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Post-cranial differences between extant apes and humans include differences in the length, shape and size 
of bone elements relative to each other; i.e. differences in proportions. Foot proportions are influenced by 
the different functional requirements of climbing and bipedal locomotion. Phalangeal length is generally 
correlated with locomotor behaviour in primates and there is variation in hominins in relative phalangeal 
lengths – the functional and evolutionary significance of which is unclear and currently debated. 
Homo naledi has a largely modern rearfoot (i.e. tarsal skeleton) and midfoot (i.e. metatarsal skeleton). 
The proximal pedal phalanges of H. naledi are curved, but the relative lengths are unknown, because 
the phalanges cannot reliably be associated with metatarsals, or in many cases even with ray number. 
Here, we assess the lengths of the proximal pedal phalanges relative to the metatarsals in H. naledi with 
resampling from modern human and chimpanzee (Pan troglodytes) samples. We use a novel resampling 
method that employs two boundary conditions, assuming at one extreme that elements in the sample are 
associated, and at the other extreme that no elements are associated. The associated metatarsophalangeal 
proportions from digits 1 and 2 are within the 95% confidence interval of the modern human distribution. 
However, the associated and unassociated proportions from digits 3–5 fall above the 95% confidence 
interval of the human distribution, but below and outside of the chimpanzee distribution. While these 
results may indicate fossil preservation bias or other sample-derived statistical limitations, they potentially 
raise the intriguing possibility of unique medial versus lateral pedal column functional evolution in H. naledi. 
Additionally, the relevant associated proportions of H. naledi are compared to and are different from those 
of H. floresiensis. Both species suggest deep phylogenetic placement so the ancestral condition of the 
pedal phalanges in the genus Homo remains unclear.

Significance:
•	 Modern humans demonstrate straight and relatively short pedal phalanges, whereas H. naledi 

demonstrates curved phalanges of an unknown relative length. This research analyses the relative 
length of the proximal phalanges to the metatarsals to determine if H. naledi has relatively short 
phalanges similar to modern humans or is distinct from modern humans in both its phalangeal length 
and curvature.

•	 This analysis further develops a statistical resampling method that was previously applied to large fossil 
assemblages with little association between bones.

•	 A more comprehensive understanding of pedal morphology of H. naledi could provide insight into the 
ancestral pedal form of the genus Homo as the overall morphology of H. naledi appears to be deeply 
rooted in the genus.

Introduction
Evidence of hominin bipedality is obtained from multiple sources: hominin limb proportions from fragmentary post-
cranial fossil evidence1; basicranial position of foramen magnum2; preserved fossil partial foot skeletons3-6; and 
footprints preserved in volcanic ash or lakeshore sediment in eastern Africa at the Laetoli and Ileret sites7-9. Modern 
humans have a robust and long hallucal ray, aligned with the lateral digits, which is morphologically and functionally 
distinct from those in the living great apes. The lateral digits in humans are markedly short compared to those of 
living great apes, and the lateral toes are much shorter in humans relative to the lengths of the metatarsals.10-13 
These traits functionally support human bipedal walking and running, including the distinctive ‘toe-off’ phase of the 
gait cycle.14,15 Short toes eliminate some of the mechanical costs of walking16, while a stiff and elongated midfoot 
(i.e. metatarsal skeleton) is thought to promote the posterior-anterior transfer of weight through the foot’s medial 
column and from heel-strike to toe-off for a more efficient bipedal gait11.

In addition to digit length and midfoot stability, the relative lengths of the proximal pedal phalanges are potentially 
informative for assessing bipedal gait efficiency. We focused on proximal phalanges because they are more readily 
identifiable and are thus more numerous than intermediate or distal phalanges in fossil and comparative collections. 
In this study, we assess proximal phalangeal lengths relative to metatarsal lengths, or the metatarsophalangeal 
proportions, in the fossil sample of Homo naledi.

