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Fossil discoveries of early Australopithecus species from Woranso-Mille have played a significant role in
improving our understanding of mid-Pliocene hominin evolution and diversity. Here, we describe two
mandibles with dentitions, recovered from sediments immediately above a tuff radiometrically dated to
3.76 + 0.02 Ma, and assess their taxonomic affinity. The two mandibles (MSD-VP-5/16 and MSD-VP-5/50)
show morphological similarities with both Australopithecus anamensis and Australopithecus afarensis.
Some of the unique features that distinguish Au. anamensis from Au. afarensis are present in the man-
dibles, which also share a few derived features with Au. afarensis. Their retention of more Kanapoi Au.
anamensis-like traits, compared to the fewer derived features they share with Au. afarensis, and the
presence of Au. anamensis at Woranso-Mille in 3.8-million-year-old deposits, lends support to their
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Hadar assignment to Au. anamensis. However, it is equally arguable that the few derived dentognathic features
Laetoli they share with Au. afarensis could be taxonomically more significant, making it difficult to conclusively

assign these specimens to either species. Regardless of which species they are assigned to, the mosaic
nature of the dentognathic morphology and geological age of the two mandibles lends further support to
the hypothesized ancestor—descendant relationship between Au. anamensis and Au. afarensis. However,
there is now limited fossil evidence indicating that these two species may have overlapped in time.
Hence, the last appearance of Au. anamensis and first appearance of Au. afarensis are currently unknown.
Recovery of Australopithecus fossils from 4.1 to 3.8 Ma is critical to further address the timing of these
events.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Hominin fossil discoveries during the last three decades have
redefined our understanding of the tempo and mode of human
evolution during the Plio-Pleistocene (Brunet et al.,, 1996, 2002;
Leakey et al., 2001; Alemseged et al., 2006, 2020; White et al., 2006;
Berger et al., 2010, 2015; Haile-Selassie et al., 2010a, 2010b, 2012,
2015, 2019; Villmoare et al., 2015; Herries et al., 2020). The discovery
of the earliest known fossil of the Homo lineage at 2.8 Ma, in the Afar
region of Ethiopia (Villmoare et al., 2015; DiMaggio et al., 2015), the
recognition of different hominin species contemporaneous with
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Australopithecus afarensis from the mid-Pliocene period in eastern
and central Africa (Australopithecus bahrelghazali, Kenyanthropus
platyops, Australopithecus deyiremeda; Brunet et al., 1996; Leakey
et al., 2001; Spoor et al., 2010, 2016; Haile-Selassie et al., 2012,
2015), and recent fossil discoveries of previously known species
such as Australopithecus anamensis (Haile-Selassie et al., 2019), have
challenged several long-held ideas and hypotheses about early
hominin taxonomic diversity and phylogenetic relationships. These
advances underscore the value of each newly discovered fossil for
increasing our understanding of human evolutionary history.
Although new areas in the Afar region, the Turkana Basin (Kenya),
and other parts of Africa have been yielding important remains of
early hominins (see Brown et al., 2013), Woranso-Mille, a site
located in the north-central part of the Afar region of Ethiopia, has
become one of the most prolific mid-Pliocene sources: in the last 15
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years, more than 200 hominin specimens of Pliocene age have been
recovered from the site.

Woranso-Mille (Fig. 1) presents the strongest evidence for the
contemporaneous presence of at least one non-Au. afarensis hom-
inin species (e.g., Au. deyiremeda or a species represented by the
Burtele foot) between 3.5 and 3.3 Ma (Haile-Selassie et al., 2012;
Wood and Boyle, 2016), whereas the biological validity of other
species named from the same period (Au. deyiremeda, Au. bahrel-
ghazali, and K. platyops; Brunet et al., 1996; Leakey et al., 2001;
Haile-Selassie et al., 2015) has been contested on various grounds
(White, 2003; Kimbel et al., 2004; Wood and Boyle, 2016; but see
Guy et al., 2008; Spoor et al., 2010; Haile-Selassie et al., 2016a). The
Woranso-Mille fossils show that Au. afarensis and Au. deyiremeda
coexisted in close geographic and temporal proximity at
3.5—3.3 Ma (Haile-Selassie et al., 2016a; Melillo et al., 2021). The
3.4 Ma Burtele partial foot from Woranso-Mille also indicated the
presence of a bipedal locomotor adaptation different from that of
the contemporaneous Au. afarensis (Haile-Selassie et al., 2012).
Despite the close temporal and spatial provenience of the foot to
specimens assigned to Au. deyiremeda (Haile-Selassie et al., 2015), it
has not been assigned to any species yet, pending recovery of more
complete craniodental specimens that are taxonomically informa-
tive and whose provenience could be clearly associated with the
foot. Woranso-Mille fossiliferous sediments older than 3.5 Ma have
yielded a 3.6-million-year-old partial skeleton and juvenile man-
dibles of Au. afarensis (Haile-Selassie et al., 2010a; Haile-Selassie
and Ryan, 2019) and more recently a 3.8-million-year-old cra-
nium of Au. anamensis (Haile-Selassie et al., 2019; Saylor et al.,
2019). The Au. anamensis cranium (MRD-VP-1/1) not only
expanded the previously known temporal range of the species
(4.2—3.9 Ma; Leakey et al.,, 1995; Ward et al., 2001) but also pro-
vided a more complete understanding of the craniofacial anatomy
of the species. Furthermore, it challenged the Au. anamensis—Au.
afarensis anagenesis hypothesis by showing that the two species
may have overlapped in time (Haile-Selassie et al., 2019).

The possible presence of Au. anamensis at Woranso-Mille was
first hinted at by the two ca. 3.76 Ma partial mandibles (Haile-
Selassie, 2010) that are described in detail here. Preliminary ob-
servations indicated that they retained a mosaic of dental and
mandibular features intermediate between those of Au. anamensis
and Au. afarensis. Given the presence of some features that are seen
only in Au. anamensis, however, Haile-Selassie (2010) argued that
these mandibles might be best assigned to Au. anamensis. Here, we
provide a detailed comparative description of these specimens,
particularly because more parts of one of the mandibles were
recovered as a result of continued fieldwork, and newly assess their
taxonomic affinity. This investigation will have significant impli-
cations for our understanding of the temporal and spatial distri-
bution and dentognathic morphological variation in the earliest
Australopithecus species in eastern Africa.

1.1. Discovery and preservation of MSD-VP-5/16 and MSD-VP-5/50

The left half of MSD-VP-5/16 was found in 2006 by Alemayehu
Asfaw and the right half was found by a local Afar worker (Ali
Kadir) in 2018, ca. 80 m south of the initial discovery (Figs. 2 and 3).
The right half of the mandible joined the left half along the anterior
corpus and symphyseal region. The corpus is well preserved with
minimal to no distortion on its preserved parts on both sides. It
does not have any sign of weathering or carnivore damage. Ante-
riorly, the adjoining break runs obliquely from the distal wall of the
left I at the alveolar margin to the base of the anterior corpus at
the midline. The corpus on the left side is almost intact, extending
posteriorly past the origin of the ramus, which is broken obliquely
toward the gonial angle. Most of the ramus is missing on both sides
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except for the anteroinferior portion of the masseteric fossa at the
M3 level on the left side. The corpus base is partially preserved on
both sides and in good condition, except for hairline cracks
running along the length of the preserved corpus bases. Also on
the lateral face of the left corpus base, there is another hairline
crack that runs from the level of the C; posteriorly to the level of
the mesial M. A small area of cortical bone (12.3 mm ante-
roposteriorly and 3.1 mm mediolaterally) is also flaked from the
preserved distal terminus of the left corpus base at the M level.
The symphyseal region also shows some cracks that do not impact
this region's morphology. A vertical crack runs down across the
entire length of the median ridge formed by the incisal juga.
Another crack, where the two halves joined, traverses obliquely
from the base of the left I, to the midline at the base. On the right
side, the corpus is broken vertically, but irregularly, posterior to
the M. The preserved right lateral corpus shows a small triangular
area of laterally deflected cortical bone close to the base at the
P4—M; level. There is also a faint crack running from the alveolar
margin of the P4 all the way to the base, traversing right through
the mental foramen and extending to the corpus base. This crack
continues to the medial side, running anterosuperiorly, and ends
at the genioglossal fossa. The corpus base, as on the left side, has a
hairline crack that traverses the entire length of the corpus base
but causes no distortion. Also on the right side, the digastric fossa
is depressed because of cortical bone loss at its center. The P4 on
the right side, the Mys on both sides, and the left M, are preserved
intact. A small piece of cortical bone is flaked from the distolingual
corner of the left M, partially exposing its distal root. A small area
of enamel is chipped from the apex of the left M; protoconid and a
hairline crack runs across the occlusal surface of the hypoconid.
The right M protoconid was broken from the crown and its mesial
half was recovered from a sieving operation. This molar also has a
hairline crack that runs centrally from the central fovea to the
distal marginal ridge. All of the anterior tooth crowns are missing,
most of them broken at the level of the alveolar margin. The left M3
crypt is partially preserved although its medial wall is broken. Its
overall size and C; root length indicate that it probably belonged to
a female individual while the unerupted M3 with partially formed
roots allows for an estimation of its developmental status (see
section 3.1 for further details).

MSD-VP-5/50 is a left mandible preserving the P3 to the M3
found in 2009 by Woganu Amerga. It was found broken into
numerous small pieces most of which joined (Figs. 4 and 5). The
anterior corpus is partially preserved below the I, alveolus and at
its base, the bone extends close to the midline. The anterior break is
not fresh and the edges are rounded. Most of the inferior half of the
ramus is preserved with some areas missing in the middle. The
posteroinferior corner of the ramus above the gonial angle is also
missing. The preserved corpus does not show substantial biotic or
abiotic alterations and visible cracks are mostly from joined sur-
faces. The lateral and lingual alveolar margins are damaged to
variable degrees. On the lateral side, the alveolar margin is un-
evenly chipped from C; to M; while it is preserved intact at both the
distal My and distal M3 regions. On the lingual side, however, the
margin is well preserved from P4 to mesial M,. Based on its overall
corpus size, Cq root robusticity, and length (judged from its pre-
served socket), it probably belonged to a male, while the amount of
wear on its molars indicates that it was an older individual (Fig. 5).

1.2. Geological and paleoenvironmental context

Woranso-Mille (Fig. 1) is located in the central Afar region of
Ethiopia north of Hadar where Au. afarensis is best known from 3.40
to 2.95 Ma (Kimbel et al., 2004; Campisano and Feibel, 2007, 2008;
Kimbel and Delezene, 2009). Geological and paleontological work
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Figure 1. Location map and stratigraphy of the MSD-VP-5 locality. The stratigraphic section at the bottom left shows that MSD-VP-5/16 and MSD-VP-5/50 were recovered
immediately above the Mille Tuff Sequence, dated to 3.76 Ma. The map of Africa on the left was taken from NASA and the images on the right were taken from Google Earth. W-

M = Woranso-Mille.

at Woranso-Mille largely concentrated on the ca. 180-m-thick
fossiliferous and sedimentary strata exposed in the modern Mille
River catchment. These strata are radiometrically dated to
3.8—3.2 Ma, with the faunal assemblages divided into five age
groups based on dated marker tuffs and paleomagnetic boundaries
(3.8—3.66, 3.66—3.57, 3.57—3.47, 3.47—-3.33, and 3.33—3.2 Ma).
Mesgid Dora locality 5 (MSD-VP-5), one of nine localities in the

MSD collection area, is among the older localities in the
3.8—3.66 Ma time interval (Fig. 1). The general stratigraphy of lo-
cality MSD-VP-5 has been described previously, including 4°Ar/>°Ar
dating and tephrochemical correlation of volcanic tuffs and map-
ping of volcanic tuffs and channel sandstone bodies (Deino et al.,
2010; Saylor et al., 2016). The fossil specimens described here
were collected ~250 m apart, from the top surface of a felsic
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Figure 2. Discovery location of MSD-VP-5/16. The white lines show the extensive Mille Tuff Sequence (3.76 Ma) immediately below the fossil discovery. Inset top left: Alemayehu
Asfaw discovered the left half of the mandible in February 2006. Inset bottom right: Ali Kadir found the right half in February 2018, ca. 80 m south of where the left half was found.

lapillistone tuff that is part of the Mille Tuff sequence (Fig. 1). In
most locations the tuffs in the Mille sequence are airfall deposits
(Saylor et al., 2016, 2019), but some have been fluvially reworked
into ~5 m of interbedded and cross-bedded tuffaceous sandstone,
siltstone and discontinuous tuff that lie between the fossil collec-
tion horizon and an overlying bimodal tuff composed of basaltic
and felsic pumice (Fig. 1). Ages for the Mille Tuff sequence
(3.76 + 0.02 Ma) and the Araskimiro Tuff (3.77 + 0.04 Ma), a felsic
pumice tuff above the bimodal tuff, are statistically indistinguish-
able (Deino et al., 2010; Saylor et al., 2016).

