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A 3.8-million-year-old hominin cranium
from Woranso-Mille, Ethiopia

Yohannes Hailéelassill—z’S*, Stephanie M. Melill3'5*, Antonino Vazzang, Stefano Benaz2ig Timothy M. Ryan4

The cranial morphology of the earliest known hominins in the genuéwustralopithecusremains unclear. The oldest species
in this genus Australopithecus anamensjsspecimens of which have been dated to 429 million years ago) is known
primarily from jaws and teeth, whereas younger species (dated to 3.8.0 million years ag9 are typically represented by
multiple skulls. Here we describe a nearly complete hominin cranium from Woransdille (Ethiopia) that we date to 3.8
million years ago. We assign this cranium toA. anamensison the basis of the taxonomically and phylogenetally
informative morphology of the canine, maxilla and temporal bone. This specimen thus provides the first glimpse of the
entire craniofacial morphology of the earliest known members of the genusustralopithecus We further demonstrate that
A. anamensisand Australopithecus afarensisliffer more than previously recognized and that these two species overlapped
for at least 100,000 yeai® contradicting the widely accepted hypothesis of anagenesis.

The absence of cranial remains of Australopithecus spéué are older dentognathié from Woranso-Mille have also corroborated the proposed
than 3.5 million years has limited our understanding of thel@V@mnary ancestdrdescendant relationship betwedn anamesis (4.213.9 Myr
history of this genus. Here we describe a nearly complete homiago) andA. afarensig3.7i 3.0 Myr ago} 6,17 Fieldwork in 2016 resulted
cranium, dated to approximately 3.8 million years (Myr) ago, that fillsia the recovery of a nearly complete cranium of an early hominin (Fig. 1).
crucial gap in the homini fossil record. The specimen shows &his cranium (MRDBVP-1/1, hereafter MRD) was dated to 3.8 Myr ago
morphology that is more primitive than that of any prewsly known 18 and hence comes fromaitical period close to 4 Myr ago, during
Australopithecus  cranium, including features that link earlyhich the craniofacial morphology of early hominins is almost
Australopithecus to the MiPliocene genera Sahelanthropus ancbmpletely unknown. To our knowledge, MRD is the first specimen to
Ardipithecus. Derived faares are concentrated in the face, appearing shed light on the full cranial anatomy of the earliest known australopiths.
an unexpected combination that is variably shared with A. afarensis Bredailsof the discovery and preservation of the specimen are provided in
paralleling the morphology that is present in later australopiths. Supplementary Note 1. Missing parts and minor distortions of this
specimen were reconstructed digitally (Extended Data Figs.Methods
Discoveries of hominin fossils in the past three decades havéecesul and Supplementary Notes3).
the naming of numerous new taxa, including the earliest species known
thus fari11. These discoveries have added to our underatgnof Morphological descriptions
human evolution by pushing the hominin fossil record into the Miocefibe MRD cranium has a welleveloped sagittal crest and a robustly
epoch24,10, and by showing possible taxunic diversity5,9, wider built, long and prognathic face. Its preserved right canine is among the
geographical distributions1, the presence of multiple forms largest known for early hominins, especially in its mesiodistal dimen
bipedalism6,12 and a major adaptive shift associated with the originsigh. These features suggest that MRpresents a male, despite the fact
the genus Australopithecus12. At the same time, these discoveries thgke the specimen is very small in overall size. This individual had
important questions raled to hominin taxonomy and systemreached an advanced developmental age. The preserved postcanine teeth
atics9,13,14. Although most gquestions emanate from the fragmengii§ heavily worn (almost to the cervieaamel junction), except for the
(mostly dentognathic) nature of the fossil record and small sample Sig€, Mostof the sutures are obliterated on the ectocranial surface and the
some issues relat_e to the _abs_ence of fos_sns from critical time periods 08s1ar bone shows agelated remodelling.
skektal elements informative in systematics. The specimen is readily identifiable as a hominin by the following

. . . I morphological features: the canine is reduced in size compared 10 non
The WoranseMille study area, located in the Afar region of Ethiopia, hahs P g . . P .

. . - P uman @es and shows a strong lingual basal tubercle; the mastoids are
become one of the most important sites and has yieldedtianfossils

from a poorly known period of the miliocene epoch. Since 2005‘inflated; the nuchal plane is more horizontal than in-neman apes; and
fieldwork at WoransoMille has been aimed at answiag questions the inion, which is coincident with the opisthocranion, lies near the level
about midPliocene hominin diversity and testing the hypothesiz&d the Frankfort horizontal plane. At treame time, the small cranial
ancestardescendant relationship of A. anamensis and A. afarensis.capacity, highly prognathic face, extensive pneumatization and other
this regard, WoransMille hominin fossils have showthat more than features discussed below indicate that MRD represents a hominin that is
one hominin species was present during the-Rliccene epoch (at leastmore primitive tharA. afarensis

