Journal of Mammalian Evolution (2022) 29:27-41
https://doi.org/10.1007/510914-021-09576-3

ORIGINAL PAPER q

Check for
updates

Distal Humeral Morphology Indicates Locomotory Divergence
in Extinct Giant Kangaroos

Billie Jones' - Alberto Martin-Serra®® - Emily J. Rayfield'® . Christine M. Janis'3

Accepted: 18 September 2021 / Published online: 9 November 2021
© The Author(s) 2021

Abstract

Previous studies of the morphology of the humerus in kangaroos showed that the shape of the proximal humerus could dis-
tinguish between arboreal and terrestrial taxa among living mammals, and that the extinct “giant” kangaroos (members of
the extinct subfamily Sthenurinae and the extinct macropodine genus Protemnodon) had divergent humeral anatomies from
extant kangaroos. Here, we use 2D geometric morphometrics to capture the shape of the distal humerus in a range of extant
and extinct marsupials and obtain similar results: sthenurines have humeral morphologies more similar to arboreal mammals,
while large Protemnodon species (P. brehus and P. anak) have humeral morphologies more similar to terrestrial quadrupedal
mammals. Our results provide further evidence for prior hypotheses: that sthenurines did not employ a locomotor mode that
involved loading the forelimbs (likely employing bipedal striding as an alternative to quadrupedal or pentapedal locomotion
at slow gaits), and that large Protemnodon species were more reliant on quadrupedal locomotion than their extant relatives.
This greater diversity of locomotor modes among large Pleistocene kangaroos echoes studies that show a greater diversity
in other aspects of ecology, such as diet and habitat occupancy.
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Introduction

Kangaroos (Marsupialia: Diprotodontia: Macropodoidea)
are renowned for their mode of locomotion — bipedal hop-
ping (also known as saltation or ricochetal locomotion). The
"poster child” of kangaroos is indeed a fairly large ani-
mal that hops, such as a red or grey kangaroo (Osphranter
rufus or Macropus giganteus/fuliginosus, respectively).
Nevertheless, extant kangaroos possess a diversity of body
masses and locomotor modes. Species today range from the
tiny musky rat-kangaroo (Hypsiprymnodon moschatus) at
a body mass of 500 g to the red kangaroo at up to 90 kg (a
large male); kangaroos occupy almost every available Aus-
tralasian habitat, from closed rainforest to arid grassland
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(Kear et al. 2008). With the exception of H. moschatus, all
extant kangaroos can hop, and all use some form of quad-
rupedal locomotion as a slow gait. However, not all kanga-
roos are habitual hoppers; most notably, the tree-kangaroos
(Dendrolagus spp.), a relatively recent (Plio-Pleistocene)
radiation of secondarily arboreal forms, can hop but do not
do so regularly. Evidence suggests that kangaroo locomo-
tor diversity was even greater in the past (Janis et al. 2014,
2020; Den Boer et al. 2019; Warburton and Prideaux 2021);
this paper aims to investigate this further.

Macropodoidea (Marsupialia: Diprotodontia; Fig. 1)
first appears in the fossil record in the late Oligocene after
diverging from a possum-like ancestor in the late Eocene
(Meredith et al. 2008). The group consists of four fami-
lies: the fBalbaridae, the Hypsiprymnodontidae (including
various extinct forms and the extant musky rat-kangaroo),
the Potoroidae (bettongs, potoroos, and rat-kangaroos), and
the Macropodidae; the last two families are sister taxa,
sometimes ranked as subfamilies within the Macropodidae
(e.g., Prideaux and Warburton 2010). The Macropodidae
is divided into three subfamilies: Lagostrophinae (today
only Lagostrophus fasciatus), the TSthenurinae, and the
Macropodinae (all other extant macropodids and several
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Fig.1 Simplified schematic phylogeny of Macropodoidea modified
from the molecular phylogeny of Llamas et al. (2015). Note that this
phylogeny is just for display to illustrate the taxa studied and their
interrelationships; no absolute time is implied. The position of the
Balbaridae has been much debated (see Den Boer et al. 2019), and
they have variably been placed as sister taxon to all extant macropo-
doids, sister taxon to the Hypsiprymnodontidae, or sister taxon to the
Potoroidae + Macropodidae; we show them here in an unresolved tri-
chotomy with Hypsiprymnodon and other extant macropodoids. (Note
that if the Balbaridae are considered to be the sister taxon to extant
forms, then the crown group is Macropodoidea and the total group
is Macropodiformes.) “Habitual quadrupeds” represents macropo-
dids that engage in predominantly quadrupedal terrestrial locomotion

extinct forms) (Prideaux and Warburton 2010; Llamas et al.
2015). Sthenurinae and Macropodinae had split by the mid-
dle Miocene (the date of the earliest known sthenurine), and
both subfamilies experienced major radiations during the
Plio-Pleistocene (Couzens and Prideaux 2018).
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but are still capable of at least some hopping. A dagger symbol ()
indicates an extinct taxon. Sources for silhouettes: Hypsiprymno-
don moschatus, Setonix brachyurus, and Trichosurus vulpecula from
phylopic.org (credits: T. Michael Keesey, S. brachyurus photo
taken by Sean Mack; images available for reuse under the Attri-
bution-ShareAlike 3.0 Unported license https://creativecommons.
org/licenses/by-sa/3.0/). All other silhouettes created by BJ using Ink-
scape, 2020. Osphranter rufus created from a composite of images in
the public domain; Sthenurus stirlingi modified from Regal in Janis
et al. (2014), with permission; Dendrolagus goodfellowi created
from a photo taken by BJ of an animal in the Bristol Zoological Gar-
dens; Protemnodon anak created from a photo taken by CMJ of the
mounted specimen in the South Australian Museum

