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1. Introduction

The 3.67-million-year-old StW 573 (‘Little Foot’) Austral-
opithecus from Sterkfontein, South Africa, is the most complete
skeleton known in the hominin fossil record (Clarke and Tobias,
1995; Bruxelles et al., 2019; Clarke, 1998, 2019; Pickering et al.,
2004). Characters for terrestrial bipedalism are accompanied by
adaptations for climbing (Beaudet et al., 2019, 2020; Crompton
et al., 2018; Heaton et al., 2019). The heavily damaged right ulna
lacks any apparent curvature (Fig. 1), whereas the left ulna is better
preserved and presents a high degree of curvature (Heaton et al.,
2019). Despite severe postdepositional deformation of the ulnar
shaft (Crompton et al., 2018), based on the observed asymmetry it
has been averred that the straighter right ulna represents normal
forearm morphology in ‘Little Foot’, while the extreme curvature of
the left ulna is atypical, reflecting traumatic bowing of the left
forearm resulting from a childhood fall (Crompton et al., 2018;
Heile et al., 2018).

Acute plastic bowing deformities are common in the radius or
ulna of children between the ages of four and ten years after a
traumatic fall onto an outstretched hand, as juvenile bones are not
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fully ossified, with thinner cortex in absolute and relative terms,
and have a high degree of elasticity relative to adults (Crowe and
Swischuk, 1977; Stenstrom et al., 1978). If the force is greater than
the strength of the bone, it undergoes plastic deformation, and
when the force is released, the bone remains in its bowed position
(Yamamoto, 2012). Plastic deformation is produced by numerous
microfractures on the concave surface of the bone while preserving
intact cortex on the convex surface (Kim et al., 2014). A fall on a
hyperextended, pronated hand delivers maximal force along the
radius, but with a few degrees of external rotation at the shoulder a
maximal deforming force is delivered to the ulna (Aponte and
Ghiatas, 1989; Kim et al., 2012). Most commonly, this presents
clinically as bowing of ulna in lateral or medial view (Duckman
et al., 1977). This type of injury can impinge normal supination
and protonation if left untreated but often requires no intervention
and heals with remodeling (Anderson et al., 1994).

By contrast, curvature is a normal anatomic feature of the ulna
among extant apes and many early hominins (Howell and Wood,
1974; Drapeau et al., 2005). Diaphyseal curvature of the ulna and
other long bones in mammals has traditionally been explained as
an epigenetic reaction to locomotor behaviors where the limb is
habitually loaded (Lanyon, 1980; Bertram and Biewener, 1988;
Swartz, 1990; Milne, 2016; Henderson et al., 2017) and curvature
results as bone is added to the compressed side of a bone shaft and
resorbed from surfaces under tension (Frost, 1964, 1973). Recently,
Milne (2016) explained ulnar diaphyseal curvature in terrestrial
quadrupeds as an adaptation to the antigravity action of the triceps
muscle resisting ground reaction forces. Forearm curvature in pri-
mates has been suggested to enhance the rotational efficiency of
the pronator teres muscle (Trinkaus and Churchill, 1988; Aiello and
Dean, 1990; Rose, 1993; Galtes et al., 2008). Henderson et al. (2017)
explained shaft curvature in arboreal taxa as the habitual action of
the brachialis muscle in maintaining elbow flexion. These explan-
atory mechanisms for ulna curvature are not mutually exclusive, as
each reflects the participation of the forelimb in locomotor or
postural behaviors. While radiographic evidence would definitively
test the hypothesis of Heile et al. (2018), here we test whether the
macroscopic diaphyseal curvature of the left ulna is similar to
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documented clinical cases of acute plastic bowing, or simply re-
flects a degree of curvature typical for apes and observed among
many early hominins.

