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Figure 1. lllustration of the 16 landmarks (black spheres) and 144 semi-landmarks (red spheres) used to quantify

MC1’s body morphology.

3 Results

3.1 Principal component analysis

The PCA performed using the shape variables returned 102 PCs. The first 22 PCs
accounted for ~ 90% of the total variance of the sample, hence offering a reasonable
estimate of the total amount of MC1’s shape variation, which were then used in the
LDA and pairwise PERMANOVA tests. The first three PCs in the PCA account for ~
57% of the total variance and display a relatively clear separation between the extant
African ape genera (Fig. 2a). PC1 explains 40.8 %, PC2 10.44% and PC3 5.43% of

total variance, respectively (Fig. 1a-d).

Violin plots of PC1 (Fig. 2b) show a notable difference between gorillas and humans
vs. chimpanzees. Humans and gorillas exhibit the highest PC1 scores, representing a

wider distal articular surface, a larger proximal articular surface, a significantly more
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240  robust shaft. Chimpanzees show the lowest PC1 scores, representing a narrower
241  proximal articular surface, a smaller distal head, smaller radial and ulnar epicondyles
242 and a more gracile shaft. H. neanderthalensis falls within the human and gorilla
243  distributions and is distinct completely from the chimpanzees. H. naledi falls within the
244 human distribution, whilst A. sediba is characterized by a lower PC1 score and aligns
245 closer to the Pan distribution. None of the analyzed fossils fall within any of
246 interquartile ranges (IQR) (i.e., black bars in Fig. 1b-d) of any of the extant genera.
247

248  Violin plots of PC2 (Fig. 2c) shows distinct variation between the extant genera, with
249  amorphological continuum ranging from Gorilla (higher PC2 values), Pan (central PC2
250 values) and H. sapiens (lower PC2 scores). Interestingly, due to the presence of a
251  couple of outliers, the morphological variation in Gorilla encompasses the whole range
252  of observed morphological variation. The Gorilla sample has the highest PC2 scores,
253  representing an extended palmar lip, a more curved shaft and more rounded ends.
254  The modern human distribution shows the lowest PC2 scores, representing flatter
255  distal and proximal articular ends, as well as larger radial palmar condyles at the distal
256  end. The chimpanzee sample lies in between the gorilla and modern human samples
257  displaying an intermediate morphology. In a similar fashion as chimpanzees, the three
258 fossils are located at intermediate positions in PC2 distribution. H. neanderthalensis
259 and H. naledi display PC2 scores that are within the Pan IQR, whilst A. sediba has
260  lower values.

261

262 Violin plots of PC3 (Fig. 2d) show a similar distribution of PC scores for the three extant
263  genera. From a morphological perspective, higher scores are associated with more

264  robust morphologies displaying more marked muscular attachments (for the opponens
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pollicis, first dorsal interosseous and abductor pollicis longus muscles), while lower
values correspond to more gracile MC1s. H. naledi and A. sediba show values which
are within the Pan or H. sapiens distribution, but outside their IQR and at opposite
extremes of the axis. H. neanderthalensis lies outside the distribution of any of the
extant genera, probably due to its particularly robust morphology and associated

marked muscular insertion areas.

a) b) ‘
> H. neanderthalensis
] A
> A Chimpanzees

PC 2(10.44%)

A H.naledi
A. sediba

H. neanderthalensis !
A
A. sediba A
A 4 naledi
Chimpanzees

A
H. neanderthalensis Chimpanzees

PC1 (40.8%)

—0.15/ -0.10 -0.05 0.00 0.05

$

g .
&e
<

&

-0.04-0.020.00 0.02 0.04 0.06

PC2 (10.44%)

A
H. naledi

PC3 (5.43%)

A. sediba
A

<=

-0.04 -0.02 0.00 0.02 0.04 0.06

Figure 2. Principal component analysis of the shape data: the a) three main axes of morphological variation are
displayed (ellipses represent 95% confidence intervals, whilst fossils are shown as red tetrahedrons); Violin plots
of the PCs scores of the analyzed sample are shown for b) PC1, c) PC2 and d) PC3 (fossil values are displayed
as red triangles). The models closest to the mean shape was warped to match the multivariate mean using the thin
plate spline method. The obtained average model was then warped to represent the variation along the three

plotted PC axes (mag = 1).

