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Abstract

Changes in first metatarsal (MT1) morphology within the hominin clade are crucial for
reconstructing the evolution of a forefoot adapted for human-like gait. Studies of tirakxte
morphology of the MT1 in humans, non-human apes and fossil hominins, have documented changes
in its robusticity, epiphyseal shape and its articulation with the medial cuneiform. Hetestw
whether trabecular structure in the MT1 reflects different loading patterns in theofoaefoss extant
large apes and humans, and within this comparative context, infer locomotor behaviour in two fossil
hominins from Swartkrans, South Africa. Microtomographic scans were collected from the MT1 of
Pongosp.(n=6),Gorilla gorilla (n=10),Pan troglodyte¢n=10),Homo sapiengn=11), as well as
SKX 5017 Paranthropus robustysand SK 1813 (Hominin gen. sp. indet.). Trabecular structure was
quantified within the head and base using a ‘whole-epiphysis’ approach with medtool 4.2. We found
that modern humans displayed relatively higher bone volume fraction (BV/TV) in the duwyisal of
each epiphysis arahigher overall degree of anisotropy (DA), whereas great apes showed higher
BV/TV in the plantar regions, reflecting dorsiflexion at the metatarsophalangeal {MiEh the
former and plantarflexion in the latter. Both fossils displayed low DA, with SKX 5017 showing a
hyper-dorsal concentration of trabecular bone in the head (similar to humans), wh#d $8howed
amore central trabecular distribution not seen in either humans or non-human apes. Additienally
found differences between non-human apes, modern humans, and the fossil taxa in trabecular spacing
(Tb.Sp.), number (Th.N.), and thickness (Th.th.). While low DA in both fossils suggests increased
mobility of the MT1, differences in their trabecular distributions could indicatiable locomotion in
these Pleistocene hominins (recognizing that the juvenile status of SK 1813 is a pmefaiahding
factor). In particular, evidence for consistent loading in hyper-dorsiflexion in SKX 5017 would

suggest locomotor behaviours beyond human-like toe off during terrestrial locomotion.

Keywords: trabecular bonBaranthropuydocomotion, bipedalism
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1. Introduction?
One of the central questions within the study of human evolution is how and when obligate
bipedalism emerged. The forefoot is of particular importance in addressing this question because i
directly reflects the extent to which a species uses its feet for locomotion ésltbezal or terrestrial)
and/or manipulation. The first metatarsal (MT1) has undergone a dramatic transformatioa, fr
digit used primarily for grasping, to a digit used mainly for weight-bearing, stalmlizathd
propulsion in modern humans (Morton, 1922; Elftman and Manter, 1935; Susman, 1983; Harcourt-
Smith and Aiello, 2004). Analysis of the partially preserved OH 8 foot formed a critical aspeet of
initial diagnosis of bipedalism iHomo habilis(Day and Napier, 1964; Kidd et al., 1996) and a
number of studies have incorporated analyses of forefoot bones to argue for committedlterrestria
bipedalism inAustralopithecus afarerssfLatimer and Lovejoy, 1990; ; Ward 2002 Ward et al., 3011
and an opposable hallux Andipithecus ramidu¢Lovejoy et al., 2009; White et al., 2015). Equally
intriguing is the recent discovery of the Burtele foot, which is similar in ageatarensisut
displays a number of characteristics that differentiate it morphologically and swggektfeérent
types of bipedal foot loading in the hominin clade at the same time (Haile-Selassie et al.TRiB12)
variation in hominin foot bone morphology highlights the importance of understanding the
form/function relationship of the MT1 in extant and fossil hominoids and, in particular, whethe
internal bone structure can provide insights into biomechanical loads experienced by tharfgot du
different types of locomotion. Using a comparative sample of modern humans and non-human apes,
this study will address whether trabecular structure within the MT1 is reflectisearhotor mode.
Furthermore, we will compare them to fossil hominins from Swartkrans (SKX 5017 and SK 1813) to
test hypotheses about hominin locomotion in the Plio-Pleistocene of South Africa.
1.1. Bone functional adaptation

Functional interpretations of fossil hominin locomotion largely vary because of a lack of
consensus on the functional significance of various external skeletal features. It remains unclear

whether ‘primitive’ features represent non-functional evolutionary vestiges, or if they represent

1 Abbreviations: metatarsophalangeal (MTP); tarsometatarsal (TMT)
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functional indicators of locomotor behaviour (Stern and Susman, 1983; Clarke and Tobias, 1995;
Ward, 2002; Harcourt-Smith and Aiello, 20@pfel et al., 2009).This issue can be partially

addressed by studying aspects of bone that are more responsive to external loading. While articular
surfaces indicate the joint positions an element is capable of, internal bone is more Bkely the
position in which the element was actually loaded (Ruff and Runestad, 1992; Rafferty an@®Ruff, 1
Jacobs, 2000; Rubin et al., 2002; Ruff et al., 20@saphyseal cortical bone has been shown to
respond to mechanical stress in the shaft and can be indicative of predominant bending forces
experienced during loading (Ruff, 1983; Cowin et al., 1985; Doden, 1993; Carlson, 2005; Ruff et al.,
2006). However, its function is likely different over joint articular surfaces, wheecdmes

significantly thinner. It is also covered by cartilage and often contained within a alyjoami.

Conversely, the trabecular bone located subchondrally within epiphyses remodels at a falstar rate t
cortical bone (Eriksen, 2010), and can provide evidence of in vivo loading that may be more useful at
reconstructing predominant joint position and associated behaviors (Hodgskinson and Currey, 1990;
Rubin et al., 2002; Mittra et al., 2005; Pontzer et al., 2006; Barak et al;,[2filske Bertram and

Swartz, 1991). However, it should be noted that trabecular bone structure does not always correlate
with known locomotor patterns in certain mammals, including mice and several primates (Qarlson e
al., 2008; Ryan and Walker, 2010; Shaw and Ryan, 2012).

The current study focuses on two main structural properties of trabecular bone: bone volume
fraction (BV/TV), which is a measure of trabecular thickness, number, and spacing, evaafeg
anisotropy (DA), which reflects the degree to which trabecular struts are orientegamihe
direction. These parameters account for 87-89% of the variance in the strength of'écdnaps
modulus) (Maquer et al., 2015), have been shown to change in relation to magnitude, frequency, and
direction of loadn in vivo studies (Lanyon, 1974; Hodgskinson and Currey, 1990; Biewener et al.,
1996; Mittra et al., 2005; Pontzer et al., 2006; Barak et al. 2011), and to differ among taxa that employ
different modes of locomotion (MacLatchy and Miiller, 2002; Ryan and Ketcham, 2002, 2005; Ryan
and Shaw, 201Z%cherf et al., 2013; Tsegai et al., 2013, 2017; but see Fajardo et al., 2007; Ryan and
Walker, 2010). BV/TV andA are informative parameters because both are less likely to scale
allometrically and have been found to respond to loading in predictable ways. BV/TV is generally

4
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higher in areas that experience greater compressive loading, and trabeentation adapts to the
main axis of joint movement (Biewener et al., 1996; Guldberg et al., 1997; Ryan and Ketcham, 2002;
Mittra et al., 2005; Pontzer et al., 2006; Chang et al., 2008; Polk et al., 2008; Harrison et al., 2011
Saparin et al., 2011).g%ponses in DA and BV/TV to biomechanical stressors have been
demonstrated in several classic studies on the mammalian calcaneus (Lanyon, 1973, 1974; Skerry and
Lanyon, 1995; Biewener et al., 1996; Skedros et al., 2004, 2012; Sinclair et al., 2013hds #ni
which the calcaneus does not touch the ground during locomotion, trabeculae underlying the Achilles
tendon were aligned with the compressive and tensile principal direction of stress (Lanyon, 1974;
Biewener et al., 1996). When external loading was removed by detaching the calcaneal tendon,
BV/TV reduced as a result of lower trabecular thickness and number (Biewener et al., 4886}. F
in vivo studies have supported this. Barak et al. (2011) showeB#hand BV/TV varied
predictably in the distal tibiae of sheep that loaded their ankles in differenbpssiontzer et al.
(2006) also found strong correlations of DA with changes in external loading at theahsialof
guinea fowl.

However, there are several non-mechanical factors that may affect trabecalaretit is
not clear how genetic, hormonal, and environmental factors constrain its structure (Simkin et al
1987; Judex et al., 2009; Havill et al., 2010; Devlin, 2011; Devlin and Bouxsein, 2012; Devlin et al.,
2013), howits resporevaries based on frequency versus magnitude of mechanical loading (Skerry
and Lanyon, 1995; Lambers et al., 2013), as well as anatomical region (Réth et al. 2013; Wallace et
al., 2013. Furthermore, by measuring trabecular bone density throughout 9 anatomical regions in
humans, Chirchir (2016) found that most sites have homogenous values, suggesting they are
influenced by site-specific genetic factors. Nonetheless, computational models (Odgaad®@?al
Huiskes et al., 2000; Fox and Keaveny, 2001) and in vivo studies (Lanyon, 1974; Biewener et al.,
1996; Pontzer et al., 2006; Barak et al., 2011) have demonstrated strong links between trabecular
structure and the frequency, magnitude, and direction in which a joint is loaded.
1.2. Biomechanics of the first metatarsal

Modern humans are adapted for a bipedal mode of locomotion and possess a forefoot

structure in which each metatarsophalangeal (MTP) joint acts as a weight bearing and propulsive
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structure during the push-off part of the stance phase (Stokes et al.,1979; Christensenrags] Jenn
2009; Griffin et al., 2015). During this phase, the MTP joints dorsiflex, moving thenpabxi

phalanges on to the dorsum of their respective metatarsal heads. This causes tightening of the plantar
aponeurosis, stabilizing the foot and elevating the longitudinal arch, which changes itsatinfor

to a stiff lever for propulsion and ultimately toe-off (Hicks, 19Bgjsen-Moller, 1979Susman,
1983;Caravaggi et al. 201@riffin et al., 2015). As shown by in vivetudies of plantar pressure
distribution within the human foot, during dorsiflexion the medial forefoot shows a spikadimdo

(Hutton and Dhanendran, 19&atoh et al., 1983So0ames, 1983lunro, 1987Lee and Farley,

1998;Hunt et al., 2001Nester et al., 200Griffin et al., 2010a). The MT1 bears a large portion of

this load and this is reflected by its large head, which experiences high compressive forces during
push-off (Rodgers, 1995; Donahue and Sharkey, 1999; Vereecke et al.D2Q03; et al., 2004). Its
external shape is also designed to stabilize the MTP joint and facilitate dovsiffiexing push-off.

