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Abstract

Objectives: Homo naledi is represented by abundant remains from the Dinaledi
Chamber of the Rising Star Cave system in South Africa. While pelvic elements from
the Dinaledi Chamber of the cave are fragmentary, a relatively complete ilium (U.W.
102a-138) was recovered from the Lesedi Chamber. We reconstructed and analyzed
the Lesedi ilium, providing qualitative descriptions and quantitative assessment of its
morphology and developmental state.

Materials and Methods: We compared the Lesedi ilium to remains from the Dinaledi
Chamber, other South African hominin fossils, and an ontogenetic series of human
ilia. We used the Dinaledi adults as a guide for reconstructing the Lesedi ilium. To
assess development of the Lesedi ilium, we compared immature/mature proportional
ilium height for fossils and humans. We used 3D geometric morphometrics (GMs) to
examine size and shape variation among this sample.

Results: The Lesedi ilium showed incipient development of features expressed in
adult H. naledi ilia. The proportional height of the Lesedi ilium was within the range
of human juveniles between 4-11 years of age. GM analyses showed that the Lesedi
ilium had an iliac blade shape similar to those of australopiths and an expanded auric-
ular surface more similar to humans.

Conclusions: The reconstructed Lesedi specimen represents the best preserved ilium
of H. naledi, confirming the australopith-like iliac blade morphology first hypothesized
in adult specimens, and establishing that this anatomy was present early in this spe-
cies' ontogeny. In contrast to australopiths, the Lesedi ilium displays an enlarged

sacroiliac joint, the significance of which requires further investigation.
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1 | INTRODUCTION

Homo naledi lived in South Africa between 241-335ka (Dirks
et al., 2017; Robbins et al., 2021), yet retained many features similar
to Early Pleistocene Australopithecus and Homo (Berger et al., 2015).
The pelvic anatomy of H. naledi has been described as more compara-
ble to A. dafarensis and A. dafricanus than to other species of Homo
(VanSickle et al., 2018). Forty hominin fragments from the Dinaledi
Chamber of Rising Star Cave represent the H. naledi pelvic region,
comprising both adult and immature individuals (Berger et al., 2015;
VanSickle et al., 2018). The most complete of these is UW. 101-
1100, a right adult ilium preserving parts of the greater sciatic notch
(GSN), arcuate line, iliac blade, and iliac crest. This specimen in particu-
lar suggests that H. naledi had a flared, flat iliac blade, similar to that of
A. africanus and morphologically distinct from the ilia known for other
species of extinct Homo (VanSickle et al., 2018). This contributes to
the evidence of diversity of pelvic anatomy within the genus Homo
(Churchill & VanSickle, 2017). However, in light of the fragmentary
Dinaledi Chamber sample, the overall morphology and functional sig-
nificance of the H. naledi ilium remains unclear.

Hominin remains from the Lesedi Chamber of Rising Star Cave
(U.W. 102) also represent H. naledi (Hawks et al., 2017). Skeletal
material comes from three areas within the Chamber designated as
U.W. 1023, 102b, and 102c, and it is unclear whether the three areas
represent one or several depositional histories. The majority of

skeletal remains in the Lesedi Chamber come from the U.W. 102a
excavation area, including the associated partial skeleton designated
as LES1. Fragments from at least one immature individual also occur
at U.W. 1023, including pieces of long bones, a sacrum fragment, and
a partial ilium (Hawks et al., 2017). These remains possibly derive from
the same individual as immature craniodental material excavated from
the U.W. 102b area, which is approximately 3 m away. Testing this
possible association requires a consideration of the ontogenetic stage
represented by the remains.

The pelvic remains from area U.W. 102a include an adult right pubis
fragment (U.W. 102a-348) that has been provisionally attributed to the
LES1 skeleton, an immature sacral element (U.W. 102a-210), and sev-
eral fragments from an immature right ilium (U.W. 102a-138; Hawks
et al,, 2017). The pubic and sacral elements preserve very little morphol-
ogy and are not particularly informative. On the other hand, the associ-
ated ilium fragments (Figure 1) represent more of the ilium than what is
preserved in any other H. naledi fossil. The largest fragment of this ilium
was pictured in the description of the Lesedi Chamber material by
Hawks et al. (2017), but beyond a basic taxonomic assessment, they did
not reconstruct or analyze the specimen.

Here, we present a reconstruction and describe the overall pres-
ervation and anatomy of the U.W. 102a-138 ilium. This reconstruc-
tion enabled several quantitative analyses. We examined the
proportions of the specimen with reference to its developmental
stage. We then used 3D geometric morphometric (GM) methods to

FIGURE 1

Left: Fragments associated with the U.W. 102a-138 ilium. The major fragment (-138i) is circled in yellow, and the iliac crest
fragment (-138ii) is circled in a white, dashed line; both are in internal view. Note the small piece within the yellow circle was subsequently
refitted and affixed to the major fragment. Center: Photograph of physical arrangement original fragments, focusing on the potential refitting
interface, in internal (top) and external (bottom) views. Right: Virtual refitting of the Lesedi ilium fragments, in internal (top) and external (bottom)
views
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compare the shape of the Lesedi ilium with immature humans and
immature A. dfricanus fossils, to test the hypothesis that H. naledi
retained an overall iliac anatomy similar to that of australopiths. The
Lesedi ilium therefore helps address some of the questions about
morphology and ontogeny left unanswered by the Dinaledi

discoveries.