The sequence of rhyolitic and basaltic lapillistone tuffs and
tuffaceous sedimentary rocks that contains the fossil collection
horizon is overlain by coarse channelized sandstone followed by
the Waki Tuff (3.664 + 0.016 Ma), an extrabasinal vitric ash that has
chronological and geochemical characteristics compatible with the
Lomogol Tuff in the Omo-Turkana Basin (Saylor et al., 2016). The
pumice tuffs, sandstone, and the Waki Tuff have been traced from
the MSD-VP-5/50 discovery location to within 50 m of the MSD-VP-
5/16 discovery (Saylor et al., 2016), though in the near proximity to
the site itself these beds are missing because of subsequent incision
by an intraformational fluvial channel (Fig. 6). Conglomeratic
channel sandstones contain diverse basaltic and rhyolitic clasts up
to 5 cm across and form northwest-southeast to northeast-
southwest oriented curvilinear bodies that are 20—30 m across
and on the order of several hundred meters in length. These
channel sandstones were deposited in a broad paleo-valley that is
~600 m across and oriented northwest-southeast. The Mesgid Dora
Tuff, which lies stratigraphically above the Waki Tuff, drapes more
than 15 m of relief along this paleo-valley and varies from airfall
deposits that are as much as ~10 m above the Waki Tuff to fluvially
reworked channel deposits directly overlying the Mille Tuff
Sequence (Saylor et al, 2016). Beds of limestone and platy

mudstones formed in shallow water bodies within the paleo-valley.
Lack of well-developed paleosols is consistent with a quickly
aggrading depositional system and short-lived land surfaces. The
maximum age of MSD-VP-5/16 and MSD-VP-5/50 is established by
the Mille Tuff Sequence (3.76 + 0.02 Ma), and the minimum age by
the Waki Tuff (3.664 + 0.016 Ma), though the specimens are more
likely closer to the maximum age because they were recovered
from immediately above the Mille Tuff Sequence (Fig. 1).

The faunal assemblage from MSD-VP-5 is similar to that from
contemporaneous and slightly younger Woranso-Mille localities at
Aralee Issie (Haile-Selassie et al., 2010b). Previous multiproxy
paleoecological studies of the faunal assemblage at MSD
(3.76—3.57 Ma) indicated heterogeneous habitats with dense
vegetation along a paleo-river grading into more open habitats
away from the riparian zone (Curran and Haile-Selassie, 2016). Su
and Haile-Selassie (2022) further showed that the nonhominin
faunal community structure at MSDC (a fossil collection area that
includes MSD-VP-5 and two other nearby localities dated to be-
tween 3.76 and 3.66 Ma) indicates heterogeneous habitats while it
appears that woodland habitats were predominant.

2. Materials and methods

Mandibles are relatively well represented in the hominin fossil
record and characters of corpus morphology have played a signif-
icant role in species recognition and phylogenetic analyses
(Johanson et al., 1978; Johanson and White, 1979; White and
Johanson, 1982; Chamberlain and Wood, 1985; Leakey et al., 1995,
1998; Brunet et al., 1996; Strait et al., 1997; Ward et al., 2001; Strait
and Grine, 2004; Kimbel et al., 2004, 2006; Alemseged et al., 2005;
Guy et al., 2008; Haile-Selassie et al., 2015). However, mandibular
sample size is highly variable across hominin taxa. For example,
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Figure 3. MSD-VP-5/16. A) occlusal view; B) left lateral view; C) left slightly oblique medial view; D) basal view; E) dental arcade shape reconstructed by mirror-imaging the left
side; F) posterior view of a coronal section at left M,. The white line in the inset M, shows the plane of section through the protoconid and metaconid cusp apices; G) occlusal view

of the left M_j.

there are only a few mandibles of Ardipithecus ramidus recovered
from Aramis and Gona (Semaw et al., 2005; White et al., 2009),
whereas there are more than 60 known mandibles of Au. afarensis,
mostly from Hadar (Ethiopia), sampling from juvenile to adult in-
dividuals (White, 1977; White and Johanson, 1982; Kimbel et al.,
2004, 2006; Kimbel and Delezene, 2009; Harrison, 2011;
Glowacka et al,, 2017). The mandibular sample of Au. anamensis,
including small corpus fragments, is limited to 11 specimens from
Kanapoi and Allia Bay (Leakey et al., 1995; Ward et al., 2001, 2020),
and there are only two known mandibles of Au. deyiremeda (Haile-
Selassie et al., 2015).

All morphological descriptions of MSD-VP-5/16 and MSD-VP-5/
50 reported here are based on observations of the original speci-
mens, which are housed in the National Museum of Ethiopia, Addis
Ababa. In addition, microcomputed tomography (uCT) scans were
used for some parts of the description. MSD-VP-5/50 and the left
half of MSD-VP-5/16 were scanned using a GE v|tome|x L300 in-
dustrial multiscale microcomputed tomography scanner at the
Pennsylvania State University Center for Quantitative Imaging.
Unfortunately, MSD-VP-5/16 was not puCT rescanned after the dis-
covery of the right half in 2018. The left half of MSD-VP-5/16 was
scanned on an XTEK microfocus x-ray tube with source energy



Y. Haile-Selassie, B.Z. Saylor, M. Alene et al.

Journal of Human Evolution 173 (2022) 103265

Figure 4. MSD-VP-5/50 before restoration. It was discovered in two major pieces of the corpus with the P,—M, and the Ms in place. The P5 and all of the pieces of the ramus (n = 32)

were found by sieving.

settings of 180 kV and 0.250 pA, and voxel size of 0.042 mm (X, y)
and 0.0455 mm (z). MSD-VP-5/50 was scanned using a high-energy
Pantak x-ray tube with source energy settings of 250 kV and 2.0 A,
and voxel size of 0.076 mm (x, y) and 0.074 mm (z). Analysis of pCT
scan data and processing was performed using Avizo v. 9.5.0
(Thermo Fisher Scientific, Waltham).

The comparative sample includes all published dentally adult
mandibles and associated teeth of Ar. ramidus (n = 3) from
Middle Awash and Gona (Ethiopia), Au. anamensis (n = 11) from
Kanapoi and Allia Bay (Kenya), Au. afarensis (n = 41) from Hadar
and Maka (Ethiopia) and Laetoli (Tanzania), and Au. deyiremeda
(n = 2) from Woranso-Mille (Table 1). Morphological observations
on Ar. ramidus, Hadar and Maka Au. afarensis, and Au. deyiremeda
mandibles were made on the originals housed at the National
Museum of Ethiopia. The originals of Au. anamensis were studied
at the National Museums of Kenya in Nairobi and supplemented
by published descriptions (Ward et al., 2001, 2013, 2020). The
Laetoli Au. afarensis material was analyzed based on published
descriptions (White, 1977, 1980; Harrison, 2011), with additional
observations made on casts housed at the Cleveland Museum of
Natural History. Mandibular and dental terminology used in the

description follows White (1977, 1980) and White and Johanson
(1982).

The comparative assessment of the Woranso-Mille mandibles is
based on qualitative description of mandibular morphology
(corpus, symphysis, ramus) and dentition as well as quantitative
analysis of the corpus and dentition. Mandibular and dental mea-
surements of the Woranso-Mille specimens were taken on the
original specimens using digital calipers with accuracy to the
nearest 0.02 mm. Descriptive statistics for mandibular and dental
measurements of the comparative sample (Tables 2 and 3) were
compiled from published sources (White, 1977, 1980; White et al.,
2000; Ward et al., 2001, 2013, 2020; Kimbel et al., 2004; Suwa et
al., 2009a). We conducted comparative analyses using dental and
mandibular metric measurements. The mesiodistal (MD) and
buccolingual (BL) dimensions of the teeth preserved in the two
mandibles described here were compared to those of the compar-
ative species (Table 1). We calculated the square root of crown area
(v/MD x BL) for each tooth preserved in the two Woranso-Mille
mandibles and the comparative samples. We generated box-and-
whisker plots to examine the range of variation in the crown area
of each tooth (P3—M3) preserved in the mandibles of Ar. ramidus (P3
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Figure 5. MSD-VP-5/50. A) occlusal view; B) basal view; C) orientation and radicular morphology of the roots in the preserved teeth (P3—Mj5). The red line in the inset on the bottom
left refers to the sagittal plane of section; D) medial view; E) lateral view. All figures were generated from pCT scan images using Avizo v. 9.5.0 (Thermo Fisher Scientific, Waltham).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).

not included), Au. anamensis, Au. afarensis, and Au. deyiremeda. For
crown area comparisons, we included only those that have the
entire P3—Ms preserved. This allows us particularly to evaluate if on
average the P3 is larger than the P4 or the M, is larger than the M3,
or vice versa.

We conducted correlation analysis to investigate whether there
is a significant association between two quantitative variables of
the corpus (height and breadth at the M level). Corpus height was
measured as the vertical distance from the alveolar margin to the
corpus base at the mid-Mj level and corpus breadth was measured
as the mediolateral thickness of the corpus at the mid-M; level
perpendicular to the height. We first constructed a scatter diagram
for Au. afarensis (n = 24) using the two variables and generated

Pearson's correlation coefficient (r) and calculated the p-value. We
generated a 95% confidence interval (CI) ellipse for the Au. afarensis
sample using R v. 4.2.1 to see how many of the specimens fall within
the interval. We also used the Au. afarensis 95% CI to evaluate
whether mandibular shape of the Woranso-Mille and Au. deyir-
emeda mandibles falls within or outside this interval. For this, we
constructed three additional scatter diagrams adding to the Au.
afarensis sample: 1) Au. anamensis (n = 3); 2) the Woranso-Mille
mandibles (n = 2); and 3) Au. deyiremeda (n = 2) and Woranso-
Mille mandibles all together. Pearson's correlation coefficient and
p-values were generated for all three scatter diagrams. This allowed
us to examine how the inclusion and/or exclusion of the Woranso-
Mille mandibles, or the inclusion of Au. deyiremeda to the Au.
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Figure 6. Discovery location of MSD-VP-5/50 (red star) above the Mille Tuff Sequence. The coarse channelized sandstone (shown in blue gray) cuts through the Araskimiro Tuff and
the Basalt Rhyolitic Tuff and is overlain by the Waki Tuff (3.66 Ma), providing a minimum age for the specimen. Woganu Amerga (inset on the upper left corner) discovered the first

piece of the specimen in 2009.

anamensis and Au. afarensis sample impacts the r and p-values. Box-
and-whisker and scatter plots were generated using Microsoft
Excel for Mac v. 16.61.1 (Microsoft, Redmond).

3. Results
3.1. Developmental age of MSD-VP-5/16

MSD-VP-5/16 is a mandible preserving the left M;—M> and right
P4—M; (Fig. 3). The first and second molars display moderate to
slight wear. If the MSD-VP-5/16 individual is not a dental adult, its
developmental age is extremely close to that of an adult, as the left
M3 crown is judged to have been in the process of emerging (likely
beyond gingival emergence) or to be near reaching the level of
functional occlusion. This assessment is based primarily on the
state of development of the M3 alveolar socket, the state of root
apical closure of the M, and the length and developmental status
of the canine root (Fig. 7).