A. afarensis and an g®tunnamed species that is represented by the

Burtele foot)6,15. Another species, Australopithecus deyiremeda, Rdrlyses of the maxilla and dentition

also been named on the basidassils from 3.53.3-Myr-old deposits, The MRD canie is relatively large (compared to other hotinig)

even though this has been contested13. The3&8Ayr-old hominin  and shows mesiodistal elongation. Basic dimensions align the
fossil®y which are mostly
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Fig. 1| The MRD-VP-1/1 cranium. a Anterior view.b, Posterior viewc, Superior viewd, Left lateral viev. e, Right lateral viewf, Inferior view.
The specimen is oriented in Frankfort horizontal plane. Scale bar, 1 cm.

specimen withA. anamensisr moreprimitive hominin&g'- 22 (Fig. 2a, b
and Supplementary Note 6) . Furthermore, a number of qualitative

features are shared between MRD andnamensisipper canines (Fig.
2c) . The mesi al and distal basalalgubercles.(crgwuiéshoulders())
equidistant from the cervieenamel junction and occlusally divergent. - % -

The degree of mesiodistal elongation andrsshoulders are particularly N . 1.04 +
important, because they are among the few distinctive features described E
0.94 T

+

o

=
for A. anamensighat are not shared b&. afarensisor Ardipithecus § 1 a /./ . 2
ramiduslg’Z?’. Short mesial shoulders are, hewer, present in upper 3 B y - § * -

= 0.8
canines attribted toArdipithecus kadabt?ef1 and Orrorin tugenensi%o. 7 i "'_
Additional primitive features shared among the canines of MRD, . 07
anamensisaand other earlier hominins are present on the lingual crown S I ) 5 ’ ‘
face. The lingual ridge is large, blunt and mesially offsefcvielegates UC BL (mm)
the mesial lingual fossa to a small 4iiie structure at the mesiatost ‘A'Kadabba (1) = A, afarensis (12)
extent of the lingual fadS. A wear facet is present on the lingual face in =, ies) LA amicanusany e
MRD, KNM-KP 58309 and som@A. ramidusspecimens. This feature A. anamensis (8)  a P. robustus (3)
may have been produced @ MRD (1)
through norhoning contact with an asymmetric and® -3
mesiobuccally bulging ,-3 1

Little can be said about the morphology of the other teeth, owing to :
damage and wear. However, even though the incisor crowns aketbro
off, the remaining parts of theawns and the shape of the roots indicate
that the incisors were vertically implanted. A wide (approgitely 4
mm) I2|'C diastema is present in MRD. This feature is absent in the

Sahelanthropus tchadensisraniun?, but is variably present irA.
afarensisand has also been documentedAn ramidus(for example,

ARA-VP-6/500115)26. The MRD canine and midface are posteriorly
inclined, which is a notable difference from some of gheanamensis A afarensis A anamensis

. ,19,21 .

spgmmeng (Extended Data Fig. 6 and Supplementary NotdB¢. £y 5| comparisons of upper canine morphology. aUpper canine basal
M* crown is subtriangular in outline and rotated in the dental row suafimensions. Leastquares regression lines are shownAfoanamensisA.
that the protocoridlypocone crown wall faces in the distolingual direcafarensisandA. africanus BL, buccolingual; MD, mesiodistal; UQpper
tion. The latter feature occurs commonlyAnanamensispecimens, but canine b, Relative canine sizéi(MD x BL)/Ml MD). Box plots or
less so inA. afarensis _ _ _ individual observations are shown. The box plots show the centre line

The MRD maillary dental arcade is relatively narrow and slightly Uimedian), box limits (upper and lower quartiles), whiskers (range) and
shaped (Supplementary Note 6). The canine is aligned with the pgividual values (squares). Taxa are arranged chronologically, showing the
canine tooth row (Extended Data Fig. 7). The inferolateral margin of faehporatrend of decreasing relative canine size. Sample sijesd
nasal aperture in MRD is smooth and rounded owing to ¢hdleence reported in parentheses after the species namkisigual face of the canine
of a pronounced canine jugum with the nasal margin. This is also #ewn inA. afarensisandA. anamensiat sequential wear stages. The length
condition that is found inA. anamensi5pecimen§9’21’2§ Most A. and orientation of the mesial ani$tdl basal tubercles are illustrated by black
afarensis maxillae have thin lateral margins and sharp infateral 2nd grey armows, respectively. White arrows indicate )

§7 . . a slitlike mesial lingual fossa and white asterisks mark the extension of

cornerS. The MRD palate is very deem morphology that is 5 \year facet onto the lingual crown face. Canines are aligned at the
conventionally considered to be derived. The depth at tw&level cervical enanel line (dashed grey line). All specimens are shown as right
(17.4 mm) exceeds all knowk anamensiandA. afarensispecimens  teeth and (r) indicates images that have been reversed.

A.L.333x-3 (r) KNM-KP 35839 ASI-VP-2/2 KNM-KP 58309 (r) MRD-VP-1/1 ()
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and falls among the deepest palates Af africanus and
Paranthropusobustus(Supplementary Note 7).

Fig. 3| Structure of the face and
neurocranium. a, Anterior view of early
hominin crania. Left to rightS. tchadensis

(TM 266-01-60-1), compositéA. ramidus
reconstruction, MRDA. afarensigA.L.