The superior aspect of the articular surface of the head expands to the dorsum of the bone,mesulting i
a raised appearance in relation to its shaft, which is thought to increase the range of dorsiflegion at t
MTP joint (Stokes et al., 1979; Susman and Brain, 1988; Susman and de Ruiter, 2004; Griffin and
Richmond, 2005; Griffin et al., 2010a). It is also medio-laterally wider on the dorsal asffext o

head than the plantar aspect, which has been argued to enhance joint stability during push-off and
facilitate close-packing of the MTP joint (Susman and Brain, 1988; Hetherington et al., 1988nSusm
and de Ruiter, 2004; Pontzer et al., 2A&rnandeet al., 2015).

Analyzing foot kinematics in extant non-human apes is less straight-forward compared to
modern humans because they employ a wider range of locomotion, from terrestrial to arboreal
guadrupedalism, vertical climbing, suspension, and occasional terrestrial bipedalismeH mve
vivo studies of chimpanzee and bonobo footfall patterns show considerable differences from modern
humans (Aerts et al., 2000; Vereecke et al., 2003t et al., 2004 Griffin et al., 2010a
Wunderlich and Ischinger, 2017). During terrestrial quadrupedal locomotion, bonobos show a higher
spike in loading on the lateral aspect of the foot during push-off, with relativedyfdttte inflicted
upon the MT1 (Vereecke et al., 2003). Additionally, during vertical climbing, chimpanzees show peak
loading under the medial metatarsals, when the MTP joints are plantarflexed (Wamaedi
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Ischinger, 2017). If these plantar pressure patterns can be broadly applied to non-human apes, they
would suggest that the first MTP joint incurs maximum loading when it is used for grasping.

This is reflected within the shape of the MT1 head, which in all non-human apes is
mediolaterally expanded on the plantar aspect (Susman, 1&@8gr and Lovejoy, 199MWlarchi,

2005, 2010; Griffin and Richmond, 201ernandez et al., 2015). The same mechanism that allows

for close-packing of the MTP joint during dorsiflexionhumans allows for close-packing during
plantarflexion in non-human apes, increasing stability during pedal grasping (Susman, 1%83; Grif

et al., 2010g It should be noted that within non-human apes, there is variation in how the hallux is
used for locomotion. Although comparative plantar pressure distribution d&arfidla andPongo

do not exist, a substantial amount of information can be obtained through observational studies (Tuttle
and Beck, 1972; Cant, 1987; Sarmiento, 1994; Remis, 1995; Gebo, 1996; Doran, 1997; Sarringhaus et
al., 2014), skeletal (Susman, 198¥ea, 1981nouye, 1992; Doran, 1993; Marchi, 2005; Richmond,
2007;Congdon, 2012Drapeau and Harmon, 2013; Jashashvili et al. 2015), and soft tissue
morphological analyses (Oishi et al., 2012). Such studies show different habitual positiohimg of t
hallux; orangutangenerally do not apply significant force on the hallux during suspension, whereas
chimpanzeegenerally do (Oishi et al., 2012). Gorillas do not use their feet for suspension; when they
locomote arboreally, their size restricts them to substrates of larger diambtgrgeet are used for

vertical climbing or walking, but because the supports they use for climbing are usualelatiye

to their foot size, there is little flexion of the metatarsophalangeal and interphalaigsal

(Sarmiento, 1994; Remis, 1995).

The proximal articular surface of the MT1 is equally reflective of locomotor behavior.nWithi
modern humans, it is relatively broad and flat, corresponding to a stable tarsometatarsab{iiiMT) |
complex that reduces mediolateral mobility of the hallux, and keeps it in line with the other
metatarsals (Morton, 1924; Susman and Brain, 1988; Proctor et al. 2008; Proctor, 2010; Gill et al.
2015). Its broad mediolateral width is related to the bending stresses experienced near the base of the
MT1, and its increased cross-sectional area is a response to high compressive forces adride joint
high tensile forces inflicted upon the ligaments (Stokes et al., 1979; Griffin and Richmond, 2005). In
all other living great apes, the proximal MT1 does not experience such high loading, résualting

7



195  proximal surface that has a smaller overall area. The TMT joint is instead adapted for ramgdesf

196 movement associated with grasping and varied locomotion. The proximal articular sutfae&atl

197 is concave, and the distal articular surface of the medial cuneiform is convex, allowimgjtiaxial

198  movement of the hallux that is more effective for climbing and grasping (Latimer and Loi@§ty

199 McHenry and Jones, 2006; Tocheri et al., 2011).

200 1.3. Early hominin locomotion

201

202 Here, we focus specifically on Plio-Pleistocene fossil feet from South Africa, which show a
203  diverse range of morphological features. StW 573, attribut@éddwalopithecuprometheugbut see

204  Berger and Hawks, 2019), shows evidence of a slightly divergent hallux and has been interpreted as
205 adept at tree-climbing (Clarke and Tobias, 190arke, 2013) but see (Harcourt-Smith et al., 2002).
206  Two isolated MT1s from Sterkfontein (StW 562 and StW 595) suggest there was locomotor diversity
207  in South African hominins. The two metatarsals are of unknown taxonomic status but were both

208  found in Member 4, dated between 2.6 and 2.0 mya (Pickering and Kramers, 2010), and show striking
209  differences in external morphology. StW 562 is described as more human-like based on its distal
210  epiphysis which shows dorsal doming of the head, and because it is relatively robust. StW 595 is
211 relatively gracile and does not show this epiphyseal feature, suggesting this individuahtwad a

212 ape-like push-off mechanism (Clarke, 2013; DeSilva et al., 2@fParticular relevance to this

213 study are the postcranial remains of South African robust australopiths attribBicatthropus

214  robustusP. robustuss mainly represented by cranial remains (Grine, 1993; Grine and Daegling,

215 1993;Wood and Constantino, 20QPostcranial remains are relatively abundant, but cannot be

216  attributed with complete confidence to the taxon. Based on pelvic, femoral, and tarsal morphology,
217  the gait ofP. robustusas been described as bipedat with a ‘waddling gait’ and a less efficient

218  body weight transfer mechanism (Napier, 1964; Day and Napier, 1965; Robinson, 1972; Gebo and
219  Schwartz, 2006 However trabecular properties of the talus (Su and Carlson, 2017) and diaphyseal
220  cortical bone morphologyf the fifth metatarsal (Dowdeswell et al., 2017) suggest a medial weight
221  transfer of the foot during push-off and loading of the lateral column in a hlikeaway.

222 Two complete metatarsals from Swartkrans contribute to our understanding of Early

223 Pleistocene hominitocomotion. SKX 5017 is an isolated left MT1 recovered from the Lower Bank

8



224  deposit of Swartkrans Member 1, dated to approximately 1.5-1.8 mya (Susman and Brain, 1988;

225  Susman and de Ruiter, 2004). Along with other fossils found within this level, SKX 5017 is attributed
226  toP. robustusThe specimen is described as short and similar in length to OH 8 and female bonobos
227  (Susman and Brain, 1988). The base of the metatarsal has a mildly concave and ovoid shape, similar
228  to modern great apes (Susman and Brain, 18&Bpugh the morphology of the base and proximal

229  shaft provide evidence that human-like plantar ligaments (and perhaps an aponeurosis) were present
230 Based on this basal articular morphology, and on the degree of torsion between the head and the base,
231  there is no indication that the hallux was abducted to an ape-like degree (Susman and Brain, 1988).
232 The head displays a mosaic of primitive and derived features. The superior articular surface of the
233 head extends onto the dorsum of the shaft, which is an indication of increased dorsiflexidfTd® the

234 joint. In contrast, the dorsal medio-lateral breadth of the head is narrower than the pésatdr, br

235  suggesting the joint did not close-pack in dorsiflexion, and thus was less stable during push-off

236  (Susman and Brain 1988).

237 SK 1813 is a nearly complete right MT1 found in a backfill hole of Swartkrans and is thought
238  to have come from Member 1 or 2, but attribution to a specific stratigraphic unit or taxon @annot b

239  made with certaintySusman and de Ruiter, 2004). Presence of an epiphyseal line near the base

240  signals the subadult status of this individual, with an estimated age of approximately 15 years

241  (Susman and de Ruiter, 2004). It bears strong morphological affinities to SKX 5017, albeit the former
242  is smaller. It has the same dorsal mediolateral narrowing on the head, and expansion of the dorsal
243  articular surface onto the dorsum of the shaft. The base is also dorsoplantarly expandead, which

244  reflective of increased tensile forces from well-developed plantar ligaments in respongeetdah bi

245  gait (Susman and de Ruiter, 2004; Proctor et al. 2008; Proctor, 2010). The shape of the proximal

246  articular surface is difficult to discern due to post-mortem damage, but is nonethelesedescrib

247  concave and ovoid, typical of non-human apes (Susman and de Ruiter, 2004). In this study, we

248  examine trabecular structure within the epiphyses of these two specimens to reconstruct aspects of
249  their biomechanical loading regime and in doing so make inferences about the locomotor behaviours
250 of the individuals they represent.