Some Plio-Pleistocene sthenurines and macropodines
achieved “giant” size (in comparison to extant kangaroos,
i.e.,> 100 kg). Sthenurines achieved estimated body masses
of 54 kg (Procoptodon gilli) to 230 kg (Procoptodon goliah),
with an average estimated mass of 120 kg (Helgen et al.
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2006). Giant macropodines include large species of Macro-
pus (e.g., Macropus titan and Macropus ferragus at ~ 150 kg
(Helgen et al. 2006), plus an as yet unnamed species with a
body mass estimate of 274 kg (Hocknull et al. 2020)), and
their close relative, Protemnodon spp. (Fig. 1; Llamas et al.
2015). All species of Protemnodon were fairly large com-
pared to extant kangaroos, with estimated body masses rang-
ing from 40 kg (Protemnodon snewini) to 166 kg (Protem-
nodon roechus) (Helgen et al. 2006). Protemnodon species
have long been considered to be simply “scaled-up” versions
of large extant macropodines, but more recently their pos-
sible modes of locomotion have been questioned, with the
suggestion that they may have been primarily quadrupedal
forms (Den Boer 2018; Janis et al. 2020).

While almost all extant kangaroos use hopping for a fast
gait (the only non-hopper being the musky rat-kangaroo,
Hypsiprymnodon moschatus), the energetic difficulties of
hopping slowly necessitate an alternative mode of slow
locomotion; indeed, much of the daily locomotor repertoire
of kangaroos is a slow, quadrupedal (or pentapedal) gait
(O'Connor et al. 2014). Smaller kangaroos use a slow quad-
rupedal progression and also quadrupedal bounding (Windsor
and Dagg 1971), while larger kangaroos use pentapedal loco-
motion (employed almost exclusively by large species of the
genera Macropus and Osphranter; Dawson et al. 2015). Dur-
ing pentapedal locomotion, the tail is used as a fifth limb;
it supports the body weight and propels the hind legs for-
ward while the main body weight is borne on the forelimbs
(O'Connor et al. 2014; Dawson et al. 2015). Pentapedal loco-
motion is extremely energetically inefficient. Linear increases
of oxygen consumption with increasing speed during pen-
tapedal locomotion are greater than those of quadrupedal
bounding (Bennett 2000). Although large kangaroos are fre-
quent hoppers, many smaller species hop rarely, if at all (e.g.,
the quokka, Setonix brachyurus; Windsor and Dagg 1971).
Greater dependence on slow, quadrupedal locomotion has
in fact evolved several times within Macropodoidea (Fig. 1).
Consequently, though the majority of macropodoid loco-
motory adaptations are manifested in their long hindlimbs,
their shorter forelimbs must also be adapted for at least some
weight bearing during locomotion.

The optimal body mass for hopping locomotion is around
50 kg (Bennett and Taylor 1995). Studies of tendon strain in
extant kangaroos have resulted in researchers proposing that
hopping has a weight limit of around 150 kg, calling into
question whether the extinct giants in fact engaged in saltato-
rial locomotion (McGowan et al. 2008; Snelling et al. 2017;
Doube et al. 2018). Anatomical evidence suggests sthenu-
rines may have locomoted via a bipedal striding gait, using
their hindlimbs alternatively (Janis et al. 2014). This form
of locomotion has been proposed as at least an alternative
for a slow quadrupedal gait, and trackway evidence does
indeed provide evidence for a sthenurine striding bipedally

(Camens and Worthy 2019). Whether or not sthenurines
used bipedal walking as an alternative to hopping is another
issue entirely: smaller sthenurines may well have employed
some hopping, although they lacked the anatomical special-
ties for rapid hopping seen in extant large kangaroos (Janis
et al. 2014), but note that larger sthenurine species exceeded
the proposed hopping weight limit previously mentioned.

Additional evidence for sthenurines not employing any
quadrupedal gait comes from their forelimbs; the anatomy
of the proximal humerus resembles that of suspensory
arboreal mammals, while that of extant kangaroos resem-
bles that of semi-arboreal (scansorial) forms (Janis et al.
2020). The sthenurine proximal humerus, with its globular
humeral head and reduced tuberosities, therefore emphasizes
mobility over support; this morphology would enable their
proposed browsing behavior (Wells and Tedford 1995) but
would limit their ability to bear weight on their forelimbs
during slow locomotion (as would other aspects of their
anatomy; see discussion in Janis et al. 2020).

Large species of Protemnodon (e.g., P. brehus, P. anak, P.
roechus) also operated close to or above the biomechanical
limits to hopping and far above the optimum body mass for
hopping; yet little is known of how these taxa dealt with
such locomotory constraints. Extinct animals do not always
have extant analogues to which they can be compared, and
attempting to shoehorn them into the ecological roles of
extant animals may lead to underestimations of past mor-
phological diversity. Although the postcranial morphology
of Protemnodon generally resembles that of today’s larg-
est hopping kangaroos, there are some specific differences,
as discussed below. Large Protemnodon species are often
referred to as capable of full bipedal hopping (e.g., Kear
et al. 2008), likely based on their phylogenetic proximity to
Macropus and the similarities of the skull and dentition to
modern day wallabies; indeed, Protemnodon is often referred
to as a “giant wallaby.”

The postcranial morphology of Protemnodon is unusual
for a kangaroo. Protemnodon possessed extremely short feet
(especially short metatarsals) (Fig. 2a-b; Den Boer 2018;
Wagstaff 2018), a long neck (for a kangaroo), and unusually
long and robust forelimbs (Den Boer 2018) (Fig. 2). The
short feet are reminiscent of those of tree-kangaroos (Den-
drolagus spp.) and are not conducive to sustained hopping,
while saltatorial mammals in general have short necks to
prevent locomotor whiplash (Hildebrand and Goslow 1982).
The limb proportions of Protemnodon will be the subject of
a further paper (although see Jones 2020); in this contribu-
tion, we will focus on the anatomy of the distal humerus.

