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a b s t r a c t

We document the morphology of the bony labyrinth of Chilecebus carrascoensis, one of the best preserved
early platyrrhines known, based on high resolution CT scanning and 3D digital reconstruction. The
cochlea is low and conical in form, as in other anthropoids, but has only 2.5 spiral turns. When the
allometric relationship with body mass is considered, cochlear size is similar to that in extant primates.
The relative size of the semicircular canals, which is well within the range of other primates, indicates
that Chilecebus carrascoensis was probably not as agile in its locomotion as other small-bodied platyr-
rhines such as Leontopithecus rosalia, Saguinus oedipus, and Callithrix jacchus, but it probably was not
a suspensory acrobat or a slow climber. The proportion, shape, and orientation of the semicircular canals
in Chilecebus carrascoensis also mirror that typically seen in extant primates. However, no single variable
can be used for predicting the locomotor pattern in Chilecebus carrascoensis. Based on Principle
Component Analysis (PCA) scores we calculated rescaled Euclidean distances for various taxa; primates
with similar locomotor patterns tend to share shorter distances. Results for Chilecebus carrascoensis
underscore its general resemblance to living quadrupedal primate taxa, but it is not positioned especially
near any single living taxon.

� 2010 Elsevier Ltd. All rights reserved.
Introduction

The gross anatomy of the bony labyrinth, where the organs of
hearing and balance are located, has strong correlations with
hearing capability and locomotor specialization in extant mammals
(Jones and Spells, 1963; Spoor and Zonneveld, 1998; Spoor et al.,
2007; Manoussaki et al., 2008). These correlations could have
important implications for understanding the evolution of
mammalian hearing and balance (Meng andWyss, 1995; Spoor and
Zonneveld, 1998; Spoor et al., 2002, 2007; Manoussaki et al., 2008;
Walker et al., 2008; Silcox et al., 2009).

Almost nothing is known about the bony labyrinth in basal
platyrrhines. This paper presents one component of the detailed
description of the basicranium of the Miocene fossil platyrrhine
Chilecebus carrascoensis. We document the morphology of the bony
labyrinth of this taxon, one of the best preserved early platyrrhines,
based on high resolution computed tomography (CT) scanning and
3D digital reconstruction. The only known specimen of this taxon
All rights reserved.
(SGOPV 3213) is a nearly complete skull discovered in volcaniclastic
deposits of the Abanico (Coya-Machal�l) Formation in the Andes of
central Chile. A high-precision 40Ar/39Ar date of 20.09 � 0.27 Ma is
directly associated with the fossil (Flynn et al., 1995). While this
anthropoid taxon is more closely related to crownplatyrrhines than
to catarrhines or stem anthropoids, its precise phylogenetic posi-
tion has not yet been assessed in detail (e.g., lying within crown
clade Platyrrhini or a more basal member of the platyrrhine stem
lineage; Wyss and Flynn, 1994; Flynn et al., 1995). To reflect this
phylogenetic uncertainty, and because there is not yet a commonly
accepted formal taxonomic name for the more inclusive clade of
crown Platyrrhini plus stem platyrrhines, we refer to Chilecebus
carrascoensis by the informal term “platyrrhine.”
Materials and methods

High resolution X-ray CT scans

CTscanningwasperformed at theCenter forQuantitative Imaging
at Pennsylvania State University. The data set obtained for Chilecebus
carrascoensis yields a 16-bit grayscale volume in TIFF format. This
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image stack of 1148 individual slices includes
1024 � 1024 � 1148 voxels, each voxel having a dimension of
0.04000 � 0.04000 � 0.04641 mm3.

3D visualization

The Half Maximum Height method (Baxter and Sorenson, 1981;
Spoor et al., 1993) was used to assist in identifying the boneematrix
interface. Since the maximum grayscale value of bone in the CT
images varies, various thresholds are dynamically measured rather
than using a single threshold for processing the entire image stack.
The sinuses and spongy bone cavities surrounding the bony laby-
rinth of the fossil specimen were usually filled with matrix that is
identical in density to those within the labyrinth cavity. As a result,
automatic image processing cannot be used to isolate the endocast
of the bony labyrinth from the surrounding matrix. Image pro-
cessing, therefore, relied on manual tracing and reslicing using
ImageJ and VGStudio Max 1.1 software. To ensure the accuracy of
identified anatomical structures, image tracing and segmentation
were carried out repeatedly, not only in the original xey plane, but
also in the resliced zex and yez planes.

Following manual image segmentation, image data sets of
particular anatomical structures were imported into VGStudio Max
1.1 for 3D visualization. Volume rendering techniqueswere used for
creating 3D images from the CT data.

