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The anterior position of the human foramen magnum is often explained as an adaptation for maintaining
balance of the head atop the cervical vertebral column during bipedalism and the assumption of
orthograde trunk postures. Accordingly, the relative placement of the foramen magnum on the basi-
cranium has been used to infer bipedal locomotion and hominin status for a number of Mio-Pliocene
fossil taxa. Nonetheless, previous studies have struggled to validate the functional link between fora-
men magnum position and bipedal locomotion. Here, we test the hypothesis that an anteriorly posi-
tioned foramen magnum is related to bipedalism through a comparison of basicranial anatomy between
bipeds and quadrupeds from three mammalian clades: marsupials, rodents and primates. Additionally,
we examine whether strepsirrhine primates that habitually assume orthograde trunk postures exhibit
more anteriorly positioned foramina magna compared with non-orthograde strepsirrhines. Our
comparative data reveal that bipedal marsupials and rodents have foramina magna that are more
anteriorly located than those of quadrupedal close relatives. The foramen magnum is also situated more
anteriorly in orthograde strepsirrhines than in pronograde or antipronograde strepsirrhines. Among the
primates sampled, humans exhibit the most anteriorly positioned foramina magna. The results of this
analysis support the utility of foramen magnum position as an indicator of bipedal locomotion in fossil
hominins.

� 2013 Elsevier Ltd. All rights reserved.
Introduction

Early studies of foramen magnum position

The anterior position of the foramen magnum in humans
compared with other primates has been a subject of discussion
among comparative anatomists and anthropologists for nearly 250
years. As early as the mid-eighteenth century, Daubenton (1764)
documented that the foramina magna of humans are more ante-
riorly situated on the cranial base than those of chimpanzees, le-
murs, dogs, horses, or reptiles. Broca (1872) refined the angular
measurement of foramen magnum position used by Daubenton
(1764) to demonstrate that humans have more anteriorly posi-
tioned foramina magna than chimpanzees, gorillas, orangutans,
gibbons, and an unspecified array of guenons, langurs, and papio-
nins. These findings were reinforced by Topinard (1890), who
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applied the methods of both Daubenton (1764) and Broca (1872)
to a comparative sample of 25 humans and 38 other anthropoid
primates. Subsequent analyses have added further weight to the
results of these early comparative studies based on new measure-
ment techniques, better taxonomic sampling of primates, and
larger interspecific sample sizes (Bolk, 1909; Şenyürek, 1938;
Schultz, 1942; Ashton and Zuckerman, 1951; Schultz, 1955; Dean
and Wood, 1981, 1982; Luboga and Wood, 1990; Schaefer, 1999;
Ahern, 2005). Despite some variation in the utility of different
protocols for measuring foramen magnum position, these studies
are all concordant in demonstrating that the foramenmagnum and
associated structures (e.g., occipital condyles) are more anteriorly
positioned in humans than in any other extant primate species.

Most early researchers explained the anterior position of the
human foramen magnum as an adaptation for maintaining balance
of the head atop the cervical vertebral column during bipedalism
and the assumption of orthograde trunk postures. Broca wrote that
“in bipeds, the occipital condyles and accompanying anterior border
of the foramen magnum are necessarily located in the middle of the
skull base; as a result, the head is nearly in equilibrium at the top of
the vertebral column” (Broca, 1872 in translation: 649e650).
Topinard (1890) echoed these conclusions, noting that quadrupeds
with posteriorly positioned foraminamagna requirewell-developed
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nuchal musculature and ligaments to bear theweight of the head. In
contrast, he notes, the human “head is naturally in equilibrium upon
the vertebral column.; the weight of the portion in front of the
basion,2 and that of the portion behind it, are sensibly equal”
(Topinard, 1890: 52). Accordingly, explanations associating the
anterior position of the foramen magnum and occipital condyles
with orthogrady and bipedalism were well established by the first
half of the twentieth century (Şenyürek, 1938; Schultz, 1942).

Foramen magnum position and the hominin fossil record

Due to the apparent association between bipedalism and the
anterior position of the foramen magnum in modern humans, the
relative placement of the foramen magnum on the basicranium has
been used to infer bipedal locomotion and hominin status for a
number of Mio-Pliocene fossil taxa. In his description of the Taung
child (the holotype of Australopithecus africanus), Dart argued that his
“head-balancing index”, which quantified basion relative to the
prosthion-inion line, revealed that Au. africanus had “an attitude
appreciably more erect than modern anthropoids” and “a greater
reliance. upon the feet as organs of progression” (Dart, 1925: 197).
Initial skepticismregardingDart’s conclusions aboutAu. africanusmay
bepartly attributed to the fact that infant and juvenile apes havemore
anteriorly situated foramina magna than adult apes (Keith, 1931;
Şenyürek, 1938). Even after the recovery of postcranial specimens of
Au. africanus thatwere clearly indicative of bipedal habits (Broomand
Robinson, 1947), analyses of the STS 5 adult cranium generally found
Au. africanus to have an occipital condyle position more similar to
African apes than to modern humans (Ashton and Zuckerman, 1951,
1952; Schultz, 1955). Dean and Wood (1981, 1982) refined the anal-
ysis of foramen magnum position in early hominin crania by
measuring a large range of basicranial landmarks and additional fossil
specimens. These analyses demonstrated that modern humans, Au.
africanus, and Paranthropus boisei all exhibit a derived forward shift of
the anterior border of the foramen magnum that is associated with
shortening of the cranial base (Dean and Wood, 1981, 1982).

More recently, White et al. (1994) identified the anterior position
of the foramen magnum relative to the carotid foramen as a key
derived feature supporting the hominin status of Ardipithecus ram-
idus. White and colleagues were relatively cautious in their discus-
sion of the functional implications of this morphology, noting
“anterior placement of the occipital condyle/foramen magnum.
may correlate with bipedality although this remains to be demon-
strated” (White et al., 1994: 312). Similarly, in their initial descrip-
tion of Sahelanthropus tchadensis, Brunet et al. (2002) cited forward
placement of basion relative to the carotid foramen as a feature
shared by Sahelanthropus, Ardipithecus, and other early hominins.
Brunet and colleagues were also circumspect regarding their func-
tional interpretation of the basicranial anatomy of Sahelanthropus,
stating that an inference of bipedality “would not be unreasonable”
given the “similarities to later fossil hominids that were clearly
bipedal” (Brunet et al., 2002: 150). Because the inferred anterior
position of the foramen magnum is one of the few derived features
that Sahelanthropus shares with later hominins, evaluation of this
feature was central to the initial debate surrounding the status of
Sahelanthropus as the oldest known member of the hominin clade
(e.g., Brunet, 2002; Wolpoff et al., 2002, 2006; Senut, 2006). How-
ever, digital reconstruction of the crushed Sahelanthropus holotype
cranium provides additional evidence that an anteriorly positioned
foramen magnum is a synapomorphy shared by Sahelanthropus and
other hominins (Guy et al., 2005; Zollikofer et al., 2005).
2 Basion is the anterior-most border of the foramen magnum in the midsagittal
plane.
Functional ties to hominin locomotion

Although prior comparative research supports the conclusion
that the hominin lineage has been characterized by a derived
anterior position of the foramen magnum and associated short-
ening of the basioccipital since at least the Late Miocene (White
et al., 1994; Brunet et al., 2002; Guy et al., 2005; Zollikofer et al.,
2005; Suwa et al., 2009), researchers have faced difficulty in
demonstrating an explicit functional link between foramen mag-
num position and locomotion. Part of this difficulty stems from the
varying utility of different methodologies for measuring foramen
magnum position. Luboga andWood (1990) used a series of indices
to quantify basion position relative to the foramen cecum, sub-
nasale, and glabella, and found that these measures distinguished
between modern humans and Pan. However, Luboga and Wood
(1990) substituted porion for basion in their analysis of fossil
hominin crania and, using this landmark, failed to differentiate
fossil hominins from living apes. Subsequent work by Ahern (2005)
demonstrated the poor utility of basion to the biporion chord for
discriminating among Pan troglodytes, fossil hominins, and modern
humans. By contrast, there is greater support for the use of the
carotid foramina as landmarks for measuring foramen magnum
position. Schaefer (1999) and Ahern (2005) both demonstrated that
Homo sapiens and P. troglodytes differ substantially in the location of
the foramen magnum relative to the bicarotid chord. Similarly,
Suwa et al. (2009) measured basion to bicarotid chord distance
scaled by bicarotid breadth and concluded that Ardipithecus and
Sahelanthropus are clearly distinct from P. troglodytes and
P. paniscus in having more anteriorly situated foramina magna.
Nonetheless, Suwa et al. (2009) acknowledged that there is
currently little empirical evidence demonstrating a clear functional
relationship between bipedalism, orthograde posture, and an
anteriorly positioned foramen magnum. Moreover, in an analysis of
basicranial anatomy in Australopithecus afarensis, Kimbel and Rak
(2010) suggested a link between the forward migration of the fo-
ramen magnum in hominins and the adoption of upright trunk
postures, rather than bipedal locomotion per se. However, since all
living apes share some adaptations for upright trunk postures, re-
searchers have yet to determine the influence of these factors in-
dependent of one another because most prior studies have
analyzed comparative samples that are restricted to hominoids.