444-2), A. africanug(Sts 5). Specimens

are oriented in Frankfort horizomtand
aligned at orbitale (dashed grey line).

b, Bizygomatic (bizyg.) breadth (in the orbital
plane) relative to biorbital breadt®. gorilla,
Gorilla gorilla; P. aethiopicus, Paranthropus
aethiopicus; P. boisei, Paranthropus boisei

P troglodytes Pan troglodytesc, Bivariateplot
of indices that quantify
d, Superior view of early hominin crania (in the
same order as ). Specimens are oriented in
Frankfort horizontal and aligned at glabella
(dashed grey linek, Index of postrbital
constriction (superior facial breadth/postorbital
constriction) f, Index that quantifies the
braincase shape. Box plot definitions are as in
Fig. 2 and sample sizes are indicated in the
figure panels. Scale bars,

2 cm. Images oA. ramidusandS. tchadensisn
a, d were generated, with permission, from CT

scans that have previously been publigﬁe‘hr’.

The MRD face is particularly long supeirtferiorly. This morphol
ogy stands in stark contrast to the staord gracile face reconstructed

for A. ramidus. However, comparisons of facial robusticity must

Analysis of the face

consider sexual dimorphism: MRD, A.L. 424and TM 26601-60-1

Australopiths share a pattern of facial structure that is characterized {RjQPably represent male individuéalls, whereas the face oA.themk
broad zygomatic region combined with a relalwnarrow upper face. duscomposite representsfeamal@ . Thus some degree of difference

This produces an upwatda per i ng outline

ma s %Z'o’-% Although the hexagonal mask is shared amongrabuast
and robust australopithS, tchadensjsA. ramidusand norhuman apes
exhibit relatively broader ump faces and lack pronounced zymatic

expansio%6’27. MRD is similar to other australopiths and distinct fro

betwveen MRD andA. afarensis The external contour of the orbits in
MRD and A. afarensisis squared off superolaterally and the Iatera'Y|
border of the orbit widens inferiorly. Facial hafting is similar between
MRD and norrobust australopiths: the frontal boigeslightly inclined,

(in facal robustieity dsgexpactetl. Thé ecurantly lavailable fossil sample
does not permit the disentanglement of the morphological differences
that are due to sexual dimorphism from those that are taxonomically

diagrostic. Furthermore, it has previously been sugg@gtﬂrdat the

short face of the composite reconstructiorhofamidusis not repre

) T ) i Nentative of the species. The MRD face is also strongly prognathic,
earlier hominins in possessing a broad midface and narrow upper {56,

X . X a e - in the midface and subnasally (Extended Data.F8y. The
(Fig. 3dc). There are facial similarities that are specifically Sha_r%?ojection of the midface in MRD is comparable ®. tchadensjsut

RD lacks upper facial projecti8r126.
There are some aspects of the MRD face that are reminiscént of
africanus and robust australopiths, and that have traditionally been

which positions the face below the braincase, and netpadtsulcus or considered to be derived. The MRD zygomaticoalveolar crest is nearly

frontal trigon is present (Extended Data Fig. 8).

straight and rises steeply from the alveolar margin. As a result, the

I



Table 1 | Craniofacial metrics of MRD-VP-1/1 and other early hominins

S. tchadensis A. ramidus A afarensis A africanus
TM 266-01-060-1 ARA-VP-6/500
MRD-VP-1/1 reconstruction reconstruction AL.444-2 Sts 5 Sts 71 Stw 505
Cranial dimensions
Vault length (g-op) 149.2 173 - 167 146 129 -
Maximum cranial length (pr-op) 205.0 211 1625+3 215 181 164 -
ba-b height 94.9 86 79.5 101 - -
Biparietal breadth® 83.1 90P 91-92.5/ 115 98 - -
Maximum cranial breadth® 116.3 128 110.5 139 108 - 123
Biporion breadth 1089 114.2¢ 98.5 132 107 105 (126)
Postorbital breadth® 61.9¢ 65 62 77 64 56 71
Occipital upper scale arc (I-op) 26.1 - - 29 39 33 -
Occipital upper scale angle (I-op) 70.1 (63)° - 70 80 - -
Occipital lower scale arc (op-0) 56.4 - - 41 31 38 -
Occipital lower scale angle (op-0) 43.1 36 - 25 40 — -
Nuchal plane length (i-0) 54.1 42.8° - - 31 38 -
Facial dimensions
Superior facial breadth (fmt-fmt) 98.5 110 103 (116) 94 92) -
Bizygomatic breadth at the orbital plane? 1220 108.3 107.5 142 120 110 -
Bimaxillary breadth (zm-zm) 92+ 2 - 835 - 106 96 -
Maxillo-alveolar breadth 69.5 60 59 82 68 70 -
Superior facial height (n-pr) 91.1k 75 61.5+3 100 77 73 91
Vertical facial height® 105 99.5P - 113 86 88 110
Malar height (or-zm) 34) 26 18 26 27 3™
Orbitoalveolar height’ 59.3 46.8° 325 66 51 47 62
Masseteric height® 38 26.8° 18.21 323 321 31 -
ns-pr height 30.7 215 - 29 27 29
ns-prangle 489 50 - 39 37 47 50
Index of palate protrusion” 69.4 47 53.2i 55 68 43 -
Sellion-pr angle 54.7 (60)P 52.5i 65 53 65 (58)
Sellion-ns angle 58.1 - - 76 66 72 66
Biorbital breadth' 828 91" 90.5" 95 85 79 97°
Interorbital breadth (mf-mf) 23.1% 23 16.6/ 19 20 20 186
Orbit breadth (mf-ek) 315 375 37 40" 34 34 39
Orbit height 313 35 32 39 29 31 37
Nasal aperture breadth’ 24.1k 26 185 25 26 25 29
Nasal aperture height (rhi-ns) 38.7% 32 - 37 24 24 28
Internal palate length (ol-sta) 73.6% - - 75 65.3 - -
Measurements of MRD are taken from the symmetrized reconstruction, or from the original specimen where the concerned region is undistorted (as indicated). Distances are reported in mm. Angles
are measured between the concerned chords and Frankfort horizontal planes and reported in degrees. Values in parentheses or with '+’ indicate estimated measurements; ‘-’ indicates unavailable

