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The early Pliocene African hominoid Ardipithecus ramidus was di-
agnosed as a having a unique phylogenetic relationship with the
Australopithecus + Homo clade based on nonhoning canine teeth,
a foreshortened cranial base, and postcranial characters related to
facultative bipedality. However, pedal and pelvic traits indicating
substantial arboreality have raised arguments that this taxon may
instead be an example of parallel evolution of human-like traits
among apes around the time of the chimpanzee–human split. Here
we investigated the basicranial morphology of Ar. ramidus for ad-
ditional clues to its phylogenetic position with reference to African
apes, humans, and Australopithecus. Besides a relatively anterior
foramen magnum, humans differ from apes in the lateral shift of
the carotid foramina, mediolateral abbreviation of the lateral tym-
panic, and a shortened, trapezoidal basioccipital element. These
traits reflect a relative broadening of the central basicranium, a de-
rived condition associated with changes in tympanic shape and the
extent of its contact with the petrous. Ar. ramidus shares with Aus-
tralopithecus each of these human-like modifications. We used
the preserved morphology of ARA-VP 1/500 to estimate the missing
basicranial length, drawing on consistent proportional relationships
in apes and humans. Ar. ramidus is confirmed to have a relatively
short basicranium, as in Australopithecus and Homo. Reorganiza-
tion of the central cranial base is among the earliest morphological
markers of the Ardipithecus + Australopithecus + Homo clade.

human origins | fossil record | skull | occipital bone | temporal bone

As the confluence of the neural, locomotor, and masticatory
systems, the cranial base has been the site of profound struc-

tural change in human evolution. The modern human basicranium
differs from that of our closest living relatives, the great apes, in
numerous aspects of shape and morphological detail (1–4). In
humans, the foramen magnum and occipital condyles are more
anteriorly located, the midline basicranial axis is relatively short
anteroposteriorly and strongly “flexed” internally, and the bilateral
structures marking vascular and neural pathways through the cen-
tral part of the base are more widely separated. This organization
alters the relationships between the petrous and tympanic parts of
the temporal bone. These phylogenetically derived features are
already seen in the earliest known skulls of Australopithecus, ca. 3.0–
3.4 Ma (5, 6).
The cranium of Ardipithecus ramidus, an early Pliocene (4.4

Ma) hominoid from Ethiopia, was shown to have a relatively
anterior foramen magnum on a short basicranium, corroborating
evidence of nonhoning canine teeth and terrestrial bipedality for
phylogenetic attribution of this taxon. These sets of derived
characters are shared uniquely with the Australopithecus + Homo
clade (7–10). At the same time, pelvic and pedal characters in-
dicate that Ar. ramidus also retained considerable arboreal capa-
bilities (11–14). Despite the evidence for a unique phylogenetic
relationship with the Australopithecus + Homo clade, it has been
argued that Ar. ramidus may be an example of putatively wide-
spread parallel evolution (homoplasy) of human-like traits among
great apes around the time of the split between the chimpanzee
and human lineages (15–17).

We report here results of a metrical and morphological study
of the Ar. ramidus basicranium as another test of its hypothesized
phylogenetic affinity with Australopithecus and Homo. We ana-
lyzed the length and breadth of the external cranial base and the
structural relationship between the petrous and tympanic elements
of the temporal bone in Ar. ramidus, Australopithecus (including
Paranthropus of some authors), and mixed-sex samples of extant
African hominoid (Gorilla gorilla, Pan troglodytes, Pan paniscus)
and modern human skulls (SI Text, Note 1). The finding of ad-
ditional shared basicranial modifications would support the hy-
pothesis of phylogenetic affinity and weaken the alternative
hypothesis of homoplasy as an explanation for human-like basi-
cranial morphology. The outcome has important implications for
understanding the functional-adaptive foundations of basicranial
evolution in Australopithecus and Homo.
The best-preserved basicranial specimen of Ar. ramidus, ARA-