We have seen that the anatomy of the proximal humerus
supports locomotor behaviors for extinct giant kangaroos
that are divergent from those of extant kangaroos. As pre-
viously described for the sthenurines, the morphology of
the proximal humeral anatomy of Protemnodon (in both P.
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Fig.2 Reconstruction of
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Helgen et al. 2006) based
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brehus and P. anak) is different from that of extant macropo-
dids; it is more like that of a committed terrestrial mammal,
with an ovoid humeral head and an enlarged greater tuber-
osity, indicating a significantly greater degree of weight-
bearing and stabilization for terrestrial locomotion than in
extant macropodids (Janis et al. 2020).

The shape of the articular surface of the distal humerus
reflects a number of aspects of forearm use, not only the
capacity for rotation at the elbow joint (i.e., pronation and
supination) versus the stability of this joint during load bear-
ing, but also whether the arm is usually held in a flexed
position (as in climbers) or in an extended one (as in ter-
restrial forms). The distal articulatory surface consists of
the capitulum, which articulates with the radius, and the
trochlea, which articulates with the ulna. More arboreal
forms have a rounded capitulum and a relatively small and
slender trochlea (Fig. 3a), reflecting the capacity to move
the radius across the ulna in pronation and supination; more
terrestrial forms have a flatter, spindle-shaped capitulum and
an expanded, wedge-shaped trochlea (Fig. 3b), reflecting a
more weight-bearing limb and a manus more restricted to the
prone position. (See, e.g., Jenkins 1973; Taylor 1974; Argot
2001; Szalay and Sargis 2001; Andersson and Werdelin
2003; Polly 2007; Figueirido et al. 2016.)

In summary, the morphology of the distal surface of the
humerus reflects the compromise between mobility and sta-
bility and so is a highly functional indicator of locomotion

@ Springer

and substrate use that can be shown to discriminate among
mammals based on their degree of forelimb mobility
(Figueirido et al. 2016). In this paper, we investigate the
morphology of the distal humerus in extinct giant kanga-
roos, comparing these with extant kangaroos and a diver-
sity of other extant marsupials. We apply landmark-based
analysis to determine if distal humeral morphology provides
a further indication that kangaroo locomotor diversity was
greater in the past.

Materials and Methods
Materials

The distal humeri of 77 marsupial individuals from 59 species
(Appendix Table 1) were photographed in anterior view using
either a Nikon SLR camera or FujiFilm FinePix S9900 W.
Extremely small specimens were photographed using a Cele-
stron Digital Microscope Pro connected to a MacBook Air.
Photographs of the distal humerus were standardized to
the left-hand side; images of right humeri were mirrored if
left humeri were unavailable. This study considered only
marsupials among extant mammals due to notable morpho-
logical differences in distal humeral anatomy between arbo-
real marsupials and placentals (Figueirido et al. 2016). The
study species comprised 25 extant and 11 extinct species



Journal of Mammalian Evolution (2022) 29:27-41

31

a

A

Fig. 3 The morphology of the distal humerus (anterior view) is reflec-
tive of forearm mobility and locomotor mode. a, Distal humeral mor-
phology of arboreal marsupials, left: Phalanger orientalis (Northern
common cuscus, AMNH 80933); right: Dendrolagus goodfellowi
(Goodfellow’s tree-kangaroo, NMV C25092). b, Humeral morphology
of terrestrial marsupials, left: Sarcophilus harrisi (Tasmanian devil,
AMNH 35634); right: Thylacinus cynocephalus (the thylacine, MCZ
36797). Trochlea=plain blue shading, capitulum=speckled purple
shading. See Appendix Table 1 for museum abbreviations

of macropodoids consisting of members of the families
tBalbaridae, Hypsiprymnodontidae, Macropodidae, and
Potoroidae, and 23 species of other extant or recently extinct
marsupials from the following families: Dasyuridae, Didel-
phidae, Peramelidae, Petauridae, Phalangeridae, Phasco-
larctidae, Pseudocheiridae, {Thylacinidae, Thylacomyidae,
and Vombatidae.

Extinct macropodids included: two species of Protem-
nodon representing two different categories of body mass,
Protemnodon anak (~131 kg) and Protemnodon otibandus
(~50 kg; Helgen et al. 2006), plus an unnamed species from
the Natural History Museum (London) of similar size to P.
anak; five members of the subfamily Sthenurinae (Metasthenu-
rus maddocki, Procoptodon gilli, Simosthenurus occidentalis,
Sthenurus andersoni, and Sthenurus stirlingi); two large extinct
Macropus (Macropus ferragus and Macropus sp.); and the
balbarid Ganawamaya (= Nambaroo) gillespieae (proposed
as terrestrial by Kear et al. (2007) and Den Boer et al. 2019).

It is common in studies on skeletal locomotor adaptations
in mammals to refer to “locomotor categories” using terms
such as “arboreal” (i.e., climbing), “scansorial” (i.e., semi-
arboreal), and “terrestrial” (i.e., ground-dwelling), even

Table 1 Results of the statistical analyses

i. Results of the phylogenetic signal using K multivariable for shape
data

K Effect size p
0.2257 0.001 4.517

ii. Results of the phylogenetic Procrustes ANOVA. d.f. =degrees of
freedom

Independent variable R? d.f. p

Locomotor mode 0.076 2 0.029
Size 0.082 1 0.001
Size:Locomotor mode  0.028 2 0.793

iii. P-values obtained from the permutation test (10,000 iterations)
performed for the morphological distances between the CVA
groups

Mahalanobis distances Scansorial Arboreal
Terrestrial <0.0001 <0.0001
Scansorial 0.0003
Procrustes distances

Terrestrial 0.0104 <0.0001
Scansorial 0.0023

iv. Percent probability of classification of the “unknown” groups
into each locomotor category in the CVA

Group % Terrestrial % Scansorial % Arboreal
Saltatorial 34.8 47.8 17.4
Sthenurines 20.62 10.46 68.92
Protemnodon species 21.36 75.35 3.29

though such terms actually refer to substrate use rather than
to locomotion per se (e.g., Van Valkenburgh 1985; Samuels
and Van Valkenburgh 2008; Chen and Wilson 2015; Gould
2017). In all of these papers, “terrestrial” is taken to indi-
cate generalized, unspecialized quadrupedal forms, and the
categories “cursorial” (fast running; Gould 2017) and “rico-
chetal” or “saltatorial” (hopping; Samuels and Van Valken-
burg 2008; Chen and Wilson 2015) may also be included
in addition to “terrestrial”’, even though these forms are of
course terrestrial in their habitat preference. We have fol-
lowed this commonly-used terminology here in our locomo-
tor categories while acknowledging that these are actually
a combination of locomotor type and substrate use. We note
that the terms “arboreal” and “terrestrial” also coincide with
the degree of forearm use in locomotion (more mobile in
arboreal climbers, more stabilized in terrestrial walkers and
runners), as used by Figueirido et al. (2016).

