble
those of Gobiconodon and Akidolestes (Jenkins and Schaff, 1988; Meng et al., 2011; Chen and
Luo, 2013), but differ from those of Haldanodon, in which the digital flexor tubercle is

developed ventroproximally and the digital extensor tubercle extends proximally over the pulley-
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like distal end of the intermediate phalanges (Martin, 2005).
Pelvic girdle

Pelvis—The pelvis consists of the ilium, ischium, pubis, and epipubis, which are all
displaced from their original anatomical positions (Figs. 1, 2, 4B-D, 16). Thus, the acetabulum is
not fully preserved in the holotype. Among all pelvic elements, the ilium is the longest element
and accounts for 60% of the length of the pelvis. The iliac shaft extends anteriorly and is slightly
expanded anteriorly. It forms a round tuber cox at the anterior end. Posteriorly, the iliac shaft
becomes slender and is constricted just anterior to the acetabular margin. The ischium is L-
shaped (about 90 degree), and can be divided into dorsal and vertical (posterior) plates (Figs.
4B-D, 16). The dorsal plate is dorsoventrally expanded at its anterior end to form the posterior
aspect of the acetabular margin. The expansion of the posterior plate is more substantial than in
the dorsal plate and it culminates posteriorly as the dorsal ischial tuberosity. The vertical plate,
perpendicular to the dorsal plate, tapers medioventrally and forms a convex posterior margin that
culminates in the ventral ischial tuberosity. Presumably, the pubes and the ventromedial ends of
the posterior plates of the left and right ischia would meet along the sagittal plane of the pelvis to
form a symphysis; however, this symphysis is not preserved. The pubis is straight and has a
concave dorsal margin. The anterodorsal end of the pubis is concave and contributes to the
ventral margin of the acetabulum (Figs. 4B-D, 16). The posterior end of the pubis articulates
with the ventral end of the ischial vertical plate. Together, the ischium and pubis close the
obturator foramen. We reconstructed the obturator foramen as a small oval opening. Both the left
and right epipubes are displaced but within the pelvic region (Figs. 4B-D, 16). They are slender
and rod-like, and they are a slightly ventrally curved at midlength.

The ilium of Yanoconodon differs from that of Repenomamus and Zhangheotherium (Hu et
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al., 1997, 1998; Hu, 2006). In Repenomamus, the ilium is relatively short and broad, and the iliac
wing has a posterodorsal iliac spine (Hu, 2006). In Zhangheotherium, the ilium becomes
significantly elongate and slender, and it forms an angle at the ischium (Luo and Ji, 2005). In
contrast, the L-shaped (90° angle) ischium of Yanoconodon resembles the ischium in
Morganucodon (“Eozostrodon”), Jeholodens, Repenomamus, and Liaoconodon (Jenkins and
Parrington, 1976; Ji et al., 1999; Hu, 2006; Meng et al., 2011), although the width of the vertical
ischial plate is twice that of the dorsal plate in Repenomamus and Morganucodon (Jenkins and
Parrington, 1976; Hu, 2006). In multituberculates and Zhangheotherium, the ischium forms an
acute angle at the enlarged dorsal ischial tuberosity (Kielan-Jaworowska and Gambaryan, 1994;
Luo and Ji, 2005). In Yanoconodon, the pubis lacks a tuberosity for attachment of the psoas
minor muscle (sensu Gambaryan et al., 2002), but it is present on the anterodorsal plates in
Akidolestes and living monotremes (Gambaryan et al., 2002; Li and Luo, 2006; Chen and Luo,
2013). In addition, the slender, rod-like epipubis of Yanoconodon differs from the plate-like
epipubis of monotremes, Repenomamus, Zhangheotherium, and Akidolestes (Gambaryan et al.,
2002; Luo and Ji, 2005; Hu, 2006; Chen and Luo, 2013).
Hind limb