2 | MATERIALS AND METHODS

2.1 | Comparative collections

Our human sample included 44 ilia from five different skeletal collec-
tions (Table 1): two recent samples (Coimbra and the Duckworth anat-
omy collections from Portugal and England, respectively), a Bronze
Age archeological sample (Los Melgarejos, Spain), a Neolithic archeol-
ogical sample (West Kennet, England), and a single infant from the
Mesolithic site of Vela Spila, Croatia. These samples included individ-
uals of different developmental stages (Table 2); chronological age
and sex are known for the Coimbra individuals, though these demo-
graphic variables are unknown for individuals from the Duckworth
anatomy (which are isolated and unassociated with other skeletal or

dental elements) and archeological collections. Although this sample is
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geographically restricted to Europe, we note that it spans a broad time

range, and therefore probably represents a range of activity levels and
a diverse set of populations (e.g., Nielsen et al., 2017).

We studied original South African fossil hominin ilia, including
UW. 102a-138, H. naledi from the Dinaledi Chamber, juvenile
Australopithecus specimens MLD 7 (Dart, 1949) and MLD
25 (Dart, 1958), A. sediba (MH1; Berger et al., 2010; Kibii et al., 2011,
Churchill et al., 2018), A. africanus (Sts 14), and SK 3155b, which has
an uncertain species designation (Brain et al., 1974). For the GM anal-
ysis described below, we limited the fossil comparative sample to
MLD 7 and MLD 25, as these immature specimens are well preserved
and therefore require minimal reconstruction or incorporation of
uncertainty, in comparison with more poorly preserved specimens
(i.e., MH1). Moreover, these immature specimens from Makapansgat
display the relatively thin and flaring iliac blade characteristic of adult
australopiths (Berge, 1998; Berge & Goularas, 2010; Kibii &
Clarke, 2003). These two fossils are therefore best situated to help
test the hypothesis that the immature H. naledi ilium from Lesedi
retained an australopith-like anatomy.

All human ilia, UW. 102a-138, Dinaledi adult UW. 101-1100,
and most other hominin fossils were digitized using an Artec Spider
surface scanner and processed into 3D surface meshes using Artec

Studio software (Artec 3D). Other Dinaledi specimens were previously

TABLE 1  Number of individuals from each skeletal collection in each maturation stage used in this study
Collection Stage 1 (Infant) Stage 2 (Juvenile) Stage 3 (Subadult) Stage 4 (Adult) Total
Coimbra 0 6 4 0 10
Duckworth 2 4 0 6 12
Los Melgarejos 1 2 2 3 8
West Kennet 2 6 1 4 13
Vela Spila 1 0 0 0 1
Total 6 18 7 13 44

TABLE2 Description of Stage Agegroup  Agerange (years) Description

developmental stages

1 Infant All epiphyses are unfused. Acetabulum and AllS
surfaces are smooth. There is a weak demarcation
between the articular surfaces for the ischial and
pubic secondary ossification centers (posterior
epiphysis and os acetabuli).

2 Juvenile 4-11 All epiphyses are unfused. Acetabulum and AllIS
surfaces are becoming billowed and more complex.
The secondary ossification centers at the pubis (os
acetabuli) and ischium (posterior epiphysis) may be
forming but are not yet fused with the primary
ossification center.

3 Subadult 12-22 Acetabulum has started to fuse with secondary
ossification centers (os acetabuli and posterior
epiphysis), but fusion is not yet complete. The
secondary ossification centers at the AllS (superior
epiphysis) and the iliac crest (anterior and posterior
epiphyses) have started to ossify and fuse.

4 Adult Acetabulum, AlIS, and iliac crest have all fully fused.
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digitized with a NextEngine 3D laser scanner, and were included for
visual comparisons only. Most individuals are represented by the right
side, but where preservation was best on the left, these meshes
(including MLD 7 and MLD 25) were mirror-imaged prior to analysis.
We seriated ilia into four developmental stages based on the
development of the acetabulum (Figure 2), using standards from
Scheuer and Black (2000; Table 2). In support of our seriation, Coim-
bra individuals assessed as Stage 2 range from 10 to 12 years old,
while those in Stage 3 are 16 years of age. In addition, the Vela Spila
individual, assessed as Stage 1, was previously estimated to have died
around 2-3 years of age based on skeletal and dental development
(Radovc¢ic et al., 2018). Thus, all individuals for whom chronological
age was known (Coimbra) or estimated across the skeleton (Vela Spila)
were consistent with the ilium stage seriation. The archeological
remains from Los Melgarejos and West Kennet are largely
commingled and mostly lack association with other skeletal elements,
but where associations are apparent, the other elements are develop-

mentally consistent with our assessments of ilium maturation.

2.2 | Initial preparation of the Lesedi ilium

There are multiple iliac fragments from Lesedi numbered U.W. 102a-
138 (Figure 1). The largest fragment, which we will call U.W. 102a-
138i, was described by Hawks et al. (2017). It preserves the auricular
surface, a partial iliac blade, the arcuate line, most of the GSN, the
anterior inferior iliac spine (AllS), and the iliac portion of the unfused

acetabulum. The second largest fragment, U.W. 102a-138ii, has not

FIGURE 2 Examples of
acetabulum and anterior inferior
iliac spine of humans in Stage

1 (top left) and Stage 2 (top right).
The Lesedi ilium is depicted as
both a surface mesh (bottom left)
and close-up original photograph
(bottom right). Note that left and
right panels are at different
scales, and the Lesedi mesh and
photograph are at slightly
different perspectives

previously been described. This fragment measures 18.9 x 25.7 mm,
and includes the anterior part of the iliac crest and abraded surfaces
of the cristal tubercle and anterior superior iliac spine (ASIS) (Figures 1
and 3).