data. Comparative data were assembled from previous studies?’2%42-45 or collected by the authors. Definitions for the osteometric point abbreviations can be found in a previously published study?®.
Definition follows ‘maximum parietal breadth’ of ref. 43.

SEither bimastoid or bisupramastoid, depending on specimen morphology. For MRD, it is bisupramastoid.

“Measurement 9(1) of ref. * and measurement 21 of ref. 2’ were used.

9Measurement 52 of ref. 2’ was used.

eMeasurement 53 of ref. 2 was used.

Measurement 58 of ref. 27 was used.

EMeasurement 59 of ref. 27 was used.

"See definition in refs 2746,

'Maximum breadth parallel to Frankfort horizontal plane.

IMeasurements provided by G. Suwa (personal communication).

¥Measurement of the original specimen.

"The zygomaxillary suture is obliterated. The position of zm was estimated at the medial third of the zygomatic tubercle.

MMinimum malar height as described in ref. 43, This measurement is equivalent to or-zm in some specimens and 1-3 mm less than or-zm in others.
"fmo-fmo, typically 1-3 mm less than maximum breadth.

%ek-ek.

PMeasurement provided by F. Guy (personal communication).

anterior origin of the masseter muscle (the zygomatic tubercle) is supeDescription of the neurocranium

riorly positioned and the tubercle faceteiolaterally. The opposite The MRD neurocranium retains a number of primitive features and
pattern, in which the crest is low and arched, is traditionally consideredstgural patterns. It retains the asterionic notch and the squamosal suture is
be primitive, because it is shared amdngamidus A. afarensi@and 1oy and only sightly arched. It is anteroposteriorly elongated and narrow
African ape80,31 A ratio of the masseteric height relative to the Vert'caécross the parietdsan unusual shape that is shared esikely with S.

facial height shows that MRD is similar fa africanusandrobust hadensis (Fig. 3d. f). O limi timate of th ial -
australopiths in exhibiting a high ratio that indicates a relatively superic}F adensis (Fig. 3d, f). Our preliminary estimate of the cranial capacity is

masseter position. By contrast, tchadensjsA. ramidusandA. afarensis 365370 c.c., similar to S. tchadensis. Thiglue is smaller than the
share lower values (Supplementary N@teThe masseter egjin is also ~ smallest female individuals of A. afarensis27,32. The pronounced
anteriorly positioned in MRD, similar to robust australopiths postorbital constriction (as indicated by large index value) seen in MRD
(Supplementary Note 8). However, the anterior position is achieved inig shared to various degrees by other hominins, including the- most
unique way. The infrarbital malar region is concave in MRD, rather  primitive species, S. telensis and A. ramidus. However, A. afarensis
than flat as in A. farensis. This concavity shifts the lateral portion of th§iters as it has a relatively wider postorbital region (Fig. 3d, €). In MRD,
zygomatic body (including the tubercle) more anteriorly than thge gagittal crest begins more anteriorly than in the crania of most
zygomatic root (Fig. 3d). As a result, the central portion of the faceh
concealed by the zygomatic bones in lateral view, defipiteygomatic
root being positioned at M1 (Extended Data Fig. 8).

Sminins and continues posteriorly to merge with the nuched.lin
The temporal squama of MRD is heavily pneumatized and also has a
small external acoustic meatus. The A. anamensis temporal fragment



(KNM-KP 29281B) shares these features. Although the dimensionsegblution. A. anamensis is generally portrayed as a primitive ekbenof

the MRD external acoustic meatus cannot be measuesisply owing A. afarensis; this idea has been supported by the apparent lackveidderi

to damage, the bettpreserved left side is approximately 8.0 mnfeatures in the previously known hypodigm19,35. However, the
vertically and 8.9 mm anteroposteriorly with an estimated ellipse areacofniofacial morphology of MRD suggests that A. anamensis possessed a
55.9 mm2, which is larger than KNIKIP 29281B7 (40 mm2). However, number of derived features, including the presence of topographic relief in
the value of MRD falls in the loweange of A. afarensis27 (47X09.3 the infraorbital region, a superiorly and ambrly positioned masseter
mm2; mean = 79.7 mm2; n = 4). A posterior view reveals ashelped origin, and potentially additional features (Extended Data Fig. 10h, i and
outline, a compound temporalu ¢ h a | crest and a SapplamertaryaNote 3).ANotably,rthe preséncegofnoanced postorbital

