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Function of the Mammalian Postorbital Bar
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ABSTRACT Complete postorbital bars, bony arches that
encompass the lateral aspect of the eye and form part of a
circular orbit, have evolved homoplastically multiple
times during mammalian evolution. Numerous functional
hypotheses have been advanced for postorbital bars, the
most promising being that postorbital bars function to
stiffen the lateral orbit in taxa that have significant an-
gular deviation between the temporal fossa and the bony
orbit. Without a stiff lateral orbit the anterior temporalis
muscle and fascia potentially would pull on the postorbital
ligament, deform the orbit, and cause disruption of oculo-
motor precision. Morphometric data were collected on
1,329 specimens of 324 taxa from 16 orders of extant
eutherian and metatherian mammals in order to test
whether the orientation of the orbit relative to the tempo-
ral fossa is correlated with the replacement of the postor-
bital ligament with bone. The allometric and ecological
influences on orbit orientation across mammals are also
explored. The morphometric results corroborate the hy-
pothesis: Shifts in orbit orientation relative to the tempo-
ral fossa are correlated with the size of the postorbital
processes, which replace the ligament. The allometric and
ecological factors that influence orbit orientation vary
across taxa. Postorbital bars stiffen the lateral orbital
wall. Muscle pulleys, ligaments, and other connective tis-
sue attach to the lateral orbital wall, including the pos-
torbital bar. Without a stiff lateral orbit, deformation due
to temporalis contraction would displace soft tissues con-
tributing to normal oculomotor function. J. Morphol. 264:
363-380, 2005. © 2005 Wiley-Liss, Inc.
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Complete postorbital bars, bony arches that en-
compass the lateral aspect of the eye and form
part of a circular orbit, have evolved at least 11
times in nine mammalian orders and are charac-
teristic of Primates, Scandentia, Equinae (Equi-
dae, Perissodactyla), and the Neoselenodontia (Ar-
tiodactyla). Postorbital bars are commonly formed
by a dorsal process of the frontal bone and a ven-
tral process of the zygomatic (Heesy, 2003).
Equines differ in that the squamosal projects the
ventral process (Heesy, 2003). Postorbital bars
have also evolved independently in numerous in-
dividual taxa including the fossil metatherians
Thylacosmilus and Thylacoleo, the fossil carnivo-
ran Barbourofelis, the fossil litopterns Thoathe-
rium and Diadiaphorus, the sirenian Trichechus
senegalensis, and the mysticete cetacean Balae-
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noptera acutorostrata. Well-developed postorbital
processes, the probable intermediate condition
from which postorbital bars are derived, have
evolved in dermopterans, emballonurid microchi-
ropterans, pteropodid megachiropterans, hyra-
coids, and, to varying degrees, among many car-
nivoran taxa. Polymorphisms of well-developed
postorbital processes (retaining a small gap of sev-
eral millimeters that would be spanned by the
postorbital ligament in life) and complete bars are
also found in a number of small-bodied pteropodid,
carnivoran, and hyracoid taxa (Cartmill, 1970;
Noble et al., 2000; Ravosa et al., 2000b; Heesy,
2003).

Numerous functional hypotheses have been ad-
vanced for postorbital bars (reviewed in Heesy,
2003). Three of these are commonly cited. For exam-
ple, Prince (1953, 1956) and Simons (1962) hypoth-
esized that postorbital closure (including the posses-
sion of postorbital bars) functions to protect the
lateral aspect of the orbital contents from external
trauma. Cartmill (1970) pointed out that the bar
would be inadequate to protect the orbital contents
in strepsirrhine primates from a sharp attack, such
as a tooth, because the bar is slender and thus fails
to cover much of the lateral orbital wall. An intru-
sion from the lateral side would be more likely to
pierce the eye than contact such a slender structure
as is found in strepsirrhine primates, tree shrews,
and herpestids, and would therefore likely be inad-
equate to protect the eye from such attacks.

Greaves (1985) suggested that the function of the
postorbital bar in primates and ungulates was re-
lated to mastication. Greaves (1985) hypothesized
that the application of a unilateral bite force on the
rostrum, the application of a contralateral condylar
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joint reaction force on the braincase, and the bilat-
eral muscle forces due to the contraction of the mas-
ticatory musculature apply torsional moments to the
mammalian skull. Greaves further hypothesized
that shear stress due to torsional loading would be
most extreme in taxa with large and dominant mas-
seter and medial pterygoid muscles because of the
significantly larger moment arms of these muscles
compared to those of the temporalis muscles. Pro-
nounced postorbital constriction would also lower
resistance to torsional stresses because this resis-
tance is related to the distribution of mass away
from the axis of twisting. The presence of postorbital
bars in primates and neoselenodonts led Greaves to
hypothesize that this structure functions to rein-
force the structurally weak postorbital region
against torsional loading. However, the postorbital
bars and septa in primates are not oriented along
Greaves’ helices of tension and compression (Ra-
vosa, 1991a,b), and the strain orientations in the
circumorbital region of anthropoids do not support a
torsional loading regime (Hylander et al., 1991; Ross
and Hylander, 1996). Although strain orientations
in galagos do match the predictions of Greaves’ hy-
pothesis, the strain magnitudes are likely too low to
require the presence of postorbital bars to prevent
craniofacial torsion in masticating strepsirrhines
(Ravosa et al., 2000a; Ross, 2001). The “weak” pos-
torbital region also does not experience substan-
tially higher strain magnitudes during loading when
the postorbital bars are removed in Ovis (Heesy et
al., unpubl. in vitro strain data).

An alternative hypothesis has been suggested
based on the position of the orbit relative to the
temporal fossa in mammals. Cartmill (1970, 1972,
1980; see also Collins, 1921) suggested that in small-
sized therian mammals with large eyes, relatively
small temporal fossae, and derived orbital conver-
gence (orbits facing in the same direction), the plane
of the bony orbit would deviate from the “plane” of
the temporal fossa. Cartmill proposed that increas-
ing orbital convergence “drags” the anterior tempo-
ralis muscle and temporalis fascia from a posterior
to a lateral position relative to the fundus of the eye
and orbital contents (Fig. 1). In such taxa, Cartmill
suggested that contractions of the masticatory mus-
culature, particularly the anterior temporalis mus-
cle, would be likely to distort the lateral orbital
margin, which is formed by the postorbital ligament.
The postorbital ligament is a thickening of the an-
teriormost edge of the temporalis fascia (Hiiemae
and Jenkins, 1969; Cartmill, 1970), and contraction
of the anterior temporalis muscle would create ten-
sion across the fascial sheet, including the ligament,
and cause the tensed ligament to be deformed me-
dially, posteriorly, or posteromedially. Extraocular
check ligaments and smooth muscle tissue attach to
the lateral orbital margin that are critical for main-
tenance of the mediolateral rotational axis of the eye
and oculomotor coordination (Demer et al., 1995,
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Fig. 1. Cartmill’s hypothesized effects of orbit orientation on
postorbital ossification. In many mammals the temporalis fascia
and postorbital ligament, which is the anteriormost edge of this
fascia, sit posterior to the eye (a). Cartmill hypothesized that
increasing orbital convergence drags the ligament anterolaterally
(b), where it can be deformed during anterior temporalis contrac-
tion and temporalis fascia tension (indicated by arrows). Prevent-
ing disruptive eye movements during mastication requires the
evolution of postorbital processes or a bar to prevent the fascia
from encroaching on the eye (e).

1997, 2000; Clark et al., 1997, 1998; Khanna and
Porter, 2001; Briggs and Schachat, 2002; Demer,
2002; Haslwanter, 2002; Heesy et al., 2005; see Dis-
cussion). Deformation of a ligamentous lateral or-
bital margin would displace these attachments to
the eye and probably disrupt oculomotor precision
by irregularly translating the mediolateral rota-
tional axis with each contraction of the anterior
temporalis muscle. Replacement of the postorbital
ligament with an osseous postorbital bar should
stiffen the lateral bony orbit and, thereby, prevent
oculomotor disruption. Intermediate morphology,
such as large postorbital processes bridged by a taut
postorbital ligament, would provide a minimally sta-
ble substrate for these check ligament attachments
in taxa with intermediate degrees of orbit conver-
gence. Examples of disruption are double vision
(diplopia), image blur, and jitter due to misalign-
ment of the optic and visual axes, which in humans
causes visual confusion and vertigo (see Heesy,
2003; Heesy et al., 2005).

