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Abstract

Obijectives: In humans and known fossil hominins, lumbar lordosis is produced by
vertebral body wedging and other bony and soft tissue features such as the shape of
the intervertebral discs. Current techniques for quantifying the wedging of vertebral
bodies are limited in utility, especially when analyzing incomplete fossil material.
Here, we introduce a 3D method to quantify vertebral body wedging angles that
yields the angles between two “best fit” planes in the software GeoMagic Wrap
(3D Systems).

Materials and Methods: To test that this new method is repeatable with existing
methods, we measure the wedging of 320 lumbar vertebrae representing 64 modern
human individuals. For each vertebra, wedging angles were calculated from linear
measurements taken with calipers and compared with estimates generated from the
3D best fit plane method. We also apply the 3D plane method to fossil hominin lum-
bar vertebrae, including newly described lumbar vertebrae of Homo naledi, the major-
ity of which do not preserve the four landmarks necessary to calculate wedging
angles using the traditional approach.

Results: The results of the two methods are highly and significantly correlated
(r* = 0.98, p < 0.0001). The 3D plane method was successfully applied to nearly all of
the fossil hominin specimens included in the study.

Discussion: The new 3D plane method introduced here is repeatable with the tradi-
tional linear measurement method and allows for the estimation of wedging angles in
incomplete material. When applied to Homo naledi lumbar vertebrae, similarities to

other fossil hominins and modern humans are found.
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balance the upper body over the hip joints and lower limbs. Clinical

studies on modern human spinal curvature are abundant, and several

Hominins evolved lumbar lordosis, or dorsal concavity of the lower
lumbar column, as an adaptation to bipedalism at some point relatively
early in their evolutionary history (Been et al., 2012; Latimer &
Ward, 1993; Whitcome et al., 2007; Williams et al., 2013; Williams
et al., 2021). Lumbar lordosis allows an upright biped to efficiently

techniques for quantifying lordosis on lateral radiographs have been
formalized (reviewed in Been & Kalichman, 2014). However, the frag-
mentary nature of the hominin fossil and archeological records does
not allow the direct application of these methods. Frequently, pro-

cesses (articular, transverse, and spinous) are not fully preserved, nor
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are vertebral bodies. The traditional approach to osteological and fos-

sil material (but see Zlolinski et al., 2019 for a 3D Geometric Morpho-
metric approach) has been to take three measurements of a vertebral
body (ventral body craniocaudal height, dorsal body craniocaudal
height, and superior body dorsoventral length) by either placing 3D
landmarks or sliding calipers on four landmarks (ventral-most point on
the superior vertebral body at midline, ventral-most point on the infe-
rior vertebral body at midline, dorsal-most point on the superior verte-
bral body at midline, and dorsal-most point on the inferior vertebral
body at midline). Those data are then used to calculate a wedging
angle (DiGiovanni et al., 1989). This method is not applicable if the
vertebral body is damaged at, or otherwise missing, any of the four
landmarks. These measurements can be approximated with calipers
using more lateral aspects of the ventral or dorsal vertebral body, but
this correction adds potential error to a sensitive equation. Alterna-
tively, lateral photographs of individual vertebrae can be taken (akin to
lateral radiographs), then 2D planes can be fit to the superior and infe-
rior vertebral body surfaces and their angle measured. This approach is
sensitive to the orientation of the vertebra relative to the camera lens
and uses the lateral aspects of the vertebral body rather than its midline
to estimate wedging angles. Here, we employ a 3D plane approach to
quantify vertebral wedging angle and infer lumbar lordosis in a fossil
hominin with fragmented vertebral bodies, Homo naledi.

Homo naledi is currently known from a large number of individ-
uals from the Dinaledi Chamber (U.W. 101) (Berger et al., 2015;
Williams et al., 2017) and at least two partial skeletons from the
Lesedi Chamber (U.W. 102a), including an adult male (Hawks
et al., 2017). This individual, LES1, preserves a partial vertebral col-
umn, including three lower thoracic vertebrae and four lumbar ver-
tebrae (Hawks et al., 2017). The lumbar vertebrae are seriated based
on their relationships to one another, to the last thoracic vertebra
(UW. 102a-154A) and to a newly recovered sacrum (U.W.
102-596). One element (the third lumbar vertebra) has not been
recovered. The first, second and penultimate lumbar vertebrae pre-
serve vertebral bodies but significant aspects of their neural arches
are absent, whereas the last lumbar vertebra preserves a partial neu-
ral arch in addition to a broken vertebral body. Here we describe the
lumbar vertebrae along with a new sacral element recovered else-
where in the Lesedi Chamber (Figure 1). We quantify vertebral
wedging in the U.W. 102a material using our proposed 3D plane
technique and compare these data to other fossil hominins and a
global archeological sample of modern humans.