Although we are confident in our identification of the 138ii frag-
ment, it was nevertheless unclear precisely how it articulates with the
larger 138i fragment, as the only contact is a thin segment of cortical
bone on the iliac surface. This break is fairly straight and slight contours
on each piece suggest a probable contact between fragments (center
panel in Figure 1). Our hypothesized refitting of these fragments was
based on (1) the subtle morphology of the break, (2) the smooth contour
of the iliac surface across the two pieces, and (3) the alignment of the
thick and convex gluteal surfaces. This configuration has a continuous
acetabulocristal buttress (Figure 3), similar to the mature UW. 101-
1100 ilium from Dinaledi (Figure 4). This reconstruction results in a
“two-pillar’ morphology, with thicknesses corresponding to both the
acetabulocristal and acetabulospinous buttresses. The same morphology
is also manifest in the mature U.W. 101-477 fragment; the area of the
acetabulospinous buttress is missing in U.W. 101-1100 (Figure 4). Thus,
while we acknowledge uncertainties in our reconstruction, we contend
that it is reasonable given the state of preservation and the comparative

evidence from Dinaledi.

2.3 | Analysis 1: Development

The acetabulum surface of the Lesedi ilium is abraded, confounding

its assignment to a developmental stage (i.e., Stages 1-2; Figure 2).
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FIGURE 3 Anatomical
features of the Lesedi ilium. The
larger U.W. 102a-138i fragment
is depicted in green and the
smaller -138ii fragment in blue.
Left: External aspect. Right:
Internal aspect

gluteal view

FIGURE 4
beneath the buttresses in each specimen. Images are to scale

Preservation of the Lesedi ilium (as well as Dinaledi specimens) limits
the number of traditional linear measurements that can be compared,
as most of these involve the full iliac crest and posterior superior iliac
spine (PSIS; e.g., Fazekas & Kdsa, 1978; Rissech & Malgosa, 2005),
neither of which is preserved in Lesedi. However, both the
reconstructed Lesedi ilium and the mature Dinaledi specimen
U.W. 101-1100 preserve iliac height, measured as the distance from
the deepest point of the GSN to the lateral margin of the iliac crest at
the presumptive cristal tubercle. We measured iliac height digitally on
3D models of H. naledi and modern human ilia using the open-source
software Meshlab (Cignoni et al., 2008).

We also measured iliac height in MLD 7, MLD 25, and Sts 14, all
generally attributed to A. africanus (see Grine, 2013 for discussion of
taxonomy). Sts 14 is thought to be a young adult female, with the iliac
crest still in the process of fusing (Berge & Goularas, 2010; Bonmati
et al.,, 2008). The right ilium of Sts 14 is missing the anterior crest
including the ASIS, and so this iliac height (82.76 mm) is likely a slight
underestimate since we measured at the break. The left side of Sts
14 preserves more of the iliac crest, but the blade was broken away
from the rest of the innominate post mortem, and these two compo-
nents are misaligned and fixed in plaster (Kibii & Clarke, 2003). The
left iliac crest lacks a pronounced thickening or cristal tubercle, and so
its iliac height at the most lateral point (89.6 mm) is tentative. In light
of these uncertainties surrounding Sts 14, we used the average of the

two sides, and interpret its iliac height cautiously.

acetabulocristal
buttress*

N \viLEy |

cristal
tubercle*

ASIS*

auricular

acetabulospinous
surface

buttress

arcuate
line

iliac view

* = abraded surface

[mm]

50

External view of the reconstructed Lesedi ilium (left), U.W. 101-1100 (center), and U.W. 101-477 (right). Note the depression (*)

To assess ontogenetic development, we created a proportional
size ratio for immature ilia, calculated as the iliac height of the imma-
ture individual divided by that of an adult. For the H. naledi ilia, we
used the Lesedi ilium as the immature individual and U.W. 101-1100
as the adult. For the humans, we used resampling to randomly select
an immature individual (Stage 1, 2, or 3) and an adult (Stage 4) to cal-
culate the ratio, and repeated this procedure 2000 times. We com-
pared the resulting ratios for each immature human developmental
stage with the ratio calculated for H. naledi to estimate its stage of
development.

2.4 | Analysis 2: Shape

To examine the shape affinities of the Lesedi ilium, we performed
three-dimensional landmark-based GM analyses, including only
immature ilia with the acetabulum completely unfused for humans
(n = 23) and MLD 7 and MLD 25 (A. africanus). We first digitized a
template of 148 landmarks on a human ilium (Figure 5), using
Viewbox 4 software (Halazonetis, 2013) and following the protocol
established by Bastir et al. (2019). The landmark template (Table 3)
includes eight fixed landmarks, 50 sliding surface semilandmarks dis-
tributed across each the internal and external surfaces of the iliac
blade, and 40 sliding semilandmarks distributed across four curves

corresponding to: (1-2) the lateral and medial margins of the iliac
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FIGURE 5

Landmark template applied to a human infant. Views
clockwise from left: Internal, external, and superior (anterior to right).
Large blue spheres represent fixed landmarks, medium green spheres
are curve semilandmarks, and small yellow spheres are surface
semilandmarks. Numbers correspond with landmarks described in
Table 3

TABLE 3 llium landmark descriptions

Number Name Type

1 ASIS Fixed

2 PSIS Fixed

3 PIIS Fixed

4 llioischium Fixed

5 lliopubis Fixed

6 AllS Fixed

7 Auricular Fixed

8 Anterior crest Fixed
9-58 lliac surface (50) Surface
59-108 Gluteal surface (50) Surface
109-123 Lateral crest (15) Curve
124-128 Auricular (5) Curve
129-133 GSN (5) Curve
134-148 Medial crest (15) Curve

crest between the PSIS and anterior crest (Landmarks 2 and 8), (3) the
antero-inferior border of the auricular surface between the posterior
inferior iliac spine (PIIS) and superior auricular point (Landmarks 3 and
7), and (4) the GSN between the PIIS and ilioischial point (Landmarks
3 and 4). We did not measure landmarks on the auricular surface, iliac
tuberosity, or acetabular surfaces as these areas are often damaged or
missing in both fossil and archeological remains.