Past attempts to link foramen magnum position with biped-
alism specifically have also been complicated by the fact that
H. sapiens is the only habitually bipedal living primate species. As
noted by Cartmill (1990, 2002), unique events in human evolution
are not amenable to comparative analysis, which requires the ex-
istence of homoplasy in order to test evolutionary hypotheses.
Comparative studies of primate basicranial anatomy are thus
inherently limited by the unique nature of foramen magnum
position in humans. However, habitual bipedalism has evolved
independently within multiple non-primate mammalian clades
(Du Brul, 1962), providing an opportunity to examine the basicrania
of bipedal mammals for instances of morphological parallelism.
Similarly, although habitual bipedalism is unique to humans among
extant primates, many other primate species habitually utilize
orthograde postures (Walker, 1979; Gebo, 1987; Shapiro and
Simons, 2002). Accordingly, comparative studies of mammalian
basicranial anatomy may be used to examine the functional influ-
ence of both posture and locomotion on foramenmagnumposition.

Objectives

This paper presents a comparative analysis of foramen magnum
position in a broad sample of living bipedal and quadrupedal spe-
cies from three mammalian clades: marsupials, primates and



3 Area subtended by the crania varied between about 14.5% and 2.0% of the total
area of the photograph.
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rodents. We test the hypothesis that an anteriorly positioned fo-
ramen magnum is functionally linked to bipedal locomotion. To do
so, we determine if anteriorly positioned foramina magna are
shared by mammals that have independently evolved habitually
bipedal locomotion. Specifically, we compare bipedal kangaroos
and wallabies with quadrupedal marsupials, bipedal kangaroo rats
and jerboas with quadrupedal rodents, and humans with other
hominoids. We also test the hypothesis that an anteriorly posi-
tioned foramen magnum is functionally linked to orthograde
posture in the absence of bipedal locomotion. To do so, we make
comparisons across strepsirrhine primates, which are characterized
by considerable interspecific variation in postural adaptations
(Walker, 1979; Gebo, 1987; Shapiro and Simons, 2002). Specifically,
we investigate whether strepsirrhines that habitually assume
orthograde trunk postures (e.g., Propithecus and Galago) exhibit
more anteriorly positioned foramina magna than habitually pro-
nograde (e.g., Lemur and Varecia) or antipronograde (e.g., Nyctice-
bus) strepsirrhines.

Methods

Comparative sample

We collected cranial metrics for 71 extant species from three
mammalian orders: Diprotodontia, Primates, and Rodentia
(Table 1). The osteological sample for this study comes from col-
lections at the Field Museum of Natural History (Chicago, Illinois),
the Texas Archaeological Research Laboratory (Austin, Texas), and
the Texas Memorial Museum (Austin, Texas). Four human crania
were also included from the osteology collection in the Department
of Anthropology at the University of Texas at Austin. Our compar-
ative sample includes 69 marsupials (25 species), 73 rodents (23
species), 38 strepsirrhine primates (17 species) and 73 hominoid
primates (six species) (Total n ¼ 253 specimens). Six crania were
measured per non-hominoid species where sufficient material was
available. A greater number of crania was measured for the homi-
noid sample in order to facilitate comparison of the measurements
developed here for non-primates with those used previously for
hominoids (see below). Only adult specimens (based on complete
eruption of the last adult molar) were included in this analysis
because prior research has documented age-related changes in
foramen magnum position (Ashton and Zuckerman, 1952; Masters
et al., 1991). Sex was unknown for the majority of the museum
specimens and so no attempt was made to separate the sample by
sex or test sex differences statistically. Previous studies of primates
have generally not detected sexual dimorphism in the position of
the foramen magnum (Ashton and Zuckerman, 1952; Moore et al.,
1973; Luboga and Wood, 1990).

Rodents and marsupials are excellent comparative subjects for
assessing the influence of locomotion on foramen magnum posi-
tion because these clades include both bipedal and quadrupedal
taxa. In this analysis, we focus on three rodent families: Dipodidae,
Heteromyidae, and Muridae (Table 1). Dipodid rodents include
bipedal jerboas (e.g., Jaculus) and jumping mice (e.g., Eozapus), as
well as quadrupedal jumpingmice (e.g., Zapus) and birch mice (e.g.,
Sicista). Similarly, heteromyid rodents include both bipedal kan-
garoo rats (e.g., Dipodomys) and quadrupedal pocket mice (e.g.,
Heteromys) (Djawdan, 1993). The murids included in this analysis
(subfamily Gerbillinae: Gerbillus, Meriones, Psammomys and Tatera)
are all desert-adapted species with elongate hindlimbs (Nowak,
1991; Blumberg-Feldman and Eilam, 1995; Eilam, 1997). While in
these respects gerbils are ecologically similar to kangaroo rats and
jerboas, they nonetheless differ from kangaroo rats and jerboas in
being quadrupedal (Nowak, 1991; Mares, 1993; Blumberg-Feldman
and Eilam, 1995; Eilam, 1997; Kelt, 1999). This combination of
similar ecology and disparate locomotion makes the Gerbillinae a
useful comparative group in helping to establish the influence of
habitual bipedalism versus quadrupedalism on foramen magnum
position in rodents.

Here, we also focus on themarsupial order Diprotodontia, which
includes taxa representing a diverse array of locomotor adaptations
(Table 1) (Windsor and Dagg, 1971; Nowak, 1991; Bassarova et al.,
2009). Among diprotodonts, the family Macropodidae includes
both bipedal (e.g., kangaroos and wallabies) and quadrupedal (tree
kangaroos) taxa. Wallabies and kangaroos (e.g., Macropus and
Wallabia) employ bipedal hopping as their primary gait (Windsor
and Dagg, 1971; Dawson and Taylor, 1973). At slower speeds,
macropodids may incorporate their forelimbs or tails (‘pentapedal
locomotion’; Windsor and Dagg, 1971; Dawson and Taylor, 1973). In
particular, the quokka (Setonix) and forest wallaby (Dorcopsis) are
observed to use their forelimbs during slow locomotor progression
more frequently than other wallabies or kangaroos (Windsor and
Dagg, 1971). Nonetheless, tree kangaroos (Dendrolagus) are the
only macropodids that employ quadrupedal walking gaits
(Windsor and Dagg, 1971). Because tree kangaroos are secondarily
adapted for quadrupedal locomotion in an arboreal setting (Groves,
1982), we also compare bipedal macropodids with a diverse group
of quadrupedal diprotodonts, including cuscuses, koalas, possums,
rat kangaroos, sugar gliders, and wombats.

Among hominoids, we compared H. sapiens (habitually bipedal)
with the non-human hominoids Hylobates, Pongo, Gorilla, and Pan
(non-bipeds) (Table 1). To assess the influence of orthograde trunk
posture on foramen magnum position independent of bipedal
locomotion, we also collected data on the basicranial anatomy of
strepsirrhine primates. A wide variety of strepsirrhines are habit-
ually orthograde, including indriids, lepilemurids, small galagids,
and Hapalemur griseus. Here we compare these orthograde strep-
sirrhines with both pronograde (i.e., Daubentonia, Otolemur, cheir-
ogaleids, and most lemurids) and antipronograde (i.e., lorisids)
species (Table 1). Accordingly, for all analyses, marsupial and rodent
species were classified as either bipedal or quadrupedal. Strepsir-
rhine species were classified as either orthograde or non-
orthograde.