2 | MATERIALS AND METHODS

We created surface scans of complete lumbar columns of 64 adult
modern humans (32 females and 32 males), totaling 320 vertebrae.
Individuals demonstrating obvious pathologies, especially those
affecting the bilateral symmetry of vertebral bodies (e.g., scoliosis),
were not included. Postindustrial peoples possess more exagger-
ated lumbar lordosis than preindustrial, “traditional-living” peoples

(Williams et al., 2022), so the sample used here is a global archeological
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FIGURE 1 Schematic of the Lesedi Chamber of Rising Star Cave.
The partial skeleton LES1 was recovered from the U.W. 102a
location. The new partial sacrum, U.W. 102-596, is a surface find from
the “snail fracture” located approximately 5 m north of U.W. 102a

sample (with specimens from southern, eastern, and northern Africa,
South and East Asia, Northern Europe, Polynesia, Australia, and the
Americas). Additionally, we created surface scans of the H. naledi lumbar
vertebrae (UW. 102a-154B, U.W. 102a-322, UW. 102a-306, and
U.W. 102a-139), as well as those of other available fossil hominins:
Kebara 2 and Shanidar 3 (Neandertals), Sts 14a-f, StW 431, StW
572, StW 656, and StW 600 (A. africanus) (Pickering et al., 2019),
UW. 88-232-234/153, UW. 88-126/138 (A. sediba) (Williams
et al., 2021), SK 3981b (Paranthropus robustus or early Homo),
AL 288-laa, AL 333-7, and AL. 444-7 (A. dfarensis) (Ward
et al., 2012). Original fossil specimens were scanned in all cases except
the Neandertals, where high-quality casts were studied. In the case of
Sts 14, reconstructed aspects of the vertebrae were ignored, following
Ward and colleagues (Ward et al., 2020).

Three-dimensional (3D) models of each vertebra were created

using an Artec Space Spider scanner and Artec Studio software
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FIGURE 2 The best-fit plane method of vertebral body wedging
angle estimation demonstrated using GeoMagic Wrap (3D Systems).
(a) Best-fit planes fitted to the superior vertebral body (top; green)
and inferior vertebral body (bottom; red). (b) Planes are fitted by
highlighting (in red) aspects of the vertebral body that capture its
orientation, in this case the preserved aspects of the annular
apophysis
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FIGURE 3 Measurements of the vertebral body to derive the
wedging angle. (a) Linear measurements required to calculate wedging
angle (SBL = superior body dorsoventral length, M4; DBH = dorsal
body craniocaudal height, M2; VBH = ventral body craniocaudal
height, M1). (b) Directly measured wedging angle that is estimated
using the wedging angle equation and is similar to the best-fit plane
angle method. As opposed to the vertebra in (b), which demonstrates
strong ventral wedging, (c) shows relatively neutral wedging (left) and
strong dorsal wedging (right)

(Artec 3D, Luxembourg). Polygon (PLY) files were exported and
loaded in GeoMagic Wrap software (3D Systems, Rock Hill, SC). In
Wrap, surfaces of the superior and inferior vertebral bodies reflecting
their contours were highlighted and best-fit planes (Features
- Planes > Best Fit) were fit to each, using the Contact Surface
option (Figure 2). The best-fit planes are examined to check that the
planes are parallel to one another in dorsal or ventral view (i.e., not
asymmetrical in orientation). The 3D models were then rotated to lat-

eral view to ensure that both planes adequately quantify the angle of

N \viLEy |
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FIGURE 4 Regression of the best-fit plane angle method results
and those of the linear measurement calculated angle method on the
same set of 320 lumbar vertebrae (N = 64 individuals). The ordinary
least squares regression line (y = 0.057 + 1.01 * X) is shown in red and
is nearly identical to the X = Y (dashed) line; other lines (e.g., reduced
major axis) are extremely similar as expected with a high correlation
coefficient (Smith, 1984). The correlation is high and significant

(? = 0.978; p < 0.0001). Data points are set to 60% opacity, so darker
shades represent high density of points in the same area

the vertebral body surfaces. Note that the planes themselves cannot
be manipulated; rather, surface highlighting can be manipulated if the
plane does not appear to correspond well to the vertebral body sur-
face. For example, in some instances, the lateral aspects of the inferior
surface of the vertebral body are highly concave and/or asymmetrical
and cause the best-fit plane to not conform to the dorsal and ventral
aspects of the inferior vertebral body; in these instances, highlighting
can be removed from those aspects of the vertebra so that the plane
better reflects the orientation of the surface. We then calculate the
angle between the two best-fit planes (Measure = Angle).