Although pedal traits can be inferred for several species of hominins based on partial feet or isolated foot 
bones, relatively complete hominin feet in the fossil record are rare. Consequently, the pedal proportions that are 
characterised by the relations of multiple foot bones, such as the direct proportions of the lengths of the metatarsals 
and phalanges, are unknown for most hominin species. In the later Pleistocene fossil record, the Neanderthals 
exhibit proximal phalangeal and metatarsal lengths that are largely indistinguishable from those of modern humans.17 
Like Neandertals and modern humans, Homo erectus also demonstrates clear post-cranial adaptations for obligate 
bipedalism, meaning a commitment to terrestrial bipedalism and loss of all unambiguously climbing adaptations.18 
The metatarsal ratios of H. erectus material from Dmanisi are human-like in their proportions to one another; 
however, the lengths of the pedal phalanges are unknown for this species.19 Evidence of H. erectus foot morphology 
has been largely obtained from the Ileret footprints in Kenya, which date to 1.5 million years ago (mya), and appear 
to have been produced by a more modern-appearing foot architecture than the more ancient Laetoli footprints.8 
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The Late Pleistocene Homo floresiensis is represented by a partial foot. 
This foot has curved phalanges that are longer relative to the metatarsals 
than the range presented by modern humans. Additionally, H. floresiensis 
is thought to have an elongated foot – partially because of its longer 
phalangeal length.5

Prior to the origin of Homo, the only hominin specimen that has preserved 
pedal phalanges in association with metatarsals is ARA-VP-6/500, the 
partial skeleton of Ardipithecus ramidus.20 Because of damage to the 
distal ends of the metatarsals of ARA-VP-6/500, researchers normalised 
the complete phalanges from ray 4 by body size and concluded that the 
phalangeal lengths were closer to a mean length for Gorilla. Long lateral 
digits in addition to the evidence of an opposable hallux led researchers 
to conclude that the species likely had an ability to grasp large branches 
and support itself arboreally.20 The preserved base of the third metatarsal 
suggests that Ar. ramidus had a more stable midfoot and this bone 
has a relatively slight curvature compared to third metatarsals of living 
orangutans and chimpanzees. The proximal phalanges of Ar. ramidus 
exhibit substantial curvature, as does the single proximal pedal phalanx, 
AME-VP-1/71, from the Amba East locality in the Middle Awash, Ethiopia.21

Some aspects of pedal morphology can be assessed in other species of 
hominins. However, these do not contribute to the discussion of relative 
proximal phalangeal length, because of the lack of pedal material preserved 
at many of the well-known early hominin sites. This leaves a substantial gap 
in our understanding of pedal phalanx proportions in Australopithecus and 
Homo habilis, as the OH 8 foot, representing H. habilis at Olduvai Gorge, 
Tanzania, does not retain complete metatarsals or proximal phalanges.22

The AL 333 locality at Hadar, Ethiopia, presents a commingled assemblage 
of bones representing at least 18 individuals of Australopithecus 
afarensis.23 There is substantial debate about the morphology of 
Au. afarensis in terms of its locomotor adaptations; the pedal morphology 
is no exception.24 No metatarsal lengths are known from this assemblage; 
however, it does preserve complete, strongly curved phalanges. Stern 
and Susman16 noted that the proximal phalanges of Au. afarensis are 
likely long relative to the metatarsals, because they are longer relative 
to the diameter of the femoral head than expected for modern humans. 
Longer toes would require more work during the swing phase of the 
bipedal gait. With the assumption that a costly trait would not persist 
without some countervailing functional utility, they suggested that longer 
and curved toes probably indicate arboreal behaviour in this species. 

Phalangeal curvature has taken on a substantial weight in arguments 
about the function of fossil feet because the curvature is thought to be a 
reliable indicator not only of adaptation but of use during an individual’s 
lifetime. Phalangeal curvature is considered epigenetically sensitive, 
such that the repeated use of the fingers and toes in grasping is believed 
to influence the development of curvature.25-29 If this is true, then the 
curvature exhibited by certain species is not merely a retention from 
arboreal ancestors but an indication of the way the foot was used.30 
Increasing the curvature of the phalanges decreases the amount of 
stress from the fibres of the flexor sheath, and forceful gripping/strong 
flexion becomes safer (i.e. mitigates the likelihood of avulsion fractures 
and other joint failures) at higher curvatures.31 A similar functional 
response would occur in the pedal phalanges if gripping with the toes 
occurred throughout a lifetime. 