We applied this landmark template to all 23 humans in Stages
1-2, to MLD 7 and MLD 25, and to the Lesedi ilium using Viewbox. In
the case of missing landmarks in the comparative sample, these coor-
dinates were estimated using the thin plate spline (TPS) interpolation,
minimizing the bending energy between the estimated configuration
and the template (Bastir et al., 2019; Gunz et al., 2005; Gunz &
Mitteroecker, 2013). As MLD 25 is missing a central portion of the
iliac crest and blade, missing landmarks were estimated using MLD
7 as the reference template. MLD 7 is an ideal reference for the miss-
ing data of MLD 25, because both are from the same site and strati-
graphic unit, are probably of a similar geological age, presumably

Description

Anterior superior iliac spine; most projecting point at
the anterolateral end of the iliac crest

Posterior superior iliac spine; most projecting point at
the posteromedial end of the iliac crest

Posterior inferior iliac spine; most posterior extent of
the auricular surface at end of the greater sciatic
notch

Inferior terminus of the greater sciatic notch;
posterior-most end of the ilio-ischial junction

Anterior terminus of the arcuate line; anteromedial ilio-
pubic junction

Apex or center of the anterior-inferior iliac spine
epiphyseal surface

Superior extent of the auricular surface at the interface
of iliac and sacroiliac surfaces

Anterior terminus of the iliac crest where medial and
lateral margins meet

Sliding semilandmarks distributed across the iliac fossa
and subarcuate surface

Sliding semilandmarks distributed across the the
gluteal surface

Sliding semilandmarks along the external margin of the
iliac crest, from LM 8 to LM 2

Sliding semilandmarks along the anterior and inferior
margin of the auricular surface, from LM 7 to LM 3

Sliding semilandmarks along the greater sciatic notch,
separating the medial from lateral ilium surfaces,
from LM 3 to LM 4

Sliding semilandmarks along the internal margin of the
iliac crest, from LM 8 to LM 2

Note: Numbers in parentheses next to surface and curve names indicate the number of semilandmarks.

Abbreviation: LM, fixed landmark numbers.
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FIGURE 6 Landmark
estimation and reconstruction of
the Lesedi ilium. (@) MLD 7 (left,
reversed) with the landmark
template. (b) The Lesedi ilium
with preserved landmarks in black
and those estimated from the
australopith template in pink.

(c) Comparison of reconstructed
landmark curves using
australopith (pink) and human
(navy) templates. Images not to
scale

belong to the same species, and are of a similar overall size and devel-
opmental stage (Dart, 1958).

After applying the landmark template to each individual and esti-
mating missing data, we used generalized Procrustes analysis (GPA) to
obtain the mean or consensus landmark configuration of the entire
sample (23 humans, two australopiths, and the Lesedi ilium). We then
used this consensus configuration as a template, and reslid all semi-
landmarks of each individual to minimize the TPS bending energy
against this new template (Bastir et al., 2019). This step is important
for minimizing differences between landmark configurations, as the
individual used for the original template and its semilandmark posi-
tions are arbitrary, and may exaggerate shape differences between
individuals (Gunz & Mitteroecker, 2013).

Estimating missing data for the Lesedi ilium involved several
steps. We first placed the four fixed landmarks that are sufficiently
preserved (Landmarks 1 and 6-8), but we had to estimate the posi-
tions of the ilioischial and iliopubic junctions (Landmarks 4-5), and the
abraded PIIS (Landmark 3). The positions of these landmarks were first
mathematically estimated using TPS interpolation in Viewbox, and
then manually adjusted based on the preserved morphology of the
specimen. In the case of some landmarks and semilandmarks, we
allowed points to adhere to abraded surfaces where abrasion was
deemed minimal and therefore unlikely to strongly impact the overall
results. The PSIS (Landmark 2) was missing entirely and had to be esti-
mated from the TPS interpolation.

We generated two landmark reconstructions for the Lesedi ilium,
using either the (reslid) consensus template or MLD 7 as a reference.
We first estimated the positions of sliding semilandmarks on pre-
served surfaces using either template in Viewbox (Figure 6). These
reconstructions differ slightly in the positions of some semilandmarks
on preserved surfaces, due to differences in ilium shape that are quan-
tified in fixed landmarks and curve semilandmarks, but the differences

are not pronounced. To reconstruct the missing iliac blade, we
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imported the landmark data from the preserved surfaces into the

R computing environment (R Core Team, 2020) and declared all (semi)
landmarks on missing surfaces as “NA.” We then used the “fixLMtps”
function in the package Morpho (Schlager, 2017) to estimate these
missing landmarks based on (1) the consensus configuration of the
23 humans, and (2) the MLD 7 and MLD 25 consensus configuration.
Comparison of these two reconstructions, with and without the miss-
ing landmarks, is presented in the Supporting Information (S1-2).