Femur—Both the left and right femora are well preserved (Figs. 1, 2, 12A—C). The type
specimen shows a contact between the acetabular region of the pelvis and the head of the
laterally oriented femur, suggesting a preservation of the original anatomical position. The
femoral head is bulbous and protrudes anteromedially, immediately followed by a shallow
groove, the femoral neck, distally (Fig. 12A—C). Both the greater and lesser trochanters are not
well developed. The greater trochanter is elevated higher than the lesser trochanter but lower

than the femoral head. The third trochanter is absent. Along the trochanters, two separate crests
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originate, extend distally, and stop at the mid-shaft. Together, the crests circumscribe a broad,
shallow depression, the inter-trochanteric fossa, that extends distally immediately after the
femoral neck. The femoral shaft is slightly constricted mediolaterally. The distal end of the
femur bears the medial and lateral condyles separated by the shallow intercondylar groove. The
lateral condyle has a larger profile than the medial one, suggesting an asymmetrical knee joint in
Yanoconodon. The epicondyles are indistinctive. No patella is preserved in the knee region.

The femur of Haldanodon, multituberculates, gobiconodontids, symmetrodontans,
Henkelotherium, basal metatherians and eutherians (Krause and Jenkins, 1983; Jenkins and
Schaff, 1988; Krebs, 1991; Kielan-Jaworowska and Gambaryan, 1994; Ji et al., 2002; Luo et al.,
2003; Luo and Ji, 2005; Hu, 2006; Chen and Luo, 2013) differ from that of Yanoconodon in
having a prominent spherical head, distinct long neck, well-developed trochanters, and a slender
shaft. In Haldanodon, Gobiconodon, Repenomamus, Akidolestes, and Henkelotherium the well-
developed lesser and greater trochanters that project dorsomedially and dorsolaterally,
respectively, drastically increase the width of the proximal end of the humerus (Krause and
Jenkins, 1983; Jenkins and Schaff, 1988; Krebs, 1991; Hu, 2006; Chen and Luo, 2013). In
zhangheotheriids and multituberculates, the femur has a symmetrical knee joint (Krause and
Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994; Rougier et al., 2003; Luo and Ji,
2005; but see the paulchoffatiid multituberculate Rugosodon [Yuan et al., 2013]). This
symmetrical knee joint differs from the asymmetrical configuration in Yanoconodon,
Akidolestes, and monotremes (Ji et al., 1999; Gambaryan et al., 2002; Martin, 2005; Hu, 2006;
Kielan-Jaworowska and Hurum, 2006; Li and Luo, 2006; Hurum and Kielan-Jaworowska, 2008;
Chen and Luo, 2013).

Tibia—Similar to the femur, both the left and right tibiae are well preserved. The tibia is
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short and straight, and has a rounded proximal end and a flat distal end (Figs. 12D-F, 16). The
proximal end has an oval and convex facet with a rim surrounding it. The shaft slightly tapers
towards midshaft, and then slightly expands medially towards the distal end. A crest for
attachment of a tibiofibular interosseous ligament is not preserved. The distal end of the right
tibia bears a malleolus-like structure; no malleolus-like structure is preserved in the left tibia
(Fig. 12E-F, 16). Judging by the difference in length (Table 1), we interpret the malleolus-like
structure in the right tibia as an artifact of damage and thus, a malleolus is not present at the
distal end of the tibia of Yanoconodon.

