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ABSTRACT

After teeth, mandibles and mandibular fragments are the best represented element in the early hominin fossil
record. Among these, the mandibular hypodigm of Paranthropus boisei stands out as one of the largest ascribed to
a single early hominin species, comprising 39 published fossil specimens. Fossils of P. boisei originate from eight
localities spread over 1,800km in a North-South axis across eastern Africa—from the site of Malema in Malawi to
that of Konso in Ethiopia. However, the vast majority of the remains originate from Koobi Fora in northern Kenya.
Most of the Koobi Fora hominins were discovered during the first decade of exploration of the site (1969-1979),
and (besides those singularly important fossils that were published in scientific journals) were described in a ma-
jor monograph by B. Wood in 1991. Some of the fossils discovered since have yet to be described and analyzed.
Here, we describe two previously unpublished hominin mandibles, KNM-ER 42709 and KNM-ER 42801, found
by the Koobi Fora Research Project led by Meave and Louise Leakey. Both fossils show mandibular and dental
dimensions, as well as autapomorphic traits, typical of P. boisei. We explore quantitatively the position of these
two fossils within the diversity of P. boisei mandibles and discuss their implications for the evolutionary history
of the species.

INTRODUCTION

he spatial and temporal ranges of Paranthropus boisei

are some of the most extensive among early hominin
species. Spatially, fossils ascribed to the species originate
in eight localities in four East African countries—Malema
in Malawi, Olduvai Gorge and Peninj in Tanzania, West
Turkana, Koobi Fora, and Chesowanja in Kenya, and Omo
Shungura and Konso in Ethiopia—spanning a geographi-
cal range of 1,800km N-S (Wood and Constantino 2007).
Chronologically, the species has a duration of approxi-
mately one million years, with the earliest fossils from Omo
Shungura at ca. 2.3 Ma (Kullmer et al. 1999), and the most
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recent from Olduvai Gorge at 1.34 Ma (Dominguez-Rodri-
go et al. 2013).

Despite these wide temporal and geographical ranges,
there is a general consensus that the species is relatively
homogenous, lacking clear temporal (Wood et al. 1994) or
paleoenvironmental (White 1988) trends. Another intrigu-
ing aspect of P. boisei is its disappearance from the fossil
record after 1.3 Ma, for which there are currently two main
hypotheses. One attributes its extinction to ecological com-
petition with early Homo (e.g., Klein 1988) with whom P.
boisei is known to have lived sympatrically (Leakey and
Leakey 1964; Leakey and Walker 1976); the other, to the
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taxon’s C, plant dietary specialization that may have lim-
ited its capacity to adapt to changes in the availability of C,
resources (e.g., Wood and Patterson 2020; Wood and Strait
2004). Neither hypothesis is without criticism. P. boisei and
early Homo coexisted for hundreds of thousands of years,
so had likely established some form of long-term niche par-
titioning. Furthermore, the alleged drastic change in paleo-
vegetation distribution that would have made C, resources
unavailable remains highly contested (Patterson et al. 2017;
2022; Quinn and Lepre 2021; Quinn et al. 2013). The notion
that P. boisei’s highly derived morphology might not pre-
clude a more generalist diet (Ungar et al. 2008) compounds
the issue further. In this context, the scarcity of P. boisei fos-
sils dated to the last hundred thousand years of the spe-
cies’ known temporal range, between 1.45 and 1.34 Ma, has
significantly impeded answering questions about the roles
of diet and competition prior to the species extinction. This
makes any addition to the species hypodigm from this pe-
riod particularly important.

After isolated teeth, more than half of the P. boisei hy-
podigm consists of fossil mandibles (39 mandibular speci-
mens, 55% of the non-dental hypodigm), the vast majority
of which derive from Koobi Fora in the eastern shore of
Lake Turkana, Kenya (30 mandibles, ~76 %). From a histori-
cal standpoint, Koobi Fora is notable for being one of the
most prolific fossil localities in Africa (Harris et al. 2006).
The Koobi Fora Research Project (KFPR), founded by Rich-
ard and Meave Leakey in 1975, has since then undertaken
yearly fieldwork seasons and continues to contribute new
and significant discoveries to the existing hominin fossil re-
cord (e.g., Leakey et al. 2012; Spoor at al. 2007). Contextual-
izing these new fossil specimens within a taxonomic frame-
work remains a crucial first step for their interpretation.
Furthermore, the intraspecific implications that new dis-
coveries might have for the interpretation of extinct hom-
inin species are fundamental to expanding our analytical
resolution of the evolutionary history of individual taxa.

Because of its rich fossil record, P. boisei offers a unique
opportunity to explore intraspecific variability in extinct
hominins. The addition of new fossil specimens to the spe-
cies hypodigm not only increases our understanding of this
intraspecific variability, but it also increases the temporal,
geographical, and ecological framework within which to
interpret it. Here, we describe and comparatively analyze
two unpublished mandibular fossils from Koobi Fora, in-
formally attributed to P. boisei at the time of discovery—
KNM-ER 42709 and KNM-ER 42801. We confirm this taxo-
nomic attribution, quantitatively assess their placing within
the taxon’s variability, and discuss the implications for our
understanding of the species diversity in time and space.
KNM-ER 42709 (Figure 1A, B, C, and D) is a left edentulous
mandibular corpus with roots of M, to I, present. It derives
from a stratigraphic context within area 6A consistent with
an age of ca. 1.4 million years (Ma), making this the last
currently known appearance of P. boisei in Kenya. KNM-ER
42801 (Figure 1E, F, G, H, and I) is a small fragment of man-
dibular corpus with the crown of the M, present. Its strati-
graphic context within area 8B suggest a date of ca. 1.55 Ma.