White and Suwa32 argued that the relevant functional parameter is not 
toe length, as was suggested by Stern and Susman16, but instead overall 
foot length, that is, the toes contribute little to locomotor costs relative 
to the overall length of the foot. White and Suwa demonstrated that the 
relative length of the Au. afarensis foot to the femur was within modern 
human variation, ergo the length of the foot would not negatively affect 
the bipedal gait. Later, additional fossil remains from Hadar and from the 
Woranso-Mille study area of Ethiopia were recovered, demonstrating that 
some individuals of Au. afarensis had tall statures well within the range 
of modern humans.33 This evidence further emphasises that the relative 
length of a single pedal phalanx is unlikely to indicate accurately the 
proportion of phalanges within a fossil species. 

In South Africa, at the site of Sterkfontein, STW 573 or ‘Little Foot’, a 
specimen representing Australopithecus africanus, is missing the distal-
most aspects of the foot and does not present pedal phalangeal lengths.34 
However, from other morphological indicators in the rearfoot and midfoot, 
Au. afarensis and Au. africanus demonstrate unique morphologies, which 
are also unique from H. habilis, indicating variation in pedal form in 
early hominins.28 

As a consequence of variable pedal forms of hominin species in the 
Pliocene, the ancestral condition of the pedal phalanges in the genus 
Homo is unknown. H. floresiensis is a later Homo species, yet is primitive 
in its overall morphology. It is not clear whether H. floresiensis is 
phylogenetically linked to H. erectus or if it is more distantly related and 
rooted deeper in the genus Homo like H. naledi. H. floresiensis exhibits 
curved and elongated phalanges relative to associated metatarsals, 
which is unique to that of contemporaneous H. sapiens.35 Because of the 
phylogenetic ambiguity, it is unclear if the H. floresiensis foot represents 
the primitive condition of the basal Homo foot.

The recently described species, H. naledi, occupies a phylogenetic 
position deeply rooted in genus Homo, yet the depositional age of the 
fossil bones and associated sediments within the Rising Star Cave system 
in South Africa is 236 kya to 335 kya36, which implies that H. naledi was 
sharing the landscape with more derived Middle Pleistocene hominin 
species. H. naledi is presently represented by over 1700 fossil fragments 
in the Dinaledi Chamber, of which more than 100 are pedal elements.37 
Note that no fossils relevant to this study have been recovered from 
the Lesedi Chamber.38 The Dinaledi Chamber assemblage contains 
the remains of at least 15 commingled individuals, including 7 adults, 
which appear to represent a limited time of deposition.39 Although most 
of the material discovered in the Dinaledi Chamber was unassociated 
and commingled, a remarkably complete hand and at least one nearly 
complete foot were preserved in situ.27,40 However, while this foot has 
an associated hallux, it lacks any clear associations of the phalanges for 
digits 2–5 and the lengths of the phalanges relative to the metatarsals 
are unknown for H. naledi. 

The morphology of the H. naledi foot is similar to the hand in that it is mosaic, 
with modern features such as an adducted hallux and an elongated talus, 
while retaining ancestral features such as a minimally developed medial 
longitudinal arch and curved pedal phalanges.27 With clear adaptations to 
bipedality in the pelvis and lower limb37,41, and features of the upper limb 
that appear to reflect an enhanced ability to climb relative to that found in 
modern humans, Neanderthals or H. erectus27,42, the H. naledi hominins 
engaged in a combination of locomotor grasping43 and bipedal locomotion. 
The foot of H. naledi provides valuable insight into these activity patterns, in 
that it primarily presents derived bipedal morphology, yet retains curvature 
of the phalanges that reflects some degree of climbing behaviour.

The lengths of the phalanges relative to the metatarsals may provide 
key evidence about the timing and sequence by which the early hominin 
foot, with its relatively long toes, evolved toward more human-like 
proportions. H. naledi has a more human-like midfoot and rearfoot, 
placing its anatomical configuration much closer to modern humans 
and Neanderthals than to H. habilis, H. floresiensis or Australopithecus. 
This might suggest that H. naledi would also have shorter lateral digits, 
more similar to modern humans and Neanderthals.44 However, the 
metatarsophalangeal proportions of the associated H. naledi Foot 1 (F1) 
cannot be directly assessed, because it is missing the phalanges of 
digits 2–5, and although the hallucal phalanges are present, the proximal 
hallucal phalanx is incomplete and its length cannot be estimated with 
certainty.40 Yet, the H. naledi pedal sample contains 21 unassociated 
proximal phalanges and metatarsals (Table 1). Because of the unknown 
association among the elements, we applied two assumptions about 
the possible associations in the pedal sample in order to assess the 
metatarsophalangeal proportions of H. naledi. We compared the fossil 
proportions to the associated and resampled45 distributions of modern 
humans and chimpanzees (Pan troglodytes), and to the associated 
proportions of H. floresiensis.
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Table 1:  Homo naledi fossil elements that were included in the pedal 
sample. Additional information and lengths described in the 
Supplementary Information of Harcourt-Smith et al.40