251  1.4. Previous trabecular analysis of the MT1
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Predictions about how mechanical loading affects the trabecular bone within the MT1 can be
made a priorbased on currently-known patterns within the MT1 headasho sapiensPan
troglodytes Pan paniscysandGorilla gorilla (Griffin et al., 2010b). Volume of interest (VOI)-based
analysis has shown that modern humans exhibit significantly higher DA values than non-human apes,
consistent with a tightly constrained joint with a relatively uniaxial range of movementaifige s
study has shown BV/TV to be less effective at differentiating locomotor behavior between species,
but this may be caused by the methodological limitations of using VOIs in analyzing trabecular
structure. Overall, these results suggest that among trabecular bone properties, adegbfdegr
anisotropy is the most indicative factor of a forefoot habitually used for propulsion dyretpbgait

(Griffin et al. 2010b).

1.5. Aims and predictions

Based on known loading patterns within the forefoot of modern humans and great apes, and the

mechanical adaptations of trabecular bone, we test the following hypotheses

1. Modern humans will have a higher BV/TV within the dorsal aspect of the MT1 head and
base, and non-human apes will display the opposite pattern. This corresponds to the position
in which the joints close-pack and incur the highest compressive load.

2. Modern humans will show higher overall DA and non-human apes will show lower overall
DA within the entire element, corresponding to the range of motion at the TMT joint and the
MTP joint. We also predict that modern humans will show relatively higher DA in the dorsal
regions of the epiphyses compared to the non-human apes.

3. Based on their external morphologye hypothesize that SKX 5017 and SK 1813 will show
similar trabecular distribution to modern humans. However, because of a more concave and
rounded proximal articular facet in SKX 5017 indicative of a relatively mobile, jeénibase
will have a loweDA than modern humans.

To ensure no confounding factors relating to body size, we also testispéatific allometry in
trabecular bone variables. Following the results of previous studies on the taluseaofdrtibdern

humans and chimpanzees (Tsegai et al., 2017), and on the lower limbs of modern humans (Saers et al.
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2016), we predicthat there will be no significant allometric scaling between any trabecular paramet
and bone size. Furthermore, because Tsegai et al. (2017) found that the tibia and talus do not show the
same patterns of scaling in regards to Th.Th., BV/TV, or DA, we expect that the MElswill
display allometric patterns not displayed in either element.
2. Methods
2.1. Sample

The comparative sample consists of thirty-nine MT1s from modern non-human apes and
modern humans: siRongosp, tenGorilla gorilla, tenPan troglodytesand elevefiomo sapiens.
Details of the study sample are showiT able 1. Orangutans were wild-shot, but their provenance is
unknown, with the exception of one captive male from the Munich Zoo. Gorillas were all wild-shot in
Cameroon and the French Congo. Some chimpanzee specimens were collected from the Tai National
Park, Republic of Céte d'lvoire; others were wild-shot in Cameroon. The modern human sample was
composed of likely sedentary and shod individuals from tvib2l# century cemeteries in
Gottingen, Germany (for more information on the comparative sample, see Sl, Table S1). Specimens
were chosen if the individuals were adult, free from signs of pathology, and ifréecular bone
was well-preserved. Adult status was determined based on external morphology of the associated
postcrania and dental eruption. Additional information on individual specimens is provitieutie
supplemental online information. Two fossil hominin MT1s were obtained from the Ditsong Nationa
Museum of Natural History and derive from the site of Swartkrans, South Africa. One igexittitu
Paranthropus robustSKX 5017), and the other being of unassigned taxonomic status (SK 1813).
SKX 5017 is complete and well-preserved, but because of extensive cortical and trabecular damage to
the base of SK 1813, only the head was analyzed.
2.2. Image Acquisition

Specimens were scanned at the Max Planck Institute for Evolutionary Anthropology in
Leipzig and at Cambridge University. The modeEismo andP ongospecimens were scanned using a
Diondo d3 high-resolution micro-CT systémLeipzig with an acceleration voltage of 140 kV, and
120 pA and 140 pA respectively, using a 0.5 mm brass filter. The images were reconstructed as 3000
x 3000 16 bit tiff image stacks from 3240 projections with two frame averaging. The TaifF@nest
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troglodytessample was scanned usm§kyscan 1173 with an acceleration voltage of 100 kV and 62
MA using a 1.0 mm aluminium filter. The images were reconstructed from 2240 x 2240 16 bit tiff
image stacks from 2400 projectiongh two frame averagingsorilla gorillaandPan troglodytes
specimens from the Powell-Cotton Museum were scanned using a Nikon Metrology XT H 225 ST
High resolution CT scanner in Cambridge University. They were scanned at an acceleratgaafolt
135 kV and 135 pA with no filter. The images were reconstructed as 2000 x 2000 16 bit tiff image
stacks from 1080 projections with one frame averaging. All specimens were scanned with an

isometric voxel resolution between 27 and 42 pm.

2.3. Specimen segmentation

Scans were segmented into binary format using the Ray Casting Algorithm (RCA) (Scherf
and Tilgner, 2009). This method is most effective where there is clear separation between bone and
air, and where there is little matrix within the epiphysis. All extant taxa, along with SKX 5017 were
segmented using this method. Due to a large amount of matrix within the epiphysis of SK 1813, it was
segmented using a machine learning clustering algorithm that is most effective where theme is matr
that falls within the greyscale range of trabecular bone (Dunmore et al., 2018). Thihalgmsign
voxels in an image to ord three predefined classes, based on the probability that its greyscale value
would be in each class. Therefore, it allows for segmentation of problematic areas BR@#tkloes
not handle effectively.

2.4. Medtool

The segmented images were processed through a customized script within medtool v4.2
(www.dr-pahr.at), a python-based script manager. Each step of this method has been described by
Pahr and Zysset (2009) and tested by Gross et al. (2014). Using the segmenteBignagke the
outer surfaceHig. 1b), and inner surfacd={g. 1c) were defined and subtracted from one another to
create an image of the cortex onfiid. 1d). An image of the trabecular bort&d. 1€) only was
obtained by subtracting the cortex image from the original segmented image. A series of mask
overlays were created to separate the cortical and trabecular bone, and ‘inside air’ from ‘outside air’

by assigning them to different grey valuesgb. 1f, g, h). A 3D mesh of the mask images was
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obtained using the computataigeometry algorithms library (CG& version 4.10, Computational
Geometry, http://www.cgal.org), a mesher that creates a 3D finite element model using 3D Delauney
triangulation (Delaunay, 1934). Trabecular bone was analyzed through the placement of multiple
spherical VOIs onto a rectangular background grid of 2.5 mm grid spacing over the MaskSegIn image
(Fig. 1f). VOIs were placed at each node with a set diameter of 5 mm to ensure overlap. Trabecular
parameters were measured within each VOI, and values were assigned to each grid node. These
values were then interpolated to the tetrahedral elements, resulting in BV/TV and DA apothait
were visualized using Paraview 3.14.1 (Sandia Corporation, Kitware. Inc).

Within each VOI, bone volume fraction (BV/TV) was calculated as the ratio of bone voxels
to bone and air voxels. The trabecular orientation (second rank fabric tensor) wasechlgitay the
Mean Intercept Length (MIL) method (Whitehouse, 193dgaard, 1997). This gave results for first,
second, and third eigenvectors and eigenvalues. Fabric degree of anisotropy (DA) was cadc(llated a
— [eigenvalue 3/eigenvalue 1]), resulting in numbers from 0 to 1 (representing complete isotropy and
anisotropy, respectively). The values within each VOI were averaged to obtain results fadrehe en
section. In addition to BV/TV and DA, trabecular thickness (Tb.th., mm), trabecular number (Tb.N,
mnt?), and trabecular spacing (Th.S, mm) were calculated within each VOI.

2.5. Statistical analysis

Because the focus of this research is on trabecular bone structure, statistical aaalysi
confined to the epiphyses; the shaft, which contains little to no trabeculae was separatied freanal t
and baseln each scan, the head was separated where the articular surface on the plantar aspect
terminated, git is clearly delineated from the shaft. When viewing the element in plantar view, each
metatarsal displays a pronounced curvature on the proximal and medial aspect of the shatfforhe c
the base was made where this curvature was most pronotrige2aj. The base and the head were
further separated into dorsal and plantar regions by taking their maximum dorso{plagtfaand
dividing it by half Fig. 2b).

Statistical analysis was performed using RStudio v1.0.153 (RStudio Inc. 2015), and plots

were generated using ggplot2 (Wickham, 2009). All trabecular variables were tested forrgllomet
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using reduced major axis regression, through the R package Imodel2 (Legendre, 2018). Because data
for body size was unavailable for the study sample, the geometric mean for each specimen was used
asa proxy for body size. This was calculated using five linear measurements of the metatarsal as
proposed by De Groote and Humphrey (2011), which included maximum MT1 length, as well as
dorsoplantar and mediolateral length of the proximal and distal articular surfaces.

Standard non-parametric tests were used because of small sample sizes, and because not all
regions in all taxa showed a normal distribution. Pair-wise comparisons using Mann-Whitney U test
were conducted to investigate intraspecies differences in BV/TV and DA between theddrsal
plantar sections the head and base. The raw dorsal and plantar BV/TV and DA values were also
compared between species using Kruskal-Wallis tests to test whether the samples éragimtkte
same distribution. Additionally, BV/TV values in both epiphyses were used to calculatedtod rat
trabecular bone in the plantar versus dorsal regions. Ratios were compared between taxa using a
pairwise Wilcoxon rank sum test with a Bonferroni correction. In addition to traditional non-
parametric tests, differences between the BV/TV ratios of each taxon were evaluatztikfmas
significance using a standard resampling method (i.e., bootstrapping), which is well-suitedib@ exam
differences between means of groups with varying and small sample sizes (Efron and Tibshirani,
1993). Values from each taxon were resampled with replacement 10,000 times, from which 10,000
BV/TV ratio means were generated. Using pairwise comparison, the bootstrapped means from all taxa
were randomly aligned and subtracted from means from another taxon, resulting in 10,000 differences
between the means. Pairwise comparison was also used to calculate the difference between the means
of the original, non-bootstrapped samples. The bootstrapped differences were then compared to the
original differences. The number of times the difference between the bootstrapped means exceeded
the difference between the original sample means represents a proportion that is ama@geus t
value of a one-tailed test.