Digital calipers were used to collect the three measurements nec-
essary to calculate vertebral body wedging: superior vertebral body
dorsoventral length at midline (SBL, Martin measurement #4 [M4])
(Brauer, 1988), dorsal vertebral body craniocaudal height at midline
(DBH; M2), and ventral vertebral body craniocaudal height at midline
(VBH; M1) (Figure 3). These three measurements were used to calcu-

late the wedging angle (DiGiovanni et al., 1989):

arctangent ((((DBH—VBH)/2)/SBL) % 2)

This calculated wedging angle was then compared to the 3D plane
method using a paired t-test across all vertebrae and in a linear regres-
sion in PAleontological STatistics (PAST) version 2 (Hammer
et al., 2001). In both cases, we use an alpha level of 0.05 for statistical

significance.
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Group L1 L2 L3
Human & 6.5 (2.5 5.7 (2.8) 4.1(3.2
Human @ 4.7 (2.2) 2.7 (2.6) 0.0(3.2
LES1 3.7 29 -
Kebara 2 5.2 9.1 9.4
Shanidar 3 8.3 8.5 5.6
MH2 - 4.9 13

Sts 14 27 23 22
Stw 431 5.9 2.0 3.9
Other StwW" - 6.2 6.8
SKand A.LC - = 2.0/7.1

L4

) 0.3(3.0)

) -2.6(2.7)
24
4.1
-0.7
-2.5
-3.0
1.2

TABLE 1 Best-fit 3D wedging angle
data on male and female humans and
fossil hominin specimens

L5
—6.5(2.4)
—7.1(3.8)
—4.8
-12.4
-7.9
-11.7
—-4.8
-3.8
—-4.1
-37

@Means and standard deviations (parentheses) are included for the modern human sample.

BStW 572 (L2), StW 656 (L3), and StW 600 (L5).
‘A.L. 288-1 (L3, right), A.L. 333-73 (L3, left), and SK 3981b (L5).
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FIGURE 5 Best-fit plane wedging angles presented at each
lumbar level. Modern human males (M) and females (F) are
significantly different at each level (p < 0.05) except the last lumbar
level (p = 0.48). Fossil hominins are shown at each lumbar level; those
represented by more than one fossil are identified in the key

(LES1 = presumed male H. naledi from the Lesedi Chamber; Kebara
2 and Shanidar 3 = male Neandertals from the Levant; StW 431 and
Sts 14 = male and female, respectively, of A. africanus from
Sterkfontein; MH2 = female A. sediba from Malapa), whereas those
represented only once are labeled directly in the graph (StW

572, StW 656, and StW 600 = A. africanus individuals from
Sterkfontein; a.L. 288 and a.L. 333-71 = female and unknown sex,
respectively, of A. afarensis from Hadar; SK 3981b = unknown
affinity, but possibly P. robustus or early Homo, from Swartkrans).
Outliers in the modern human sample are shown as open circles and
do not represent extreme outliers

(b)

(© (d)

() (f)

em1 2 3 4 5
T T e e e T T
FIGURE 6 First lumbar vertebra (L1), U.W. 102a-154B. Views are

(a) cranial, (b) caudal, (c) ventral, (d) dorsal, (e) left lateral, and (f) right
lateral
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TABLE 2

Measurements (in mm) U.W. 102a-154B (L1)

VBH (M1) 208 202
DBH (M2) 22.2 213
SBW (M7) 303
BSL (M4) 204 -
IBW (M5) - -
IBL (M8) - 220
3 | RESULTS
3.1 | Comparison of linear and 3D wedging angle

estimates

The results of the two wedging angle estimation methods are not sig-
nificantly different from each other (paired t-test: t = —1.502,
p = 0.134). We found a high, significant correlation (r?> = 0.978,
p < 0.0001), suggesting the two measurements are quantifying similar
aspects of morphology (Figure 4). The human male and female and
fossil hominin best-fit angle results are presented in Table 1.