To examine shape variation, we performed GPA and then princi-
pal component analysis (PCA) of the Procrustes-aligned data (Zelditch
et al.,, 2012). GM analyses were performed in R (R Core Team, 2020),
using the packages Geomorph (Adams et al., 2020), Morpho
(Schlager, 2017), and abind (Plate & Heiberger, 2016). To facilitate
visualization of shape variation, we warped the 3D surface mesh of
the human ilium closest to the overall sample consensus (“Vela Spila
B”), to specific landmark configurations (Bastir et al., 2019; Weber &
Bookstein, 2011): the positive and negative extremes of shape space
PC1, as well as the reconstructed Lesedi ilium landmarks. Warping
was performed using the “warpRefMesh” function of the Geomorph
package (Adams et al., 2020).

In order to assess potential effects of intraobserver error in land-
mark placement, we randomly selected three individuals from the
human sample to digitize two additional times in Viewbox. Triplicates
were digitized at least 24 h apart from one another. Intraobserver
error could arise during the placement of both fixed landmarks and
the semilandmark curves; sliding of the surface semilandmarks is fur-
ther influenced by these first two steps. Thus, we examined variation
among triplicates for both the eight fixed landmarks alone, and for the
full set of 148 landmarks and sliding semilandmarks. In each of these
two cases (only eight fixed, or all 148), we subjected the dataset to
GPA and compared the Procrustes distances (PD) between the tripli-
cates and all other individuals in the human sample (cf. Rosas

et al., 2017): we specifically tested the null expectation that PD would
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be lower within a set of triplicates, than between the set and all other

individuals in the sample.

PD among sets of triplicates were extremely low compared with
the distribution for all pairwise comparisons, for both the eight fixed
landmarks alone and the full set of landmarks and semilandmarks
(Supporting Information S3). Importantly, we met the null expectation
that PDs among triplicate sets would be lower than between each set
and all other individuals. Thus, intraobserver error is sufficiently low in
the preliminary step of placing fixed landmarks, and it remains low
throughout the digitization process so that intraindividual variation
remains minimal after the full landmark set is digitized. We are there-
fore confident that intraobserver error is so miniscule as to have a

negligible impact on our results.

2.5 | Analysis 3: Auricular size

Post hoc inspection of the Procrustes-aligned data suggested that
the Lesedi ilium was more similar to humans than to australopiths in
terms of the size of the sacroiliac joint. To test this inference, we
measured the length of the anterior-inferior margin of the auricular
surface, as the sum of the interlandmark distances along this curve
between Landmarks 3 and 7 (PIIS and superior auricular point). Inter-
landmark distances were calculated using the function “interlmkdist”
in the R package Geomorph (Adams et al., 2020). We then compared
this auricular margin length against two measures of ilium size. The
first is the natural logarithm of centroid size, Ln(CS), measuring the
overall size of the 3D landmark configuration; this only includes the
humans, the Lesedi ilium, and Makapansgat australopiths included in
the GM analysis. Because Ln(CS) entails extensive missing data esti-
mation for Lesedi, the second size measurement we used was lower
iliac width, which is preserved in the Lesedi ilium with only minor
estimation. We measured lower iliac width as the linear distance
between AlIS and PIIS (Landmarks 3 and 6), using the “interlmkdist”
function.

To incorporate relevant fossil hominins that are too incomplete
to be included in the GM analysis, we measured the auricular margin
length and lower iliac width in MH1, Sts 14, and SK 3155b. Each of
these fossils was complete enough to reliably measure these vari-
ables, and is skeletally subadult like Lesedi and the rest of our com-
parative samples (Berge & Gommery, 1999; Bonmati et al., 2008;
Brain et al., 1974). We calculated auricular margin length and lower
iliac width by manually placing landmarks comparable to those used
in the GM analysis, using the “Measure” function in Artec Studio.
Each fossil was measured three times and the average of these mea-
surements was used for analysis. Validating this method, we used it
to remeasure the auricular margin length of MLD 7 and a human
infant, which yielded measurements very similar to those obtained
using the GM approach (1.25 and 0.73 mm different, respectively).
By plotting auricular margin length against these two measures of
ilium size, we could test whether the Lesedi ilium and other fossil
hominins deviated from expectations based on human ontogenetic

scaling.

3 | RESULTS
3.1 | Description and comparison of
reconstruction

The maximum dimensions of the reconstructed fossil are 67.8 mm
from the abraded PIIS to the ASIS, and 62.3 mm from the posterior
end of the preserved iliac crest to the abraded iliopubic promontory.
The iliac crest is preserved from the ASIS for 25.3 mm, and the entire
immature acetabular surface is mildly abraded. The acetabulocristal
buttress is readily apparent but faintly expressed, reaching a
maximum thickness of 6.1 mm. The termination of the faint
acetabulocristal buttress at the iliac crest does not form a prominent
cristal tubercle, but rather forms a rather blunt curvature maximum;
this is similar to U.W. 101-1100 from Dinaledi and MLD 25, and
unlike the uniformly flat blade of MLD 7. The presence of the but-
tress gives this portion of the blade a smooth, convex gluteal or lat-
eral surface, in contrast to the relatively flat iliac or medial surface.
The inferior aspect of the gluteal surface shares the crest's convexity,
with a palpable thickening for an acetabulocristal buttress at the
anterior edge of the break. Between the thickened buttress posteri-
orly, AllS anteriorly, and acetabular margin inferiorly, is a concavity or
depression (Figure 4). This depression does not form a shelf-like
appearance at the acetabular margin as has been described for the
genus Homo (e.g., Simpson et al, 2008; Ward et al., 2015) and
A. sediba (Churchill et al., 2018; Kibii et al., 2011), but the same is true
of immature human ilia.