Accession number Element Digit Side 

U.W. 101-244 Metatarsal 1 Left

U.W. 101-1019 Metatarsal 1 Left 

U.W. 101-1443 Metatarsal 1 Right

U.W. 101-1530 Metatarsal 1 Right

U.W. 101-459/461 Metatarsal 2 Right

U.W. 101-1022 Metatarsal 2 Left 

U.W. 101-1458 Metatarsal 2 Right 

U.W. 101-552 Metatarsal 3 Left 

U.W. 101-1457 Metatarsal 3 Right 

U.W. 101-269 Metatarsal 4 Right 

U.W. 101-1456 Metatarsal 4 Right 

U.W. 101-1439 Metatarsal 5 Right 

U.W. 101-082 Proximal phalanx 1 Left 

U.W. 101-1452 Proximal phalanx 1 Unsided

U.W. 101-504 Proximal phalanx 2–5 Left 

U.W. 101-976 Proximal phalanx 2–5 Unsided 

U.W. 101-1013 Proximal phalanx 2–5 Left 

U.W. 101-1034 Proximal phalanx 2–5 Left 

U.W. 101-1148 Proximal phalanx 2–5 Unsided

U.W. 101-1395 Proximal phalanx 2–5 Unsided 

U.W. 101-1441 Proximal phalanx 2–5 Unsided 

Materials and methods
Our procedure was similar to the procedure used by Rolian and Gordon46 

to study the manual proportions of the Hadar Au. afarensis material. 
Analogous to the H. naledi context, the Hadar AL 333 locality is a 
commingled assemblage with limited bony associations.

The modern human comparative sample was derived from plain film 
pedal radiographs taken during routine medical care. All radiographs 
were de-identified prior to measurement in compliance with the Health 
Insurance Portability and Accountability Act (HIPPA) and Institutional 
Review Board (IRB) regulations; acquiring such radiographs does not 
require interaction with patients on the part of the researchers, and 
because the radiographs are anonymised, they are not considered 
human subjects and are exempted from IRB oversight. Radiographs 
of skeletally immature or pathological individuals were not included in 
this study. Measurements of pedal phalangeal and metatarsal lengths 
(mm) were taken in the dorsal-plantar view using standard equipment 
(lightbox and calipers). The sample of 110 adults included a variety 
of ancestries, was mixed-sex (48 male and 62 female), and was from 
a habitually shod US population. Agoada47 demonstrated that linear 
measurements collected from pedal radiographs are accurate depictions 
of pedal skeletal element dimensions in humans, therefore this study 
considered the radiographic measurements equivalent to an osteological 
pedal sample. These radiographic linear measurements were compared 
to fossil bone linear measurements.

The chimpanzee (Pan troglodytes) comparative sample included 39 
individuals (17 female, 18 male, 4 indeterminate) from the skeletal collections 
of the American Museum of Natural History, Cleveland Museum of Natural 
History, and the Smithsonian Natural History Museum. Chimpanzees 
demonstrate more ancestral metatarsophalangeal proportions (i.e. longer 
proximal phalanges relative to metatarsals) than modern humans11 so the 

ancestral condition can be considered in contrast to the derived modern 
human sample. The maximum lengths of the proximal phalanges and 
metatarsals were measured with calipers held flush on proximal and 
distal ends.