Extant taxa were grouped into one of four categories using
information from the literature: arboreal, scansorial, terres-
trial, and saltatorial. The saltatorial group included all extant
macropodids apart from the tree-kangaroos (classified as
arboreal), and the obligate quadruped H. moschatus (classi-
fied as terrestrial) (extant macropodids have relatively high
forearm mobility [Figueirido et al. 2016].) For the Procrustes
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ANOVA (see below), scansorial (semi-arboreal) taxa were
grouped with either arboreal or terrestrial categories based
on their preference for living in the canopy versus on the
ground (predominantly arboreal or terrestrial, respectively;
Appendix Table 1). For the canonical variates analysis,
scansorial taxa were considered as their own category to
allow a more intuitive visualization within a morphospace
depicted by two canonical functions. The extinct species
were classified as “unknown,” with the exception of the two
extinct species of Macropus that were classified as saltato-
rial, similar to the extant species of this genus.

Methods

Two-dimensional geometric morphometrics were employed
to capture the shape of the distal humerus (Fig. 4a); a set of
nine homologous landmarks (Fig. 4b; Appendix Table 2)
were assigned in tpsDIGv2.32 (Rohlf 2004). A limited set of
fixed landmarks was chosen because overload of dimensions

a Anterior view

proximal
medial lateral

distal

Medial
epicondyle
medial wall /
of the : 4 Capitular
trochlea P '
trochlea trochlea crest capitulum
b
1 2‘
([ J
6.

Fig.4 Morphometric data collected. a, Anatomical diagram of the
distal humerus of Protemnodon anak (NMV 39105), scale bar repre-
sents 2 cm. b, Nine landmarks digitized onto the high-resolution pho-
tographs to capture the shape of the marsupial distal humerus. Troch-
lea=plain blue shading, capitulum = speckled purple shading
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is disadvantageous during subsequent analyses (Canonical
Variates Analysis, see below; Mitteroecker and Bookstein
2011). The raw landmark coordinates were imported into
R (R Core Team, 2020) and Procrustes alignment per-
formed using the gpagen function in the package geomorph
(Adams et al. 2016) to remove the effects of size, rotation,
and translation.

First, the phylogenetic signal on the Procrustes coordi-
nates was computed using a multivariate K-statistic with
function physignal (Adams 2014) from geomorph package
(Adams et al. 2016) in the R environment (R Core Team,
2020). In addition, we determined if these shape coordinates
correlate with size and locomotor groups independently
of phylogenetic structure. To do this, a phylogenetic Pro-
crustes ANOVA (function procD.pgls) was performed on
the Procrustes coordinates of extant taxa. Size was estimated
using log-transformed centroid size and the phylogeny was
obtained from vertlife.org (see supplementary information
Fig. S1).

A principal components analysis (PCA) was then carried
out on the Procrustes coordinates using the plotTangent-
Space function. A canonical variates analysis (CVA) of the
Procrustes coordinates was then executed in MorphoJ (Klin-
genberg 2011). Extant non-saltatorial taxa were separated
into three groups: arboreal, scansorial, and terrestrial. A per-
mutation test was carried out to test for the significance of
the morphological differences between these groups, using
both Mahalanobis and Procrustes distances (Klingenberg
and Monteiro 2005). Following this, the CVA was repeated
twice in IBM SPSS Statistics v.26 (this software yielded
almost identical CVA results to Morphol [see Janis and
Martin-Serra 2020]), separately adding in the extant saltato-
rial and extinct species of macropodoids as unknowns. This
allowed a percentage of correct reclassifications to be calcu-
lated through leaving-one-out cross-validation and provided
the probability of classification of the unknowns into each
locomotor category. We were thus able to determine whether
the distal humeri of the taxa in each unknown grouping are
more similar to that of arboreal, scansorial or terrestrial taxa.

Results

The K-statistic for phylogenetic signal on shape vari-
ables yielded significant results, indicating that closely
related species tend to be more similar than expected by
random (Table 1i). However, the phylogenetic Procrustes
ANOVA indicates that shape differences between locomotor
groups are significant even after accounting for phylogeny
(Table 1ii). Shape also shows significant correlation with
size (allometry), but the interaction between size and loco-
motor grouping is not significant (Table 1ii), which indicates
that the different categories have similar allometric patterns.
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The first two components of the PCA explain 56.55% of
the total variance: PC1=41.02%, PC2=15.53% (Fig. 5a).
Plots of other PC axes did not reveal any obvious morpho-
logical pattern. The positive extreme of the first component
reflects a narrow, thin, and long trochlea and a more oval
capitulum. The negative extreme of PC1 reflects a prox-
imo-distally wide trochlea with a strong medial wall,
separated from a proximo-distally wide capitulum by a deep
sulcus (Fig. 5b). The first component distinguishes between
the arboreal and terrestrial taxa, with arboreal taxa having
positive scores and terrestrial taxa having negative scores
(Fig. 5a).