Posterior to the inferior “base” of the buttress, the gluteal surface
is relatively flat and missing the thin (<1 mm), outermost layer of corti-
cal bone inferiorly. Posterior to the flat gluteal fossa is a blunt thicken-
ing toward the posterior end of the GSN, likely marking the
posteroinferior extent of the anterior gluteal line (Scheuer &
Black, 2000). The gluteal surface is marked with nutrient foramina,
including a large one at the base of the acetabulocristal buttress ante-
riorly, and two large ones in the gluteal fossa, the anterior of which
may approximate the anterior gluteal line (Scheuer & Black, 2000);
other than this foramen and the aforementioned thickening, there is
no other discernible development of gluteal lines.

Inferiorly, the immature acetabulum is abraded on all margins
(Figure 2), especially posteriorly. Damage is only minor centrally, leav-
ing an ovoid area of well-preserved surface measuring 15.2 mm ante-
roposteriorly by 8.6 mm mediolaterally. There are a few small patches
of unabraded immature surface on the posterolateral edge of this
region, and two concavities of this complex metaphyseal surface are
also preserved at the anterior end immediately inferior to the AlIS.
This acetabular surface is gently concave in all directions.

The GSN measures 22.7 mm from the posteroinferior border of
the auricular margins (approximating the PIIS) to the posterosuperior
margin of the acetabular surface (approximating the ilioischial junc-
tion). The anterior and posterior arms of the notch are relatively
straight and set at an obtuse angle to one another, similar to younger
humans. Damage to the posterior end of the GSN barely includes the

PIIS, which was probably only a few millimeters away from the break.
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Moving medially, the majority of the auricular surface is present
and well-preserved. Both the cranial and caudal arms of the surface
are straight and oblong, oriented roughly perpendicular to one
another. Maximum dimensions of these auricular segments are
24.6 mm anteroposteriorly and 16.9 mm superoinferiorly. The auricu-
lar surface is abraded, yet intact surfaces, darker than the rest of the
bone, are present in the cranial arm and the posterior half of the cau-
dal arm. The anterior rim of the auricular surface is anteroposteriorly
convex, and is sharply delineated from the iliac and subarcuate
surfaces anteriorly. At its thickest, the posterior ilium at the auricular
surface is about 7.1 mm. Between the cranial and caudal arms of the
auricular surface, only a small amount of the retroauricular area is
preserved.

Anterior to the auricular surface, the acetabulosacral buttress is
robust (relative to the diminutive size of the specimen), measuring
approximately 10-11 mm thick. The arcuate line is not well delineated
but, rather, there is a smooth transition from the subarcuate surface
of the true pelvis to the iliac surface of the false pelvis. The
subarcuate surface is relatively flat and nearly coplanar with the auric-
ular surface. The subarcuate surface broadens inferiorly; superiorly,
the minimum distance between the GSN and the arcuate line is
12.9 mm, while the same measurement inferiorly at the end of the
preserved bone at the iliopubic promontory is 17.3 mm. The posterior
surface of the iliac fossa near the auricular surface is mildly concave.
Anteroinferiorly, the convexity of the iliac surface at the iliopubic
promontory grades into the iliopsoas groove at the inferomedial edge
of the AllS. The remainder of the iliac surface is relatively flat and fea-
tureless, aside from the large nutrient foramen for a branch of the
iliolumbar artery that is 8.4 mm anterior to the auricular surface.

The Lesedi ilium compares favorably with homologues identified
in the Dinaledi Chamber, although most of these are consistent with
an adult developmental stage (VanSickle et al., 2018). As noted above,
the weak cristal tubercle and acetabulocristal/-spinous buttress are
similar to U.W. 101-477, -986, and -1100. In all of these individuals,
there is a marked concavity anterior to the inferior “base” of the but-
tress (Figure 4). This same concavity is present in the Lesedi ilium but
is less pronounced than in the Dinaledi specimens. We suggest this
may be a feature that became more accentuated during ontogeny. On
the internal aspect, the iliac fossa surface is not angled as sharply
(e.g., “flaring”) relative to the subarcuate surface as in U.W. 101-986
or -1100, in which the angle between these surfaces is nearly perpen-
dicular. Anteriorly, inferomedial to the AlIS, the iliopsoas groove is
about equally concave or excavated as in the larger and presumably
mature U.W. 101-477, the only Dinaledi specimen preserving this
feature. The weakly developed AlIS of the Lesedi ilium appears to
angle only slightly relative to the anterior margin of the iliac blade,
whereas the AlIS is more strongly flexed or angled, where it is pre-
served, in UW. 101-477. In addition, it had previously been
suggested that UW. 101-486, a fragment of the acetabulosacral but-
tress with some of the anteror-inferior auricular margin, was imma-
ture based on its small size (Hawks et al, 2017; VanSickle
et al., 2018). Where U.W. 101-486 can be compared with the Lesedi
ilium, the former is thicker in the vicinity of the auricular surface and
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its iliac body would have been taller (i.e., toward the ilio-ischial junc-

tion) compared with Lesedi. While it still cannot be determined
whether U.W. 101-486 was immature, at the very least it would have
come from a slightly larger, and possibly older, individual than
U.W. 102a-138.

In sum, the distinctive morphology of the subarcuate surface and
anterior iliac blade previously described for H. naledi is manifest in the
Lesedi ilium, suggesting these features are present and developed

from a young age.