Data collection

Measurements were taken from scaled digital photographs of
mammalian crania in norma basilaris. Crania were photographed
using a Canon Power Shot S5IS 8.0 megapixel digital camera. For
photographs of primate and marsupial crania, the camera was
positioned so that the light path was orthogonal to the Frankfurt
horizontal plane. To minimizemeasurement error from perspective
distortion, the hard palate of each cranium was centered in the
focus box on the camera’s LCD screen and the distance to the
specimenwas increased until the cranium subtended nomore than
w15% of the central portion of the image by area.3 This procedure
confined the measured part of the photograph to the minimally
distorted central region of the digital image and resulted in dis-
tances between the camera and specimen of about 15e60 cm. A
millimeter scale bar was placed in the same plane as the basicra-
nium. Adjustments were necessary for orienting crania among ro-
dent groups because they are characterized by broadly confluent
orbital and temporal fossae as well as derived zygomatic arch
morphologies that complicate the use of the Frankfurt horizontal as
a reference plane. In the hystricomorphous and myomorphous
zygomasseteric conditions that characterize dipodids and



Figure 1. Measurements taken on each photographed cranium. B: Line through
basion, perpendicular to midsagittal plane; 1: Maximum cranial length, as the distance
from prosthion to opisthocranion; 2: Bizygomatic width, as the distance between the
right and left zygion, perpendicular to maximum cranial length; 3 and 4: Basion line to
the posterior margins of the distalmost molars; 5 and 6: Basion line to the anterior
margins of the temporal fossae; 7: Basion line to the posterior margin of the hard
palate in the midsagittal plane.

4 Carotid foramina may be irregularly shaped, and thus the position of the
medial-most points of left and right carotid foramen often do not occur in the same
coronal plane.
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gerbillines, respectively, slips of the m. masseter medialis anterior
originate antero-dorsally on the rostrum and pass postero-
ventrally to the mandible through an enlarged infraorbital fora-
men (Klingener, 1964). As a result, the inferior border of the orbital
fossa is not bounded by osseous structures and the zygomatic arch
runs ventral and lateral to the eye. Accordingly, we used the
inferior-most point on the external auditory meatus and the
inferior-most point on the superior surface of the zygomatic arch to
define our horizontal reference plane for dipodids and gerbillines.
In the sciuromorphous zygomasseteric condition that characterizes
heteromyids, the m. masseter lateralis originates far rostrally on an
enlarged plate-like portion of the zygomatic (Klingener, 1964) and
there is no clear osseous landmark demarcating the orbital and
temporal fossae along the zygomatic arch. We therefore used the
superior-most point on the external auditory meatus and the
inferior-most point on the superior surface of the zygomatic arch to
define our horizontal reference plane for heteromyids. In both in-
stances, these rodent reference planes were chosen because they
resemble the reference plane used for primates and marsupials by
yielding approximately orthogonal views of the basicranium and
palate.

Photographs were imported into NIH ImageJ software (http://
imagej.nih.gov/ij/) and measurement units were calibrated using
the scale bar in each image. Using the line tool, a midsagittal
reference line (the ‘prosthion-opisthocranion line’) was drawn
connecting prosthion and opisthocranion. The image was then
rotated until the prosthion-opisthocranion line was vertical. Next,
the ‘basion line’ was drawn through basion perpendicular to the
prosthion-opisthocranion line (i.e., in the coronal plane, see Fig. 1).
Seven linear measurements were then taken on each photograph.
Maximum cranial length was measured as the distance from
prosthion to opisthocranion (Measurement 1, Fig. 1). Bizygomatic
width was measured as the distance between right and left zygion,
perpendicular to cranial length (Measurement 2, Fig. 1). Relative
basion position was quantified using lines drawn perpendicular to
the basion line from three landmarks: the most posterior margins
of the distal molars (Measurements 3 and 4), the most anterior
margins of the temporal fossae (Measurements 5 and 6), and the
most posterior margin of the hard palate in the midsagittal plane
(Measurement 7) (Fig. 1). Both sets of bilateral parasagittal mea-
surements (i.e., Measurements 3 þ 4 and Measurements 5 þ 6)
were averaged in our analyses.

The three bony landmarks that we used to measure relative
basion position in this analysis (posterior molar, posterior hard
palate, and anterior temporal fossa) were chosen because these
points could be repeatedly identified and measured with confi-
dence across all taxa. Although many earlier studies of foramen
magnum position have quantified the location of basion relative to
the bicarotid or biporion chords (e.g., Dean andWood, 1981; White
et al., 1994; Schaefer, 1999; Brunet et al., 2002; Ahern, 2005; Suwa
et al., 2009), themorphological diversity of our comparative sample
required the use of alternate osteological landmarks. For example,
in dipodid rodents the carotid artery passes through a groove along
the medial aspect of the auditory bulla that is contiguous with the
jugular foramen (Hill, 1935). As a result, distinctive aspects of the
carotid foramen (e.g., the center of the foramen as determined by
the intersection of anteroposterior and mediolateral diameters
(Dean and Wood, 1981); the medial-most point on the foramen
(Ahern, 2005)) are not easily recognized in these rodent specimens.
Similarly, prenatal involution of the internal carotid system in
cheirogaleid and lorisiform strepsirrhines leads to the loss of a
readily visible carotid foramen in adult specimens (MacPhee, 1981;
MacPhee and Cartmill, 1986).

However, because the three bony landmarks used here are
located on the splanchnocranium rather than the basicranium, our
measures of relative basion position could arguably reflect variation
in craniofacial morphology unrelated to foramenmagnum position.
In order to demonstrate that the bony landmarks chosen for this
study are appropriate for investigating relative basion position, we
also measured the distances between basion and the bicarotid and
biporion chords for the hominoids in our sample. Though the use of
the bicarotid and biporion chords as reference lines for assessing
relative basion position in hominoids has received mixed support,
basionebicarotid distance and basionebiporion distance are the
most widely accepted and reported measures of relative foramen
magnum position. Following Ahern (2005), porion was estimated
as the midpoint of a line connecting the anterior-most point and
the posterior-most point on the external margin of the external
acoustic meatus. The biporion line was then formed by connecting
the left and right points on the specimen. Ahern (2005) defined a
bicarotid chord by connecting the medial-most points on the ca-
rotid foramina. Here we chose to define a bicarotid chord by con-
necting the rostral-most points on carotid foramina because these
two points are typically positioned in the same coronal plane4 in
our comparative sample. Once the bicarotid and biporion chords

http://imagej.nih.gov/ij/
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were defined, wemeasured basionebicarotid distance and basione
biporion distance along a line drawn orthogonally from basion to
each chord. Following Ahern (2005), these linear measurements
were recorded as either positive or negative values depending on
whether the biporion or bicarotid chords lie anterior or posterior to
basion, respectively.

To ensure that photogrammetric measurement error did not
unduly influence this analysis, we also measured cranial length
(prosthion-opisthocranion) and bizygomatic width (zygione
zygion) for the majority of specimens using Mitutoyo digital cali-
pers to the nearest 0.01 mm. Comparison of cranial sizes calculated
from caliper measurements and digital photographs revealed the
two sets of measurements to be nearly identical (two-tailed Pear-
son r ¼ 0.995, p ¼ 0.000, n ¼ 185 specimens).

To compare the distances from basion to the posterior molar,
posterior hard palate and anterior temporal fossa across a wide
range of taxa that vary in body size, we calculated cranial size as the
geometric mean of cranial length and width. This measure of cra-
nial size scales isometrically and is highly correlated with body
mass across mammals (Muchlinski, 2010). We then divided the
linear distance from basion to each anterior landmark by cranial
size to create a ratio. These size-adjusted ratios are henceforth
referred to as ‘molar ratio’ (distance from posterior molar to basion
line/cranial size), ‘temporal fossa ratio’ (distance from anterior
temporal fossa to basion line/cranial size), and ‘palate ratio’ (dis-
tance from posterior hard palate to basion line/cranial size). Low
ratio values indicate that the foramen magnum is relatively ante-
riorly positioned, and high ratio values indicate that the foramen
magnum is relatively posteriorly positioned.

Data analysis

Analyses of data were performed using JMP 9.0.2 (SAS Institute)
and SPSS Statistics v.20 (IBM) on species means (Table 1). The only
exception was our analysis of hominoids, in which we analyzed all
individuals rather than species means (but see Fig. 6). We chose to
analyze individuals for the hominoid analysis because previous
studies have demonstrated that while mean values between
hominoids may differ, overall ranges can greatly overlap (e.g., Pan
versus Homo; Schaefer, 1999). The use of species means for the
hominoid analysis would therefore have provided little information
about the utility of our landmarks for future analyses of fossil
hominoid specimens. Comparisons of molar, temporal fossa, and
palate ratios between groups (i.e., in bipeds versus quadrupeds and
in orthograde versus non-orthograde taxa) were carried out using
two-tailed Wilcoxon rank-sums tests, and significant differences
were recognized if p < 0.05. Statistical comparisons were made
within each of our four major comparative groups (i.e., marsupials,
rodents, strepsirrhines, and hominoids) in order to minimize the
influence of phylogeny and variation between groups in cranial
bauplan. Within our hominoid sample, two-tailed Pearson prod-
uctemoment correlations were used to compare basionebicarotid
distance and basionebiporion distancewith (1) the linear distances
between basion and each of our three splanchnocranial landmarks,
and (2) molar ratio, temporal fossa ratio, and palate ratio. The dif-
ferences between bipedal and quadrupedal hominoids in basione
bicarotid distance and basionebiporion distancewere also assessed
using two-tailed Wilcoxon rank-sums tests.