Cartmill’s hypothesis predicts that increasing the
angular or planar deviation between the orbit and
the temporalis fascia should lead to increased re-
placement of the postorbital ligament with postor-
bital processes and other stiffening structures in
order to prevent disruption of oculomotor coordina-
tion. Cartmill also predicted that relative orbit size
is a factor in reorienting the orbit away from the
temporal fossa. Taxa such as megachiropterans and
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Fig. 2. Eye size and the morphology of the posterolateral
orbital wall. When the axial length of the eye is plotted against
head-body length (both Log,), it is shown that taxa with large
processes, or bars, tend to have larger eye sizes than taxa without
processes. Haplorhine primates (tarsiers, monkeys, apes, and
humans) have postorbital septa, bony walls that largely wall of
the lateral orbit from the temporal fossa. (Data on eye and body
size from Ritland, 1982, and Ross et al., 2005. Data on postorbital
morphology are available as Supplementary Material at
www.interscience.wiley.com/jpages/0362-2525/suppmat.) [, no/
small postorbital process; *, process; O, bar; ®, septum.

small-bodied herpestid carnivorans with slightly
lesser degrees of orbital convergence than most
strepsirrhines (Cartmill, 1970) have well-developed
postorbital processes, corroborating Cartmill’s hy-
pothesis (Noble et al., 2000; Ravosa et al., 2000b).
Ravosa and colleagues (Noble et al., 2000; Ravosa et
al., 2000a), in an analysis of megachiropterans and
herpestid and felid carnivorans, found that fronta-
tion (vertical orbit orientation relative to the long
axis of the braincase) as well as relative enceph-
alization and orbit:body size allometry (a factor
identified by Cartmill) are contributing factors to
the evolution of bars among these taxa. The associ-
ation between bone strain patterns and anterior
temporalis contraction has not been directly evalu-
ated. However, in vivo bone strain data collected on
the lateral aspect of the postorbital bar of the strep-
sirrhine primate Otolemur indicate that it experi-
ences nontrivial levels of strain during mastication
(Ravosa et al., 2000a,b). This suggests that if a pos-
torbital ligament was in place of the bar, the lateral
orbit would be deformed by temporalis contraction.
Lastly, mammals with large eye sizes relative to
body size tend to have postorbital processes or bars
(Fig. 2).

While Cartmill’s hypothesis potentially explains
the presence of postorbital bars in small-sized taxa
with convergent orbits, it is not completely explan-
atory for all mammals with postorbital bars because
it does not explain their presence in groups with
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laterally directed orbits: neoselenodont artiodactyls,
equine perissodactyls, and scandentians. It is sug-
gested here, however, that convergence is not the
only type of orbit reorientation that would lead to a
substantial angular deviation between the orbit and
temporal fossa (Fig. 3). Dissections of Ovis, and ob-
servations of the morphology of this group, suggest
that large eye size in neoselenodonts has led to an
increase in the exposure of the posterolateral aspect
of the eye and orbital cone to the temporal struc-
tures and in the lateral displacement of the postero-
lateral orbital margin (Fig. 3a). This displacement
dragged the superficial layer of the temporalis fascia
laterally, which is similar to the deviation of the
orbital and temporal fossa planes that Cartmill sug-
gested would lead to distortions of the orbital mar-
gin in taxa with convergent orbits. In other words,
the lateral displacement of the posterior orbital mar-
gin in neoselenodonts may have decreased the me-
dial angle between the orbital and temporal planes,
thereby resulting in a spatially constrained postero-
lateral orbital region similar to that in taxa with
convergent orbits. The displacement and reorienta-
tion of the orbit during equid evolution may have
had a similar effect in this group (Radinsky, 1983,
1984) (Fig. 3b). In addition, one common feature of
neoselenodont artiodactyls, equine perissodactyls,
and scandentians is the high orbit frontation values
they display. As mentioned previously, vertically re-
orienting the orbit relative to the braincase has been
argued to lead to postorbital bar formation in some
carnivorans (e.g., Ravosa et al., 2000a). This type of
reorientation of the orbit may also lead to a devia-
tion away from the plane of the temporal fossa in a
manner similar to that hypothesized for conver-
gence. The examples from neoselenodont and equid
evolution suggest that shifts in orbit orientation
other than simply higher orbit convergence may also
require the presence of an osseous structure to pre-
vent the adjacent temporalis musculature from de-
forming the lateral orbital margin, thereby disrupt-
ing the normal position of the eye.

Focus of This Study

This study evaluates the hypothesis that the
degrees of postorbital ossification are correlated
with the angular deviation between the orbit and
temporal fossa. This hypothesis has several pre-
dictions: 1) a decrease in the orbitotemporal angle
(the angle between the orbital plane and the plane
of the temporal fossa) is correlated with replace-
ment of the postorbital ligament by bone; 2) vari-
ance in orbitotemporal angle is explained by orbit
orientation; and 3) changes in relative orbit size
(i.e., orbit diameter) reorient the orbit. Relative
brain size, which is interpreted here to covary
with braincase size, may also reorient the orbit
and lead to the evolution of processes and bars
(e.g., Noble et al., 2000; Ravosa et al., 2000a).
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Fig. 3. Orientation of the orbit and temporal fossa in some mammals. a: It is hypothesized here that lateral displacement of the
posterolateral orbital margin in neoselenodonts, such as Ouis, is similar to the deviation of the orbital and temporal fossa planes that
Cartmill suggested would lead to distortions of the orbital margin in taxa with convergent orbits. This displacement is indicated by
the arrowed space between the brackets. b: Equus (center) has divergent orbits, similar to Sciurus (left), but the orientation of the orbit
relative to the temporal fossa is more similar to taxa with convergent orbits (e.g., Otolemur, right). Each arrow indicates the
orientation of the orbital axis, which is perpendicular to the orbital plane. The angles below each skull are provided to roughly
illustrate the angular relationship between the orbit and temporal plane. (Skull sizes not to scale.)

These predictions are evaluated in a representa-
tive sample of mammals using angular and linear
morphometric data that characterize the size, po-
sition, and orientation of the orbit and temporal
fossa to each other, as well as relative to other
components of the skull.

MATERIALS AND METHODS
Taxa Sampled

Data were collected on 1,329 specimens of 321 taxa from 16
orders of extant eutherian and metatherian mammals. These
orders include (number of taxa in parentheses): Artiodactyla (23),
Carnivora (76), Chiroptera (32; megachiropterans only), Cingu-
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lota (3), Dermoptera (2), Erinaceomorpha (5), Hyracoidea (4), Mac-
roscelidea (7), Metatheria (29), Perissodactyla (6), Pilota (4), Pri-
mates (93; 35 strepsirrhines, 58 haplorhines), Rodentia (26), and
Scandentia (11). The perissodactyls and artiodactyls both include
taxa that have complete bars, such as neoselenodont artiodactyls
and equid perissodactyls, and those that have postorbital processes,
such as suiform artiodactyls and tapirid perissodactyls. Individual
species are listed with the raw data that are available as Supple-
mentary Material at http:/www.interscience.wiley.com/jpages/
0362-2525/suppmat. The taxa included in this study span orbit
morphology from completely confluent orbitotemporal fossae, to post-
orbital processes and bars. While conducting this study, four
megachiropteran, one hyracoid, and eight carnivoran taxa polymor-
phic for processes and complete bars were measured. In the individ-
uals of these polymorphic taxa without complete bars, the sizes of
the postorbital gaps are small, usually not more than a few milli-
meters. These polymorphic taxa were treated individually for the
simultaneous analyses of the entire data. The samples are housed in
the Departments of Mammalogy of the American Museum of Nat-
ural History, Smithsonian Institution, and the Museum of Compar-
ative Zoology (Harvard).

Measurements of Orbit Orientation and
Postorbital Morphology

Two measurements of orbit orientation have been used in the
primatological morphometric literature (e.g., Ross, 1995a; Ravosa
et al., 2000a), both of which were first devised by Cartmill (1970).
Convergence is defined as the dihedral angle (an angle between
two planes) between the orbital margin plane (plane containing
orbitale superius, orbitale anterius, and orbitale inferius) and the
midsagittal plane (Fig. 4). Frontation is defined as the angle
between the nasion-inion chord and the orbital plane as it crosses
the sagittal plane (Fig. 4). For this study, an additional measure
was devised called verticality. This measurement is defined as the
dihedral angle between the orbital margin plane and palatal
plane (plane containing prosthion and points taken on alveolar
margin directly above the middle of each M'). The purpose of this
was to derive another dihedral angle for vertical orientation of
the orbit which would be comparable to convergence but was not
sensitive to displacement of inion or nasion (as frontation may
be). Differences between frontation and verticality, both mea-
sures of the vertical orientation of the orbit, derive from angle
definition. Frontation is a measure of orbit orientation relative to
the nasion-inion chord, a line that runs roughly along the long
axis of the braincase. Verticality is measured relative to the
palate. Differences between verticality and frontation are proba-
bly based on differences in orientation between the face and
braincase, the angle between which can differ among mammals
(Cartmill, 1970, 1974; Ross and Ravosa, 1993; Ross et al., 2004).

The dihedral angle between the orbital and temporal planes
(Table 1) is defined here as the orbitotemporal angle (Fig. 4). This
is the dihedral angle between the orbital plane and an idealized
temporal plane (plane containing orbitale superius, orbitale late-
ralis, and the posteriormost point on the temporal fossa [gener-
ally identified by the rugosity of the temporal line in the region of
inion]). This measurement was derived for this study specifically
to characterize the angular relationship between the orbit and
temporal fossa that Cartmill described. Taxa in which the orbital
and temporal planes are coplanar will have orbitotemporal angle
values of 180°, whereas taxa with orbits and temporal fossae at
right angles will have orbitotemporal angles of 90°.