3.2 | Analysis 1: Developmental stage

The iliac crest, AllS, and acetabulum of the Lesedi ilium are all
unfused, suggesting an age prior to adolescence, that is, under 12-
14 years by recent human standards (Scheuer & Black, 2000). The AlIS
appears smooth, similar to human infants and younger juveniles, and
unlike the more billowed appearance of the AIIS in adolescents.
Abrasion to the acetabular margins obscures whether the ischial and
pubic articular strips would have had the well-developed, billowed
appearance of individuals in Stage 3 or older Stage 2 juveniles. Overall
size of the Lesedi ilium is comparable to human infants and small juve-
niles, and is smaller than immature australopiths MLD 7 and MLD
25, and subadult Sts 14 (Figure 7).

The main factors distinguishing humans in Stages 1-2 are acetab-
ular ossification or complexity (Figure 2) and overall size (Figure 7).
Because the former cannot be ascertained for the Lesedi ilium, we
compared its iliac height (55.6 mm) with that of the U.W. 101-1100
mature or adult H. naledi from Dinaledi (79.8 mm). The Lesedi/
Dinaledi proportional iliac height (0.70) falls right in the middle of the
resampled distribution of proportional height of humans in Stage
2, and completely outside the range for humans in either Stages 1 or
3 (Table 4). Thus, despite its small size, given the overall size differ-
ence between H. naledi and modern humans (Garvin et al., 2017), the
Lesedi ilium likely represents an individual who died between
4-11 years by human standards of development.

3.3 | Analysis 2: Shape affinities

We used GM to test the hypothesis that H. naledi retained an anatomy
more similar to australopiths than to modern humans. We generated
two landmark reconstructions of Lesedi using either a human or
australopith template (Figure 6). Differences between these landmark
reconstructions are small and do not have a meaningful impact on sub-
sequent shape analyses (Supporting Information S1-2). Comparison of
both reconstructions, whether based on only the 81 landmarks pre-
served on the Lesedi ilium or the full 148-landmark configuration, reveal
that overall shape of Lesedi is most similar to australopiths, as measured
by PD between pairs of individuals. This evidence supports our hypoth-
esis based on the limited evidence from the Dinaledi remains. Accord-
ingly, we present the australopith-based reconstruction of Lesedi, and

analyze the full 148 landmark set for visualization purposes.
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| crest (Figure 9): compared with the human consensus shape, the
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FIGURE 8 Principal component (PC) analysis of ilium shape. PCs
1-2 explain 40% of shape variation. Circles represent humans, with
Stage 1 in purple and Stage 2 in navy, respectively. The size of plotted
symbols is proportional to the individual's centroid size

PCA of Procrustes-aligned landmarks shows that the main axis of
shape variation distinguishes humans on the one hand from Lesedi
and the australopiths on the other (Figures 8 and 9). Positive PC1
scores (i.e., like humans) are associated with an anteroposteriorly

elongated iliac body, expanded posterior ilium including the auricular

tances along the semilandmark curve between the PIIS (Landmark 3)
and superior auricular point (Landmark 7), reveals interesting patterns
(Figure 11). First, the cross-sectional sample of recent humans indi-
cates a fairly constant auricular length among Stage 1 individuals
despite an overall ilium size increase, followed by commensurate
increases in auricular and overall ilium size in Stage 2 (note that this
plot only includes individuals with the acetabulum unfused). Second,
auricular margin lengths of South African hominins are generally
shorter than expected relative to immature humans of comparable
size. Third, despite the smaller overall size of the Lesedi ilium, its
auricular margin length is only slightly shorter than the Makapansgat
australopiths, but much more similar to humans of comparable size.
Importantly, this result was obtained whether using the reconstructed
landmark configuration, or the lower iliac width which is better pre-
served in the Lesedi ilium.
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FIGURE 9 Statistical shape
comparisons. Top row: llium
shapes associated with negative
(orange) versus positive (navy)
scores for Principal Component

1 in shape space. Bottom row:
Sample mean shape (white)
versus the mean shape warped to
the landmark configuration of the
Lesedi ilium (gold). Views from
left to right are internal, external,
and superior (anterior toward

the top)

FIGURE 10 Procrustes
superimposition of fossils and the
human average. Left to right:
Lesedi (gold) versus human
average (gray); Lesedi (gold)
versus MLD 7 (gray); MLD 7
(pink) versus human

average (gray)
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4 | DISCUSSION

Our reconstruction and analysis of the U.W. 102a-138 ilium from
Lesedi confirms that H. naledi possessed a similar iliac blade morphol-
ogy to that found in A. africanus, juxtaposed with an enlarged sacroil-
iac joint more similar to those of modern humans. It is important to
acknowledge, however, that our hypothesized configuration of the
U.W. 102a-138i and ii fragments is a best guess based on anatomical
and geometric criteria, and the articulation between these fragments
is not unequivocal. The assessment of its developmental stage based
on iliac height, as well as our interpretation of an australopith-like
overall ilium shape, are both dependent on our reconstruction. Cor-
roborating the attribution to Stage 2, the AlIS of the Lesedi ilium is rel-
atively smooth and not protuberant, in contrast to older, larger
individuals in the human sample as well as the subadult australopiths
MLD 7 and MLD 25. In addition, although the acetabular margin of
the Lesedi ilium is abraded, there is no sign of a shelf-like rim develop-
ing near the AlIS, which again contrasts with older and larger humans
as well as MLD 7, MLD 25, and MH1 (no other H. naledi individuals
preserve this region). Thus, even if our reconstruction of the Lesedi
iliac crest is incorrect, it is still probable that the individual died prior
to adolescence.