VP 1/500, comprises two nonarticulating temporo-occipital por-
tions spanning the skull’s midline. This preservation permits re-
construction of distances between bilateral landmarks, including
the carotid canal and the lateral margins of the tympanic elements
(7, 10) (Fig. 1 and SI Text, Note 2). The petrous elements are in-
complete but their articulation with the tympanics is preserved. The
margin of the foramen magnum includes the anterior midline point
(basion), constituting the posterior end of the external basicranial
length. The specimen is insufficiently complete to permit direct
measurement of external cranial base length, from basion forward
to hormion (the posterior midline point of the vomer’s intersection
with the basisphenoid). Suwa et al. (10) estimated the position of
the foramen ovale to reconstruct the anterior terminus of a relatively
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short basicranial length in ARA-VP 1/500. Here, we present results
of evaluations of cranial base breadths and previously unpublished
estimates of cranial base length for ARA-VP 1/500 using a
different methodology that allows more comprehensive com-
parisons between of Ar. ramidus and Australopithecus. All
measurements were size-standardized by the external basicranial
breadth, the distance spanning the base between the indentations
just above the external auditory openings (biauricular breadth),
which can be measured on ARA-VP 1/500.

Results
Relative bicarotid breadth, which expresses the mediolateral
span of the central basicranium, separates—without sample
overlap—the narrow base of the great apes from the wide base of
modern humans. In the great ape samples the bicarotid breadth
constitutes (on average) 35–39% of external basicranial breadth,
whereas in our modern human sample the bicarotid breadth
constitutes ∼49% of external basicranial breadth (Fig. 2 and
Dataset S1). Our sample of nine Australopithecus crania, with a
mean value of 43.6%, is intermediate, overlapping the ends of
both the ape and human distributions (Student t tests are sig-
nificant for all ape vs. human, Australopithecus vs. human, and
Australopithecus vs. ape comparisons) (Fig. S1). Within the
Australopithecus sample, the “robust” species Australopithecus
boisei and Australopithecus robustus tend to have the largest
bicarotid distances, as previously found by Dean and Wood (3).
The external cranial base breadth of ARA-VP 1/500 (110 mm)
approximates the average value for our sample of chimpanzee
females (Dataset S1), yet its relative bicarotid breadth value
(45.7%) falls in the upper part of the Australopithecus range,
and just within the range of our modern human sample. Thus,
with Australopithecus, Ar. ramidus shows a relative broadening
of the center of the cranial base, a condition otherwise docu-
mented only in modern humans among extant hominoids.
It is expected that as the carotid canal shifted laterally, the

tympanic length (measured from lateral margin to carotid fora-
men) would diminish concomitantly. This finding is indeed the

case (Fig. 3 and Dataset S1). The human cranial base features a
mediolaterally shorter tympanic element (approximately 18% of
biauricular breadth) than the apes’ (28–32%), and Australopithecus
again falls intermediate between the two (24%; as before, all Stu-
dent t test results are significant) (Fig. S1). Within Australopithecus,

Fig. 1. Basal view of Ar. ramidus cranium ARA-VP 1/500. Dotted line indicates midline. cf, carotid foramen; ba, basion, the midline point on the anterior
margin of foramen magnum. At natural size, the distance between the centers of the carotid foramina is 50.3 cm.

Fig. 2. Box-and-whisker plot of relative bicarotid breadth. Horizontal
line within box is the median; lower and upper ends of the box represent
the first and third quartiles, respectively; and the ends of the whiskers
represent ±1.5 × interquartile range. x-axis abbreviations: HsF, Homo
sapiens female (n = 10); HsM, Homo sapiens male (n = 10); GgF, Gorilla gorilla
female (n = 10); PtF, Pan troglodytes female (n = 10); PtM, Pan troglodytes
male (n = 10); PpF, Pan paniscus female (n = 17); PpM, Pan paniscus, male
(n = 12). Individual fossil specimen and comparative sample data are pro-
vided in Dataset S1.
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the longest tympanics belong to Au. boisei and Au. robustus crania,
but this is because of a secondary elongation of the tympanic at its
lateral margin, which often results in the tympanic projecting far-
ther laterally than any other structure on the base. Despite this
projection, the lateral shift of the carotid foramina in these species

yields a much shorter relative tympanic length than in the great
majority of apes. The ARA-VP 1/500 value (24%) is identical
to the Australopithecus mean, which is matched by no ape
cranium in our sample.
These metrical changes modify the relationship between the