The mesial wall of the M3 alveolar socket measures 8.1 mm,; this
is likely a slight underestimate of its true length, given that the
alveolar margin in the interproximal region is slightly broken/

eroded, missing at most the superior ~1 mm (see white arrow in
Fig. 7B). In describing DNH 12, a right mandibular fragment that
preserves part of the crown of an erupting M3, Moggi-Cecchi et al.
(2010) noted that this tooth preserves ~8 mm of its mesial root,
supporting the notion that the Ms roots of MSD-VP-5/16 are
developed enough to support a molar that is emerging, at the very
least. The inferiormost portion of the distal alveolar socket of the M3
is also present, as is the interradicular septum separating the two
alveoli (Fig. 7C). The superiormost tip of this septum (left arrow in
Fig. 7C) looks to be slightly damaged, given that this region has
filled-in with matrix, and sits slightly (ca. 2 mm) inferior to the level
of the M; and M, interradicular septa. The presence of a clear
septum indicates substantial root development of both the mesial
and distal M3 root plates. Based on the length of the preserved root
socket, we judge the state of M3 root development to be at least at
the stage Ry, and thus similar to that of A.L. 486-1 (Dean et al., 2020).
In addition, the mesial wall of the M3 root alveolar socket in MSD-
VP-5/16 shows no sign of a cervical impression, which would be
present if the crown were situated inferior to the alveolar margin,
and suggests that it is the mesial margin of the M3 root plate that sits
adjacent to the mesial alveolar margin for its entire length.
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Table 1
List of the study specimens from Woranso-Mille and Pliocene hominin mandibles used in the comparative analysis.
Species Specimen number Element Recovery site References
MSD-VP-5/16 Mandible with dentition (left M;_,, right P4—M;, left [, C; Woranso-Mille Haile-Selassie, 2010; this study
—P4 roots, I,—P3 roots)
MSD-VP-5/50 Left mandible with dentition (P3—M3) Woranso-Mille Haile-Selassie, 2010; this study
Ar. ramidus
ARA-VP-6/500 Left mandible fragment (C;—M3) Middle Awash, Ethiopia Suwa et al., 2009b
ARA-VP-1/401 Mandible with dentition Middle Awash, Ethiopia Suwa et al., 2009b
GWM3/P1 Right mandible corpus fragment Gona Semaw et al., 2005

Au. anamensis

Au. afarensis

KNM-ER 20432
KNM-KP 29281
KNM-KP 29286

KNM-KP 29287
KNM-KP 30500

KNM-KP 31712
KNM-KP 31713
KNM-KP 31718
KNM-KP 47956

KNM-KP 53160
KNM-KP 59499

AL 128-23
AL 145-35
AL 188-1
AL 198-1
AL 198-22
AL 207-13
AL 225-8
AL 228-2
AL 266-1
AL 277-1
AL 311-1
AL 315-22
AL 330-5
AL 330-7
A.L 333w-1

AL 333w-12
AL 333w-27
A.L 333w-46
AL 333w-57
A.L 333w-59
A.L 333w-60/32

AL 333-59
AL 333-74
AL 400-1a
AL 411-1
AL 417-1
AL 418-1
AL 432-1
AL. 433-1a-b

AL 437-1
AL 437-2a

AL 440-1
AL 443-1
AL 582-1
AL 620-1
AL 996-1
DIK 2-1
MAK-VP-1/2
MAK-VP-1/12
NFR-VP-1/29
LH. 4

Au. deyiremeda

BRT-VP-3/14
WYT-VP-2/10

Left mandible fragment with P3_4
Mandible with dentition (left and right [;-M3)
Mandible fragments and associated dentition (right I;, left
and right [,—M3)

Right and left mandible fragments with molar roots
Left and right mandible fragments with dentition (left P3,
M;_3; right P4—Ms3)

Associated juvenile mandible and dental fragments
Right mandible with tooth fragments
Right mandible fragment (M,_3)

Left edentulous partial mandible (M,_3 and part of M
roots)

Mandible with left My—right M,

Mandibular corpus fragment

Right mandible fragment (C;—M)
Left mandible fragment (P3—M,)
Right mandible fragment (M,_3)

Left mandible fragment (C;—Ms)
Left mandible fragment (M;, M, fragment)
Left mandible fragment (P3—M5)
Left mandible fragment (M;_3)

Left mandible fragment (M), P4
Mandible (left P3—Mj, right P3—M3)
Left mandible fragment (C;—M)

Left mandible fragment (P3)

Right mandible fragment (P3, M;)
Mandible (left C; fragment; right P4—M3)
Right mandible fragment (P4, M;)

Left and right mandible fragments (left P3—M,; right P4
—M3z)

Right mandible fragment (M;)

Left mandible fragment (M)

Right mandible fragment (P3)

Left mandible fragment (M,_3)

Left mandible fragment (M,_3)
Mandible fragments (left P3—Ms; right ;—Cq)

Right mandible fragment (M,_3)
Left mandible fragment (M;_3)
Mandible (left I;—Ms; right [,—M3)
Right mandible fragment (M;_3)
Left and right mandible fragments (left C;—Ms; right M;_3)
Left mandible fragment (M)
Right mandible fragment (M,_3 fragments)
a) Right mandible fragment (P4 fragment); b) left mandible
fragment
Left mandible fragment (P4,—M3)
Mandible (left I;—C fragments; right [,—I, fragments; right
M;_3 fragments)
Right mandible fragment (Cy, P3; left I;, Cy, P4—M3)
Left mandible fragment (P4, M3)
Mandible (I, left P4—Mj; right P3—M; fragments)
Left mandible fragment (Ms3)
Left mandible fragment (P4,—M;)
Left mandible fragment (P3, My; isolated M, fragment, M3)
Right mandible fragment (M;_3)
Mandible (left I,—Ms; right P3—M3)
Mandible (left I, P4—Ms; right P4—M3)
Mandible (right C; fragment—Ms; left M;_3)

(Apical halves of left I,—right I, right P3—M3)
Edentulous mandible

Allia Bay, Kenya
Kanapoi, Kenya
Kanapoi, Kenya

Kanapoi, Kenya
Kanapoi, Kenya

Kanapoi, Kenya
Kanapoi, Kenya
Kanapoi, Kenya
Kanapoi, Kenya

Kanapoi, Kenya
Kanapoi, Kenya

Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia

Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia

Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia

Hadar, Ethiopia
Hadar, Ethiopia

Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Hadar, Ethiopia
Dikika, Ethiopia
Middle Awash, Ethiopia
Middle Awash, Ethiopia
Woranso-Mille, Ethiopia
Laetoli, Tanzania

Woranso-Mille, Ethiopia
Woranso-Mille, Ethiopia

Leakey et al., 1995; Ward et al., 2001
Leakey et al., 1995; Ward et al., 2001
Leakey et al., 1995; Ward et al., 2001

Leakey et al., 1995; Ward et al., 2001
Ward et al., 2001

Ward et al., 2001
Ward et al., 2001
Ward et al., 2001
Ward et al., 2013

Ward et al., 2020
Ward et al., 2020

Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Kimbel et al., 2004
Johanson et al., 1982
Kimbel et al., 2004
Kimbel et al., 2004
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Kimbel et al., 2004
Kimbel et al., 2004
Kimbel et al., 2004
Johanson et al., 1982

Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982; Kimbel
and Delezene, 2009
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Johanson et al., 1982
Kimbel et al., 2004
Kimbel et al., 2004
Kimbel et al., 2004
Kimbel et al., 2004

Kimbel et al., 2004
Kimbel et al., 2004

Kimbel et al., 2004
Kimbel et al., 2004
Kimbel et al., 2004
Kimbel et al., 2004
Kimbel et al., 2004
Alemseged et al., 2005

White et al., 2000
White et al., 2000

Haile-Selassie et al., 2016b

White, 1977

Haile-Selassie et al., 2015
Haile-Selassie et al., 2015
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Dental measurements of Woranso-Mille specimens and dental summary statistics of the comparative species. The comparative data were compiled from Leakey et al. (1995),
Ward et al. (2001), Kimbel et al. (2004), Haile-Selassie et al. (2010a, 2015), and White et al. (2015). All measurements are provided in mm.*

Mesiodistal Buccolingual
n Mean SD Min Max n Mean SD Min Max
P3
MSD-VP-5/50 - 104 - - — - 10.1 — — -
Ar. ramidus — — - — — — — — — —
Au. anamensis 9 9.7 0.62 8.7 10.5 6 114 1.2 9.9 13.6
Au. afarensis 30 9.6 1.08 7.9 12.6 30 104 1.11 8.2 13.8
Au. deyiremeda 1 7.6 — — — — 10.8 — — —
P4
MSD-VP-5/16 - 9.5 - - - - 9.9 - - -
MSD-VP-5/50 — 9.1 - — — — 10.3 — — —
Ar. ramidus 8 8 0.65 7.3 8.9 8 94 047 8.7 10.2
Au. anamensis 10 9.3 091 73 10.1 10 111 1.31 9.5 13.2
Au. afarensis 26 9.8 1.04 7.7 114 23 111 0.91 9.2 12.8
Au. deyiremeda 1 8.2 - — — 1 10.6 - — —
M;
MSD-VP-5/16 — 12.5° — — — — 11.9¢ — — —
MSD-VP-5/50 — 11.6 - — — - 11.7 — — —
Ar. ramidus 11 11.3 0.64 10.2 12.5 10 10.5 047 9.9 11.5
Au. anamensis 12 12.5 0.86 11.6 13.8 13 11.8 0.84 104 13.5
Au. afarensis 34 13.2 0.91 11.2 15.6 29 125 0.88 10.9 14
Au. deyiremeda 1 (12.6) - - - 1 (12.6) - - -
M,
MSD-VP-5/16 - 13.7 - — — - 12.3 — — —
MSD-VP-5/50 — 13.8 — — — — 13.2 — — —
Ar. ramidus 8 13 0.61 12.4 141 8 11.9 0.4 113 12.5
Au. anamensis 10 14.7 0.92 13.8 16.1 10 13.2 0.99 12 149
Au. afarensis 36 14.3 1.26 11.5 16.5 32 133 1.07 10.9 15.2
Au. deyiremeda 1 (14.8) — — — 1 (13.8) — — —
M3
MSD-VP-5/50 - 16.2 - - - - 139 - - -
Ar. ramidus 7 12.5 0.72 113 13.2 8 11.8 0.91 10.4 131
Au. anamensis 10 153 13 13.6 17.2 9 13.6 0.99 121 15.2
Au. afarensis 27 15.3 1.29 134 18.1 24 13.5 0.99 113 15.3
Au. deyiremeda 1 (15.8) — — — 1 (13.4) — — —

S

Average of left and right sides.
Left side only.

a

Table 3

Measurements in parentheses are corrected for interproximal wear and/or taphonomic alterations.

Corpus dimensions in the Woranso-Mille mandibles and statistical summary of comparative species. Summary statistics compiled from White et al. (2000), Kimbel et al.

(2004), Haile-Selassie et al. (2015), and Melillo et al. (2021).

Corpus height at M;

Corpus breadth at M;

Breadth/height ratio

n Mean Sd Min Max n Mean Sd Min Max n Mean Sd Min Max
MSD-VP-5/16 — 30.8 — - — — 20.0 - — — — 64.9 — —
MSD-VP-5/50 — 44.6 — - — — 21.2 - — — — 47.5 — —
Au. anamensis 5 34.0 6.6 26 40.5 3 18.8 1.0 18.0 20.0 3 55.3 6.4 49.4 62.1
Au. afarensis 25 339 4.1 27.8 413 28 19.8 2.2 15.8 24.7 24 58.6 6.6 484 75.9
Au. deyiremeda 2 339 33.4° 343 2 252 24.1° 26.2 2 74.3 72.2 764

2 Values are averaged from left and right sides.

The mesial and distal roots of the My of MSD-VP-5/16 are well
developed and preserve only very slightly open apices, indicating
that they are at the apex partially closed (i.e., A,,) stage of develop-
ment (Fig. 8). From the pCT images, it is clear that the depth of the
mesial M3 root socket extends approximately two-thirds of the way
down the length of the distal M, root, indicating the advanced
developmental state of the former's root relative to that of the latter.

The left Cq root is ~19 mm long (Fig. 9A—C) and extends inferi-
orly beyond the level of the mental foramen (see Fig. 3D). Given its
length, it is reasonable to assume that most, if not all, of adult
canine root length has been achieved. The apex of the root, how-
ever, is still open and is judged to be between the root complete (R¢)
and apex partially-closed (A,,) stage of development.

