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

PO6001A.

57



dad—""e
" a7 A&::‘f() [ P cos
dR) "’{,}’( sell)
am "N @
hh —22 ayg’! hu(L)

ph(R) bR =+ NS

ra(R) &) T )
B85 BN TR

.1%%&) ulw) ‘///"'%‘X
5\

S3

il(R) 9
ti(R) ep(R) I\
YA
) \‘? ‘ ) fe(l)

[

LN
R fi(R) fe(R) _ZALif%
31/2 pb "4,‘;? ti(L), ’
AN is(R), -'~‘ is(L) l fiL)
Ca38 '\( as(L
00 cm(L)

t5(L)

N

&7,

2em

e

ph(L)

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,
stereophotographs of the dorsal vertebrae in the posterior part of vertebral column and pelvic
region; B, stereophotographs of caudal vertebrae; C, D, stereophotographs of the pelvic girdle in

the main and the counter parts, respectively.
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FIGURE 5. Interclavicle and scapula of Yanoconodon allini, NJU-P06001. A, B, paired
stereophotographs of the interclavicle; C, D, paired stereophotographs of the left scapula in the
main and counter parts, respectively; E, F, paired stereophotographs of the right scapula in the

counter and main parts, respectively.
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FIGURE 6. Reconstructions of clavicle and interclavicle of Yanoconodon allini, NJU-P06001.
A, composite reconstruction of the clavicle and interclavicle in conjectural articulation. B,
photograph and structural identification of outlines of impression (after preparation) of the
interclavicle and the left clavicle. C, stereophotographs (flipped so depressions shown as positive
reliefs) of the left clavicle and the interclavicle (before preparation to expose the details of

impression and outlines).
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FIGURE 7. Comparison of the scapulae of extant and Mesozoic mammals (left scapulae). A,
monotreme Ornithorhynchus (lateral view, Ji et al., 1999); B, basal mammal Fruitafossor
(ventrolateral view; Luo and Wible, 2005); C, eutriconodontan Repenomamus (lateral view;
reconstruction from Hu, 2006); D, jeholodontid Yanoconodon. E, jeholodontid Jeholodens
(lateral view; Ji et al., 1999); F, symmetridontan Zhangheotherium (lateral view; Chen and Luo,

2012); G, placental Procavia (lateral view; Lessertisseur and Saban 1967b).
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FIGURE 8. Humerus, ulna and radius of the eutriconodontan Yanoconodon allini, NJU-P06001.
A, B, paired stereophotographs of the right humerus in the counter and the main parts,

respectively; C, stereophotographs of the left humerus in the main part; D, stereophotographs of
the left radius and ulna in the counter part; E, F, stereophotographs of the right radii and ulnae in

the counter and main parts, respectively.
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FIGURE 9. Comparison of the distal humeri of Yanoconodon allini, NJU-P06001, and other

mammals (right humeri). Node 1, Crown Mammalia; node 2, Momotremata; node, 3,

Eutriconodonta; node 4, Multituberculata; node 5, Theria. A, premammalian cynodont

Bienotherium (redrawn from Sereno, 2006); B, monotreme Tachyglossus (Jenkins, 1973); C,

Ornithorhynchus; D, Yanoconodon; E, Repenomamus; ¥, Kryptobaatar (redrawn from Senero,

2006); G, Nemegtbaatar (redrawn from Senero, 2006); H, Didelphis (redrawn from

Sereno, 2006); I, Tupaia (Jenkins, 1973). Not to scale.
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FIGURE 10. Manus of Yanoconodon allini, NJU-P06001. A, B, paired stereophotographs of the

right manus in the counter part and the left manus in the main part.
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FIGURE 11. Comparison of manus of Yanoconodon allini, NJU-P06001. A, premammalian
cynodont Kayentatherium (adopted with modification from Sues and Jenkins, 2006); B,
monotreme Ornithorhynchus (dorsal view, Ji et al., 2002); C, basal mammal Fruitafossor (dorsal
view, Luo and Wible, 2005); D, jeholodontid Yanoconodon (ventral view); D, jeholodontid

Jeholodens (dorsal view; Ji et al., 1999).
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FIGURE 12. Femur, tibia and fibula of Yanoconodon allini, NJU-P06001. A, B,
stereophotographs of the left and right femora in the counter and main parts, respectively; C, the
paired photographs of left femur in main part; D, E, stereophotographs of the left fibula and tibia
in the counter and main parts, respectively; F, G, stereophotographs of the right tibia and fibula

in the main part, respectively.
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FIGURE 13. Hind foot of Yanoconodon allini, NJU-P06001. A, B, stereophotographs of the left
pes in the counter and the main parts, respectively; C, ventral views of the calcaneus and the
astragalus, likely the posterior view of the cuboid and navicular; D, dorsal view of the calcaneus

and the astragalus, likely the anterior view of the cuboid and the navicular.
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FIGURE 14. Restoration and comparative morphology of the astragalus and calcaneus of

Yanoconodon allini, NJU-P06001. A, ventral aspect of the calcaneus and astragalus; B, dorsal

aspect of the right astragalus and the right calcaneus; restoration of a partially superposition on

the calcaneus by the astragalus that is slightly oblique dorsal view; C, dorsal aspect of the

astragalus and calcaneus (the articulating features for astragalus shown as originally exposed); D,

E, Jeholodens: ventral aspect of the calcaneus (D) and dorsal aspect of the astragalus and the

calcaneus with the former partially superpositioned on the latter, as preserved (E; from Ji et al.,

1999; Luo and Wible, 2005); F, G, and H, Morganucodon: right calcaneus in ventral (F), medial

(G) and dorsal (H) views (redrawn from Szalay, 1994; Luo and Wible, 2005; Zhou et al., 2013).
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FIGURE 15. Comparison of the pedal structure of Yanoconodon allini, NJU-P06001. A,
composite reconstruction of Yanoconodon; B, premammalian cynodont ("Manda cynodont”,
dorsal view); C, jeholodontid Yanoconodon (ventral view); D, jeholodontid Jeholodens (dorsal
view Ji et al., 1999); E, spalacotheriid Akidolestes (ventral view; Chen and Luo, 2013); F,

marsupial Didelphis (dorsal view). Triangle symbol, “cuboid notch” for the passage of the long

peroneal tendon.
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FIGURE 17. Gradational transition between thoracic and lumbar vertebral region of
Yanoconodon allini, NJU-P06001. Distinctive change to the vertical orientation of
prezygapophyses, and elongate transverse process occur at dorsal 14, but not the loss of dorsal

rib.

75



TABLES

Table 1 Postcranial measurements of eutriconodontan Yanocondon allini (cm).

Postcranial Skeletal elements Left Right
Length Width  Length  Width
Scapula 1.022 0.612 1.04 0.58
Humerus 1.248 0.164 1.241 0.166
Ulna 1.181 0.132 1.174 0.1
Radius 0.958 0.159 0.978 0.139
Metacarpal I - - 0.207 0.053
Metacarpal 11 0.309 - - -
Metacarpal I11 0.373 0.054 0.365 0.038
Metacarpal IV 0.37 0.056 0.367 0.038
Metacarpal V 0.28 0.062 0.294 0.049
Proximal phalanx I 0.211 0.041 - -
Proximal phalanx II 0.225 0.073 0.243 0.099
Proximal phalanx II1 0.22 - 0.226 0.081
Proximal phalanx IV 0.24 0.084 - -
Proximal phalanx V 0.2 0.083 - -
Intermediate phalanx II 0.174 0.05 - -
Intermediate phalanx II1 0.199 - - -
Intermediate phalanx IV 0.187 0.043 - -
Intermediate phalanx V 0.144 0.041 - -
Distal phalanx I 0.093 0.086 - -
Distal phalanxII 0.14 0.098 - -
Distal phalanx II1 - - - -
Distal phalanx IV 0.161 0.096 0.195 -
Distal phalanx V 0.157 0.091 - -
[lium 0.821 0.866
Ischium 0.523 0.587
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Pubis

Epipubis

Femur

Tibia

Fibula

Calcaneus

Metatarsal [

Metatarsal I1

Metatarsal I11
Metatarsal IV
Metatarsal V

Proximal phalanx I
Proximal phalanx II
Proximal phalanx II1
Proximal phalanx IV
Proximal phalanx V
Intermediate phalanx II
Intermediate phalanx II1
Intermediate phalanx IV

Distal phalanx I

0.401
0.512
1.397
1.28
1.119

0.225
0.158
0.088

0.481

1.407
1.268
1.157
0.336
0.227
0.324
0.362
0.39
0.362
0.214
0.255
0.249
0.261
0.252
0.211
0.203
0.212
0.146

0.245
0.148
0.092
0.266
0.078
0.068
0.065
0.043
0.068
0.042
0.071
0.069
0.066
0.067
0.045
0.033
0.031
0.08

, not applicable due to damage.
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CHAPTER 3:

A MULTIVARIATE APPROACH TO INFER LOCOMOTOR MODES IN

MESOZOIC MAMMALS
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A multivariate approach to infer locomotor modes in Mesozoic
mammals
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Abstract—Ecomorphological diversity of Mesozoic mammals was presumably constrained by selective
pressures imposed by contemporary vertebrates. In accordance, Mesozoic mammals for a long time had
been viewed as generalized, terrestrial, small-bodied forms with limited locomotor specializations.
Recent discoveries of Mesozoic mammal skeletons with distinctive postcranial morphologies have
challenged this hypothesis. However, ecomorphological analyses of these new postcrania have focused
on a single taxon, a limited region of the skeleton, or have been largely qualitative.

For more comprehensive locomotor inference in Mesozoic mammals, we applied multivariate ana-
lyses to a morphometric data set of extant small-bodied mammals. We used 30 osteological indices
derived from linear measurements of appendicular skeletons of 107 extant taxa that sample 15 orders
and eight locomotor modes. Canonical variate analyses show that extant small-bodied mammals of
different locomotor modes have detectable and predictable morphologies. The resulting morphospace
occupation reveals a morphofunctional continuum that extends from terrestrial to scansorial, arboreal,
and gliding modes, reflecting an increasingly slender postcranial skeleton with longer limb output
levers adapted for speed and agility, and extends from terrestrial to semiaquatic/semifossorial
and fossorial modes, reflecting an increasingly robust postcranial skeleton with shorter limb output
levers adapted for powerful, propulsive strokes. We used this morphometric data set to predict loco-
motor mode in ten Mesozoic mammals within the Docodonta, Multituberculata, Eutriconodonta,
“Symmetrodonta,” and Eutheria. Our results indicate that these fossil taxa represent five of eight
locomotor modes used to classify extant taxa in this study, in some cases confirming and in other
cases differing from prior ecomorphological assessments. Together with previous locomotor inferences
of 19 additional taxa, these results show that by the Late Jurassic mammals had diversified into all
but the saltatorial and active flight locomotor modes, and that this diversification was greatest in the
Eutriconodonta and Multituberculata, although sampling of postcranial skeletons remains uneven
across taxa and through time.
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Introduction

During the Mesozoic Era, mammals under-
went critical morphological transformations
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 locomotor
complexes, locomotor diversity, and the role
of locomotion and substrate use in resource
partitioning among Mesozoic mammals have
historically been hampered by a fossil record of
mostly dental specimens, some cranial material,

© 2015 The Paleontological Society. All rights reserved.
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and very few postcranial skeletons (e.g., Kielan-
Jaworowska et al. 2004). However, in the last
three decades, a large number of relatively
complete skeletons of early mammals have been
reported, most notably from the Upper Jurassic
and Cretaceous of Asia (e.g., Kielan-Jaworowska
and Gambaryan 1994; Hu et al. 1997; Ji et al.
1999, 2006; Horovitz 2003; Luo et al. 2003,
2007; Meng et al. 2006; Hurum and Kielan-
Jaworowska 2008; Yuan et al. 2013; Zhou et al.
2013).

Based on anatomical and functional insights
from these newly recovered, more complete
fossils, Luo (2007) challenged the traditional
notion that all Mesozoic mammals were
small-bodied, ecologically generalized, terres-
trial forms. Instead, he proposed that Mesozoic
mammals occupied a broad range of ecological
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categories, approaching the diversity found
among modern communities of small-bodied
mammals. Here, we aim to (i) develop a robust
quantitative approach to infer locomotion
and substrate use in Mesozoic mammals and
(ii) apply it to select taxa to assess the breadth
of locomotor specializations among Mesozoic
mammals.

Background

Today’s mammals include more than 5000
species in 29 orders (Wilson and Reeder 2005)
that range from the tiny (~2 g), aerial bumble-
bee bat to the titanic (~100x10°kg), fully
aquatic blue whale. They inhabit a broad range
of habitats from the bottom of the oceans to
inhospitable deserts and mountain snow lines
(Wilson and Reeder 2005). This diversity is in
part due to morphological evolution of the
postcranial skeleton. Not only does the rigid
postcranial skeleton structurally support an
animal’s body mass and outline its shape, but it
also acts through coordinated neuromuscular
pathways to move the animal through its
environment (e.g., Grillner and Wallén 1985;
Kardong 2009).

Whereas numerous methods have been devel-
oped to infer feeding ecology in fossil mammals
(e.g., microwear, dental complexity, geometric
morphometrics [Ungar and Williamson 2000;
Wilson et al. 2012; Evans 2013; Wilson 2013]),
few quantitative approaches have been devel-
oped to infer mammalian locomotion and
substrate use and fewer have been applied to
Mesozoic mammals. Those that have been
developed use the relationship between post-
cranial morphology and locomotion/substrate
use in living forms as an analogue (e.g., Van
Valkenburgh 1987; Stein 1988; Sargis 2001a,
2002a,b; Gingerich 2003; Elissamburu and
Vizcaino 2004; O’Keefe and Carrano 2005; Kirk
et al. 2008; Polly 2008, 2011; Samuels and Van
Valkenburgh 2008; Frobisch and Reisz 2009;
Samuels et al. 2013). Unfortunately, most of
these studies have focused on (i) no more than
a few skeletal elements (e.g., distal phalanges
[MacLeod and Rose 1991], autopodial skeleton
[Weisbecker and Schmid 2007], third digit ray
[Kirk et al. 2008]); (ii) a narrow phylogenetic
scope (e.g., Tupaiidae [Sargis 2001a, 2002a,b],
Diprotodontia [Weisbecker and Warton 2006],

Rodentia [Samuels and Van Valkenburgh
2008]); (iii) single or few locomotor modes
(e.g., fossorial mode [Hopkins and Davis 2009];
and/or (iv) mostly large-bodied taxa (>5kg;
e.g., Van Valkenburgh 1987; Gingerich 2003;
Samuels et al. 2013). None have focused on a
phylogenetically broad sample of small-bodied
mammals (<5kg) that could be used as an
analogue for Mesozoic mammals.

Here, we describe and validate a new
method to quantitatively infer locomotor mode
in small-bodied fossil mammals. This method
uses functionally relevant, linear measure-
ments that are broadly distributed across
the appendicular skeleton. Relative to other
measurement schemes that focus on only one
or a few postcranial elements, our more
extensive scheme (i) accounts for conflicting
locomotor signatures from different parts of
the skeleton, and (ii) enables discrimination
among locomotor modes that share similar
values for one or a few osteological indices.
Moreover, we sampled nearly half of all mam-
malian orders and eight locomotor modes. The
inclusion of a broad diversity of taxa in each
mode minimizes the phylogenetic overprint that
can confound ecomorphological associations.
From this data set, we analyzed linear measure-
ment ratios, using canonical variate analysis.
Our results show that the different locomotor
modes occupy distinct regions of the morpho-
space, indicating that postcranial morphology
can be used to predict locomotor mode in
small-bodied mammals. Thus, we used this
approach and data set to infer locomotor mode
in a taxonomically and morphologically diverse
sample of Mesozoic mammals.