tympanic and petrous elements of the temporal bone. As the
tympanic extends medially in the generalized hominoid config-
uration (Fig. 4A and Fig. S2), including that of orangutans and
gibbons, it bends sharply anteriorly to terminate in a prominent
projection (the eustachian process) that forms the bony floor of
the cartilaginous eustachian tube lateral to the petrous element.
Here it frequently anchors the origins of levator veli palatini and
tensor veli palatini muscles (18). The tympanic rarely extends
medially past the carotid foramen to any significant degree, and
so leaves the basal surface of the petrous almost completely
uncovered. In humans (Fig. 4B), the homologous anatomy is
quite different. Here, the eustachian process extends the tym-
panic’s long axis medially, often well past the laterally shifted
carotid foramen, where it overlaps some 30–40% of the petrous
element’s length. In place of the anteriorly projecting eustachian
process observed in the apes, a prominent posterior angle of the
sphenoid bone (bearing the sphenoid spine) abuts the petrous
laterally and makes a substantial contribution to the entoglenoid
process of the temporal squama, bounding the mandibular fossa
medially. Crania of Australopithecus species show the human
pattern (Fig. 4 C and D), despite well-documented variation in
the details of glenoid region morphology (3, 5). Although the
petrous in ARA-VP 1/500 is broken (Fig. 5), the preserved
portion is completely covered by the tympanic, which terminates
well medial to the carotid foramen in an abraded but prominent
eustachian process. The eustachian process is variably developed
in Australopithecus, suggesting that the tensor veli palatini muscle
had not migrated as far laterally as in later Homo (18). As the
original differential diagnosis of Ar. ramidus noted, ARA-VP 1/

Fig. 3. Box-and-whisker plot of relative tympanic length. See Fig. 2 legend
for explanation.

Fig. 4. Anatomy of the tympanic/petrous relationship Pan, Homo, and Australopithecus: (A) chimpanzee, (B) modern human, (C) Australopithecus africanus
(Sts 5), (D) Australopithcus robustus (DNH 7). See additional specimens in Fig. S2.

950 | www.pnas.org/cgi/doi/10.1073/pnas.1322639111 Kimbel et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322639111/-/DCSupplemental/pnas.201322639SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1322639111/-/DCSupplemental/pnas.201322639SI.pdf?targetid=nameddest=SF2


500 is distinguished from extant apes by “the carotid foramen
placed posteromedial to tympanic angle” (7), reflecting the lateral
shift of the foramen with the broadening of the central basicranium.
In ARA-VP 1/500, a developed posterior angle of the sphenoid
is also evident (Fig. 5). In all of these respects, Ar. ramidus
conforms to the pattern shared by both modern humans and
Australopithecus.
To estimate external cranial base length (basion-hormion) in

ARA-VP 1/500, we reconstructed the length of the missing
segment anterior to the fossae for the mandibular condyle’s ar-
ticulation with the cranial base (SI Text, Note 3). For our com-
parative samples of chimpanzee, gorilla, and human crania, we
calculated the ratio between the distance from basion to a line
connecting the summits of the entoglenoid processes at the
medial end of the mandibular fossae (“basion-bientoglenoid
length,” which can be directly measured on ARA-VP 1/500), and
basion-hormion length. The sample mean ratios varied over
a narrow range, from 0.61 in human females to 0.56 in chim-
panzee males, but within each sample, the values distributed
widely and their ranges broadly overlapped (Dataset S2). We
substituted a range of these values in the ratio for ARA-VP 1/500 to
solve for the total basion-hormion length (SI Text, Note 3). The
results, when adjusted for the biauricular cranial size standard,
completely encompass the short relative basicranial lengths of the
modern human sample and the two Australopithecus crania (Sts 5,
Sts 19) preserved well enough to be included in this part of the
analysis (Fig. 6). All but one estimate (−2 SDs below the male
chimpanzee mean) fall well below the relatively large relative
cranial base lengths of the great ape samples. As we noted pre-
viously (10), despite its slightly more anterior foramen magnum
(19, 20), the bonobo (P. paniscus) does not have a relatively
shorter external cranial base than the other African great apes.
ARA-VP 1/500 is confirmed by these results to have a relatively
short basicranium, which is shared only with Homo and Aus-
tralopithecus among hominoids.
The broad, short basicranium is associated with other changes

in the cranial base that can be inferred for Ar. ramidus. In
Australopithecus and Homo the shape of the basioccipital ele-
ment, which spans most of the external basicranial length, is an
anteroposteriorly abbreviated trapezoid, much wider immediately
in front of the foramen magnum than further anteriorly (at the
level of the spheno-occipital synchondrosis). Because of the