that is comparable to A. afarensis27 (Extended Data Fig. 9). The MR@nstriction in MRD and more primitive homins confirms the previous
mastoids & inflated, although they are positioned slightly above thmuggestionthat A. afarensis is derived in showing reduced postorbital
cranial base. As a result, the contour of the cranial base is convex, sintitarstriction27,35. It also further confirms that the-Bigr-old frontal

to the condition in Pan and to some degree to the condition in flBagment from the Middle Awash, Ethiopia (BBIP-1/1)36,37, is
africanus, but in contrast to A. afarensis (ExtenDath Fig. 9). Another derived with regard to postorbital constriction and thusbably belongs
primitive feature of the cranial base is the great length of the nuchalA. afarensis27,38 (Supplementary Note 10). Together, the secure dating
plane. In MRD, the nuchal plane lendtistandardized by bimastoid of BEL-VP-1/1 and MRD indicate that A. afarensis and A. anamensis
breadtl® is longer than that of TM2661-60-1 (Table 1). overlapped in the Afar Triangle for at least 100,008 ye

Taxonomy and phylogenetic relationships Discussion

The morphological comparisons presented above indicate that MROTli& 3.8Myr-old cranium fom WoranseMille elaborates some dhe

best attributed to A. anamensis. Although most of the similaritieatstanding questions in Pliocene hominin evolution and fittsapor gap
between MRD and A. anamensis are plesiomorphic, MRD presents mianhe fossil record. The morphologies of the MRD caninaxilla and
features that distinguish A. anamensis from A. afasermirelatively temporal region suggest that this specimen represemtsafensis.

large and mesiodistally elongated upper canine, a smalkeateicoustic The hypothesis that A. anamensis and A. afarensis constitute a single
meatus, a rounded lateral nasal margin with contribution from the canévelving chronospecies was based on limited apomorphic features in A.
jugum, a relatively narrow palate and an upper canine aligned with #mamensis, but is mostly due to perceived temporal trends in morphology
postcanine row. Mofwlogy of the MRD upper canine is particularlyin four timesuccessive samples of the two spedrom KanapoiAllia
important in taxonomic attribution, because it displays features tiBaly, Laetoli and Hadar35. However, the lack of fossil homifrios 3.9
appear to be apomorphic in A. anamensis (basally-timséd crown 3.7 Myr ago in general and the lack of complete crania @hamensis in
shoulders and pronounced mesiodistal elongation of the crown). Pbeticular have been major impediments to fully thi& hypothesis. The
most notable differences between MRD and the pmsly known A. addition of MRD to the A. anamensis hypodignchanges our
anamensis hypodigm include the greater inclination of the MRD caninederstanding of the relationship between the two taxa.

and the greater depth of the palate. With MRD assigned to A. anamensis, it indicates that A. anameasis
However, our comparisons of canine inclination indicate that the clearly distinguished from A. afarensis such that the latter speaigs
magnitude of difference between MRD and other A. anamensiqiot havebeen a resul t of 6 p h yunkranched t r ¢
specimens is consistent with intraspecific variability (Extended Data Aigi neage 6 35 . Furt her mor e neurbcnasial énd c t
6 and Supplementary Note 6). facial morphological features with younger tastech as A. africanus and
Additional plesiomorphic features of A. anamensis are revealed for Peranthropu® albeit considered here to bmore Ikely to have been

first time in MRD. The nuchal plane is verynlg and postorbital caused by parallel evolutiénis worth furtherinvestigation in the future,
constriction is pronounced. The shape of the neurocranium in supesi®it may have considerable bearing on the origiA.ddfricanusand its

view has notable similarities to that of S. tchadensis. However, aspectgkitionship with A. afarensis More work is also needed to better
the mid and upper face show clear affinity to A. afarensis. The faciahderstand the geolggand Pliocene palaegeography of the Afar
mask is hexagonelnd t he superol ater al cregiomtard estblishta hefnedaaxdnamly of thé \Woralkkite dhamininse d

of f6 in a distinctive manner . fromg8tad.4Myradot i ng in MRD is similar
condition shared between A. afarensis and A. africanus (that is, inclinedn the basis of the currently available fossil evidence, it appears that
frontal lacking a postoral sulcus). there were at least four tirsiccessive Wit allopatric A. anamensis

A. anamensis is caistently recognized as being phylogeneticallpopulations (Woranslille, Allia Bay, Asa Issie and Kanapoi) that
positioned between A. ramidus and A. afarensis7,19,20,25,33 8dowed variable cranial and dentognathic morphology. Although the
Although this idea has both chronological and morphological support, trenial morphology ofA. anamensisvas poorly known thus far, the 3.8
anatomical composition of the previously known hypodigm is limited tMyr-old MRD from WoranseMille is morphologically similar to the
comparisons of jaws and teeth. Our understanding is thus primarily bagescies from Kanapoi and Asa Issie (42 Myr ago). However, it is
on where A. anamensis fits with regard to documented trends in caninkkely that anA. anamensipopulation represented by MRD gave rise to
reduction and the development of masticatory robusticity. The discovaryafarensis as MRD postdates BEVP-1/1, which now appears to be
of MRD presents an opportunity to considlee phylogenetic position of the earlest known representative of. afarensis with an age of
A. anamensis using craniofacial morphology. approximately 3.9 Myr. Although their taxonomic affinity is still