Extant saltatorial macropodoids have scores on PCl1
ranging from -0.09 to+0.08 and occupy an area inter-
mediate between low forearm mobility (terrestrial taxa)
and high forearm mobility (arboreal), similar to their posi-
tion in other analyses of humeral morphology (Figueirido

Fig.5 PCA of distal humeral a

et al. 2016; Janis et al. 2020). The largest extant kangaroos,
Macropus giganteus (#51) and Osphranter rufus (#59), are
among the ones with the most positive scores, although
the large extinct species of Macropus (#50, 52) have nega-
tive scores. Sthenurines plot on the positive end of PCl1,
mostly within the morphospace of the arboreal taxa, while
Protemnodon species have slightly negative scores, falling
more-or-less within the morphospace of the terrestrial taxa.
The balbarid Ganawamaya (#35) has a strongly negative
score, more so than the sole extant terrestrial macropodoid
Hypsiprymnodon (#36).

The positive portion of the second component reflects
a distal humerus with a medio-laterally short trochlea
and a large, oval capitulum. The negative portion
of PC2 reflects a long trochlea with a large trochlear crest
and a small, rounded capitulum (Fig. 5b). PC2 appears to
have a phylogenetic component; among the arboreal taxa, it
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and Thylacinidae; Didelphi-
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Macropodidae, and Potoroidae;
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separates the tree-kangaroos (positive scores) from more spe-
cialized climbers (possums, cuscuses, opossums, and koalas,
with negative scores); among the terrestrial forms, it separates
the scansorial dasyuroids, didelphimorphs, and wombats (all
Vombatus ursinus) (mostly negative scores) from the bandicoots
and bilbies (positive scores); although the thylacine (#10) groups
with the bilbies, not with the related dasyurids. Most other
macropodoids (excluding some Protemnodon species) have
more positive scores (Fig. 5a).

The sthenurines, though their scores are divergent, plot
almost entirely in the positive portions of both PC1 and PC2,
most notably clustering with the large extant kangaroos and
the tree-kangaroos. The distal humeri of the sthenurines, tree-
kangaroos, and the large extant kangaroos resemble each
other in that they all possess a larger, rounded capitulum with
a much smaller, narrower and somewhat distally projecting
trochlea. Protemnodon species cluster with the terrestrial
taxa, specifically, the wombats. There appears to be large
morphological variation within and between Protemnodon
species; similar variability is seen among the wombat indi-
viduals (Fig. 5a).

Figure 6 shows the anatomy of the distal humerus of Pro-
temnodon anak in comparison with that of some of the other
study species. Compared to the common wombat (Vombatus
ursinus; Fig. 6a), P. anak has a more pronounced capitular
tail and a stronger and shorter medial wall of the trochlea. P.
anak lacks the distal projection of the trochlea seen in wom-
bats; however, the wombat capitulum is more spherical. The
trochlea of P. anak is more proximo-distally extended than
in the koala (Phascolarctos cinereus) (Fig. 6b), a sthenurine
(Simosthenurus occidentalis) (Fig. 6¢), and the red kangaroo
(Osphranter rufus) (Fig. 6d), and also is more medio-
laterally extended with a larger trochlear crest than seen in
the latter two taxa. The capitular tail is more pronounced in
P. anak than all three of these taxa.

The CVA (Fig. 7) classified taxa to their known locomo-
tor group (terrestrial, scansorial and arboreal) with 87.8%
accuracy (65.9% with cross-validation). These groups show
significant morphological differences (Table liii). The first
axis explains 94.6% of the between-groups variance and
separates arboreal taxa (positive scores) from terrestrial
ones (negative scores), with scansorial taxa mostly in an
intermediate position. The second axis explains only 5.4% of
the between-groups variance; scansorial taxa have negative
scores (or nearly so), while the scores of arboreal and ter-
restrial taxa are more variable. Table 1iv shows the percent
classification of the “unknowns” into each of the locomotor
groups.

Classification of the “unknown” taxa generally follows
the pattern seen in the PCA. The saltatorial taxa mainly fall
between the terrestrial and arboreal taxa on the first axis but
have mostly higher scores on CV2 (Fig. 7a). A few species
[including O. rufus, #59) have positive scores on the first
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Vombatus ursinus (wombat)

Phascolarctos cinereus (koala)

Simosthenurus occidentalis

Osphranter rufus (red kangaroo)

Fig.6 Morphometric comparison of the distal humeral anatomy
of Protemnodon anak to other taxa. Diagrams represent lollipop
graphs showing morphological change obtained from the distal
humerus of Protemnodon anak (black outline) to the distal humerus
of: a, common wombat (Vombatus ursinus). b, koala (Phascolarctos
cinereus). ¢, sthenurine (Simosthenurus occidentalis). d, red kangaroo
(Osphranter rufus)

axis, similar to the arboreal taxa but with more negative
scores on the second component than any arboreal taxon,
falling in the area of the morphospace occupied by the scan-
sorial brushtail possum (Trichosurus vulpecula, #30, 31);
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the reason for this placement is not clear). The sthenurines
(#53, 62, 69-74) cluster more toward the arboreal end of
the first axis, although some of them (all belonging to the
genus Sthenurus) have slightly negative scores and fall
between arboreal and terrestrial morphospaces; however,
they mostly have higher scores on PC2 than the extant taxa
(Fig. 7b). The larger Protemnodon individuals (#63, 64, 66)
fall between terrestrial and arboreal morphospaces (Fig. 7b),
but with negative scores on PC2 (while the saltatorial extant
kangaroos mostly have positive scores). The small species
of Protemnodon, P. otibandus (#65), plot distant from the
larger ones, within the arboreal morphospace but with very
low scores on PC2 (again in a similar area to 7. vulpecula)
(Fig. 7b). The sole balbarid, Ganawamaya gillespieae (#35),
plots with terrestrial forms.

Discussion

Here we show that distal humeral morphology clearly
distinguishes arboreal and terrestrial taxa among extant
marsupials, echoing the study of Figueirido et al. (2016),
which considered mainly placentals. Applying this to extinct
macropodoids, we show that there was greater diversity of
locomotor diversity among large-bodied forms in the past,
mirroring studies on dental microwear and tooth enamel iso-
topes showing that large Pleistocene kangaroos exhibited a
greater diversity of diets and habitat preferences than today
(DeSantis et al. 2017), and echoing the greater locomotor
diversity apparent in smaller kangaroos during the Miocene
(Den Boer et al. 2019).