METHODS

GEOLOGICAL CONTEXT AND DATING

We reconstructed the sedimentological context of the speci-
mens presented here from field records and original field
slips of the KFPR kept at the National Museums of Kenya
in Nairobi. We used GPS coordinates taken upon collection
using a Garmin GPS handheld device to locate the fossils
within the Koobi Fora collection areas and correlated the
original notes with the stratigraphic columns described for
the pertinent collection areas by Gathogo and Brown (2006)
to reconstruct their geological context. Geological age esti-
mates are based on these stratigraphic placements.

GENERAL DESCRIPTIONS AND
MEASUREMENTS

KNM-ER 42709 and KNM-ER 42801 are both housed at the
National Museums of Kenya in Nairobi, where detailed an-
atomical descriptions were made for each specimen. Stan-
dard mandibular and dental measurements were taken
with a digital caliper and rounded to the nearest 0.0lmm.
Additionally, high-resolution 3D surface scans were ob-
tained using an Artec Space Spider scanner. Mandibular
and dental measurements for each specimen can be found
in the Supplementary Materials Table S1.

COMPARARTIVE METRIC ASSESSMENT AND
TAXONOMIC ATTRIBUTION
A comparative dataset of eight measurements of the man-
dibular corpus and M, crown of a large fossil hominin
sample was compiled from the data presented by Wood
(1991a). The choice of measurements was restricted to
those that could be taken on the new fossils being de-
scribed, namely mandibular height and width at M, M,
and M,, and M, mesiodistal and buccolingual diameters.
The comparative sample includes adult specimens attrib-
uted to Australopithecus africanus, Australopithecus afarensis,
Homo habilis, Homo erectus, Paranthropus aethiopicus, Paran-
thropus robustus, and P. boisei, and are listed individually in
Supplementary Materials Tables S1-5. Inter-observer error
was assessed by evaluating the differences in corpus height
and width at M, in five fossil specimens (KNM-ER 1468,
KNM-ER1469, KNM-ER725, KNM-ER 729, and KNM-ER
403) taken by one of the authors (LN) and those in Wood
(1991a), and comparing them to the differences found be-
tween specimens. A Student’s t-test revealed the inter-ob-
server error to be significantly lower than the intra-sample
variability for both the height (t= -3.53, p-value=0.0038) and
the width (t=-3.32, p-value=0.0072) at M,, therefore having
a negligible impact on the analysis. Furthermore, intra-
observer error was evaluated by comparing the differences
obtained from three repetitive measurements of KNM-ER
42709 of corpus height and width at M,, to the differences
observed between this reference specimen and KNM-ER
42801. A Student’s t-test shows the intra-observer error to
be lower than the variation between samples for height (t=
-355.3, p-value=7.96) and width (t=-9.46, p-value=0.0109).
In order to assess the presence of taxonomically diag-
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KNM-ER 42709

KNM-ER 42801

Figure 1. KNM-ER 42709 in dorsal (A); ventral (B); right lateral (C); and left lateral (D) views; and KNM-ER 42801 in dorsal (E);

posterior (F); ventral (G); left lateral (H) and right lateral (I) views.

nostic features in KNM-ER 42709 and KNM-ER 42801, the
character state of 3 mandibular and 3 dental morphological
features was observed by two of the authors (LN, MML).
The selection of these traits was constrained by the pres-
ervation of the specimens being described and includes
the presence and configuration of inferior and superior
transverse tori, the extent and position of the lateral cor-
pus prominence, the extent of the extramolar sulcus, the
premolar root morphology, and the presence/absence of
lingual and distal M, accessory cusps. More information
on these features and their character state in P. boisei and

other hominins can be found in Supplementary Materials
Table S6.

GEOMETRIC MORPHOMETRIC AFFINITIES

Geometric morphometric methods (GMM) were used to
evaluate the placement of the fossils described in this study
within the P. boisei mandibular hypodigm. This landmark-
based analytical approach represents an alternative to
linear measurements for the quantification and statisti-
cal analysis of shape and uses Cartesian coordinate data
from designated anatomical landmarks that share homol-
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Figure 2. Landmark design used for geometric morphometric
comparisons of KNM-ER 42709 and KNM-ER 42801. Fixed
landmarks are shown in yellow and curve semi-landmarks in
blue. See Table 1 for landmark placement definitions.

ogy across specimens (for more comprehensive reviews
on GMM see Bookstein 1991; Gunz and Mittenroecker
2013; Klingenberg 2010). The 3D landmark design used for
analyzing the two new fossil specimens was constrained
by the state of preservation of KNM-ER 42801. This land-
mark template consisted of 3 fixed landmarks and 28 curve
semi-landmarks encircling the mandibular corpus at me-
dial M, (Figure 2). Fixed landmarks were placed by a single
observer (LN) and intra-observer error was assessed by
landmarking a single sample (KNM-ER 42709) ten times.
The mean Procrustes distance obtained was then compared
to the distances between this reference sample and the re-
maining samples included in the geometric morphometric
analysis. A Student’s t-test shows that the intra-observer er-
ror is significantly lower than variation observed between

samples (t=3.294, p-value=0.0034) and therefore does not
have a significant effect on landmark placement. Fixed and
curve semi-landmark definitions for this design are de-
scribed in Table 1.

The GMM analyses entailed landmark patching, slid-
ing by minimizing bending energy, and Procrustes super-
imposition, which were done in the Morpho package in R
(v2.9; Schlager 2017). Principal component analyses of the
landmark design dataset and plotting of backtransform
morphospaces using thin-plate spline deformations were
used to interpret the morphological affinities of KNM-ER
42709 and KNM-42801.