We conducted phylogenetic analyses by augmenting two cleraccontroversial, it is possible that the few approximately-A/r-old teeth
matrices published by independent observers27,33 with data from Mffbin Fejej, Ethiopia, might also belong tA. afarensi®*. These
(Supplementary Notes 9 and Supplementary Tablénljne iteration of observations can be tested with the recovery of crania from Kanapoi, Asa
these analyses, MRD was treated as one specimen within the largegdéle and Allia Bay and further comparisons to MRD. In suary,
anamensis hypodigm. The resulting cladograms depict A. anamensialta®ugh MRD and other discoveries from Woraiitle do not falsify
the sister taxon to A. afarensis and later hominins, thus reinforcing the proposed ancestalescendant refi@nship betweem\. anamensiand
widely accepted topolog§Extended Data Fig. 10a, b). Results are simila. afarensisthey indicate thaf\. afarensisnay not havesvolved from a
when MRD was treated as a separate operational taxonomic sitifle ancestral population. Most importantly, MRD shows that despite
(Extended Data Fig. 10g, Supplementary Note 9 and Supplementatyie widely accepted hypothesis of anagendsiafarensisdid not appear
Table 1). Together, these analyses indicate that the phylogenetic posifioraresult of phyletic transformation. It alsshows that at least two
of A. anamensis is consistent, even when difier anatomical regions related hominin species -@&xisted in eastern Africa around 3.8 Myr ago,
are considered (that is, dentognathic and/or craniofacial morphologteshher lending support to miBliocene hominin diversity.
and despite inteobserver differences in character list composition and
scoring. 1. Brunet, M. et al. Australopithecus bahrelghazaliune muvelle espéce

Although the addition of craniotal observations does not change the 9 0 Ho miantiendd® la région de Koro Toro (Tcha@).R. Acad. Sci. lIA

. o ! 322,907 913(1996).
accepted topology, it does alter the implied pattern of morphoklgi
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Methods

. : ominins (reference templates): St5 gfricanus= 650 (semi)landmarks
Computed tomography. The MRD cranium was scanned using a GE Vltome[%_xtended Data Fig. 3a, b and Supplemaniiute 3)), A L. 4442 (A. afarensis

L300 industrial multiscalenicrocomputed tomography scanner at the Pennsylvan:|a438 (semi)landmarks (Extended Data Fig. 4a, b and Supplementary Note 4)) and

State University Center for Quantitative Imaging. The cranium was scanned Vw}\l?M WT 17000 P. aethiopicus= 312 (semi)landmarks (Extended Data Fig. 4e, f
source energy settings of 1_80 !(V and 429 O.Zim‘rn Al filter, 2,400 projections, and Supplementary Note 5)). First, the Sts 5 reference tempéateapplied to ’

5 frames averaged pelr prolef:t|on and_aamter timing of 500 ms. The data WereMRD-sym to reconstruct the orbital cavities, the sphenoid bone, the foramen
reconstrgcted W'th an isotropic voxel size ofe#f. The data were segmented anqn_agnum and portions of the endocranium, as well as the zygomatic arch and small
a threedimensional isosurface of the extemal surface of the fossil was created dftions of the frontal process of the zygomatic bone. Semilandmarks were allowed
Avizov.9.3 ('!'hermoFlsher SC|ent|f|c).. . . to dide along curves and surfaces to minimize the bending energy of the TPS
Reconstruction of the MRD cranium. Reconstruction of MRD involved interpolation computed between the target and each reference, and the
reconstructing the facial skeleton and neurocranium, integrating missi§gmilandmarks that fell in the missing regions were allowed to move without
parts, recosstructing the endocast and estimating cranial capacity. Theg@straints (Extended Data Fig. 3&he (semi)landmarks of the reference tem

pr_o_cedures are dgscribed belO_VV- ] ~ plate were thus transformed into the corresponding (semi)landmarks of the target
Digital reconstruction of the facial skeleton.The surface obtained was divided . the TPS functiof® wh th . f the ref int lated t
into neurocranial (endocranium and ectocranium) and facial portions. In fipng the unctions, whereas the surtace or the reference was interpolated to

original fossil, these two parts were glued together, but this intervention resulte@|fimize the bending energy of the relative transfation (Extended Data Fig.