The morphology of the distal humerus reflects the degree
of pronation and supination of the forearm, maneuverability
important in arboreal mammals but reduced in terrestrial
mammals, where stabilization of the joint takes priority. In
arboreal taxa, there is a high degree of mobility of the elbow
in pronation/supination, while in terrestrial taxa, movement

at the elbow is more restricted, limiting (to a greater or
lesser extent) the forelimb to a prone position. This observed
behavior in mammals specialized for different substrates is
reflected in the morphology of the distal humerus articula-
tion, emphasizing (respectively) maneuverability over sta-
bility at the elbow joint. Nevertheless, many non-ungulate
terrestrial taxa retain sufficient forearm maneuverability for
a degree of food manipulation (Figueirido et al. 2016).

The saltating kangaroos encompass a broad range of spe-
cializations, reflected in their range of scores on the first
component of the principal components analysis (Fig. 5a).
The small, predominantly quadrupedal macropodids such
as S. brachyurus (#67, 68) and D. luctuosa (#46) have nega-
tive scores (indicative of moderate forearm mobility), while
the large specialized hoppers such as O. rufus (#59) and
M. giganteus (#51) have positive scores (indicative of high
forearm mobility), overlapping with the tree-kangaroos
(Dendrolagus spp., #40—45) in the morphospace. However,
this morphology in large macropodines may not reflect fore-
limbs optimized for mobility so much as forelimbs released
from some of the demands of weight-bearing during slow
locomotion; these large macropodines engage in pentapedal
locomotion in which support of the body weight is shared
between the forelimbs and the tail as the hindlimbs swing
forward (Dawson et al. 2015). Note, however, that large fos-
sil species of Macropus (M. ferragus, #50, and Macropus
sp., #52) have slightly negative scores on PC1, clustering
with the somewhat more quadrupedal extant kangaroos.

Sthenurines appear to have had a highly mobile forearm;
they all fall within the morphospace of extant arboreal taxa
on PC1, and a few of them have more positive scores than any
extant kangaroo. It is hypothesized that sthenurines used their
forelimbs to reach upwards for browse material (Wells and
Tedford 1995), and their proximal humeral head resembles
that of present-day suspensory mammals such as great apes
and sloths (Janis et al. 2020), although note that many extinct,
more terrestrial sloths have a different morphology (Toledo
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et al. 2012). A similarly-shaped proximal humerus is seen in
both in the extant koala (which climbs via tree-hugging with
extended forelimbs) and the Miocene diprotodontid Nimba-
don, whose overall skeletal anatomy indicates an arboreal
form of around 50-70 kg (and which also has a very arboreal-
appearing distal humerus) (Black et al. 2012).

Additionally, sthenurines have a low brachial index
(Jones 2020), reflecting elongation of the proximal fore-
limb; this represents an adaptation to more powerful move-
ments of the forelimbs in grasping and pulling (Richards
et al. 2015). Similar forelimb proportions are also seen in
tree-kangaroos, which engage in extensive reaching dur-
ing climbing (Warburton et al. 2011). Tree-kangaroos and
sthenurines also resemble each other in one key aspect of
proximal humeri morphology, even though they do not clus-
ter together in terms the morphology seen in articular view:
in both, the humeral head projects above the level of the
tuberosities (Janis et al. 2020).

This same continuum of increasing forearm mobility
from terrestrial, to scansorial, to arboreal is also reflected
in the distribution of taxa along the first canonical vari-
ates axis (Fig. 7). Macropodoids follow this general con-
tinuum; quadrupedal (obligate and habitual) taxa (e.g., S.
brachyurus) have more negative scores, and large saltators
and sthenurines have more positive ones. Most Protemno-
don species plot on the negative end of this continuum, as
does the balbarid G. gillespieae (#35), reflecting a greater
degree of forelimb stabilization. Den Boer et al. (2019),
proposed that G. gillespieae was terrestrial, based on the
morphology of its astragalus and pedal digit IV ungual.
Our results support this claim, with the forearm mor-
phology of this stem macropodoid also reflecting a more
terrestrial, quadrupedal gait. P. otibandus (#65), a small
(~ 50 kg; Flannery 1994) species of Protemnodon from
New Guinea (Dawson 2004), plots on the arboreal end of
the CVA, implying a high degree of forearm mobility. As
with other species of Protemnodon, little is known of the
ecomorphology of P. otibandus; however, unlike the larger
species, these small New Guinean species of Protemnodon
have short tibiae, similar to those of tree-kangaroos (Kear
et al. 2008). Kear et al. (2008) proposed that species of
Protemnodon were adapted for a number of primary gaits;
results here support this notion. Consequently, as this
study focused on large species of Protemnodon, further
analysis on the smaller species is required, although there
is currently little postcranial material available for study.

In both the PCA and the CVA, Protemnodon species plot
distant from O. rufus and M. giganteus, indicating diver-
gence in locomotor mode. The distal humerus of large Pro-
temnodon species possesses a capitular tail and a long troch-
lear crest (Figs. 4 and 6), reflected in the negative position
of these taxa on PC2; both features would increase forelimb
stabilization (Figueirido et al. 2016). Large Protemnodon
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species cluster with the wombats, the only extant fully-ter-
restrial quadrupedal diprotodontids. Thus, the distal humeral
morphology of the large species of Protemnodon reflects a
more stable joint with a greater capacity for weight-bearing
than extant macropodids, and the forearm would have been
more restricted to parasagittal motion than the forearm of
extant large macropodines.