RESULTS
GEOLOGICAL CONTEXT AND DATING

KNM-ER 42709

This specimen was found by Justus Erus Edung, a mem-
ber of the KFPR team during the 2002 field season, in col-
lection Area 6A (4.293860 °N, 36.245870 °E), west of the
current Ileret field station of the Turkana Basin Institute.
The stratigraphic section on Area 6A (PNG-06A) by Gatho-
go and Brown (2006), taken approximately 1000 meters
southeast of the discovery site, was used to reconstruct the
sedimentological context of KNM-ER 42709 (Figure 3B).
KNM-ER 42709 was found on the surface, deriving from a
claystone bed that underlies the pink dolomite layer, a dis-
tinct marker of the Upper Okote Member in the area near
Ileret (Brown and Feibel 1986; Gathogo and Brown 2006).
The Okote member in the Ileret area is delimited by the
Ileret Tuff Complex underneath and the Chari Tuff above,
with “Ar/*Ar radiometric dating yielding a geochrono-
logical range between 1.38 and 1.56 Ma (Brown et al. 2006;
McDougall and Brown 2006). KNM-ER 42709 derives from
the upper section of a sequence of claystones and siltstones
called ‘the main fish bed’, which underlies the pink do-
lomite, and is also considered a key marker of the Upper
Okote Member in the Ileret area (Figure 3C). This “main fish
bed’ has been estimated to have an age of 1.42 Ma (Gathogo
and Brown 2006; Spoor et al. 2007), constraining the age of
KNM-ER 42709 to between 1.38 and 1.42 Ma, with an aver-
age age of 1.40 Ma.

TABLE 1. LANDMARK DEFINITIONS.

No. Name Definition
1 Medial lingual M Midpoint at M2 on lingual alveolar face
Corpus base at M2 Most inferior point on corpus base at medial M2
3 Medial buccal M> Midpoint at M2 on buccal alveolar face
417 L sell anmpum e A curve along th.e hflgual face of the. mandibular corpus,
beginning at 1 and ending at 2.
18-31 Bl o s A curve along th'e bgccal face of the ‘mandibular corpus,
beginning at 2 and ending at 3
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Figure 3. Geographical context within the Turkana Basin (A) of KNM-ER 42709 and KNM-ER 42801 and the location of strati-
graphic sections PNG-06A and PNG-08B from Gathogo and Brown (2006) (B). Stratigraphic columns for sections PNG-06A and
PNG-08B are shown within the context of the Upper Koobi Fora Formation and its main tuffs, and the stratigraphic context of KNM-
ER 42709 and KNM-ER42801 is marked.
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KNM-ER 42801

This specimen was discovered by Sila Dominic in Area 8B
(4.239097 °N, 36.276936 °E), also during the KFRP 2002 field
season. The stratigraphic section by Gathogo and Brown
(2006) of Area 8B (PNG-08B) used to reconstruct the strati-
graphic context of the find was taken 60 meters northwest
of the discovery site. KNM-ER 42801 was found on the sur-
face, originating from siltstone strata found above the ma-
jor sandstone of the Upper KBS Member (see Figure 3B and
C). The KBS Member is geochronologically well-defined by
the Ileret Tuff Complex at the top (1.56 Ma) and the KBS
Tuff underneath (1.86 Ma), and the major sandstone is a
well-known marker of the upper section of the KBS mem-
ber in the Ileret Area. Assuming constant sedimentation
rates, this major sandstone bed has been estimated to have
an age of 1.55£0.01 Ma by Spoor et al. (2007), making it the
age estimate for KNM-ER 42801.

DESCRIPTIONS

KNM-ER 42709

KNM-ER 42709 is a left mandibular corpus fragment with
roots of the M, to the [, and no crowns present (see Figure
1A, B, C, and D). The specimen is fractured anteriorly at the
symphysis in a vertical plane and posteriorly distal to the
M, alveolus. Anteriorly, a fracture runs vertically through
the roots of the P, showing two fragments that have been
glued together in the past. Matrix filled cracks are not ob-
served; however, evidence of erosion can be appreciated on
all surfaces. Furthermore, a layer of the buccal surface of
the corpus from the distal M, to M,, as well as the superior
portion of the buccal symphyseal surface, is missing.

Lingual morphology of the symphysis and corpus. The lin-
gual aspect of the symphysis is characterized by a large in-
ferior and a relatively smaller superior torus separated by
an extremely shallow glenioglossal fossa, so that both tori
form a single large buttress. The digastric and the subman-
dibular fossae are extremely shallow.

Buccal morphology of the symphysis and corpus. The ante-
rior fracture prevents a clear observation of what could be
a mental protuberance. There is a prominence on the base
of the corpus at the level of the P,. The mental foramen lies
at the level of the distal root of the P, and has a diameter of
3.35mm. There is a lateral prominence at the level of the M. -
M,, just below the origin of the oblique line. What remains
of the extramolar sulcus is shallow.

Dentition. Only the roots of the M, to I, are preserved
in situ. The exposed root sections of the P, and P, display
two flattened dish-shaped mesiodistal roots, with each root
showing two root canals positioned buccolingually. The
lingual section of the very large proximal root of M, is miss-
ing.

KNM-ER 42801

KNM-ER 42801 is a small, robust fragment of right man-
dibular corpus that preserves the crown of the M, (see Fig-
ure 1E, F, G, H, and I). The coronal plane of the anterior

fracture runs perpendicular to the base through the mesial
root of the M, the posterior fracture surface runs through
the oblique line and the anterior aspect of the ramus. A
portion of the corpus base at the level of the M, is heavily
eroded, although no matrix filled cracks are present. The
extramolar sulcus still has matrix attached.

Lingual morphology of the symphysis and corpus. While
little of the lingual aspect of the corpus remains, the begin-
ning of a submandibular fossa can be observed.

Buccal morphology of the symphysis and corpus. The buc-
cal aspect of the corpus displays a lateral prominence at the
level of the M-M.. What remains of the base of the corpus
displays a well-defined sharp inferior angle.