In addition, in taxa without complete postorbital bars I mea-
sured the minimum linear distance from the tips of the ventral
and dorsal postorbital processes using digital calipers to the near-
est 0.1 mm. A ratio was computed with the size of the postorbital
gap (a surrogate for the length of the postorbital ligament) in the
numerator and the superoinferior diameter of the orbit in the
denominator. This ratio is subtracted from 1. The result is a
variable called the gap-diameter ratio. Taxa with postorbital gaps
similar to orbit diameter in size, meaning small processes and
large postorbital ligaments, will have very low values because the
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ratio is subtracted from 1. Taxa with complete bars (and no
postorbital gap) will have a value of 1. It should be noted that
ratio data can potentially conform to a non-normal distribution,
requiring the arcsin transformation to approximate a normal
distribution (Sokal and Rohlf, 1995). A comparison between the
raw ratio and arcsin transformed ratio data demonstrated that
these were identical. This being the case, the raw ratio data were
used for all analyses.

Coordinate Data Preparation

Three-dimensional coordinate data were collected for 22 land-
mark points on the skull with a MicroScribe-3DX coordinate data
stylus (Immersion, San Jose, CA). Each specimen was mounted on
an elevated clay base so that all coordinate data could be collected in
a single series (Lockwood et al., 2002). Each specimen sits within its
own 3D coordinate data space with this arrangement. These coor-
dinate points were transformed into linear, angular, and volume
measurements (Table 1; raw data are available as Supplementary
Material at http://’www.interscience.wiley.com/jpages/0362-2525/
suppmat). Linear data were calculated from coordinates using the
distance formula. Estimates of braincase volume were derived from
linear measurements using an ellipsoidal shell model.

Taxa included in this study spanned a substantial range of
sizes. In order to compare shape changes of the skull in relation
to orbit orientation, size adjustment of linear data was conducted
by dividing each linear variable of a specimen by the geometric
mean of all 14 linear measurements for that specimen (Corruc-
cini, 1995; Jungers et al., 1995; Table 1). The result is a dimen-
sionless geometric expression of shape and relative size (Corruc-
cini, 1995). Additionally, angular data can potentially be non-
normally distributed due to the constraints of circular dimensions
(Fisher, 1993). Departures from normality for angular and linear
data were tested using the Kolmogorov-Smirnov test with Lille-
fors modification (Sokal and Rohlf, 1995). In several orders an-
gular measures deviated moderately from normality, but not to a
degree that required a specialized statistical distribution (e.g.,
Fisher, 1993). Nonparametric alternatives were used instead.

Data Analysis

In order to investigate the relationships between variables,
Spearman’s rank correlation coefficients were calculated. Vari-
ables in this study were found to show patterns of intercorrela-
tion. Correlations between variables can be due to the effects of
other independent variables (Sokal and Rohlf, 1995; Hair et al.,
1998). These were evaluated using partial correlation coefficients.

Both nonphylogenetic and phylogenetic approaches were used
for bivariate correlation analyses. Continuous biological data po-
tentially violate standard statistical assumptions of indepen-
dence due to phylogenetic relatedness (Felsenstein, 1985). Data
were adjusted for phylogenetic similarity with the method of
phylogenetic generalized least squares (PGLS, Martins and Han-
sen, 1997; Rohlf, 2001) using COMPARE 4.4 (Martins, 2001). The
PGLS method is based on normal least-squares regression but
with a specialized error term that is a function of the variance
matrix and phylogenetic relationships of all included taxa. Rohlf
(2001) demonstrated that the more commonly used method of
phylogenetic independent contrasts (Felsenstein, 1985) is a spe-
cial case of PGLS, but that the generalized least-squares method
is not limited to the assumption of the Brownian motion contin-
uous random walk model of evolution.

Phylogenetic data on megachiropterans are from Jones et al.
(2002). Carnivoran phylogenetic data are from Bininda-Emonds
et al. (1999), with adjustments to viverrid and herpestid taxa to
maintain Malagasy carnivoran monophyly based on Yoder et al.
(2003). Primate data are from Purvis (1995; Purvis and Webster,
1999). Sciurid phylogenetic data (excluding the Anomaluridae)
are from Mercer and Roth (2003) based on their Bayesian derived
tree. Metatherian phylogenetic data are a composite taken from
multiple sources (Kirsch et al., 1993; Springer et al., 1994; Patton
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Fig. 4. Angular measurements. a: Convergence is the dihedral angle between the orbital and sagittal planes. Note that verticality
(not shown) is similar in that it is the dihedral angle between the orbital and palatal planes (plane containing prosthion and points
taken along the alveolar margin directly above the middle of each M'). b: Orbitotemporal angle is the dihedral angle between the
orbital and temporal fossa planes. ¢: Frontation is the angle between the nasion-inion chord and the line formed by the intersection
of the orbital and sagittal planes. OS, orbitale superius, point on the orbital margin furthest from the toothrow; OI, orbital inferius,
point on the bony orbital margin closest to the toothrow; OA, orbital inferius, point on the bony margin most distant from inion; OL,
orbitale lateralis, lateralmost point on the bony margin; «, frontation angle; 8, convergence angle. (Skulls not to scale.)

et al., 1996; McKenna and Bell, 1997; Hamilton and Springer,
1999). Cetartiodactyl phylogenetic data are a composite taken
from multiple sources (Randi et al., 1996; Hassanin and Dou-
zery, 1999, 2003). Trees that were assembled for this study or
substantially modified to contain only those taxa included in
this project are available as Supplementary Material at

www.interscience.wiley.com/jpages/0362-2525/suppmat. The
PGLS analyses for metatherians exclude Chironectes, which
was not present in the molecular trees. In several cases among
metatherians, taxa not included in the molecular tree were
manually inserted under the assumption of generic monophyly.
Polychotomous relationships were arbitrarily resolved and rel-
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TABLE 1. Measurements and derived variables used in this study

Measurements and
variables

Definitions

Skull length (si)
Nasion-Inion (ni)
Prosthion-Nasion (pn)
Interorbital width (iw)
Orbit diameter (od)

Orbit depth (odp)

Bioptic foramen width (bf)
Temporal fossa length (tl)

Temporal fossa width (tw)
Bizygomatic width (bw)
Postorbital width (po)

Bitemporal distance (bt)
Biporionic distance (bp)
Braincase length (bl)

Skull geometric mean
Postorbital gap

Cube root of braincase

volume

Convergence of orbits

Frontation of orbits

Verticality of orbits

Orbitotemporal angle

Distance from prosthion to inion

Distance from nasion to inion

Distance from prosthion to nasion

Distance between the most medial points on each orbital margin

Distance from orbitale superius to orbitale inferius

Distance from midpoint of orbit diameter to optic foramen

Distance from superior margin of each optic foramen

Distance from the anterior temporal line midcurve along the
dorsal postorbital process to the posteriormost point on the
temporal fossa [generally identified by the rugosity of the
temporal line in the region of inion]).

tw = (bizygomatic distance-po)/2

Maximum width across the zygomatic arches

Minimum distance between points posterior to the postorbital
processes or bars, or slope between anterior aspect of braincase
before entering the orbit.

Maximum coronally oriented bitemporal distance

Distance between the left and right porion (Ext. Acoustic
Meatus)

Distance from midpoint of line po (postorbital width) to inion

(si* ni* pn* iw* od* odp* bf* tI* tw* bw* po* bt* bp* bl)¥/14

Distance between the tips of the ventral and dorsal postorbital
processes (a surrogate for the length of the postorbital
ligament).

Cube root of the estimated braincase volume from external
dimensions. Braincase volume was modeled as an ellipsoid, V'
= 4/3abc. a is 1/2 the length of the line from the midpoint
between points of postorbital constriction to inion. b is 1/2 the
biporionic distance. ¢ is the from bregma to midpoint of
biporionic line.

Dihedral angle between the orbital margin plane (plane
containing orbitale anterius, orbitale superius and orbitale
inferius) and the midsagittal plane (plane containing
prosthion, nasion, and inion).

Angle between the nasion-inion chord and the orbital plane as it
crosses the sagittal plane.

Dihedral angle between the orbital margin plane and palatal
plane (plane containing prosthion, and points taken along the
alveolar margin directly above the middle of each M%),

Dihedral angle between the orbital plane and the temporal plane
(plane containing orbitale superius, orbitale lateralis, and the
posteriormost point on the temporal fossa [generally identified
by the rugosity of the temporal line in the region of inion]).

Definitions of anatomical landmarks follow Hershkovitz (1977). Definitions of convergence and frontation
are from Cartmill (1970). Orbitale anterius is the point on the orbital margin most distant from inion.
Orbitale superius is the point on the orbital margin farthest from the alveolar margin, and orbitale

inferius is the point on the orbital margin closest to the alveolar margin.

atively very small branch lengths supplied following Martins
(2001). Both nonphylogenetic and phylogenetically adjusted
data are presented, and in those cases where adjustment im-
plies another statistical relationship, the relationships are dis-
cussed.