10

3.2. Corpus morphology of MSD-VP-5/16

Occlusal aspect The preserved incisor and C; region of the corpus
indicates that these teeth formed a tight arc and the transition from
anterior to lateral corpus is at the C;. The transition is abrupt due to
a well-developed C; jugum and weak P3 jugum. This makes the
arcade more U-shaped anteriorly while the postcanine teeth
moderately diverge posteriorly. The preserved C; roots and post-
canine teeth indicate that the C;s were aligned with the long axis of
the postcanine tooth row, as indicated by pCT scan images of the
specimen (Fig. 10B). The posteriormost point of the symphysis,
which appears to be on the inferior transverse torus, is at the mesial
edge of the Py4.
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Figure 7. MSD-VP-5/16 molar roots. A) surface model from pCT scan showing plane of
section used to generate individual slice through M3 crypt; B) section showing M3
crypt development and the lack of cervical impression on the interdental septum
(white arrow); C) measurement of alveolar depth (in mm) of the mesial root plate.
White arrows show the presence of an interradicular septum (left arrow) and the
inferiormost extent of the distal root of the M3 (right arrow).

Anterior aspect The alveolar margin is intact only below the right I,
where it is sharp and steeply sweeps inferiorly to the Ci. The
combined jugum of the central and lateral incisors forms a slightly
raised triangular midline prominence that runs inferiorly for two-
thirds of the superoinferior length of the symphysis before merg-
ing with the basal margin of the anterior corpus. Lateral to the I
jugum is a shallow vertical depression posterolaterally bounded by
the strong Cq jugum. This hollow extends inferiorly to the level of
the C; root tip.

Posterior aspect The lingual alveolar margin of the anterior teeth is
broken for the most part, except at right I; and C; where it is sharp
and U-shaped. The postincisive plane is steep and strongly hol-
lowed transversely, but almost flat vertically. It gently sweeps
posteroinferiorly to terminate in a weakly developed superior
transverse torus. At the center of its inferior edge is a centrally
positioned shallow and roughly circular genioglossal fossa. Minor
bone flakes in this region prohibit detailed description of its anat-
omy. The inferior transverse torus is also weakly developed and its
posteriormost extension is only slightly more posterior than that of
the superior transverse torus. Although some breakage is apparent,
clearly visible rugosities close to the base of the inferior transverse
torus at the midline indicate that the mental spines were strongly
developed.

1

Figure 8. Mesial and distal M, root development illustrating the partial closure of the
apices in both root plates (yellow arrows). Note the position of the inferiormost extent
of the M3 socket (white arrow) extending approximately two-thirds of the length of
the M distal root. The section in this figure is taken in a slightly different plane than
the section in Fig. 7, to focus on the roots of the M,. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this
article).

Lateral aspect Description of the lateral aspect is based largely on
the left side (Fig. 3B) with some additional observations on the right
side. In lateral view, the superior half of the anterior margin of the
symphysis is nearly vertical and barely sloping. The inferior half of
the symphysis sweeps abruptly posteroinferiorly. Corpus height
substantially decreases from C; (31.3 mm) to M; (24.7 mm).
Perpendicular to the alveolar margin, the symphysis is 33.7 mm
superoinferiorly and 19.5 mm anteroposteriorly. The latter is esti-
mated from a pCT-based cross-section of the symphysis preserved
on the left side as the horizontal distance between two vertical
lines drawn at anteriormost and posteriormost points of the sym-
physis perpendicular to the alveolar margin. The alveolar margin at
the M;_; level is sharp and straight. Anteriorly, the alveolar margin
is mostly abraded or chipped and the cortical bone on the anterior
face of the left I, root is missing and exposes the root socket. The
preserved molar row on the left side shows a weak Curve of Spee.
The strong C; jugum bulges laterally, fading inferiorly below the
mental foramen. The C; jugum merges with a faintly palpable P3
jugum to anteriorly bound a shallow depression below the pre-
molars. Posteriorly, this depression is demarcated by a mild jugum
formed by the mesial root of the M. Inferiorly, it terminates at the
level of the mental foramen at the anteriormost terminus of the
oblique line. The mental foramen on the left side is circular with a
diameter of 3.1 mm (right side is an anteroposteriorly elongated
oval; 3.6 mm anteroposteriorly and 2.0 mm superoinferiorly) sit-
uated at mesial P3 position, at mid-corpus height, with its center
15.7 mm above the base and 15.1 mm below the preserved alveolar
margin. The mental foramen on both sides opens anteriorly. On the
left side, a small accessory foramen is positioned 7.4 mm super-
oposterior to the mental foramen, 21.8 mm above the base, 10.1 mm
below the preserved alveolar margin, and it is open superiorly.
Microcomputed tomography scans show that the canal of the small
accessory foramen runs inferoposteriorly for ca. 8 mm before it
merges with the mandibular canal. The oblique line extends ante-
riorly to the P4 level and becomes more pronounced as it continues
posteriorly and superoposteriorly to become continuous with the
ramus root at the mid-M; level. The preserved anterior root of the
ramus, set 8.8 mm lateral to the alveolar margin of the left M, at its
distal end, makes a sharp superior bend at the mid-M, level and
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Figure 9. MSD-VP-5/16 canine root development. A) Surface model illustrating the plane of section through right mandibular canine alveolus for imaging canine development; B
and C) ~19 mm of canine root development are present indicating the canine is likely between the developmental stage of root complete (R.) and apex partially closed (A,,).

Lingual

Mesial Distal

A Buccal

Figure 10. Premolar root cross-section of MSD-VP-5/16. A) surface model from uCT scan showing planes of sections used to generate B—E; B) ca. 2.9 mm; C) 5.9 mm (=mid-root
level); D) 10 mm (=above the tip of the root); and E) at 17 mm below the approximated cervicoenamel junction (white line in A). Horizontal line in (C) shows the alignment of the
C; with the postcanine teeth. The anatomical orientation legend applies to B—E.

obscures the distal My. The lateral prominence, positioned at the Medial aspect The medial alveolar margin is preserved intact on the
M;i_, level, is weakly expressed and its posterior margin gently left side, from C; to mid-My, except for a small chip at the mesio-
blends with the shallow anterior inferior portion of the masseteric lingual corner of the M; root and minor indentations at the P53 level
fossa. The corpus base is straight across its preserved length and its (Fig. 3C). The left margin is undulating and not continuous at the
distal end shows no sign of ectoangular tuberosities. C1—P4 level but becomes straighter, undisrupted, and rounder at

12
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Mj_2. On the other hand, the margin is sharper on the right side,
particularly at the M;_;. Relatively weak juga can be palpated at the
P3_4 medial alveolar margin on both sides. The alveolar promi-
nence is rounded, especially at the M;_; level. It is flatter but more
expansive and diffuse at the level of the premolars. The mylohyoid
line starts 7 mm from the alveolar margin at mid-M; to 15 mm
inferior to the mid-M; alveolar margin. The subalveolar fossa is
deep and extends from below the genioglossal fossa anteriorly,
where it is the widest but shallower, to mid-corpus height
extending to the level of distal M, (Fig. 3C). The inferior transverse
torus, well developed all along its preserved length, bounds the
subalveolar fossa inferiorly. This contributes substantially to the
depth of the subalveolar fossa. This torus extends to the distal M3
level where it is weaker but wider abruptly ending at the beginning
of the depression for the attachment of the medial pterygoid
muscle. A small groove runs out of the genioglossal fossa poster-
oinferiorly to the anterior portion of the subalveolar fossa.
Numerous microforamina are present along the length of the
inferior transverse torus with the largest located at the preserved
distal end of the torus about 9 mm above the basal contour of the
corpus. No endoangular tuberosities are present on the preserved
distal end of the base.

Basal aspect The corpus base at the midline is slightly concave
inferiorly. Lateral to the midline, the base becomes sharper and
crest-like for 15 mm on the left and 9 mm on the right. The latter
ends on a small tubercle that is absent on the left side. These sharp
crests define the anterior edge of the digastric fossae, deeper and
circular on the right side, and anteroposteriorly long on the left
side. The corpus base contour posterior to the digastric fossae is
rounded and evenly wide all the way to the M, where it begins to
taper toward the base of the ascending ramus. Hairline cracks run
across the corpus base on both sides although they do not affect any
of the morphology.

3.3. Dental morphology of MSD-VP-5/16

Right fourth premolar The occlusal outline of this barely worn
crown is a rounded square with a slight MD elongation. The tips of
both protoconid and metaconid are polished and the mesial and
distal marginal ridges are flattened by wear but no dentine is
exposed. The presence or absence of a mesial interproximal facet
cannot be verified with certainty due to enamel exfoliation and
hairline cracks. The distal interproximal facet is convex and mea-
sures 3.2 mm BL. The protoconid is larger than the metaconid but
they are of subequal height. The metaconid is set slightly mesial to
the protoconid. The anterior fovea is an MD elongated slit-like
shallow groove bounded mesially by the mesial marginal ridge
and distally by the transverse crest connecting the protoconid and
metaconid. Two vertical grooves descend to it from the mesial faces
of the protoconid and metaconid. The transverse crest is truncated
by the median longitudinal groove which runs from the anterior
fovea to the slightly lingually positioned posterior fovea. The pos-
terior fovea is positioned slightly more lingually and radial ridges
lead to it from the distal face of the metaconid. A shallow groove on
the occlusal surface separating the protoconid from a small dis-
tobuccal cuspule also runs to the posterior fovea. A thick distal
marginal ridge bounds it distally. The buccal face of the tooth is
convex transversely and vertically. It is narrow at its base but flares
out toward the occlusal rim. The distal crest of the protoconid is
much longer and more sloping than its mesial counterpart. The
mesiobuccal groove is only a small pit positioned close to the
occlusal rim. The distobuccal groove is obliterated by a small
enamel chip but appears to have started at midcrown height and
continues its course to the occlusal surface ending in the posterior
fovea. The lingual face of the tooth is almost straight both vertically
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and transversely. Unlike the buccal side, the lingual crown face does
not flare as much from the root to the occlusal rim. A central groove
runs from mid-crown height to the occlusal rim. Another shallow
groove 1.5 mm distal to it crosses the occlusal rim and ends in the
posterior fovea. The root cross-section varies from two fused plate-
like roots with four root canals a few mm below the cervicoenamel
junction to two separate plate-like roots with four root canals at the
midsection (Fig. 10A—E). In the P3, the mesiobuccal and distal roots
are separated at the midsection and the mesiobuccal root has a
single rounded root canal while the distal root canal is plate-like.
Cross-section at the level of the mental foramen (Fig. 10E) shows
that the mandibular canal bifurcates anteriorly at the distal P3 level
to medial and lateral branches.

First molars Both sides are preserved but description is largely
based on the more complete left side (missing only a small chip of
enamel from the occlusal surface of the protoconid) supplemented
with some observations on the right side (see Fig. 3G). The occlusal
outline is a rounded rectangle with the distal half slightly narrower.
The occlusal morphology is partly obliterated by moderate wear,
but no dentine is exposed. A hairline crack passes along the MD
length of the protoconid and hypoconid but does not affect obser-
vations of the occlusal morphology. The protoconid and metaconid
are of equal size. The hypoconid is larger than the entoconid and
the hypoconulid is the smallest cusp centrally positioned at the
distal end of the crown. There are no accessory cuspules. The pro-
toconid and hypoconid are polished flat and the entoconid is the
least worn, still retaining its pointy tip, followed by the metaconid.
The anterior and posterior foveae are obliterated by wear and only
slit-like pits are remaining on both. Both foveae are set relatively
lingually and the posterior fovea appears like a small groove on the
distolingual corner of the crown. The central fovea is relatively
shallow and positioned lingual to MD midline. The grooves sepa-
rating the main cusps radiate to it. The median longitudinal groove
zig-zags through the center of the crown, cutting through an
entirely obliterated transverse crest connecting the protoconid and
metaconid, traverses through the central fovea, and splits to form a
Y-5 pattern with one branch separating the hypoconid from the
hypoconulid and another branch ending in the posterior fovea. The
lingual and buccal faces flare slightly occlusally. The lingual face is
slightly bilobate as a result of centrally positioned mesial lingual
groove that is shallow half way from the cervix and deeper closer to
the occlusal rim. The buccal wall of the tooth is barely bilobate and
when viewed mesially, the buccal contour of the tooth is relatively
straight. A cingulum-like arc runs from the mesiobuccal corner
close to the occlusal rim to the cusp divide at the center near the
occlusal rim. The mesial interproximal facet is concave and wide,
measuring 4 mm BL and 4 mm down from the occlusal rim. The
distal interproximal facet measures at least 3.5 mm BL.