The H. naledi fossil sample included the maximum lengths of 21 adult 
proximal phalanges and metatarsals (Table 1). These phalanges and 
metatarsals are described further in the Supplementary Information 
of Harcourt-Smith and colleagues.40 The pedal elements represent a 
minimum of four adult individuals, although at least seven adult individuals 
are known from dental remains, and there is no reason to assume the 
pedal material samples fewer individuals than the dentition.37 When 
resampling, many researchers have emphasised the importance for 
modern comparative samples to match the fossil sample in the minimum 
number of individuals (MNI) represented by the site.48-51 Of the two fossil 
MNI, we chose to resample from the larger MNI of seven because it 
reduced the probability that multiple comparisons in each resampled set 
would come from the same individual.

Distinct from the Rolian and Gordon analysis46, the present analysis 
considered the relationship among the bones of the commingled sample. 
While assessing proportions within a commingled assemblage, one 
cannot assume the fossil sample is a random, independent sample of a 
fossil population. There is a true state among two bones in a commingled 
assemblage. Either these two bones belong to the same individual, or 
they belong to different individuals. Hence, looking at a sample of bones 
with unknown associations, these two possible states constitute two 
boundary conditions. While bones may belong to a single individual, 
they may alternatively all belong to different individuals. These two 
states provide the boundaries within which all other partial associations 
must fall, including when some bones belong to one individual, but other 
bones belong to other individuals. 

In this study, we probed the two boundary conditions by carrying out two 
separate tests. For each digit, two different analyses were performed. 
In the first analysis, the procedure assumed that an association was 
present between two bones in the sample, meaning they belong to the 
same individual. The assumed associated pair of bones was compared 
to a distribution generated from paired bones that were each from the 
same individual. In the other analysis, the procedure assumed that all 
bones were unassociated, which means that they were all from different 
individuals. This unassociated sample of bones was compared to a 
resampled distribution generated from samples of bones that were all 
from different individuals.

Usually, the commingled context of H. naledi would prevent the comparison 
of the indirect proportions of H. naledi to the direct proportions of H. 
floresiensis. However, because this novel approach to studying commingled 
assemblages addresses the associations among the elements, the 
associated proportion of H. naledi and direct proportion of H. floresiensis 
can be compared. The H. floresiensis pedal material contains the maximum 
lengths of five proximal phalanges, excluding the hallucal proximal phalanx, 
and three metatarsals.5,35 Jungers and colleagues35 assigned the longest 
and shortest phalanges to the second and fifth metatarsals, respectively. 
Therefore, the proportions of second and fifth digits of H. naledi and H. 
floresiensis were compared to better understand the pedal morphology of 
two species, both thought to be primitive in their morphology.

Digit 1
The first proximal phalanx (PP1) and first metatarsal (MT1) fossils were 
morphologically distinguishable from digit 1. There were two PP1 and four 
MT1 elements in the fossil sample (Table 1). If the sample of six elements 
included a minimum of one associated pair of PP1 and MT1 elements, the 
shortest proximal phalanx and the longest metatarsal in the sample create 
the most conservative pairing as they generate the smallest proportion. 
The human data set was composed of known individuals, or associated 
elements; thus, all PP1/MT1 proportions were calculated for the human 
sample. The minimum associated proportion for H. naledi was then 
compared to the distributions of associated human proportions.

If the PP1 and MT1 elements were unassociated, a resampling procedure 
was required to analyse the indirect proportions. From the initial data set 
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of 110 modern humans, 7 individuals were randomly sampled without 
replacement, to equal the MNI of H. naledi (Figure 1, step 1). Two of the 
seven individuals were randomly sampled without replacement and their 
PP1 lengths were collected (Figure 1, step 2). To ensure no association, of 
the remaining five individuals (Figure 1, step 3), four were randomly sampled 
without replacement and their MT1 lengths collected (Figure 1, step 4). 
Six elements were sampled – two PP1 and four MT1, ensuring the modern 
sample was equivalent to the H. naledi sample for digit 1. The arithmetic 
mean proportion, or the mean length of the phalanges divided by the mean 
length of the metatarsals, was calculated for these six elements (Figure 1, 
step 5). The resampling procedure was run 100 000 times (Figure 1, step 6) 
then the H. naledi mean proportion was compared to the resampled human 
distribution of unassociated mean proportions.