Compatibility and Replicability of Orbit
Orientation Measurements

Previous studies of orbit orientation in mammals (Cartmill,
1970; Ross, 1995a; Noble et al., 2000; Ravosa et al., 2000b) mea-
sured orbit orientation using a dihedral goniometer designed and
built by Drs. Matt Cartmill and Charles Oxnard for Cartmill’s
dissertation research. This instrument is unique, and it is rea-
sonable to question whether the dihedral measurements made
from it are equivalent to those computed from the 3D coordinates
collected using the MicroScribe 3DX coordinate data stylus. In

order to evaluate this, convergence and frontation angles col-
lected by Dr. Callum Ross using the dihedral goniometer were
compared with data collected during this project. This compari-
son was restricted to 41 identical primate taxa. Ross’s and this
projects’ convergence and frontation measurements are highly
correlated ([Convergence, Spearman’s rho = —0.966, P < 0.001,
n = 41], [Frontation, Spearman’s rho = —0.966, P < 0.001, n =
41]). In addition, the slopes are indistinguishable from 1. These
data suggest that measurements made using each instrument are
equivalent.

The replicability of measuring the angles of orbit convergence
(a dihedral angle) and orbit frontation (an angle between a line
and a plane) was evaluated by taking each measurement six
times on six skulls of Alouatta seniculus. Overall analyses of
variance (ANOVA) for each variable were significant (Conver-
gence: F' (5,30) = 32.65, P < 0.01; Frontation: F' (5,30) = 122.06,
P < 0.01), indicating that there are significant differences be-
tween mean variable values among specimens. Because each
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TABLE 2. Correlation statistics: nonphylogenetic and PGLS results
Gap-
Orbit Orbitotemporal ~diameter °Braincase Braincase Postorbital Temporal
Taxon n Convergence Frontation Verticality diameter® angle ratio volume® length®  constriction® fossa width®
All Taxa 324 Convergence — 0.519%* 0.119* —0.082 —0.718%* 0.358%* 0.453%* 0.551%* 0.186%* 0.041
Frontation — 0.681%%  —0.019 —0.916%* 0.724%* 0.452%* 0.369%* 0.420%* —0.260%*
Verticality — —0.194** —0.542%* 0.609%* 0.428%* 0.186%* 0.646%* —0.518%*
Orbit diameter — —0.042 0.166%* 0.211%  —0.125* 0.2127%* —0.123*
OT angle — —0.752%%  —0.491%%  —0.375%* —0.455%* 0.275%*
Gap-diam ratio — 0.5027%* 0.185%* 0.6347%* —0.502%*
3Braincase volume — 0.624%* 0.580%* —0.101
Braincase length — —0.046 0.354%*
Constriction — —0.821%*
TFWidth —
Metatheria 29 Convergence — 0.172 —0.589%* 0.047 —0.304 0.124 0.256 0.369* —0.569%* 0.455*
28 Frontation 0.047 — 0.433* -0.114 —0.938%* 0.347 0.082 0.204 -0.074 0.128
Verticality —0.508** 0.716%* — -0.113 —0.312 0.170 -0.276 —-0.230 0.439% —0.368*
Orbit diameter -0.312 -0.207 —0.022 — 0.062 0.477%* 0.456* 0.230 —0.006 0.484%*
OT angle -0.213 —0.964%* —0.547%* 0.225 — —0.297 —0.144 —0.159 0.103 —0.201
Gap-diam ratio 0.100 0.377% 0.257 0.250 —0.396% — —0.085 —0.055 0.140 0.049
3Braincase volume —0.065 —0.258 —0.200 0.413* 0.299 —0.377* — 0.797%* —0.404* 0.818%*
Braincase length 0.245 0.043 —0.206 0.077 0.095 —0.122 0.712%* — —0.613%* 0.727%*
Constriction —0.285 0.294 0.530%%  —0.114 —0.274 0.299 —0.654%%  —0.721*%* — —0.740%*
TFWidth 0.079 —0.361* —0.421% 0.339 0.334 —0.390* 0.905%* 0.637%* —0.879%* —
Chiroptera ~ 36 Convergence — —-0.014 —0.425%%  —0.360* —0.688%* 0.373* 0.290 0.5947+* —0.538%* 0.613%**
Frontation 0.037 — 0.614%%  —0.324 —0.539%* 0.405%* 0.167 —0.060 0.017 0.129
Verticality —0.378* 0.704%* — 0.614** -0.013 —0.187 0.055 —0.296 0.397* -0.272
Orbit diameter —0.263* —0.407* 0.042 — 0.414* —0.428%F  —0.289 —0.581%* 0.443%* —0.478%*
OT angle —0.772%* —0.680%  —0.195 0.461%* — —0.652%%  —0.332% —0.474%* 0.497#* —0.637%*
Gap-diam ratio 0.462%* 0.366% —0.173 —0.398* —0.567%* — 0.159 0.418* —0.627%* 0.634%*
3Braincase volume 0.232 0.206 0.067 —0.323 —0.234 —0.230 — 0.454%* —0.064 0.488%*
Braincase length 0.550%* 0.235 —0.110 —0.506** —0.405% 0.049 0.716%* — —0.778%* 0.823%*
Constriction —0.586** —-0.051 0.318 0.309 0.304 —0.565%  —0.093 —0.671%* — —0.855%*
TFWidth 0.664%* 0.154 —0.263 —0.406* —0.675%* 0.605%* 0.568%* 0.826%* —0.850%* —_
Carnivora 84 Convergence — 0.209 —0.492%* 0.470%* —0.686%* 0.084 —0.279% —0.418%* 0.291%* —0.482%*
74 Frontation 0.304%* — 0.589%* 0.181 —0.766%* 0.740%* 0.163 —0.083 0.5507%* —0.333**
Verticality —-0.211 0.625%* — —0.299%* —-0.130 0.512%* 0.344%+* 0.230* 0.236* 0.086
Orbit diameter 0.090 0.226 0.061 — —0.405%* 0.297%* 0.101 —0.062 0.405%* —0.296%*
OT angle —0.662%* —0.839%* —0.362%%  —0.327%* — —0.573%* 0.122 0.445%* —0.615%* 0.599%*
Gap-diam ratio 0.213 0.554%* 0.441%* 0.392%* —0.505%* — 0.132 —0.058 0.446%* —0.343**
3Braincase volume —-0.010 0.278* 0.209 0.240* -0.118 0.179 — 0.676%* 0.173 0.5847*
Braincase length —0.136 —0.041 0.081 0.020 0.205 0.016 0.718%* — —0.370%* 0.705%*
Constriction 0.141 0.516%* 0.343%* 0.355%* —0.550%* 0.389%%* 0.226 —0.337%* — —0.587%*
TFWidth -0.111 -0.229 —0.187 —0.128 0.386%* -0.225 0.590%* 0.709%* —0.660%* —
Artiodactyla 23 Convergence — —0.542%%  —0.660**  —0.369 0.315 —0.387 —0.259 —-0.193 —0.252 0.256
21 Frontation —0.588** — 0.930%* 0.355 —0.872%* 0.676%* 0.383 0.194 0.428* —0.056
Verticality —0.689%* 0.914%* — 0.350 —0.770%* 0.618%* 0.382 0.188 0.393 -0.118
Orbit diameter -0.275 -0.016 0.086 — —0.425% 0.678%* 0.806%* 0.600%* 0.8317%* —0.529%*
OT angle 0.199 —0.718%  —0.624** 0.009 — —0.685%*  —0.422% —0.166 —0.567%* 0.261
Gap-diam ratio —0.298 0.320 0.407 0.406 —0.275 — 0.747%* 0.493* 0.740%* —0.212
3Braincase volume —0.185 0.080 0.062 0.796%* 0.085 0.363 — 0.837%* 0.879%* —0.399
Braincase length —0.057 —0.098 —0.124 0.286 0.478* 0.083 0.692%* — 0.578%* -0.172
Constriction —0.264 0.152 0.153 0.906%** -0.276 0.389 0.895%* 0.497* — —0.615%*
TFWidth 0.268 —0.051 —0.101 —0.680%* 0.391 —0.196 —0.448% —0.247 —0.765%% —
Rodentia 26 Convergence — 0.339 —0.382 0.188 —0.459% 0.186 0.099 0.460* —0.556%* 0.634%*
21 Frontation 0.144 — 0.273 -0.192 —0.843%* 0.691%* 0.177 0.769%* —0.649%* 0.694%*
Verticality —0.581%* —-0.057 — -0.273 —-0.168 0.465* 0.092 0.062 0.278 -0.271
Orbit diameter 0.170 0.220 —0.269 — 0.102 —0.216 0.382 —0.003 0.169 —0.011
OT angle —0.390 —0.862%* —0.269 0.172 — -0.672%* —0.183 —0.751%* 0.761%* —0.862%*
Gap-diam ratio —0.026 0.756%* 0.292 0.038 —0.803%* — 0.214 0.653%* —0.446* 0.459*
3Braincase volume 0.203 0.166 —0.155 0.497* 0.091 0.143 — 0.290 0.218 0.115
Braincase length 0.442% 0.764%* —0.127 —0.148 —0.519% 0.540%* 0.125 — —0.708%* 0.713%*
Constriction —0.506* —0.691%* 0.235 0.254 0.686%* —0.180 0.244 —0.824%* — —0.908%*
TFWidth 0.628%* 0.165 -0.211 0.285 -0.075 0.131 —0.214 —0.824** —0.608** —
Scandentia 11 Convergence — 0.427 —0.255 —0.582 —0.636* —0.718* 0.055 —0.736%* 0.718*
Frontation — 0.664* —0.564 —0.891%* —0.055 0.682% —0.355 0.445
Verticality — —0.236 —0.427 0.400 0.727* 0.091 -0.018
Orbit diameter — 0.691* 0.755%%  —0.591 0.864%* —0.9007%*
OT angle — 0.373 —0.645% 0.573 —0.609*
Gap-diam ratio —
3Braincase volume — —0.100 0.918%* —0.873%*
Braincase length — -0.373 0.418
Constriction — —0.982%*
TFWidth —
(continued)