3.2 Morphological disparity

12
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281 To compare the amounts of shape variation between the extant genera, we used
282  Procrustes variance as a way to assess intra-genus variation. The obtained results
283  show that three extant genera show a similar magnitude of disparity. Nevertheless,
284  gorillas exhibit a higher Procrustes variance as compared to modern humans and
285  chimpanzees (Table 1a). Gorillas are significantly different to modern humans, and
286  chimpanzees when comparing absolute variance differences, whilst modern human

287  do not significantly differ from chimpanzees (Table 1b).

288
Table 1. Morphological disparity results
a) Procrustes variance
Chimpanzees 0.004840776
Gorillas 0.006378662
Modern humans 0.004423507
b) Pairwise differences
Chimpanzees Gorillas Modern
humans
Chimpanzees 0.009 0.393
Gorillas 0.001537886 0.001
Modern humans 0.000417269  0.001955155
Above the diagonal: p-values (significant in bold); below the diagonal:
absolute differences.
289

290 3.3 Linear discriminant analysis
291  The LDA model using the first 22 PCs clearly distinguishes between the three extant

292  genera, displaying an outstanding performance with almost perfect classification
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293  results after cross-validation (Accuracy: 0.98; Cohen’s Kappa: 0.97; Figure 3). When
294  using the obtained discriminant function to classify the fossils into the extant categories
295 (as way of assessing morphological affinities) (Table 2), the three of them were
296  robustly classified into the Homo category (all posterior probabilities were extremely
297 close to 1), hence indicating that, in spite of their differences, their morphology is closer
298 to that of modern humans. There were significant differences between all extant
299  genera when analyzing 22 PCs from the PCA carried out using the shape variables

300 (Table 3).

0.075

0.050

0.025

Species

Chimpanzees
Gorillas
Modern humans

PC2 (10.44%)

0.000

-0.025

-0.050

-0.1 0.0 0.1

301 PC1 (40.8%)

302 Figure 3. Decision boundary plot for the first 22 PCs the PCA carried out using the shape variables.
303  The two variables that contributed the most to each LDA models are displayed (i.e., PC1 and PC2).
304  The space is colored depending on what substrate preference the (LDA model predict that region
305 belongs to, whereas the lines between colored areas represent the decision boundaries. Color intensity
306 indicates the certainty of the prediction in a particular graph area (i.e., darker colors mean a higher
307 probability of belonging to a certain category). Symbols surrounded by a white rim correspond to

308 misclassified specimens for the plotted variables, whilst fossil are in red.

309
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Table 2. Prediction results for the fossil sample.

LDA model

Posterior probabilities

Modern
Species Chimpanzees Gorillas
humans
Australopithecus sediba | 0.09 0.00 0.91
Homo naledi 0.00 0.00 1.00
Homo neanderthalensis | 0.00 0.00 1.00
Table 3. Pairwise PERMANOVA results
F- Bonferroni-corrected p-value
model
Modern humans vs. gorillas 15.84 0.0003
Modern humans vs. chimpanzees 68.87 0.0003
Chimpanzees vs. gorillas 42.03 0.0003

4 Discussion

The first hypothesis was that the shape of the human MC1 would differ significantly
from that of Pan and Gorilla, due to the variation in their manipulative capabilities and
locomotive behaviors. Results from the analyses provide strong support for this
hypothesis, confirming that there is indeed significant morphological variation between
the extant great apes. Interestingly, we also found clear differences between
chimpanzees and gorillas, with gorillas closer (i.e., more similar) to humans than to
chimpanzees (PC1). The second hypothesis was that all fossil hominin species would
exhibit an MC1 morphology more similar to humans than other great apes. The results

also support this hypothesis. However, it is important to notice that even though the
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323  three fossils are more similar to the modern humans, they also display some distinct
324  features, different from those which would be typically expected in modern H. sapiens.
325

326 5.1 Humans and great apes MC1 shape

327  The 3DGM data indicate that modern human MC1 morphology is significantly different
328 from the rest of the extant hominids, therefore allowing us to accept the first
329  hypothesis. The human distal head is characterized by a flatter, larger distal articular
330 surface and larger radial and ulnar epicondyles. The proximal base of the human MC1
331 is also larger and flatter in both the radioulnar and dorsovolar aspects, with less
332 pronounced curvature than that seen in other hominid species. These are all
333 morphologies that are consistent with previous 3DGM analysis of the proximal (Marchi
334 et al, 2017) and distal (Galletta et al. 2019) surfaces of the human MC1. The shaft,
335 an area that has not previously been analyzed using 3DGM, is characterized by being
336  significantly more robust, with a greater curvature and a larger ridge on its lateral side,
337  corresponding to the insertion of the opponens pollicis muscle.