Dentition. The M, crown shows no dentine exposure;
however, all cusps are significantly worn. What remains of
the fissures suggests a contact between the metaconid and
the hypoconid, forming an ‘X’ pattern. Three accessory C6
cusps (tuberculum sextum) are observed on the distal as-
pect between the hypoconulid and the entoconid. There is
no evidence of a C7 cusp (tuberculum intermedium) or a
protostylid.

COMPARATIVE METRIC ASSESSMENT AND
TAXONOMIC ATTRIBUTION

KNM-ER 42709

Metric comparisons of corpus width and height at M, M,
and M, show that KNM-ER 42709 falls within the range of
variation of P. boisei (Figure 4). Moreover, KNM-ER 42709
displays the mesiodistal arrangement, or ‘molarized’ con-
dition, of the two roots of both the P, and P, which repre-
sents one of the most characteristic traits of P. boisei (Wood
et al. 1988). The preserved corpus morphology further dis-
plays several other affinities with P. boisei. These include
the presence of large superior and inferior transverse tori
on the lingual aspect of the corpus and of a substantial lat-
eral prominence on the buccal aspect of the mandible, traits
considered diagnostic of this species (Wood and Constan-
tino 2007). Affinities with early Homo are rejected based on
KNM-ER 42709’s overall size and robusticity, and ‘molar-
ized premolar roots (Wood et al. 1988), despite the overlap
in geographical and temporal ranges.

KNM-ER 42801

As with KNM-ER 42709, the dimensions of KNM-ER 42801
fall within the range of variation of P. boisei in corpus width
and height at M, and M, (see Figure 4B and C). While little
of the corpus morphology is preserved, the substantial lat-
eral prominence and wide extramolar sulcus corroborate
the affinities of KNM-ER 42801 with P. boisei. The mesio-
distal and buccolingual dimensions of the M, crown are
within the range of P. boisei (Figure 5), while the presence
of three C6 accessory cusps are also diagnostic of P. boisei
(Wood and Abbott 1983), further confirming the attribution
of KNM-ER 42801 to this species. Additional dental traits
that support this attribution include the absence of both a
protostylid and a tuberculum intermedium (i.e., C7 acces-



New Paranthropus boisei Fossils * 93

A. M, B. M,
50 1 (0] 504
(0]
o
o8
&o.° ° o
(@) o @ OOO 0©
© " o Q Q?o o
404 Co 40 o
< -y é\\ 0 8 g A Qo e
| BH&BoRoo $ h 2® T
L] A 1| m S 0%
é %07 48 BA A 3 304 A 9\ A
© A 8 5 A
201 204
20 30 40 20 20 20
Corpus width (M1) Corpus width (M2)
C. Mg
504
Species
o o A Australopithecus afarensis
401 080 A Australopithecus africanus
_ 0 [ Homo erectus
=
< A »
f-;? Og @ o) Homo habilis
2 301 oOop O Paranthropus aethiopicus
° O Paranthropus boisei
Paranthropus robustus
201
20 30 40

Corpus width (M3)

Figure 4. Comparisons of KNM-ER 42709 and KNM-ER 42801 for metric measurements of the mandibular corpus.

sory cusp) (Wood and Constantino 2007). In contrast, distal
accessory cusps (C6) in the M, of early Homo are generally
observed in combination with a C7 cusp (Davies et al. 2021).

CONTEXT WITHIN THE P. BOISEI
MANDIBULAR MORPHOSPACE

In order to contextualize KNM-ER 42709 and KNM-ER
42801 within the shape variability encountered in the P. boi-
sei mandibular hypodigm, a geometric morphometric anal-
ysis was conducted, and a backtransform morphospace

showing the mandibular corpus profile at M, was gener-
ated for the first two principal components. Figure 6 illus-
trates this morphospace, showing a finite distribution of
shapes of a transverse section at M, of P. boisei mandibular
corpora along PC1 and PC2 (59.05% of variance explained).

The hypothetical shapes generated by the backtrans-
form of PC1 and PC2 values allow the visualization and
description of the diversity in mandibular corpus cross-sec-
tions at M,, and where KNM-ER 42709 and KNM-ER 42801
fall within it. The first principal component (x axis) reflects
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variability in the location of the corpus’ widest point, rep-
resenting the point of maximum projection of the lateral
prominence, variability in absolute corpus width, as well
as relative width to height (correlated to the Mandibular
Robusticity Index, Chamberlain and Wood 1985), and vari-
ability in the height of the corpus at which the subman-
dibular fossa is deepest. The second principal component
(y axis) reflects variability in the size of the lateral promi-
nence, the buccal projection of the extramolar sulcus, the
concavity of the submandibular fossa, and to a lesser ex-
tent, the height of the mandibular corpus.

The majority of specimens (82.6 %) fall in the upper
left quadrant of the distribution, defining mandibles that
are relatively short and wide (i.e., high Robusticity Index),
with a pronounced lateral prominence and buccal projec-
tion of the extramolar sulcus, and in which the subman-
dibular fossa is relatively shallow and has a relatively low
position. Both KNM-ER 42709 and KNM-ER 42801 fall
within this morphospace, although the latter is marginal
to the distribution. The graph also shows that there is no
association between this shape space and geological age of
the specimens.

In order to contextualize the variability encountered
between 1.5 and 1.6 Ma, corresponding to the estimated
age of KNM-ER 42801, a separate PCA was performed us-
ing the 11 samples in the P. boisei hypodigm dated to this
time period. A backtransform morphospace for the first
two principal components (65.24% of variance explained)
from this analysis was then used to visualize the associated
shape changes (Figure 7). The fist principal component (x
axis) reflects variation in the position and projection of the
lateral prominence that defines the buccolingual diameter
of the corpus at M,, and mandibular corpus height. The sec-
ond principal component (y axis) reflects both differences
in the convexity of the lateral protuberance, and the con-
cavity of the submandibular fossa. KNM-ER 42801 falls at
the extreme of variation in PC1, displaying the shortest and
thickest corpus of this sample set, with the highest lateral
protuberance at M,

DISCUSSION
The mandibular morphology of P. boisei is characterized
by several well-defined and distinctive corpus and dental
traits (Wood 1991a). The two fossils described here, KNM-
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ER 42709 and KNM-ER 42801, show mandibular and dental
character states that are at the core of the P. boisei definition,
and thus have a clear taxonomic attribution to the species.