overall F-test was significant, follow-up tests were conducted to RESULTS

evaluate pairwise differences among the means. Results from both
Tukey’s-b (equal variances assumed) and Dunnett’s C (does not
assume equal variances) demonstrate that individuals could be dis-
tinguished by the means of the variables. These results support the

Variation in Orbitotemporal Orientation

Orbitotemporal angle is compared to convergence,

replicability of the measurement technique because individuals frontatiop, and VeI"ticalit‘;y in order to evaluate how
could be distinguished by the means of multiple measurements. changes in orbit orientation affect the angle between
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TABLE 2. (Continued)
Gap-
Orbit Orbitotemporal diameter °Braincase Braincase Postorbital Temporal
Taxon n Convergence Frontation Verticality diameter® angle ratio volume® length®  constriction® fossa width®
Primates 35 Convergence — 0.138 —0.080 —0.428% —0.387* —0.264 0.296 —0.575%* 0.261
Strepsirrhini Frontation 0.102 — 0.650%*  —0.379* —0.848%* —0.373* —0.306 0.014 —0.311
Verticality —0.089 0.654%* — —0.055 —0.510%* —0.034 —0.158 0.216 —0.294
Orbit diameter —0.497%* -0.113 0.177 0.512%% 0.754%* 0.019 0.415% 0.332
OT angle —0.454*%* —0.805%*  —0.426%* 0.179 — 0.511%* 0.140 0.186 0.303
Gap-diam ratio —
3Braincase volume -0.274 —0.147 0.190 0.669%* 0.262 — 0.322 0.441%* 0.338*
Braincase length 0.246 -0.270 -0.112 —0.086 0.218 0.280 — —0.347* 0.390*
Constriction —0.553%%* 0.021 0.159 0.499%* 0.178 0.618%*  —0.308 — —0.572%*
TFWidth 0.358* —0.084 0.031 0.115 —0.091 0.336%* 0.346* —0.620%* —
Primates 55 Convergence — 0.177 0.169 —0.540%* —0.635%* —0.564*%  —0.235 —0.670%* 0.636%*
Haplorhini 58 Frontation 0.103 — 0.711%  —0.414%* —0.783%* —0.141 0.190 —0.160 0.085
Verticality 0.264* 0.708%* — —0.399%* —0.578%* —0.242 0.022 —0.161 0.069
Orbit diameter —0.493** —0.298* —0.549%* 0.568%* 0.6617%* 0.208 0.809%* —0.648%*
OT angle —0.673%* —0.746*%%  —0.587%* 0.281% — 0.3927%* 0.001 0.4527%% —0.334*
Gap-diam ratio —
3Braincase volume —0.460%* —0.208 —0.357%* 0.410%* 0.520%* — 0.684%* 0.826%* —0.451%*
Braincase length —0.088 —0.026 —0.182 —0.054 0.200 0.679%* — 0.385%* —0.178
Constriction —0.641%* —0.208 —0.421%* 0.759%* 0.480%* 0.762%* 0.271 — —0.813%*
TFWidth 0.513%* 0.047 0.276* —0.598%* —0.182 —0.196 0.015 —0.770%* —

Spearman’s rho *P < 0.05; **P < 0.01.

2Linear variables are ratios as these have been divided by the geometric mean of all linear data.

Italicized correlation coefficients (bottom left) are phylogenetic generalized least-squares values and normal faced (top right) are
nonphylogenetic Spearman’s rank correlation coefficients. Note that the sample size for the ‘All Taxa’ block of analyses includes
polymorphic species. Only variables that displayed significant correlations are included.

the orbit and the temporal fossa. In addition, orbi-
totemporal angle is compared to other linear vari-
ables that may influence the angular relationship
between the orbit and temporal fossa. Emphasis is
placed on patterns of correlations that are generally
supported across mammals as well as identifying
the notable deviations from these general patterns.
Orbitotemporal angle is significantly negatively cor-
related with orbit convergence (Table 2: All Taxa; Fig.
5). These data indicate that, across eutherian mam-
mals, the more the orbits face in the same direction,
the more the orbital plane deviates from the plane of
the temporal fossa. Neoselenodont artiodactyls and
equid perissodactyls appear to deviate from the gen-
eral mammalian trend. Among these ungulate taxa
there is a nonsignificant correlation between these
variables (see, for example, Table 2: Artiodactyla).
These taxa have lower orbitotemporal angles than is
expected for their values of convergence (which are
generally low). It is worth noting that these are the
two groups of artiodactyls and perissodactyls that
have evolved complete postorbital bars.
Orbitotemporal angle is significantly negatively cor-
related with frontation (Table 2: All Taxa; Fig. 6).
These data indicate that the closer to vertical the or-
bital plane is relative to the braincase, the more the
orbit deviates from the temporal fossa. A similar rela-
tion between orbitotemporal angle and orbit vertical-
ity is found (Table 2: All Taxa; Fig. 7). However, there
is less variance in orbitotemporal angle explained by
verticality than by frontation. These data on orbito-
temporal angle and verticality indicate that higher
vertical orientation of the orbit relative to the palate
also leads to greater deviation between the orbital and
temporal planes. The exceptions to this are artiodac-
tyls and primates, neither of which has a significant

relationship between orbitotemporal angle and verti-
cality. Among metatherians, a negative correlation be-
tween frontation and orbitotemporal angle is the only
significant relationship directly affecting the deviation
of the orbit from the temporal fossa. This implies that
in metatherians, a group that generally has high orbit
convergence (Heesy, 2003), the predominant change in
orbit orientation that leads to low orbitotemporal an-
gle is the rotation of the orbital plane relative to the
long axis of the braincase.

When correlations between orbitotemporal an-
gle and linear variables across mammals are com-
pared to those found for individual groups, a com-
plex series of relationships is suggested. For
example, relative orbit diameter and orbitotempo-
ral angle are negatively correlated in carnivorans
and artiodactyls, whereas these are positively cor-
related in other groups such as chiropterans, scan-
dentians, and primates. In taxa with a negative
correlation between these variables, increases in
relative orbit diameter lead to greater angular
deviation between the planes of the orbit and tem-
poral fossa. The opposite is indicated in taxa with
a positive correlation between relative orbit diam-
eter and orbitotemporal angle. Similarly, at least
one measure of relative braincase size (volume or
length) is correlated with orbitotemporal angle
among eutherian taxa (Table 2). In chiropterans
and artiodactyls, relative braincase volume is neg-
atively correlated with orbitotemporal angle,
which is interpreted as the orbit and temporal
fossa deviating more with increasing braincase
volume. Primates and carnivorans show the oppo-
site pattern: increasing relative braincase size
leads to a larger orbitotemporal angle, or less de-
viation between the orbit and temporal fossa.
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It is particularly interesting to note that there is
no general allometric relationship between orbito-
temporal angle and the geometric mean of skull size
(a surrogate of overall skull size) across metatherian
and eutherian mammals. Although the correlation
between orbitotemporal angle and the geometric
mean of skull size is significant (Spearman’s rho =
—0.203, P < 0.01, n = 334), this is driven by the
substantial sample size. Only among anthropoid
and strepsirrhine primates is there a relationship
between orbitotemporal angle and the geometric
mean of skull size (Spearman’s rho = —0.483, P <
0.01, n = 93). This latter result is probably derived
from the significant correlation between orbit size
and the geometric mean of skull size in primates
(Spearman’s rho = —0.907, P < 0.01, n = 93). Nev-
ertheless, these results demonstrate that variation
in orbitotemporal angle is not related to size. It
could additionally be argued that size-based reori-
entation of the orbitotemporal angle could be asso-
ciated with the size and orientation of the temporal
fossa. Dietary ecology could therefore affect orbito-
temporal angle. However, ~92% of the variance in
orbitotemporal angle is explained by orbit conver-
gence, frontation, and verticality, when analyzed
simultaneously using multiple regression ([orbito-
temporal angle] = 195.05-0.424 [convergence]—
0.614 [frontation]—-0.116 [verticality]; F (3,330) =
1243.719, P < 0.001). Most variance in orbitotempo-
ral angle is explained by reorientation of the orbit.