Because the skull of Chilecebus carrascoensis is slightly distorted
(a preservational artifact), the left and right bony labyrinths are not
symmetrically positioned in the plane parallel to the palate
(Fig. 1a). Bilateral symmetry therefore was restored during 3D
visualization using the occipital condyles, foramen magnum, and
posterior edges of the maxillae as reference points. An average of
7.7� offset relative to the coronal plane was required to reconstruct
symmetry (Fig. 1b). Inferred from the shape of the tooth rows,
occipital condyles, and the foramen magnum, there appears to be
almost no distortion in other planes. The following measurements
(Table 1) were taken from the restored reconstruction.

Measurement

We measured linear dimensions and orientations as defined by
Spoor and Zonneveld (1995, 1998), derived from the 3D visualiza-
tion of the CT data composited in VGStudio Max 1.1. Dimensions
include the height and width of the three semicircular canals, as
well as the basal turn of the cochlea. Proportions and shape indices
of the semicircular canals were calculated based on linear
measurements. Orientation angles were determinedwith reference
lines added to the 3D visualizations; projections of these reference
lines on transverse or sagittal planes were saved as separate
images. These images then served as the basis for measuring angles
using ImageJ software. To measure the planar orientation of the
semicircular canals, we rotated the bony labyrinth to a position in
which the projection of the central path of the semicircular canal
can be fitted to a line, as much as possible. The central path of each
canal is extracted by skeletonizing the separated images,
using ImageJ and VGStudioMax 1.1. The common crus was included
in the measure of planarity of the anterior and posterior semi-
circular canals.

The transverse plane is here defined as the one intersecting the
nasion and both poria (Fig. 1c), known also as the nasion-biaur-
icular plane (Clauser, 1980). This plane roughly parallels the lateral
semicircular canal and is perpendicular to the anterior and poste-
rior semicircular canals (Zonneveld, 1987; Spoor and Zonneveld,
1995, 1998). This reference frame allows direct comparison of our
measurements of Chilecebus carrascoensis to data published by
Spoor and Zonneveld (1998). It is important to note that this
reference frame differs from the HorsleyeClark coordinate system,
frequently used in vestibular studies (Blanks et al., 1972, 1975a,b,
1985; Curthoys et al., 1977). The HorsleyeClark transverse plane
passes through the centers of the two external auditory meati and
the infraorbital margins.

We present measurements (Table 1) of the left and right sides of
paired features because of the potential variation caused by natural
asymmetries in living organisms and the potential for preserva-
tional distortions in fossils (although as noted above, distortions in
this specimen appear to be limited to a plane parallel to the palate).
To increase accuracy, all measurements were repeated at least
5 times and averaged.

Statistical analyses

The radii of the semicircular canals have strong allometric
relationships with body mass (Jones and Spells, 1963; Spoor and
Zonneveld, 1998; Spoor et al., 2002, 2007). To eliminate the effect
of body size and examine variation in the relative size of semi-
circular canals, semicircular canal radius was corrected for body
mass (BM) by dividing the observed SCR (an average of the radii of
the anterior, posterior, and lateral canals) with the predicted SCR
size for a given BM, using the linear regression of lnSCR against
lnBM for all primates (Fig. 4). The best available bodymass estimate
(583 g) for Chilecebus carrascoensis is from Sears et al. (2008).

Linear dimensions, proportions, orientation, and torsion angles
taken from the same organ are not statistically independent, thus
complicated correlations must exist among these variables. We
used Principal Component Analysis (PCA) to further explore these
correlations and the implications of the data published by Spoor
and Zonneveld (1998), as well as in our new analyses of the bony
labyrinth of Chilecebus carrascoensis. A matrix including 33 statis-
tically correlated variables for 23 taxawas transformed via PCA into
an orthogonal matrix with the same dimensions, from which
rescaled Euclidean distances between the taxa were then calcu-
lated. The rescaled Euclidean distances can reveal similarities/
dissimilarities among the sampled primates more effectively than
raw linear dimensions, proportions, orientation, and torsion angles
of the bony labyrinth. To better understand the correlations among
variables, a Factor Analysis (FA) with Kaiser Varimax Rotation also
was performed. All variables were standardized prior to under-
taking PCA and FA, and the few missing data entries were
replaced with means. All statistical analyses were performed using
Aabel 2.4 software.

Results

Cochlea

The cochlea of Chilecebus carrascoensis is lowand conical in form
(Fig. 2). The left cochlea shows 2.5 spiral turns. The right cochlea is
slightly deformed, probably as the result of a small crack, but 2.5
turns are still visible, although the second spiral turn of the cochlea
does not overlap the first turn, leaving a significant gap between
them. The modiolus of the cochlea is low and the entire cochlea
resembles a very flat snail. In this respect it is very reminiscent of
the cochlea in other anthropoids. Within primates, the second turn
of the cochlea of some strepsirrhine taxa, such as Nycticebus cou-
cang and Lemur catta, is relatively large and has a larger overlap
covering the basal turn (Takahashi, 1976). As a result, the cochleae
appear more conical than the cochleae of anthropoidsdthis may be
a diagnostic difference between the two groups, but more species
should be examined to clarify the distinction.