Materials and Methods

Taxa

Our extant mammalian data set includes
measurements from 107 extant species from
15 orders: Afrosoricida, Carnivora, Cingulata,
Dasyuromorphia, Didelphimorphia, Diproto-
dontia, Erinaceomorpha, Lagomorpha, Macro-
scelidea, Monotremata, Peramelemorphia,
Primates, Rodentia, Scandentia, and Sorico-
morpha (Fig. 1, Supplementary Table 1). For
each species, we sampled one adult individual.
Additional sampling and strict sampling of
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only field-collected specimens unfortunately
were hampered by variability in the degree of
completeness and quality of preservation
among museum specimens of the same species.
However, whenever possible we examined
additional specimens of the same species to
confirm that the postcranial morphology of
our measured specimen was representative for
that species. Skeletons were identified as those
of adults based on dental eruption pattern,
epiphyseal fusion, or both. Although the degree
of sexual dimorphism among small-bodied
mammals is usually minor, we attempted to
control for it by measuring specimens of male
individuals whenever possible. We selected
mostly small-bodied species (<5kg, following
Bourliere 1975; Stoddart 1979; Degen 1997;
Merritt 2010) to reflect the typical body size of
most Mesozoic mammals (e.g., Lillegraven et al.
1979; Kielan-Jaworowska et al. 2004). A few
select species have body masses up to 16kg
(e.g., Vulpes vulpes), which represent the esti-
mated upper limit for Mesozoic mammals
(e.g., Repenomamus giganticus [Hu 2006]). Species
were also selected to cover a broad range of
locomotor strategies. We excluded flying mam-
mals (i.e., bats) from our extant mammalian data
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set because flying mammals have not yet been
reported from the Mesozoic. Owing to their high
taxonomic richness and abundance, rodents and
carnivorans are particularly well represented in
museum collections and, in turn, our data set
(Fig. 1). See Supplementary Table 1 for details.
We also measured postcranial skeletons of
ten fossil taxa that broadly sample the phylo-
genetic diversity and evolutionary history of
Mesozoic mammals. The sample consists of
four eutriconodontans, one multituberculate,
two symmetrodontans, and one eutherian,
all from northeastern Asia; one docodontan
from Western Europe (Portugal); and the
enigmatic Fruifafossor from North America.
Most included specimens are published: the
Late Jurassic Fruitafossor windscheffeli (Luo and
Wible 2005); the Late Jurassic docodontan
Haldanodon exspectatus (Martin 2005, 2013);
the Late Jurassic multituberculate Rugosodon
eurasiaticus (Yuan et al. 2013); the Early
Cretaceous eutriconodontans Jeholodens jenkinsi
(Ji et al. 1999), Repenomamus robustus (Hu et al.
2005; Hu 2006), and Yanoconodon allini (Luo et al.
2007); the Early Cretaceous symmetrodontan
Akidolestes cifellii (Li and Luo 2006; Chen and
Luo 2013); and the Early Cretaceous eutherian



Inferred locomotor modes of Mesozoic mammals. Abbreviations: ELM, eight-locomotor-mode analysis; FLM, five-locomotor-mode analysis; NI, number of osteo-

logical indices; NM, number of measurements; p, posterior probability.

TaBLE 1.

Inferred locomotor mode

A/T (73.9%/21.2%)

FLM (p)

Sf (100%)

N/A

Sf (100%)

Sa (99.7%)

Sa (99.9%)

Sc (94.8%)

Sf (99.8%)

Sc/T (71.3%/12.2%)
A (93.2%)

Sf/Sc/A/T (32.6%/26.2%/20.0%/11.6%)

A/SE/T (56.6%/41.6%/1.8%)
A/Sc/T (68.6%/16.5%/11.3%)

F (100%)
Sf (100%)

Sa (100%)
Sa (99.7%)
A (98.8%)
A (98.8%)
Sf (99.3%)

ELM (p)

21
23
22
24
27
25
24
27
16
24

NI

NM
21
25
28
35
30
40
35
35
27
31

BMNH PM001142
NIGPAS 139381
DMNH 2874
CAGS01-IG1

See Methods and Materials for abbreviations of institutions and locomotor modes.

Specimen no.

Gui Mam 30/79
LACM 150948
IVVP V12728
BMNH PM001139
NJU-P06001
GMV 2139

Docodonta
Eutriconodonta
Eutriconodonta
Eutriconodonta
Eutriconodonta
Multituberculata
“Symmetrodonta”
“Symmetrodonta”
Eutheria

Order
N/A

Fruitafossor windscheffeli
Repenomamus robustus
Liaoconodon sp.
Zhangheotherium sp.

Rugosodon eurasiaticus
Eomaia scansoria

Haldanodon exspectatus
Akidolestes cifellii

Yanoconodon allini
Jeholodens jenkinsi

Taxon

MENG CHEN AND GREGORY P. WILSON

Eomaia scansoria (Ji et al. 2002). We also included
two unpublished specimens from the Early
Cretaceous: the eutriconodontan Ligoconodon
sp. indet. and symmetrodontan Zhangheotherium
sp. indet. Among the ten Mesozoic taxa, eight
have previously been assigned to locomotor
modes based on a more traditional comparative
anatomy approach (Hu et al. 1997, 1998; Ji et al.
1999, 2002; Luo and Wible 2005; Martin 2005;
Hu 2006; Li and Luo 2006; Luo et al. 2007; Chen
and Luo 2013; Yuan et al. 2013) (Table 1).
Because the degree of completeness varies
among these specimens, each taxon has a unique
set of available postcranial measurements. Thus,
when inferring locomotor mode in these fossil
taxa, we could not use a universal morphometric
data set of extant small-bodied mammals, but
instead individually pruned the modern data set
to reflect the measurements available for each
fossil specimen.

Extant specimens were accessed in the
mammal collections of the American Museum
of Natural History (AMNH), New York, New
York; the Field Museum of Natural History
(FMNH), Chicago, Illinois; the Smithsonian
Institution National Museum of Natural His-
tory (NMNH), Washington, D.C.; and the
University of Washington’s Burke Museum of
Natural History and Culture (UWBM), Seattle,
Washington. Eight of the fossil specimens are
housed in Chinese institutions: the Beijing
Museum of Natural History (BMINH), Beijing;
the Chinese Academy of Geological Sciences,
Institute of Geology (CAG-IG), Beijing; the
Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Science
(IVPP), Beijing; the National Geological Museum
of China (GMV), Beijing; the Dalian Museum of
Natural History (DMNH), Dalian; the Nanjing
Institute of Geology and Paleontology, Chinese
Academy of Science (NIGPAS), Nanjing; the
Nanjing University (NJU), Nanjing. The other
two fossil specimens are housed in the Museu
Geoldgico (Gui Mam), Lisbon, Portugal, and the
Los Angeles County Museum (LACM), Los
Angeles, California, U.S.A.

Locomotor Modes

We used natural history compendia and
the primary literature (e.g., Howell 1930;
Nowak 1999, 2005; Wilson and Reeder 2005;
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TABLE 2.

Definitions of locomotor modes of small-bodied mammals that were used in this study (modified from

Hildebrand and Goslow 1998; Polly 2007; Samuels and Van Valkenburgh 2008; Samuels et al. 2012).

Locomotor

mode Descriptive definition

Gliding Bridge gaps between trees by gliding usually with patagium

Arboreal Spend most of the time in trees foraging, traveling, resting, but occasionally travel on the ground

Scansorial Capable of climbing for escape, eating, or leisure, and probably spend a considerable time both in
the trees and on the ground

Terrestrial Spend most of time on the ground, but able to swim, climb, and burrow occasionally, but not
specialized for those

Semiaquatic Capable of swimming for dispersal, escape, or foraging as well as on the ground

Semifossorial Regularly dig for food or to build burrows for shelter, but do not exclusively live underground

Fossorial Efficiently dig burrows for shelter or foraging underground exclusively

Saltatorial Capable of jumping using both hind limbs simultaneously for high-speed transportation over long

distance

Samuels and Van Valkenburgh 2008; Samuels
et al. 2013) (Supplementary Table 1) to assign
each extant species to one of eight locomotor
modes: gliding (G), arboreal (A), scansorial
(Sc), terrestrial (T), semifossorial (Sf), fossorial
(F), semiaquatic (Sa), or saltatorial (S) (Table 2).
These modes are commonly used in those
natural history compendia and the primary
literature. Owing to limited availability, most
small-bodied primates included in this study
are callitrichines that have a specialized arbor-
eal locomotion relative to other primates.
Because of the adaptations involved in gliding
from tree to tree, we treated gliding mammals
as a separate locomotor mode, although they
commonly have an arboreal lifestyle.

Postcranial Measurements and Indices

We took 45 linear measurements of the
appendicular postcranial skeleton (Fig. 2, Sup-
plementary Table 2). Some of these measure-
ments have been included in other studies, where
they were shown to be functionally relevant or
important for discriminating among locomotor
strategies (Supplementary Table 2) (e.g., Van
Valkenburgh 1987, Beard 1993; Sargis 2001a,
2002a,b; Samuels and Van Valkenburgh 2008;
Samuels et al. 2013). We primarily used Mitutoyo
Digimatic Digital Calipers (+0.05 mm accuracy)
to collect these measurements. For very small
elements, we captured high-resolution images
with a digital camera (Nikon D80) and then
obtained measurements using NIH Image]
64 software for Mac (+0.0lmm accuracy).
This method was also used for measuring the
postcranial elements of the fossil mammals on
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high-resolution photographs of Akidolestes cifellii,
Jeholodens jenkinsi, Liaoconodon sp., Repenomamus
robustus, Rugosodon eurasiaticus, Yanoconodon
allini, and Zhangheotherium sp., and published
figures of Eomaia scansoria (Ji et al. 2002),
Fruitafossor windscheffeli (Luo and Wible 2005),
and Haldanodon exspectatus (Martin 2005).

To reduce the size correlation within the data
matrix, we converted the linear measurements
to ratios of bony elements or bony features
(osteological indices). Some of the osteological
indices reflect functional morphology (Samuels
and Van Valkenburgh 2008). For example,
the Olecranon Process Length Index (OPLI)
captures the relative length of the input-lever
of the forearm; an increase in OPLI would
imply a greater capacity to generate output
forces by the triceps brachii, which is a
common adaptation to semiaquatic, semifos-
sorial, and fossorial modes. Sokal and Rohlf
(2012) cautioned that statistical analyses of
ratios might potentially violate the assump-
tions of normality and homoscedasticity for
parametric tests as well as some other pro-
blems noted by Emerson (1985). However,
Carrano (1999) argued that without a uniform
denominator, spurious intercorrelation might
not cause a statistical problem. Arcsine trans-
formation has been forwarded as a solution to
this potential statistical violation (Sokal and
Rohlf 2012), but our data set includes ratios
greater than 1.0 that are not amenable to
arcsine transformation. Previous studies have
produced robust ecomorphological inferences
of fossil taxa by using raw osteological indices
(Van Valkenburgh 1987; Van Valkenburgh
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FIGURE 2. Schematic of the linear measurements obtained from the appendicular skeleton of extant and extinct small-
bodied mammals. A, Scapula (lateral view). B, Humerus (posterior view). C, Ulna (lateral view). D, Radius (posterior
view). E, Ray III of manus (dorsal view). F, Pelvis (lateral view). G, Femur (anterior view). H, Tibia (anterior view). I,
Fibula (anterior or lateral view). ], Calcaneus (dorsal view). K, Astragalus (dorsal view). L, Calcaneus (anterior view).
See Supplementary Table 2 for full descriptions of the postcranial skeletal measurements. A, C, D, E, G, H, I, and L are

from the left side, and B, F, ], and K are from the right side.

and Koepfli 1993; Elissamburu and Vizcaino
2004) or transformed osteological indices
(Samuels and Van Valkenburgh 2008; Bover
et al. 2010; Samuels et al. 2013) in their multi-
variate analyses. On this basis, we converted
the 45 linear measurements from our modern
data set to 56 osteological indices (Table 3),
and then determined how well each raw osteo-
logical index discriminated among locomotor
modes (see Statistical Analyses, below). For
ease of communication and interpretation,
we grouped the osteological indices into three
major types: (1) robustness indices, which
describe the robustness of postcranial elements;

(2) morphofunctional indices, which reflect
functional aspects of morphology, such as
length of an input lever, and (3) proportional
indices, which describe the shape or relative
size of a postcranial element (Bover et al. 2010).

Statistical Analyses

To test whether there were significant differ-
ences across the eight locomotor modes in each
osteological index, we carried out 56 univariate
analyses of variance (ANOVA). Then, we
used the osteological indices that were signifi-
cantly different across eight locomotor modes
(p<0.001) in the canonical variate analysis
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(CVA) to determine the linear combination of
variables that maximize segregation among our
eight locomotor modes. To enhance segrega-
tion among some tightly clustered locomotor
modes, we also successively pruned the data
sets down to five and three locomotor modes for
two additional CVAs. We refer to these analyses
as the eight-, five-, and three-locomotor-mode
analyses, respectively. The same prior probabil-
ity was given to each locomotor mode in the
CVA to correct the uneven sampling of the eight
locomotor modes. Together, the CVAs identify
morphological signatures (via osteological
indices) of the appendicular skeleton for each
locomotor mode in our extant mammalian data
set. We used the first three canonical functions
(CFs) in the eight-locomotor-mode analysis to
calculate the morphological variance, the mean
of the squared-distance from each data point to
the centroid, within each locomotor mode.

We then used this training set as a basis to
predict locomotor habit in ten Mesozoic mam-
mal species for which we obtained the same
linear measurements. We initially conducted
the multivariate analyses for each Mesozoic
species, using the modern data set comprising
all eight locomotor modes. In that analysis,
more specialized locomotor modes (gliding,
saltatorial, or fossorial) are well segregated, but
the remaining modes (arboreal, scansorial,
terrestrial, semiaquatic, and semifossorial)
cluster together. Because Fruitafossor is the only
Mesozoic taxon likely to have had an extre-
mely specialized locomotor mode (fossorial
[Luo and Wible 2005]), we conducted second-
ary analyses on the other nine fossil mammals
by removing the specialized modes from
the data set (five-locomotor-mode analysis).
We chose not to perform a three-locomotor-
mode analysis because it would preemptively
narrow the possible locomotor inferences. The
ANOVA and CVA were carried out using
RStudio 0.98.501 (R core v3.1.0 64-bit). For the
ANOVA, we used built-in functions in R, and
for the CVA, we used R package MASS 7.3-31
(Venables and Ripley 2002).

To visualize the locomotor morphospace
occupied by the extant small-bodied mammals
in our data set, we plotted the CF1, CF2, and
CF3 scores in bivariate plots. In all of our
analyses, the first three CFs account for more
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than 85% of the variance (Supplementary
Tables 3, 6, and 8 show the variance explained
by each CF in each analysis).

Results

Morphological Variation among Locomotor
Modes

ANOVA results indicate that 30 of the 56
osteological indices are significantly different
across eight locomotor modes (p<0.001)
(Table 4). We suggest that these indices capture
the morphological variation that is important
for characterizing the eight locomotor modes.

Among our locomotor modes, gliding,
arboreal, fossorial, and saltatorial mammals
exhibit more-specialized morphological signa-
tures (Table 5, Fig. 3A,B). Given that certain
arboreal supports cannot withstand great
amounts of weight, many gliding and arboreal
mammals have minimized their body mass
and have enhanced their locomotor dexterity
and precision for movement in the trees in
order to reduce the risk of falling from trees.
Thus, they have more-gracile bony elements
than taxa that exhibit different locomotor
modes. In turn, most of the morphological
signatures of the arboreal and gliding modes
reflect low robustness indices, including (i) a
slender humerus with small and round hum-
eral head (HRI, HHRI, and HHw:Hpw; see
Table 3 for definition), (ii) a weakly developed
humeral deltopectoral crest (DI), (iii) a small
olecranon process of the ulna (OPLI), (iv) a
small palm with slender, elongate phalanges
(PRTI and PI), (v) an elongate ilium (IRI), (vi) a
gracile femur and tibia (FRI and TRI), (vii) a
small greater trochanter (GI), and (viii) an
elongated calcaneal body and a shortened
calcaneal tuber (CBRI and CTRI). Scansorial
taxa, which are capable of climbing but do not
inhabit trees, are intermediate in form between
arboreal and terrestrial taxa and possess a
relatively long forelimb (IM). Terrestrial mam-
mals have a moderately built (i) deltopectoral
crest of the humerus (DI), (ii) olecranon process
of the ulna (OPLI), and (iii) greater trochanter
of the femur (GI), as well as a relatively short
(iv) ulna (Ul:HI; see Table 3 for definition) and
(v) phalanges (PI and MRTI).
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Multivariate ANOVA Test
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Sd Sum Square
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Mean of each locomotor mode

G

TasLE 4. Continued

Index No.

MENG CHEN AND GREGORY P. WILSON

At the opposite extreme, fossorial mammals
possess the most robustly built postcranial
skeletons of the eight locomotor modes. They
tend to have (i) an enlarged scapula (SI), (ii) a
robust and longer forelimb with a prominent
humeral deltopectoral crest and a relatively
wide humeral distal end (HEB, HRI, and DI),
(iii) an ulna with an enlarged olecranon process
(OPLI), (iv) a robust hand with shortened
proximal and intermediate phalanges and
elongate distal phalanges (PPRI, IPRI, PI, and
MRTI), (v) a shortened ilium (IRI), (vi) a robust
femur with an elevated greater trochanter
(FRI and GI), (vii) a shortened and robustly

0.3689
0.5925
0.0765

1.1004
0.7959
1.9056

0.0041583
0.028343
0.003073

= gé built tibia and fibula (TRI), (viii) a reduced

28 astragalar neck and calcaneal body (CBRI), and

(ix) an elongate calcaneal tuber (CTRI). Semi-

fossorial mammals have similar morphological

S §§ signatures but to a lesser degree and without
[

the reduction of the ilium found in fossorial
taxa. Semiaquatic mammals also tend to be
robustly built, having (i) an anteroposteriorly
compressed scapula (SI), (ii) a robust humerus
with bilaterally expanded proximal and distal
ends (HEB, HRI, and Hpw:HL; see Table 3
for definition), (iii) a well-developed humeral
deltopectoral crest (DI), (iv) an enlarged hand
(MRTI), (v) a shortened ilium (IRI), (vi) a
robust hind limb with a pronounced greater
trochanter of the femur (FRI, GI, and TRI), and
(vii) an elongate tibia and fibula (CI).