The tibia of Yanoconodon is similar in profile to that of Thrinaxodon, Repenomamus, and
Zhangheotherium but differs from the more curved tibia of multituberculates and Akidolestes
(Krause and Jenkins, 1983; Kielan-Jaworowska and Gambaryan, 1994; Hu et al., 1997, 1998;
Hu, 2006; Hurum and Kielan-Jaworowska, 2008; Chen and Luo, 2013). In multituberculates, the
tibia is uniformly curved (“bowed”) anteromedially, whereas in Akidolestes the tibia is sigmoid-
like. The proximal end of the tibia in Thrinaxodon and Zhangheotherium has medially oblique
articular facet, and this facet contacts the lateral condyle of the femur (Jenkins and Parrington,
1976; Luo and Ji, 2005). In Haldanodon, multituberculates, and Repenomamus, the proximal end
of the tibia is bilaterally expanded (Krause and Jenkins, 1983; Kielan-Jaworowska and
Gambaryan, 1994; Hurum and Kielan-Jaworowska, 2008; Martin, 2005; Hu, 2006). In addition,
the medial malleolus is well developed in Akidolestes, multituberculates, and living therians
(Lessertisseur and Saban, 1967a; Kielan-Jaworowska and Gambaryan, 1994; Hurum and Kielan-
Jaworowska, 2008; Chen and Luo, 2013; Yuan et al., 2013).

Fibula—Both fibulae are well preserved. The fibula is straight, and it has a shorter,

slenderer profile than the tibia (Fig. 12D-E, 12G). The proximal end of the fibula is slightly
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enlarged and has a rounded proximal articular surface. The distal end is slightly expanded and
bears a subtly convex articular facet for the calcaneus. No malleolus is present on the distal end;
this absence represents a plesiomorphic feature as in cynodonts and eutriconodonts.

All the fibulae of eutriconodontans are similar (Ji et al., 1999; Hu, 2006; Meng et al.,
2011). However, the fibulae of eutriconodontans differ from those of monotremes and
Akidolestes (Gambaryan et al., 2002; Chen and Luo, 2013). In both monotremes and Akidolestes,
the fibula is strongly curved and has a hypertrophic parafibular process fused to the proximal end
of the fibulae. Likewise, in multituberculates and extant marsupials the fibula has a parafibular
processes (Krause and Jenkins, 1983; Argot, 2002; Yuan et al., 2013); the parafibular process is
not present in Yanoconodon.

Tarsals and Pes—Seven tarsals are preserved as molds and scattered in both the main
and counter parts (NJU-P06001A, B; Figs. 13A-D, 14-15). The calcaneus is the largest tarsal
element. The anterior aspect of the calcaneus, which bears the oblique peroneal shelf and the
calcaneocuboid facet (from the lateral to the medial direction), has a semicircular outline (Fig.
X). The peroneal shelf is lateral to the cuboid facet and continuous with the latter. The
anterolateral portion of the calcaneus protrudes anteriorly to form the calcaneocuboid facet that
articulates with the cuboid. The anterior astragalar facet is medial to the calcaneocuboid facet.
The calcaneoastragalar facet is preserved with a slightly concave area on the medial margin of
the calcaneus. On the ventral side, the calcaneal tuber projects ventrally and medioposteriorly.
On the dorsal side, an elongate and elevated structure extends anteromedially and
posterolaterally. We interpret this structure as the calcaneofibular facet, which contacts the distal
end of the fibula. The sustentacular facet is oriented obliquely, and it presumably supports the

ventrolateral region of the astragalus (Figs. 13—15). Posterior to the sustentacular facet, a shallow
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sulcus is preserved medial to the calcaneofibular facet. We interpret the sulcus as the homolog of
the calcaneal sulcus. The calcaneus of Yanoconodon is similar in morphology to that of
Oligokyphus and Morganucodon, which have a dorsally elevated calcaneofibular facet and a
ventrally bent calcaneal tuber (Szalay, 1994). In contrast, the calcaneoastragalar and the
calcaneofibular facets in the latter two taxa are closely positioned to the calcaneal tuber (see
Szalay, 1994).