Bootstrap analysis was also applied to the fossil sample to determine the likelihobdithat t
BV/TV ratios fell within those of the extant taxa. In this case, the BV/TV ratiuo the fossil was

included withineachextant &xon’s sample, which was then resampled and replaced. The number of
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times the fossil’s BV/TV ratio fell within the range of the bootstrapped mean BV/TV ratios represents
the likelihood that this value would be expected within a sample from the study taxa.

3. Results
3.1. Allometry

Most trabecular parameters showed no significant allometric scaling withirTtabie @).
Gorilla showed positive scaling of trabecular thickness and a negative scaling of trabecular number.
However, while this correlation was significant for trabecular thickness (p<0.05)rifidance
intervals of the slope contained the isometric scaling value, meaning isometry cannot be. refect
same pattern is seen in modern hum#reugh none of the scaling is significaRanshows
significant positive and negative allometric scaling of trabecular spacing and number, vegpecti
Pongoshows positive scaling for trabecular thickness and negative scaling for trabecular spacing.
However, it shows no significant allometric scaling. In all taxa, BV/TV and DA both show a positive
relationship with increased MTL1 size, but without any significant positive allometringdaan
presents a single exception, wherein BV/TV has a negative relationship with MT1 siggiths
not statistically significant. This allows for the conclusion that BV/TV and Anat strongly linked
to MT1 size (and by proxy, body size). Given the fact that BV/TV does not scale allometricaily in
taxon, it can be concluded that body size, and by extension sex do not affect patterns of trabecular

distribution to a significant degree.

3.2. MT1 BVITV distribution

Figure 3 shows BV/TV distribution maps of a representative specimen from each taxon
within the sample (images of the full sample are shown within the supplementanyatifor, Figs. 1
— 4). Modern humaneonsistently show a greater distribution of trabecular bone within the dorsal
aspect of the head. However, some individuals have higher BV/TV values closer to the dbetre of
epiphysis or near the cortical/trabecular boundary. BV/TV tends to be higher on thlesidiiof the
dorsal aspect, corresponding with the slightly valgus orientation of the phalanges in teltteon
metatarsal shaft. Additionally, specimens show a consistent pattern on the plantar sunatead t

whereén the trabecular bone directly below the articular surface for the sesamoid bones disptays |
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BV/TV (see SI, Fig. S4). The ventral keel between the articular surfaces has genehnaiiyBNgrv.

All modern humans have higher BV/TV on the dorsal half of the MT1 base; the plantar aspect has
relatively little trabecular bone, with the exception of a small area near théonsgte of the

fibularis longus tendon, which is more pronounced in modern humans than in non-human apes.

All non-human apes within the sample tend to exhibit a higher concentration of trabecular
bone within the plantar region of the head, vidtngoshowing the most plantar concentratiBra.n
andGorilla show relatively similar distributions to each other; trabecular bone has a higher
concentration on the plantar aspect of the head, but it is further from the subchondral boundary than
Pongo However, in all taxa, there is variability in the extent to which the trabecular bamalsxhto
the centre of the distal epiphysis: some individuals have a fairly localized coricamer the
subchondral bone, but others show a much deeper distribution within the entire epiphysis (e.g., see Sl
Figs 1-3). The pattern of trabecular bone distribution within the base is variable, but ibverall
evenly distributed across the dorsal and plantar regRamsgoshows a pattern in which the edges of
the articular surface show higher BV/TV (see Fig. 2), with relatively less trabéaueain the cengr
of the epiphysis. In all non-human apes, the trabecular bone is distributed along an oblique plane in
relation to the shaft, corresponding to the plane in which the metatarsal flexes and extends.

Figures 4 and 5 illustrate the external morphology and trabacdistributionof SKX 5017
and SK 1813, respectively. Similar to modern humans, the dorsal region of the metatarstl head
SKX 5017 exhibits a higher distribution of trabecular bone than the plantar region; although it is
located more dorsally than is generally found within modern humans. This region of high BV/TV is
positioned laterally and corresponds to a slightly valgus orientation of the phalangeson teltite
shaft. The remainder of the head shows an even distribution of trabecular bone, with an area of
slightly higher BV/TV on the plantar aspect on the ventral keel between the articular stofabe
sesamoid bones (this is also seen in some modern humans). The base of SKX 5017 shows high
BV/TV near the dorso-medial border of the articular surface, similar to wiisregen in several
non-human apes, and a slight area of high BV/TV on the plantar-lateral aspect. Bothapldntar
dorsal regions display high BV/TV, in contrast to modern humans which have a markedly higher and
more localized trabecular bone distribution within the dorsal region.
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SK 1813 Fig. 5) also displays higher trabecular bone distribution within the dorsal aspect of
the head, though it is more centralized within the epiphysis than in SKX 5017 or the modern human
sample. Additionally, the area immediately below the cortical/trabecular boundary shows a sharp
decrease in BV/TV. On the plantar aspect, where the shaft meets the head, there is another area of
high BV/TV. When comparing the color map to the original CT scan, it becomes apparent that this
area of high BV/TV is the result of cortical bone from the shaft extending into thlo&dular struts
within the head, similar tBanandGorilla. However, SK 1813 shows relatively less trabecular bone
within the rest of the plantar surface, resulting in a different overalibiison to all other taxa.
3.3. Regional trabecular distribution

Mean values for all trabecular parameters are showialihe 3, andFigure 6 presents box-
and-whisker plots of BV/TV values among the study taxa. Within extant taxa, BV/TV tends to be
highest inPanand lowest in modern humans. Furthermore, modern humans show the highest overall
DA values, andPongodisplays the lowest. It should be noted that coefficients of variation (CV)
indicate thaP ongohas the most variable BV/TV and DA values (with the exception of BV/TV in the
modern human base). When considering overall patterns across both epiphyses, trabecular thickness is
highestin Gorilla and lowesin modern humans. Trabecular number shows the opposite pattern: it is
highest in modern humans and lowesGirilla. Trabecular spacing is highestGorilla; of the
extant sample, it is lowest in modern humans. When considering the base and head separately,
different patterns emerge between taxa. Although BV/TV is similar between the head antl base, a
extant non-human apes show a relatively higher number, and more tightly spaced trabeculae in the
base than in the head. In all cases, BV/TV remains similar in both epiphyses as a result of thinner
trabecular bone in the base. We also see a difference in DA between the head and base: despite some
overlap in values, mean DA is higher in the base than in the head. In contrast, modern humans show a
similar trabecular architeateiin the head and in the base. Trabecular number is slightly higher in the

head, resulting in higher BV/TV, but to a lesser extent than the non-human apes.

The two fossils show a different trabecular bone structure from each other, as well as to the

comparative sample. SKX 5017 exhibits the highest overall BV/TV of all taxa as aafesgult
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relatively higher number of thicker and closely spaced trabeculae. Similar to the non-pesah a
has a relatively higher number, and more closely spaced trabeculae in the base than in the head. SK
1813 shows a BV/TV value that falls well within the range of the African great apes. ltuteabe
number is higher, and its trabecular spacing is lower than all other taxa. Its trabeckiesthialls
within the range of all taxa. Both fossils have closely spaced trabeculae, but compared to SKX 5017,
SK 1813 has a higher number of thinner trabeculae. Disregarding their absolutely thiclkeddmbe
than modern humans, the MT1 heads of the fossil specimens have an overall higher numbey of closel
spaced trabeculae, a pattern seen in the head of modern humans; SKX 5017 shows values in the base
within the range of non-human apes.

Regional summary statistics for all analyzed trabecular parameters can be seen in the SOM
(SOM Table 3). Mann-Whitney U tests reveal significant differences in mean BV/TV values
between the dorsal and plantar regions of the MT1 heads of all studied taxa (Fig. 6). Non-human apes
show a higher BV/TV within the plantar region, whereas modern humans have higher BV/TV in the
dorsal region. Within the base of the MT1, only modern humans show significant diffeirences
BV/TV between the dorsal and plantar regions, with relatively higher values in the rdgisal
SKX 5017 shows higher BV/TV in the dorsal regions of the head and base, similar to modern
humans, but with overall higher BV/TV. The SK 1813 head displays overall higher BV/TV in the
dorsal region as well, though it has absolutely lower BV/TV than SKX 5017.

Figure 7 presents ratios of dorst-plantar BV/TV within the heads and bases of all taxa.
Within all non-human apes, the base of the metatarsal shows a BV/TV ratio approximating a value of
one, indicating relatively equal BV/TV between the dorsal and plantar regions. In contrast, modern
humandisplay a much higher ratio, indicating relatively higher BV/TV within the dorsaloseofi
the base. Within the head, all extant non-human apes show a ratio below one, indicating relatively
higher BV/TV within the plantar region, whereas modern humet@én a higher proportion of
trabecular bone within the dorsal region. Results from post-hoc pairwise Wilcoxon rank sum tests
from the head reveal significant differences between the BV/TV ratio of modern hanta$
extant non-human apes (p<0.0005), and betv@®iila andPongo(p<0.01) Table 4). No
statistically significant differences were found betwB@mgoandPan or betweerGorilla andPan
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499  Within the base, no statistically significant differences were found in BV/TV ratio betwe@omh

500 human apes, but all showed significant differences from modern humans (p<0.0005). Bootstrap

501 analyses support these results, showing a similar distribution of trabecular bonehgitbase of all

502 non-human apes (see Sl Fig. S6).

503 Results from bootstrap analyses of BV/TV ratio means in the base reveal significant

504 differences between the BV/TV ratio of SKX 5017 and all extant taxa, with a value lower than

505 modern humans (p<0.01), and higher tRamgo(p<0.01) Gorilla (p<0.01) andPan(p<0.01) Fig.

506 8). Bootstrap anabes from the head show that the BV/TV ratio of SKX 5017 falls within the range of
507 modern human=>0.05), and that the BV/TV ratio of SK 1813 falls outside the range of all extant

508 taxa (p<0.01). The distribution, though more dorsal than plantar, falls below the range seen in modern
509 humans, and above the range seengo, GorillaandPan(Fig. 9).