a mismatch between neurocraniamd face, in which the facial portion is medially3d)- The corresponding areas of the missing regions of interest were isolated from
distorted on the left side. The misalignment appears more evident when thgeresulting warped surface and merged with the -tlireensional MRBsym
midsagittal plane is computed for the neurocranium (using afibgdane for model (Extended Data Fig. ide) . We uStes O5MRDt o urfaeef er
glabella, nasion, sagittal crest and median nuéhe) hnd the facial portion (using model that results from using Sts 5 as a reference specimen to integrate the missing
a besffit plane for rhinion, anterior nasal spine, incisive foramen and poirparts. The (semi)landmark configurations created on A.L-24Bxtended Data
selected on the maxillary suture). The angle computed between the two plan&sgisda, b) and KNMAVT 17000 (Extended Data Fig. 4e, f) were similarly applied
6.2° (Extended Data Fig. 1a). The facial portion was rotateglign the midsag to MRD-sym (Extended Data Fig. 4c, g) to create alternative reconstructions of the
ittal plane of the face with the midsagittal plane of the neurocrdHiufinen, the Zygomatic arch and the frontal process of the zygomatic bone, following the same
facial portion was moved along the midsagittal plane (that is, upward/downwdRgthodological procedures described above (Extended Data Fig. 4d, h). Because
forward/backward) once the alignment with the neurocranium was establisf@rping reference hamin crania might introduce slight asymmetries in the
(Extended Data Fig. 1b). Distorted and missing regions were restored first'@§onstructed regions, and because Roraethiopicusonly the left side was
mirroring the contralateral unaffected portions of the facial bones, by then using¥@ilable to reconstruct the zygomatic arch, the left Feremium of MRDsym
iterative closespoint algorithm to enhance the alignment between mirrored aW@s mirrored along the midsagittal plane tolaep the right counterpart. Care was
original homologous regions and finally by cropping and merging the recdaken to preserve the sagittal and nuchal crests of 8BDm. The names

t

(

structed parts to the original preserved portions of MRD. Small gaps were clodd 4442 6 andWB MRD0O006 refer to the alterr

using surface interpolation, maintaindgvhere possibi@ the original features of these specimens as references.

the fossil. Specifically, théeft supraorbital and zygomatic bones were mirrored tReconstruction of the endocast ah estimation of cranial capacity.To estimate
reconstruct missing regions on the right side (Extended Data Fig. 1c). Then,ciiagial capacity, the endocast was segmented manually in Avizo v.9.3. The poor
reconstructed right hemiface was mirrored and aligned with the left part, tigusyscale contrast between the fossil and the matrix infil necessitated manual
restoring the deformation of the maxillaxtended Data Fig. 1d). Because most ofracing of the internal endocranial bone surfaae. tRis reconstruction, only the

the left upper teeth are preserved in the original, the mirrored right maxilla W@t half of the endocranium was used, owing to the distortion on the left side of
used to correctly realign the original left maxillary dental arcade and part of {hg cranium. The hemgndocast was then mirrored and aligned to produce a
palate, thus preserving the original featurethe fossil (Extended Data Fig. 1e, f)'complete, undistorted and symmetrical reconstruction.

Finally, because only the third molar $Mis preserved on the right side, the lefPhylogeneic analyses.Parsimony analyses were conducted using a branch

dental arcade (except the righBMwas reconstructed by mirroring the left coun@nd bound search algorithm. Character ordering, weighting and_outgroup
terpart (Extended Data Fig. 1g, h). All of the gedures described above werdreatment followed the methods described in the original publicgﬁc?‘r?s

performed in Geomagic Design X (3D Systems Softvﬁré? We report stanérd d_escripto_rs associated vvi_Iars_imony analyses, including
o o . {(he tree length, consistency index and retention index.

Symmetrlzatlon.A template consisting of 47 Iandmarks and 707 semilandmar Swe analysed the character matrices in multiple iterations, in which MRD was

(217 curve semnandmarks and 490 surface semilandmarks) was created op ég?ed either as its own operational taxonomic unit (OTU) or as one specimen

MRD cranium in Mlewbox software (dHAL Software) to capture the geometry QX/

. . ithin the lager A. anamensigypodigm. Our scorings for MRD and any alter
the cranial surface (Extended Data Fig. 2a, b and Supplementary Note 2). Jpgs 1o hublished matrices are described in Supplementary Table 1. Strait and

MRD digital model was mirrored along its midsagittal plane to create a complete, 33 ) .
symmetric (semi)landmark configuratiofihe paired landmarks were reflected/Grin€”™” included anA. anamensi©TU based on the Kenyan specimens known

relabelled (Extended Data Fig. 2c, d) whereas the semilandmarks were allowdtefgre 2004. Thus, in one iteration obtBtrait and Grine character matrix (here

slide to reduce the bending energy with respect to the original configuration. TIfgr, S&Gs ep ar at e) -20B4Araeamensis aOTop rtehat is cor

both configurations were superimposed using a gdmedalProcrustes analysis, SPecimens that could be scored for dentognathic characters but not for most cranial

and the Procrustes average (consensus) shape (which is symmetrical by definfififfpcters. We added a separate OTU for MRD, wéieiid be scored for cranial
characters but not for most dental and mandibular characters. In another iteration

was compute‘&i7"49. Procrustes coordinates of the symmetric configuration we; €eGcombi ned ) the samples a+Aeanamensidi ne d
transformed to Cartesian coordinates by multiplying each (semi)lakdmgathe Ty, With regard to the few characters that could be scored forthefite 2004

centroid size mean (the mean between the centroid size of the two cotifigs)a A anamensisand MRD samples, the scorings were either consistent between
Finally, t_he or|g|_na| MRD (sem|)_|andn_1ark cqnﬂguranon_was warpec_i into t@%mples or could be accommodated by aeprei st i ng category of
symmetric (semi)landmark configuration using the thin plate spline (TPhresent a polymorphic population). We conducted comparable analyses using the

. . .42 . -
interpolation @inction$™ in Avizo. The surface of the MRD digital model wasmatrix of Kimbel et al’’3 one iteration treating MRD as its own tasomic unit

warped so as to minimize the bending energy of the according transforma{i@@eparate) and the second combining MRD and previously attribited
(Extended Data Fig. 2e).