Distinct from all other locomotor modes,
saltatorial mammals mainly travel by bipedal
hopping and are characterized by (i) a greatly
reduced forelimb and an elongated hind
limb (IM), (ii) gracile limb elements (HRI, FRI,
and TRI), (iii) a relatively shortened humerus
(BI), (iv) a relatively large hand (MRTI), (v) a
shortened ilium (IRI), (vi) a poorly developed
greater trochanter of the femur (GI), (vii) a
shortened calcaneal body (CBRI), and (viii) an
elongate calcaneal tuber (CTRI).

0.297
0.946
0.273

0.293 0.296 0.332 0:294 0.274
0.954 0.959 0.914 1.014 0.972
0.270 0.283 0.301 0.280 0.254

0.330
0.888
0.288

0.284
0.947
0.264

z Predicted Locomotor Modes of Small-bodied
sun| v Extant Mammals
SsSe j Eight-Locomotor-Mode Analysis.—This CVA
% included all locomotor modes in our data set
& (Fig. 4A, Supplementary Fig. 1A). Together, the
2 first three canonical functions (CFs) account
288l A for 85.50% of the variance in the data set
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LOCOMOTOR MODES IN MESOZOIC MAMMALS

TaBLE 5.

Morphological signatures of each locomotor mode. Abbreviations: G, gliding; A, arboreal; F, fossorial;

S, saltatorial; Sc, scansorial; Sa, semiaquatic; Sf, semifossorial; T, terrestrial. Symbols: + +, relatively robust; +, relatively
large, long, or wide; -, relatively small, short, or slender; --, relatively very small or extremely gracile; = =, equal; =,
intermediate; *, varies; fd, forelimb dominated; hd, hind limb dominated.

Locomotor mode

Morphological signature G A Sc T Sa Sf F S
Scapular length + - * + + * * -
Deltopectoral crest width -- - - * + + ++ -
Olecranon process length - - - * + + +4 -
Palm size - - * + - * - -
Proximal and intermediate phalangeal length - - * + - * - -
Distal phalangeal robustness - - - - + * ++ +
[lium length + + = * - + - -
Greater trochanter length - - - * + + ++ -
Forelimb robustness -- - * * + + ++ -
Hind limb robustness -- - * * + + +4 -
Limb use domination fd == fd == * * fd hd

(CF1=49.13%, CF2=25.83%, CF3=10.54%;
Supplementary Table 3). In the morphospace
formed by the CF1 vs. CF2 scores, the gliding,
fossorial, and saltatorial mammals are well
separated from each other and the remaining
locomotor modes. Their centroids are at the
extremes of the morphospace. In contrast,
the remaining five locomotor modes overlap
in the morphospace and their centroids are
clustered near the origin. The morphological
variance of each locomotor mode shows
that gliding taxa have the smallest variance,
followed by scansorial, arboreal, terrestrial,
saltatorial, semiaquatic, semifossorial, and
fossorial taxa (Fig. 4C, Supplementary Table 4).

CF1 is strongly positively correlated with
ULHI (see Table 3 for definition), the brachial
index (BI), and the crural index (CI), and
negatively correlated with the Intermembral
(IM) indices (Fig. 4B, Supplementary Fig. 1B).
The saltatorial species are well separated from
other modes along CF1 due to a high CI and a
low IM (high CF1 scores). CF2 is negatively
correlated with numerous robustness, morpho-
functional, and proportional indices of the
forelimb, which separates the fossorial, semi-
fossorial, and saltatorial mammals from other
modes in the morphospace. These indices
include SI:HI (see Table 3 for definition), the
humeral robustness index (HRI), the humeral
proximal robustness index (HPEI), the humeral
epicondylar index (HEB), Hsw:Hpw (see Table 3
for definition), the humeral head robustness
index (HHRI), Hdcw:Hpw, the deltopectoral
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index (DI), Hdew:Hdw, the olecranon process
length index (OPLI), Uol:HI, Uol:Rl (see Table 3
for definition), the robustness index of proximal
and intermediate phalanges (PPRI and IPRI),
and the manual robustness index (MRTI),
as well as a few hind limb indices, such as
the gluteal index (GI), the femoral robustness
index (FRI), the calcaneal tuber robustness
index (CTRI). CF2 is positively correlated with
HHw:Hpw, RI:Ul (see Table 3 for definition), the
ilia robustness index (IRI), and the calcaneal
body robustness index (CBRI) (Fig. 4B). CF3
is negatively correlated with HRI, three
deltopectoral-crest-related indices, OPLI, the
phalangeal index (PI), and GI, and positively
correlated with the palm robustness index (PRTI)
(Supplementary Fig. 1B). CF3 successfully sepa-
rates scansorial and terrestrial mammals from
fossorial and saltatorial mammals.

The CVA correctly classified 89.72% of the
individuals (100% of gliding, semifossorial, and
saltatorial taxa; 93.93% of arboreal taxa; 88.89%
of scansorial and semiaquatic taxa; 86.67% of
terrestrial taxa; and 75.00% of fossorial taxa).
In total, 11 of 107 species were misclassified
(Supplementary Table 5) and the majority of
misclassified taxa are from arboreal, scansorial,
terrestrial, and semifossorial locomotor modes.

Five-Locomotor-Mode — Analysis.—Removing
the gliding, fossorial, and saltatorial modes
from the CVA improved the segregation
of the remaining five locomotor modes
(Supplementary Fig. 2A, C). The first three
CFs accounted for 93.36% of the variance
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(CF1=48.30%, CF2=27.61%, CF3 =17.45%;
Supplementary Table 6). In the plot of CF1 vs.
CF2 (Supplementary Fig. 2A), the locomotor
modes appear to be separated farther apart,
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relative to the distribution of these modes in
the eight-locomotor-mode analysis. Although
the arboreal, terrestrial, semifossorial, and
semiaquatic modes are well separated from
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Ficure 3. A, B. Boxplots of 30 osteological indices for our extant small-bodied mammal data set. Abbreviations:
g, gliding; a, arboreal; sc, scansorial; t, terrestrial; sa, semiaquatic; sf, semifossorial; f, fossorial; s, saltatorial. See

descriptions of the osteological indices in Table 3.
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Ficure 3. Continued.

each other, the scansorial mode still overlaps
with the arboreal and terrestrial modes.

In the structure matrix, the structure coeffi-
cients indicate that CF1 is highly correlated
with two robustness and two morphofunc-
tional indices: the olecranon process length
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index (OPLI), the proximal phalangeal robust-
ness index (PPRI), the intermediate phalangeal
robustness index (IPRI), and the phalangeal
index (PI) (Supplementary Table 6). These four
indices are also highly correlated with CF2 and
CF3, suggesting that they play a significant role
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FiGure 4. Ordination of locomotor modes of small-bodied extant mammals in the eight-locomotor-mode analysis. A,
Plot of canonical functions (CF) 1 and 2 from the canonical variate analysis (CVA). Dashed lines with arrows show axes
of morphofunctional continua among locomotor modes. B, Plot of structure correlations between the osteological
indices and the CF1 and CF2. C, Morphological variances among eight locomotor modes. The morphological variance
is calculated by using the mean of the distances between species in a locomotor mode and their corresponding centroid,
using first three CF scores in each locomotor mode.
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in segregating among the five locomotor
modes. On CF1, the semifossorial taxa have
high scores and are well separated from the
other four taxa. Most of the semiaquatic taxa
have very low CF1 scores and separate them-
selves from the other four locomotor modes.
Together, the five locomotor modes form a
morphological gradient along CF1, from semi-
aquatic to arboreal/scansorial/terrestrial and
semifossorial modes (Supplementary Fig. 2A,C).

Along CF2, the morphological gradient
extends from semiaquatic to semifossorial, ter-
restrial, and arboreal/scansorial modes (Supple-
mentary Fig. 2A). Each locomotor mode overlaps
to varying degrees with the adjacent locomotor
modes. CF2 is correlated with numerous indices
as well as the four osteological indices that were
strongly correlated with CF1 (Supplementary
Table 6, Supplementary Fig. 2B). It is negatively
correlated with SI:HI, the humeral robustness
index (HRI), the humeral proximal end robust-
ness index (HPEI), the humeral epicondylar
index (HEB), Hsw:Hpw, the humeral head
robustness index (HHRI), HHw:Hpw, Uol:HI,
UolRl, the palm robustness index (PRTI), the
manual robustness index (MRTI), the femoral
robustness index (FRI), and the tibial robustness
index (TRI), and positively correlated with HHw:
Hpw and the ilium robustness index (IRI).

CF3 is negatively correlated with Hsw:Hpw,
the calcaneal body robustness index (CBRI), and
Cal:Ctl (see Table 3 for definition), and positively
correlated with the olecranon process length
index (OPLI) and calcaneal tuber robustness
index (CTRI) (Supplementary Table 6, Supple-
mentary Fig. 2D). CF3 segregates the five loco-
motor modes into three groups, from arboreal
to semiaquatic/semifossorial and scansorial/
terrestrial (Supplementary Fig. 2C).

The CVA correctly classified 95.40% of the
individuals (100% of semifossorial, 96.67% of
arboreal, 96.67% of terrestrial, 88.89% of scan-
sorial, and 88.89% of semiaquatic). Four of
the 11 species that were misclassified in the eight-
locomotor-mode analysis remain misclassified
here (Supplementary Table 7).

Three-Locomotor-Mode Analysis—To further
understand the morphological differences among
arboreal, scansorial, and terrestrial taxa, we
removed all other locomotor modes from the
CVA. The results indicate that two canonical
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functions account for 100% of variance in the data
set (Supplementary Table 8). The plot of CF1 vs.
CF2 shows unambiguous segregation of the three
locomotor modes (Supplementary Fig. 3).

CF1 accounts for 55.93% of the variance and
separates the three locomotor modes into three
discrete groups in the morphospace (Supple-
mentary Fig. 3A). The scansorial mode
plots intermediate between the arboreal and
terrestrial modes. Given the structure matrix,
CF1 positively correlates with SI:HI, the hum-
eral proximal end index (HPI), the olecranon
process index (OPLI), Uol:HI, UolRl, the
palm robustness index (PRTI), the proximal
phalangeal robustness index (PPRI), the inter-
mediate phalangeal robustness index (IPRI),
the femoral robustness index (FRI), the crural
index (CI), the tibial robustness index (TRI),
and the calcaneal tuber robustness index
(CTRI), and negatively correlates with Hsw:
Hpw, HHw:Hpw, the phalangeal index (PI),
and the Cal:Ctl (Supplementary Table 8§,
Supplementary Fig. 3B). CF2, which accounts
for the remaining 44.07% of the variance,
separates the scansorial mode from the arbor-
eal/terrestrial modes. It negatively correlates
with the palm robustness index (PRI), inter-
membral index (IM), and positively correlates
with calcaneal body robustness index (CBRI)
(Supplementary Table 8, Supplementary Fig. 3B).

The CVA correctly classified 97.10% of the
individuals (100% of terrestrial, 96.67% of
arboreal, and 88.89% of scansorial taxa; Sup-
plementary Table 9). The only misclassified
taxa are Rattus andamanensis and Heliosciurus
rufobrachium, which were also misclassified in
the five- and eight-locomotor-mode analyses.

Predicted Locomotor Mode of Mesozoic
Mammals

We used the above CVAs of extant small-
bodied mammals as a framework for inferring
the locomotor mode of ten Mesozoic mammal
species that are known from relatively com-
plete postcranial skeletons. The results of
the eight-locomotor-mode analysis indicate
that Fruitafossor, Repenomamus, and Liaoconodon
were likely adapted for fossorial, semifossorial,
and semiaquatic lifestyles, respectively, given
the 100% posterior probabilities. Our analysis
also yielded high posterior probabilities (>95%)
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for Rugosodon, Jeholodens, Yanoconodon, and
Akidolestes as arboreal, arboreal, semiaquatic,
and semifossorial mammals, respectively. The
locomotor inferences for Haldanodon were
ranked in order of decreasing posterior prob-
ability, as follows (Table 1): arboreal (56.6%),
semifossorial (41.6%), and terrestrial (1.8%),
suggesting that this analysis cannot clearly
determine whether this taxon is arboreal or
semifossorial. For Eomaia, the posterior prob-
abilities of the locomotor inferences were ranked
as follows: arboreal (68.6%), scansorial (16.5%),
and terrestrial (11.3%), whereas for Zhan-
gheotherium, the posterior probabilities were
ranked from semifossorial (32.6%), to scansorial
(26.2%), arboreal (20.0%), and terrestrial (11.6%),
suggesting that the locomotor modes of Eomaia
and Zhangheotherium cannot not be determined
by an eight-locomotor-model analysis.

The results of the five-locomotor-mode
analysis, supported by high posterior prob-
abilities, indicate that Haldanodon (100%) and
Eomaia (93.2%) are likely semifossorial and
arboreal mammals, respectively. The results
also suggest that Rugosodon (94.8%) and Zhan-
gheotherium (71.25%) were both scansorial
mammals rather than arboreal as inferred by
the eight-locomotor-mode analysis. Moreover,
the results indicate that Jeholodens had some
morphological features that are adapted to
terrestrial locomotion (21.2%). The inferred loco-
motor adaptations of Yanoconodon, Liaoconodon,
and Akidolestes from the five-locomotor-mode
analysis are consistent with the inferences from
the eight-locomotor-mode analysis (semiaquatic,
semiaquatic, and semifossorial, respectively).

Discussion

The Link between Postcranial Morphology
and Locomotor Mode in Extant Small-Bodied
Mammals

Different locomotor modes place different
mechanical and energetic demands on the
appendicular skeleton of vertebrates (Tucker
1970, 1975; Hildebrand et al. 1985; Biewener
1989, 1990, 2003). Adaptation to these demands
is associated with morphological modifications.
These modifications tend to be pronounced
in mammals, which have higher metabolic

requirements and thus greater need for efficient
movement across the landscape than do most
other vertebrates (McNab 2002). Because total
energetic costs of locomotion scale with body
size (see McNab 1990; Biewener 2003), larger-
bodied mammals would seem to have higher
selective pressures than small-bodied mammals,
presumably resulting in distinct morphological
adaptations to locomotor mode. Moreover,
preservation bias and collecting methods favor
recovery of larger skeletal elements in the fossil
record. For these reasons, paleontologists have
tended to focus on inferring locomotor mode
in large-bodied fossii mammals over small-
bodied ones, quantitatively establishing the link
between postcranial morphology and locomo-
tion by using extant analogues (Van Valken-
burgh 1987; Janis et al. 2002; Polly 2008, 2011;
Bassarova et al. 2009; Samuels et al. 2013).
The underlying assumption is that in small-
bodied mammals this link would be subtle or
indistinguishable and that scansoriality is an
obligatory locomotion in small-bodied mammals
(Jenkins 1974; Jenkins and Parrington 1976).
However, multiple studies have shown that the
same biomechanical selective forces operate on
both small- and large-bodied mammals (Szalay
1984; Sargis 2001b; Szalay and Sargis 2001).
Nonetheless, few studies have attempted to
quantitatively infer locomotion in smaller-
bodied fossil mammals (but see Samuels and
Van Valkenburgh 2008; Hopkins and Davis
2009). Here, we tested this assumption by
attempting to establish a link between postcranial
morphology and locomotor mode in a sample of
small-bodied extant mammals of diverse loco-
motor modes and phylogenetic histories, using
multivariate analysis of morphometric data from
postcranial skeletons.

The results from our multivariate analyses
show that the link between postcranial mor-
phology and locomotor mode in small-bodied
mammals is indeed subtle but detectable. The
eight-locomotor-mode analysis segregated the
most specialized locomotor groups (gliding,
fossorial, and saltatorial), leaving the remain-
ing locomotor groups (arboreal, scansorial,
terrestrial, semiaquatic, and semifossorial) in
a cluster (Fig. 4A, Supplementary Fig. 1A).
Despite this clustering, the CVA correctly classi-
fied nearly 90% of the extant taxa into their
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correct locomotor modes. A secondary analysis
(five-locomotor-mode analysis), which excluded
the most specialized locomotor groups, further
segregated the semifossorial and semiaquatic
groups from the main cluster of terrestrial,
arboreal, and scansorial taxa (Supplementary
Fig. 2A,C). Prediction of locomotor group mem-
bership improved to better than 95% in this
analysis. The cluster of terrestrial, scansorial, and
arboreal taxa persisted, but this is not surprising
in light of variable definitions of scansoriality and
variable assignment of extant taxa to these modes
in the literature (Kingdon 1997; Iwaniuk et al.
1999; Nakagawa et al. 2007; Kelt and Meyer 2009;
Shattuck and Williams 2010; Chen and Luo
2013). Moreover, an individual mammal’s per-
ception of its substrate likely scales with body
size (but see Szalay and Sargis 2001); for example,
during ground locomotion across uneven sub-
strate, some small-bodied terrestrial mammals,
such as an island mouse (Nesomys rufus),
might require a degree of climbing, whereas
large-bodied mammals, such as a red fox
(Vulpes vulpes), can cross the same substrate
without climbing. This phenomenon can further
blur formal distinctions among locomotor
modes. Nevertheless, in our third analysis
(three-locomotor-mode analysis), the terres-
trial, scansorial, and arboreal modes were fully
separated from each other (Supplementary
Fig. 3A) and over 97% of the sampled taxa
were correctly classified to their respective
locomotor mode. Taken together, these results
provide promise for inferring locomotion in
small-bodied fossil mammals. The most spe-
cialized locomotor modes (gliding, fossorial,
and saltatorial) have very distinctive postcra-
nial morphologies that are readily detectable in
our eight-locomotor-mode analysis, and the
more subtle morphological differences among
less specialized groups become perceptible as
specialized modes are progressively removed
from the analyses (five-locomotor-mode and
then three-locomotor-mode analyses).