2. Materials and methods

Data for the StW 573 ulna were generated from 3D scans of the
fossil taken by one of the authors (S.A.W.) at the University of the
Witwatersrand in Johannesburg, South Africa (Fig. 2). The scan will
be made freely available on MorphoSource in early 2021. The Homo
sapiens sample (n ¼ 22) is from fully fused adults from the Indian
subcontinent from the Chaffey College human skeletal collection
(10 male, 12 female). The human clinical data were collected from
radiographs of eight recently diagnosed subadults who suffered
acute plastic bowing of the forearm from published images in
Borden (1975; n ¼ 4), Yamamoto (2012; n ¼ 1), and open source x-
rays fromRadiopaedia (2020; n¼ 3). It should be noted that despite
a very small degree of partial correction by cortical remodeling,
bowing would persist into adulthood without medical intervention
(i.e., the arm is immobilized for several weeks in a plaster cast;
Aponte and Ghiatas, 1989). Without medical intervention the in-
dividual suffers from appreciable limitations in supination and
protonation (Crowe and Swischuk, 1977). Accordingly, humans
uniformly perform medical interventions to correct the bowing,
and as a result there are no available radiographic images of adults
with plastic deformation of the ulna, necessitating the use of ju-
venile individuals for our comparative clinical sample. We caution
that the use of radiographs in comparison to other image formats
may introduce unwanted variation, as orientations may not be as
standardized. Moreover, we acknowledge that ontogenetic effects
are embedded in the clinical sample given that these are subadults.

Data for the following fossils were taken frompublished images:
Sahelanthropus tchadensis (n ¼ 1) represented by TM 266-01-050
(Guy et al., 2020); Australopithecus afarensis (n ¼ 2) represented by
A.L. 288 (Johanson et al., 1982) and A.L. 438e1 (Drapeau et al.,
2005); Paranthropus boisei (n ¼ 2) represented by OH 36 (Aiello
et al., 1999) and L40-19 (Howell and Wood, 1974); Austral-
opithecus sediba (n ¼ 1) represented by U.W. 88e62 (Berger et al.,
2010; Churchill et al., 2018); Homo naledi represented by U.W.
Figure 1. The upper skeleton of StW 573 illustrating differential preservation and
condition of the right (A) and left (B) ulnae.
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101e499 (Berger et al., 2015; Feuerriegel et al., 2017); and Homo
erectus (n ¼ 2) represented by KNM-WT 15000 (Brown et al., 1985;
Walker and Leakey, 1993) and KNM-BK 66 (Solan and Day, 1992).
Data for incomplete fossils A.L. 288e1 and OH 36 were collected
from reconstructions in Drapeau et al. (2005), and fossil specimens
OH 36 and L40-19 were mirrored for comparison to the left ulna of
StW 573. Any variation in orientation of fossils would have con-
founding effects on shape analyses. Thus, we caution that analyses
of the fossil ulnae taken from images in the literature rely on the
accuracy of how the fossil was oriented, and here we assume that
each was depicted in its correct anatomic orientation. The extant
ape sample consists fully fused adult ulnae from Pan troglodytes
(n¼ 14), Gorilla beringei (n¼ 10), Pongo abelii (n¼ 13), Hylobates lar
(n ¼ 6), and Symphalangus syndactylus (n ¼ 3) from the Chaffey
College skeletal collection and from 3D scans downloaded from
MorphoSource (Supplementary Online Material [SOM] Table S1).

Data were collected from 2D images of the ulna in medial view
and standardized to a 24-bit, 660 pixel width bitmap file. To isolate
and standardize the diaphysis, fossil scans were cropped proxi-
mally just distal to the radial notch and distally at the point of
minimum diaphysis width. The shaft of the ulna was similarly
cropped at these landmarks in Henderson (2017: Fig. 1). Shape was
assessed using the SHAPE package of programs (Iwata and Ukai,
2002) to generate elliptical Fourier descriptors (EFDs) of ulnar
shaft contours to provide a mathematical accounting of shape
variation. Principal component analysis was performed from co-
efficients of the EFDs to effectively summarize variation contained
in the coefficients (Rohlf and Archie, 1984; Carlo et al., 2011).