510 Differences in DA values between taxa are illustratdéigure 10. All taxa show significant

511  differences between DA in the plantar and dorsal regions, with modern humans showing the absolute
512  highest values, andlongothe lowest. Results from the Kruskal-Wallis post hoc test for differences in
513 DA show that modern humans have significantly higher DA in the head than all taxa, and

514  significantly higher DA in the base th@wongoandGorilla. Among the non-human apes, oRlgn

515 andPongadiffer significantly in the head. In the ba&sanis the only significantly different taxon,

516  with the highest mean DA valu&dble 5). There is no statistically significant interspecies difference

517 in the ratio of DA between the dorsal and plantar regions. All modern taxa display a phtegritve

518 dorsal sections of both epiphyses possess similar DA values that are significdrahtingégn the

519 values seen in the plantar sections. Like the modern taxa, SKX 5017 displays higher DA in the dorsal
520 regions, however, DA in the dorsal region of the base is absolutely higher than DA in the dorsal

521  region of the head, and DA in the plantar region of the base is absolutely higher than the plantar

522  region of the head. The plantar region of the base and the dorsal region of the head share close values
523  a pattern not seen in the entire extant sample. SK 1813 displays a similar DA patterextant

524  taxa, with higher values in the dorsal region than in the plantar redfloough it has the absolute

525 lowest values.
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Figures 11 and12 display bivariate plots of BV/TV and DA values from the head and base,
respectively. Modern humans possess lower BV/TV and higher DA, distinguishing them from other
taxa. Within the non-human ap&sanshows overall higher DA, followed yorilla andPongq
respectively, but their BV/TV values overlap. As mentioned eaRiengoshows the widest range of
BV/TV values. BV/TV values in both SKX 5017 and SK1813 are well above those inmoder
humans, and within the range of the non-human.d&p&values are lower in SK 1813 and SKX 5017
than in modern humans, though they are absolutely lowest in the former, within the rRioggof

4. Discussion

4.1. Effect of body size on trabecular bone strretu

Most trabecular parameters do not to scale allometrically within species. Like other studies
(Doube et al., 2021 Ryan and Shaw, 2013), results from this analysis shpesitive, but isometric
relationship between BV/TV and body size. The only taxon to show positive scaling of trabecular
thickness isGorilla, supporting previous findings (Doube et al., 2011). However, because the
confidence intervals of the slope contain the isometric scaling value, an isometric relatansioip
be rejected. All other taxa show no allometric scaling of trabecular thickness (see also Mellender
al., 1996;Swartz et al., 1998). IRan trabecular spacing shows positive allometric scaling and
trabecular number shows negative allometric scaling. These results contradict piteriessos
trabecular allometry in primates (mainly in the femur and humerus), which emphasize negative
allometric scaling of trabecular spacing and thickness (Ryan and Ketcham, 2002, 2005; Fajardo et al.,
2007; Ryan and Walker, 2010; Ryan and Shaw, 2012). This could be the result of smaller sample
sizes used in this study, or because this study observes interspecies allometry. Ouragsutialbr
consistent with a previous study on allometry betweanandHomo (Tsegai et al., 2017). Certain
trabecular variables of the MT1 show similar scaling patterns as the talus, but others are more
consistent with the distal tibia. Overall, these results suggest that scalingspecies as a result of
individual size variation and sexual dimorphism do not play an important role in trabecularstruct
and that different elements throughout the skeleton may show variable allometric scaling. patterns

4.2. Trabecular distributioim extant taxa
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Within the extant sample, the trabecular parameters that most effectively separate each
locomotor mode are relative BV/TV and absolute DA. Trabecular bone acts as structural support
during joint loading, meaning higher BV/TV should be located in the area of the epiphysis where the
joint incurs high compressive loading (Rubin et al., 2002; Barak et al., 2011). A higher distritbution o
trabecular bone in the plantar region offers support for loading during plantarflexion, and a higher
distribution in the dorsal region offers support for loading during dorsiflexion.ifiddypothesis is
that modern humans show higher BV/TV within the dorsal aspect of the epiphyses. This is supported
here based on significantly higher BV/TV raitiothe MT1 of modern humans than all other extant
taxa, which corresponds to its higher range of dorsal excursion, and to the position in which the MTP
joint incurs maximum loading (Rodgers, 1995; Donahue and Sharkey, 1999; Vereecke et al., 2003;
D’Aoft et al., 2004). Furthermore, the tarsometatarsal joint, which is more limited in mobility than
the MTP joint, is stable and experiences movement along a single plane (Morton, 1924; $usman a
Brain, 1988; Proctor et al. 2008; Gill et al. 2015). Therefore, it exhibits a tightly amrestrpattern
within the base of the MT1.

Within the head, non-human apes show a plantar distribution of trabecular bone associated
with high compressive loading during plantarflexion. This corresponds to studies of plargaregres
distribution inPan troglodyte$§Wunderlich and Ischinger, 2017), which show that the MTP joint
incurs peak plantar pressure during vertical climbing, when it is plantarflexed. Plantarguozga
on Pongoduring suspensory locomotion is entirely absent, making inferences about loading at its
MTP joint speculative. However, results from this study suggest that it was nonetheless loaded higher
in plantarflexion than dorsiflexion. Although tRengohallux is less capable of force gripping
compared t@Gorilla andPan its actual use during suspensory locomotion may not be as liasited
previously thought. Commonly held ideas emphasizeRbagoshow reduced hallucal recruitment
during suspensory locomotigMorton, 1924; Midlo, 1934; Tuttle and Rogers, 1966; Tuttle, 1969
Marchi, 2010), however, there is evidence that its true use is somewhat underreporteg icall,

2012).

The great apes, which have a more mobile tarsometatarsal joint, show evenly distributed

BV/TV within the entire base. This could be reflective of the variable ways in whichtthesmad
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582  the forefoot, resulting in a generalized trabecular structure adapted for a wide range of motion and
583 loading. Despite similar BV/TV ratios, color maps show differences in the distributioabaticular

584  bone within the base #fongq Gorilla, andPan.As mentioned earlier, trabecular bone within the

585  Pongobase shows a higher distribution near the edges of the articular surface, @weikasnd

586  Panshow a relatively higér distribution throughout the entire epiphysis. This could be related to

587 locomotor differences between the taRangoemploys a hook-like grip during suspension without

588  applying significant force on its hallux, contraryRranandGorilla, whichboth use the hallux more

589 forcefully (Sarmiento, 1994; Remis, 1995; Oishi et al., 20IBglow compressive and tensile forces

590 experienced by theongoMT1 base might explain why the trabecular bone does not extend as far

591 into the centre of the epiphysis. This could mean that BV/TV ratio is better aediffeing broad

592  locomotor patterns (i.e., between bipedalism and vertical climbing), whereas BV/TV color enaps m
593  better capture subtle differences in joint positioning and loading between types tfiaérres

594  quadrupedalism or arboreal locomotion.

595 Griffin et al. (2010b) analyzed the trabecular structure within the MT1 heRdrafq

596  Gorilla, Pan andHomo. By placing three VOlIs in the epiphyses, they found that all taxa showed

597  higher BV/TV in the dorsal region of the head. Based on these results, they concluded that BV/TV
598  was not useful in differentiating habitual joint positioning. Results from thifystontradict these

599  results. Though BV/TV ratio is not useful in differentiating locomotion between non-hyseania

600 separates bipedalism from all other forms of locomotion. The reason for these conflictitsg resul

601  could be methodological. Although overall, non-human apes show higher BV/TV in the plantar region
602  of the head, there is variation in where within the epiphysis BV/TV is highest. Some specimens show
603  higher trabecular distribution near the subchondral bone, and others show higher distribution deeper
604  within the epiphysis (and our results indicate that concentrations are not always idlthe afithe

605 joint). Thus, VOIs restricted to only a portion of the epiphysis capture only a subset of the variation
606 compared to a whole-epiphysis approach.

607 It is also worth noting that BV/TV ratio is likely better at differentiating betwieead

608 locomotor modes because absolute BV/TV does not necessarily reflect the magnitude of load applied
609  to an element. Modern humans show systematically lower BV/TV than all other taxa, despite their
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medial forefoot experiencing higher loading during push-off than non-human apes (Vereegke et al
2003). Lower overall BV/TV has been previously observed in other studies of cortical and trabecular
bone in modern humans (Lieberman, 1996irchir et al., 2015Saers et al., 2016; Tsegai et al.,

2017) and has been suggested to be linked to higher sedentism in relation to early hominins and recent
hunter-gatherers. Because the sample represented in this study is of likely shod and sedentary modern
humans, it is also worth noting that the low overall BV/TV values seen here may not reflec¢iréhe en
range of human variation (Shaw and Stock, 200920b3;Ryan and Shaw, 2015aers et al., 2016).

For this reason, in this study, BV/TV is mainly relevant when its relative distbistanalyzed.

Further studies including shod and unshod populations, as well as hunter-gatherers may contribute to
our understanding of overall BV/TV within modern humans.