Figure 1:  The resampling schematic for digit 1 if there is no association 
between the phalanges and the metatarsals. Step 1: Randomly 
sample 7 individuals from the sample of 110 modern humans. 
Step 2: Randomly sample two individuals from those seven 
and collect their PP1 lengths. Step 3: There are now five 
remaining individuals to sample from to assure no association. 
Step 4: Sample four individuals from the remaining five and 
collect their MT1 lengths. Step 5: Determine the arithmetic 
mean proportion of the mean proximal phalangeal length and 
the mean metatarsal length. Step 6: Repeat this sampling 
procedure 100 000 times to create a distribution of mean 
proportions represented by the human sample. 

Digits 2–5
Regarding digits 2–5, the metatarsals were distinguishable from 
the digit, but the proximal phalanges were not. Resampling does 
not require complete fossils or complete data sets to perform an 
analysis; this provides the opportunity to study incomplete data sets 
and compare them to more complete extant samples. Resampling 
designs a scenario in which the largest possible range of ratios is 
generated from the available fossil material and is then compared to the 
resampled distributions of ratios from an equivalent number of elements 
representing extant taxa. Hence, digit attribution is not required for the 
relative length of the proximal phalanges to the metatarsals to be studied. 
Because the proximal phalanges of digits 2–4 were not distinguishable 
from each other, all proximal phalanges not assigned to digit 1 were 
pooled. This method of phalangeal pooling was previously performed by 
Rolian and Gordon46 to assess the manual proportions of Au. afarensis. 
It was reasonable to use the approach here to assess pedal proportions 
because of the similar morphological ambiguity of both the manual and 
pedal proximal phalanges of the lateral digits. The resampling procedure 
will be demonstrated with digit 2, but was also applied to digits 3–5.

The digit 2 sample comprised three metatarsals (MT2) and seven pooled 
proximal phalanges (PP2–5; Table 1). If the sample included a minimum 
of one associated pair of elements, the identical digit 1 procedure was 
performed for digit 2. The H. naledi minimum proportion for digit 2 
was generated from the shortest pooled phalanx and the longest MT2, 
with the assumption that if a phalanx from PP2–5 was associated 
with the MT2, it was a second proximal phalanx (PP2). This minimum 

fossil proportion was compared to the distribution of modern human 
proportions for digit 2 (PP2/MT2).

If the digit 2 PP2–5 and MT2 elements were unassociated, the modern 
human phalanges were pooled to mimic the fossil sample composition 
and a similar resampling procedure to that of digit 1 was performed 
(Figure 2). From the modern human sample of 110 individuals, 
7 individuals were randomly sampled without replacement (Figure 2, 
step 1). Of those seven, three individuals were randomly sampled and 
their MT2 lengths were collected (Figure 2, step 2). The proximal 
phalanges of digits 2–5 from the remaining four individuals were pooled 
(16 phalanges), and the third, fourth and fifth proximal phalanges 
of the three individuals from whom MT2 lengths were collected 
(nine phalanges), for a total of 25 pooled phalanges (Figure 2, step 3). 
From the pooled phalangeal sample, seven phalanges were randomly 
sampled without replacement (Figure 2, step 4). In total, three MT2 
elements and seven PP2–5 elements were sampled, equivalent to the 
composition of the fossil sample. The arithmetic mean proportion was 
calculated from the arithmetic mean of PP2–5 lengths and the arithmetic 
mean of the MT2 lengths (Figure 2, step 5). The resampling procedure 
was run 100 000 times (Figure 2, step 6) and the mean fossil proportion 
was compared to the resampled distribution of mean proportions. Both 
associated and unassociated procedures were repeated for digits 3–5.

Figure 2:  The resampling schematic diagram for digit 2 if there is no 
association between the phalanges and the metatarsals. The 
same procedure was applied to digits 3–5. Step 1: Randomly 
sample 7 individuals from the human sample of 110 individuals. 
Step 2: Randomly sample three individuals and collect their MT2 
lengths. Step 3: Pool the phalanges from all seven individuals, 
excluding the PP2s from the individuals whose MT2 lengths were 
collected for a total of 25 proximal phalanges. Step 4: From those 
25 pooled proximal phalanges, randomly sample 7 proximal 
phalanges. Step 5: Calculate the arithmetic mean proportion 
of the proximal phalanges to the metatarsals. Step 6: Repeat 
this sampling procedure 100 000 times to create an empirical 
distribution of human mean proportions.