The astragalus of Yanoconodon is oblong and has a uniformly convex dorsal and medial
surfaces (Figs. 13—15). The medial portion of the astragalus is thicker than the lateral portion,
forming an oblique plane on the ventral side. The astragalonavicular facet is at the slightly
convex anterior part. A medial depression extends longitudinally on the ventral side. Taken
together, we interpret the depression as the contact plane (or partially at least) between the
astragalus and the calcaneus. This implies that the astragalus would not have been entirely
superimposed on the top of or “side-by-side” in complete juxtaposition to the calcaneus. Thus,
we reconstruct the astragalocalcaneal articulation along the sustentacular and calcaneoastragalar
facets, by approximately half of the width of the astragalus (Figs. 14—15). Because the
calcaneofibular facet is extensive, the distal end of the fibula would partially contact the
astragalus and the calcaneus.

The navicular is square-shaped. The anterior surface of the navicular is flat, and the
posterior surface is slightly concave. These two surfaces contact the proximal ends of the
cuneiforms and the astragalonavicular facet of the astragalus, respectively. The cuboid is bean-
shaped with an uneven anterior surface. The anterior surface can be divided into the medial and
lateral facets. These facets would contact the fourth metatarsal and entocuneiform and the medial

portion of the distal end of the fifth metatarsal, respectively. Three cuneiforms show oblong
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outlines and decrease in size from medial to lateral. The ectocuneiform is the smallest among all
the tarsals. Because of the small size of the ectocuneiform, we infer that there was no direct
contact between the ectocuneiform and the fifth metatarsal. Neither the os calcares of the extra-
tarsal spur or an impression of the cornu calcares (sensu Hurum et al., 2006) is not preserved in
the type specimen.

Five metatarsals (mt2—mt5) are well preserved. The metatarsals have bilaterally expended
anterior and distal ends. The proximal and intermediate pedal phalanges are dumbell-shaped and
longer than wide; the shafts of the intermediate phalanges have relatively slender outlines (Figs.
13A-D, 15). Only the first distal pedal phalanx is preserved. It has a lateral profile that is similar
to that of the distal manual phalanges. The digital flexor tubercle on the distal phalanx is far
away from the proximal end and the digital extensor tubercle is indistinctive. No flexor ossicles
are preserved.

The ankle joint of Yanoconodon has a similar configuration to those of premammalian
cynodonts (e.g., “Manda cynodont™), the haramiyidan Megaconus, morganucodontids, and
eutriconodontans (Figs. 14—15; Kiihne, 1956; Jenkins, 1971; Jenkins and Parrington, 1976;
Szalay, 1994; Ji et al., 1999; Hu, 2006; Zhou et al., 2013). Unlike those taxa, multituberculates,
Zhangheotherium, Akidolestes, and therians use a different configuration for the ankle joint
(Kielan-Jaworowska and Gambaryan, 1994; Horovitz, 2000; Argot, 2002; Ji et al., 2002; Luo et
al., 2003; Luo and Ji, 2005; Chen and Luo, 2013). They have the astragalus largely stacked on
top of the calcaneus. Thus, the calcaneus lacks or has little contact with the distal end of the
fibula. The offset between the cuboid and the fifth metatarsal occurs in premammalian
cynodonts, eutriconodontans (including Yanoconodon), and basal therians (Fig. 14; Ji et al.,

1999, 2002; Hu, 2006) but multituberculates, the spalacotheriid Akidolestes and the living
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marsupial Didelphis (Fig. 14; Kielan-Jaworowska and Gambaryan, 1994; Ji et al., 2002; Chen
and Luo, 2013). Functionally, the offset coupled with the peroneal shelf emarginate a large notch
that serves as a passage for the tendon of the peroneus longus, which represents a common
morphological design in extant therians (Fig. 15; Szalay, 1994) and one that has been interpreted
for multituberculates (Kielan-Jaworowska and Gambaryan, 1994). In Akidolestes, the analogous
offset is formed by the L-shaped cuboid and would serve the same function (Fig. 15E; Chen and

Luo, 2013).