Although P. boisei has a large chronological range, the
majority of the fossils assigned to the species date to be-
tween 1.8 and 1.5 Ma and derive from Koobi Fora in the
Turkana Basin, with only a handful of P. boisei fossils dating
to between 1.5 and 1.3 Ma. These include the cranial and
dental fossils from Chesowanja, Kenya (KNM-CH 1, KNM-
CH 302, and KNM-CH 304) dated to >1.42 Ma (Hooker and
Miller 1979), the cranial and mandibular material from Kon-
so, Ethiopia (e.g., KGA 10-525) deriving from a fossiliferous
layer dated to between 1.41+0.2 and 1.43+0.2 Ma (Suwa et
al. 1997), and the OH 80 postcranial and associated den-
tal remains from Olduvai, Tanzania, dated to 1.338+0.024
Ma (Dominguez-Rodrigo et al. 2013). The geological age
of KNM-ER 42709 makes this specimen the last known ap-
pearance datum of P. boisei in Kenya. It also makes it one of
the two youngest mandibular specimens of the hypodigm,
the other being the mandible of KGA 10-525.

While younger specimens of P. boisei are scarce, a large
number of fossils assigned to the taxon are dated to the pe-
riod between 1.6 and 1.5 Ma, including one-fourth of the
P. boisei mandibles from Koobi Fora. This temporally and
spatially confined group of fossil mandibles shows all the
autapomorphic features of the species, but also large varia-
tion in the profile shape of the mandibular corpus at M,,
as well as on the buccolingual diameter of the M, socket.
KNM-ER 42801 falls in geological age within this group.
Its morphology marginally increases the variability found
in this sample further, including the largest buccolingual
M, socket of the Koobi Fora sample of this geological age.
The morphological heterogeneity of this temporally and
geographically synchronous sample highlights the sub-
stantial intraspecific variability observed on the whole P.
boisei mandibular hypodigm, and further confirms previ-
ous analyses that suggest the species high variability does
not reflect chronological change (Wood et al. 1994), as illus-
trated in Supplementary Materials Figures S1 and S2.

Part of this variability could be accounted for by the
sex composition of the sample, as suggested by several
authors (e.g., Conroy and Pontzer 2012). In contrast with
extant hominoids (Kimbel 1988), sexual dimorphism in P.
boisei mandibles has been associated with relatively wider
mandibular corpora in males (measured as the Mandibular
Robusticity Index, defined as corpus breadth/height at M,
x100; Chamberlain and Wood 1985). Although the expres-
sion of sexual dimorphism in P. boisei mandibles is likely
to be more complex than just degree of corpus robusticity,
on the basis of the latter, KNM-ER 42801, which shows the
third widest corpus relative to height, falls among mandi-
bles thought to be male.

Besides increasing the temporal range of P. boisei in
Kenya, KNM-ER 42709 demonstrates the persistence of the
species in Kenya to ca. 1.4 Ma. This has implications for the
interpretation of the extirpation of the species in the Tur-
kana Basin, as well as the factors leading to its extinction. A
‘C, excursion’ (i.e., an increase in woody cover) during the

Early to Middle Pleistocene Transition (EMPT, ~1.3-0.7 Ma)
in East Africa has been suggested as a significant factor in
the extinction of P. boisei by Quinn and Lepre (2021). None-
theless, this ‘C, excursion” does not occur in a homogenous
pattern across the geographical range of P. boisei, and C,
vegetation persisted throughout the EMPT at Koobi Fora
(Patterson et al. 2022). The presence of P. boisei at younger
sections of the Koobi Fora Formation, as demonstrated by
KNM-ER 42709, further strengthens the case made by Pat-
terson and colleagues (2022), who suggest the ‘C, excur-
sion” would not have been a major factor leading to the ex-
tinction of the species and makes the survival of the species
in East Turkana beyond 1.4 Ma all the more likely.

CONCLUSIONS

The description and analysis of previously unpublished
material assigned to P. boisei presented here expands the
temporal range of this extinct hominin taxon within Kenya
and has implications for scenarios related to the disappear-
ance of the species from the regional fossil record. While
the factors contributing to the extinction of P. boisei remain
obscure, the persistence of the species in the Turkana Basin
at 1.4 Ma, as shown by KNM-ER 42709, coupled with the
presence of C, vegetation at Koobi Fora at that time, sug-
gests that the species may have survived locally beyond the
onset of the EMPT.

Besides a set of unique characters that distinguish the
group from other hominins, P. boisei mandibles of similar
geological age and close spatial proximity show substantial
variation in corpus and dental dimensions. KNM-ER 42801
expands this range of variation in P. boisei between 1.5 Ma
and 1.6 Ma further. While P. boisei remains one of the best
represented taxa in the hominin fossil record, the continual
expansion of its hypodigm, exemplified by specimens like
KNM-ER 42709 and KNM-ER 42801, plays a critical role in
enhancing our understanding of the species ecology and
evolutionary history.
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TABLE S1. MANDIBULAR AND DENTAL MEASUREMENTS
OF KNM-ER 42709 and KNM-ER 42801.