Elliptical Fourier analysis has been shown to provide an accurate
mathematical characterization of shape (Kaesler and Waters, 1972;
Kuhl and Giardina, 1982; Persoon and Fu, 1977) and is a powerful
biometric tool particularly suited for the description of fossils as it
can delineate any type of shape with a closed two-dimensional
contour (Athreya, 2009; Caple et al., 2017; Crampton, 1995;
Schmittbuhl et al., 2007). As a result, elliptical shape analysis
quantifies the entirety of the ulna shaft rather than a series of
selected landmarks utilized in standard 2D geometric morpho-
metrics. This method contrasts with Heile et al.’s (2018) measure-
ment of ulnar diaphyseal curvature as the maximum distance from
the posterior-most margin of the bone and a line drawn between
two inflection points on the posterior margin of the diaphysis, one
at the level of the radial notch and the other at the level of minimal
distal circumference (curvature subtense; SOM Fig. S1). Long bone
curvature subtense has several drawbacks relative to landmark
Figure 2. A) Render of a 3D model of the StW 573 left ulna, mirrored for demon-
stration purposes. B) Same as A with reconstructed area (gray) of the distal diaphysis
by way of landmark matching with complete bone. C) Longitudinal section of the
diaphysis isolated in this study for analysis per method of Henderson et al. (2017). See
Materials and methods for further details on methodology.



Figure 3. Shape variation within the first two principal components (PCs) produced from elliptical Fourier descriptors of ulnar shaft contours in medial view. PC1 (65.6% of
variation) reflects midpoint curvature of the long axis of the ulna's diaphysis, with positive values representing a higher degree of curvature of both the posterior and anterior
margins, and negative values representing straighter posterior and anterior margins. PC2 (15.3% of variation) reflects curvature of the posterior ulna shaft margin and the thickness
of the ulna shaft toward its proximal aspect, with positive values representing a straight posterior margin and anteriorly thick proximal ulna diaphysis, and negative values
representing a slightly curved posterior margin with a thinner proximal ulna shaft.
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data collection, including a higher degree of measurement error
(De Groote et al., 2010). To improve upon and avoid the drawbacks
of using curvature subtense, we employ elliptical Fourier shape
analysis which allows for shape quantification of the entire
diaphysis.

3. Results

PC1 (65.6%) reflects midpoint curvature of the long axis of the
ulna's diaphysis, with positive values representing a higher degree
Figure 4. Biplot of the first two principal components (PCs) from elliptical Fourier descrip
curvature of the long axis of the ulna's diaphysis, with positive values representing a highe
representing straighter posterior and anterior margins. PC2 (15.3% of variation) reflects curv
ulna diaphysis, and negative values representing a slightly curved posterior margin with a t
overlaps with the human clinical sample contained within the red convex hull. The convex h
following fossil specimens are included: TM 266 (Sahelanthropus tchadensis); A.L. 288e1 an
88e62 (Australopitheus sediba); U.W. 101e499 (Homo naledi); KNM-WT 15000 and KNM-BK 6
reader is referred to the Web version of this article.)
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of curvature of both the posterior and anterior margins, and
negative values representing straighter posterior and anterior
margins (Fig. 3; SOM Fig. S1). PC1 largely distinguishes the human
sample from the African great apes (with the latter exhibiting
midpoint curvature). PC1 also partitions themore suspensory Asian
apes from their more terrestrial African great ape counterparts,
with the knuckle-walking African apes exhibiting more curved
ulnae overall with greater robusticity toward the proximal aspect of
the diaphysis.
tors of ulnar shaft contours in medial view. PC1 (65.6% of variation) reflects midpoint
r degree of curvature of both the posterior and anterior margins, and negative values
ature of the posterior ulna shaft margin and the margin and anteriorly thick proximal
hinner proximal ulna shaft. The Homo sapiens distribution within the gray convex hull
ull of Pongo is shaded blue, Pan in purple, Gorilla in green, and hylobatids in orange. The
d A.L. 438e1 (Australopithecus afarensis); OH 36 and L40-19 (Paranthropus boisei); U.W.
6 (Homo erectus). (For interpretation of the references to color in this figure legend, the
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PC2 (15.3%) reflects curvature of the posterior ulna shaft margin
and the thickness of the ulna shaft toward its proximal aspect, with
positive values representing a straight posterior margin and thick
proximal ulna diaphysis, and negative values representing a slightly
curved posterior margin with a thinner proximal ulna shaft. The
second principal component distinguishes humans and the human
clinical sample from extant apes.