DISCUSSION

Dorsal Vertebral Identity Transition

The transition from thoracic to lumbar vertebrae has been documented among several
Mesozoic mammals (e.g., Hu et al., 1997; Hu, 2006; Li and Luo, 2006; Luo et al., 2007a; Zhou
et al., 2013; Bi et al., 2014) and may serve as a new morphological character for distinguish
different taxa. Extant mammals typically have no ribs attached to the lumbars (Narita and
Kuratani, 2005; Sanchez-Villagra et al., 2007); thus, regardless of the number of dorsal
vertebrae, the disruption of the rib attachment in the dorsal series indicates the transition from
thoracic to lumbar vertebrae (Filler, 1986; Evans, 1993). Some Mesozoic mammals, however,
have ribs attached to the entire dorsal vertebrae, forming a gradational transition between the
thoracic and lumbar vertebrae (Hu, 2006; Li and Luo, 2006; Luo et al., 2007a). The gradational
change of the length and profile of the rib was used for separating the thoracics from the lumbars
(Li and Luo, 2006; Luo et al., 2007a).

Nevertheless, recent studies of the evolutionary development of the vertebral column

indicate that the rib attachment may be a false signature for identifying the transition between the
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thoracics and lumbars (Vinagre et al., 2010; Guerreiro et al., 2013). Developmental genetic
studies indicate that the Hox genes, such as Hox6/Hox10, control vertebral identities and
thoracolumbar transformation (e.g., Wellik and Capecchi, 2003; Mclntyre et al., 2007). The gene
expression of Myf5 and Myf6 in the hypaxial myotome mediates the rib formation in the dorsal
vertebrae through an interaction with relevant enhancers (Vinagre et al., 2010; Guerreiro et al.,
2013) that are downstream from Hox6/Hox10 genes (Wellik and Capecchi, 2003; Mclntyre et al.,
2007; Wellik, 2007). The down cascade regulation induces the different formations of the rib
attachment, which, in theory, may not be fully correlated with the dorsal vertebral identities as
characterized in these Hox6/Hox10 studies (Vinagre et al., 2010; Guerreiro et al., 2013).
Therefore, we suggest that the rib attachment may not be a reliable indicator for identifying the
thoracic-lumbar transition in the dorsal vertebrae of fossil mammals, if conflicted by the
segmental identities of the vertebral centra and neural arches.

Three other morphological approaches are also used for identifying the thoracic-lumbar
transition: 1) presence of independent transverse processes in the lumbars (usually not in the
thoracics; Filler, 1986; Evans, 1993); 2) orientation of the contacting facets between pre- and
post-zygapophyses: more vertically oriented in lumbars than in thoracics (e.g., Evans, 1993;
Argot, 2003); and 3) direction of anapophysis projecting (if present). In Yanoconodon, the
zygapophyses of the dorsal vertebrae are well preserved in the molds and the orientations of the
articular facets are discernible for identifying the thoracic-lumbar transition (Fig. 17). Thus, it
would be more appropriate to use the change of the orientation of the zygapophyses to recognize
the thoracic-lumbar identity transition. In Yanoconodon, D14 is the anterior-most vertebra that
shows the vertical orientation of the pre-zygapophyses; we thus interpret that D14 is a bona fide

lumbar vertebrae and that the thoracic-lumbar transition occurs between D13 and D14. We revise
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the numbers of the thoracic and the lumbar of Yanoconodon to 13 and 12, respectively. Likewise,
we indicate that Repenomamus has 16 thoracics and ten lumbars in the dorsal series (IVPP
V12549; Hu, 2006: figs. 3-8). The new interpretation of the dorsal vertebral identity in
Yanoconodon and Repenomamus becomes consistent with that in Jeholodens (Ji et al., 1999).
Furthermore, the revised identity of the dorsal vertebrae indicates that the trunk elongation in
Yanoconodon is due to an increasing number of the lumbar vertebrae rather than the thoracic

vertebrae as in afrotherians (Narita and Kuratani, 2005).