Measurement KNM-ER 42709 KNM-ER 42801
Chin height 43.8 -
Symphyseal depth (Max) 27.34 -
Symphyseal depth (STT) 27.34 -
Symphyseal depth (ITT) 26.88 -
Corpus height at P4 49.06 (L) -
Corpus width at P4 27.6 (L) -
Corpus height at M1 45.74 (L) -
Corpus width at M1 28.41 (L) -
Corpus height at M2 46.26 (L) 35.41 (R)
Corpus width at M2 34.46 (L) 32.64 (R)
Corpus height at M3 45.19 (L) 38.29 (R)
Corpus width at M3 35.5(L) 37.47 (R)
Height of mental foramen (B) 27.82 (L) -
Height of mental foramen (Al) 18.04 (L) -
I1-12 alveolar length 10.29 (L) -
P3-P4 alveolar length 25.02 (L) -
M1-M3 alveolar length 55.35 (L) -

*All measurements shown in mm and taken as described by Wood (1991a) using a digital calliper
and rounded to the nearest 0.01 mm.



TABLE S2. COMPARATIVE FOSSIL MEASUREMENTS FOR M: CORPUS HEIGHT
AND M: CORPUS WIDTH COMPILED FROM WOOD (1991a).

Fossil ID Taxon h:/:;;(:l;f;l;) vsll\fclltcli):‘gl;i)
AL 145-35 Australopithecus afarensis 28 21
AL 198-1 Australopithecus afarensis 31 16
AL 207-13 Australopithecus afarensis 30.5 18
AL 266-1 Australopithecus afarensis 30.5 215
AL 277-1 Australopithecus afarensis 37 18
AL 288-1i Australopithecus afarensis 30 17
AL 333w-1a+b Australopithecus afarensis 35.5 19
AL 333w-12 Australopithecus afarensis 30.5 17.5
AL 333w-32+60 Australopithecus afarensis 38.5 235
AL 400-1a Australopithecus afarensis 35.5 18.5
LH4 Australopithecus afarensis 315 19
MLD 18 Australopithecus africanus 34 20.5
MLD 34 Australopithecus africanus 32 19.5
MLD 40 Australopithecus africanus 36 23.5
Sts 36 Australopithecus africanus 36 20
Sts 52 Australopithecus africanus 29.5 245
OH 22 Homo erectus 28.5 21
OH 23 Homo erectus 33 21
KNM-ER 992 Homo erectus 32 20
KNM-ER 730 Homo erectus 315 19
KNM-BK 67 Homo erectus 33 17
KNM-BK 8518 Homo erectus 30.5 20.5
Sangiran 1b Homo erectus 36 16.5
Sangiran 5 Homo erectus 38 20
Sangiran 8 Homo erectus 35.5 20
Sangiran 9 Homo erectus 36 23
Tigenhif 1 Homo erectus 36 19
Tigenhif 2 Homo erectus 35 17
Tigenhif 3 Homo erectus 38 19
OH 13 Homo habilis 26.5 18
OH 37 Homo habilis 32 19.5
KNM-ER 1805 Homo habilis 30 21
KNM-ER 1483 Homo habilis 39.5 26.5
KNM-ER 1501 Homo habilis 29 17
KNM-ER 1502 Homo habilis 27 17
KNM-ER 1801 Homo habilis 34 20
KNM-ER 819 Homo habilis 38 27
KNM-ER 817 Homo habilis 29 18




OMO L860-2 Paranthropus aethiopicus 35.5 215
OMO 18.18 Paranthropus aethiopicus 35 26
SK 6 Paranthropus robustus 37.5 24
SK 12 Paranthropus robustus 44 33
SK 23 Paranthropus robustus 37 24.5
SK 34 Paranthropus robustus 40 22
™™ 1517 Paranthropus robustus 35 24
KNM-ER 403 Paranthropus boisei 47 30.5
KNM-ER 725 Paranthropus boisei 41 29.5
KNM-ER 726 Paranthropus boisei 46 30
KNM-ER 727 Paranthropus boisei 35 24
KNM-ER 728 Paranthropus boisei 37 26
KNM-ER 729 Paranthropus boisei 44.5 27.5
KNM-ER 733 Paranthropus boisei 39.5 27
KNM-ER 801A Paranthropus boisei 43.5 29.5
KNM-ER 805A Paranthropus boisei 41 29
KNM-ER 810A Paranthropus boisei 40 26
KNM-ER 818 Paranthropus boisei 50 36
KNM-ER 1468 Paranthropus boisei 48 36
KNM-ER 1469 Paranthropus boisei 46 37
KNM-ER 1803 Paranthropus boisei 42 25
KNM-ER 1806 Paranthropus boisei 45 27.5
KNM-ER 3229 Paranthropus boisei 39 28
KNM-ER 3230 Paranthropus boisei 42 30
KNM-ER 3729 Paranthropus boisei 38 28
KNM-ER 3731 Paranthropus boisei 30 18
KNM-ER 5877 Paranthropus boisei 44 29
KNM-ER 15930 Paranthropus boisei 35 25
KNM-ER 16841 Paranthropus boisei 425 27
OMO L7A-125 Paranthropus boisei 49 33
OMO L74A-21 Paranthropus boisei 43.5 25
Peninj 1 Paranthropus boisei 39 28




TABLE S3. COMPARATIVE FOSSIL MEASUREMENTS FOR M: CORPUS HEIGHT

AND M: CORPUS WIDTH COMPILED FROM WOOD (1991a).