We describe the H. naledi lumbar vertebrae and sacrum from the
Lesedi Chamber of Rising Star Cave (Hawks et al., 2017) below. Only
the first lumbar vertebra preserves the adequate midline landmarks to
take vertebral body measurements and calculate the wedging angle.
We also estimate a 3D wedging angle for L1 and the remaining lumbar
vertebrae. We include them and other fossil lumbar vertebrae in level

by level plots of 3D best-fit plane wedging estimates (Figure 5).

3.2 | Firstlumbar vertebra

U.W. 102a-154B is the body of a first lumbar vertebra (L1) (Figure 6).
Its position in the vertebral column is determined both serially and
anatomically—it follows the last thoracic vertebra, U.W. 102a-154A,
determined due to its position relative to the three lower thoracic ver-
tebrae that precede it (cranially-caudally: U.W. 102a-036, U.W. 102a-
151, 102a-154A,; described in Hawks et al., 2017) and the presence of
costal facets. U.W. 102a-154B preserves no evidence of costal facets,
and is missing all but small inferior portions of the pedicles. The left
side is somewhat better preserved in this regard, and cross-sections
of the pedicles are visible at their roots on the vertebral body. They
extend approximately 2/3 of the craniocaudal height of the vertebral
body from its superior aspect and taper mediolaterally, forming a
V-shape caudally. The superior surface of the vertebral body is mostly
preserved, with some chipping of the annular apophysis, particularly
on the dorsal and left lateral side. The center of the superior surface is
abraded, exposing small areas of trabeculae. The inferior vertebral
body surface is smooth at its center, with the annular apophysis pre-
sent but is damaged dorsally and on the left lateral side. Many of the
vertebral body measurements of U.W. 102a-154B can be directly
measured using digital calipers and are reported in Table 2. The

U.W. 102a-322 (L2)

A WILEY- | °

Preserved standard measurements of the LES1 lumbar vertebrae

U.W. 102a-306 (L4) U.W. 102a-139 (L5)

191 =

- 32.5

| T L OOeL e T o A

FIGURE 7 Second lumbar vertebra (L2), U.W. 102a-322. Views
are (a) cranial, (b) caudal, (c) ventral, (d) dorsal, (e) left lateral, and (f)
right lateral

estimated 3D wedging angle is 3.7°, which is very similar to the calcu-

lated wedging angle of 3.8°.

3.3 | Second lumbar vertebra

UW. 102a-322 is the body as a second lumbar vertebra
(L2) (Figure 7). Portions of the bases of the left and right pedicles are
present, with the preserved aspect of the left pedicle projecting more

dorsally than the right. The vertebral body bears a basivertebral
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FIGURE 8 Fourth lumbar vertebra (L4), UW. 102a-306. Views
are (a) cranial, (b) caudal, (c) ventral, (d) dorsal, (e) left lateral, and (f)
right lateral

foramen dorsally. Cranially, the vertebral body is undamaged centrally
but it is broken along most aspects of the annular apophysis. It is only
complete for about 4 mm at its most lateral aspect on the right side,
although the dorsal midline approaches completeness. Caudally, the
vertebral body is abraded and exposing trabeculae near the dorsal
sagittal midline. The annular apophysis is damaged laterally and ven-
trally and missing entirely on the right lateral side, along with a portion
of the vertebral body itself. Otherwise, the annular apophysis is pre-
served in places ventrally, laterally, dorsally, and dorsolaterally. Preser-
vation is complete enough to record all vertebral body measurements
(Table 2). The 3D wedging angle is estimated as 2.9°.

3.4 | Penultimate lumbar vertebra

U.W. 102a-306 is a vertebral body that is wider mediolaterally and
craniocaudally shorter than the upper lumbar vertebrae (Figure 8). If a
ratio is created between maximum preserved vertebral body width
and maximum preserved vertebral body height, UW. 102a-306 pro-
duces a much higher ratio than U.W. 102a-322 (1.37 in UW. 102a-
154B, 1.43 in UW. 102a-322, 1.83 in UW. 102a-306, 1.92 in
U.W. 102a-139; see below), suggesting there is a gap in the series.