posteriorly divergent margins of the basioccipital element, the
openings of the hypoglossal canals, located just anterolateral to the
foramen magnum, are similarly far apart on the base. In contrast,
in the apes (and many other primates) the basioccipital is more
rectangular, reflecting the proportional differences in the basi-
cranium of these species. In ARA-VP 1/500, the basioccipital does
not preserve its synchondrosal articulation with the sphenoid bone
anteriorly, but the short, trapezoidal outline of the element is
obvious (as it is also on the otherwise poorly preserved basicra-
nium of a second adult Ar. ramidus individual, ARA-VP 6/500)
(10). The Ar. ramidus basioccipital shape and lateral placement of
the hypoglossal canal are strikingly similar to the configuration
in Australopithecus afarensis (Fig. 7). Both ARA-VP 1/500 and
ARA-VP 6/500 basioccipitals also share with many Australopithecus
and Homo crania relatively weak topography of the preverte-
bral muscle (rectus capitis anterior and longus capitis) insertion
sites, in contrast to the deep concavities and anterolaterally sit-
uated prominences commonly seen in Pan and Gorilla (10, 18).
The basioccipital’s lateral margins mirror the orientation of

the adjacent petrous element on the external cranial base. In
Australopithecus and Homo, the posteriorly divergent margins of
the short, trapezoidal basioccipital reflect the diagonal path of
each petrous across the base (thus, the left and right petrous
bones form a relatively wide posterior angle with one another);
in contrast, the parallel margins of the long basioccipital of the
apes match the more anterior–posterior orientation of the pe-
trous externally (and thus, a much more acute angle is formed
between the two). Although about half of the petrous is missing
in ARA-VP 1/500, its full extent can be visualized using the
preserved outlines of the basioccipital. Again, there is no doubt
that its similarity lies with the diagonally oriented petrous of the
Australopithecus + Homo clade.

Discussion
As previously demonstrated by Suwa et al. (10), using a different
method to estimate basicranial length (SI Text, Note 3), the
ARA-VP 1/500 paratype cranium of Ar. ramidus is shown here to
have an anteroposteriorly short cranial base. Suwa et al. (10) also
inferred from the orientation of the basioccipital element that
the ARA-VP 1/500 cranial base axis was ventrally flexed, as in
Australopithecus and Homo, based on a composite reconstruction

Fig. 5. Anatomy of the tympanic/petrous relationship: Ardipithecus ramidus
specimen ARA-VP 1/500, image reversed for ease of comparison with Fig. 4.
Note tip of eustachian process is darkened by abrasion of surface bone.

Fig. 6. Box-and-whisker plot of relative length of the external basicranium.
Then range of estimated values for ARA-VP 1/500 is shown at left (main text
and SI Text, Note 3). See Fig. 2 legend for explanation.
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that joined a slightly scaled-down but otherwise unmodified ARA-
VP 1/500 to the face and braincase of a second adult individual
(ARA-VP 6/500). When combined with our data showing that
ARA-VP 1/500 also possesses a broad central basicranium and
a consequently abbreviated tympanic element, a pattern emerges
that is fundamentally like that of Australopithecus and derived in
the direction of modern humans. The phylogenetically derived
overlap of the tympanic and the petrous elements of the temporal
bone, the prominent posterior sphenoid angle, and the inferred
diagonal orientation of the petrous on the external basicranium,
strongly reinforce this pattern of affinity.
The derived anatomy of the Ar. ramidus cranial base is so

pervasive and detailed that we find it difficult to agree with the
suggestion that it just as likely reflects homoplastic similarity to,
rather than true kinship with, the Australopithecus + Homo clade
(15, 17). Indirect support for this view comes from the skulls of
primates that are frequently cited as examples of parallel evolu-
tion of human-like cranial base morphology. For example,
whereas the foramen magnum of the neurocranially “pedomor-
phic” bonobo (P. pansicus) skull tends to be located slightly more
anterior than in the chimpanzee (19–21), its external base is
relatively just as long and narrow as in the other African apes, and
none of the derived tympanic and petrous anatomy is present
(Fig. S2). Similarly, in the squirrel monkey (Saimiri spp.) the fo-
ramen magnum is centrally located on the basicranium. However,
this condition is linked to the effects of a dramatic posterior
elongation of the occipital lobe of the telencephalon in this small-
bodied, relatively large-brained platyrrhine (19, 22). Anterior to
its foramen magnum, the base is very long and unflexed, as in
most other primates (2, 23). In these cases, sufficiently close in-
spection of the larger anatomical context reveals the logical basis
for identifying homoplasy as the most likely explanation for the
observed similarity (e.g., via scaling effects of small body size
in Saimiri).