Results

Marsupials

Figure 2 shows the molar (Fig. 2A), temporal fossa (Fig. 2B), and
palate (Fig. 2C) ratios for the marsupial sample and a side-by-side
comparison of basion position in a bipedal nail-tailed wallaby
(Onychogalea) and a quadrupedal tree kangaroo (Dendrolagus)
(family Macropodidae; Fig. 2D). For all three indices of relative
basion position, bipedal marsupials have significantly lower ratios
than quadrupedal marsupials (molar ratio: z ¼ 2.801, p ¼ 0.005;
temporal fossa ratio: z ¼ 3.998, p < 0.001; palate ratio: z ¼ 2.203,
p ¼ 0.0276). These comparisons demonstrate that bipedal marsu-
pials tend to have more anteriorly positioned foramina magna than
quadrupedal marsupials (Fig. 2D). Despite these significant differ-
ences, the degree of overlap between the ranges for bipedal and
quadrupedal taxa varies from minimal overlap in temporal fossa
ratio (Fig. 2B) to complete overlap in palate ratio (Fig. 2C).

As noted previously, the quokka (Setonix) and forest wallaby
(Dorcopsis) (classified here as bipedal) employ their forelimbs more
than other macropodids during locomotion at slower speeds
(Windsor and Dagg, 1971). To determine the strength of the func-
tional signal observed in this dataset, we repeated all marsupial
comparisons with Setonix and Dorcopsis alternatively classified as
quadrupedal. Results for the molar ratio and temporal fossa ratio
remained statistically significant (p < 0.05), but the result for the
palate ratio changed to a non-significant trend (p ¼ 0.07).

Rodents

Figure 3 shows the molar (Fig. 3A), temporal fossa (Fig. 3B) and
palate (Fig. 3C) ratios for the rodent sample and a side-by-side
comparison of basion position in a bipedal kangaroo rat (Dipod-
omys) and a quadrupedal spiny pocket mouse (Heteromys) (family
Heteromyidae; Fig. 3D). For all three indices of relative basion po-
sition, bipedal rodents have significantly lower ratios than
quadrupedal rodents (molar ratio: z ¼ �3.575, p < 0.001; temporal
fossa ratio: z ¼ �3.240, p ¼ 0.001; palate ratio: z ¼ �2.572,
p ¼ 0.010). These comparisons reveal that bipedal rodents tend to
havemore anteriorly positioned foraminamagna than quadrupedal
rodents (Fig. 3D). As with marsupials, however, there is some
overlap in the ranges of bipedal and quadrupedal rodents for all
ratios.

Hominoids

Figure 4 shows the molar (Fig. 4A), temporal fossa (Fig. 4B), and
palate (Fig. 4C) ratios for hominoid primates and a side-by-side
comparison of basion position in a human (H. sapiens; bipedal)
and a chimpanzee (P. troglodytes; non-biped) (Fig. 4D). For all three
indices of relative basion position, humans have significantly lower
ratios than other hominoids (molar ratio: z ¼ �5.916, p < 0.001;
temporal fossa ratio: z¼�5.916, p< 0.001; palate ratio: z¼�5.745,
p< 0.001; see Fig. 6 for a comparison of species means). These data
demonstrate that humans have more anteriorly positioned
foramina magna than other extant hominoid species. Furthermore,
the highest human palate ratio is 0.316 and the lowest palate ratio
among other hominoids is 0.338 (Gorilla gorilla). The highest hu-
man molar ratio is 0.358 and the lowest molar ratio among other
hominoids is 0.366 (Gorilla gorilla). The highest human temporal
fossa ratio is 0.433 and the lowest temporal fossa ratio among other
hominoids is 0.469 (Gorilla gorilla). Thus the difference between
bipedal and non-bipedal hominoids is more pronounced than those
demonstrated for marsupials (Fig. 2) or rodents (Fig. 3), with no
overlap in ratios occurring between specimens of Homo and other
hominoids (Fig. 4).

Basionebicarotid distance is significantly positively correlated
with basioneposterior molar distance, basioneposterior hard
palate distance, and basioneanterior temporal fossa distance
(Table 2). In contrast, basionebiporion distance is only signifi-
cantly correlated with basioneposterior molar distance (Table 2).



Table 1
Mammal cranial metrics (in mm).

Order, Family Species Common name L or P Literature cited n PeO
(m)

PeO
(sd)

BZ
(m)

BZ
(sd)

CS
(m)

CS
(sd)

PeB
(m)

PeB
(sd)

MeB
(m)

MeB
(sd)

TFeB
(m)

TFeB
(sd)

Palate
ratio

Molar
ratio

TF
ratio

Diprotodontia,
Macropodidae

Dendrolagus
lumholtzi

Lumholtz’s Tree
Kangaroo

Q Windsor and Dagg, 1971;
Procter-Gray and
Ganslosser, 1986

2 97.1 5.0 56.5 1.7 74.0 3.0 35.9 0.2 35.6 1.4 45.7 1.7 0.48 0.48 0.62

Dendrolagus
matschiei

Matschie’s Tree
Kangaroo

Q Windsor and Dagg, 1971;
Bassarova et al., 2009

2 102.1 0.5 57.8 0.1 76.8 0.3 39.2 0.0 39.3 0.2 51.3 0.7 0.51 0.51 0.67

Dorcopsis
hageni

New Guinean
Forest Wallaby

B Windsor and Dagg, 1971;
Bassarova et al., 2009

2 114.0 2.5 51.6 3.4 76.7 3.4 41.5 4.7 41.9 5.8 45.3 4.3 0.54 0.55 0.59

Macropus
eugenii

Tammar
Wallaby

B Windsor and Dagg, 1971;
Bassarova et al., 2009

1 84.7 e 45.8 e 62.3 e 29.1 e 29.3 e 36.6 e 0.47 0.47 0.59

Macropus
giganteus

Eastern Gray
Kangaroo

B Windsor and Dagg, 1971;
Bassarova et al., 2009

4 179.3 20.8 90.4 7.9 127.3 7.9 54.7 10.6 61.6 12.0 66.0 7.4 0.43 0.48 0.52

Macropus
irma

Western Brush
Wallaby

B Strahan 1995; Nowak,
1991

1 109.6 e 58.8 e 80.2 e 34.2 e 34.5 e 40.4 e 0.43 0.43 0.50

Macropus
robustus

Wallaroo B Windsor and Dagg, 1971 5 163.7 3.4 86.8 2.5 119.2 2.9 48.5 1.8 56.6 4.5 62.1 1.3 0.41 0.47 0.52

Macropus
rufogriseus

Red-necked
Wallaby

B Bennett, 1987; Nowak,
1991

3 107.4 1.8 56.2 1.3 77.7 1.1 34.0 0.8 34.8 3.2 41.7 0.5 0.44 0.45 0.54

Macropus
rufus

Red Kangaroo B Windsor and Dagg, 1971;
Bassarova et al., 2009;
Hutchinson, 2004

4 183.2 15.2 92.0 10.7 129.8 12.8 53.1 6.3 60.7 9.1 69.3 6.6 0.41 0.47 0.53

Onychogalea
lunata

Nail-tailed
Wallaby

B Nowak, 1991; see also
Bassarova et al., 2009

1 75.6 e 40.2 e 55.1 e 24.5 e 21.6 e 27.0 e 0.44 0.39 0.49

Setonix
brachyurus

Quokka B Nowak, 1991 6 89.4 3.6 51.7 1.4 68.0 2.2 31.7 1.3 32.2 2.7 41.7 2.0 0.47 0.47 0.61

Thylogale
stigmatica

Red-legged
Pademelon

B Windsor and Dagg, 1971 3 82.9 5.0 44.4 2.6 60.7 3.6 27.4 2.4 26.3 2.6 33.8 2.2 0.45 0.43 0.56

Wallabia
bicolor

Swamp Wallaby B Bassarova et al., 2009 1 105.3 e 61.9 e 80.7 e 35.6 e 33.5 e 45.6 e 0.44 0.41 0.56

Petauridae Petaurus
breviceps

Sugar Glider Q Bassarova et al., 2009 2 35.7 1.1 25.6 0.1 30.2 0.4 12.3 2.3 16.0 0.4 19.9 0.4 0.41 0.53 0.66

Phalangeridae Ailurops
ursinus

Bear Cuscus Q Kerle, 2001 3 78.1 3.7 52.4 2.8 63.9 3.1 32.8 2.5 32.2 2.4 44.9 2.1 0.51 0.50 0.70