Limb Posture in Yanoconodon

Limb posture is associated with locomotor modes and will aid to infer the locomotor mode
of Yanoconodon. In Yanoconodon, the glenoid fossa of the scapula faces ventrolaterally and
articulates with a large and spindle-like humeral head (Fig. 16). The shoulder girdle lacks the
“ball-in socket” glenohumeral joint that is correlated to the erect posture (Jenkins and Weijs,
1979). The humerus has some torsion and resembles those of premammalian cynodonts and
Jurassic mammals that have been hypothesized to have sprawling limb posture (Jenkins, 1973).
No trochlea is formed in the humeroulnar joint to reinforce the parasagittal movement of the
forearm (Figs. 9, 16). These features together suggest that the forelimb of Yanoconodon had an
abducted glenohumeral joint with a habitually flexed elbow joint in a semi-sprawling forelimb
(Gambaryan and Kielan-Jaworowska; 1997; Kielan-Jaworowska and Hurum, 2006).

In the hind limb, the femur has a small head without a distinct neck, a slightly elevated
greater trochanter, and an asymmetrical knee joint as in extinct premammalian cynodonts (Fig.
16; Kiihne, 1956; Jenkins, 1971; Sun and Li, 1985). These features, however, are different from

those in monotremes. In monotremes, the femur has the well developed lesser and greater
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trochanters of nearly equal size, and the femur abducts horizontally with a highly elevated distal
end (Jenkins, 1970b; Pridmore, 1985; Gambaryan et al., 2002). Thus, Yanoconodon may have
adopted a sprawling posture as in premammalian cynodonts rather than in monotremes. We
interpret that Yanoconodon would have had a semi-sprawling posture in both the forelimb and

the hind limb.

Functional Study of Postcranial Elements of Yanoconodon

Pectoral Girdle—The pectoral girdle of Yanoconodon has derived morphological features,
including a triangular scapula and a pivotal and mobile clavicle-interclavicle joint. Unlike the
rigid clavicle-interclavicle joint in the terrestrial Sinoconodon, morganucodontids, and
Pseudotribos (Jenkins, 1971; Klima, 1973; Jenkins and Parrington, 1976; Sun and Li, 1985; Luo
et al., 2007b), the pivotal and mobile clavicle-interclavicle joint allows the pectoral girdle of
Yanoconodon to perform a variety of movements, including the flexion and extension of the
pectoral girdle as in extant therians. Sereno (2006) argued that the pivotal clavicle-interclavicle
joint of the pectoral girdle in multituberculates would indicate an erect posture. However, many
extinct species that have the pivotal interclavicle-clavicle joint are inferred to have sprawling
forelimbs (Kielan-Jaworowska and Hurum, 2006; Chen and Luo, 2013).

Extant mammals that share the triangular scapula adopt different locomotor modes
(Lessertisseur and Saban, 1967b). In living didelphids, arboreal species have a more triangular
scapula with a better-developed scapular angle than in terrestrial species (Argot, 2001; Flore et
al. 2009). The triangular scapula consists of an enlarged supraspinous and infraspinous fossae for
inserting large supraspinatus and infraspinatus muscles that stabilize the glenohumeral joint

(Jenkins and Weijs, 1979). The well-developed, scapular angle increases the lever arm of the
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muscle teres major for retracting the humerus and the torque production during the extension of
humerus while climbing (Marynard Smith and Savage, 1956; Jenkins and Weijs, 1979; Argot,
2001). Nevertheless, triangular scapula with similar morphology are also found in Cynocephalus,
Geomys, Pedetes, Procavia, and Trichechus that adopt gliding, fossorial, saltatorial, scansorial,
and aquatic locomotor modes, respectively (Howell, 1930; Nowak, 1999; Stein, 2000). Taken
together, we interpret that the pectoral girdle of Yanoconodon can adduct, flex, extend, and
medially rotate. These movements would allow Yanoconodon to perform diverse locomotions in
terrestrial ecosystems.