Analysis
The analysis was performed with R software version 3.1.2.52 Each 
H. naledi proportion was compared to its corresponding cumulative 
distribution function (CDF), which represented human variation for a 
given proportion. If a fossil value falls outside of the human distribution, 
it is considered significantly different. There is no associated p-value 
for the comparison. We tested the null hypothesis that H. naledi is not 
significantly different from modern humans in its metatarsophalangeal 
proportions. Because the assemblage is commingled, the true state of 
the bones is unknown, therefore both associated and unassociated states 
must be considered for each digit. The null hypothesis was not rejected 
if both assumptions failed to reject the null, meaning if both H. naledi 
proportions fell within the 95% confidence interval of their respective 
modern human CDF. Likewise, the null hypothesis was rejected if 
both assumptions rejected the null, or if both H. naledi proportions fell 
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outside the 95% confidence interval of their respective CDF. Finally, the 
null hypothesis was not rejected if only one assumption failed to reject 
the null. Both assumptions were considered equally plausible, therefore 
if one H. naledi proportion fell within the 95% confidence interval of its 
respective CDF, it could represent the true state of the bones so the null 
hypothesis cannot be rejected.

If the fossil value fell within the upper 97.5% of the human distribution, 
meaning that the fossil proportion was larger than modern humans, the 
fossil proportion was compared to a chimpanzee distribution to test 
if the fossil proportion was more similar to the ancestral condition of 
longer phalanges in relation to metatarsal length. If the null hypothesis 
was rejected for a given digit, the associated and unassociated fossil 
proportions for that digit were compared to the corresponding chimpanzee 
CDFs. The chimpanzee distributions were generated using the same 
methods described above.

Results
If at least one association between the elements was assumed to be 
present in the fossil sample, the minimum direct proportion of digit 
1 fell at the 80th percentile of the modern human CDF (Figure 3). 
Similarly, the minimum direct proportion of digit 2 fell within the 95% 
confidence interval of its respective CDF (Figure 3). Both digit 1 and 
digit 2 unassociated mean proportions fell outside of 95% confidence 
intervals. However, because both states were equally plausible, if only 
one assumption failed to reject the null, the null hypothesis could not 
be rejected. If there was at least one pair of associated elements in 
the H. naledi pedal material, we failed to reject the null that H. naledi 
resembles modern humans in its metatarsophalangeal proportions, 
particularly those in the medial pedal column. With the present pedal 
data of H. naledi, we conclude that the proportions of first and second 
digits could be similar to those of modern humans.

In contrast to digits 1 and 2, all minimum associated and unassociated 
proportions of the more lateral digits 3–5 fell above the 95% confidence 
interval of their respective modern human CDFs (Figure 3) and so we 
rejected the null hypothesis that the metatarsophalangeal proportion 
values in the lateral column of H. naledi are similar to those of modern 
humans. This could be a result of preservation bias, in which the 
larger proximal phalanges were more likely to be preserved than the 
smaller phalanges from the more lateral digits. If the smaller phalanges 
of lateral digits are not represented in the H. naledi sample, it would 
result in a higher metatarsophalangeal proportion value for the lateral 
digits compared to modern humans. This could also be a result of a 
biological difference between the lateral and medial pedal columns in 
the H. naledi foot. The more lateral phalanges could be longer relative 
to the metatarsals than in modern humans, which would generate the 
higher proportions seen in this study. Alternatively, the metatarsals 
could be shorter. Either way, the proportions of the lateral digits are 
different from those of modern humans and could represent different 
medial versus lateral pedal column development in this species.

Because the fossil proportions of the lateral digits were different from those 
of modern humans, we compared digits 3–5 to corresponding chimpanzee 
CDFs. The unassociated minimum and associated mean proportions of digits 
3–5 of H. naledi fell below all respective chimpanzee CDFs (Figure 4). This 
demonstrates that although the values of metatarsophalangeal proportions 
are higher in H. naledi than they are in humans, they are not within the range 
of the more ancestral chimpanzee values.