Phalanger
orientalis

Northern
Common Cuscus

Q Kerle, 2001; Bassarova
et al., 2009

3 65.2 3.7 39.8 2.9 51.0 3.3 25.6 0.5 25.3 1.2 35.1 1.1 0.50 0.50 0.69

Spilocuscus
maculatus

Spotted Cuscus Q Kerle, 2001; Bassarova
et al., 2009

3 92.3 1.3 60.7 4.0 74.8 2.7 33.1 1.5 34.4 1.2 49.4 0.6 0.44 0.46 0.66

Trichosurus
vulpecula

Brush-tailed
Possum

Q Kerle, 2001; Bassarova
et al., 2009

3 77.8 9.0 48.4 4.1 61.4 6.1 37.0 12.3 32.6 4.1 38.6 5.0 0.60 0.53 0.63

Phascolarctidae Phascolarctos
cinereus

Koala Q Strahan, 1995; Bassarova
et al., 2009

2 115.2 18.7 66.0 12.6 87.1 15.4 52.9 8.0 56.4 9.4 68.5 8.1 0.61 0.65 0.79

Potoroidae Aepyprymnus
rufescens

Rufous ‘Rat’-
kangaroo

B Bassarova et al., 2009 4 78.6 3.4 48.5 1.7 61.7 2.2 25.0 1.7 25.5 2.3 37.0 1.9 0.40 0.41 0.60

Bettongia
penicillata

Short-nosed
‘Rat’-kangaroo

B Stodart, 1966; Thompson
et al., 1980

4 68.6 1.0 40.5 0.7 52.7 0.8 21.3 0.9 22.4 1.1 32.2 1.1 0.40 0.42 0.61

Potorous
tridactylus

Potoroo Q Baudinette et al., 1992;
Bassarova et al., 2009

3 68.0 4.7 35.7 1.3 49.3 2.5 22.4 1.2 23.6 1.9 30.2 1.0 0.45 0.48 0.61

Pseudocheiridae Petauroides
volans

Greater Gliding
Possum

Q Strahan, 1995; Bassarova
et al., 2009

3 50.1 1.8 32.2 2.0 40.1 1.9 20.2 3.4 19.8 0.5 25.6 1.0 0.50 0.49 0.64

Pseudocheirus
archeri

Green Ringtail
Possum

Q Strahan, 1995; Bassarova
et al., 2009

3 57.0 1.7 35.7 2.2 45.1 2.1 23.5 1.5 23.2 1.2 30.9 1.0 0.52 0.51 0.68

(continued on next page)
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Table 1 (continued )

Order, Family Species Common name L or P Literature cited n PeO
(m)

PeO
(sd)

BZ
(m)

BZ
(sd)

CS
(m)

CS
(sd)

PeB
(m)

PeB
(sd)

MeB
(m)

MeB
(sd)

TFeB
(m)

TFeB
(sd)

Palate
ratio

Molar
ratio

TF
ratio

Vombatidae Vombatus
ursinus

Common
Wombat

Q Bassarova et al., 2009 1 159.1 e 119.2 e 137.7 e 51.5 e 58.7 e 82.2 e 0.37 0.43 0.60

Primates,
Cheirogaleidae

Cheirogaleus
medius

Fat-tailed Dwarf
Lemur

NO Walker, 1979; Shapiro
and Simons, 2002

2 39.6 0.1 27.9 0.3 33.3 0.1 18.8 0. 20.1 0.3 21.0 0.6 0.57 0.60 0.63

Microcebus
rufus

Brown Mouse-
lemur

NO Schmidt and Fischer,
2009; see also Walker,
1979

1 27.5 e 19.4 e 23.1 e 11.8 e 12.3 e 12.9 e 0.51 0.53 0.56

Daubentoniidae Daubentonia
madagascar-
iensis

Aye-aye NO Walker, 1979 1 75.6 e 61.1 e 68.0 e 35.1 e 33.3 e 42.4 e 0.52 0.49 0.62

Galagidae Galago alleni Allen’s
Bushbaby

O Walker, 1979; Shapiro
and Simons, 2002

1 47.9 e 32.3 e 39.3 e 19.0 e 18.6 e 18.9 e 0.48 0.47 0.48

Galago
demidovii

Demidoff’s
Bushbaby

O Walker, 1979; Gebo, 1987 3 35.9 5.2 23.9 3.3 29.3 4.1 14.5 1. 14.2 1.3 14.8 1.2 0.50 0.49 0.51

Galago
matschiei

Dusky Bushbaby O Off and Gebo, 2005 1 42.2 e 28.9 e 34.9 e 17.7 e 16.2 e 16.9 e 0.51 0.46 0.48

Galago
senegalensis

Senegal
Bushbaby

O Walker, 1979; Gebo, 1987;
Shapiro and Simons, 2002

4 38.8 1.3 26.4 1.9 32.0 1.7 15.4 0. 14.1 1.3 15.5 1.3 0.48 0.44 0.48

Otolemur
crassicaudatus

Greater
Galago

NO Shapiro and Simons, 2002 4 65.3 3.5 44.9 2.1 54.1 2.5 29.1 1. 28.6 1.4 30.4 1.3 0.54 0.53 0.56

Hominidae Gorilla gorilla Western Gorilla NB e 17 246.9 24.1 166.0 14.4 202.4 18.1 79.6 11 96.4 18.1 108.6 14.5 0.39 0.47 0.54
Homo sapiens Human B e 16 190.1 12.5 128.1 10.4 156.0 10.7 44.5 3. 49.4 4.7 63.8 5.0 0.29 0.32 0.41
Pan troglodytes Chimpanzee NB e 10 182.4 14.3 124.9 10.9 151.0 12.1 58.2 4. 69.8 9.2 81.4 6.8 0.39 0.46 0.54
Pongo
pygmaeus

Bornean
Orangutan

NB e 6 207.6 28.3 151.9 18.6 177.5 22.4 74.2 9. 85.4 13.1 94.3 11.6 0.42 0.48 0.53

Hylobatidae Hylobates
concolor

Black crested gibbon NB e 11 103.8 2.8 69.2 5.7 84.7 4.5 34.4 2. 37.9 2.3 45.1 2.7 0.41 0.45 0.53

Hylobates lar Lar Gibbon NB e 13 93.5 6.6 68.9 4.1 80.3 4.8 33.1 2. 36.4 2.5 43.0 2.1 0.41 0.45 0.54

Indriidae Avahi laniger Eastern Woolly
Lemur

O Walker, 1979; Shapiro and
Simons, 2002

1 47.3 e 33.7 e 39.9 e 23.3 e 19.6 e 24.5 e 0.58 0.49 0.61

Propithecus
verreauxi

Verreaux’s Sifaka O Walker, 1979; Shapiro and
Simons, 2002

3 73.7 5.7 51.1 3.4 61.4 4.4 32.1 3. 29.4 2.2 34.2 2.6 0.52 0.48 0.56

Lemuridae Hapalemur
griseus

Lesser Bamboo
Lemur

O Shapiro and Simons, 2002;
Walker, 1979

1 59.3 e 40.5 e 49.0 e 25.4 e 22.9 e 26.8 e 0.52 0.47 0.55

Lemur catta Ring-tailed lemur NO Walker, 1979; Shapiro and
Simons, 2002

3 78.1 2.3 47.9 2.9 61.1 2.7 35.3 1. 30.9 1.5 32.7 0.5 0.58 0.51 0.54

Lepilemur
mustelinus

Weasel Sportive
Lemur

O Walker, 1979; Shapiro and
Simons, 2002

1 49.3 e 32.8 e 40.2 e 23.2 e 19.4 e 21.1 e 0.58 0.48 0.52

Varecia
variegata

Ruffed Lemur NO Walker, 1979; Gebo, 1987;
Shapiro and Simons, 2002

3 97.2 1.9 55.5 1.7 73.4 0.5 43.5 1. 40.9 1.1 40.9 0.9 0.59 0.56 0.56

Lorisidae Arctocebus
calabarensis

Angwantibo NO Walker, 1979; Shapiro
and Simons, 2002

1 48.6 e 29.9 e 38.1 e 23.8 e 23.5 e 25.2 e 0.63 0.62 0.66

Loris
tardigradus

Slender Loris NO Walker, 1979; Shapiro
and Simons, 2002

4 43.6 1.4 27.6 1.6 34.7 1.5 18.6 1. 20.2 1.4 22.1 1.7 0.53 0.58 0.63

Nycticebus
coucang

Slow Loris NO Walker, 1979; Shapiro
and Simons, 2002

4 58.8 1.6 41.5 1.5 49.4 1.5 30.2 1. 28.6 1.2 31.5 1.2 0.61 0.58 0.64
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Table 1 (continued)

Order, Family Species Common name L or P Literature cited n PeO
(m)