The large morphological variance within
locomotor modes contributes to the difficulty
in distinguishing among locomotor modes. This
morphological variance stems from phyloge-
netic and functional diversity in our data set.
By design, we sampled a phylogenetically
broad range of taxa for each locomotor mode
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in hopes that our analyses would detect a
robust signal of functional adaptations rather
than a narrow subset of shared derived features
(synapomorphies). Our results show that this
approach was successful. At a higher taxonomic
level, our analysis accurately segregated the large
samples of marsupials, carnivorans, and rodents
according to locomotor mode not phylogeny
(Fig. 5), a result that is consistent with previous
studies (Van Valkenburgh 1987; Iwaniuk et al.
1999; Weisbecker and Warton 2006; Weisbecker
and Schmid 2007; Samuels and Van Valkenburgh
2008; Bassarova et al. 2009; Samuels et al. 2013).
The merit of this approach extends to the sub-
genus level, where, for example, four species of
Tupaia (T. longipes and T. tana [both terrestrial],
T. glis [scansorial], and T. minor [arboreal]) were
segregated in the ecomorphospace according to
their locomotor modes (Fig. 5). A trade-off of
having phylogenetic diversity within locomo-
tor-mode samples is the associated increase
in morphological diversity that results from
divergent evolutionary histories. Although this
variance inherently limits our ability to distin-
guish among locomotor modes relative to more
phylogenetically uniform samples (e.g., a fossor-
ial group of only rodents), it enables robust
locomotor inference for a phylogenetically
broader range of extinct taxa.

Additional morphological variance results
from functional diversity within locomotor
modes, most notably within the fossorial, semi-
fossorial, and semiaquatic samples (Fig. 4C).
Fossorial and semifossorial samples include
taxa that employ diverse digging modes, from
chisel-tooth, to scratch, head-lift, humeral-
rotation, and combinations thereof (Hildebrand
1985; Hildebrand and Goslow 1998; Stein
2000; Hopkins and Davis 2009). Likewise, some
semiaquatic mammals emphasize forelimb
propulsion (e.g., Neovison vison in surface swim-
ming [Dunstone 1979]), whereas others (e.g.,
Chironectes minimus [Howell 1930; Marshall 1978]
and Ondatra zibethicus [Fish 1993]) emphasize
hind limb propulsive paddling. In turn, the
associated postcranial adaptations of these
taxa within the same locomotor mode can
vary substantially (e.g., humeral-rotation diggers
tend to have a more bilaterally expanded
humerus than scratch diggers). Inclusion of this
functional diversity in our data set dilutes the
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morphological signal of any one locomotor mode
(i.e., makes it less uniform), but it better reflects
the reality among extant small-bodied mammals
and improves our ability to capture locomotor
diversity in fossil taxa. The saltatorial mode also
exhibits large morphological variance, but for a
different reason. Saltatorial taxa commonly show
a striking elongation of their hind limbs for
bipedal hopping, whereas their forelimbs are
only minimally involved in locomotion. As a
result, the forelimbs of saltatorial taxa often
evolve for other activities (e.g., food manipula-
tion, digging). This evolutionary independence
of the forelimb not only increases the morpho-
logical variance in this group, but it can also
complicate locomotor inferences. For example,
several saltatorial taxa (e.g., Potorous tridactylus,
Aepyprymnus rufescens, Jaculus jaculus) exhibit
forelimb adaptations associated with scratch

digging, which if analyzed without hind Limb
indices would lead to their classification as
members of the semifossorial group. This
result highlights the importance of analyzing an
anatomically broad set of indices rather than a
few that focus on select anatomical elements
(e.g., only the forelimb) whenever possible;
however, we acknowledge that small-bodied
mammal fossils are typically less complete than
those in our sample. Moreover, it should be
noted that the accuracy of locomotor predictions
using our multivariate approach decreases as the
number of available postcranial measurements
decreases.

A couple of caveats to future application of
this morphometric approach should be noted.
First, allometric scaling has profound influence
on morphological and ecological adaptation of
mammals. It may produce major differences
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between large- and small-bodied mammals in
their morphological adaptation to the same
locomotor mode (e.g., the arboreal marsupial
Caluromys versus the arboreal primate
Hylobates; McMahon 1975; Alexander 1985).
Thus, for robust locomotor inference of extinct
taxa, the analogue extant species in the mor-
phometric data set should be of comparable
body size to the fossil taxa. Second, the cover-
age of locomotor modes in the morphometric
data set also affects locomotor inference of
extinct mammals. For example, inclusion of too
many locomotor modes in the morphometric
data set, especially highly specialized ones like
fossorial and saltatorial modes, could result in
poor segregation of locomotor modes in the
ecomorphospace plots (although prediction
error may still be low). In contrast, incomplete
coverage of locomotor modes in the morpho-
metric data set could in some cases lead to
inaccurate locomotor prediction of extinct
mammals. Thus, the composition of the analo-
gue extant taxa in the morphometric data set
should be carefully chosen based on initial
morphological assessment of the fossil taxon.
For example, if the fossil taxon lacks the
obvious morphological signatures associated
with gliding, the effectiveness of the analysis to
discriminate among the non-gliding modes for
this taxon would be improved by removal of
gliders from the morphometric data set, thus
improving the inferential power of the analy-
sis. In sum, the morphometric data set of extant
taxa and the analyses should be tailored to the
fossil taxa of interest whenever possible.

Morphofunctional Continuum among
Locomotor Modes

The eight locomotor modes in our analyses
not only possess distinct postcranial morpho-
logies but also ordinate in the ecomorphospace
(Fig. 4A, Supplementary Fig. 1A) according to
shared biomechanical properties. In the eight-
locomotor-mode analysis, CF1 segregates
locomotor modes by forelimb to hind limb
proportions, i.e., facultative bipeds (saltatorial)
versus quadrupeds (all other modes). CF2
generally ordinates locomotor modes accord-
ing to mechanical advantage. Modes that
emphasize force over speed (fossorial, semi-
fossorial, semiaquatic) have robustly built
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appendicular skeletons and short output levers
(low CF2 scores), whereas modes that empha-
size speed over force (gliding, arboreal) have
more gracile appendicular skeletons and long
output levers (high CF2 scores). The saltatorial
mode is the exception to this pattern. Despite
having hind limb adaptations for bipedal
hopping (speed), several saltatorial taxa have
forelimb adaptations for digging (force) that
lead to low CF2 scores, comparable to other
modes that emphasize the strength and mag-
nitude of output forces, such as fossorial,
semifossorial, and semiaquatic.

Within this morphofunctional continuum of
locomotor modes, the terrestrial mode lies near
the origin (Fig. 4A, Supplementary Fig. 1A). As
morphological features become progressively
more gracile (increasing CF2 scores), the
continuum extends from the terrestrial mode
to the scansorial, arboreal, and gliding modes.
The decreasing robustness of postcranial ele-
ments reduces body mass, which is generally
correlated with increased flexibility of skeletal
elements and joints of these mammals. This
enhances the dexterity and precision of move-
ment in mammals that move among trees,
simultaneously mitigating the risk of falling
during climbing. The scansorial mode is inter-
mediate between terrestrial and arboreal
modes (Fig. 4A, Supplementary Figs. 2A, 3A)
and shares numerous morphological features
with these other modes. The only distinctive
morphological feature of the scansorial mode is
a more elongate forelimb (high IM) than that of
terrestrial and arboreal taxa. This forelimb
elongation suggests that scansorial taxa have
more forelimb-dominated locomotion than
the arboreal and terrestrial taxa. This would
functionally correlate with the ability of scan-
sorial mammals to ascend and descend (Polly
2007). In the arboreal mode, the postcranial
elements are even more slender and exhibit
greater reduction of crests and tubercles than in
the scansorial and terrestrial modes. The latter
modification enables greater mobility at the
joints, thereby increasing agility for arboreal
locomotion (Cartmill 1985; Argot 2001, 2002;
Sargis 2001a, 2002a,b). Relative to scansorial
and terrestrial modes, arboreal taxa also
have more elongate digits and smaller palms
(high PI and low PRTI, respectively), both of
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which correlate with prehensility (Jouffroy
and Lessertisseur 1979; Cartmill 1985; Van
Valkenburgh 1987; Jouffroy et al. 1993; Lemelin
1999; Argot 2001, 2002; Sargis 2001a, 2002a,b;
Bloch and Boyer 2002; Weisbecker and Warton
2006; Kirk et al. 2008; Weisbecker and Schmid
2007; Boyer et al. 2013). In the gliding mode,
the appendicular skeleton is exceptionally
gracile and lacks prominent crests and tuber-
cles. These modifications further reduce
body mass and further increase joint mobility
for gliding locomotion (Samuels and Van
Valkenburgh 2008).

In the opposite direction, the morphofunc-
tional continuum extends from the terrestrial
mode to the semiaquatic/semifossorial and
fossorial modes with morphological features
becoming progressively more robust (decreas-
ing CF2 scores) (Fig. 4A). This aspect of the
continuum reflects the need to withstand the
increasingly high mechanical stresses incurred
in these locomotor modes (Lanyon and Rubin
1985, Biewener 1989). The trend toward
increasingly more robust elements is coupled
with a trend toward increasingly greater area
for muscle attachment (e.g., high HRI, HP],
OPLI, MRTI, FRI, and TRI). The postcranial
elements of fossorial taxa are the most robust of
all locomotor modes. The semifossorial and
semiaquatic modes are intermediate on this
aspect of the continuum. However, separation
along CF1 indicates important functional
differences between semifossorial and semia-
quatic modes. Relative to semiaquatic taxa,
semifossorial taxa tend to have shorter limb
output levers (e.g., less elongate radius, ulna
and tibia [high Bl and CI]) (Croft and Anderson
2008; Samuels and Van Valkenburgh 2008;
Samuels et al. 2013). This slight morphological
difference likely reflects the greater propulsive
forces needed for a digging stroke against
soil versus a swimming stroke against water.
Moreover, within the semifossorial mode, the
output lever of the forelimb is smaller than that
of the hind limb (BI higher than CI), which
indicates that power of the digging stroke in
semifossorial (and fossorial) taxa resides in the
forelimb rather than the hind limb. In contrast,
the relative lengths of the ulna and tibia vary in
semiaquatic taxa. This likely reflects differ-
ences in primary swimming strategies among

semiaquatic taxa, from forelimb-, to hind-
limb-, and all-limb-dominated modes. In fos-
sorial taxa, postcranial elements are even more
robust and the relative size of the manus is
substantially larger than in the semifossorial
and semiaquatic modes. These more extreme
morphological adaptations (relative to semi-
fossorial taxa) reflect a more subterranean
existence, in which these animals often develop
elaborate tunnel systems (Hildebrand 1985;
Hildebrand and Goslow 1998; Stein 2000).

The morphofunctional continuum also extends
from the terrestrial to saltatorial mode. Saltatorial
taxa have forelimbs that are reduced relative to
their elongate hind limbs (increasing CF1 scores)
(Fig. 4A). This change in morphology relative to
the terrestrial mode reflects a shift toward rapid
and simultaneous extension of both hind limbs in
bipedal hopping. Energetically, bipedal hopping
is a more efficient mode of transportation over
long distances than the seven other locomotor
modes (McNab 2002). In saltatorial taxa, the
ischium is elongate relative to the ilium (low IRI).
Although this morphological change would seem
to increase the input lever for the hip extensors, a
proximal insertion of these muscles on the tibia
only maintains the same input lever length
relative to nonjumping mammals (Emerson
1985). Instead, the enlarged hip extensor muscles
increase the output force during the propulsive
stroke (Gambaryan 1974; Alexander et al. 1981;
Emerson 1985). Moreover, the elongate tibia (high
CI) results in a longer output lever of the hind
limb musculature, thereby increasing the speed
of the propulsive stroke. Together, these changes
to the pelvis and hind limb optimize jumping
ability in saltatorial taxa. In contrast, the forelimbs
of three saltatorial taxa (Poforous tridactylus,
Aepyprymnus  rufescens, Jaculus jaculus) show
adaptations for scratch digging. Despite slender
elongate hind limbs (e.g., low FRI, TRI), the
forelimbs of these three taxa are relatively robust
with well-developed crests and tubercles (e.g.,
high HRI, HHRI, DI). These enlargements
increase the attachment area for large muscles
and the resistance against high stresses incurred
during scratch digging. These changes of the
forelimb are independent of those of the hind
limbs. Their differences point to a modularity of
development and a modularity in locomotor
function between the forelimb and hind limb of

100



LOCOMOTOR MODES IN MESOZOIC MAMMALS

these saltatorial mammals. It is noteworthy that
locomotor inferences based on only the forelimb
or only the hind limb could be misleading.

Taken together, our results show that the
morphofunctional differences among loco-
motor modes are best described as a continuum
rather than as discrete features. Moreover, we
hypothesize that the pattern of evolutionary
transformations from one locomotor mode to
another could mirror this continuum rather
than consist of random or more distant evolu-
tionary jumps across the morphofunctional
space (Carrano 1999). Testing this hypothesis
within a phylogenetic comparative frame-
work and with developmental insight is
beyond the scope of this paper but is an area
for future work.

Ecological Diversification of Mesozoic
Mammals

Paleontologists used to view Mesozoic
mammals as mostly generalized, small-bodied,
nocturnal insectivores (e.g. Lillegraven et al.
1979), seemingly restricted to these limited
ecological roles by selection pressures (e.g.,
predation, competition) imposed by dinosaurs
(Van Valen and Sloan 1977; Stucky 1990).
This view, however, has begun to fade in the
face of recent discoveries of relatively complete
mammal fossils (e.g., Zhangheotherium, Yanoco-
nodon, Eomaia) and large-scale quantitative
analyses of ecomorphology (Wilson et al. 2012;
Wilson 2013; Grossnickle and Polly 2013). In his
review of Mesozoic mammal evolution, Luo
(2007: Fig. 2) identified five ecomorphs (semi-
aquatic carnivore/omnivore, terrestrial carni-
vore/scavenger, fossorial colonial insectivore,
scansorial/climbing insectivore, and gliding
insectivore/omnivore) present among Mesozoic
mammals, in addition to the conventional
“terrestrial-generalized insectivore/omnivore/
herbivore” category. This more generous view
of the ecomorphological diversity of Mesozoic
mammals, however, was based on ecomorph
assignments from previous studies that var-
iously employed qualitative and quantitative
approaches. Subsequently, Wilson et al. (2012)
and Grossnickle and Polly (2013) separately
documented an expansion in the range
of feeding ecomorphs among some mammals
(e.g., multituberculates) during the late Mesozoic.
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In each study, the authors used a robust
quantitative approach to a synoptic craniodental
data set. However, despite the accumulation
of postcranial data in recent years, a similar
approach has not been taken to infer the
diversity of locomotor modes among Mesozoic
mammals. For example, several studies using
the phalangeal index (PI) have tested for
arboreality vs. scansoriality vs. terrestriality in
individual Mesozoic mammals (e.g., Ji et al.
2002; Chen and Luo 2013; Zhou et al. 2013;
Zheng et al. 2013), but have quantitatively
analyzed few other informative aspects of
postcranial morphology. Thus, our study pro-
vides the first comprehensive quantitative test
of locomotor diversity in Mesozoic mammals,
focusing on a phylogenetically broad sample of
ten taxa with relatively well-preserved post-
cranial skeletons. Because locomotor mode has
previously been inferred for several of these
taxa, our analysis also provides a separate test
of those ecomorphological analyses.