Orbit Orientation and Postorbital Process
Evolution

Orbitotemporal angle. Orbitotemporal angle is
compared to the gap-diameter ratio in order to eval-
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Fig. 5. Relationship between convergence and orbitotemporal
angle. Both variables are plotted in degrees. A, Anthropoidea; O,
Carnivora; ®, Chiroptera; ®, Dermoptera; <, Epitheria; [J, Hyra-
coidea; +, Macroscelidea and Erinaceomorpha; ®, Metatheria; <,
Rodentia; #, Scandentia; V¥, Strepsirrhini; @, Tarsiiformes; A,
Artiodactyla and Perissodactyla.
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Fig. 6. Relationship between frontation and orbitotemporal
angle. Both variables are plotted in degrees. A, Anthropoidea; O,
Carnivora; ¢, Chiroptera; ®, Dermoptera; , Epitheria; [J, Hyra-
coidea; +, Macroscelidea and Erinaceomorpha; @, Metatheria; <,
Rodentia; #, Scandentia; ¥, Strepsirrhini; ©, Tarsiiformes; A,
Artiodactyla and Perissodactyla.

uate the prediction that a decrease in the angle
between the orbital plane and the plane of the tem-
poral fossa is correlated with the relative size of the
postorbital processes.

Orbitotemporal angle is highly negatively corre-
lated with the gap-diameter ratio when all taxa are
analyzed together (Table 2: All Taxa; Fig. 8). This
particular correlation analysis is restricted to the
nonphylogenetic statistical procedure because there
is not a resolved phylogeny including all of these
taxa. Roughly half of the variance in postorbital gap
size is explained by orbitotemporal angle (Spear-
man’s rho = —0.752, P < 0.001, n = 334). This
analysis suggests that the deviation of the orbit
away from the temporal plane probably leads to
replacement of the postorbital ligament by postor-
bital processes. It is additionally noteworthy that,
whereas taxa exist with orbitotemporal angles below
114° (many of which are anthropoid primates), there
are no taxa without bars in this range (Fig. 8). Most
taxa with postorbital processes have orbitotemporal
angles in the range 120-170°.

As was demonstrated in the previous section, con-
vergence, frontation, and verticality are all corre-
lated with orbitotemporal angle. Variance in the
gap-diameter ratio is not simply due to variance in
these three measures. A partial correlation analysis
between orbitotemporal angle and gap-diameter ra-
tio, holding constant these measures of orbit orien-
tation, is significant (partial correlation coefficient =
~0.424, P < 0.001, n = 329).

Megachiropterans and carnivorans are two orders
with substantial variance in orbitotemporal angle
and postorbital process size. These are also two of
the three groups that contain taxa that are polymor-
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Fig. 7. Relationship between verticality and orbitotemporal
angle. Both variables are plotted in degrees. A, Anthropoidea; O,
Carnivora; ¢, Chiroptera; ®, Dermoptera; <, Epitheria; (1, Hyra-
coidea; +, Macroscelidea and Erinaceomorpha; @, Metatheria; <,
Rodentia; #, Scandentia; ¥, Strepsirrhini; @, Tarsiiformes; A,
Artiodactyla and Perissodactyla.

phic in postorbital process-bar morphology, the
other group being hyracoids. Among megachiropter-
ans, orbitotemporal angle is highly negatively corre-
lated with the gap-diameter ratio (Fig. 9). This in-
dicates that, as with the interordinal analysis, the
deviation of the orbit away from the temporal plane
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Fig. 8. Relationship between orbitotemporal angle and the
ratio of postorbital gap size and orbit diameter. Orbitotemporal
angle is plotted in degrees. All taxa in the ‘BAR’ region of the
graph have a value of 1 on the y-axis. The sizes of the postorbital
processes are highly negatively correlated with angle between the
orbit and the temporal plane (Spearman’s rho = -0.752, P <
0.001, n = 334). A, Anthropoidea; O, Carnivora; ¢, Chiroptera; ®,
Dermoptera; <, Epitheria; (], Hyracoidea; +, Macroscelidea and
Erinaceomorpha; @, Metatheria; ¢, Rodentia; *, Scandentia; V,
Strepsirrhini; ©, Tarsiiformes; A, Artiodactyla and Perissodactyla.

373

12

1.0 [ ] o @&
0
g, ® e,
5 | A 2
© o P
= o
s s $
S °e
Q o
8 [
T 4
- [ ] ® P

[ ]
2 * ¢
* *
00
110 120 130 140 150

Orbitotemporal Angle

Fig. 9. Relationship between orbitotemporal angle and the
ratio of postorbital gap size and orbit diameter in megachiropter-
ans. Orbitotemporal angle is plotted in degrees. The sizes of the
postorbital processes are highly negatively correlated with angle
between the orbit and the temporal plane in megachiropterans
(Spearman’s rho = —0.652, P < 0.001, n = 36). Whereas visual
examination indicates that this relationship is slightly curvilin-
ear, fitting curves to the data (such as a power relationship) does
not explain significantly more variance than a linear fit. *, Mac-
roglossinae; @, Pteropodinae.

leads to replacement of the postorbital ligament by
postorbital processes. Whereas visual examination
indicates that this relationship is slightly curvilin-
ear, fitting curves (such as a power relationship) to
the data does not explain significantly more vari-
ance than a linear fit. It is also noteworthy that
although megachiropteran orbitotemporal angle
values range from 115-148° taxa with complete
bars, including polymorphic individuals, inhabit the
lowest part of the range from 115-125°.

The carnivoran data are similar to those of
megachiropterans, with the additional result that
there are two overlapping distributions present
within carnivorans (Fig. 10). In the majority of car-
nivoran families (taken from both feliform and cani-
form suborders), orbitotemporal angle and the gap-
diameter ratio are highly negatively correlated (Fig.
10a). This is also true of herpestid carnivorans (Fig.
10b). However, the distribution of herpestids is
shifted to higher orbitotemporal angle values. The
result is that herpestids that form complete postor-
bital bars do so at higher orbitotemporal values than
is true of other carnivoran families. In both subsets
of carnivorans the taxa that form bars are at the low
end of the range for orbitotemporal angle.

The sample sizes for artiodactyls and perissodac-
tyls included in this study are small. Among peris-
sodactyls, the range in orbitotemporal angle for
Equus species (taxa with bars) is 128—-135°, whereas
the most closely related taxa in this study, Tapirus
species (which do not have bars) is 147-155°. Small
sample sizes preclude the use of statistics to com-
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Fig. 10. Relationship between orbitotemporal angle and the ratio of postorbital gap size and orbit diameter in carnivorans.
Orbitotemporal angle is plotted in degrees. a: The sizes of the postorbital processes are highly negatively correlated with angle between
the orbit and the temporal plane in most carnivorans (Spearman’s rho = —0.848, P < 0.001, n = 61). b: The distribution of taxa is
shifted to higher orbitotemporal angle values in herpestids carnivorans (Spearman’s rho = —0.535, P < 0.001, n = 23). @, Canidae;
@, Felidae; B, Herpestidae; X, Hyaenidae; +, Nandiniidae; O, Procyonidae; ¥, Viverridae.

pare between these perissodactyl taxa. Suiform ar-
tiodactyls (taxa with processes) have significantly
higher orbitotemporal angles than neoselenodont
artiodactyls (taxa with bars) (Mann Whitney U =
13, P = 0.001, n = 91).

Orbit and braincase size. Relative orbit diam-
eter and relative braincase size have both been sug-
gested to covary with orbit orientation and postor-
bital process size. As demonstrated above, orbit
diameter and variables of relative braincase size are
correlated with orbitotemporal angle, which has
been shown to be related to postorbital process size.
The following analyses were conducted in order to
determine whether relative orbit diameter and
braincase size are correlated with the gap-diameter
ratio when variance in orbitotemporal angle is held
constant. Partial correlation analyses are restricted
to the “All Taxa,” carnivoran, chiropteran, and ar-
tiodactyl datasets, which are those that show signif-
icant patterns of correlations among the pertinent
variables.

Across all taxa, relative orbit diameter is not cor-
related with gap-diameter ratio (Table 2: All Taxa).
Gap-diameter ratio is negatively correlated with rel-
ative braincase length when orbitotemporal angle is
held constant (partial correlation coefficient =
—0.141, P < 0.01, n = 330). Among chiropterans,
relative orbit diameter and relative braincase length
are uncorrelated with gap-diameter ratio when or-
bitotemporal angle is held constant. Among car-
nivorans (excluding herpestids), relative orbit diam-
eter and relative braincase volume are both
correlated with gap-diameter ratio when orbitotem-
poral angle is held constant (orbit diameter, partial
correlation coefficient = —0.453, P < 0.001, n = 330;
relative braincase volume [cube root] partial corre-

lation coefficient = —0.263, P < 0.05, n = 329).
Among artiodactyls, both orbit diameter and rela-
tive braincase volume are both correlated with gap-
diameter ratio when orbitotemporal angle is held
constant (relative orbit diameter, partial correlation
coefficient = 0.587, P < 0.001, n = 20; relative
braincase volume [cube root] partial correlation co-
efficient = —0.746, P < 0.01, n = 20). It should be
noted that orbit diameter and braincase volume are
highly correlated in artiodactyls. Relative braincase
volume is also correlated with gap-diameter ratio
when both orbitotemporal angle and orbit diameter
are held constant (partial correlation coefficient =
-0.573, P < 0.01, n = 19).