PeO
(sd)

BZ
(m)

BZ
(sd)

CS
(m)

CS
(sd)

PeB
(m)

PeB
(sd)

MeB
(m)

MeB
(sd)

TFeB
(m)

TFeB
(sd)

Palate
ratio

Molar
ratio

TF
ratio

Rodentia
Dipodidae

Allactaga elater Five-toed Jerboa B Kelt, 1999 4 27.7 0.3 20.2 0.3 23.6 0.3 7.7 0.4 9.9 0.3 16.0 0.3 0.30 0.39 0.63
Dipus sagitta Northern

Three-toed
Jerboa

B Kelt, 1999 4 31.7 0.5 21.2 0.9 25.9 0.7 9.8 0.2 12.4 0.3 19.1 0.2 0.35 0.45 0.69

Eozapus
setchuanus

Chinese
Jumping Mouse

B Nowak, 1991 1 21.6 e 12.5 e 16.4 e 8.0 e 8.1 e 12.3 e 0.49 0.50 0.75

Jaculus
jaculus

Lesser Egyptian
Jerboa

B Eilam and Shefer, 1997 4 28.1 1.5 18.7 2.1 22.9 1.9 8.9 0.4 10.7 0.6 17.2 0.8 0.38 0.46 0.74

Napaeozapus
insignis

Woodland
Jumping Mouse

Q Whitaker and Wrigley,
1972; Nowak, 1991

3 22.1 0.5 12.1 0.3 16.3 0.4 8.9 0.4 8.3 0.3 12.8 0.4 0.53 0.50 0.77

Sicista
betulina

Northern Birch
Mouse

Q Shenbrot et al., 2008 1 19.3 e 9.6 e 13.6 e 6.4 e 7.1 e 10.3 e 0.47 0.53 0.77

Sicista
concolor

Chinese Birch
Mouse

Q Shenbrot et al., 2008 1 19.0 e 9.4 e 13.4 e 7.2 e 7.5 e 10.8 e 0.48 0.49 0.72

Sicista sp. Birch Mouse Q Shenbrot et al., 2008 1 17.4 e 8.9 e 12.4 e 6.1 e 6.6 e 9.7 e 0.47 0.51 0.75
Zapus
hudsonicus

Meadow
Jumping
Mouse

Q Whitaker, 1963 4 21.2 0.8 11.5 0.1 15.6 0.4 8.1 0.2 8.0 0.3 12.4 0.4 0.53 0.51 0.79

Heteromyidae Chaetodipus
hispidus

Hispid Pocket
Mouse

Q Djawdan, 1993; Kelt, 1999 6 27.4 2.3 15.1 1.1 20.3 1.6 9.5 1.1 10.2 1.1 15.3 1.3 0.46 0.50 0.74

Chaetodipus
intermedius

Rock Pocket
Mouse

Q Djawdan, 1993; Kelt, 1999 1 22.0 e 12.0 e 16.2 e 7.1 e 7.4 e 11.0 e 0.43 0.45 0.67

Chaetodipus
penicillatus

Desert Pocket
Mouse

Q Djawdan, 1993; Kelt, 1999 4 23.3 1.5 12.8 0.9 17.3 1.2 7.8 0.8 8.4 1.0 12.2 1.6 0.45 0.48 0.70

Dipodomys
deserti

Desert Kangaroo
Rat

B Djawdan, 1993; Kelt, 1999 1 40.3 e 22.6 e 30.2 e 12.7 e 12.9 e 18.0 e 0.42 0.43 0.60

Dipodomys
merriami

Merriam’s
Kangaroo Rat

B Djawdan, 1993; Kelt, 1999 3 33.5 0.5 17.1 0.9 23.9 0.8 10.9 0.5 10.8 0.4 14.5 0.6 0.46 0.46 0.61

Dipodomys
ordii

Ord’s Kangaroo
Rat

B Djawdan, 1993; Kelt, 1999 3 35.3 0.9 18.6 1.2 25.6 1.2 11.1 0.6 11.3 0.3 16.3 0.5 0.44 0.45 0.64

Dipodomys
spectabilis

Banner-tailed
Kangaroo Rat

B Djawdan, 1993; Kelt, 1999 4 41.7 0.8 23.9 0.5 31.6 0.4 13.5 0.3 13.7 0.3 18.9 0.5 0.42 0.43 0.60

Heteromys
gaumeri

Gaumer’s Spiny
Pocket Mouse

Q Nowak, 1991; Djawdan,
1993;

4 29.8 0.5 15.1 0.7 21.2 0.5 10.0 0.3 10.9 0.1 15.3 0.4 0.46 0.50 0.71

Liomys
salvini

Spiny Pocket
Mouse

Q Nowak, 1991; Djawdan,
1993

4 28.6 0.7 13.9 0.5 20.0 0.6 9.1 0.5 10.4 0.3 15.0 0.8 0.45 0.51 0.74

Muridae Gerbillus
(Dipodillus)
campestris

North African
Gerbil

Q see Blumberg-Feldman
and Eilam, 1995; Eilam,
1997

4 28.4 0.5 15.9 0.5 21.2 0.5 9.0 0.4 11.0 0.5 16.5 0.7 0.42 0.51 0.77

Gerbillus
dasyurus

Wagner’s Gerbil Q Blumberg-Feldman and
Eilam, 1995; Eilam, 1997

4 26.2 0.5 14.7 0.6 19.6 0.5 7.6 0.5 9.5 0.2 14.6 0.5 0.39 0.49 0.75

Meriones
periscus

Persian Jird Q Eilam, 1997 4 40.0 1.5 22.1 0.4 29.8 0.8 13.3 1.2 15.3 1.1 22.6 0.9 0.43 0.49 0.72

Psammomys
obesus

Fat Sand Rat Q Tchabovsky et al., 2001 4 37.7 2.3 23.3 1.2 29.7 1.6 13.3 1.0 14.3 0.7 23.7 1.6 0.43 0.46 0.77

Tatera
brantsi

Large Naked-
soled Gerbils

Q Nowak, 1991 4 35.9 2.7 19.2 1.5 26.3 2.0 12.6 1.6 14.5 1.2 21.3 1.5 0.46 0.52 0.77

L ¼ Locomotion; P ¼ posture; Q ¼ quadruped; B ¼ biped; NO ¼ non-orthograde; O ¼ orthograde; NB ¼ non-biped; n ¼ number of individuals measured; PeO ¼ prosthion to opisthocranion distance; sd ¼ standard deviation;
m ¼ mean; BZ ¼ bizygomatic width; CS ¼ cranial size; PeB ¼ palate to basion distance; MeB ¼ molar to basion distance; TFeB ¼ temporal fossa to basion distance.
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Figure 2. Morphological ratios of basion position relative to cranial size in marsupials. A) Molar ratio, B) Temporal fossa ratio, C) Palate ratio, and D) side-by-side comparison of
basion position (black bar) between a bipedal wallaby (Onychogalea) and quadrupedal tree kangaroo (Dendrolagus) (not to scale). Ratio values represent species means. Low values
indicate that the foramen magnum is relatively anteriorly positioned, and high values indicate that the foramen magnum is relatively posteriorly positioned.

G.A. Russo, E.C. Kirk / Journal of Human Evolution 65 (2013) 656e670664
However, correlations of molar ratio, palate ratio, and temporal
fossa ratio with both basionebicarotid distance and basione
biporion distance are all statistically significant (Table 2). Our data
further indicate that humans have significantly shorter basione
bicarotid (z ¼ �4.101; p < 0.001) and basionebiporion
(z ¼ �5.753, p < 0.001) distances than other apes. These results
suggest that the measures of relative basion position used in this
analysis yield results that are similar to those obtained when
basion position is quantified relative to the bicarotid and biporion
chords.