From our multivariate analysis of the
morphometric data in this modest sample of
fossil mammals, we infer the presence of at
least five locomotor modes (arboreal, scansorial,
semiaquatic, semifossorial, and fossorial)
among Mesozoic mammals (Table 1). The Early
Cretaceous Eomaia, one of the earliest eutherian
mammals, was previously inferred as arboreal
or scansorial on the basis of the phalangeal
index (PI) and comparative anatomical study
of its postcranial skeleton (Ji et al. 2002). The
ambiguity in this assignment reflects the diffi-
culty in distinguishing arboreal and scansorial
modes in extant small-bodied mammals
by using osteological features (Jenkins 1974;
Schilling and Fischer 1999). Indeed, we also
found that in our extensive extant data set the
morphological transformation from scansorial
to arboreal is gradational with respect to our
indices (Fig. 3A,B). For example, in adapting for
climbing and branch-working, both arboreal
and scansorial mammals have relatively slender
limb elements without well-developed tubercles
and crests. In our CVAs, the morphological
differences between arboreal and scansorial taxa
were apparent only in the three-locomotor-
mode analysis (Supplementary Fig. 3A). In that
analysis, scansorial taxa separate from arboreal
taxa on the basis of their more elongate
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forelimbs, larger palms, and more elongate
phalanges. This characterization does not fit
what is observed in Eomaia, and, in turn, our
analysis predicted that Eomaia was arboreal not
scansorial (Fig. 6, Supplementary Figs. 4, 5).
This assignment is also consistent with other
indicators of arboreality (e.g., well-developed
scapular acromion and coracoid process [Argot
2001]) that were not captured by our indices but
were recognized by Ji et al. (2002) in their study
of Eomaia.

The Early Cretaceous eutriconodontan
Jeholodens was previously inferred to be a
terrestrial mammal capable of climbing on
uneven substrates (Ji et al. 1999). It has a
number of plesiomorphic features of the
pelvic girdle and hind limb that are primarily
associated with terrestrial locomotion in
premammalian cynodonts (Ji et al. 1999).
However, our multivariate analyses indicate
that Jeholodens was an arboreal taxon that spent
more time in the trees than on the ground
(Table 1, Fig. 6, Supplementary Figs. 4, 5).
This locomotor inference is consistent with the
more derived pectoral girdle and forelimb of
Jeholodens (Ji et al. 1999). The pectoral girdle
has a mobile scapuloclavicular joint and
a non-rigid claviculo-interclavicle joint, which
together form a mobile and pivotal joint. Its
scapula bears a well-demarcated triangular
fossa on the dorsoposterior margin that forms
a large area of attachment for the teres major
muscle (Ji et al. 1999). This muscle functions in
the retraction of the forelimb, a motion that is
especially important in climbing (Salton and
Sargis 2008). In addition to these features, our
CVA indicates that the tubercles and processes
of the humerus, ulna, and femur (e.g., the
lesser and greater tubercles, the olecranon
process, and greater trochanter, respectively)
are relatively reduced in Jeholodens, a condition
commonly associated with scansorial and
arboreal locomotion. Moreover, Jeholodens has
a relatively large hand, comparable in size
to those of extant small-bodied arboreal and
scansorial mammals, implying that the hand
was prehensile. Together, these lines of evidence
support our interpretation that Jeholodens was an
arboreal mammal.

The basalmost multituberculate Rugosodon
from the Middle Jurassic of China was

previously inferred as a terrestrial mammal, on
the basis of the phalangeal index (PI) and
slenderness index (=inverse of our phalangeal
robustness index; Yuan et al. 2013). However,
as noted by those authors in their supplemen-
tary information, the PI of Rugosodon plots
with terrestrial didelphids, diprodonts, sciur-
omorph rodents, and euarchontans (Weisbecker
and Warton 2006; Kirk et al. 2008) as well as
scansorial and arboreal hystricognath rodents
and carnivorans (Weisbecker and Schmid
2007; Kirk et al. 2008). In our analyses, the PI
of Rugosodon is 1.05, which is at the lower
limit for arboreal taxa and within the range of
our scansorial and terrestrial taxa. Our inter-
mediate phalangeal robustness index (~0.26),
which corresponds to the inverse of the inter-
mediate phalangeal slender index of Yuan
et al. (2013), places Rugosodon in the range of
arboreal and scansorial taxa. In light of the
subtle morphometric gradation from terrestrial
to scansorial to arboreal taxa, it is not surpris-
ing that individual osteological indices do not
sufficiently distinguish among these locomotor
modes. However, using our more compre-
hensive morphometric scheme in our multi-
variate analysis, we predict with high posterior
probability that Rugosodon was a scansorial
mammal that was adapted for both climbing
and ground walking (Table 1, Fig. 6, Supple-
mentary Figs. 4, 5).

The symmetrodontan Zhangheotherium quin-
quecuspidens was previously inferred as a
ground-dwelling mammal on the basis of
anatomical observations of the forelimb (Hu
et al. 1997, 1998). However, our CVAs classify
an unpublished specimen of Zhangheotherium
(species undetermined) as scansorial. The
analyses indicate that Zhangheotherium had a
relatively large hand with elongate metacar-
pals and phalanges. The hand proportions
are similar to those of extant scansorial
taxa, whereas the robustness of the phalanges
closely resembles that of extant arboreal taxa.
The new specimen of Zhangheotherium also has
a small olecranon process of the ulna, a feature
that is common among both scansorial and
arboreal mammals. However, our CVAs indi-
cate that Zhangheotherium has other features
that differ from those of scansorial mammals.
Specifically, extant scansorial taxa tend to have
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elongate forelimbs for ascending and descending  bodied mammals is correlated with hind limb-
trees. In contrast, Zhangheotherium has relatively =~ dominated locomotion, such as hopping or hind-
elongate hind limbs, which in extant small- limb-paddle swimming. Moreover, metatarsals II
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and III of Zhangheotherium are anteroposteriorly
elongate and bilaterally expanded, implying that
this unpublished specimen of Zhangheotherium
had a large plantar area of the foot. This region of
the foot was missing in the holotype specimen
(Hu et al. 1997, 1998). We note, however, that
because of poor preservation of the unpublished
specimen, we were able to include only 16
osteological indices. Thus, we tentatively follow
the locomotor inference of the CVAs to interpret
Zhangheotherium as a scansorial mammal from
the Early Cretaceous (Table 1, Fig. 6, Supplemen-
tary Figs. 4, 5).

Full descriptions and functional morpho-
logical analyses of the postcranial skeleton of
Yanoconodon and Liaoconodon have not yet been
published, but our analyses of the morpho-
metric data indicate that both of these Early
Cretaceous eutriconodontans were semiaqua-
tic (Table 1, Fig. 6, Supplementary Figs. 4, 5).
Another Mesozoic mammal that was not
included in our analysis, the Middle Jurassic
docodontan Castorocauda, has also been inter-
preted as semiaquatic (Ji et al. 2006). Despite
the shared locomotor assignment, these two
eutriconodontans and Castorocauda have clear
differences in postcranial morphology that
indicate different swimming strategies. Castor-
ocauda possesses dorsoventrally compressed
caudal vertebrae with bifurcated transverse
processes that are similar to those of the river
otter Lontra canadensis and a broad, scaly tail
that resembles that of the modern beaver,
Castor canadensis (Ji et al. 2006); this might imply
that, like the modern beaver, Castorocauda
occasionally used its tail for sculling (Howell
1930). In contrast, Yanoconodon and Liaoconodon
lack those specialized swimming adaptations
of the caudal vertebrae, but possess other
features of semiaquatic mammals. Their rela-
tively robust limb elements are well suited to
resist the stresses incurred during the propul-
sive swimming stroke. Yanoconodon and Liao-
conodon also have relatively large hands and
feet, which presumably facilitated paddling
even without webbed fingers. Moreover,
the phalanges of the manus of Yanoconodon
diverge distally, forming a funnel shape, which
may be correlated with swimming locomotion.
Although we did not analyze indices of the
axial skeleton, the elongate trunk of these two

eutriconodontans may also be an adaption for
swimming, as in the semiaquatic American
mink, Neovison vison.

Three Mesozoic taxa are inferred as semi-
fossorial: the Late Jurassic docodontan Halda-
nodon  exspectatus, the Early Cretaceous
eutriconodontan Repenomamus robustus, and
the Early Cretaceous symmetrodontan Akido-
lestes cifellii (Table 1, Fig. 6; Supplementary
Figs. 4, 5). Akidolestes was initially inferred
as a scansorial mammal by Chen and Luo
(2013), on the basis of qualitative comparisons
to living arboreal and terrestrial marsupials.
In contrast, the interpretation forwarded here,
which we argue is more robust because it is
based on quantitative multivariate analysis of
an extensive data set of extant small-bodied
mammals specimens, indicates that Akidolestes
was a semifossorial mammal. In general, the
postcranial skeletons of all three taxa have
well-developed tubercles and crests of the
forelimbs and hind limbs for attachment of
relatively large muscles as in extant digging
mammals. The diaphyses of their limb ele-
ments are more slender than those of fossorial
taxa, as reflected by their robustness index
values, which are closer to those of extant
semifossorial taxa than those of fossorial taxa.
Nevertheless, the postcranial morphologies of
these three semifossorial fossil mammals differ
from one another. As a stem mammal, the
docodontan Haldanodon retains some plesio-
morphic postcranial features that are shared
with, for example, premammalian cynodonts,
morganucodontans, and monotremes (Kiihne
1956; Klima 1973; Sun and Li 1985; Jenkins and
Parrington 1976; Martin 2005; Sues and Jenkins
2006), but are lost in more nested mammalian
taxa, like Repenomamus and Akidolestes. For
example, Haldanodon has an hourglass-shaped
humerus that bears a broad proximal head and
a well-developed deltopectoral crest, which is
similar to that of the short-beaked echidna,
Tachyglossus aculeatus (Martin 2005). In contrast,
the humerus of Akidolestes is relatively longer
and less robust than that of Haldanodon. Its distal
end bears a trochlear articular facet for the ulna
(Chen and Luo 2013), as in living therians but
absent in Haldanodon. Furthermore, the degree of
torsion along the humeral diaphysis differs
between Haldanodon (60°) and Akidolestes (40°),

104



LOCOMOTOR MODES IN MESOZOIC MAMMALS

corresponding, respectively, to a more sprawling
posture vs. a more parasagittal one. In general,
the postcranial elements of Repenomamus (Hu
2006) show an intermediate stage of develop-
ment between the less robust postcranial
elements of Akidolestes and the more robust
postcranial elements of Haldanodon. In other
aspects, Repenomamus strongly differs from
Haldanodon and Akidolestes. The scapula of
Repenomamus has curved anterior and dorsal
margins, whereas Haldanodon and Akidolestes
have scapulae with straight margins. This
degree of morphological variance among semi-
fossorial Mesozoic mammals parallels the large
morphological variance in our sample of
semifossorial extant taxa, and likewise prob-
ably stems from a combination of phylogenetic
diversity and functional diversity.

The Late Jurassic Fruitafossor windscheffeli has
uncertain phylogenetic affinities among stem
mammals, but its locomotor mode is unequi-
vocally fossorial, as inferred by our analysis
and the analysis of Luo and Wible (2005)
(Table 1, Fig. 6; Supplementary Fig. 4). Fruita-
fossor possesses a number of adaptations for
digging, including a bilaterally expanded
humerus with well-developed tubercles and
crests forming a large area for muscle attach-
ment, an enlarged olecranon process of the
ulna that increases the size of the input lever,
hypertrophied manual elements for efficiently
removing soil, and elongate distal phalanges
for effectively loosening soil (Hildebrand 1985;
Stein 2000; Hopkins and Davis 2009). Luo
and Wible (2005) further suggested that the
dental and vertebral anatomy of Fruitafossor is
convergent with that of extant xenarthran
diggers that use a scratch digging sub-mode
(Hildebrand 1985). Fruitafossor is similar in many
shoulder girdle and limb features to Tachyglossus,
which has been known to use scratch digging
and hook-and-pull digging (Augee et al. 2006).
Additionally, we note that the scapula and
forelimb of Fruitafossor are comparable to
moles that are humeral-rotation diggers (sensu
Hildebrand 1985; Hildebrand and Goslow
1998), such as the extant mole Scapanus.

Taken together, our locomotor inferences
of these ten Mesozoic taxa and those from
previous studies of 19 other taxa begin to paint
a more complete picture of the temporal and
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phylogenetic pattern of locomotor diversifica-
tion among Mesozoic mammals (Fig. 7). The
Late Triassic record of mammalian postcranial
skeletons is limited to a single taxon, the
stem mammal Morganucodon, which has been
interpreted as a generalized terrestrial mammal
(Jenkins and Parrington 1976). By the late
Middle Jurassic, we see substantial locomotor
diversification: the gliding ?eutricondontan
Volaticotherium (Meng et al. 2006), the arboreal
haramiyidan Arboroharamiya (Zheng et al. 2013),
the terrestrial haramiyidan Megaconus (Zhou
et al. 2013), and the semiaquatic docodontan
Castorocauda (Ji et al. 2006). The Late Jurassic
may represent a peak in locomotor diversifica-
tion, in which the docodontan Haldanodon, the
stem mammal Fruitafossor, the multitubercu-
late Rugosodon, and the basal cladotherian
Henkelotherium (Krebs 1991; Vazquez-Molinero
et al. 2001; Jager et al. 2013) further expand the
range of locomotor modes to include semi-
fossorial, fossorial, scansorial, and arboreal,
respectively.

Then, in the Early Cretaceous, there are
examples of repeated, independent evolution of
these six locomotor modes in different lineages
(Fig. 7). The eutriconodontans Yanoconodon and
Liaoconodon, like the Middle Jurassic Castorocauda,
were semiaquatic forms, although they may
have differed from Castorocauda in swim-
ming strategy. Moreover, the eutriconodontan
Jeholodens (arboreal), the multituberculate
Sinobaatar (arboreal [Hu and Wang 2002]), the
symmetrodontan Zhangheotherium (scansorial),
the eutherian Eomaia (arboreal), and the
metatherian Sinodelphys (scansorial/arboreal)
show climbing adaptations like Late Jurassic
Arboroharamiya  and  Henkelotherium;  the
eutriconodontan Gobiconodon ostromi shows
ground-dwelling adaptations (terrestrial);
and the symmetrodontan Akidolestes and the
eutriconodontan Repenomamus show burrow-
ing adaptations (semifossorial), although they
may have had sub-modes distinct from each
other and from the Late Jurassic Haldanodon.
In the Late Cretaceous, the range of loco-
motor modes further expanded to include
the saltatorial mode. The multituberculates
Catopsbaatar, Kryptobaatar, and Nemegtbaatar
(Kielan-Jaworowska and Gambaryan 1994;
Hurum and Kielan-Jaworowska 2008) and the



A

MENG CHEN AND GREGORY P. WILSON

199 Ma 145 Ma 66 Ma Present
Triassic Jurassic Cretaceous Cenozoic
M | L | M | L E L
E Morganucodonta

[@] Haldanodon
Docodonta
n Castorocauda

O] megaconus o
. Haramiyida
el

@ Arborol

O 4 @] Monotremata

E Fruitafossor

—@ Volaticotherium

_|

iﬁl Gobiconodon

Repenomamus

Liaoconodon Eutriconodonta

A dliding

O arboreal

& scansorial

O terrestrial

@ semiaquatic
@ semifossorial
W fossorial

X saltatorial

Locomotor mode
- N WO

(@l @] [@]

Yanoconodon

L

Jeholodens

—@ Rugosodon

Sinobaatar
Nemegtbaatar

Catopsbaatar % Mmultituberculata
Kryptobaatar

O | stygimys

4@ Mesodma

Akidolestes
Zhangheotherium Symmetrodonta

Maotherium

—@ Henkelotherium

Eomaia

@l Ukhaatherium
Stem eutherians
g' alambdal

E Barunlestes

{AOODQ.IX Placentals

Didelphodon

—@ Sinodelphys
} Stem metatherians

Asiatherium

{AOOCIO@EX] Marsupials

000
A o (0]}
(@) OO O oo
O ) o4 *
, & = (1) L XXXXX
| M | L E | L
Jurassic Cretaceous

Ficure 7. Locomotor diversification of mammals from the Early Jurassic to the present. A, Distribution of locomotor
modes across the phylogeny of Mesozoic mammals (phylogeny is based on Kielan-Jaworowska and Hurum 2001, Luo 2007,
Yuan et al. 2013, Zheng et al. 2013, and Zhou et al. 2013). We followed the placement of Haramiyida in Zhou et al. 2013
(but see Zheng et al. 2013 for a different placement). Stratigraphic ranges of taxa (rectangles bounding symbols) are based on
Kielan-Jaworowska et al. (2004) and the primary literature. We mapped the inferred locomotor mode of 29 Mesozoic taxa
that have relatively well-preserved postcranial skeletons, of which ten were analyzed in this study (see Table 1). The
locomotor inferences of the other 19 taxa are based on previous functional morphological studies (see text). B, Distribution of
locomotor modes through time, from the Early Jurassic to the Late Cretaceous. Symbols indicate which locomotor modes

were present in each time interval and the number of taxa from that locomotor mode.

106



LOCOMOTOR MODES IN MESOZOIC MAMMALS

eutherians Zalambdalestes and Barunlestes, all
from Asia, have been interpreted as saltatorial
and/or terrestrial runners (Kielan-Jaworowska
1978; Chester et al. 2010, 2012). In contrast, the
Late Cretaceous and Paleogene multitubercu-
lates Mesodma and Stygimys from North
America may have employed an arboreal
mode (Krause and Jenkins 1983), whereas the
eutherian Ukhaatherium (Horovitz 2003; Kielan-
Jaworowska et al. 2004) and the metatherian
Asiatherium (Kielan-Jaworowska et al. 2004),
both from Asia, have been interpreted as
terrestrial, and the Late Cretaceous metatherian
Didelphodon has been interpreted as possibly
semiaquatic on the basis of isolated elements
that can only be tentatively associated (Szalay
1994; Longrich 2004; but see Fox and Naylor
2006 and Borths and Hunter 2008).