DISCUSSION

Orbitotemporal Variation and Postorbital
Bar Evolution

The first prediction of the hypothesis being tested
is that a decrease in the orbitotemporal angle is
correlated with replacement of the postorbital liga-
ment by bone. This prediction is corroborated by the
morphometric data analyzed in this study. Across
and within groups of mammals, with one important
exception, orbitotemporal angle and the gap-
diameter ratio were correlated. Metatherians devi-
ate from this general relationship. One explanation
for this may be that the metatherians included in
this study do not vary much in either orbitotemporal
angle or gap-diameter ratio. It is possible that this is
true of metatherians in general. Neither of the mar-
supials to evolve postorbital bars, Thylacosmilus or
Thylacoleo, were available and therefore were not
included in this study. So it is not clear whether
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these two taxa differ significantly from other met-
atherians in orbitotemporal angle.

Among groups that do display variance in these
variables, the general relationship is demonstrated.
Taxa with nearly coplanar orbits and temporal fos-
sae have large postorbital ligaments, and those with
orbits that deviate at an angle from the temporal
fossae have larger postorbital processes and smaller
ligaments. The evolution of postorbital bars in taxa
with low orbitotemporal angles is suggested primar-
ily by the results of the megachiropteran and car-
nivoran analyses. These are the two groups that
span the range of lateral orbital wall morphology
and orbitotemporal angle, and both contain taxa
that are polymorphic for processes and bars. Both
groups show highly significant correlations between
orbitotemporal angle and gap-diameter ratio. It is
noteworthy that carnivorans have two overlapping
distributions. Herpestids display a “grade shift” rel-
ative to all other carnivorans; these taxa form large
processes and complete postorbital bars at higher
orbitotemporal angles compared to other -car-
nivorans. It is noteworthy that herpestid car-
nivorans have less tolerance for binocular image
disparity than feliform carnivorans (Packwood and
Gordon, 1975; Moran et al., 1983; see Heesy et al.,
2005), meaning that less image disparity is required
to induce diplopia in, for example, Suricata than in
Felis. In this regard, herpestids are more similar to
anthropoids in their disparity tolerance than to
other mammals, including other carnivorans (Heesy
et al., 2005). It is reasonable to suggest that herp-
estids form large postorbital processes and complete
bars at higher orbitotemporal angles than other car-
nivorans because they require more stable lateral
orbits at comparable orbitotemporal angles. Never-
theless, for both carnivorans and megachiropterans,
the taxa (or individuals in polymorphic species) with
the lowest orbitotemporal values for each of these
groups are those with complete bars. In other words,
those megachiropterans or carnivorans in which the
orbits tend to deviate most from the temporal fossa
are also those that tend to possess complete postor-
bital bars. This also suggests that, just as there are
two distributions within carnivorans, each with a
relationship that is specific between orbitotemporal
angle and gap-diameter ratio, the angle at which
postorbital bars form may be taxon-specific. For ex-
ample, the range in orbitotemporal angle for Equus
(taxa with bars) is 128-135°, whereas in the most
closely related taxa in this study, species of Tapirus
(which do not have bars) it is 147-155°. Similarly,
suiform artiodactyls (taxa with postorbital liga-
ments) range from 139-157°, whereas neoseleno-
donts (taxa with bars) range from 109-138° (with
the notable exception of the outlier, Hyemoschus
aquaticus). Neoselenodont artiodactyls and equines
possess bars at orbitotemporal angles more similar
to herpestids than to other carnivorans, which tend
to range lower in orbitotemporal angle.
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One explanation for the differences between taxa
in the ranges at which they form complete bars is
that relative eye size explains some variance in pos-
torbital ossification (Fig. 2; Heesy, 2003; see also
Cartmill, 1972, 1980). Taxa with relatively large eye
sizes for their body size tend to have more ossified
lateral orbits. Although eye dimensions were not
available for the comparative sample analyzed here,
it is reasonable to suggest that variance in postor-
bital process size due to eye size is additive, with the
variance explained by orbitotemporal angle. In ad-
dition, it is also important to note that the results of
the partial correlation analyses of orbitotemporal
angle indicate that the effects of relative orbit size
and braincase size differentially reorient the orbito-
temporal region. For example, the effects of these
variables are opposite in nonherpestid carnivorans
and megachiropterans. Therefore, these variables
likely contribute to the differences in thresholds for
the elimination of the postorbital gaps among vari-
ous groups of mammals.

Another important result is the finding that mam-
malian taxa with incomplete lateral orbits all have
orbitotemporal angles values greater than 114°. The
taxa with lower (and the lowest) orbitotemporal an-
gles are predominantly haplorhine primates (i.e.,
Tarsius and anthropoids). This result is especially
interesting because this group is unique among
mammals in possessing a bony structure known as
the postorbital septum (e.g., Cartmill, 1980), which,
with the postorbital bar, largely walls off the orbit
from the temporal fossa. These taxa, especially an-
thropoids, have orbits that are among the most con-
vergent, frontated, and closest to vertical among
mammals. It has been hypothesized that due to the
derived orbit orientation in this group, the anterior
temporalis muscle is rostrally displaced, necessitat-
ing the postorbital septum to insulate the eye from
its actions during mastication (Cartmill, 1980; Ross
1995a,b, 1996, 2000; Ross and Hylander, 1996,
2000). Relating this back to the general pattern of
orbit orientation and morphology observed in other
mammals, perhaps the 100-110° orbitotemporal an-
gle represents a morphological lower bound beyond
which major structural reorganization of the skull is
required to maintain the functional integrity of both
the visual and masticatory systems. Haplorhines,
with their virtually unique orbit orientation among
mammals, represent a radical departure from other
mammals.

Most variation in orbitotemporal angle is due to
orbit orientation when evaluated in the context of
the morphological variables examined in this study.
Orbit frontation explains most of the variance in
orbitotemporal angle. This is so not only when all
taxa are considered together, but also for the anal-
yses within orders. Orbitotemporal angle is consis-
tently most highly correlated with frontation among
orbit orientation variables when groups are ana-
lyzed individually (Table 2). This suggests that this
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one particular type of orbit reorientation tends to
lead to deviation of the orbit away from the temporal
fossa more consistently than convergence and verti-
cality, although these latter two variables are im-
portant among many taxa. That the variance ex-
plained in orbitotemporal angle by frontation differs
from that explained by verticality may be due to the
fact that frontation measures the orientation of the
orbit relative to the braincase, which is intimately
associated with the temporal fossa. In other words,
reorienting the orbit relative to the braincase nearly
synchronously reorients it relative to the temporal
fossa.

The results of this study can shed light on those of
previous studies. Previous work found that conver-
gence and frontation were differentially correlated
with the occurrence of postorbital bars in megachi-
ropterans, and herpestid and felid carnivorans (No-
ble et al., 2000; Ravosa et al., 2000a). These patterns
of correlations in megachiropterans and carnivorans
are explained by the fact that these measures of
orbit orientation, in addition to verticality, are cor-
related with orbitotemporal angle, the measure of
the orientation of the orbit relative to the temporal
fossa. It was not clear in these previous studies why
some taxa had bars at intermediate levels of fronta-
tion or convergence. It is reasonable to suggest that
it is because these taxa had low orbitotemporal an-
gles due to the cumulative variance explained by all
measures of orbit orientation, as well as in some
cases variance added due to orbit size. Orbitotempo-
ral angle variation and postorbital bar evolution are
not only associated in these taxa, but across mam-
mals. However, the results of this study do not agree
with the suggestion that increasing encephalization
(assumed in this study to be relative cube root of
braincase volume or relative braincase length) is the
cause of increases in frontation (Noble et al., 2000;
Ravosa et al., 2000a), and, by association, with the
formation of postorbital bars. In chiropterans and
artiodactyls, relative braincase volume is negatively
correlated with orbitotemporal angle, which is inter-
preted as the orbit and temporal fossa deviating
more with increasing braincase volume. However,
primates and carnivorans show the opposite pat-
tern: increasing relative braincase size leads to a
larger orbitotemporal angle, or less deviation be-
tween the orbit and temporal fossa. These data may
be viewed as contradictory to previous studies (No-
ble et al., 2000; Ravosa et al., 2000a). It is not clear
that these data are directly comparable because the
measures of orbitotemporal angle and external
braincase volume are unique to this study. It is
reasonable to hypothesize that the correlates of orbit
orientation are multifactorial, with adaptively dif-
ferent taxa reorienting their orbits for various rea-
sons (Cartmill, 1972, 1974; Ross, 1995a, 1996;
Heesy, 2003). Taxa with bars have dissimilar orbit
orientations, but they are united by similar relation-
ships between the orbit and temporal fossa.
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Based on the results of this study, it can be con-
cluded that Cartmill’s (1970, 1972, 1980) hypothesis
was essentially correct: reorientation of the orbit
relative to the temporal fossa is correlated with the
sizes of postorbital processes in taxa with relatively
large eye sizes. One factor that was not identified by
Cartmill was orbit frontation, which was found by
Ravosa and colleagues (Noble et al., 2000; Ravosa et
al., 2000a) also to be associated with evolution of
bars in megachiropterans, and herpestid and felid
carnivorans. The results of this study show that the
importance of convergence, frontation, and vertical-
ity to orbitotemporal angle differ among taxa. Nev-
ertheless, reorientation of the orbit is the primary
influence on orbitotemporal angle and morphology.