Strepsirrhines

Figure 5 shows the molar (Fig. 5A), temporal fossa (Fig. 5B), and
palate (Fig. 5C) ratios for strepsirrhine primates and a side-by-side
comparison of basion position between an orthograde (Propithecus,
family Indriidae) and pronograde (Varecia, family Lemuridae)
strepsirrhine (Fig. 5D). For all three indices of relative basion po-
sition, orthograde strepsirrhines have significantly lower ratios
than non-orthograde strepsirrhines (molar ratio: z ¼ �3.320,
p ¼ 0.001; temporal fossa ratio: z ¼�2.839, p ¼ 0.005; palate ratio:
z¼�1.973, p¼ 0.0485). These differences are more pronounced for
themolar and temporal fossa ratios, which have only a small degree
of overlap between orthograde and non-orthograde groups. By
comparison, the palate ratios of orthograde and non-orthograde
strepsirrhines overlap considerably. Nonetheless, these data
demonstrate that habitually orthograde strepsirrhines tend to have
more anteriorly positioned foramina magna than strepsirrhines
that typically assume pronograde or antipronograde postures.
Discussion

The results of this study support the hypothesis that foramen
magnum position is influenced by both posture and locomotion
(Topinard, 1890; Dart, 1925; Şenyürek, 1938; Schultz, 1942; White
et al., 1994; Brunet et al., 2002; Suwa et al., 2009; Kimbel and Rak,
2010). Our findings replicate the results of previous analyses of
primates, which show that humans havemore anteriorly positioned
foramina magna than other living hominoids (e.g., Luboga and
Wood, 1990; Schaefer, 1999; Ahern, 2005). Additionally, by using a
broad comparative mammalian sample, this study demonstrates
that bipedal rodents and marsupials have foramina magna that are
more anteriorly located than those of quadrupedal close relatives.
The ratios (i.e., molar, palate and temporal fossa) used to quantify
foramen magnum position in this analysis yield results similar to
those obtained using more conventional reference metrics (i.e.,
bicarotid and biporion chords) within hominoids. This finding sug-
gests that our results reflect a real forward shift of foramenmagnum
position in bipedal taxa rather than a repositioning of splanchnoc-
ranial landmarks. Moreover, our results reveal that the foramen
magnum is situated more anteriorly in orthograde strepsirrhines
than in pronograde or antipronograde strepsirrhines.

In our view, these findings have two major functional implica-
tions for understanding the evolution of mammalian basicranial
morphology.

First, our comparative data indicate that a more anteriorly
positioned foramen magnum is a feature shared by mammalian
bipeds generally. Humans are therefore not unique in having
anteriorly-shifted foramina magna compared with non-bipedal



Figure 3. Morphological ratios of basion position relative to cranial size in rodents. A) Molar ratio, B) Temporal fossa ratio, C) Palate ratio and D) side-by-side comparison of basion
position (black bar) between a bipedal kangaroo rat (Dipodomys) and quadrupedal pocket mouse (Heteromys) (not to scale). Ratio values represent species means. Low values
indicate that the foramen magnum is relatively anteriorly positioned, and high values indicate that the foramen magnum is relatively posteriorly positioned.

G.A. Russo, E.C. Kirk / Journal of Human Evolution 65 (2013) 656e670 665
close relatives. These results suggest that forward shifts of the fo-
ramen magnum have evolved independently at least four times
within Mammalia coincident with the evolution of habitual
bipedalism: once in heteromyid rodents, once in dipodid rodents,
once inmacropodidmarsupials, and once in hominin primates. This
finding is particularly striking in light of the substantial differences
between hominins and other mammalian bipeds in postcranial
anatomy, posture, and locomotor kinematics. In contrast to the
alternate striding bipedalism characteristic of humans (and some
birds and lizards, Du Brul, 1962), the locomotion of bipedal rodents
and marsupials is saltatory. In bipedal macropodids, dipodids, and
heteromyids, locomotor progress is made by hopping, with the
hindlimbs typically used in unison (Hildebrand and Goslow, 1974).
Although humans have elongated hindlimbs compared with other
hominoids (Jungers, 1985; Fleagle, 1999), they lack the extreme
pedal elongation seen in macropodids, dipodids, and heteromyids
(Samuels and Van Valkenburgh, 2008). Humans also lack an
external tail, which is an important organ of balance and support in
habitually bipedal macropodids and rodents (Hildebrand and
Goslow, 1974; Hickman, 1979). Despite these differences in post-
cranial morphology and bipedal kinematics within our comparative
sample, an anteriorly located foramen magnum is consistently
associated with both striding and saltatory modes of bipedalism.

Second, our data for strepsirrhines reveal that orthograde taxa
(e.g., Propithecus, Galago, Lepilemur, and H. griseus) have more
anteriorly positioned foramina magna than pronograde (e.g., Lemur
and Varecia) or antipronograde taxa (e.g., Loris and Nycticebus). This
result suggests that the habitual assumption of orthograde trunk
postures may lead to forward shifts in the relative position of the
foramen magnum even in the absence of habitual bipedal loco-
motion. Indeed, when species mean ratios are compared across all
of the primates in our sample (Fig. 6), orthograde strepsirrhines
havemolar and temporal fossa ratios (but not palate ratios) that are
broadly similar to those of non-human hominoids. This finding is
interesting because all extant non-human hominoids are charac-
terized by the assumption of more orthograde postures (particu-
larly during arboreal climbing and suspension) compared with
other catarrhine primates (Cartmill and Milton, 1977). Nonetheless,
humans (the only habitually bipedal living primate) have the
lowest ratios in the primate sample and are outside the range of
other groups. This observation suggests that habitual bipedalism in
primates may be associated with a greater forward shift of the fo-
ramen magnum than that engendered by the assumption of
orthograde postures alone.

In this context, it is worth noting that our use of the categories
‘orthograde’ and ‘pronograde’ as well as ‘biped’ and ‘non-biped’
tends to group species that differ substantially in head/neck
posture, trunk posture, and habitual modes of locomotion. For
example, among non-human hominoid (i.e., ‘non-biped’) taxa, the
Asian apes (Pongo and Hylobates) are predominantly arboreal and
rely on orthograde suspensory behaviors (Fleagle, 1976; Cant,
1987), whereas the African apes (Pan and Gorilla) are relatively
more terrestrial and quadrupedal (Tuttle and Watts, 1985; Doran,
1989; Hunt, 1989, 1991). Nonetheless, Pongo and Hylobates do not
exhibit more anteriorly positioned foramina magna than Pan or
Gorilla in the study sample (Table 1). Strait and Ross (1999) have
previously noted that classifications such as orthograde and pro-
nograde are difficult to relate to basicranial anatomy because the



Figure 4. Morphological ratios of basion position relative to cranial size in hominoids. A) Molar ratio, B) Temporal fossa ratio, C) Palate ratio, and D) side-by-side comparison of
basion position (black bar) between a bipedal human (Homo sapiens) and non-biped chimpanzee (Pan troglodytes) (not to scale). Ratio values represent individual specimen values.
Low values indicate that the foramen magnum is relatively anteriorly positioned, and high values indicate that the foramen magnum is relatively posteriorly positioned.

Table 2
Results for two-tailed Pearson productemoment correlations. Comparisons are
among hominoid individuals. Boldface indicates a significant result.

Pearson r p-value

Correlations between raw measurements
Basioneposterior molar and basionebicarotid 0.864 0.000
Basioneposterior hard palate and basionebicarotid 0.868 0.000
Basioneanterior temporal fossa and basionebicarotid 0.847 0.000

Basioneposterior molar and basionebiporion 0.443 0.000
Basioneposterior hard palate and basionebiporion 0.215 0.682
Basioneanterior temporal fossa and basionebiporion 0.217 0.680

Correlations between ratios and raw measurements
Molar ratio and basionebicarotid 0.583 0.000
Palate ratio and basionebicarotid 0.378 0.002
Temporal fossa ratio and basionebicarotid 0.475 0.000

Molar ratio and basionebiporion 0.697 0.000
Palate ratio and basionebiporion 0.772 0.000
Temporal fossa ratio and basionebiporion 0.810 0.000
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trunk does not directly articulate with the cranium. They approxi-
mated measures of neck posture using kinematic data on neck
inclination (i.e., the neck’s dorsal surface relative to gravity) (Strait
and Ross, 1999). Contrary to expectations based on trunk posture,
these authors demonstrated that the neck inclination values for
some suspensors and brachiators, including Hylobates, are
encompassed within the range of neck inclination for quadrupedal/
pronograde species (Strait and Ross, 1999). While our data suggest
that mammalian bipeds share the tendency to have cervical
vertebral columns that meet the basicranium more anteriorly than
their non-bipedal close relatives (cf. Kimbel and Rak, 2010), salta-
tory bipedal rodents or marsupials hold their torsos in more hori-
zontal positions compared with the habitual vertical trunk posture
characteristic of human bipedal stance and locomotion (Fig. 7;
Elftman, 1929; see also Eilam and Shefer, 1997 their Fig. 1). In fact,
even when bipedal posture has been surgically induced (via fore-
limb amputation) in rodents, ‘bipedal’ rodents do not assume up-
right trunk postures for a significantly greater amount of time than
control quadrupedal rodent groups (Bailey et al., 2001). Thus, it is
presently unclear how, and to what extent, the anterior position of
the foramen magnum in orthograde and bipedal mammals may be
functionally related to variation in head/neck posture during
foraging and traveling, resisting the kinetic forces engendered by
saltation (in rodents and macropodids; Du Brul, 1950), shifts in the
habitual posture of the trunk, or some combination of these factors.
Resolution of this question will require additional in vivo data on
vertebral morphology, kinetics, and kinematics in mammalian bi-
peds, and is beyond the scope of the present paper. Nonetheless,
such studies will be of great importance for better understanding
the significance of foramen magnum position (i.e., anteriorepos-
terior location of basion on the basicranium) and orientation (i.e.,
anterioreposterior inclination of the foramen aperture relative to
Frankfurt horizontal). At present, few data are available that bear
upon how the australopithecine head was held atop the cervical
vertebral column (but see Nalley, 2010).