Reconstruction of the neurocranium. Further reconstruction of the neurocra ludeA . . oA i the K bined matri
nium entailed crating a mirrosimage copy followed by iterative closespint [NCIUCEA. anamensisour SCorings 1A. anamensiin the i-combinéd matrix are
ba?ed on firshand comparison of the original fossils, together with published

superimposition of undistorted regions in order to reconstruct the right tempoyal ~~ - :
escriptions and comparative data.

process of the zygomatic arch, the left mastoid process and other incomplete pal e varied OTU freatment of MRD and other specimens attributéd &ma

of the basicranium (Extendddata Fig. 2fh ) . We _ ussyemaoo M‘ oD T l?nfen%iéalIov‘zs%e E)h@l&enetic placement of MRD to be assessed with or without
surface model that results from the procedures described above (facial reeonsjruc ) . ) - . .
. . . . - - e assumptions implied by our species attribution. Our alpha taxonomic desig
tion, mirror imaging and symmetrization). MREym was produced exclusively

. : - . nation is embedded in the-¢ombined and S&&ombined analysésthe MRD
using data present in the original specimen.

Integration of missing parts.The rest of missing or incomplete regions of I\/I—RDCranlal features are associated with the dentognéatures of the pr2004 A.

e . - ) - apamensisample and any differences between the samples are taken to represent
sym (specifically, the orbital cavities, the zygomatic arches, the sphenoid bonelﬁpe P Y P P

f d " f th d . tored wittenefe raspecific polymorphism. By contrast, these assumptions are avoided in the K
oramen magnum and portions of the endocranium) were restored witienefer separate and S&Geparate analyses, in which MRD can be undeista® a

to morphplogy pesent in .othgr hominin - crania. Refere.nce (Sem')l_"’mdmaé%parate site sample, a subspecies or as a different species. Assuming that the con
configurations were created in Viewbox software on the crania of three d'ﬁeremspecific designation is correct, the OTU separation further permits us to assess
whether different character subsets (for example, cranial versus dentognathic)
conwey consistent information about the phylogenetic placemeht of
anamensis

anamensisspecimens (Kcombined). Because the previous ana%zsidid not



g h i =
Extended Data Fig. 1] MRD-VP-1/1 digital reconstructions.Digitally ~differences in reconstructed zygomatictees.g, MRD-Sts 5.h, MRD-A.L.
reconstructed cranium and comparison of three alternative 4442.i, MRD-WT 17000, MRD-Sts 5 with edges superimposed to the
reconstructionsai f, The reonstructed cranium MRISts 5 is shown in  three different restored versions: MR8Ys 5 (blue lines); MREA.L. 444-2
anterior view &), posterior viewlf), superior view¢), left (d) and right  (green lines) and MRBVT 17000 (red lines). Scale bars, 2 cm.
(e) lateral views and inferior view); Additional images illustrate minor



midsagittal plane
of the neurocranium

midsagittal plane
of the facial portion

Extended Data Fig. 2| Basic steps involved in repositioning and
reconstructing the MRD face. a Midsagittal planes computed for the
original neurocranium (ivory) and facial portion (reld).The original

fadal portion is rotated to align the midsagittal plane of the face with the
midsagittal plane of the neurocranium, then the former is moved along
the midsagittal plane to establish contact with the latteThe left
supraorbital bone was mirrored andgiied to the original MRD

right side.d, The complete right side was mirrored and aligned to the
left side.g, f, Anterior €) and inferior (f) views of the original left
maxillary dental arade and part of the palate superimposed to the
mirrored copy of the right hemifacg, h, Frontal §) and basal f)

view of the right dental arcade reconstructed by mirroring the left

dental arcade (except for the righ?)vl Mirrored portions are shown in
green. Scale bar, 4 cm. See Methods for details.



Extended Data Fig. 3 MRD symmetrization using a reflected relabelling  template digitized on the mirrored craniuenSymmetric configuration

procedure and neurocranium reconstruction. a Thetemplate with of the (semi)landmarks and warped surfdc8asal vew of the final

landmarks (red), nomsteometric homologous landmarks (blue), curve result for MRD sym.g, Basal view of the left zygomatic process, the
semilandmarks (light blue) and surface semilandmarks (yellow) was digitizeyht mastoid process and other parts of the basicranium reconstructed by
on the MRD craniumb , The template configuration with names of mirroring the original counterparts (integrated parts are shown in green).

landmarks and curves numbers (Supplementary Note Basal view of the  h, Basal view, finatesult after integrating the mirrored counterparts.
template digitized on the MRD craniuch. The Scalebars, 2 cm. See Methods for details.