The second hypothesis is that modern humans show higher DA within the MT1 than all non-
human apes, and that this is most apparent in the dorsal regions. This is partially supported; modern
humans show overall higher DA th@wrilla andP ongothroughout both epiphyses, but they do not
differ significantly fromPanin the base. Nevertheless, higher overall DA within modern humans
corresponds with the hypothesis that a more uniaxial range of movement will result in stergptypica
oriented trabeculae. Similar to Griffin et al. (2010b), we found that all taxa show Bighdorsally,
suggesting that non-biomechanic factors may influence this trabecular variable. As such, cauti
should be applied when inferring locomotor behavior based on DA alone. Within non-human apes,

DA values overlap, meaning the modes of locomotion employed by these taxa cannot be as clearly
differentiated using DA. For example, given the fact tatilla is considered the most terrestrial

taxon, it is noteworthy that it is most similar in DARongq the most arboreal taxon. This may also

be explained by different factorGporilla may simply load its hallux in variable positions, or the

individuals in this sample may have been relatively arboreal. There is evidence that loedéerh

gorillas display considerable arboreal behavior, with females spending more time on terminal
branches at frequencies similaltan(Remis, 1995, 1999). Because the gorillas in this study are all
western lowland, there is the possibility that they were also relatively arbdlaakately, there may

be substantial overlap in degree of arboreality between non-human apes, making DA f&iity wea
differentiating their locomotor modes. These results simply demonstrate that modern humans have the
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least variable MT1 positioning. In order to associate DA with a specific mode of locomotiaay; it
be more informative to look at directionality of trabeculae as opposed to overall DA @tiDADA
is a measure of how similarly aligned trabeculae are in relation to each other, but qwesidet
information on which axis the trabeculae are aligned in. Because trabeculae orient thenmsgves a
the principal axis of movement, the actual direction in which they are aligned might be more
informative in reconstructing movement in a joint (Biewener et al., 199% Byd Ketcham, 2002;
Pontzer et al., 2006; Saparin et al., 2011). Future analyses could map, in the same manner as absolute
values of trabecular variables, regional differences in primary trabecular orientatiogttout the
epiphysis.

Similarities in trabecular patterning between non-human apes are emphasized when plotting
DA against BV/TV. The head shows considerable overlap in vatumdlla overlaps withP ongoand
Panin both variablesCombined, modern humans do not show overlap in DA and BV/TV with the
other taxa, but their values are close. This could be due to the fact that the range oantlbb&dviT1
head is limited to flexion and extension, meaning all taxa show a similar range of movemebAhere
in the base distinguishes taxa better; this could be because the TMT joint mayeHetter r
differences in hallucal positioning. The problem with this explanation is that modern humasrand
show similar DA in base, despite known differences in joint loading and positioning at theol¥IT |
Perhap$ anloads this joint along a relatively constrained aaithough further observational and
biomechanical analyses would have to be performed to test this. It is also worth noting that non-
human apes show overall higher DA in the base than the head, whereas modern humans show similar
values in both epiphyses. This could be reflective of the fact that the former load theirgbamam
distal MT1 joints in variable positions, contrary to relatively constrained modern human MT1.

Despite broad similarities in BV/TV and DA between non-human apes, differences can be
observed between them when comparing other trabecular parameters (Tb.Th., Tb.SpGahlN.).
displays relatively few, thick, and widely spaced trabeculae, whBm@agois characterized by
relatively more, thinner, and closely spaced trabec&laashows values intermediate between
PongoandGorilla. Of the non-human apes, the overall pattefddngois most similar to modern
humans, which have the thinnest trabeculae, but are similar in number and spacing. However, these
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differences in trabecular properties among species may not be significantly different andraplall sa
sizes may not reflect overall patterns within species; furthermore, the functigtiabiton of these
differences, if any, is unknown.

4.3. SKX5017 and SK 1813

The original descriptions of SKX 5017 and SK 1813 (Susman and Brain, 1988; Susman and
de Ruiter, 2004) suggest that both have a combination of primitive and derived features, and that
based on multivariate analyses of various linear measurements, both were most similar to modern
humans. Additional multivariate analysis has suggested a unique mode of locomotion in both
specimens characterized by relatively facultative bipedalism (Zipfel and Kidd, 2006)rdReseshe
proximal articular surface of both specimens has differentiated them from modern humans (Proctor et
al., 2010) and from one another (Vernon, 2013). Proctor et al. (2010) measured the curvature of the
surface using 3D geometric morphometric analysis, and found that SK 1813 did not group with
modern humans but showed affinitiesSKX 5017. Based on an ‘ape-like” curvature, both were
interpreted as belonging RaranthropusAnother analysis groups SKX 5017 wilanand western
gorillas in terms of mediolateral articular surface curvature, and SK 1813 with modern humans and
Papio(Vernon, 2013)Based on these conflicting results, it is difficult to determine how ‘human-like’
or ‘ape-like’ the proximal articular surface is, and even less so the locomotor behavior associated with
this shape.

The third hypothesis is that the two fossiill show similar trabecular distribution to modern
humans, but that the base of SKX 5017 will show lower DA than in modern humans due to its
relatively concave proximal articular facet. This is partially supported: based on its BatfoyYSKX
5017 shows a similar trabecular distribution to modern humans in the head, but its basealisplays
more even dorso-plantar trabecular distribution. As predicted, DA within the base of SK¥} 5017
lower than in modern humans. Similar to modern humans and SKX 5017, the SK 1813 head shows a
BV/TV ratio over one, indicating a dorsal distribution of trabecular bone. However, the ratio is
significantly lower than in modern humans; in fact, it falls outside the range of alvitiota the
comparative sample. Based on the color maps, SKX 5017 shows evidence of an MTP joint that was
loaded in hyper-dorsiflexion. The external morphology of the head, specifically its saseor
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aspect in relation to the dorsum of the shaft, indicates it was capable of a wide range ofidaraiflex

the MTP joint (Susman and Brain, 1988). However, because of its dorsal mediolaterally narrow
width, previous analyses have not reached a consensus on how the joint was loaded. It has been
suggested that this combination of features prevented close-packing in dorsiflexion at tjuer¥ TP

and resulted in instability during bipedal locomotion (Susman and Brain, 1988; Susman and de Ruiter,
2004). Though bootstrap analysis places SKX 5017 BV/TV ratio well within the range of modern
humans, the color maps suggest the element was not loaded in the same way. SKX 5017 shows a
hyper-dorsal distribution of bone not seen in modern humans. Because this is not seen in any of the
comparative taxa, it cannot be linked with confidence to a specific type of locomotion. This may fit i
with previous suggestions that the joint was less stable during dorsiflexion: becausat e jobt
close-pack in dorsiflexion it hyper-extended, resulting in a more dorsal trabecular d@striliviben

taking into account other trabecular parameters (i.e., DA), it could imply a form of locomotion not
seen in modern taxa. For example, this concentration of trabecular bone could be caused by habitual
hyper-dorsiflexion at the MTP joint from foot placement that is directly againstiealesubstrate.

This has been noted to occur in arboreal contexts in modern human populations that collect resources
from trees and is directly associated with extreme dorsiflexion of the ankle and forefrbe(ial.,

2014). Research on midfoot flexibility in modern humans has also shown that lateral midfaot plant
pressure is strongly correlated to the magnitude of midfoot flexion, and that individuals with higher
lateral midfoot plantar pressure tend to have increased dorsiflexion at the hallucaliMTBates et

al., 2013; DeSilva and Gill, 2013; DeSilva et al., 2015). How the trabecular bone in the MT1 of such
individuals is structured is not known. However, this suggests that hyper-dorsiflexion atfhe MT

joint of SKX 5017 could be the result of a fairly mobile midfoot lacking a human-like arch.

The trabecular structure of the base of the SKX 5017 MT1 combined with its external
morphology emphasize a different loading pattern from modern humans. Susman and Brain (1988)
described the hallux as adducted based on their description of the base as relatively flat and
superoinferiorly orientated. However, geometric morphometric analyses have shown thas it share
morphological affinities t@&orilla, including a relatively oblique curvature and a concave surface,
albeit to a lesser extent (Proctor et al., 2008) ndlily, because we don’t have a complete P.
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robustusfoot, it is difficult to tell with certainty whether it was abducent or adducted. However

results here show that the base does not adhere to a completely modern human-like trabecular
structure. Though SKX 5017 has a higher ratio of trabecular bone within the dorsal aspeist, there
relatively more trabecular bone within the plantar region than is observed in modern humans. As a
result, the BV/TV ratio within the base of SKX 5017 is lower than in modern humans, but higher than
is observed in all other non-human apes. The higher BV/TV ratio in the head suggestsndnt

was loaded in dorsiflexion. However, the relatively lower ratio in the base suggests it causidilhav
been loaded in plantarflexion. Combined with the fact that the proximal articular surface issconcav
compared to modern humans, this could be reflective of a TMT joint that has retained addptations
grasping. DA within the base also suggests the TMT joint was more mobile than in modern humans: i
is within the range oGorilla, Pan andPongq and like these taxa, is higher within the base than the
head. This implies that the two epiphyses were capable of differential movement, antikbdh un
modern humans, the element was not tightly constrained at both joints.

Additional trabecular parameters emphasize the unique nature of its trabecular structure.
Though its trabecular thickness is within the range of modern great apes, SKX 5017 shows a structure
in the head characterized by a high number of closely spaced trabeculae, which is seen in the head of
modern human MT1s. Trabecular parameters within the base fall within the range of modern non-
human apes. The functional implication of this is not certain, but it emphasizes the uniquéarabec
structure of SKX 5017: it is more ‘human-like’ in the head, and more ‘ape-like’ in the base.

It is worth noting that there is a prominent osteophyte on the dorsal aspect of the shaft,
proximal to the articular surface of the head. This could be the result of a traumagicugtained in
life, or a condition called hallux rigidus, which produces exostoses on the head of the first metatarsal
(Susman and Brain, 1988). However, this condition is accompanied with flexed interphalangeal joints,
which conflicts with the distribution of trabecular lein the metatarsal head that indicates a
dorsiflexed rather than plantarflexed MTP joint.