The phylogenetically derived central cranial base configura-
tion of the Ar. ramidus cranium presents a strong contrast with
the primitive anatomy of other parts of the skull, including some
of the more peripheral parts of the base, such as the glenoid
region of the temporal bone, with its flat mandibular fossa and
small-caliber tympanic tube (7, 10). A similar distinction in
phylogenetic signal is seen in the earliest known Australopithecus
crania. For example, in Au. afarensis, the cranial base is relatively
short, with an anterior foramen magnum, and internally flexed.
However, the nuchal plane of the occipital bone, anchoring the
neck muscle insertions at the posterior end of the cranium, often
rises steeply to a high position on the back of the braincase in an
apelike manner (6). Within and among species of Australopithecus
and early Homo there is considerable variation in the bony mor-
phology of the nuchal and glenoid regions, including differences
between “robust” and “nonrobust” species of Australopithecus (3,
5). However, this variation appears to be unlinked to the mor-
phology of the central basicranium, the derived configuration of
which, as described here, was apparently fixed early in the clade’s
evolutionary history (3, 6, 10, 24–26).
From the modern human perspective, we can see that at least

4 million y of dramatic evolution of the skull (and the soft tissues
it encloses and supports) did not affect the fundamental struc-
ture of the central basicranium. Later modifications affected the
anterior and lateral cranial base, spanning the anterior and middle
cranial fossae on which the frontal and temporal lobes of the ce-
rebrum sit. This strongly mosaic pattern of anatomical change
highlights the suggestion that basicranial evolution in humans has
been constrained in relative length and internal flexion to avoid
“occlud[ing] the airway and disturb[ing] the functional relation-
ships in the masticatory apparatus” (24).
The crania of Ardipithecus and Australopithecus show that in

relative length and midsagittal flexion, a condition closely
approaching that of modern humans, was already present in
the Pliocene. On the other hand, our data show that between

Fig. 7. Comparison of basioccipital morphology in (A) Ardipithecus ramidus, ARA-VP 1/500; (B) Australopithecus afarensis, A.L. 417–1c; and (C) chimpanzee.
ba, basion; bos, basioccipital synchondrosis; hc, hypoglossal canal.
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Australopithecus and modern humans, there has been a sec-
ondary increase in the breadth of the central base (as seen in the
increased relative distance between larger carotid foramina). This
finding most likely reflects, in part, the absolute brain enlarge-
ment that subsequently occurred in the Homo lineage, with fewer
apparent constraints on the mediolateral expansion of the base
than on changes along its anteroposterior axis. The lateral shift of
the upper pharyngeal muscle attachments from the tympanic and
petrous (in the apes) to the sphenoid (in modern humans) (18)
may be related to this secondary expansion in basicranial breadth.
Expansion of the middle cranial fossa and the lateral part of the
anterior cranial fossa in Homo apparently postdated midsagittal
flexion of the base, affecting both endocranial and facial structure
(25, 27). This pattern of change is consistent with the hypothesis
of developmental modularity in the evolutionary emergence of
human cranial base form (27).
The forward migration of the foramen magnum and the

craniovertebral articulation at the adjacent occipital condyles
is associated with both the reduced anteroposterior length and
expanded mediolateral breadth of the basicranium in Ardip-
thecus, Australopithecus, and Homo. The long history of debate

over the ultimate cause of this shift in human evolution divides
opinion among relative enlargement or restructuring of the brain
(2, 4, 26, 28–30), brain restructuring interacting with facial/
pharyngeal development (2, 10), or the acquisition of ortho-
grade posture and bipedal locomotion (6, 19, 26, 31–33). The
appearance of human-like basicranial anatomy in Ar. ramidus, a
species with an ape-size brain whose locomotion bridged the gap
between arboreal quadrumanual clambering and terrestrial bi-
pedality, affords an opportunity to refocus research on the eti-
ology of these evolutionary changes in human skull structure.
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