This pattern of locomotor diversification
among Mesozoic mammals also differed across
clades (Fig. 7). The Multituberculata, arguably
the most successful clade of Mesozoic mammals
(Wilson et al. 2012), has a relatively small
sample of postcranial fossils that have led to
sometimes-divergent interpretations of locomo-
tor modes among Mesozoic multituberculates
(e.g., Gambaryan and Kielan-Jaworowska 1997;
Sereno 2006). Accordingly, multituberculates
may have diversified into arboreal, scansorial,
terrestrial, as well as saltatorial forms during the
Mesozoic (Krause and Jenkins 1983; Kielan-
Jaworowska and Gambaryan 1994; Hu and
Wang 2002; Sereno 2006; Yuan et al. 2013).
Another highly successful clade, the Eutricono-
donta, had representatives of at least four
locomotor modes: arboreal (this study), terres-
trial (Jenkins and Schaff 1988), semiaquatic (this
study), and semifossorial modes (Hu 2006; this
study); and if assignment of Volaticotherium to
the Eutriconodonta is upheld (Gaetano and
Rougier 2011, 2012), it would add a gliding
form to this clade. As such, eutriconodontans
may have achieved the greatest locomotor
diversity of any mammal clade up until the
Early Cretaceous. In contrast, only four loco-
motor modes have been inferred for the
Metatheria (arboreal, scansorial, terrestrial, and
possibly semiaquatic [Szalay 1994; Luo et al
2002; Horovitz 2003; Kielan-Jaworowska et al.
2004; Longrich 2004; Chester et al. 2010, 2012]),
and only two for the Docodonta (semiaquatic
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and semifossorial [Ji et al. 2006; this study]),
“Symmetrodonta” (semifossorial and terrestrial
[Hu et al. 1997, 1998; Luo and Ji 2005; this
study]), and Eutheria (arboreal and saltatorial
[Kielan-Jaworowska 1978; this study]). In sum,
Mesozoic mammals did achieve greater loco-
motor diversity than is generally appreciated, as
hypothesized by Luo (2007), but it seems that
this diversification was not fully under way
until the Late Jurassic and even then it did not
include all clades. We emphasize, however, that
our picture of locomotor diversification among
Mesozoic mammals should be viewed as a
conservative estimate. With the pace of discov-
ery of relatively complete Mesozoic mammal
skeletons showing no signs of slowing down,
we expect that in the not too distant future
many of the temporal and phylogenetic gaps
presented here could be filled in.

Conclusions

In this paper, our multivariate analyses of a
large postcranial morphometric data set show
that extant small-bodied mammals of different
locomotor modes have subtle but detectable and
functionally relevant morphological differences.
Ordination of these locomotor modes via linear
canonical variate analysis illustrates what we
term a morphofunctional continuum; that is, a
gradient of locomotor modes reflecting their
biomechanical requirements and adaptations
under natural selection. We speculate that the
pattern of evolutionary transformations from
one locomotor mode to another, at least in small-
bodied mammals, may be best explained in
the context of this morphofunctional continuum,
as well as external selective pressures that
these small-bodied mammals faced in the
Mesozoic (e.g., vegetational structure, preda-
tion, competition [Wing and Tiffney 1987]).
We applied our more comprehensive, multi-
variate approach to locomotor inference to
postcranial skeletons of ten Mesozoic mammal
taxa. In some cases, our results confirmed
previous locomotor inferences, and in other cases
differed from them. Viewing these interpreta-
tions along with other robust studies serves to
further shift the paradigm away from the notion
that the Mesozoic represented the “dark ages”
for mammalian evolution (Luo 2007). Instead, it
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appears that by the Late Jurassic mammals had
diversified into seven of the eight locomotor
modes that we recognized in this study. The
degree of locomotor diversification varied across
Mesozoic mammal clades, but seems to have
been most pronounced in the Eutriconodonta
and the Multituberculata, although sampling of
postcranial skeletons is still a major issue.
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Supplementary Table 3. Structure matrix, eigenvalues, and proportions of the variance
explained by each function of the canonical variate analysis in the eight-locomotor-mode
analysis.

Canonical Function (CF)
CF1 CF2 CF3

SL:HI 0201 -0.674 -0.176
Hsw:HI -0.173 -0.498 -0.314
Hpw:HI 0.08 -0.651 -0.268
Hdw.HI -0.072 -0.492 -0.269
Hsw:Hpw -0.232 0304 -0.106
HHI:HI -0.083  -0.655 -0.392
HHw:Hpw 0.115 0.602 0.339
Hdew:Hpw 0.026 -0.416 -0.428
Hdew:Hsw 0.081 -0.481 -0.43
Hdew:Hdw 0.012 -0.446 -0.392
ULHI 0.505 -0.252 -0.383
Uol:Ul 0272 -0.75 -0.369
Uol:Hl 0.141 -0.774 -0.453
RI:HI 0.593 0214 -0.109
RIL:UI 0.174  0.531  0.306
Uol:RI -0.284 -0.721 -0.443
Mcl:(HI+R1) -0.162 -0.269 0.447
Ppw:Ppl -0.095 -0.534 -0.405
Ipw:Ipl 0.134 -0.616 -0.249
(Ppl+Ipl):Mcl -0.077 0.136 -0.415
(MclH+Ppl+Ipl+Dpl):(HI+RI) -0.222 -0.525 -0.154
11:Pel 031 0443 -0.047
FGh:Fl -0.069 -0.44 -0.381
Fsw:Fl -0.197 -0.68 -0.056
TL:FI 0.553 -0.132  0.167
(HI+R1):(TIHFI) -0.768 0235  0.082
Tmw:Tl 02 -0.52 -0.105
Cal:Cl -0.142 0445 0.221
Ctl:Cl 0217 -0.489 -0.208
Cal:Ctl -0.127 043 0.159
Eigenvalue 11.923 8.646 5.523

Variance cumulative (%) 49.13 7496 85.50
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Supplementary Table 4. Canonical function scores of eight-locomotor-mode analysis and
distances between taxa and the centroids of corresponding locomotor modes.
Abbreviation: A, arboreal; Sa, semiaquatic; Sc, scansorial; Sf, semifossorial; T,
terrestrial.

Taxon No. Locomotor CF1 CF2 CF3 Distance
Mode

43 G 0.6985 44776 -1.9571 0.3797
44 G 0.6959 4.2635 -2.4697 0.6009
45 G -0.2872 4.1263 -1.4718 0.8377
1 A -0.7513 1.9811 -0.1648 0.4563
2 A -1.0344 2.2860 0.1297 0.4830
3 A -2.6642 1.9737 0.2704 1.7218
4 A 0.3518 2.0693 0.6952 1.4119
5 A -0.9973 2.4901 -0.8515 1.2590
6 A 0.7736 3.0194 -0.4302 2.1976
7 A 0.6802 1.2676 0.0459 1.7289
8 A -0.9784 1.6279 0.6144 0.4460
9 A -0.3391 0.9040 1.7595 1.8984
10 A -0.6406 0.9960 0.6673 0.9891
11 A -1.0303 1.7498 0.9041 0.7002
12 A -0.5154 3.2823 -1.5746 2.3508
13 A -1.9788 2.5115 -0.2665 1.3295
14 A -1.4278 0.5090 1.0689 1.6354
15 A -1.6602 1.1334 0.4424 1.0123
16 A -2.0357 1.6198 -0.2159 1.1830
17 A -0.9002 2.2721 -0.1711 0.5965
18 A -1.5145 1.8378 0.2794 0.5684
19 A -2.0114 2.2346 0.0345 1.1536
20 A -0.8008 0.4682 0.8548 1.5021
21 A -1.2718 1.0663 1.7468 1.7389
22 A -0.4517 2.8283 -0.3890 1.2773
23 A -1.2048 0.2106 0.0245 1.6376
24 A -1.6064 1.4103 -0.7710 1.2497
25 A -0.9912 2.6193 0.2955 0.8073
26 A -1.6218 3.6947 0.5441 2.0211
27 A -0.1141 1.2739 -0.1401 1.0577
28 A -0.4151 2.0007 -0.0057 0.6063
29 A -1.3301 1.6025 0.5298 0.5399
30 A -0.0343 1.5830 0.4248 0.9695
51 Sc 0.1892 0.7245 0.3805 1.6343
52 Sc -1.6395 0.0528 0.9573 0.6363
53 Sc -1.6697 0.0328 1.1807 0.6956
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54
55
56
57
58
59
78
79
80
81
82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
60
61
62
63
64
65
66

-1.9748
-1.7595
-1.3121
-2.3325
-0.2485
-1.1649
0.4990
0.1596
0.2485
-0.7530
1.3820
-0.7024
-1.3822
-0.0022
-0.7026
-1.0397
-2.2500
-1.2400
0.8040
0.4173
-1.9549
-2.3883
-0.4126
-0.3007
-1.1352
-1.0242
-1.0406
0.1484
-0.9407
-0.8161
-1.1981
-2.4116
0.1312
-1.2838
-0.4207
-1.4646
-0.5116
0.7324
1.0435
0.3377
-0.0394
1.4750
-0.5994

0.4116
0.8064
0.8834
0.8172
0.9599
0.7497
-0.3643
0.6473
0.1568
-0.1349
2.4500
0.3067
0.7345
-0.7625
-0.4521
-0.0663
0.2528
-0.2342
-3.4570
0.2350
0.8899
1.3245
0.6625
0.7731
0.8958
-0.4437
-0.4912
-2.3682
0.9603
1.1338
1.0403
0.3064
-0.4619
0.7791
0.5516
1.1746
0.1964
-0.4205
0.6086
-0.9375
0.1107
-1.2081
-2.6441
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1.2620
0.5291
1.3951
1.6963
0.3071
1.1758
1.2217
1.3675
1.3363
1.9202
-1.0240
0.8771
0.5902
1.8773
1.9914
2.1761
1.8105
2.0665
0.3178
1.2071
1.2325
0.8804
1.9388
0.8870
0.2740
0.2432
0.5849
1.1580
1.0728
0.1625
0.5626
0.3187
-0.3813
0.6508
0.9269
1.4437
3.7938
0.8086
1.3011
2.8086
1.3235
3.2068
-0.5832

0.7327
0.6638
0.4945
1.2515
1.3209
0.2862
1.3480
1.0415
1.0131
0.9907
3.6683
0.1542
0.9518
1.4856
1.1960
1.2621
1.7525
1.2798
4.0130
1.1412
1.4497
2.0287
1.0943
0.7063
1.0872
1.0376
0.8705
2.7120
0.7999
1.2517
1.0639
1.8391
1.7362
0.8869
0.4540
1.3169
2.2817
1.2056
1.4870
0.9148
1.1908
1.6015
3.4786



67
68
69
70
71
72
73
74
75
76
77
31
32
33
34
35
36
37
38
39
40
41
42
46
47
48
49
50

nunwnwnwnwatmHTed T T T T T T

1.5673
1.4625
-2.5976
-3.8352
-2.1357
-0.3777
-1.6531
-2.3795
-1.8034
-3.6372
-3.2454
-3.4822
-3.7841
1.3452
-4.8381
-2.0051
-4.7203
-3.5466
-2.6807
-3.9300
-3.6895
-2.9486
-2.3412
6.9349
7.9377
6.2625
9.0250
7.1348

-1.5149
0.0850
0.4488
-1.9212
-0.1195
-2.9401
-0.8951
-1.0399
-0.5423
-2.8671
0.1866
-3.5673
-1.2344
-1.4599
-4.3456
-4.5735
-3.6179
-3.6064
-2.5751
-3.5967
-4.7949
-4.9481
-4.6796
-2.6686
-1.0614
-0.1167
-1.8110
-2.4232

3.5760
1.6580
0.5129
1.9271
1.1088
1.7645
-0.2086
1.8971
2.2892
-1.8731
-1.6202
-4.1215
0.5161
-1.5171
-2.0412
-3.7736
-3.7323
-2.1681
-0.7057
-2.9249
-1.1180
-3.9202
-2.5385
1.0395
-0.2749
-0.2005
-2.2949
-0.8572

2.0530
1.1661
1.5428
2.0972
1.0981
2.9743
1.1527
1.2538
1.8320
3.3249
2.7251
1.8357
3.7675
4.9512
1.9647
2.0346
2.1753
0.5234
1.9533
1.0569
1.8333
2.0928
1.3219
1.9511
0.7719
1.9444
2.3768
0.9337
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Supplementary Table 6. Structure matrix, eigenvalues, and proportions of the variance
explained by each function of the canonical variate analysis in the five-locomotor-mode
analysis.

Canonical Function (CF)
CF1 CF2 CF3

SI:HI1 0.116 -0.553 0.269
Hsw:HI 0.101 -0.371 -0.164
Hpw:HI 0.091 -0.684 0.186
Hdw:HI 0.019 -0.433 -0.144
Hsw:Hpw -0.064 0.474 -0.595
HHI:HI 0.217 -0.454 0.004
HHw:Hpw -0.125 0.589 -0.077
Hdew:Hpw 0.118 -0.084 -0.212
Hdcew:Hsw 0.152 -0.167 -0.136
Hdew:Hdw 0.158 -0.096 -0.038
UlL:HI -0.06 -0.206 0.016
Uol:Ul 0.31 -0.524 0.306
Uol:HI 0.263 -0.561 0.272
RI:HI -0.119 0.054 0.012
RI:Ul -0.075 0.283  0.026
Uol:RI 0.284 -0.556 0.244
Mcl:(HI+RI) 0.058 -0.423 0.378
Ppw:Ppl 0.425 -0.357 0.241
Ipw:Ipl 0376 -0.38 0.336
(Ppl+Ipl):Mcl -0.366  0.356 -0.768
(Mcl+Ppl+Ipl+Dpl):(HI+RI) 0.031 -0.355 0.006
I1:Pel 0.128 0.503 -0.236
FGh:Fl 0.147 -0.24 0.103
Fsw:Fl 0.058 -0.758 0.149
TI:F1 -0.156  -0.61 0.118
(HI+RI):(TI+FI) 0.147 0.083 0.106
Tmw:TI 0.088 -0.335 0.281
Cal:Cl 0.017 0.169 -0.305
Ctl:Cl -0.022  -0.17 0.337
Cal:Ctl -0.03  0.214 -0.348
Eigenvalue 9.799 7.409 5.891

Variance cumulative (%) 48.30 7591 93.36
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Supplementary Table 7. Classification matrix of the canonical variate analysis in the five-
locomotor-mode analysis. Abbreviation: A, arboreal; Sa, semiaquatic; Sc, scansorial; Sf,
semifossorial; T, terrestrial.

Observed % Correct Inferred Locomotor Mode

Mode A Sc T Sa St
A 96.67 29 0 1 0 0
Sc 88.89 1 8 0 0 0
T 96.67 0 1 29 0 0
Sa 88.89 0 0 1 8 0
Sf 100.00 0 0 0 0 9

Total 95.40 30 9 31 8 9
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Supplementary Table 8. Structure matrix, eigenvalues, and proportions of the variance
explained by each function of the canonical variate analysis in the three-locomotor-mode
analysis.

Canonical Function (CF)

CF1 CF2
SI:HI1 0.402 -0.077
Hsw:HI -0.196 0.021
Hpw:HI 0.487 -0.098
Hdw:HI -0.109 0.141
Hsw:Hpw -0.763 0.09
HHI:HI 0.132 0.061
HHw:Hpw -0.304 -0.209
Hdew:Hpw -0.161 0.154
Hdcew:Hsw -0.062 0.154
Hdew:Hdw -0.007 0.021
UlL:HI 0.063 0.049
Uol:Ul 0.47 -0.051
Uol:Hl 0.454 -0.05
RI:HI 0.053 0.12
RI:Ul 0.03 0.085
Uol:RI 0.419 -0.055
Mcl:(HI+RI) 0.35 -0.32
Ppw:Ppl 0.47 0.088
Ipw:Ipl 0.554 0.14
(Ppl+Ipl):Mcl -0.842 0.242
(Mcl+Ppl+Ipl+Dpl):(HI+RI) -0.057 -0.232
11:Pel -0.283 0.179
FGh:F1 0.254 0.188
Fsw:Fl 0.395 0.036
TI:F1 0.373 0.219
(HI+R1):(TI+F1) -0.061 -0.399
Tmw:Tl 0.322 -0.158
Cal:Cl -0.183 0.399
Ctl:Cl 0.335 -0.137
Cal:Ctl -0.303 0.222
Eigenvalue 9.553 8.479
Variance cumulative (%) 55.93 100.00
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Supplementary Table 9. Classification matrix of the canonical variate analysis in the
three-locomotor-mode analysis. Abbreviation: A, arboreal; Sc, scansorial; T, terrestrial.