338

339 The flatter and larger distal articular surface in humans has been interpreted as an
340 adaptation that limits dorso-palmar motion whilst preventing radioulnar motion
341 (Barmakian, 1992), thereby stabilizing the MC1 and facilitating forceful power and
342  precision grasping. In apes that distal articular surface has a more pronounced
343  curvature, rendering the metacarpophalangeal joint (MCPJ) less stable and unable to
344  sustain high loads (Galletta et al., 2019). The pronounced radial and ulnar epicondyles
345 found at the distal head of the human MC1 (as described by PC1) serve a similar
346  purpose, reducing the range of motion and stabilizing the MCPJ. These epicondyles

347 act as anchor points for collateral ligaments, which insert at the base of the proximal
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348  phalanx. When the thumb is flexed these ligaments tighten and limit the radioulnar
349  motion of the proximal phalanx (Imaeda et al., 1992). Larger epicondyles are therefore
350 thought to act as stronger anchors by providing a greater area for the collateral
351 ligaments to attach to, helping stabilize the MCPJ during the high forces that are
352  experienced by the thumb during manipulation (Galletta et al., 2019). The proximal
353  articular surface in humans is also flatter (as described by PC2), but in contrast this is
354  correlated with a higher range of motion at the trapeziometacarpal joint (TMCJ), rather
355 than alower one (Marzke et al., 2010). It is this combination in humans of high mobility
356 at the TMCJ and low mobility at the MCPJ that facilitates a high level of manual
357  dexterity, whilst also allowing the thumb to sustain high loads during forceful tool use.
358  High mobility at the TMCJ plays a key role in the pad-to-pad opposition abilities of the
359  human hand, in which the thumb is able to rotate and touch the apical tip of each
360 phalanx. In many human manipulative activities like precision grips the thumb needs
361 to be highly abducted, which means that the load is radially shifted on the joint surface
362  (Lewis, 1977; Marchi et al., 2017). The observed larger radially extended proximal
363  surface is therefore important because, whilst it allows for a greater radial extension,
364 it also helps the joint resist high levels of radial displacement by providing a greater
365 surface area for the abducted MC1 (Hamrick, 1996).

366

367 We hypothesize that the morphological characteristics of the human MC1 shaft
368 presented here, such as a significantly more robust build, are likely adaptations that
369 further serve to facilitate forceful tool use. Indeed, a thicker MC1 shaft would be able
370  to better withstand the high levels of stress placed upon the thumb by sustained power
371 and precision grasping (Key & Dunmore, 2015; Marzke, Wullstein, & Viegas, 1992;

372  Rolian, Lieberman, & Zermeno, 2011). It has been also related to a greater
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373  development of the thenar musculature attaching into the shaft that is highly active
374  during hard hammer percussion and that would favor thumb opposition (Marzke, 2013;
375 Marzke, Toth, Schick, & Reece, 1998).

376

377  5.1Fossil hominin MC1 shape

378 The general scientific consensus in recent years is that H. neanderthalensis had a
379  hand morphology and manipulative capabilities that were very similar to those of
380 humans, challenging the previously held beliefs that H. neanderthalensis lacked the
381 derived adaptations for advanced and precise human-like tool use (Karakostis et al.,
382 2017, Karakostis, Hotz, Tourloukis, & Harvati, 2018; Niewoehner, 2001, 2006; Tocheri
383 et al., 2008; Trinkaus & Villemeur, 1991). The results align well with this consensus,
384  with the H. neanderthalensis specimen showing several similarities with the modern
385 humans. The described morphology is one of a flatter (PC2) and larger (PC1) distal
386 articular surface, bigger epicondyles at the distal head (PC1) and a flatter proximal
387 articular surface (PC2). However, H. neanderthalensis also differs in exhibiting a
388  particularly robust MC1 with strongly marked muscular insertions.