Similar to modern humans and SKX 5017, SK 1813 shows a more dorsal trabecular
distribution in the head, which is reflective of a joint that was habitually load#atsiflexion. It has
been described by Susman and de Ruiter (2004) as similar in morphology and function to SKX 5017
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both metatarsals have a short, strait shaft, and medio-laterally narrow dorsal aspect of the head.
However, the trabecular structure reveals considerable differences between the two sp8&mens
1813 displays BV/TV that is absolutely lower than SKX 5017, within the ranBemndq Gorilla,

andPan and a lower DA, closer to the rangeRafngo.The distribution of trabecular bone, though

more dorsal than plantar, falls equally between the ranges of non-human apes and modern humans,
meaning it does not conform to any modern pattern. It is difficult to interpret joint positioin8ig

1813 accurately because only the head was analyzed, and because it is a subadult. Though modern
humans retain a relatively consistent locomotor mode throughout ontogeny (Sutherland et al., 1980;
Beck et al., 1981; Raichlen et al., 20bbt see Zeininger et al., 2018), juvenile and subadult gorillas,
chimpanzees, and bonobos display much more arboreal behavior than adults (Doran, 1997;
Sarringhaus et al., 2014). Trabecular structure is known to change throughout ontogeny (Ryan and
Krovitz, 2006;Gosman and Ketcham, 20@Raichlen et al., 2015; Saers, 2017) especially in regards

to DA (Gosman and Ketcham, 2009; Abel and Macho, 2011). Because its taxonomic affiliation and
life history are uncertain, it is not known whether its locomotor repertoire was as variahlghthut
ontogeny as modern apes, or as constrained as modern hitnmpessible that this hominin would

have loaded its hallux in variable positions based on its lower BV/TV ratio than niadeams, and

that it experienced multiaxial loading based on its low DA.

Additionally, SK 1813 displays the absolute highest trabecular number and the lowest
trabecular spacing, which is a pattern seen in modern humans and SKX 5017. The taxonomic
affiliations of both specimens are currently uncertain; analyses of the external moydteleg
provided contradictory opinions (Susman and Brain, 1988; Susman and de Ruiter, 2004; Proctor et al.,
2010; Vernon, 2013). Here, we have shown that the BV/TV ratios between the two fossils are
considerably different, implying different types of MTP joint loading. However thérarabecular
parameters represent a normal range of variation when compared to the intraspecies variation in other
living taxa. Based on these results, we can only suggest that these bamounired different joint
loading during locomotion.

4.4. Interpretation dParanthropucomotion
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Debates about australopith ahdranthroputocomotion have emphasized different types of
locomotion based on conflicting morphological evidence that shows derived features adapted for
bipedalism, and primitive features indicative of climbing and pedal grasping (Stern and Susman,
1983; Susman et al., 1984; Susman and Brain, 1988; Grine and Susman, 1991; Susman and de Ruiter,
2004). Research dn. robustusocomotion is fairly limited because postcranial fossils are scarce and
often not securely attributed to the taxon. Its postcranial morphology is described as gragile and
small stature (McHenry, 1991), and its locomotion has been described as bipedal with a ‘less
efficient’ gait compared to modern humans (Napier, 1964; Robinson).18d@&itionally, its radial
morphology has been suggested to indicate retained arboreal abilities (Grine and Susman, 1991).
Recently, the locomotor behavior .dfoiseihas been characterized by combined terrestrial
bipedalism and occasional arboreality based on scapular, radial, humeral, femoral, and tibial
morphology (Dominguez-Rodrigo et al., 2013; Green et al., RflIBaranthropusepresents a
monophyletic group, it is possible tHat robustusvould have had similar postcranial morphology to
P. boisei However, the efficacy of using postcranial elements in determining phylogenetic association
is uncertain; additionally, despite potentially monophyletic status, postcranial morphologgbetw
the two species could vary based on differing ecological niches.

Recently, research dh robustupedal elements (TM 151Hps supported the idea of an
overall bipedally adapted foot. Trabecular structure in the talus has been shown to displaydincrease
DA in parts of the element associated with a medial weight shift during the stance phase, and by
extension a human-like bipedal gait (Su and Carlson, 2017). Nonetheless, interpretations are still
uncertain: higher BV/TV in the lateral region was suggested to indicate a dé{aesa loading
intermediate in magnitude between modern human and anthropoid tali. However, diaphyseal cross-
sectional properties @ MT5 from Swartkrans (SKX 33380) suggest human-like loading in the
lateral column of the foot (Dowdeswell et al., 2017). Although, as with other Swartkrans pastcrani
elements, it should be noted that this MT5 is not linkdel. tibustusvith absolute certainty.
Cumulatively, analyses &faranthroputocomotion based on trabecular structure and external
morphology show features that suggest habitual bipedalism, with an indication that the overall
structure of the foot was more mobile, allowing for multiaxial movement at the MTP and TiMg joi
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(Napier, 1964; Robinson, 1972; Susman and Brain, 1988; Susman and de Ruiter, 2004; Dominguez-
Rodrigo et al., 2013; Dowdeswell et al., 2017; Su and Carlson, 2017).

Based on patterns of BV/TV and DA within the metatarsal, there is evidence that the
Paranthropu$oot (associated with SKX 5017) possessed a habitually dorsiflexing MTP joint that
was capable of a relatively multiaxial range of movement. The taxonomic status of SKX 5017 is
reasonably-well established, as the layer in which it was found (Member 1) is represented by more
than 95% P aranthropusemains (Susman and Brain, 1988)e do not know exactly how its external
morphology compares to eatjomo MT1s, meaning we cannot rule out the possibility that this
element belongs to ealyomo. Susman and Brain (1988) have emphasized its morphological
similarities with OH 8, and others have noted that the SKX 5017 base is more sirilafdoensis
(A.L. 333-54), suggesting it belongs to a different taxon than efniyo (Proctor, 2008; Vernon,

2013). However, either possibility is uncertain since we do not know the definite taxonomic status of
OH 8 (DeSilva et al., 2010). Therefore, these interpretations can only be aplieshbustusvith
reasonable certaintit.is not certain whether SK 1813 represéntsobustusas well, but the
trabecular structuref the two fossil specimens is different in BV/TV ratio and DA, indicating
different habitual joint loading. However, we refrain from making taxonomic atibsito SK 1813
based on trabecular structure alone. If the trabecular pattern preserved here retseskiits i
structure, it could indicate two different species (obustugndHomosp.), but enough is not known
aboutParanthropusnd earlyHomo postcranial variability to make that claim. Furthermore, if the
trabecular structure seen in SK 1813 reflects a subadult mode of locomotion thaffidiffeadult
locomotion, it may very well represent the same species as SKX 5017 at an earlier ontetpgeetic
5. Conclusions

Studies of trabecular bone structure have provided mixed results in its utility imigfeabitual
joint positioning (Ryan and Ketcham, 2002; Fajardo et al., 2007; DeSilva and Devlin, 2012).
However, it is possible that elements in closer contact to the substrate may be more reflective of
locomotor behavior because they directly absorb compressive loads associated with ground reaction
forces (Maga et al., 2006; Kivell, 2018he MT1 shows particular promise because it is a relatively
simple element with adjacent joints that show a consistent range of motion. Resultsgrsiudy
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strengthen its application in inferring fossil hominin locomotion by providing evidenceghat it
trabecular structure can be linked to habitual joint positioning and loading of theoforéthin an

extant ape sample. The most apparent differences are seen between modern humans and all other non-
human apes, indicating that the relatively constrained and stable structure of the human foat results i
specific trabecular pattemgy. BV/TV reflects the position in which the joint experiences the highest
load, and DA reflects its range of motion. Though these parameters do not statistically @itéerent
variation in non-human ape locomotion, obligate bipedalism presents clear signals. Human bipedal
locomotion is reflected in the dorsally distributed and anisotropic trabecular bone struthare i

MT1, while the more arboreally adapted non-human MT1 exhibits more plantarly distributed, and
relatively less anisotropic trabecular bone. This study also highlights the importarateectilar

bone analysis in the context of paleoanthropology. The two fossil specimens, which have been
described as highly similar in external morphology, present different trabecularthanerss that

would imply variable modes of locomotion. We find that the MTP joint was loadedetfitfe in the

two specimens: one in hyper-dorsiflexion, and the other in a manner intermediate between modern
humans and non-human apes. Whether this is due to ontogenetic or phylogenetic factors is unknown.
Ultimately, we show that trabecular bone structure can be associated with known modes of
locomotion in modern taxa, and that it can be informative in in reconstructions of fossil hominin

behavior.
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Figures and tables

Table 1. Study sample composition

Taxon Side Sex Locomotor mode

(RIL) (M/F/?)
Pongo pygmaeus 6 (3/3) 1/4/1 Suspensory (torso-orthogrady)
Gorilla gorilla 10 (6/4)  5/5/0 Arboreal/ terrestrial knuckle-walke
Pan troglodytes 10 (5/5) 6/4/0 Arboreal/ terrestrial knuckle-walke
Homo sapiens 11(9/2) 6/5/0 Bipedal
Paranthropus robustus (?) (0/1) Bipedal/arboreal (?)
SKX 5017
SK 1813 (Hominin indet.) (2/0) Bipedal/arboreal (?)
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1377  Table2. Resultsfrom reduced major axisregression analysis. Displayed are all trabecular

1378  paramatersanalyzed and their relationship to size. Included are bone volumefraction (BV/TV),
1379  trabecular thickness(Th. Th.), trabecular spacing (Tb. Sp.), trabecular number (Th. N.), and
1380  degreeof anisotropy (DA). CL- and CL+ represent confidence limitsfor 95% intervals, and
1381  resultsindicate positive ver sus negative size-related corréation. (*) Asterisks denotethat the
1382  isometric dopeiscontained within the CLs, and isometric scaling cannot be rej ected.

1383
variable Isometric slope CL- CL+ y-int R? p-value result
slope value
Pongo
BVITV 0 1.94 0.66 5.69 -6.61 0.13 0.48 +
Th.Th 1 1.27 0.44 3.62 -4.97 0.18 0.39 +
Th.Sp 1 -1.28 -3.81 -0.43 3.14 0.09 0.56 -
Tb.N 0 0.54 0.18 1.68 -1.39 0.01 0.88 +
DA 0 1.40 0.45 4.31 -5.28 0.01 0.84 +
Gorilla
BVITV 0 0.89 0.43 181 -3.96 0.09 0.40 +
Tb.Th 1 1.18 0.70 1.98 -5.05 0.56 0.01 +*
Th.Sp 1 1.43 0.69 2.98 -4.89 0.03 0.62 +*
Tb.N 0 -0.99 -1.91 -0.51 3.17 0.24 0.16 -
DA 0 1.15 0.63 2.11 -4.89 0.37 0.06 +
Pan
BVITV 0 -1.42 -2.90 -0.69 3.35 0.08 0.42 -
Th.Th 1 1.87 0.92 3.79 -7.13 0.12 0.33 +*
Th.Sp 1 3.21 1.90 541 -10.39 0.55 0.01 +
Th.N 0 -2.10 -3.74 -1.18 6.66 0.44 0.04 -
DA 0 1.25 0.59 2.63 -4.90 <0.01 0.94 +
Homo
BV/TV 0 2.74 1.37 5.49 -10.42 <0.01 0.82 +
Th.Th 1 1.41 0.72 2.75 -6.17 0.08 0.39 +*
Tb.Sp 1 2.56 1.28 5.13 -8.92 <0.01 0.85 +
Th.N 0 -1.84 -3.67 -0.92 6.23 0.01 0.78 -
DA 0 1.26 0.65 241 -5.07 0.14 0.26 +
1384
1385

52



1386

1387

1388

Table 3. Summary statisticsfor all analyzed parameters and taxa.