Left second molar The occlusal outline of the lightly worn crown is
a mesiodistally elongate rectangle with rounded corners
(Fig. 3F—G). It is morphologically similar to the M; but larger and
relatively longer MD. The protoconid and metaconid are large and
about the same size, followed by the sub-equal hypoconid, and
entoconid. The hypoconulid is centrally positioned on the distal
end of the crown clearly showing the arrangement of the major
cusps in a Y-5 pattern. The tip of the protoconid and the mesial
marginal ridge are polished flat with no dentine exposure. The tips
of the other cusps are rounded. The lingual cusps are higher than
their buccal counterparts. The groove that divides the buccal cusps
on the occlusal surface is continuous in a straight line with the
groove that divides the lingual cusps. This groove divides the crown
into two subequal mesial and distal halves. The anterior fovea is
divided into two portions due to wear on its central part. The buccal
portion is a small pit on the mesiolingual corner of the protoconid
and the slit-like lingual segment is positioned at the mesiobuccal
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corner of the metaconid. The median longitudinal groove runs from
the distal end of the anterior fovea posteriorly and bifurcates to a
distobuccal and distolingual branches bounding the hypoconulid
from the hypoconid and entoconid, respectively. Its distolingual
branch ends in the posterior fovea which is a crescent-shaped
fissure close to the distolingual corner of the crown. The lingual
face is almost straight mesiodistally and superoinferiorly except for
some MD convexity close to the mesiolingual and distolingual
corners. The buccal face is bilobate and slopes occlusally more
prominently above mid-crown height. Several shallow vertical
grooves above mid-crown height create vertical ridges on the
buccal face. The mesial buccal groove is the deepest and crosses the
occlusal rim to continue to the center of the occlusal surface. What
appears to be a remnant of a cingulum is present on the mesio-
buccal corner. The mesial interproximal facet, 3.5 mm BL, is slightly
concave and merges with the occlusal rim. There is no distal
interproximal facet, suggesting that the M3 was probably not in full
occlusion.

3.4. Corpus morphology of MSD-VP-5/50

MSD-VP-5/50 is a left mandible with P3—Ms. The anterior corpus
is broken at the left I, level with the distal wall of the I, preserved.
The canine root socket is present with some bone loss close to the
alveolar margin. Based on the amount of wear on the molars, it is
clear that it belonged to an adult individual (Fig. 5).

Occlusal aspect The mediolateral breadth of the corpus is almost
uniform all along the postcanine tooth row, lacking substantial
posterior thickening. The anterior to lateral corpus transition was
more likely at Cy. Even though most of the lateral wall of the C; root
socket is broken, what is preserved of the canine jugum at its base,
combined with the lack of P3 jugum, corroborates this inference.
What can also be inferred from what is preserved around the
symphyseal region is that the dental arcade was slightly divergent
posteriorly. A small portion of the inferior transverse torus is pre-
served at the midline and extends posteriorly to the level of distal
Ps.

Anterior aspect Some portion of the anterior corpus is preserved at
the level of the I, and Cy. However, the midline point is difficult to
determine despite some indications on the preserved superior and
interiormost parts. The roughened surface below the I, and C; re-
treats posteroinferiorly toward the basal margin. What is preserved
suggests that the symphyseal axis would have followed a similarly
retreating path to the base. A slightly elevated area is palpable at
the preserved bone at the level of the I;.

Posterior aspect Only the edge of the inferior transverse torus at the
transition to the lateral corpus is preserved and it is 171 mm
superoinferiorly. The lateral edge of the genioglossal fossa is also
preserved and clearly separates the superior transverse torus from
the inferior transverse torus.

Lateral aspect The mesial half of the P3 crown is slightly higher than
the distal half, which is at the same level as the P4. The P4—M3 row
is straight and shows no sign of Curve of Spee or helicoidal tooth
wear. The bone covering the lateral face of the C; root and the
alveolar margin are entirely missing due to breakage and the nature
of its jugum cannot be assessed. Based on the preserved root socket
and the lingual face of the C; alveolus, the root was at least 24 mm
long superoinferiorly. The C; to mesial M; alveolar margin is broken
and corpus height at the level of these teeth cannot be measured
accurately. However, it appears that corpus height was consistent
across the postcanine tooth row even though the basal margin of
the corpus is slightly convex. The height measured at P3 from its
cervicoenamel junction to the corpus base (45.6 mm) is almost
identical to the height at M;—M, (45.2 mm). It is slightly shorter at
the M3 level. The lateral face posterior to the P3 does not show
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hollowing. It lacks a well-developed P3 jugum. The mental foramen
is positioned below mid-corpus height, 22.9 mm from the corpus
base and 24.3 mm from the lowest point on the buccal cervicoe-
namel junction of the P4, and opens anteriorly. It is ante-
roposteriorly elongated oval with sharp posterior edge and poorly
defined anterior edge. Its superior and inferior edges are rounded. It
is 2.6 mm superoinferiorly and 3.6 mm anteroposteriorly. There is a
small shallow depression immediately behind it. An accessory fo-
ramen (1 mm superoinferiorly and 2 mm anteroposteriorly) is
present at the level between P3 and Pg4, vertically 7.2 mm (actual
diagonal distance is 9 mm) above the mental foramen, and opens
superiorly. The lateral prominence is poorly developed and lies
vertically at the level of the anteroinferior origin of the ascending
ramus at mid-M,. The extramolar sulcus is 12.1 mm, measured
from the buccal face of the M3 protoconid to the anterior edge of
the ascending ramus, and runs anteroinferiorly.

The oblique line is not visible. The lower part of the corpus
below the level of the mental foramen has three obliquely ori-
ented platysmatic ridges anteriorly extending to below the C;
root and ending in a well-defined, C-shaped groove. Posteriorly,
these ridges end at the base of the corpus between P3 and M.
The area where the platysmatic ridges are present is the
attachment area for the depressor anguli oris muscle. In lateral
view, the corpus base is convex inferiorly with its most inferior
point at My—M,. It has a well-developed ectoangular tubercle
close to the posterior end of the preserved base, which does not
appear to be far from the missing gonial angle. The transition
from the corpus base to the posterior edge of the ramus appears
to have been arc-like even though some area above the gonial
angle is broken.

The anterior origin of the ramus is set high, 11 mm below the M,

alveolar margin and 34 mm from the base of the corpus, and its
anterior edge runs obliquely in a superoposterior direction. The
preserved anteroposterior width of the ramus at the occlusal plane
is 58.6 mm. The mid-section of the masseteric fossa at this level is
missing but enough of the fossa is preserved to indicate that the
fossa was deep. The preserved height of the ascending ramus
measured at its anterior edge perpendicular to the occlusal plane is
63.5 mm.
Medial aspect The alveolar margin is preserved intact only at the
P4—Mj level and distal part of the Ms. It varies from sharp at P4 and
distal M3 to rounded at M;. There are multiple small foramina
immediately below the alveolar margin of the P4 and M; and
posteriorly oriented grooves radiate out of them. The alveolar
prominence is well developed, wide, and more pronounced ante-
riorly. It appears that it was continuous with the superior trans-
verse torus anteriorly. Its posterior extent goes all the way to below
the M3 where it becomes a sharp ridge that curves posterolaterally
to merge with the anterior medial edge of the ascending ramus. The
mylohyoid groove runs obliquely immediately below the alveolar
prominence and ends in the deep anterior portion of the sub-
alveolar fossa. The posterior subalveolar fossa is shallow and it is
posteriorly bounded by the anterior border of the medial pterygoid
muscles. On the posteroinferior corner of the posterior subalveolar
fossa, there is a prominent endoangular tubercle similar in size to
the ectoangular tubercle on the buccal side. The inferior portion of
the corpus below the subalveolar fossae is not bulging except for a
slightly raised surface inferior to the deep anterior subalveolar
fossa.

The bone surface of the triangular planum of the ascending
ramus is largely missing but enough is preserved to show that it
was deeply excavated. The preserved posterior and inferior por-
tions of the ascending ramus show bony ridges and tuberosities for
the medial pterygoid muscle. The retromolar fossa, medially
bounded by a sharp ramus root, is 8.3 mm long anteroposteriorly.
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Figure 11. Premolar root cross-section of MSD-VP-5/50. A) Surface model from uCT scan showing planes of sections used to generate B—E; B) at approximated cervicoenamel
junction; C) 2.8 mm below line b; D) 8.6 mm below line b; and E) 11 mm below line b. The anatomical orientation legend applies to B—E.

Basal aspect The corpus base is rounded for the most part and
becomes thinner posteriorly until it becomes sharp posterior to the
endo- and ectoangular tubercles. The digastric fossa is an ante-
roposteriorly elongated groove positioned lateral to the inferior
transverse torus. Its lateral border is marked with prominent ridge
that blends posteriorly to the corpus base. The medial edge of the
corpus base below the posterior subalveolar fossa is sharp and
merges with the endoangular tubercle.

3.5. Dental morphology of MSD-VP-5/50

Third premolar While some details of the occlusal morphology are
slightly obliterated by wear, enough morphology is preserved to
describe its overall shape and the size of its cusps. The occlusal
outline of the crown is a mesiobuccal to distolingually elongated
oval. The mesial half of the crown is higher than its distal half which
is at the level of the P4. The protoconid occupies most of the
occlusal crown area and an incipient metaconid is present set low
at a lingual terminus of the transverse crest. A narrow strip of
dentine exposure runs from the protoconid tip distally along its
distal crest for 4.5 mm. It is 0.9 mm wide at its widest on the
protoconid tip. The buccal face slopes occlusally and it is mesio-
distally convex with its mesial half facing more mesiobuccally. A
shallow mesial buccal groove is present above mid-crown on the
mesiobuccal corner and closer to the occlusal rim. The cervicoe-
namel junction is also set lower on the mesiobuccal corner. The slit-
like anterior fovea is positioned on the mesiolingual corner of the
crown. It is set high above the cervicoenamel junction, mesially

bounded by a poorly defined but uninterrupted mesial marginal
ridge formed by the mesial crests of the protoconid and incipient
metaconid. The occlusal edge of the mesial marginal ridge is 4.2
mm above the cervicoenamel junction. The anterior fovea faces
mesiolingually and slightly superiorly. The posterior fovea is also a
short oblique hairline groove set at the bottom of a sloping surface
descending from the distal protoconid crest. The distal marginal
ridge is thick buccally and becomes thinner towards the dis-
tolingual corner of the crown where it merges with the distal
metaconid crest. Most of the lingual face of the crown is vertical
except for a small notch close to the occlusal rim separating the
trigonid from the talonid. The mesial face of the crown does not
show any sign of an interproximal facet, indicating a possible
presence of a C;/P3 diastema. The distal interproximal facet is 4.2
mm BL (based on the dimension of the deeply concave interprox-
imal facet of the P4). The mesiobuccal and distal roots of the P3, each
with one root canal, remain connected across their entire length
(Figs. 5C and 11).