389

390 Previous analysis on the thumb morphology of Homo naledi fossils has indicated that
391 it has derived characteristics compatible with forceful precision grip and human-like
392 manipulative abilities (Berger et al., 2015; Kivell, 2015). Such characteristics include
393 a well-developed crest for the opponens pollicis insertion and flat distal/proximal
394  articular surfaces (Kivell et al., 2015; Galletta et al. 2019). The results generally agree
395  with these observations and conclusions, whilst also presenting some potentially new
396 insights. The morphology of the H. naledi sample had a human-like robustness of the

397  shaft (PC1), suggesting that the MC1 was adapted to sustain high loads, such as those
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398 experienced during forceful tool use. This suggests that H. naledi was potentially
399 capable of a degree of advanced manipulation, such as forceful precision and power
400 grasping. These findings are therefore consistent with previous functional
401 interpretations of H. naledi thumb morphology (Galletta et al. 2019). Whilst the
402  evidence suggests that H. naledi was almost certainly able to perform an certain
403  degree of advanced manipulation, and was likely a tool-user, it also suggests that it
404  had not yet showed the full repertoire of manipulative adaptations exhibited by humans
405 and H. neanderthalensis (Berger et al., 2015; Kivell et al., 2015; Galletta et al., 2019).
406

407  Previous analysis of A. sediba hand morphology has found that it possessed a number
408 of advanced Homo-like features, such as a longer thumb relative to shorter fingers,
409 that potentially indicate advanced manipulative capabilities, while retaining primitive
410 traits as a gracile MC1, similar to those of other australopithecines (Kivell et al., 2011).
411 Recent 3DGM studies that have analyzed the MC1 in particular have come to the
412  conclusion that if A. sediba was indeed utilizing tools, as some hand proportion and
413  trabecular evidence suggests (Kivell et al., 2011; Skinner et al., 2015), then it was
414  doing so in a way that differed from that of early Homo and modern humans (Marchi
415 etal., 2017; Galletta et al., 2019). This conclusion was reached due to aspects of their
416 MC1 morphology that were deemed inconsistent with the ability to employ forceful
417  precision grips, namely a gracile MC1 shaft, more curved proximal articular surface
418  and smaller radial and ulnar epicondyles. These morphologies suggest that the range
419  of motion would not have been great enough at the TMCJ to facilitate the necessary
420  abduction-adduction for thumb opposition and pad-pad precision grips. The results
421  agree with this consensus, with the A. sediba sample presenting a gracile shaft (PC1),

422  and smaller epicondyles at the distal head. These morphologies suggest that the A.
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423  sediba MC1 did not have the strength or stability to withstand the forces involved with
424  precision grips, nor the range of motion at the TMCJ to facilitate them. Overall the
425  results therefore align with previous research, in the sense that they present A. sediba
426 as having a patchwork of primitive and derived characteristics, a few of which are
427  indicators of an ability to use tools, but most of which suggest that this ability was
428 incipient and certainly not comparable to the forceful precision grip abilities of humans
429  and H. neanderthalensis.

430

431 6. Conclusion

432

433  The aim of this study was to quantify the 3D morphology of the first metacarpal in
434  extant African hominoids, in order to facilitate a more informed functional interpretation
435  of fossil hominin morphology. The results are in general agreement with previous
436  studies on the morphology of the MC1 in extant and extinct hominids and the
437  inferences made by them. This study found that the human MC1 is characterized by
438  adistinct suite of traits, not present to the same extent in non-human great apes, that
439  are consistent with an ability to use forceful precision and power grips; namely flatter
440  proximal and distal ends, larger epicondyles at the distal head and a more robust shaft.
441  This morphology was also found to align very closely with that of the H.
442  neanderthalensis sample, supporting all the evidence that indicates that Neanderthals
443  were functionally capable of utilizing tools in the same way as modern humans.
444  Analysis of the H. naledi specimen suggested that it had a number of human-like
445  adaptations consistent with an ability to employ advanced manipulation and was
446  therefore likely able to use stone tools in a similar way to humans. The A. sediba fossil

447  presented a number of derived MC1 features that indicate a degree of dexterity, but
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448  also several traits which were more similar to the African apes (i.e., probably primitive
449  traits). Overall the results obtained both aligned with and added to past functional
450 interpretations of hominin morphology, thereby reinforcing the validity of 3DGM as a
451 method of quantifying MC1 morphology and providing a deeper insight into the
452  function and structure of the thumb in both extant hominids and fossil hominins.

453
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