Observed Predicted locomotor categor
Mode 0 Correct A Sc S
A 96.67 29 0 1
Sc 88.89 1 8 0
T 100.00 0 0 30
Total 97.10 30 8 31
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in the five-locomotor-mode analysis. B, plot of structure correlations between the osteological indices and the
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Abstract.— Most mammalian taxa of the Lower Cretaceous Jehol Group are preserved as nearly
complete fossil skeletons. This fossil record currently represents our best opportunity to move
beyond the study of the autecology of individual species to analysis of Mesozoic mammal
communities. Contextual information, such as abiotic factors and other biotic factors, is well
constrained for the Jehol Group, enabling analysis of linkages between intrinsic and extrinsic
factors that might have shaped the ecological structure of these ancient mammal communities. I
quantified ecological structure of two mammalian communities from the Jehol Group and 28
extant small-bodied mammal communities from tropical, arid, temperate, and cold environments
using diet, body size, and locomotor mode. I used the resulting dataset to compare ecological
structure among extant mammal communities and Mesozoic mammal communities. I used
ecological disparity and ecological diversity as parameters to characterize ecospace occupations
for each mammal community. Results indicate that environmental factors play essential roles in
shaping ecological structure of extant small-bodied mammal communities. Small-bodied
mammal communities in tropical regions have more clustered ecospace occupations, reflected by
low ecological disparity and high ecological diversity, in contrast with mammalian communities
from arid and cold environments, which have more scattered ecospace occupations as reflected
by high ecological disparity and low ecological diversity. Results also indicate that the ecological
diversity and disparity of the two Early Cretaceous mammal communities are comparable to
extant small-bodied mammal communities from tropical and arid environments, respectively.
The significantly different ecological structure of the extant small-bodied and Early Cretaceous
mammal communities might be primarily due to sampling biases of the fossil record, non-analog
Early Cretaceous environments, and/or evolutionary ecology differences of species compositions

among extinct and extant mammalian communities.
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Introduction

Mammals arose in the Late Triassic (ca. 220 Ma; Kielan-Jaworowska et al., 2004) at
about the same time as dinosaurs (Brusatte et al., 2010). Through the Mesozoic Era, they became
taxonomically rich (>320 species) and geographically widespread across Laurasia and
Gondwana (Lillegraven et al., 1979; Kielan-Jaworowska et al., 2004). Although they were long
thought of as ecologically constrained to roles as mostly small-bodied, generalized, nocturnal
insectivores (e.g., Simpson, 1937; Van Valen and Sloan, 1977), recent discoveries of exquisitely
preserved fossils (see e.g., Luo, 2007) and comprehensive ecomorphological analyses (e.g.,
Wilson et al., 2012; Wilson, 2013; Grossnickle and Polly, 2013) have shown that instead
Mesozoic mammals evolved an array of ecologies comparable to that of extant, small-bodied
mammals, namely from colonial-insect feeding diggers to insectivorous gliders, terrestrial
scavengers, and semiaquatic carnivores (Luo, 2007; Chen and Wilson, 2015). Moreover, these
diverse forms independently arose multiple times independently in different mammalian lineages
during the Mesozoic. Still, we know little about how these ecomorphs were distributed across
Mesozoic mammal communities. In the context of dinosaur-dominated terrestrial ecosystems and
perhaps non-analog environmental conditions, was the ecological structure of Mesozoic mammal
communities fundamentally different from that of small-bodied mammal communities today?

The fossil record of the Lower Cretaceous Jehol Group in northeastern China currently
represents our best opportunity to quantify ecological structure of Mesozoic mammal
communities (Meng, 2014). Most mammalian taxa from the Jehol Group are preserved as nearly
complete fossil skeletons (Chang et al., 2003; Zhou et al., 2003; Meng et al., 2006; Meng, 2014;
Zhou, 2014), such that robust paleoecological inferences are possible. To quantify ecological

structure in two mammalian communities from the Jehol Group, we plotted ecospace occupation
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of constituent species based on inferred body size, diet, and locomotor categories. Contextual
information, such as other biotic factors (e.g. vertebrates, invertebrates, and plants) and the
abiotic factors (e.g., climate), is well constrained for this study area (Zhou, 2014), enabling us to
analyze linkages between intrinsic and extrinsic factors that may have shaped the ecological
structure of these ancient mammal communities. We compared these communities to 28 extant,
small-bodied mammal communities from tropical, arid, temperate, and cold regions. Our results
indicate that these Early Cretaceous mammal communities were on par with modern mammal
communities in terms of the ecological diversity and disparity but they significantly differed in
ecological structure, implying that variables that shaped communities might have been different

in the Mesozoic compared to today.

Materials and Methods
Extant Small-bodied Mammal Communities and Mesozoic Mammal Communities. Because
most Mesozoic mammals were small bodied (Kielan-Jaworowska et al., 2004), extant small-
bodied mammals (< 5kg) are appropriate analogs for them (Chen and Wilson, 2015). Thus, we
assembled a dataset of 28 extant small-bodied mammal communities from the primary literature
(Fig. S1; Table S2). Because flying mammals have not been documented in the Mesozoic, we
excluded flying mammals from our extant dataset. We assigned each extant small-bodied
mammal community to one of four climate regions (tropical, arid, temperate, and cold
environments; see Peel et al., 2007; Table S3). Twenty-two out of 28 small-bodied mammal
communities have available mean annual temperature (MAT) and annual precipitation (APT)
data that we used for assessing the relationships between ecological structure and climate.

To study ecological structure of Mesozoic mammal communities, we assembled two
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Early Cretaceous mammal communities from the northeastern China Jehol Group (Zhou, 2014;
Table S4): the Dawangzhangzi-Jiufotang (DJ) community, which has seven mammalian species,
and the Jianshangou-Lujiatun (JL) community, which has ten mammalian species. During the
Early Cretaceous in the Jehol Group, phreatomagmatic volcanic events produced mass-mortality
assemblages of well-preserved vertebrates (Chang et al., 2003; Zhou et al., 2003; Zhou, 2014),
which may represent autochthonous fossil deposition. The DJ and JL communities each consist
of two fossil assemblages from within the Jehol Group. The DJ fossil assemblages are
temporally constrained to 120—-122 Ma by radiometric ages, and the JL fossil assemblages are
temporally constrained to 125—128 Ma. As in any study of the fossil record, the time averaging
of the assembled Early Cretaceous mammal communities may bias the interpretation of
evolutionary and ecological patterns of mammal communities in this study. However, we
contend that the restricted temporal scope and mode of fossilization of the fossil assemblages
support their use in the analysis of the ecological structure of Mesozoic mammal communities.
Ecological Structure. We used three ecological variables (body size, diet, and locomotor mode)
to assess ecological structure of our extant and extinct mammalian communities. These
ecological variables play important roles in explaining the structure of extant and extinct animal
communities (Fleming, 1973; Andrews et al., 1979; Van Valkenburgh, 1994) as well as
community stability (see McCann, 2000). The distribution of body sizes shows physiological
differences among community members (Eisenberg, 1981; McNab, 1990); the range of diets
illustrates the range of foods available; and locomotor preferences may reflect vegetational
structure and survival strategies. These three ecological traits are well documented for extant
small-bodied mammals and can be inferred for a number of Mesozoic mammals (e.g. Damuth

and MacFadden, 1990; Kielan-Jaworowska et al., 2004; Luo, 2007).
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We attained the ecological trait data of extant species using the primary literature or
natural history compendia (e.g., Kingdon, 1997; Nowak, 1999). To estimate body size of extinct
taxa, we used length measurements from the mandible, humerus, and femur (Foster, 2009;
Campione and Evans, 2012). We divided log,-transformation body mass into six ranks (body
size rank 1-6). We classified diet and locomotor mode into six (carnivore, insectivore, omnivore,
frugivore, granivore, herbivore) and eight (gliding, arboreal, scansorial, terrestrial, semiaquatic,
semifossorial, fossorial, saltatorial) categories, respectively. In extant mammals, the complexity
of the cheek tooth row can be quantified as the orientation patch count (OPC). Diet correlates
with OPC: higher OPC values (>~200) are associated with more herbivorous diets in contrast
with lower OPC values (=~100) for more carnivorous diets (Evans et al., 2007). Thus, we ranked
diet categories on an ordinal scale from 1 (carnivore) to 6 (herbivore). To order locomotor
modes, we rely on multivariate morphometric analyses that have successfully classified eight
locomotor modes among small-bodied mammals (Chen and Wilson, 2015). The locomotor
modes are arrayed along a morphofunctional continuum from agility- and speed-based modes
(gliding, arboreal) to power-based modes (semiaquatic, fossorial) (Chen and Wilson, 2015). The
saltatorial mode is anomalous because it reflects both power- and speed-directed locomotion in
the forelimbs and hind limbs, respectively. Accordingly, we rank locomotor mode categories on
an ordinal scale from 1 (gliding) to 7 (fossorial) and 8 (saltatorial) (Table S1).

We characterized the ecological structure of each mammalian community by two
parameters, ecological disparity and ecological diversity. Ecological disparity represents the
magnitude of differences in ecological traits among each species in a community (Jernvall et al.,
1996). For example, the didelphid marsupial Marmosa elegans, which is between 33 g and 128 g

in body mass, eats insects, and uses scansorial locomotion, has an ecological assignment of 2-2-
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3, reflecting the ordinal values for each ecological trait. The ecological assignment of the rodent
Abrocoma bennetti is 3-6-3. The ecological distance between M. elegans and A. bennetti is
calculated as |2-3|+|2-6|+|3-3]=5. The ecological disparity of a community would then be the
mean pair-wise ecological distance between all species pair combinations in a community. In
contrast, ecological diversity measures the number of the unique ecological assignments within
each community (Fig. 2a, b, c, d). Ecological diversity describes the number of occupations in a
given ecospace (e.g., full vs. empty). The ecological diversity resembles the functional richness
index using ordinal variables (Villeger et al., 2008; Schleuter et al., 2010). However, the purpose
of estimating ecological diversity in this study differs from the purpose of the functional richness
index, which aims to capture the ecospace occupation with the smallest convex hull volume to
enclose all species (Schleuter et al., 2010). We visualized the ecospace occupations of each
mammal community by plotting the ecological assignment of constituent species in cube plots.
As a result of intraspecific variation, body size of mammalian species is sometimes given
as a range in the literature (e.g., 18—45g). To account for this, we used both maximum and
minimum body size for each species when calculating the ecological disparity and ecological
diversity for small-bodied mammal communities. We found that there was no statistical
significant difference between datasets using maximum and minimum body size for the
ecological disparity and ecological diversity except for the ecological disparity of the temperate
regions (p<0.05). However, this had no effect on major patterns of the ecological structure of
extant small-bodied mammal communities in the four climate regions. Thus, we chose to report
the ecological disparity and ecological diversity using the lowest body size.
Assess influence of environments. To understand how what factors might have influenced the

ecological structure of small-bodied mammal communities, we investigated how ecological
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structure correlates with latitude, longitude, APT and MAT. We used these four variables for
several reasons. Latitudinal biodiversity gradients are well documented across many taxonomic
groups (Buckley et al., 2010; Davies and Buckley, 2011; Hawkins et al., 2011). Longitude is
also important, as vegetational structure and, in turn, the habitats of small-bodied mammal
communities often vary with longitude. For example, the Sahara desert and tropical rainforests of
Central America, which range across similar latitudes, differ drastically in biodiversity because
of their distinct environments. MAT and APT affect geographical distributions of small-bodied
mammal species, which have variable physiological tolerances to temperature (Merritt, 2010).
Both temperature and precipitation are also highly correlated with evapotranspiration, which
influences vegetation structure, primary productivity, and seasonal availability of plant resources
(Cox and Moore, 1985; Whittaker, 1975; Badgley and Fox, 2000). Thus, MAT and APT are
important drivers for patterning mammalian diversity at a global scale (Cooper et al., 2011;
Davies and Buckley, 2011; Davies et al., 2011; Hawkins et al. 2012). These variables were also
chosen because they can be obtained or approximated for the Early Cretaceous mammalian
communities (Enkin et al., 1992; Amiot et al. 2011; Pen and Huang 2013).

We compiled the environmental data for each extant mammal community using data
from the published literature and National Oceanic and Atmospheric Administration (NOAA;
Supplementary Materials). Most environmental data refer to the same year when the original
field study of small-bodied mammal community was conducted (Table S2). We excluded the few
mammal communities that lack environmental data from the correlation analyses. For the two
Early Cretaceous mammal communities, we used paleoenvironmental data estimated by Amiot et

al. (2011) and Pen and Huang (2013) (Table S2).
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Statistical Analyses. To test whether the differences in ecological structure of sampled small-
bodied mammal communities is due to chance, we performed two different sets of statistical
analyses. The y” test was used to test for correlations between each ecological trait and four
different climates in order to determine whether climates have influence on ecological traits of
our sampled extant small-bodied mammal communities. The Mantel test (1956) was used to
investigate the relationship between the ecological structure and climate. To conduct the Mantel
test, we calculated a Bray-Curtis distance matrix for ecological disparity and Euclidean distance
matrices for ecological diversity and climate variables (APT and MAT; Tables S11-S13).
Because the sample sizes of extant small-bodied mammal communities are small in the four
climate regions, we performed six pair-wise two-sample bootstrap tests. These tests examine the
resampled distribution on expected mean differences (Kowalewski and Novack-Gottshall, 2010)
of ecological disparity and diversity to test whether the ecological structure of small-bodied
mammal communities in, for example, tropical and arid regions truly differ from each other. We
also performed the same two-sample bootstrap tests to compare the ecological structure of the
Early Cretaceous and extant small-bodied mammal communities. In addition, we applied single
and multiple regression models to investigating which of the environmental factors has a
statistically significant, unique contribution to the ecological structure of extant small-bodied
mammals. We used corrected Akaike Information Criterion (AICc) and the proportion of
explained variation to assess each model because our sample sizes are relatively small. Then we
applied the most appropriate models to predict the ecological structure of the Early Cretaceous
mammal communities. All statistical analyses were carried out using open source software R

3.1.2 with appropriate statistical packages, such as “vegan”, “MASS”, and “ade4”.
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Results

We found that small-bodied mammal communities of the four climate regions have distinct
ecological structures (Fig. 1). We also found that environmental differences may have a great
influence on body size (3°=94.04, df=15, p<0.001), diet (x°*=178.73, df=15, p<0.001), and
locomotor mode (x*=138.18, df=21, p<0.001; Table S3). In addition, Mantel tests indicate that
the ecological structure of small-bodied mammal communities show positive correlations with
climate (ecological disparity: r=0.231, p=0.0028; ecological diversity: r =0.332, p=0.0058).
Ecological disparity and ecological diversity, which were used to characterize ecospace
occupation, are distinct across the four climate regions (Fig. 1; Table S4). The small-bodied
mammal communities in tropical and arid regions show distinct ecological structures from those
of the other two regions. Mammal communities in tropical regions have the lowest mean
ecological disparity (3.52) but the highest mean ecological diversity (12.44); whereas mammal
communities in arid regions have high mean ecological disparity (4.73) but the lowest mean
ecological diversity (6.75). The results of #-tests indicate both temperate and cold regions show
no statistically significant differences in ecological diversity or disparity (P>0.05; Table S5):
relatively high mean ecological disparity and ecological diversity. The results of the two-sample
bootstrap tests are consistent with the results of the #-tests (Figs. S1-2). Likewise, statistical
analyses indicate that the ecological disparity and diversity of the Early Cretaceous mammal
communities show some similarities to those in tropical and arid regions, respectively (Figs. S3—
6; Table S5).

The cube plots, which graphically illustrate the ecospace occupation of each species in
each mammal community, show the ecological differences across the four regions (Fig. 2a—d). In

the tropical region, the ecospace occupation of small-bodied mammal communities is tightly
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clustered (Fig. 2a), reflecting low ecological disparity; whereas the high density of filled spaces
in the cube plot reflects the high ecological diversity. Specifically, the most commonly filled
parts of the ecospace are the body mass range from 32—-128 g, the omnivore dietary category, and
the terrestrial locomotor mode (Fig. 2a, e). In contrast, in the arid region, the ecospace
occupation is more scattered and sparsely filled (Fig. 2b), reflecting high ecological disparity but
low ecological diversity. There is no apparently dominant category in each ecological trait in arid
regions (Fig. 2f). In temperate regions, the ecospace of small-bodied mammal communities is
more filled than those in tropical and arid regions. (Fig. 2¢), reflecting high ecological disparity
and diversity. The most densely filled parts of the ecospace are the body mass range under 32 g,
the omnivore dietary category, and the terrestrial locomotor mode (Fig. 2g). The ecological
occupation in cold regions is scattered and sparsely filled (Fig. 2d), reflecting high ecological
disparity. However, the high density of filled spaces in the cube plot reflects high ecological
diversity in cold regions. The environmental models indicate that the differences of the
ecological structures (e.g., clustered versus scattered) are highly correlated with latitude (for
ecological disparity: AICc=-13.061, adjusted =0.651, F=40.13, p<0.000; Tables S6-S7) and
annual precipitation (for ecological diversity: AICc=123.566, adjusted r*=0.322, F=10.99,
p=0.003; Tables S8-S9).