Fourth premolar The occlusal crown outline is rhomboidal even
though its basal crown outline is a mesiobuccal to distolingually
elongated oval. Almost the entire occlusal surface is polished by
wear. There is a small tear-drop-shaped dentine exposure close to
the protoconid apex on the mesial side of the transverse crest. Two
dot-like depressions—with no dentine exposure—are present
behind the transverse crest lingual to the distal protoconid crest
and on the lingual face of the metaconid apex. The transverse crest
runs from the protoconid apex to the metaconid, distally bounding
the entirely obliterated anterior fovea. The mesial interproximal
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Figure 12. Symphyseal midsagittal contour of MSD-VP-5/16 taken perpendicular to the alveolar plane compared to contours of Au. anamensis (n = 3), Au. afarensis (n = 11), and Au.

deyiremeda (n = 2) mandibles (not to scale). Australopithecus anamensis contours from Melillo et al. (2021);

); Au. afarensis contours (except NFR-VP-1/29) from Kimbel et al. (2004,

Fig. 5.29), NFR-VP-1/29 from Haile-Selassie et al. (2015); Au. deyiremeda contours from Haile-Selassie et al. (2015). Dotted lines denote reconstructed contours.
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facet is 4.2 mm BL. The posterior fovea is a slit-like groove cen-
trally placed between the transverse crest and the distal edge of
the crown. The distal interproximal facet is 3.9 mm BL. The lingual
face is both MD and superoinferiorly straight except for the
rounded mesial and distal corners. The buccal face is MD convex
and slopes slightly occlusally with minimal flare in the same di-
rection. The buccal crown bulge is positioned more mesially. The
tooth has two fused roots, each with one root canal. The distal root
is BL longer and offset lingually. These roots do not separate on the
buccal side all the way to their tips (Fig. 11). The root morphology
and number of root canals is similar to that of the P3 although the
mesial root of the P4 is BL wider and the distal root more plate-
like. The external root form remains the same for most of its
entire length.

First molar This tooth is heavily worn. The buccal cusps show wide
and deep dentine exposures stretching across the entire MD
length of the crown. There is only an enamel rim left on its
occlusal surface. The enamel on the mesiolingual face is missing.
The crown outline is nearly square but slightly MD elongated. Its
MD (corrected for interproximal wear) and BL dimensions are
12.2 mm and 11.9 mm, respectively. On the lingual side, the
enamel is present on the occlusal surface only where the lingual
groove cuts into the occlusal surface separating the metaconid
and entoconid and on the distolingual corner of the distal mar-
ginal ridge. The enamel on the lingual wall of the metaconid is also
spalled off. Almost the entire occlusal surface is heavily worn
showing a deeply cupped dentine exposure running across its
entire MD length. There is barely any enamel left on the mesial
and distal marginal ridges. The occlusal area with exposed dentine
is 10.7 mm MD with a minimum of 4.2 mm BL. As a result, the
anterior, central, and posterior foveae are entirely obliterated. The
mesial interproximal facet is mesially concave and 5.3 mm BL. The
distal interproximal facet is slightly convex distally and 6.1 mm BL.
The buccal face is bilobate and the buccal groove is set more
mesially indicating that the protoconid was smaller than the
hypoconid. The lingual groove, more prominent close to the
occlusal rim, also indicates that the lingual face was also slightly
bilobate and shows that the metaconid was much larger than the
entoconid.

Second molar This tooth is also heavily worn but less so than the
M;. The enamel on the lingual face of the metaconid is spalled
off. Like the My, the buccal cusps show wide and deep dentine
exposures stretching across the entire MD length of the crown.
However, there is still some enamel left on its lingual half. The
metaconid occlusal surface has a circular dentine exposure that is
larger (maximum diameter 3.2 mm) than the one on the
entoconid (maximum diameter = 2.1 mm). The occlusal outline
of the crown is MD elongated rectangular with rounded corners.
Its MD and BL dimensions (corrected for contact facets and loss
of enamel surface) are 14.0 mm and 13.2 mm, respectively. The
buccal half of the occlusal surface is heavily worn with deeply
cupped dentine exposure along its entire MD length with only
thin enamel rims remaining on the mesial and distal marginal
ridges. As a result, the anterior, central, and posterior foveae are
entirely obliterated. A large area of dentine is also exposed on the
metaconid tip. The entoconid tip also has dentine exposure
smaller than on the metaconid tip. The buccal face slopes slightly
occlusally above mid-crown height and it is bilobate with a
relatively deep buccal groove. The preserved lingual face distal to
the lingual groove is convex, indicating that the face was bilo-
bate. The mesial interproximal facet is concave mesially and
6.1 mm BL. The distal interproximal facet is almost straight and
6.3 mm BL.
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Third molar This tooth is relatively less worn than the M; and M,
even though it also has dentine exposures on the protoconid,
hypoconid, and hypoconulid with the dentine cup on the latter
cusp being the deepest and widest. The dentine exposure on the
protoconid is still separate from those on the hypoconid and
hypoconulid, which are connected. The occlusal outline is mostly
MD elongated rectangle. However, its distal quarter is triangular
with its distalmost end positioned at the distobuccal corner. Its MD
and BL dimensions are 16.2 mm and 14.1 mm, respectively. The
protoconid occlusal surface has a rectangular cupped dentine
exposure measuring 4.2 mm MD and 2.7 mm BL. A diamond-
shaped and cupped dentine exposure on the hypoconid merges
distally with a deeply cupped dentine exposure on the buccal half
of the hypoconulid cutting through the occlusal rim of the distal
marginal ridge. The metaconid tip also has a small dentine expo-
sure and the entoconid is worn flat with no dentine exposure. All of
the occlusal foveae and contours are obliterated by wear except for
remnants of the fissures separating the cusps. There might have
been a small cuspule distal to the hypoconid. The lingual face is less
bilobate and two shallow vertical grooves cross the occlusal rim
separating the protoconid from the hypoconid and the latter from
the hypoconulid. The buccal face slopes slightly occlusally and it is
bilobate MD with the buccal groove positioned relatively mesially.
The mesial interproximal facet is slightly concave mesially and
6.3 mm BL.

3.6. Comparative analysis

Our comparative sample for the analysis presented below in-
cludes the specimens listed in Table 1.
Corpus morphology Qualitatively, symphyseal inclination in MSD-
VP-5/16 falls within the observed and highly variable range of Au.
afarensis (Kimbel et al., 2004). In Au. afarensis mandibles, the
anterior symphyseal contour and angulation is variable, ranging
from fairly vertical (e.g., A.L. 288-1, A.L. 417-1) to relatively inclined
(e.g., A.L.400-1, A.L. 277-1, MAK-VP-1/12), but frequently associated
with a rounded and bulbous inferior portion (Kimbel et al., 2004;
Fig. 12). However, the holotype mandible of the species (L.H. 4) has
been described as different from other mandibles of the species in
terms of the morphology of its external symphyseal contour. In L.H.
4, while its overall inclination is within the range of the Hadar
mandibles, the inferior half of its contour in not bulbous but rather
continuously retreating posteriorly (White, 1977; Kimbel et al.,
2004). The overall external contour of MSD-VP-5/16 is more like
L.H. 4 (Fig. 12), where the basal portion of its symphysis recedes
more extensively than its superior half (Kimbel et al., 2004).
Although the symphysis of MSD-VP-5/50 at the midline is broken,
the preserved portions of the anterior corpus and cross-section at
P3 (Fig. 13) indicate that the external contour of its symphysis was
more strongly inclined than in MSD-VP-5/16. The degree of post-
eroinferior and inferomedial retreat in the preserved anterior
corpus of MSD-VP-5/50, particularly in the P3 area, indicates that it
had an extremely receding symphyseal axis (see Figs. 5E and 13).
The external contour of the symphysis in known Ar. ramidus and Ar.
anamensis mandibles is also extremely receding (White et al., 1994,
2009; Leakey et al., 1995; Ward et al., 2001). The cross-sections of
some Au. anamensis mandibles at the distal P3 level show that the
inferior one-third of the lateral profile sharply sweeps infer-
omedially. This lends support to the inference made on the degree
of symphyseal inclination in MSD-VP-5/50. The symphyseal
external contour in Au. deyiremeda mandibles falls within the range
of Au. afarensis variation. The degree of inclination in MSD-VP-5/16
is similar to the Au. deyiremeda mandible (WYT-VP-2/10), which
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Figure 13. Mandibular corpus cross-sections at distal P3 (MSD mandibles, Au. anamensis, and Au. afarensis). Note that MSD-VP-5/50 has a cross-section similar to Au. anamensis,
while MSD-VP-5/16 resembles those of Au. afarensis in having a vertical lateral wall all the way to its base. Modified from Kimbel et al. (2006) and Haile-Selassie (2010).
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also resembles the holotype of Au. afarensis (L.H. 4; Haile-Selassie et
al., 2015).

The anterior-to-lateral corpus transition in MSD-VP-5/16 is
clearly at the C;s while the transition in MSD-VP-5/50 can only
be inferred as at C;, based on the estimated lateral extent of the
broken C; jugum and corpus morphology at the P3 level (Fig. 5).
The dental arcade of MSD-VP-5/16 and MSD-VP-5/50 appears to
have been slightly divergent posteriorly (comparable to A.L. 400-
1), even though the anterior to posterior corpus transition in
both specimens is at the Cys. Based on published images, the
transition in Ar. ramidus appears to be at the Cys and also had
parallel tooth rows (Figure 4 in White et al., 2009). The transition
in Au. anamensis mandibles is at the Cys, and the alveolar arch is
U-shaped with relatively parallel tooth rows (Fig. 14). This is one
of the few characters that distinguishes Au. afarensis from Au.
anamensis (Leakey et al., 1995; Ward et al., 2001). In Au. afarensis,
the anterior-to-lateral corpus transition is usually at P3 or com-
bined C/P3 jugum and the postcanine tooth rows are divergent
posteriorly (Kimbel et al., 2004). In the two known mandibles of
Au. deyiremeda, the transition is either at C; (WYT-VP-2/10) or
mesial P3 (BRT-VP-3/14) and the tooth rows are slightly divergent
posteriorly as seen in the latter specimen (Fig. 14).

The presence of a distinct lateral corpus contour hollow, pos-
terior to the C1/P3 jugae, has been described as typical and char-
acteristic of both Au. anamensis and Au. afarensis mandibles (White
et al.,, 2000; Kimbel et al., 2004). A shallow lateral depression is
also present in MSD-VP-5/16 posterior to the C; jugum while it is
almost nonexistent, or poorly defined and barely palpable in MSD-
VP-5/50. The anteroposterior extent and depth of the hollow in
MSD-VP-5/16 is comparable to Au. afarensis specimens such as A.L.
288-1. In Au. afarensis, the hollow is anteriorly bound by a P3 or
combined C;—P3; jugum—which also defines the anterior to lateral
corpus transition—positioned below the premolars superior or
superoposterior to the mental foramen (Kimbel et al., 2004). In
MSD-VP-5/16, it is bounded anteriorly by a laterally bulging Cq
jugum while its posterior boundary is poorly defined. In the two
known Au. deyiremeda mandibles, the lateral corpus is extremely
inflated and is lacking a lateral corpus hollow (Haile-Selassie et al.,
2015).