Figure 5. Morphological ratios of basion position relative to cranial size in strepsirrhines. A) Molar ratio, B) Temporal fossa ratio, C) Palate ratio, and D) side-by-side comparison of
basion position (black bar) between an orthograde sifaka (Propithecus) and pronograde lemur (Varecia) (not to scale). Ratio values represent species means. Low values indicate that
the foramen magnum is relatively anteriorly positioned, and high values indicate that the foramen magnum is relatively posteriorly positioned.
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In addition to the problems engendered by a dearth of
comparative data on cervical structures and posture, it is also
important to acknowledge that basicranial morphology is influ-
enced by structural and functional systems unrelated to locomo-
tion. For example, Weidenreich (1941) and Biegert (1957, 1963)
hypothesized that face size, neocortex size, and the configuration of
the foramen magnum are interrelated. According to this model, an
enlarged brain causes basicranial flexion by inducing a downward
rotation of the cranial base, such that the nuchal plate is deflected
ventrally (i.e., from a vertical position to a near horizontal position),
and the foramen magnum is shifted forward (Biegert, 1957, 1963;
see also; Bastir et al., 2010). Spoor (1997) found that brain size is in
fact related to foramen magnum orientation (opisthion-basion)
relative to the anterior cranial base orientation (sella-foramen
cecum). He demonstrated that a relatively large brain corresponds
Figure 6. Morphological ratios of basion position relative to cranial size among all primates
means. Low values indicate that the foramen magnum is relatively anteriorly positioned, a
with a more inferiorly facing foramen magnum (i.e., Biegert’s more
horizontally positioned nuchal plate). It has since been shown that
foramen magnum orientation is a poor measure for estimating
head or neck posture during locomotion (Lieberman et al., 2000;
Kimbel and Rak, 2010). For example, among fossil hominins,
some australopiths exhibit posterior inclination of the foramen
magnum and inclined atlanto-occipital joints of the first cervical
vertebra, which may indicate a head posture more similar to non-
human apes (Kimbel et al., 2004; Kimbel and Rak, 2010). At the
same time, the anterior position of their foramina magna and oc-
cipital condyles may indicate a head posture similar to humans and
extinct Homo (Kimbel et al., 2004; Kimbel and Rak, 2010), sug-
gesting a potentially weaker link between brain size and foramen
magnum position. Biegert’s (1957, 1963) hypothesis does receive
some support, however, as several researchers have demonstrated
. A) Molar ratio, B) Temporal fossa ratio, C) Palate ratio. Ratio values represent species
nd high values indicate that the foramen magnum is relatively posteriorly positioned.



Figure 7. Comparison of the skeletons of three bipedal mammals: an Egyptian jerboa (Jaculus orientalis, left), an eastern gray kangaroo (Macropus giganteus, center), and a human
(Homo sapiens, right). Skeletons of the jerboa and kangaroo were redrawn from digital photographs of mounted museum specimens, so the postures illustrated are only
approximate.
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that cranial base flexion appears to be accounted for in part by
variation in both brain size (Ross and Ravosa, 1993; Spoor, 1997;
McCarthy, 2001) and facial size (increased rostral projection or
vertical height; Bastir et al., 2010). While it has been hypothesized
that cranial base flexion should also relate to neck/trunk posture or
locomotion (Bolk, 1909; Schultz, 1942; Dean andWood,1981,1982),
this idea is not well supported (Ross and Ravosa, 1993; Strait and
Ross, 1999; but see; Moss, 1961).

Though it was not the goal of this study to directly test all
alternative hypotheses for foramen magnum position, the
morphologic breadth of our comparative sample permits some
discussion. While previous research has demonstrated that fora-
men magnum orientation appears related to increases in brain size
(Spoor, 1997), our observations suggest it is unlikely that brain size
influences foramen magnum position in our comparative sample.
For example, among the strepsirrhine taxa examined here, brain
size varies between 4.65 cc (Galago senegalensis) and 26.80 cc
(Propithecus verreaxui) in orthograde species and between 1.63 cc
(Microcebus rufus) and 44.90 cc (Daubentonia madagascariensis) in
pronograde and antipronograde species (Kirk, 2006). Thus, the
sampled orthograde and non-orthograde strepsirrhines have
overlapping brain size ranges but nonetheless differ in relative fo-
ramen magnum position. Using data reported by Ross and Ravosa
(1993), it is also possible to compare our findings for foramen
magnum position with their cranial base angles for 14 species of
strepsirrhines and hominoids. These data reveal that there is no
relationship between the posterior molar ratio (two-tailed Pearson
productemoment correlations; r ¼ 0.338, p ¼ 0.237) or temporal
fossa ratio (r ¼ 0.286, p ¼ 0.321) and cranial base angle, but there is
a significant relationship between palate ratio and cranial base
angle (r ¼ 0.819, p < 0.001). Though this finding could suggest a
potential relationship between basicranial flexion and palate
length, it should be interpreted with caution because the sample
sizes examined here are small, and, as Ross and Ravosa (1993) note,
their method for calculating cranial base angle (approximated
relative orientations of clivus ossis occipitalis and planum sphe-
noideum endocranial surface; their Fig. 2) differs from traditional
methods (e.g., basion-sella-foramen cecum; Spoor, 1997). Finally, it
is worth noting that many rodents and marsupials are character-
ized by rostral prognathism (i.e., large faces), but are nonetheless
observed here to differ in the relative anteroposterior placement of
the foramen magnum with respect to locomotor mode.

Despite these caveats and the inherent limitations of any
comparative study, the results of this analysis provide additional
strong support for the use of foramen magnum position as an in-
dicator of bipedal locomotion in fossil hominins. Anterior shifts of
the foramen magnum have evidently evolved in concert with
habitual bipedalism at least four times independently among
mammals, indicating a strong functional link between bipedalism
and an anteriorly positioned foramen magnum. As such, a forward
shift of the foramen magnum relative to the ancestral condition
would be expected for any mammalian lineage that evolves
habitual bipedalism. Insofar as the plesiomorphic condition for
hominins is represented by the relative foramen magnum position
of extant apes (as we assume here), the presence of an anteriorly
positioned foramen magnum in Ardipithecus and Sahelanthropus
(White et al., 1994; Brunet et al., 2002; Guy et al., 2005; Zollikofer
et al., 2005; Suwa et al., 2009) may be taken as compelling evi-
dence that both genera were habitually bipedal (but see Wolpoff
et al., 2002, 2006). Furthermore, it is striking that we found no
overlap between the ranges of modern Homo and non-human
hominoid individuals for any of morphological ratios used in this
study even though all hominoids assume varying degrees of
orthograde postures (see references above). Accordingly, the
anatomical landmarks used to determine basion position in this
study may be of use to future studies of basicranial morphology in
fossil taxa. For example, Wolpoff et al. (2002: 582O) note that “the
anterior edge of the foramen is far from the back of the Sahelan-
thropus third molar, in contrast to hominids and similar to chim-
panzees and female gorillas”, suggesting the molar ratio used in
this study could provide an additional metric of relative foramen
magnum position in Sahelanthropus.

Conclusions

An anteriorly positioned foramen magnum is a basicranial
feature shared by multiple clades of bipedal mammals. Humans,
bipedal rodents, and bipedal marsupials all have more anteriorly
positioned foramina magna than their quadrupedal close relatives.
Orthograde strepsirrhines also have more anteriorly positioned
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foraminamagna than pronograde or antipronograde strepsirrhines.
These comparative findings suggest that habitual bipedalism and
the adoption of upright trunk postures are both associated with
rostral shifts in the position of the foramen magnum in mammals.
Nevertheless, humans exhibit more anteriorly positioned foramina
magna than all other primates considered in this analysis, including
highly orthograde taxa like Hylobates and Propithecus. The unique
position of the foramen magnum in humans compared with other
living orthograde primates, as well as the general association be-
tween bipedalism and an anteriorly positioned foramen magnum
in mammals, suggest that foramen magnum position may be used
to identify bipedal adaptations in fossil hominins. Accordingly, the
anteriorly positioned foramina magna of Sahelanthropus and Ardi-
pithecus compared with extant hominoids provide strong evidence
that both fossil genera were habitually bipedal.
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