These results support the notion that large species
of Protemnodon may have been predominantly quad-
rupedal (Den Boer 2018) and corroborate the results of
Janis et al. (2020), who found that the proximal humeral
morphology of large Protemnodon species is also indica-
tive of more extensive weight-bearing on the forelimbs
than extant macropodids. However, despite being closely
related to the pentapedally-locomoting Macropus and
Osphranter (Llamas et al. 2015), Protemnodon is unlikely
to have locomoted in this fashion. Pentapedal locomotion
has been adopted by large extant macropodines to allow
quadrupedal gaits in animals with very long hindlimbs
(Dawson et al. 2015) and, as previously noted, pentapedal
locomotion is more expensive than quadrupedal locomo-
tion. Large species of Protemnodon had shorter hindlimbs
and more robust forelimbs than their extant relatives (Den
Boer 2018; Jones 2020), both of which would benefit some
form of quadrupedal locomotion that did not engage the
tail. Protemnodon also had a relatively large sacrum (CMJ
personal observation, unnumbered specimen of P. brehus
in the South Australian Museum), suggestive of signifi-
cantly different forces through the hindlimbs than in other
kangaroos. Additionally, the morphology of the first cau-
dal vertebra in P. anak (CMJ personal observation, NMV
P39105) suggests that it lacked the morphological features
seen in large extant kangaroos that draw the tail under the
body during pentapedal locomotion (see Dawson 2015). A
greater reliance on quadrupedal locomotion in Protemno-
don may have come at the expense of anatomy specialized
for hopping (i.e., long metatarsals), but may have been an
economical way of life for a predominantly closed-habitat
(DeSantis et al. 2017) large kangaroo.

A recent study of a large Pleistocene macropodine with
similar cranial morphology to Protemnodon, Congruus
kitcheneri, which may be closely related to this taxon
(Prideaux and Warburton 2010), proposed this animal to
be semi-arboreal (Warburton and Prideaux 2021). We were
not able to include this taxon in our analysis, but we note
that its distal humeral morphology certainly resembles that
of arboreal extant kangaroos and is not at all similar to that
of Protemnodon.

Finally, we know little about the locomotion of the giant
Pleistocene species of Macropus, whose size alone (espe-
cially the newly discovered unnamed species; Hocknull
et al. 2020) would appear to be prohibitive of hopping. The
distal humeral morphology of the two individuals included
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here suggests that they, too, might have been more reliant
on quadrupedal gaits than their smaller extant congeneric
species, but further investigation is clearly needed.

Conclusions

Extinct “giant” kangaroos have long been considered scaled-
up versions of extant kangaroos, with similar patterns of
locomotion: quadrupedal (or pentapedal) locomotion at slow
gaits and hopping at faster gaits. Our study here on distal
humeri shows that both sthenurines, and at least the larger
species of the macropodine Protemnodon, appear to have
had different modes of at least slow locomotion than extant
large macropodines (echoing the study on the proximal
humerus by Janis et al. 2020). The humeri of sthenurines are,
in general, more like those of arboreal forms than those of
the extant saltating kangaroos, supporting the prior hypoth-
esis that sthenurines did not employ a locomotor gait that
involved bearing weight on the forelimbs. In contrast, the
large Protemnodon species have a distal humerus like ter-
restrial forms, supporting the prior hypothesis that they were
more quadrupedal than their extant macropodine relatives.
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Appendix Table 1 - Specimens Used in the Analysis of Distal Humeral Morphology

Taxon ID Taxon Spec. # Family or Loc. Common Name
Subfamily
1 Caluromys lanatus MCZ 37857 Didelphidae A Brown-eared
woolly opossum
Didelphis virginiana MCZ 62199 Didelphidae Sa Virginia opossum
Metachirus nudicaudatus MCZ 167 Didelphidae T Brown four-eyed
opossum
4 Philander opossum MCZ 37851 Didelphidae Sa Gray four-eyed
opossum
5 Macrotis lagotis AMNH 35685 Thylacomyidae T Greater bilby
6 Macrotis lagotis MCZ 31095 Thylacomyidae T Greater bilby
Isoodon obesulus UCMP 77305 Peramelidae T Southern brown
bandicoot
8 Perameles bougainville MCZ 52970 Peramelidae T Western barred ban-
dicoot
9 Perameles nasuta AMNH 65659 Peramelidae T Long-nosed ban-
dicoot
10 tThylacinus cynocephalus MCZ 36797 tThylacinidae T Thylacine
11 Dasyurus geoffroii MCZ 6932 Dasyuridae St Western quoll
12 Dasyurus maculatus AMNH 66162 Dasyuridae St Tiger quoll
13 Sarcophilus harrisi AMNH 35634 Dasyuridae T Tasmanian devil
14 Sarcophilus harrisi AMNH 65672 Dasyuridae T Tasmanian devil
15 Phascolarctos cinereus AMNH 42903 Phascolarctidae A Koala
16 Phascolarctos cinereus AMNH 65607 Phascolarctidae A Koala
17 Phascolarctos cinereus AMNH 107805 Phascolarctidae A Koala
18 Phascolarctos cinereus MCZ 5821 Phascolarctidae A Koala
19 Vombatus ursinus AMNH 35512 Vombatidae T Common wombat
20 Vombatus ursinus AMNH 35701 Vombatidae T Common wombat
21 Vombatus ursinus AMNH 66197 Vombatidae T Common wombat
22 Vombatus ursinus AMNH 146850 Vombatidae T Common wombat
23 Vombatus ursinus MCZ 2586 Vombatidae T Common wombat
24 Phalanger celebensis AMNH 146805 Phalangeridae A Sulawesi dwarf
cuscus
25 Phalanger orientalis AMNH 80933 Phalangeridae A Northern common
cuscus
26 Phalanger sericus AMNH 191203 Phalangeridae A Silky cuscus
27 Strigocuscus pelengensis AMNH 108000 Phalangeridae A Banggai cuscus
28 Trichosurus arnhemensis AMNH 197668 Phalangeridae Sa Northern brushtail
possum
29 Trichosurus caninus AMNH 65535 Phalangeridae Sa Short-eared possum
30 Trichosurus vulpecula AMNH 35708 Phalangeridae Sa Common brushtail
possum
31 Trichosurus vulpecula AMNH 65597 Phalangeridae Sa Common brushtail
possum
32 Dactylopsila palpator AMNH 194759 Petauridae A Long-fingered triok
33 Petaurus norfolkensis AMNH 35763 Petauridae A Squirrel glider
34 Pseudochirus peregrinus UCMP 84683 Pseudocheiridae A Common ringtail
possum
35 tGanawamaya gillespieae QMF 34532 tBalbaridae Uk Extinct
36 Hypsiprymnodon moschatus SAM M11940 Hypsiprymnodontidae T Musky rat-kangaroo
37 Aepyprymnus rufescens SAM M9017 Potoroidae SL Rufous rat-kan-

garoo
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Taxon ID Taxon Spec. # Family or Loc. Common Name
Subfamily