Pongo pygmaeus Gorilla Pan troglodytes SKX SK 1813 Homo sapiens
gorilla 5017

BV/TV

Head  Mean 0.32£0.07 0.35+0.05 0.38£0.02 0.41 0.36 0.29 £ 0.04
Range 0.19-0.23 0.28-0.421 0.29-0.44 0.23-0.34
CcVv 22.70 13.10 13.40 15.50

Base Mean 0.32 £0.09 0.33+0.02 0.35+0.03 0.38 0.24 £0.05
Range 0.252- 0.47 0.28-0.37 0.31-0.40 0.16 - 0.33
Ccv 26.80 7.00 7.80 30.00
DA

Head  Mean 0.24 £0.03 0.30+£0.04 0.33+0.04 0.27 0.20 0.40 £0.04
Range 0.19-0.28 0.25-0.35 0.27-0.39 0.33-0.46
CcVv 13.10 12.80 12.60 9.00

Base Mean 0.28 0.33+0.04 0.37 £0.02 0.37 0.40+0.04
Range 0.19-0.34 0.25-0.40 0.35-0.41 0.34-0.45
CcVv 18.50 13.00 5.30 8.90
Trabecular
thickness (mm)

Head  Mean 0.26 £0.04 0.31+0.04 0.29+0.04 0.30 0.26 0.24 +0.02
Range 0.20-0.31 0.26 - 0.37 0.22-0.34 0.20-0.29
Ccv 16.90 12.00 14.00 10.50

Base Mean 0.24 £0.04 0.28 £0.04 0.23+£0.02 0.25 0.20+0.02
Range 0.21-0.31 0.22-0.34 0.19-0.26 0.17-0.24
CcVv 14.60 14.00 10.10 9.80
Trabecular number
(mm)

Head  Mean 1.08 £0.07 0.88+0.12 1.05+0.20 1.15 1.32 1.13+0.13
Range 1.02-1.21 0.72-1.03 0.80-1.44 0.97-1.39
Ccv 6.30 14.00 19.70 11.40

Base Mean 1.21+0.09 1.11+0.11 1.39+0.12 1.32 1.24+0.17
Range 111-1.34 0.99-134 1.23-1.58 0.91-151
CcVv 7.60 9.70 8.90 13.60
Trabecular spacing
(mm)

Head  Mean 0.70+£0.11 0.91+0.20 0.75+0.21 0.57 0.50 0.66 +£0.10
Range 0.53 0.69-1.19 0.48-1.12 0.49-0.82
Ccv 15.80 22.00 28.10 14.90

Base Mean 0.58 £0.09 0.63 £0.05 0.49 £0.05 0.50 0.63+0.14
Range 0.45 - 0.66 0.53-0.71 0.43-0.57 0.48-0.93
CcVv 15.00 8.20 9.40 21.80
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1389  Table 4. Resultsfrom Kruskal-Wallis post hoc testsin interspecies BV/TV and DA ratio. Values
1390 abovegrey boxesrepresent the head and values below grey boxesrepresent the base.

1391

Pongo Gorilla Pan Homo

BVITV
Pongo 0.029 0.560 <0.001
Gorilla 1.000 1.000 <0.001
Pan 1.000 1.000 <0.001
Homo <0.001 <0.001 <0.001
DA
Pongo 1.000 1.000 1.000
Gorilla 0.045 1.000 1.000
Pan 0.252 1.000 0.690
Homo 1.000 0.214 1.000
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1406  Tableb. Kruskal-Wallis post hoc test of inter species absolute DA values. Values above grey
1407  diagonal boxesrepresent head, values below represent the base.

1408
Pongo Gorilla Pan Homo

Pongo 0.096 <0.01 <0.001
Gorilla 0.707 0.993 <0.001
Pan <0.01 <0.05 <0.01
Homo <0.01 <0.01 0.910

1409

1410

1411
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1412

1413  Figure 1. Masking procedure used to segment different components of bone. lllustrated here is a
1414  Gorilla first metatarsal that has undergone complete segmentation. From left to right: (a) segmented
1415 image; (b) outer mask; (c) inner mask; (d) cortical mask; (e) trabeculae only imddaskiSeg In;

1416  (g) MaskSeg Out; (h) MaskSeg (this is the mask which is used for trabecular quantification by

1417  medtool).
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1418

1419  Figure 2. Delineation of the epiphyses and the dorsal and plantar sections. (a) The head was

1420 delineated where the articular surface terminates on the plantar aspect of the bone. Prdxémally, t

1421  base was delineated based on a homologous curvature on the medial aspect of the shaft (indicated by
1422  the arrow). (b) Both the base and the head were separated into dorsal and plantar sectionsdoy dividi

1423  in half the maximum dorso-plantar width.
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1424

1425

1426

1427

1428

1429

1430

1431

Pongo sp. G. gorilla P.troglodytes SKX 5017 SK 1813 H. sapiens
(P. robustus)

proximal

dorsal
T
|
Y

plantar

medial «<— —> lateral

Figure 3. Representative specimens from each taxon. From top to bottom: BV/TV color maps of MT1
sagittal cross-section, segmetitimages, isosurfaces of external bone, and BV/TV color maps of
proximal articular surfaces. BV/TV color maps are scaled to individual specimen rangesatae

patterns of trabecular distribution as opposed to overall differences in BV/TV values. Ttiedis

rows are scaled to represent actual size differences between taxa. The color mapsuothn troew

are all scaled to the same size, and do not represent natural size. SKX 5017 base on bottom row is
mirrored to match the side of all other specimens.
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1432

1433  Figure 4. SKX 5017. Isosurfaces showing the external morphology of the element (a, b, c, g, i), and
1434  color maps of trabecular bone BV/TV (d, e, f, h, j). Images over the line show overall trabecular
1435  distribution throughout the whole bone in different positions, and images below the line display the

1436  dorso-plantar trabecular distribution in the epiphyses.
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1437

1438

1439

1440

1441

1442

1443

lateral plantar dorsal

proximal

;'" ! .
i) BPVNE
dorsal——— ——> plantar mediale 6 lateral

Figure 5. SK 1813. Isosurfaces showing the external morphology of the element (a, b, c, h). Images a,
b, and c display the damage to the shaft and proximal aspect of the bone. Below the line are various
visualizations of the metatarsal head. lllustrated are color maps of trabecular boive(8\e, f, i).

Notice the relatively dorsal position of high BV/TV, which is most clearly seen in tltéasagpss-

section (d). This is also noticeable when viewing the element on its plantar (e), dorsal (f),adnd dist
aspects (i). Also shown is the segmentation (g), and the original CT scan (j) of the head.
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1449
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Figure 6. Boxplot showing raw BV/TV values within each analyzed region and each taxon.

Significant differences in pairwise comparisons are denoted using asterisks [(*) = {%0.85;

p<0.005; (***) = p<0.001)]. Within the base none of the non-human apes show significant differences
between dorsal and plantar regions, whereas modern humans do. All taxa show significant differences

between the dorsal and plantar regions of the head.
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Pongo  Gorilla Pan Homo  SKX5017 SK 1813

Figure 7. Boxplot of BV/TV ratio within the base and head of each taxon. Ratio represents the relative
trabecular distribution; this is obtained by dividing dorsal values by plantar values aipdymglby
100. A ratio over one represents a more dorsal distribution and a ratio under one represents a more

plantar distribution. Red dotted line represents an equal dorso-plantar distributadvecfitar bone.
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Figure 8. Bootstrap plots showing the resampled and redistributed sample means of BV/TV ratio

within the base of each taxon. The red line represents the original BV/TV ratio of SKX18017. |

Mean BV/TV ratio (base)

position in the histograms represents the likelihood that the mean BV/TV ratio of thbdosisins

will fall within the range seen in modern taxa. In all cases, the red line falls outsidageecof

modern taxa.
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Figure 9. Bootstrap plots showing the sample means of BV/TV ratio within the head of each taxon.
Pink bars represent the modern samples resampled and redistributed with SKX 5017; blue bars
represent modern samples resampled and redistributed with SK 1813; purple bars repreapnt overl
between the two samples. The red line represents the original BV/TV ratio of SKX 5017 amtkhe bl
line represents the original BV/TV ratio of SK1813. The BV/TV ratio of SK 1813 faliside the

range of all taxa, with the exception®bngo The BV/TV ratio of SKX 5017 falls within the range

of modern humans.
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Figure 10. Boxplot showing raw DA values within each analysed region and each taxon.aignific
differences in pairwise comparisons are denoted using asterisks (*) = p<0.05; (**) = p<0.005; (***) =
p<0.001). All taxa display significantly higher DA in the dorsal regions of the elemenalDver

modern humans show the absolute highest DA, and SK 1813 shows the lowest.
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1475  Figure 11. Scatterplot showing DA and absolute BV/TV values for the heads of all taxa.dbdrsal

1476  plantar regions have been combined to illustrate patterns in the entire epiphysis.
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Figure 12. Scatterplot showing DA and absolute BV/TV values for the bases of all taxa. Dorsal and

plantar regions have been combined to illustrate patterns in the entire epiphysis.
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