In a biplot of PC1 and PC2, none of the hominins, including the
StW 573, falls within the human clinical sample morphospace
(Fig. 4). The ‘Little Foot’ ulna falls squarely within the morphospace
of Pongo along with the U.W. 101e499 H. naledi fossil from the
Dinaledi chamber of the Rising Star cave system in the Cradle of
Humankind, South Africa and the KNM-BK 66 H. erectus specimen
from the Kapthurin Formation, Baringo, Kenya. With Pongo these
three hominins exhibit a high degree of midshaft curvature and
gracility discrete from modern humans.

As reported in the literature, the pathological clinical human
sample tends to exhibit acute plastic bowing with curvature
generally restricted to the convex posterior margin of the ulna
shaft, with retention of a anteriorly thick proximal shaft (SOM
Fig. S3). By contrast, the StW 573 ulna features a posteriorly
curved ulna margin and a relatively thin, gracile proximal shaft
inconsistent with clinical observations that place it outside the
shape space expected for a case of acute plastic bowing. The gracile
and slender overall appearance and thin proximal diaphysis of the
StW 573 ulna differs with the more curved and robust TM-266-01-
050 Sa. tchadensis and OH 36 and L40-19 Pa. boisei specimens,
which fall closest to the shape space of Pan and G. gorilla. Each of
the other hominin fossils (KNM-WT 15000, A.L. 288, A.L. 438, U.W.
88e62) falls within the human morphospace of humans and away
from the human clinical sample.

4. Discussion and conclusions

As per gross morphological observations (Kim et al., 2014),
elliptical Fourier analysis demonstrates in the human clinical
sample that traumatic plastic deformation disturbs the concave
posterior surface of the diaphysis, while preserving intact cortex
morphology of the anterior convex surface. Although the use of
radiographs in comparison to other image formats may have
introduced unwanted variation, and ontogenetic effects are
embedded in the clinical sample given that these are subadults, this
is a detail that calculation of ulna shape by way of curvature sub-
tense methodology fails to capture. As the StW 573 ulna falls
outside the morphospace of the human clinical sample, our results
fail to support the hypothesis that significant curvature of the StW
573 ulna is the result of traumatic bowing resulting from a child-
hood fall (Crompton et al., 2018; Heile et al., 2018). Instead, its
positionwithin the shape space of Pongo alongwith other hominins
such as H. naledi and H. erectus from Baringo suggests that the high
degree of curvature in the left forearm of the StW 573 Austral-
opithecus represents normal anatomic variation. Moreover, these
results suggest that the straightness of the heavily crushed right
ulna is an artifact of postdepositional deformation that should not
be taken as indicative of normal morphology. Other hominin ulnae
display greater degrees of curvature with greater robusticity than
StW 573, including Paranthropus and the newly announced Sahe-
lanthropus fossil ulna, which appear most similar to the African
great apes. Other fossil ulnae such as Nariokotome H. erectus,
A. afarensis and A. sediba display a lesser degree of diaphyseal
curvature, suggesting that the StW 573 forelimb had not been fully
emancipated from a role in locomotion. This research adds to other
observed postcranial adaptations for habitual loading of the fore-
limb (i.e., arboreality) in the remarkably complete ‘Little Foot’
skeleton.
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