38 Bettongia lesueur AMNH 119489 Potoroidae SL Boodie

39 Potorous longipes NMV C32723 Potoroidae SL Long-footed
potoroo

40 Dendrolagus dorianus AMNH 192143 Macropodinae A Doria’s tree-kan-
garoo

41 Dendrolagus goodfellowi NMYV C25092 Macropodinae A Goodfellow’s tree-
kangaroo

42 Dendrolagus lumholtzi AMNH 35642 Macropodinae A Lumbholtz’s tree-
kangaroo

43 Dendrolagus lumholtzi AMNH 65248 Macropodinae A Lumbholtz’s tree-
kangaroo

44 Dendrolagus lumholtzi AMNH 65261 Macropodinae A Lumboltz’s tree-
kangaroo

45 Dendrolagus lumholtzi SAM M7206 Macropodinae A Lumbholtz’s tree-
kangaroo

46 Dorcopsis luctuosa SAM M15178 Macropodinae SL Gray dorcopsis

47 Dorcopsis muelleri MCZ 222626 Macropodinae SL Brown dorcopsis

48 Lagorchestes hirsutus SAM M3590 Macropodinae SL Rufous hare-
wallaby

49 Lagostrophus fasciatus WAM 22911 Lagostrophinae SL Banded hare-
wallaby

50 Macropus fferragus NMV P28290 Macropodinae SL Extinct

51 Macropus giganteus AMNH 35747 Macropodinae SL Eastern grey kan-
garoo

52 Macropus sp. (large fossil) SAM FNA 112 Macropodinae SL Extinct

53 tMetasthenurus maddocki SAM P17529 +Sthenurinae Uk Extinct

54 Notamacropus dorsalis NMV C6490 Macropodinae SL Black-striped wal-
laby

55 Notamacropus eugenii CMJ (unb) Macropodinae SL Tammar wallaby

56 Notamacropus rufogriseus AMNH 65121 Macropodinae SL Red-necked wallaby

57 Onychogalea fraenata SAM M24347 Macropodinae SL Bridled nail-tail
wallaby

58 Osphranter robustus AMNH 70323 Macropodinae SL Common wallaroo

59 Osphranter rufus UCMZ A12-21-3 Macropodinae SL Red kangaroo

60 Petrogale godmani SAM M7189 Macropodinae SL Godman’s rock-
wallaby

61 Petrogale herberti AMNH 65241 Macropodinae SL Herbert’s rock-
wallaby

62 fProcoptodon gilli SAM P18323 fSthenurinae Uk Extinct

63 FProtemnodon anak NMV P39105 Macropodinae Uk Extinct

64 FProtemnodon anak NMV P229318 Macropodinae Uk Extinct

65 tProtemnodon otibandus UCMP 70059 Macropodinae Uk Extinct

66 FProtemnodon sp. NHMUK PV (unb) Macropodinae Uk Extinct

67 Setonix brachyurus AMNH 160043 Macropodinae SL Quokka

68 Setonix brachyurus NMV C23029 Macropodinae SL Quokka

69 tSimosthenurus occidentalis SAM P17476 tSthenurinae Uk Extinct

70 tSthenurus andersoni SAM P13673 tSthenurinae Uk Extinct

71 tSthenurus sp. WAM 64-12-14 tSthenurinae Uk Extinct

72 tSthenurus stirlingi AMNH 117494 tSthenurinae Uk Extinct

73 tSthenurus stirlingi AMNH 117498 tSthenurinae Uk Extinct

74 tSthenurus stirlingi SAM P22533 tSthenurinae Uk Extinct

75 Thylogale billardierii AMNH 65215 Macropodinae S Tasmanian pade-

melon
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Taxon ID Taxon Spec. # Family or Loc. Common Name
Subfamily
76 Thylogale stigmatica AMNH 65153 Macropodinae S Red-legged pade-
melon
77 Wallabia bicolor AMNH 65125 Macropodinae S Swamp wallaby

Lagostrophinae, Macropodinae, and Sthenurinae are all subfamilies of the Macropodidae. Key to abbreviations of locomotor mode (Loc.) A
arboreal, Sa scansorial, predominantly arboreal, St scansorial, predominantly terrestrial, 7 terrestrial, SL saltatorial, Uk unknown, 7 an extinct
taxon, Key to museum acronyms: AMNH American Museum of Natural History (New York, USA), CMJ personal collection of Christine Janis
(specimen of natural skull from Skulls Unlimited), MCZ Museum of Comparative Zoology (Harvard University, USA), NHM Natural His-
tory Museum, London (UK), OMF Queensland Museum fossil collection (Brisbane, Australia), SAM South Australian Museum (Adelaide,
Australia), UCMP University of California Museum of Paleontology (Berkeley, USA), UCMZ University of Cambridge Museum of Zoology,
Cambridge, UK., WAM Western Australian Museum (Perth, Australia). (unb unnumbered)

Appendix Table 2 Description of the Location of the Landmarks Used in this Analysis

Landmark Description of location

1 Proximomedial border of the trochlea

2 Highest (most proximal) point of the trochlea

3 Proximal border between capitulum and trochlea
4 Highest (most proximal) point of the capitulum

5 Proximolateral border of capitulum (capitular tail)
6 Distomedial border of the trochlea

7 Distal border between capitulum and trochlea

8 Deepest (most distal) point of the capitulum

9 Laterodistal border of the capitulum
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