FIGURE 9 Fifth lumbar vertebra (L5), U.W. 102a-139. Views are
(a) cranial, (b) caudal, (c) ventral, (d) dorsal, (e) left lateral, and (f) right
lateral

Therefore, a lumbar vertebra (L3) is missing between U.W. 102a-322
and this fossil specimen, the penultimate and fourth lumbar vertebra
(Figures 6-8). It preserves the base of the right pedicle, and the base
and medial and dorsal extensions of the left pedicle. Pedicle cross-
sections are markedly wider mediolaterally and shorter craniocaudally
than in the upper lumbar vertebrae. The superior vertebral body is
preserved dorsally, but bone is partially abraded laterally on both
sides, especially ventrally, exposing trabeculae on the ventral side of
the vertebral body. The annular apophysis of the superior vertebral
body is only preserved dorsally except cranial to the pedicle, where it
is broken, and on each lateral extent of the vertebral body. The infe-
rior vertebral body and annular apophysis are better preserved. A
postdepositional pit is present on the caudal surface ventrally near
the sagittal midline. This pit is due to taphonomic damage and is not
pathological (i.e., Schmorl's node) in nature. The ventral aspect of the
inferior vertebral body and annular apophysis are both heavily
abraded, exposing trabeculae ventrally. The annular apophysis is
chipped but mostly complete on both lateral sides and dorsally. A
postdepositional pit is present on the right lateral aspect of the verte-
bral body between the inferior vertebral body surface and the pedicle
base that is also likely the result of taphonomic damage. Preservation
only allows for the dorsal height and maximum transverse width of
the vertebral body to be measured (Table 2). The 3D wedging angle is
estimated at 2.4°.
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FIGURE 10

Sacrum, U.W. 102-596. Views are (a) cranial,
(b) caudal, (c) ventral, (d) dorsal, () left lateral, and (f) right lateral

3.5 | Ultimate lumbar vertebra

U.W. 102a-139 is a last lumbar vertebra broken into three main
pieces: (i) a fragment consisting of a partial right superior articular pro-
cess, right pedicle and base of the right transverse process, and right
dorsolateral portion of the vertebral body; (ii) a left base of the trans-
verse process and left dorsolateral portion of the vertebral body; (iii) a
fragment consisting of the ventral portion of the vertebral body on
the sagittal midline and extending laterally approximately 12 mm on
both sides (Figure 9). Caudally, the left portion of the vertebral body
approaches the midline and joins with the right portion dorsally and in
the center of the vertebral body. The left ventral aspect of the inferior
vertebral body and annular apophysis is missing, and the annular
apophysis is chipped dorsally at midline, on the right lateral side, and
on the left dorsolateral aspect of the inferior vertebral body. Cranially
and ventrolaterally, the ventral portion of the vertebral body refits
with the left portion of the vertebral body. Other areas of contact on
the superior vertebral body are missing, exposing trabeculae cranially
when the pieces are refit. This continues dorsally such that the supe-
rior vertebral body is incomplete at the dorsal midline. The root of the
right superior articular process is present inferiorly but is sheared off
cranially. Due to its incomplete preservation, only the dorsoventral
and maximum transverse width of the inferior vertebral body mea-
surements can be taken on this specimen (Table 2). The 3D wedging

angle is estimated at —4.8°.

N \viLEy |

=
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(9)

FIGURE 11 Sacra of H. naledi compared. The sacrum from the
Dinaledi Chamber (U.W. 101-723) is shown on the left and that from
the Lesedi Chamber (U.W. 102-596) is shown on the right. Views are
(a-b) cranial, (c-d) dorsal, (e-f) ventral, and (g-h) caudal.

3.6 | Sacrum

U.W. 102-596 is the upper portion of a sacrum, preserving much of
the first sacral body (sacral base), a small (~5 mm) portion of the
medial aspect of the right ala, and most of the right articular pro-
cess (Figure 10). The sacral body is abraded dorsally, ventrally, and
laterally on both sides, precluding exact measurements without
estimation. The preserved sacral body measures approximately
33 mm in mediolateral width and 18 mm dorsoventrally at the mid-
line. The sacral body is broken laterally on the left side at its junc-
tion with the ala. The articular surface of the right articular process
is broken caudally and laterally, but mostly preserved and measures
approximately 16 mm craniocaudally and 10 mm mediolaterally.
Three basivertebral foramina are present near the sagittal midline
of the dorsal vertebral body, within the sacral canal. In terms of
overall preservation, this partial sacral fossil is preserved nearly
identically to the sacrum from the Dinaledi Chamber (U.W.
101-723; see VanSickle et al., 2018), although U.W. 101-723 pre-
serves more of the ala, forming a more complete upper border of
the left anterior sacral foramen than U.W. 102-596 (Figure 11). The
Lesedi fossil, however, preserves more of the right superior articu-
lar process, whereas the Dinaledi specimen preserves only its base,
and the articular surface is sheared off. Despite their similarity in

preserved morphology, U.W. 102-596 is substantially larger than



WILLIAMS ET AL

*LwiLey- EEE—
T11

T12

L1

L2

L4
L5

S1

U.W. 102a-036

U.W. 102a-154A

U.W. 102a-154B
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FIGURE 12 The Lesedi Chamber (U.W. 102) thoracolumbar vertebrae and sacrum. The thoracic and lumbar vertebrae are directly associated
with the other LES1 material (102a), whereas the sacrum was recovered from a nearby location (see Figure 1). We propose here the sacrum also
belongs to the adult, presumed male individual, LES1 (“Neo”). Views are (right to left): Left lateral, ventral, dorsal, right lateral.