Cartmill (1970) limited his explanation of bar evo-
lution to small-sized taxa, and left open the possi-
bility that another explanation applied to bar evolu-
tion in ungulates. The results of this study show
that neoselenodonts and equines are similar to other
taxa with bars in the orientation of the orbitotem-
poral region. Orbit reorientation of a different form
is a factor in ungulates. Cartmill may have identi-
fied a generalized morphological construction rule
for mammals. The evolution of processes and bars in
mammals is governed by the same causal mecha-
nism and follows the same morphological transfor-
mation series. This is demonstrated by several inde-
pendent replications of bars as well as multiple
instances of the evolution of processes, all of which
fit a generalized pattern in mammals.

Function of the Mammalian Postorbital Bar

As demonstrated in the previous section, taxa
with orbits that deviate substantially from the plane
of the temporal fossa have bony lateral orbital mar-
gins. This morphological configuration unites the
groups that have independently evolved postorbital
bars (primates, neoselenodont artiodactyls, equine
perissodactyls, and scandentians), as well as those
taxa among megachiropterans and carnivorans for
which bars are a polymorphic trait. In these taxa,
the postorbital ligament has been replaced by bone
to stiffen the lateral orbit and prevent deformation
during mastication. It has been suggested that this
is to maintain oculomotor stability (Collins, 1921,
Cartmill, 1970, 1972, 1980; see also Ravosa et al.,
2000b). The need for a stable lateral orbital margin
is related to the anatomy of the orbit and normal
oculomotor control.

There are several components of orbital anatomy
that are crucial for maintaining eye position and
oculomotor stability in mammals. Principal among
these are the ligamentous attachments that suspend
the eye within the orbit and maintain the normal or
rest position. In humans, connective tissue extends
from Tenon’s capsule (the fibrous membrane that
envelops the eye from the cornea to the optic nerve)
to the periorbita (Wolff, 1948; Koornneef, 1992). The
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Fig. 11. Schematic anatomy of the human
orbit in transverse cross-section. (Figure re-
drawn and schematized from Bannister et al.,
1995.)

check ligaments of the medial and lateral recti,
which attach to the medial and lateral palpebral
ligaments as well as the lacrimal and lateral orbital
rim, respectively, in humans, have long been
thought to be collagenous extensions of the recti
(Lockwood, 1886; Bannister et al., 1995; see Fig. 11).
Recent work has demonstrated that not only do
these “check ligaments” contain innervated muscu-
lar components but that these, in synergism with
the so-called orbital heads of the extraocular mus-
cles, function as specialized pulleys of the extraocu-
lar muscles, and have been found in humans, ma-
caques, rabbits, and rats (e.g., Demer et al., 1995,
1997; Clark et al., 1997, 1998; Khanna and Porter,
2001; Briggs and Schachat, 2002). The medial and
lateral extraocular muscle pulleys are believed to
function to maintain linear position of the eye and
influence the position of its rotational axis (Demer et
al., 2000; Demer, 2002; Haslwanter, 2002). The or-
bital heads may also contribute to eye movement
during saccadic (foveating) movements (Briggs and
Schachat, 2002; Demer, 2002).

Displacement of these extraocular muscle pulleys
in humans due to abnormal development, surgery,
or orbital “blow out” fractures causes misalignment
and improper rotation, and is associated with stra-
bismus, the deviation of the visual axis of the af-
fected eye during normal vision (Koornneef, 1992;
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Miller and Demer, 1992; Clark et al., 1998; Abramoff
et al., 2002). The lateral pulley in particular is im-
portant when considering the functional implica-
tions of Cartmill’s model. In rats and rabbits, the
pulley of the lateral rectus attaches to the postor-
bital ligament, whereas in macaques and humans it
attaches to the lateral orbital rim (Eglitis, 1964;
Demer et al., 2000; Khanna and Porter, 2001). In the
type of orbit deformation described by Cartmill, con-
traction of the anterior temporalis muscle and ten-
sion in the temporalis fascia (of which the postor-
bital ligament is the anteriormost portion) would
deform the postorbital ligament and also displace
the pulleys of the lateral and superior recti. Dis-
placement and the associated change in tension of
the pulleys during mastication would probably
cause symptoms similar to those experienced by hu-
mans with congenital oculomotor dysfunction or in-
juries to the lateral orbital wall. There are numer-
ous neural circuits responsible for maintaining eye
position that depend on a stable orbit because cor-
rective eye movements are made by the extraocular
muscles, which require predictable orbit position
(Heesy et al., 2005). If the orbit were deformed dur-
ing such corrective contractions of the extraocular
muscles, then the subsequent eye movements would
cause misalignment. In other words, the function of
the postorbital bar is to maintain a stiff lateral orbit
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to prevent gross deformation of the orbital margin
(illustrated in Fig. 12). This achieves two things.
First, as suggested by Cartmill (1970, 1972), the
postorbital bar ameliorates gross eye movements
caused by deformation of the orbit. Second, it pro-
vides a stable substrate from which the extraocular
muscle system can compensate for the remaining
small-scale eye movements that are caused by con-
traction of the anterior temporalis and medial ptery-
goid (e.g., Murakami and Cavanagh, 1998, 2001;
Heesy, 2003; Heesy et al., 2005). There are several
potential behavioral and ecological consequences of
visual disruption. While the animal was chewing,
accurate location of potential predators or prey
would be impossible, and likely the time both during
and slightly after chewing would be one of visual
confusion, as it is in humans that experience double
vision and visual axis misalignment (Heesy et al.,
2005). An arboreal animal would be unable to safely
move in its environment. For taxa like perissodac-
tyls and artiodactyls, with panoramic visual fields
for which a large component of the day is spent
masticating, visual axis misalignment due to im-
pingement by the masticatory muscles (a phenome-
non known as oscillopsia) would make the visual
location of predators difficult. Presumably, the loss
of depth perception would not be critical because the
visual zone in which depth is perceived (also known
as the stereoscopic field) is not large in these taxa
(e.g., Hughes, 1977; Hughes and Whitteridge, 1973;
Pettigrew et al., 1984), although the stereoscopic
portion of the visual field may be critical to taxa that
locomote on cliffs and other precarious substrates
(Ramachandran et al., 1977).

stabilized by
postorbital bar
~
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Fig. 12. Model of the function of
the mammalian postorbital bar. The
function of the postorbital bar is to
maintain a stiff lateral orbit to pre-
vent gross deformation of the orbital
margin, which prevents large magni-
tude eye movements that would oth-
erwise be caused by deformation of
the orbit. A stable orbit provides sub-
strate from which the extraocular
muscle system can compensate for
the remaining small-scale eye move-
ments that are caused by contraction
of the anterior temporalis and medial
pterygoid.

SUMMARY AND CONCLUSIONS

1) Orbitotemporal angle is correlated with size of
postorbital processes. The more the plane of the
orbit deviates from the plane of the temporal fossa,
the larger the postorbital processes and smaller the
postorbital gap (a surrogate for the length of the
postorbital ligament). Taxa with complete postor-
bital bars are those with the lowest orbitotemporal
angles for their taxonomic groups.

2) Reorientation of the orbit is the primary influ-
ence on orbitotemporal angle. Orbit frontation (the
vertical orientation of the orbit relative to the long
axis of the braincase) explains most of the variance
in orbitotemporal angle, followed by convergence
(the degree to which the orbits face in the same
direction), and verticality (vertical orientation of the
orbit relative to the palate). The importance of each
of these types of orbit orientation to orbitotemporal
angle differs among taxa. Relative braincase size
and relative orbit size influence orbit orientation
and, as a result, orbitotemporal angle.

3) The function of the postorbital bar is to stiffen the
lateral orbital wall. Muscle pulleys responsible for co-
ordinative and corrective eye movements, as well as
ligaments and other connective tissue, attach to the
lateral orbital wall including the bar. Without a stiff
lateral orbit, deformation due to temporalis contrac-
tion would also displace these soft tissues that contrib-
ute to normal oculomotor function (Fig. 12).
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