Fossil ID Taxon hle\:/i[;lcl(t)iﬂl;) wl\;[;tcli)zil::)
AL 188-1 Australopithecus afarensis 33.5 22.5
AL 198-1 Australopithecus afarensis 31 18
AL 207-13 Australopithecus afarensis 27.5 20.5
AL 266-1 Australopithecus afarensis 27.5 24
AL 333w-la+b Australopithecus afarensis 32.5 23
AL 333w-32+60 Australopithecus afarensis 35.5 235
LH4 Australopithecus afarensis 29.5 22.5
MLD 18 Australopithecus africanus 31.5 25
MLD 34 Australopithecus africanus 33 22
MLD 40 Australopithecus africanus 36 27
Sts 36 Australopithecus africanus 37.5 24
Sts 52 Australopithecus africanus 29 28
KNM-ER 1501 Homo habilis 30 20
OH 37 Homo habilis 34.5 23.5
KNM-ER 819 Homo habilis 40 29
OH 13 Homo habilis 28.5 22.5
OH 22 Homo erectus 28.5 21
OH 23 Homo erectus 32 20
KNM-ER 992 Homo erectus 35 24
KNM-ER 730 Homo erectus 31.5 19
KNM-BK 67 Homo erectus 34 18.5
KNM-BK 8518 Homo erectus 31 22
Sangiran 1b Homo erectus 33 17
Sangiran 6 Homo erectus 45 26
Sangiran 9 Homo erectus 32 23
OMO 18.18 Paranthropus aethiopicus 33 26
OMO 57.41 Paranthropus aethiopicus 43 28
SK 6 Paranthropus robustus 33 27.5
SK 12 Paranthropus robustus 41 33
SK 23 Paranthropus robustus 34.5 27.5
SK 34 Paranthropus robustus 41 23
T™ 1517 Paranthropus robustus 34 27.5
KNM-ER 403 Paranthropus boisei 45.5 325
KNM-ER 404 Paranthropus boisei 45.5 35
KNM-ER 725 Paranthropus boisei 41.5 32.5
KNM-ER 726 Paranthropus boisei 45 31
KNM-ER 727 Paranthropus boisei 33 26
KNM-ER 728 Paranthropus boisei 37.5 27




KNM-ER 729
KNM-ER 733
KNM-ER 801A
KNM-ER 805A
KNM-ER 810A
KNM-ER 818
KNM-ER 1468
KNM-ER 1469
KNM-ER 1806
KNM-ER 3229
KNM-ER 3230
KNM-ER 3729
KNM-ER 3731
KNM-ER 5877
KNM-ER 15930
KNM-ER 16841
OMO L7A-125

Peninj 1

Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei
Paranthropus boisei

Paranthropus boisei

43
36
42.5
39
41
48
47
44
41
41
41
36
28
43.5
32
44
48
37

29
29
32
33.5
33.5
36
36
37
28.5
33
35
28.5
21
35.5
29.5
27
35
31.5




TABLE S4. COMPARATIVE FOSSIL MEASUREMENTS FOR Ms CORPUS HEIGHT

AND Ms CORPUS WIDTH COMPILED FROM WOOD (1991a).

) M corpus M: corpus
Fossil ID Taxon height (]r?nm) width (II:lm)
MLD 18 Australopithecus africanus 32 29
MLD 40 Australopithecus africanus 35 30
OH 13 Homo habilis 26.5 23
OH 37 Homo habilis 31 24
KNM-ER 730 Homo erectus 30.5 18.5
KNM-ER 992 Homo erectus 37 25
OH 22 Homo erectus 33 22
KNM-BK 67 Homo erectus 34 20.5
KNM-BK 8518 Homo erectus 30.5 21.5
Sangiran 1b Homo erectus 31 20
Sangiran 9 Homo erectus 33 27
SK 12 Paranthropus robustus 41 35
SK 23 Paranthropus robustus 34 28
SK 34 Paranthropus robustus 35 31
TM 1517 Paranthropus robustus 34 26
KNM-ER 403 Paranthropus boisei 45 34
KNM-ER 725 Paranthropus boisei 37.5 36
KNM-ER 726 Paranthropus boisei 41 33
KNM-ER 729 Paranthropus boisei 43 36
KNM-ER 801A Paranthropus boisei 40 33
KNM-ER 1468 Paranthropus boisei 47 35
KNM-ER 1469 Paranthropus boisei 45 41
KNM-ER 3229 Paranthropus boisei 40 34
KNM-ER 3729 Paranthropus boisei 33 28
KNM-ER 15930 Paranthropus boisei 32.5 27.5
KNM-ER 16841 Paranthropus boisei 40 32
OMO L7A-125 Paranthropus boisei 48 35
Peninj 1 Paranthropus boisei 33.5 32




TABLE S5. COMPARATIVE FOSSIL SAMPLE FOR Ms CROWN DIAMETERS
COMPILED FROM WOOD (1991a).

M: mesiodistal

Ms buccolingual

Fossil ID Taxon diameter (mm) diameter (mm)
OMO L795-1 Australopithecus afarensis 175 162
OMO L9-11 Australopithecus afarensis 157 140
OMO L28-30 Australopithecus afarensis 167 124
OMO L2-89 Australopithecus afarensis 137 115
MLD 4 Australopithecus africanus — 142
MLD 18 Australopithecus africanus 142 139
MLD 19 Australopithecus africanus 151 136
T™ 1518 Australopithecus africanus 168 150
TM 1519 Australopithecus africanus 157 140
™ 1520 Australopithecus africanus 169 141
Sts 3 Australopithecus africanus 157 —
Sts 7 Australopithecus africanus 164 144
Sts 41 Australopithecus africanus 149 —
Sts 52b Australopithecus africanus 137 130
Sts 55b Australopithecus africanus 155 137
Stw/H 14 Australopithecus africanus 177 147
OMO 75-14a Homo habilis 151 141
OMO 75s-16 Homo habilis 140 117
OH 4 Homo habilis 154 130
OH 13 Homo habilis 148 123
OH 16 Homo habilis 159 143
OH 27 Homo habilis 154 133
KNM-ER 3953 Homo habilis 154 125
KNM-ER 2601 Homo habilis 135 104
KNM-ER 1801 Homo habilis 170 146
KNM-ER 1480 Homo habilis 154 125
KNM-ER 1462 Homo habilis 144 133
KNM-ER 730 Homo erectus 137 115
KNM-ER 806A Homo erectus 149 124
KNM-ER 992B Homo erectus 134 123
KNM-ER 1812C Homo erectus 145 125
KNM-BK 67 Homo erectus 129 114
SK 15 Homo erectus 146 122
Sangiran 1b Homo erectus 145 125
Sangiran 8 Homo erectus 152 128
Sangiran 9 Homo erectus 138 127
Sangiran 21 Homo erectus 124 109
™™ 1517 Paranthropus robustus 164 143
TM 1600 Paranthropus robustus 161 149
SK 6 Paranthropus robustus 187 155
SK 12 Paranthropus robustus 173 153
SK 23 Paranthropus robustus 168 131
SK 34 Paranthropus robustus 181 160
SK 75 Paranthropus robustus 175 150