U.W. 101-723, matching A.L. 288-1 in approximate size of pre-
served features.

4 | DISCUSSION

The H. naledi lumbar vertebrae from the Lesedi Chamber represent
the remains of a single, adult individual. The first, second, penultimate,
and ultimate lumbar vertebrae (L1, L2, L4, and L5) are preserved. The
middle lumbar vertebra (L3) is not present. The lumbar series is part of
single vertebral column preceded by three superjacent lower thoracic
vertebrae (Hawks et al., 2017) and followed by the subjacent first
sacral element (U.W. 102-596) (Figure 12). The lower thoracic verte-
brae from the Lesedi Chamber are similar in morphology but larger in
size and more robust than those from the Dinaledi Chamber (Berger
et al., 2015; Williams et al., 2017). Likewise, U.W. 102-596 preserves
nearly identical morphology as the sacrum from Dinaledi (U.W.
101-723; VanSickle et al., 2018) but it is from a slightly larger individ-
ual (Figure 11).

To quantify vertebral body wedging angles from the somewhat
incomplete Lesedi lumbar vertebrae, we developed a 3D method that
does not rely on the preservation of midline structures, as the tradi-
tional, linear approach of collecting three measurements based on

four landmarks has limited utility in fossil, archeological, or otherwise

damaged remains. Only U.W. 102a-154B, the L1 vertebra, preserves
the three measurements necessary for calculating the wedging angle
using the traditional method, whereas the other lumbar vertebrae
from the Lesedi Chamber are missing one or more measurements
(Table 2). The 3D wedging angle method we introduce uses a best-fit
plane algorithm on 3D surface models. We compare the linear mea-
surement and 3D plane methods in a large sample of modern humans
and find them to produce very similar results. The two wedging esti-
mates are significantly and highly (> = 0.978) correlated with each
other. We are therefore confident that the 3D plane method can be
applied to material missing one or more of the midline vertebral body
landmarks. Additionally, the high correlation between methods indi-
cates that they can be pooled in future comparisons.

Because the 3D plane method does not rely on the ventral and
dorsal midline measurements exclusively, it can be used in cases of
broken or otherwise damaged midline structures. The 3D method still
requires that most of the vertebral body is present, and if large por-
tions are missing ventrally, dorsally, or laterally, it will not produce an
accurate estimate. However, in the case of the H. naledi lumbar verte-
brae from the Lesedi Chamber, which are increasingly damaged from
L1 to L5, the 3D wedging angle method effectively generates wedging
angles that the traditional linear wedging angle method cannot.
U.W. 102a-154B is the exception as it does preserve all four land-
marks required for the linear method. The two methods produce
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nearly identical results for this fossil vertebra (3.8° for the calculated
wedging angle and 3.7° for the 3D method).

Using the 3D best-fit plane method, the H. naledi individual from
the Lesedi Chamber (LES1 “Neo”) yields lumbar vertebral body wedg-
ing angles consistent with our modern human sample. Other available
fossil hominin specimens, including australopiths and Neandertals,
similarly fall within the range of preindustrial modern human variation
(cf. Whitcome et al., 2007; Williams et al., 2022). This method is useful
on vertebral bodies lacking midline measurements, either through
damage, pathology, or natural aspects of morphology, but its utility on
partial vertebral bodies is more limited, with some states of preserva-
tion preventing its use. The fossil lumbar vertebra A.L. 444-7 (male
A. afarensis) (Ward et al., 2012), for example, preserves too little of the
inferior vertebral body surface to estimate the wedging angle accu-
rately. Refinements of the method may permit its estimation, along
with that of other insufficiently preserved vertebral bodies, but ulti-
mately adequate preservation or reconstruction is necessary. Overall,
however, we recommend using this method on archeological and
paleoanthropological material insofar as estimating vertebral body

wedging is a useful endeavor.
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