Ulna and Radius—Yanoconodon has a relatively robust and short ulna and radius as in
extant fossorial mammals (Hildebrand, 1985; Stein, 2000). The ulna of Yanoconodon, however,
lacks a large olecranon process with a confined trochlear notch for securing the elbow during
digging (Fig. 16; Taylor, 1974; Hildebrand et al., 1985; Stein, 2000; Argot, 2001; Sargis, 2002;
Samuels and Van Valkenburgh, 2008; Samuels et al., 2012; Chen and Wilson, in press). The
wide-open trochlear notch of the ulna in Yanoconodon resembles that in aquatic Trichechus
(Lessertisseur and Saban, 1967b). As in Trichechus, the wide-open trochlear notch in
Yanoconodon may increase the range of the elbow movement during the flexion and extension,
such as swimming locomotion. Furthermore, lack of a styloid process in the distal ends of the
radius and ulna increases the range of abduction and adduction of the wrist joint in
Yanoconodon, as in premammalian cynodonts and Haldanodon (Kiihne, 1956; Jenkins, 1971;
Sun and Li, 1985; Martin, 2005; Sues and Jenkins, 2006). In arboreal animals, the abducted
manus enhances the prehensility of the forelimb, which helps slow down or stop descending and
prevents the animal from falling off a tree during the head-descending locomotion (Cartmill,

1985). In contrast, the presence of a styloid process prevents manus from over-abducting and
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over-adducting and secures the movement of the wrist in more parasagittal plane during
locomotion.

Wrist and Manus— Based on the reconstruction, Yanoconodon has a small wrist, a
large palm, and divergent fingers, forming a funnel shape. We interpret that the funnel shape of
the manus is due to the large distal ends and the small proximal ends of the metacarpals, leading
phalanges to diverge distally (Figs. 10, 11). The funnel shaped manus of Yanoconodon resembles
that of Kayentatherium and Haldanodon that are inferred to have fossorial and semiaquatic
locomotor modes (Fig. 11; Martin, 2005; Sues and Jenkins, 2006; Egberth et al., 2009). In the
distal phalanges, the distally placed digital flexor tubercles increase the in-lever arm for the
flexion, and, in turn, the tips of the distal phalanges would produce powerful force for digging.
The lateral profiles of the distal phalanges in Yanoconodon, however, are more similar to those
of extant semiaquatic taxa than to extant fossorial taxa (sensu lato aquatic, MacLeod and Rose,
1993); the lateral profiles in Haldanodon show similarities to those in fossorial taxa (Hildebrand,
1985; MacLeod and Rose, 1993; Stein, 2000). Thus, we suggest that Haldanodon may have been
more capable of digging than Yanoconodon was.

Ankle Joint—Lack of the malleoli in the distal ends of the tibia and fibula suggests
Yanoconodon, perhaps also eutriconodontans as a whole (Ji et al., 1999; Hu, 2006), would have
had a mobile upper ankle joint (UAJ). Theoretically, the upper ankle joint of Yanoconodon could
not be constrained in any directions and may rotate horizontally relative to the tibia-fibula. The
configuration of the UAJ is consistent with other aspects of freeing the UAJ joint in
eutriconodontans (including Yanoconodon), such as no trochlea-like articular surfaces on the
dorsal aspect of the astragalus. By contrast, the presence of the malleoli increase the stability of