Regarding the H. floresiensis pedal elements, both H. floresiensis digit 
2 (0.43) and digit 5 (0.39) proportions fell outside the modern human 
confidence intervals provided by this study (Figure 3) and both were 
larger than the H. naledi minimum associated proportions (0.29, 0.32). 
This analysis demonstrates that H. floresiensis has different proportions 
from those of modern humans, which confirms the results of Jungers 
and colleagues35, but also demonstrates that H. naledi is distinct from 
H. floresiensis in its pedal proportions.
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Figure 3:  The associated (left) and unassociated (right) modern human 
cumulative distribution functions (CDFs) for digits 1–5. Each 
corresponding Homo naledi value is represented by the vertical 
lines in each of the CDFs. The scales of the axes differ with 
digit and assumption.
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Discussion
Homo naledi has a human-like hindfoot and midfoot, but it has curvature 
of the proximal pedal phalanges like some extant primate species and 
Au. afarensis.39 It was unclear if its primitive phalangeal morphology was 
accompanied by primitive phalangeal proportions (i.e. longer phalanges 
relative to metatarsals), as direct proportions are not possible in this 
unassociated sample. In the present study, we analysed the length of the 
proximal phalanges relative to the metatarsals in H. naledi and compared 
these proportions to samples of modern humans, chimpanzees and 
H. floresiensis. Based on these comparisons, H. naledi could have medial 
column proportions similar to those of modern humans, but different lateral 
proportions from those of modern humans and chimpanzees. Additionally, 
H. naledi has proportions different from those of H. floresiensis. 

Given the lack of associated proximal phalanges and metatarsals, 
the resampling method generates distributions of likely proportions 
in modern humans, considering the sample size and composition 
of H. naledi fossils, and permits us to study the pedal proportions in 
the largest pedal sample in the African hominin fossil record to date. 
Consequently, H. naledi provides insight into the evolution of this mosaic 
morphology in hominins, as this species demonstrates manual27 and 
medial pedal phalangeal lengths similar to those of modern humans, but 
exhibits manual27 and pedal curvature40 dissimilar to modern humans.

Although palaeoanthropologists assess the length and curvature of the 
manual and pedal phalanges to identify certain locomotor behaviours 
in hominin fossils, the evolutionary mechanism through which length 
is modified is less clear. The human-like proportions of the manual 
and pedal phalanges of H. naledi could indicate serial homology53,54, 
or the continued modularity55 and shared developmental trajectories 
of these two structures56,57. However, developmental genetics13 have 

demonstrated the existence of regulatory elements that are expressed 
in one limb but not the other, suggesting manual and pedal skeletal 
element covariation is not constant. Additionally, cortical neural mapping 
suggests that the hand in human and nonhuman primates developed 
more independently from the foot than previously assumed.58

If covariation of the hand and feet are inconsistent, the shorter phalanges 
of H. naledi may indicate a locomotor adaptation unique to H. floresiensis. 
Shorter toes have been demonstrated to minimally decrease mechanical 
work of the digital flexor muscles while walking16, and drastically decrease 
the mechanical work while running15. In addition to shorter medial 
phalanges, H. naledi also exhibits an elongated tibia59, which has been 
demonstrated to significantly positively correlate with optimal walking 
speeds60. At the same time, the curvature of the pedal phalanges, in 
addition to other primitive features of the upper limb, suggest that H. naledi 
was likely engaging in locomotor grasping with a human-proportioned 
medial pedal column. An implication of the results is that the lateral side of 
the foot might have been more effective for pedal grasping rather than the 
medial side. Lateral forefoot grasping could represent a hominin strategy 
for limited climbing given the loss of an opposable, grasping hallux. 
Future directions of this research include comparing these H. naledi pedal 
proportions to those of additional primate samples to better understand the 
lateral pedal morphology of H. naledi. 

A foot with a combination of traits like that of H. naledi has not previously 
been observed in the fossil record. Because of the paucity of pedal material 
in early hominins, the ancestral foot of Homo is unknown. The foot of 
H. floresiensis has been hypothesised to represent the primitive condition 
of the genus Homo with curved and elongated proximal phalanges. Both 
H. floresiensis digit proportions are larger than inferred for H. naledi and 
are additionally outside the modern human distribution. H. naledi toe 
proportions are different from those of H. floresiensis, while both species 
suggest deep phylogenetic placement in the genus Homo. Without knowing 
the proportions in H. erectus, it is unclear as to which pedal form, if either, 
represents the ancestral form to H. erectus and later Homo.
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