SK 81 Paranthropus robustus 174 148
SK 840 Paranthropus robustus 164 129
SK 841b Paranthropus robustus 159 138
SK 843 Paranthropus robustus 175 151
SK 844 Paranthropus robustus 160 140
SK 858 Paranthropus robustus 175 —

SK 880 Paranthropus robustus 179 145
SK 885 Paranthropus robustus 155 140
SK 1586 Paranthropus robustus 163 151
SKX 5002 Paranthropus robustus 178 139
SKX 5014 Paranthropus robustus 172 150
KNM-ER 729 Paranthropus boisei 212 190
KNM-ER 733A Paranthropus boisei 190 —

KNM-ER 801A Paranthropus boisei 192 160
KNM-ER 802F Paranthropus boisei 187 164
KNM-ER 810B Paranthropus boisei 177 157
KNM-ER 818 Paranthropus boisei 219 182
KNM-ER 1467 Paranthropus boisei 187 154
KNM-ER 1509A Paranthropus boisei 198 159
KNM-ER 1819 Paranthropus boisei 222 —

KNM-ER 3230 Paranthropus boisei 205 165
KNM-ER 15930 Paranthropus boisei 182 150
KNM-ER 15940 Paranthropus boisei 180 155
KNM-ER 15950 Paranthropus boisei 200 170
KNM-WT 17396 Paranthropus boisei 190 170
OMO L7A-125 Paranthropus boisei 182 148
OMO L338x-39 Paranthropus boisei 194 151
OMO L398-630 Paranthropus boisei 177 147
OMO L628-2 Paranthropus boisei 190 178
OMO L628-3 Paranthropus boisei 187 162
OMO 33-9 Paranthropus boisei 193 151
OMO 33-65 Paranthropus boisei 165 —

OMO 136-1 Paranthropus boisei 179 156
OMO 136-2 Paranthropus boisei 167 146
OMO F22-1b Paranthropus boisei 202 180
OMO F203-1 Paranthropus boisei 172 159
OMO L398-847 Paranthropus boisei — 172
PENIN]J Paranthropus boisei 182 161




1. Lingual aspect of
the mandibular
corpus

2. Buccal aspect of
the mandibular
corpus

3. Extramolar
sulcus

5. Psroot
morphology

6. Ps root
morphology

7. Accessory cusps
in Ms crown

TABLE S6. EXPECTED EXPRESSION ACROSS TAXA OF MANDIBULAR AND DENTAL TRAITS
PRESERVED IN KNM-ER 42709 and KNM-ER 42801.

P. boisei

Large and well-defined
superior and inferior
transverse tori. In most cases,
the inferior torus is larger than
the superior one.

Substantial buttresing and a
notable lateral corpus
prominence are present
usually below Mi-Ma.

A characteristically wide and
deep extramolar sulcus is
present across the sample.

Two mesiodistally flattened
roots.

Two mesiodistally flattened
roots.

Presence of distal cusps (C6),
and absence of lingual cusps
(C7). C7 present in rare cases
and always in combination
with Ce.

early Homo

Some degree of variability is
present and while a single torus
mandibularis can be seen on the
lingual aspect of the corpus of
some specimens, for the most
part this is absent.

A lateral prominence is present
usually below the M2

While some degree of variability
in the width of the extramolar
sulcus is observed across this
sample, for the most part the
extramolar sulcus is narrow.

Tomes' root and two canals.

Both Tomes' root and single root
are observed across the
hypodigm.

Accessory cusps are present
either in the form of only a
lingual cusp (C7), or a C7
accompanied by a C6.

P. aethiopicus

Large and well-defined superior
and inferior transverse tori. In
most cases, the inferior torus is
larger than the superior one.

A lateral corpus prominence is
present usually below Mi-Ma.

A wide extramolar sulcus can be
observed across the species'
mandibular hypodigm.

Two mesiodistally flattened
roots.

Two mesiodistally flattened
roots.

Presence of distal cusps (C6),
and absence of lingual cusps
(C7). C7 present in rare cases
and always in combination with
Ce.

P. robustus

Large and well-defined superior
and inferior transverse tori. In
most cases, the inferior torus is
larger than the superior one.

Substantial buttresing and a
notable lateral corpus
prominence are present usually
below Mi-Ma.

A wide extramolar sulcus can be
observed across the species'
mandibular hypodigm.

Two mesiodistally flattened
roots.

Tomes' root and two canals.

Presence of distal cusps (C6),
and absence of lingual cusps
(C7). C7 present in rare cases
and always in combination with
Ce.
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Figure S1. Corpus dimensions (i.e., width and height), and geological age of the P. boisei comparative
sample used in this study. Linear regressions and associated R-squared values are shown for M1, M
and Ms. Metric measurements were compiled from Wood (1991a), and age values averaged from Wood
and Constantino (2007).
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Figure S2. Ms crown diameters and geological age of the P. boisei comparative sample used in this
study. Linear regressions and associated R-squared values are shown for buccolingual and mesiodistal
diameters. Metric measurements were compiled from Wood (1991a), and age values averaged from
Wood and Constantino (2007).
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