the UAJ and guide it in fore-aft movement (Chen and Luo, 2013). In the lower ankle joint (LAJ)
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of Yanoconodon, half the width of the astragalus is partially superimposed on the calcaneus (Fig.
9), which resembles those of Thrinaxodon, Oligokyphus, and Morganucodon (Kiihne, 1956;
Jenkins, 1971; Jenkins and Parrington, 1976; Szalay, 1994). This limited superimposition would
increase the mediolateral mobility in the LAJ in Yanoconodon, which is in contrast to the
juxtaposition in premammalian cynodonts that promotes abduction and adduction in the LAJ.
Therefore, the rotatable UAJ and partially superimposed LAJ increase the inversion-eversion
range of the foot during locomotion (Szalay, 1994; Ji et al., 2002; Luo et al., 2003; Luo and Ji,
2005; Chen and Luo, 2013). Muizon (1998) concluded that the capability of inversion and
eversion of the foot indicates that animal is capable of moving on uneven, discontinuous
substrates, such as climbing. Thus, the ankle joint of Yanoconodon has great capabilities in
performing abduction-adduction and inversion-eversion and it shows adaptive features for

accommodating diverse locomotions.

Locomotor Diversity of Eutriconodont Mammals

The postcranial skeleton of Yanoconodon shows a composite of adaptive features for
diverse locomotions, including digging and swimming. Likewise, extant small-bodied digging
and swimming mammals share a number of postcranial morphologies (Chen and Wilson, in
press). Fossorial mammals, however, show more forelimb-dominant locomotion than the
semiaquatic ones (Samuels and Van Valkenburgh, 2008; Samuels et al., 2013; Chen and Wilson,
in press), whereas some semiaquatic mammals, Ornithorhynchus for example, are also good
diggers. Thus, we suggest Yanoconodon was a terrestrial mammal, capable of swimming rather
than digging, given it lacks key adaptive features for digging, including the large olecranon

process and confined trochlear notch in the ulna, and stout proximal and intermediate phalanges
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and broad wrist in the hand. Our results are consistent with the previous locomotor inference of
Yanoconodon (Chen and Wilson, 2015). In addition, this study provides the detailed
documentation and functional analyses of the postcranial skeleton of Yanoconodon.

Within Eutriconodonta, Repenomamus and Jeholodens have been interpreted as adapted to
semifossorial and arboreal/terrestrial locomotor modes, respectively (Chen and Wilson, in press).
This contrasts with the semiaquatic locomotor mode of Yanoconodon. In Jeholodens, the derived
and therian-like pectoral girdle and forelimb but plesiomorphic pelvic girdle, hind limb, and pes
show adaptive features for climbing locomotion (Ji et al., 1999); in Repenomamus the robust
postcranial elements with well-developed tubercles and crests for inserting large muscles (Hu,
2006) exhibit an adaptation for producing powerful propulsive strokes during digging
locomotion (Chen and Wilson, in press). In addition, Gobiconodon, Liaoconodon, and the
possible eutriconodontan Volaticotherium (see Gaetano and Rougier, 2011, 2012) show adaptive
morphologies for terrestrial, semiaquatic, and gliding locomotion, respectively (Meng et al.,
2006; Chen and Wilson, in press). Taken together, we indicate that eutriconodontans evolved
diverse postcranial features for adapting to different locomotor modes more than 125 Myr ago.
Given the current phylogeny, we indicate that the ecomorphological diversification not only
occurred within Eutriconodonta at the ordinal level but also within Jeholodentidae at the family
level. This echoes previous findings within the symmetrodontan family Spalacotheriidae and
further supports the notion that ecological diversification at lower taxonomic levels was a basic

feature of early mammal evolution (Chen and Luo, 2013).
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FIGURES

FIGURE 1. Stereophotographs and illustration of Yanoconodon allini in the main part, NJU-

PO6001A.
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FIGURE 2. Stereophotographs and illustration of Yanoconodon allini in the counter part, NJU-
P06001B.
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FIGURE 3. Anterior axial skeleton and pectoral girdle of Yanoconodon allini, NJU-PO6001. A,
stereophotographs of the cervicals in the main part; B, stereophotographs of the sternebrae in the
counter part; C, D, stereophotographs of the dorsal vertebrae in the main and counter parts,

respectively.
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FIGURE 4. Posterior axial skeleton and pelvic girdle of Yanoconodon allini, NJU-P06001. A,
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