In terms of corpus shape (robusticity), Au. anamensis mandibles
have been characterized as less robust than in Au. afarensis (Ward
et al., 2001), even though more recent discoveries indicate that
there is considerable variation in mandibular size and shape in both
species (Ward et al., 2020). Mandibular corpus cross-section of both
Au. anamensis and Au. afarensis at the M; level clearly shows this
variability (Fig. 15). Even in earlier species such as Ar. ramidus,
corpus shape is variable from deep and narrow in ARA-VP-6/500
from Aramis (White et al., 2009) to shallow and broad in GWM3/
P1 from Gona (Semaw et al., 2005). In Au. afarensis, although there
is clear evidence from Hadar that mandibles of the species become
larger through time—particularly in terms of corpus height—the
change in overall shape is not statistically significant (Lockwood
et al., 2000). The corpus height of MSD-VP-5/50 (measured at the
level of M;) exceeds the maximum documented for both Au. ana-
mensis and Au. afarensis, whereas its breadth is within the range of
Au. afarensis (Table 3). However, in terms of its corpus shape, it falls
outside the documented lower value in both Au. anamensis and Au.
afarensis, indicating that its corpus is relatively compressed bilat-
erally and long in the superoinferior dimension. On the other hand,
although the corpus height and breadth in MSD-VP-5/16 fall within
the range of both Au. anamensis and Au. afarensis, its shape falls
outside the range of Au. anamensis and on the higher end of Au.
afarensis, indicating that its corpus is robust despite its overall small
size (Table 3).
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Compared to known mandibles of Au. deyiremeda (n = 2), the

corpus height in MSD-VP-5/16 is slightly lower while that of MSD-
VP-5/50 is markedly higher. However, the corpus breadth and
shape in the Woranso-Mille mandibles are lower than both Au.
deyiremeda mandibles (Table 3). Overall mandibular corpus
morphology in Au. deyiremeda appears to noticeably depart from
that of Ar. ramidus, Au. anamensis, and in some ways from that of Au.
afarensis (Haile-Selassie et al., 2015). Its corpus is more robust, like
species of the genus Paranthropus, and lacks some of the features
that have been identified as typical of Au. afarensis. Although a
scatterplot of corpus height vs. breadth in Au. afarensis mandibles
(n = 24) shows a slightly scattered distribution, the correlation
between the two variables is significant (r = 0.60, p < 0.01;
Fig. 16A). Furthermore, all of the Au. afarensis specimens fall within
the 95% CI. When the Au. anamensis (n = 3) specimens are added to
the Au. afarensis data set, the correlation and p-value are almost the
same (Fig. 16B), and the Au. anamensis specimens fall within the
95% CI of Au. afarensis. Inclusion of the two Woranso-Mille man-
dibles into the combined Au. anamensis and Au afarensis data set
slightly reduces the correlation coefficient (r = 0.57) but the p-
value remains the same (Fig. 16C). However, MSD-VP-5/50 falls
outside the 95% CI of Au. afarensis. On the other hand, when the two
Au. deyiremeda mandibles are included in the combined data set,
the correlation, though still significant (p < 0.01), reduces to 0.47
and they fall outside the 95% CI of Au. afarensis (Fig. 16D). While
there is clearly a significant correlation between the height and
breadth of mandibular corpus at My, it appears that the correlation
coefficient and p-value are influenced by the specimens included in
the analysis. However, we find it interesting to see that while the
Au. anamensis specimens fall within the Au. afarensis 95% CI, MSD-
VP-5/50 and the two Au. deyiremeda mandibles fall outside that
interval. This could be due to the markedly high corpus height of
MSD-VP-5/50 and more robust nature of the Au. deyiremeda
mandibles.
Morphology of the ramus MSD-VP-5/50 preserves most of the
anterior and some part of the posterior margin of the ramus that
can be qualitatively assessed and compared to Ar. ramidus, Au.
anamensis, Au. afarensis, and Au. deyiremeda, particularly in terms of
the orientation of these margins and the size of the extramolar
sulcus. What is preserved of the corpus base and the posterior
margin of the ramus in MSD-VP-5/50 is also adequate to recon-
struct the curvature along its gonial angle. As mentioned in the
description, MSD-VP-5/50 has an anterior ramus margin that is
oriented obliquely superoposteriorly. The preserved superior half of
the posterior margin also shows similar orientation (Fig. 17). The
anterior origin of the ramus is set high at the mid-M; level and
when viewed laterally it does not obscure the M. In contrast, the
anterior ramus margin of MSD-VP-5/16 obscures the distal portion
of the M; (Fig. 3B). In MSD-VP-5/50, the transition from the corpus
base to the posterior edge of the ramus also appears to have been
arc-like even though the gonial angle is broken (see Fig. 17).

Ramus morphology in Ar. ramidus is unknown from the type
locality Aramis (White et al., 2009). However, based on published
figures (Fig. 2 in Suwa et al., 2009b), the ramus root in Ar. ramidus
mandibles such as ARA-VP-1/401 and ARA-VP-6/500 appears to
have been set high and placed posteriorly. Furthermore, also based
on published images (Semaw et al., 2005; White et al., 2009; Suwa
et al.,, 2009b) and observations on original specimens (Aramis
material only), the anterior edge of the ascending ramus in ARA-VP-
6/500 and ARA-VP-1/401 does not seem to obscure the M, and
both mandibles have relatively small extramolar sulci. Morphology
of the ramus in Au. anamensis mandibles is poorly known to fully
assess the orientation of the anterior and posterior margins of the
ramus. However, in the holotype mandible of Au. anamensis (KNM-
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MSD-VP-5/50 MSD-VP-5/16

Au. anamensis Au. afarensis Au. deyiremeda Au. africanus

KNM-KP 31713 ' ‘ S wWymvev10 Sts 52b
(mirrored) E (mirrored) (mirrored)

KNM-KP 53160

Figure 14. Comparison of the location of the anterior to lateral corpus transition (indicated by red arrows) in the MSD mandibles, Au. anamensis, Au. afarensis, Au. deyiremeda, Au.
africanus, and the African apes. Note that the point of transition in the two MSD mandibles is at the canine, as in Au. anamensis and the African apes, while the transition in the other
species is at, or posterior to the P5. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
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Woranso-Mille Au. anamensis
MSD-VP-5/50  MSD-VP-5/16 KNM-KP 29281  KNM-KP 29287  KNM-ER 31713
L (L (R) (R) (R)

Au. afarensis

MAK-VP-1/12 LH 4 AL288-1 AL 277-1 AL 198-1
L L (R) L) L

Y

AL 333W-60 AL266-1 AL 333W-12 AL 400-1a  NFR-VP-1/29
L (R) (R) (R) C)

Au. deyiremeda

VU

BRT-VP-3/14 WYT-VP-2/10
L L

Figure 15. Mandibular corpus cross-sections of the Woranso-Mille specimens, Au. anamensis and Au. afarensis at mid-M; level, perpendicular to the alveolar plane. Dotted lines
indicate reconstructed areas. Cross-sections of the Au. afarensis and Au. anamensis mandibles are from White et al. (2000, their Fig. 10) and Ward et al. (2001, their Fig. 27),
respectively.
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Figure 16. Bivariate scatterplot of mandibular corpus height and mandibular corpus breadth at mid-M; level. The ellipse in each panel indicates 95% CI for Au. afarensis only. The
Pearson's correlation coefficient (r) and p-values are calculated for: A) Au. afarensis only; B) Au. afarensis and Woranso-Mille mandibles; C) Au. anamensis, Au. afarensis, and Woranso-
Mille mandibles, and D) Au. anamensis, Au. afarensis, Au. deyiremeda, and Woranso-Mille mandibles combined (see text for details). Metric data for the comparative species was
compiled from White (1977), White et al. (2000), Ward et al. (2001, 2013, 2020), Kimbel et al. (2004), Haile-Selassie et al. (2016b), and Melillo et al. (2021).

KP 29281) and in KNM-KP 31713, the ramus root is set high and
takes its origin at the mid-M; level (Figs. 17 and 18). In Au. afarensis
mandibles, there is enough evidence to indicate that the anterior
and posterior margins of the ramus are vertically oriented and the
anterior origin of the margin is mostly at mid-corpus height (White
et al., 2000; Rak et al., 2007). The A.L. 822-1 mandible from Hadar
has the most complete ramus (Rak et al., 2007), and clearly shows
this condition. In contrast, MSD-VP-5/50 shows posteriorly inclined
anterior and posterior margins (Fig. 17). This configuration is
prevalent among chimpanzees but not in gorillas (White et al.,
2000; Rak et al., 2007). Furthermore, in Au. afarensis mandibles
where the anterior ramus margin is preserved, the ramus, in lateral
view, obscures the entire (MAK-VP-1/2 and -1/12, A.L. 822-1), or
one-half to two-thirds (A.L. 444-2) of the M, (White et al., 2000;
Kimbel et al., 2004; Rak et al., 2007). The only exception is A.L. 198-
1, where the ramus obscures only the distal half of the M3, a con-
dition similar to MSD-VP-5/50. MSD-VP-5/16, on the other hand, is
like most Au. afarensis mandibles. The ramus obscures the distal
half of the M5 and the anterior origin of the margin is at mid-corpus
height. The paratype mandibles of Au. deyiremeda do not preserve
enough of the ascending ramus to confidently characterize the
orientation of the anterior edge. However, based on what is pre-
served on the left side of BRT-VP-3/14, it appears to have been more
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vertical than in MSD-VP-5/50. The origin of the anterior margin of
the ramus in this mandible is also set at mid-corpus at P4 level and
obscures the distal half of the M, (Haile-Selassie et al., 2015). In
MSD-VP-5/50, the anterior margin of the ramus obscures only the
distal one-third of the Ms. While considerable interspecific varia-
tion in the anterior origin of the ramus is apparent, chimpanzees
have posteriorly inclined anterior and posterior ramus margins,
have a high and posteriorly placed ramus root, and the ramus does
not obscure the M, indicating that these features could be ple-
siomorphic to hominins (see Figs. 17 and 18).

Dentition Qualitative assessment shows that the occlusal outline of
the premolar crowns and the number of their roots in the MSD
mandibles differ from what has been described as characteristic of
Ar. ramidus (e.g., single-rooted P4). The P3 of MSD-VP-5/50 is similar
to some Ar. ramidus P3s in being obliquely elongate but it is not
unicuspid in the same way and lacks a mesially open anterior fovea.
Au. anamensis has unicuspid P3 associated with mesially open
anterior fovea even though one Au. anamensis P3 from Allia Bay
(KNM-ER 20432) has an incipient metaconid and a crown shape
and morphology more similar to Au. afarensis than to Au. anamensis
(Kimbel et al., 2006; Delezene and Kimbel, 2011). A considerable
amount of variation is also present in Au. afarensis P3s (Delezene
and Kimbel, 2011; Delezene et al., 2013). Despite such variation,
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MAK-VP-1/12
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KNM-KP 29281

Figure 17. Lateral views of MSD-VP-5/50 (A); Au. afarensis mandibles A.L. 822-1 (B) and MAK-VP-1/12 (C); Au. anamensis mandible KNM-KP 29281 (D); Pan troglodytes (E) and
Gorilla gorilla (F) mandibles, showing the anterior and posterior margins of the ramus (red arrows) and location of the anterior origin of the ramus relative to the height of the
corpus (yellow arrows). Images B and C were modified from Rak et al. (2007) and White et al. (2000), respectively. Specimens are not to scale. See text for discussions.

however, the mesial border of the anterior fovea in most Au. afar-
ensis P3s is demarcated by a well-developed and undivided mesial
marginal ridge, with the exception of probably a few P3s that have
mesially open anterior fovea (e.g., A.L. 128-23). While the occlusal
outline and absolute sizes of the anterior and posterior foveae of
MSD-VP-5/50 P;3 tend to be similar to some Au. anamensis Pss, its
anterior fovea/posterior fovea ratio is much lower than in known
Au. anamensis P3s (Delezene and Kimbel, 2011), mainly due to its
more mesiolingually oriented mesial protoconid crest. The one
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known P; of Au. deyiremeda (BRT-VP-3/14) also has a mesially open
anterior fovea with a truncated mesial marginal ridge. However, it
also has a well-developed metaconid unlike MSD-VP-5/50 and it is
also higher crowned.

The occlusal outline of the P4 crowns of MSD-VP-5/50 and MSD-
VP-5/16 are rhomboidal with an extremely bulging distolingual
corner or a rounded square, respectively, and have two fused roots
varying in cross-section from the cervical to the apical end (Figs. 10
and 11). In Ar. ramidus, the P4s have ovoid occlusal crown outlines
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MRD-VP-5/50 MSD-VP-5/16

Au. anamensis Au. afarensis Au. deyiremeda Au. africanus

7

BRT-VP-3/14

KNM-KP 31713
(mirrored)

WYT-VP-2/10 Sts 552b
(mirrored) (mirrored)

NFR-VP-1/29

KNM-KP 53160

Figure 18. Occlusal views of MSD-VP-5/16, MSD-VP-5/50, Au. anamensis, Au. afarensis, Au. deyiremeda, and Au. africanus, Pan troglodytes, and Gorilla gorilla mandibles showing the
anterior origin of the ramus (red arrow). Dashed line runs across the distal P4. Specimens are not to scale. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article).
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Figure 19. Box-and-whisker plot of P3—M3 crown area (1/MDXBL) comparing MSD-VP-5/16 and MSD-VP-5/50 with Ar. ramidus (P not included), Au. anamensis, Au. afarensis, and
Australopithecus specimens from Woranso-Mille. Horizontal line within each box is the median, lower and upper ends of each box represent the first and third quartiles,
respectively, and the ends of the whiskers represent +1.5 x interquartile range. Points above or below the ends of the whiskers of each taxon represent outliers. Measurements of
the comparative species were compiled from White (1977), Ward et al. (2001, 2013, 2020), Kimbel et al. (2004), Semaw et al. (2005), Haile-Selassie et al. (2015), White et al. (2015),

Haile-Selassie and Ryan (2019), and Melillo et al. (2021).

associated with a single root (White et al., 1994; Semaw et al., 2005;
Suwa et al., 2009a). Most Au. anamensis P4s have predominantly
trapezoidal or rhomboidal occlusal crown outlines (Ward et al.,
2001) even though there are some P4s with an oval outline (Ward
et al,, 2013). In Au. afarensis, although there is considerable varia-
tion, most P4s in this species have rounded square occlusal outlines
(White, 1977; Johanson et al., 1982), even though an oval outline is
apparent in some specimens (e.g., EP 2400/00, L.H. 3; Leakey, 1987;
Harrison, 2011). The number of roots on the P4s of these two aus-
tralopiths is also variable but they all have multiple roots, unlike Ar.
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ramidus. The P4 anterior fovea in both MSD mandibles is smaller
than the posterior fovea, similar to Au. afarensis P4s. However, Ar.
ramidus and Au. anamensis P4s have relatively large anterior fovea
compared to the posterior fovea.