The ecological structure of the DJ and JL. communities in the Jehol Group (Table S10)
differ from extant small-bodied mammal communities (Figs. 3a, S3—S6). The ecological
structure of the DJ community was dominated by mammals under 128 g with insectivorous diets
(Fig. 3b), whereas the ecological structure of the JL. community had a greater number of larger
bodied (512-2048g), carnivorous mammals with a scansorial locomotor mode (Fig. 3c¢).

Ecological disparities of the DJ and JL communities (means values 3.62 and 3.27, respectively)
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significantly differ from those in arid, temperate and cold regions (p<0.05); the ecological
diversities fall in the range of mammalian communities from the arid and temperate regions.
Together, the most common ecological traits among the two Early Cretaceous mammal
communities are body sizes under 128 g, insectivorous diet, and scansorial locomotor mode (Fig.
3b-c). Using the environmental models derived from the extant small-bodied mammal
communities, we would predict the Early Cretaceous mammal communities to have ecological
disparity between 3.15 and 3.91 and ecological diversity between 6.23 and 8.31; both of these
are fairly close to the observed values (Tables S6, S8). These predictions suggest that the
assembled Early Cretaceous mammal communities might resemble a true mammalian

community in ecological structure in the Early Cretaceous.

Discussion

Taphonomy undoubtedly influenced the taxonomic and ecological composition of the
mammalian fossil assemblages of the Jehol Group; for example, preservation potential may vary
with ecological (e.g., aquatic habitats) and morphological (e.g. body size) factors (Behrensmeyer
et al., 2000). Thus, we might expect that in our fossil assemblages larger bodied taxa are more
commonly preserved than smaller bodied taxa (Valentine et al., 2006). However, Mitchell and
Makovicky (2014) found that taphonomy alone failed to explain the ecological vacancies
observed in the Jehol avifanua; a relevant finding considering that Jehol mammals and birds have
similar body size ranges. Thus, we contend that taphonomic processes may have influenced the
ecological structure of two Early Cretaceous mammal communities, but those effects were likely

not large enough to produce the differences in ecological structure with the extant small-bodied
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mammal communities; those might be best explained by differences in evolutionary ecology and

environments.

Differences of evolutionary ecology

The taxonomic compositions of the two Early Cretaceous communities are predominated by
eutriconodontans and symmetrodontans, two mammalian groups that have no living descendants
(Table S10). Morphologically, eutriconodontans and symmetrodontans have primitive dental
morphologies that share few morphological features with tribosphenic molars of therian
mammals. They possess either a three-cusp-in-a-line or a three-cusp-in-a-reversed-triangle
arrangement. Both of these arrangements are best suited for insectivorous and carnivorous diets
(Fig. 3b-c; Kielan-Jaworowska et al., 2004). In therian mammals, the tribosphenic molar allows
for the slicing functions of the eutriconodontans and symmetrodontans but also allows for
crushing and grinding (Luo et al., 2007). This molar form thus opened up omnivorous and
herbivorous dietary niches not available to the eutriconodontans and symmetrodontans.

Thus, without numerous therian mammals, the dietary diversity of two Early Cretaceous
mammal communities is decreased.

In contrast to the diet, a great diversity of locomotor modes were present in the two Early
Cretaceous mammal communities. There were few terrestrial taxa but more specialized taxa
(e.g., arboreal and semiaquatic taxa in the DJ and scansorial taxa in the JL)(Fig. 3b-c). These
locomotor strategies might increase their survivorship against predation and competition from
contemporary vertebrates, such as carnivorous dinosaurs (Stucky, 1990; Matsukawa et al., 2014).
Moreover, diverse locomotor modes enable mammals to access food resources in different parts

of the environment than other vertebrates that were otherwise similar in body size and diet.
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Low dietary but high locomotor diversity suggests that the dietary and locomotor
diversification might have been decoupled in the Early Cretaceous. This may have resulted from
distinctive ecological pressures imposed on Mesozoic mammals. During the Mesozoic, dinosaurs
were the most dominant vertebrates in terrestrial ecosystems and presumably imposed ecological
pressures (e.g., predation, competition) on mammals (Stucky, 1990). Likely to avoid predation,
most Mesozoic mammals were small in size. This small size and their mostly primitive dental
morphologies further constrained Mesozoic mammals to mostly insectivorous diets (e.g., Kielan-
Jaworowska et al., 2004). However, small body size did not hinder the morphological evolution
of postcranial skeleton. Mesozoic mammals evolved a diverse array of postcranial morphologies
reflecting a diversity of locomotor modes, as in extant small-bodied mammals (e.g., Chen and
Wilson, 2015). After the removal of non-avian dinosaurs as well as many non-tribosphenic
mammals, tribosphenic mammals were released from the previous ecological pressures for small
body size and evolved diverse diets for utilizing different food resources. Together, these
indicate that the ecological structure of mammalian communities might have undergone a

fundamental shift after the removal of non-avian dinosaurs.

Paleoenvironmental influence

Today net primary productivity (NPP) that affects the distribution of food resources on
global and local scales and affects the temporal seasonality of food availability. Temperature and
precipitation are correlated with latitude (Peel et al., 2007) and NPP (Cramer et al., 1999),
suggesting that environmental factors indirectly shape the ecological structure of mammal
communities. It follows that environmental factors would have also impacted the ecological

structure of Early Cretaceous mammal communities.
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In the Early Cretaceous, global climates were generally warm and interrupted by cold
intervals (Larson and Erba, 1999; Grocke et al., 2005). However, the Jehol mammal fauna in
northeastern China may have experienced a regional environment different from the global
average. Wood and dinosaur fossil evidence suggest cold climates persisted in the Early
Cretaceous during deposition of the Jehol Group (Amiot et al., 2011; Xu et al., 2012; Zhou,
2014). Sedimentological studies, in contrast, suggest that during deposition of the Jehol Group
climates were temperate and humid (Sha et al., 2008; Ohta et al., 2011) with semi-arid climate
intervals (Fiirsich et al., 2007; Pen and Huang, 2014). Thus, no consensus has been reached on
the paleoenvironmental reconstruction of the Jehol Group. However, the discrepancy in
paleoenvironmental inferences for the Jehol Group may be the result of temporal and spatial
heterogeneity of the paleoenvironment. Taken together, we interpret that climates were
temperate to cold during deposition of the Jehol Group in the Early Cretaceous, recognizing that
there might have been some diversity of habitats in the Jehol Group (Li and Liu, 1999; Zhu,
2000; Ding et al., 2003a, b; Ding and Zhang, 2004; Zhang et al., 2004; Li, 2010; Zhang et al.,
2010). In addition, the occurrences of frequent volcanic eruptions and large lakes have been
inferred in the Jehol Group (Faux and Padian, 2007; Pan et al., 2012; Jiang et al., 2014).
Frequent volcanic eruption has a great impact on ecosystem (del Moral and Grishin, 1999) and
thereby may further partition the paleoenvironments in the Jehol Group into a number of small
diverse habitats. Together, these indicate the paleoenvironment of the Early Cretaceous Jehol
Group might not be represented in our dataset of extant mammalian communities and thus would

be non-analog.
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Sampling issues of this study

Well-preserved mammalian fossil fauna are rare, particularly in the Mesozoic. The Jehol Group
currently provides our best-sampled mammalian faunas. Still, each locality has yielded less than
ten species (Meng et al., 2006), and each of these localities likely represents a unique
paleoenvironment from a slightly different time point. Thus, we cannot be certain that the results
from DL and JZ communities are generalizable to Mesozoic mammal communities or even Early
Cretaceous mammal communities.

Today small-bodied mammal communities from the four climate regions differ in
ecological structure. Likewise, Early Cretaceous mammal communities might differ in the same
fashion. Moreover, the Jehol Group spans from 131-120 Ma, which might create an enormous
number of different habits during the nine-million-year span, each which presumably shaped
mammalian communities differently. Together, temporal and spatial differences might create a
number of different Mesozoic mammal communities in the Jehol Group. Likewise, this thought
process can be applied to all fossil mammal faunas. The most well-documented Late Cretaceous
mammal communities are from the Gobi Desert, which had an arid and acolian
paleoenvironment. We might predict this community to have high ecological disparity but low
ecological diversity, in contrast to the more tropical Eocene mammal communities, which might
be expected to have low ecological disparity but high ecological diversity. Each mammal
community represents a snapshot from a specific environment at a particular time, and the
comparison of the ecological structures of two communities cannot reflect the evolution of
mammal communities from the Late Cretaceous to Eocene. Therefore, the effect of biased
sampling of paleoenvironments must be considered when interpreting evolutionary and

ecological patterns from the fossil record.
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Conclusions
Environmental factors play essential roles in shaping ecological structure of extant small-bodied
mammal communities. Extant small-bodied mammal communities worldwide show distinct
ecological structures across the four major climate regions. Small-bodied mammal communities
in tropical regions have more clustered ecospace occupations, reflected by low ecological
disparity and high ecological diversity, in contrast with mammalian communities from arid and
cold environments, which have more scattered ecospace occupations as reflected by high
ecological disparity and low ecological diversity. The ecological diversity and disparity of the
two Early Cretaceous mammal communities are both low, which are comparable to extant small-
bodied mammal communities from tropical and arid regions, respectively. Thus, the ecological
structure of two Early Cretaceous mammal communities differ from those of extant small-bodied
mammal communities. The resulting differences might be primarily due to sampling biases of
the fossil record, non-analog Early Cretaceous environments, and/or evolutionary ecology

differences of species compositions among extinct and extant mammalian communities.
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Figure 1. Ecological structures (ecological disparity and ecological diversity) of two Early
Cretaceous and 28 extant small-bodied mammal communities. Extant small-bodied mammal
communities have been divided into tropical, arid, temperate, cold regions (see Materials and
Methods). Abbreviations: DJ, Dawangzhangzi-Jiufotang community; JL, Jianshangou-Lujiatun
community. Asterisk refers to that the ecological disparity or ecological diversity in the specific

climate region is significantly different from in others (p<0.05).
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Figure 2. Three-dimensional cube plots of ecological structures and descriptive plots of
ecological traits of 28 extant small-bodied mammal communities from four climate regions. a-d,
structures of ecological structures of extant small-bodied mammal communities in four climate
regions using three ecological traits (body size, diet, and locomotor mode). e-h, comparisons of
different categories within each ecological trait across four climate regions. Dark color refers
recurrence of the ecological structures; the darker the cube is, the more the recurrences are.
Circle size refers to the mean number of the recurrence of the category of each ecological trait.

The larger size of the circle, the more dominate within the ecological trait.
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Figure 3. Ecological structures of two Early Cretaceous mammal communities. DJ,
Dawangzhangzi-Jiufotang community; JL, Jianshangou-Lujiatun community. a, three-
dimensional plots of ecological structures of two Early Cretaceous mammal communities; b-c,
comparisons of different categories within each ecological trait across four climate regions. Dark
color refers recurrence of the ecological structures; the darker the cube is, the more the

recurrences are. The number inside cycle refers to the number of recurrences of the category of

each ecological trait.
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Table S2 Ordinal variables of three functional traits of small-bodied mammals

Ordinal variable Body size (g) Diet Locomotor mode
1 0-32 Carnivore Gliding
2 33-128 Insectivore Arboreal
3 129 — 512 Omnivore Scansorial
4 513 —-2048 Fruigvore Terrestrial
5 2049 — 4096 Granivore Semiaquatic
6 > 4096 Herbivore Semifossorial
7 - - Fossorial
8 — — Saltatorial

Table S3 Functional differences of small-bodied mammal communities among tropical,
arid, temperate, and cold climate regions

Functional Group r df P value
Body size 94.0389 15 <0.001
Diet 178.7266 15 <0.001
Locomotor mode 192.9836 21 <0.001

Table S4 Descriptive statistics for ecological disparity among different climate regions

CR N Mean SE Median SD Kurtosis Skewness

Global 3541 4.126405 0.03842 4.00  2.28643  -0.02284 0.37732
Tropical 1762 3.519012 0.04786  3.00  2.00901 1.58918 0.72119
Arid 127 4732283 0.23141  5.00  2.60783  -0.51715 0.35281
Temperate 1203 4.608479 0.06963  5.00  2.41513  -0.56069 0.01413
Cold 449 5.051225 0.10362  5.00  2.19569  -0.67130 -0.13444

Abbreviation: CR, climate region; N, number of pair-wise ecological disparity; SD,
standard deviation; SE, standard error.
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Table S7 Coefficients of regression models used for ecological disparity

No Latitude Longitude MAT APT Interception
1* 0.0126* - - - 3.23%
2% - -0.00151* - - 3.57*
3% - - -0.000116* - 3.91%*
4 - - - -0.0000312 3.72%
5% 0.0118* -0.000275 - - 3.25%
6* 0.00936 - -0.00658 - 3.42%
7* 0.0138* - - 0.0000384 3.15%
8* - -0.000797 -0.0196* - 3.86*
9% - -0.00138* - -0.0000961 3.68%*
10* - - -0.0248* 0.0000403 3.90*
11%* 0.00495 -0.000552 -0.0120 - 3.61%
12%* 0.0130 -0.000186 - 0.0000328 3.18%*
13%* 0.00977 - -0.008.66 0.0000481 3.38%
14* - -0.000770 -0.0214* 0.0000299 3.85%
15% -0.000466 0.00598 -0.0129 0.0000388 3.55%

*Statistical significance (P<0.05).

Abbreviations: APT, annual precipitation; MAT, mean annual temperature.
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Table S9 Coefficient of regression models for ecological diversity

No Latitude Longitude MAT APT Interception
1* -0.107* - - - 12.80*
2 - 0.00274 - - 9.85%
3 - - 0.176 - 7.254%
4% - - - 0.00284* 6.43*
5 -0.146* -0.0125 - - 13.73*
6 -0.125 - -0.0356 - 13.80
7* -0.0323 - - 0.00248* 7.76*
8 - -0.00428 0.192 - 6.99*
9% - -0.00107 - 0.00285* 6.41%*
10* - - 0.0180 0.00272* 6.31*
11 -0.263 -0.0173 -0.207 - 19.96*
12* -0.0575 -0.00635 - 0.00229 8.63*
13%* -0.10197 - -0.150 0.00264* 11.69
14* - -0.00182 0.0260 0.00270%* 6.20%*
15% -0.0120 -0.200 -0.259 0.00241* 16.13

*Statistical significance (P<0.05).
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Table S12 Distance matrix of ecological diversity of 22 small-bodied mammal communities across four climate regions
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CONCLUDING REMARKS
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The studies of this dissertation, using both qualitative and quantitative approaches, support
previous hypotheses that Mesozoic mammals evolved a diverse array of ecomorphologies that
were apparently comparable to those of extant small-bodied mammals. The ecological structure
of Mesozoic mammal communities, however, may have been distinct from that of extant small-
bodied mammal communities; this suggests that some factors (e.g., species composition and
latitude) may shape mammalian communities in different ways at different times. The major
conclusions of these studies are as follows:

1. The eutriconodontan Yanocondon allini likely had a semi-sprawling posture and primarily
adopted terrestrial locomotion, but might have occasionally swum in the water as did some
non-mammalian cynodonts. Combined with previous studies of Jeholodens, a sister taxa of
Yanoconodon, it indicates that ecological diversification occurred at the family level within
Mesozoic mammals. This is consistent with previous findings for the symmetrodontan family
Spalacotheriidae.

2. Postcranial morphological differences of extant small-bodied mammals are subtle but
detectable and can be used for distinguishing eight locomotor modes from one another using
linear canonical variate analyses. The results of the multivariate analyses indicate a
morphofunctional continuum reflecting similarity in biomechanical demands, suggesting that
the morphological signatures are gradational across different locomotor modes.

3. The multivariate morphometric analyses based on the model of extant small-bodied
mammals indicate that Mesozoic mammals evolved a variety of postcranial morphologies
that would have enabled them to adopt a broad range of locomotor modes and to inhabit

various niches. It appears that Mesozoic mammals had diversified into seven locomotor
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modes (all but the saltatorial mode) by the end of the Jurassic and that eutriconodonts and
multituberculates had the most pronounced locomotor diversification.

Ecological structure, which was approximated using three ecological traits, of extant small-
bodied mammal communities from tropical, arid, temperate, and cold regions show clear
differences in ecological diversity and disparity. These differences are likely due to
differences in environmental parameters, suggesting that the environment may shape the
ecological structure of extant small-bodied mammal communities.

Two Early Cretaceous mammal communities from the Jehol Group have distinctive
ecological structures relative to extant small-bodied mammal communities. This suggests
that there may have been fundamental differences in the factors that shaped Early Cretaceous
mammal communities versus those that shaped extant small-bodied mammal communities.
The differences between the extant small-bodied and Early Cretaceous mammal communities
may result from sampling artifacts of the fossil record, non-analog paleoenvironments, and/or
evolutionary ecological transitions that only occurred after the extinction of non-avian

dinosaurs.
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