We note that our human reference sample is predominated by
Stage 2 individuals (Table 1), which raises the possibility of “age mim-
icry” affecting our results. Age mimicry is when the assessment of
age-at-death is unduly influenced by the reference sample composi-
tion (Bocquet-Appel & Masset, 1982). However, we do not think that
this potentially confounding factor impacts our results. First, the
Lesedi ilium lacks the qualitative maturation indicators of Stage 3 indi-
viduals, as described above. In addition, the asymmetric size distribu-
tion within Stage 1 humans (Figure 7) suggests that smaller individuals
are probably under-represented. A more representative Stage 1 sam-
ple would likely be more distinct from Stage 2. Finally, maturation
Stage 2 itself incorporates a large proportion of the total growth
period (Table 2), such that it provides too coarse a resolution to esti-
mate age at death precisely. Future research may be able to further
delineate phases of juvenile ilium development within our Stage
2 range.

Regarding the australopith-like iliac blade shape, our reconstruc-
tion was guided by several lines of evidence, drawing upon specimen
preservation and referring to adult H. naledi from Dinaledi. The recon-
struction bears a striking resemblance to MLD 7 (Figure 10), which
confirms to us that it is accurate because we would not expect such
close similarity if our positioning of fragments is incorrect. Further-
more, the available evidence precludes any configuration of the frag-
ments that would yield a more human-like iliac blade. Specifically,
among humans there is a relatively shorter distance between the ASIS
and AlIS (e.g., Figure 9), and there is no reasonable way to position
the U.W. 102a-138ii crest fragment as such. On the contrary, it is
possible (but we think unlikely) that the crest fragment could be posi-
tioned further distally along the potential join with the larger 102a-
138i fragment, which would produce either a more australopith-like

or a uniquely long iliac blade. Thus, regardless of the uncertainty in

our reconstruction, we conclude that the iliac blade of H. naledi was
thin, flat, and flaring, similar to australopiths. We have made surface
models of these Lesedi ilium fragments available on Morphosource.
org, for independent assessment.

A novel finding of this study is evidence for an expanded sacroil-
iac joint in modern human juveniles and the Lesedi ilium, compared
with those of australopiths. This result is not merely an artifact of the
GM reconstruction of the ilium, as we reached the same result when
the auricular margin is compared with lower ilium width. The func-
tional significance of this similarity is unclear. One possible explana-
tion for the similarity between Lesedi and immature humans is that it
reflects species differences in body size. Estimates of adult body mass
for H. naledi, however, are comparable to those for australopiths
(Garvin et al., 2017) and smaller than modern human values. Further-
more, vertebral and sacral elements of H. naledi are among the
smallest in the hominin fossil record (VanSickle et al., 2018; Williams
et al., 2017). Moreover, australopiths (Aiello & Dean, 1990; Churchill &
VanSickle, 2017; Kibii et al., 2011) and many larger, adult pelvis fossils
attributed to the genus Homo are described as having a small auricular
surface (e.g., Day, 1971, Rose, 1984; Ruff, 1995; Simpson
et al., 2008). As there is some ambiguity in terms of how auricular sur-
face size is measured and compared among these various studies, an
updated assessment of sacroiliac joint size in hominin evolution would
be fruitful.

Another possible explanation for the enlarged sacroiliac joint of
the Lesedi ilium is that H. naledi may have had a pattern of overall
ilium growth and development distinct from either australopiths and
humans; for instance, perhaps adult-like auricular size was attained at
a relatively young age. Assessment of ilium development in H. naledi,
unfortunately, requires more complete fossils than are currently avail-
able for this species (as is the case for most fossil taxa). Nevertheless,
the Lesedi ilium suggests that characteristics of adult H. naledi were
present at young ages. This is not necessarily surprising, as distinctly
derived postcranial morphologies have been identified in Neandertal
neonates from Mezmaiskaya and Le Moustier, for instance (Weaver
et al., 2016). Making more fine-scaled assessments is more challeng-
ing. Maximum thickness of the cristal tubercle of Lesedi is about
6 mm, compared with 8 mm for the mature UW. 101-1100
(VanSickle et al., 2018). This proportional size (0.75) is close to the
proportional iliac height of Lesedi (0.70), suggesting either an isomet-
ric change, or slight proportional increase, with growth and develop-
ment. In addition, the comparison of the subarcuate surface and iliac
fossa between Lesedi and Dinaledi adults suggests that iliac flare may
have become more accentuated with growth (e.g., Berge, 1998;
Williams & Orban, 2007). Given the poor preservation of Dinaledi pel-
vic remains, however, it is difficult to make further inferences about
ilium growth in H. naledi at this time.

Finally, our analyses suggest the Lesedi ilium represents an indi-
vidual between ages 4-11 years by modern human standards. At this
range of ages, the ilium is developmentally consistent with immature
craniodental remains recovered nearby in the Lesedi Chamber
(de Ruiter et al., 2019; Hawks et al., 2017). These remains include a
mandible fragment (U.W. 102b-438) with a first permanent molar
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that had completed alveolar emergence with incomplete root forma-
tion, and additional unerupted tooth crowns. The development of
these teeth is consistent with an age of 4-6 years by human stan-
dards (Shackelford et al., 2012). The potential association of the 102b
immature craniodental material with the 102a ilium, as well
undescribed, immature postcrania (Hawks et al., 2017), raises the pos-
sibility of an additional immature partial skeleton for H. naledi (cf.,
Bolter et al., 2020). Immature remains such as these will be critical for
reconstructing growth and the pace of life history in H. naledi
(Cofran & Walker, 2017).
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