The MSD mandibles and teeth overlap in several metric vari-
ables with almost all of the comparative taxa. However, there are
also some differences, particularly in individual tooth size and
shape and corpus depth. The occlusal crown area of the preserved
teeth in MSD-VP-5/50 and MSD-VP-5/16 are larger for most
postcanine positions than those of Ar. ramidus (Fig. 19) and the
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Table 4
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Premolar dimensions of Au. anamensis and Au. afarensis. The list includes specimens that have both premolars preserved. Mesiodistal (MD) and Buccolingual (BL) mea-
surements (mm) were compiled from White (1977), Leakey et al. (1995), Ward et al. (2001, 2013, 2020), Kimbel et al. (2004), White et al. (2000), Harrison (2011), Haile-Selassie

and Ryan (2019), and Melillo et al. (2021).

Specimen P3 Py Ratio®
MD BL Area \/MD*BL MD BL Area /MD*BL
MSD-VP-5/50 104 10.1 10.25 9.1 103 9.68 105.89
Au. anamensis
KNM-ER 20432 9.7 114 10.52 10 11.7 10.82 97.23
KNM-KP 29281 9.3 9.9 9.60 8.2 9.8 8.96 107.14
KNM-KP 29286 103 11 10.64 9.6 11.7 10.60 100.38
KNM-KP 47953 9.4 134 11.22 9.4 12.8 10.97 102.28
KNM-KP 53160 103 113 10.79 9.9 9.5 9.70 111.24
Au. afarensis
AL 128-23 8.2 9.6 8.87 7.7 10.0 8.77 101.11
AL 198-1 9.4 9.5 9.45 8.9 9.8 9.34 101.19
AL 207-13 8.8 9.5 9.14 9.2 10.0 9.59 95.33
AL 266-1 9.4 10.7 10.03 9.7 10.7 10.19 98.44
AL 277-1 9.6 123 10.87 104 11.8 11.08 98.09
AL 288-1i 84 10.0 9.17 8.2 10.5 9.28 98.77
AL 333w-.1 9.7 103 10.0 9.5 10.5 9.99 100.08
AL 333w-32 9.0 12.6 10.65 9.5 12.8 11.03 96.57
AL 400-1a 9.8 11.2 10.48 9.8 11.2 10.48 100.0
AL 417-1a 8.9 10.8 9.80 8.6 11.2 9.81 99.90
LH.3 12.6 10.6 11.56 111 11.7 11.40 101.40
LH. 4 10.6 10.0 10.30 103 10.7 10.50 98.10
LH. 14 103 10.7 10.50 109 115 11.20 93.75
EP 2400/00 10.8 10.0 10.39 9.1 114 10.19 101.96
MAK-VP-1/12 9.7 9.5 9.60 9.7 10.8 10.24 93.75
KSD-VP-1/39 10.1 8.4 9.21 113 9.0 10.08 91.37
MKM-VP-1/626 109 10.7 10.80 11.0 11.7 11.34 95.24
LDD-VP-1/672° 8.4 9.5 8.93 9.5 9.2 9.35 95.51

@ Pz area/P4 area x 100. Ratios in bold indicate that the P; crown area is larger than the P4 crown area.
b The MD value of the P, is corrected for wear and/or damage (Melillo et al., 2021).

molars are generally more expanded buccolingually even though
the M, of MSD-VP-5/16 falls within the range of the species
(Fig. 19). Compared to Au. anamensis, and Au. afarensis, the overall
size of the teeth in MSD-VP-5/16 and MSD-VP-5/50 falls within the
range of variation documented for both species (Fig. 19). In Au.
anamensis specimens retaining both premolars, the P3 crown area
is larger than the P4 area in 4 of 5 specimens. In Au. afarensis
specimens, the P3 crown area is larger than the P4 crown area only
in 5 of 18 specimens (Table 4). In MSD-VP-5/50, the P3 crown area
is larger than the P4 (Fig. 19; Table 4). In terms of molar pro-
portions, Ar. ramidus has an M3 with crown area that is on average
slightly smaller than the M. There is substantial amount of
overlap in the sizes of the Mys and Mss of both Au. anamensis and
Au. afarensis (Fig. 19). In some specimens, the Mys are larger than
the Ms3s, whereas in others, the M3s are larger than the Mjs. The
Ms of MSD-VP-5/50 is larger than the M, (Fig. 19). In terms of the
crown outline of the M3, it tends to taper distally in Ar. ramidus.
Some Au. anamensis and Au. afarensis Mss also show similar distal
tapering. MSD-VP-5/50 approaches some Ar. ramidus Mss in terms
of its distal tapering (e.g., ARA-VP-6/500). The dental sample size
of Au. deyiremeda is currently limited to only one of each post-
canine tooth (BRT-VP-3/14). The occlusal area of both premolars in
this specimen is smaller than MSD-VP-5/16 and MSD-VP-5/50
(Fig. 19). The P3 in BRT-VP-3/14 also has one of the smallest
mesiodistal dimensions in the comparative sample. However, the
crown area of its My and M, are larger than the My and M of both
MSD mandibles while its M3 is slightly smaller than that of MSD-
VP-5/50 but within the range of both Au. anamensis and Au. afar-
ensis (Fig. 19).

4. Discussion

Comparisons with mandibles and teeth of Ar. ramidus, Au. ana-
mensis, Au. afarensis (Laetoli + Hadar), and Au. deyiremeda indicate
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that the MSD mandibles from Woranso-Mille cannot be definitively
assigned to any one of these species per se. However, their overall
morphology warrants their assignment to Australopithecus. The
Woranso-Mille mandibles lack dentognathic features that are
autapomorphic to Ar. ramidus (e.g., single-rooted Py, a trait seen in
all known Pgs of the species known from Middle Awash and Gona;
Suwa et al., 2009a; Semaw et al., 2005). They lack a relatively small
M;, extremely inflated mandibular corpus, and anteriorly posi-
tioned ramus root—diagnostic features described for Au. deyir-
emeda (Haile-Selassie et al., 2015).

Each of the Woranso-Mille mandibles variably retains some
mandibular and dental features that distinguish Au. anamensis from
Au. afarensis (see Ward et al., 2001, 2020). This is also the case with
other 3.8—3.6 Ma hominins from Woranso-Mille (Haile-Selassie
et al., 2010b). The Allia Bay sample of Au. anamensis shows den-
tognathic features that are relatively more derived toward Au.
afarensis (e.g., the presence of metaconid in the P3; of KNM-ER
20432). If the two Woranso-Mille mandibles described here were
included in the Allia Bay hypodigm of Au. anamensis, the differences
would not exceed the normal range of variation expected in a
population of a single species. The same applies to their assignment
to Au. afarensis even though they would substantially increase the
amount of variation in mandibular corpus and dental arcade shape
in the species. The one comparable adult Au. afarensis mandible
from Laetoli (L.H. 4) shares few primitive features with Au. ana-
menis (Kimbel et al., 2006; Harrison, 2011). However, the Woranso-
Mille mandibles share with Au. anamensis some mandibular fea-
tures that are absent in L.H. 4 (e.g., the anterior to posterior corpus
transition being at C; in MSD-VP-5/16, more inclined external
contour of the symphysis and much lower mandibular corpus
shape index in MSD-VP-5/50). The P3s of Au. afarensis from Laetoli
also have well-developed metaconids, which characterize most P3s
of all later hominins. In terms of corpus shape, however, LH. 29
from Laetoli has an absolutely deeper jaw (at M; = 38.4 mm)
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compared to all of the Hadar Au. afarensis mandibles (n = 16;
mean = 32.6 + 4.1 mm; range = 25.3—37.6 mm; Harrison, 2011) but
MSD-VP-5/50 is still deeper with 44.9 mm at M.

The dentognathic morphology and metrics of the Woranso-
Mille mandibles could be expected in late Au. anamensis, or early
Au. afarensis, and the dental morphological differences between the
two specimens could be accommodated within the expected range
of variation in a single species. Both Woranso-Mille mandibles lack
the full suite of dentognathic features that are diagnostic of Au.
anamensis from the type site while they retain some features of this
species that are absent in Au. afarensis from Laetoli and Hadar.
Based on this, one could argue that they are best assigned to Au.
anamensis. The presence of Au. anamensis at Woranso-Mille in de-
posits that are dated to 3.8 Ma would also lend support to this
assignment. On the other hand, they share some derived dentog-
nathic features (incipient metaconid in the P3 of MSD-VP-5/50 and
less retreating external symphyseal contour in MSD-VP-5/16) with
Au. afarensis and it could be equally argued that their assignment to
Au. afarensis is more parsimonious and the mandibular features
that they share with Kanapoi Au. anamensis are symplesiomorphies
with no taxonomic significance. However, these symplesiomor-
phies are also mainly the features that distinguish Au. anamensis
from Au. afarensis (e.g., P3 and symphyseal morphology, dental ar-
cade shape). Therefore, it is difficult to convincingly assign the two
ca. 3.76 Ma Woranso-Mille mandibles to either Au. anamensis or Au.
afarensis at this time and further analysis will be needed with more
dentognathic material from the 4.1—-3.8 Ma period in order to un-
derstand temporal trends in the dentognathic morphology of the
Au. anamensis—Au. afarensis chronospecies lineage. However,
regardless of which Australopithecus species they belong to, they
are extremely important in further supporting the hypothesized
ancestor—descendant relationship between Au. anamensis and Au.
afarensis because they retain a mosaic of dentognathic morphology
that is present in both species.

5. Conclusions

Hominin fossils from Woranso-Mille, dated to between 3.8 and
3.6 Ma, have played a crucial role in addressing some outstanding
questions in hominin evolution during the Pliocene. One of these
questions is related to the hypothesized ancestor—descendant
relationship between Au. anamensis and Au. afarensis. In the pre-
sent study, we have presented a comparative description of two ca.
3.76 Ma hominin mandibles that are relevant to addressing this
question. These mandibles show metric and morphological simi-
larities with both Au. anamensis and Au. afarensis. Both mandibles
variably retain mandibular morphological features that are present
only in the Au. anamensis sample from Kanapoi even though they
lack the full suite of dentognathic traits that are diagnostic of the
species. They also share a few derived dentognathic features with
Au. afarensis from both Laetoli and Hadar, making their definitive
assignment to either species difficult. However, the presence of Au.
anamensis at Woranso-Mille in 3.8 Ma deposits increases the like-
lihood of their assignment to Au. anamensis. Regardless of which
species they are assigned to, the mosaic nature of the dentognathic
morphology and geological age of the two mandibles lend further
support to the hypothesized ancestor—descendant relationship
between Au. anamensis and Au. afarensis. However, there is now
limited fossil evidence indicating that these two species may have
overlapped in time. Australopithecus afarensis was possibly present
at Laetoli, Tanzania, as early as 3.8 Ma, about the same time as Au.
anamensis (MRD cranium) at Woranso-Mille. Recent studies have
also shown that the 3.9 Ma Belohdelie frontal from the Middle
Awash might also belong to Au. afarensis. Hence, the last appear-
ance of Au. anamensis and first appearance of Au. afarensis remains
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unknown. Recovery of Australopithecus fossils from 4.1 to 3.8 Ma is
thus critical to further address the timing of these events.
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