Recent statistical analyses have shown that cochlea size and
body mass have a significant negative allometric relationship in



Fig. 1. Composite CT 3D visualization of the holotype skull of Chilecebus carrascoensis. To show the position of the bony labyrinths, the rest of the skull is set to transparent in this
image. A) Dorsal view, unrestored, with the skull roof removed; B) dorsal view, restored with 7.7� offset, skull roof removed; C) lateral view, restored with 7.7� offset, red line
indicates the nasionebiauricular plane.
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mammals and that the relative size of the cochlea in primates falls
within the range of variation observed in other mammals (Spoor
et al., 2002). When the allometric relationship with body mass is
taken into account, the cochlear radius (average of the two sides) of
Chilecebus carrascoensis is similar to that in extant primates, most
closely approximating the value for Saimiri sciureus. As in some
other primates, the basal turn of the cochlea of Chilecebus carra-
scoensis is relatively taller dorsoventrally (height) than it is wide
anteroposteriorly. The height/width ratio (percentage) varies
greatly among extant primates. Nevertheless, the cochlea of Chile-
cebus carrascoensis is much rounder than in all other primates in
which this feature has been examined.

The orientation of the cochlea can be efficiently described by the
angular offset between the plane of its basal turn and the sagittal or
transverse planes of the skull, as well as between the plane of the
basal turn and the semicircular canals (Table 1). In dorsal view, the
angles relative to the two vertical semicircular canals are measured
relative to a line through the greatest width of the cochlea in the
transverse plane (COt) and a line bisecting the anteroposteriorly
opening angle between the arc orientations of the two vertical
semicircular canals in the transverse plane (VSC). This angle, known
for many living primates, can be translated into the angle between
COt and the sagittal line in transverse plan (SG). In lateral view, the
angle between the line across the maximal height of the basal turn
(COs) and the line across the greatest width of the lateral semi-
circular canal (LSCm) is also measured. Because the COt and COs
can represent the orientations of the cochlea in transverse and
sagittal planes, respectively, and because the LSCm is very close to
the horizontal plane when the nasionebiauricular plane is defined
as the transverse plane, the COt < SG and COs < LSCm angles
clearly define the geometric orientation of the cochlea in the skull.
These two angles in Chilecebus carrascoensis fall well within the



Table 1
Linear dimension and orientations of the bony labyrinth of Chilecebus carrascoensis

Linear dimensions (mm) and orientations (degree) Code Right Left Mean

Height of the anterior semicircular canal ASCh 2.94 2.93 2.93
Width of the anterior semicircular canal ASCw 3.26 3.55 3.41
Radius of curvature of the anterior semicircular canal ASCR 1.55 1.62 1.58
Height/width ratio of the anterior semicircular canal ASCh/w 90.2 82.4 86.3
Height of the posterior semicircular canal (maximum AP diameter) PSCh 3.12 3.18 3.15
Width of the posterior semicircular canal (perpendicular to height) PSCw 2.69 2.69 2.69
Radius of curvature of the posterior semicircular canal PSCR 1.45 1.47 1.46
Height/width ratio of the posterior semicircular canal PSCh/w 115.9 118.1 117.0
Height of the lateral semicircular canal LSCh 3.03 3.32 3.17
Width of the lateral semicircular canal LSCw 2.80 2.89 2.85
Radius of curvature of the lateral semicircular canal LSCR 1.46 1.55 1.50
Height/width ratio of the lateral semicircular canal LSCh/w 108.1 114.9 111.5
Relative radius of the anterior semicircular canal (as a percent of the three radii) ASC% 34.7 34.9 34.8
Relative radius of the posterior semicircular canal (as a percent of the three radii) PSC% 32.6 31.6 32.1
Relative radius of the lateral semicircular canal (as a percent of the three radii) LSC% 32.7 33.5 33.1
ASC-R index, observed ASCR/predicted SCR for a given BM from the linear regression of lnSCR

against lnBM.
Index ASC 0.89 0.93 0.91

PSC-R index, observed PSCR/predicted SCR for a given BM from the linear regression of lnSCR against
lnBM.

Index PSC 0.84 0.85 0.84

LSC-R index, observed LSCR/predicted SCR for a given BM from the linear regression of lnSCR against
lnBM.

Index LSC 0.84 0.89 0.87

Maximum diameter of the ampulla of the anterior semicircular canal 1.32 1.25 1.29
Length of the ampulla of the anterior semicircular canal 1.80 1.64 1.72
Maximum diameter of the ampulla of the posterior semicircular canal 1.37 1.25 1.31
Length of the ampulla of the posterior semicircular canal 1.72 1.65 1.69
Maximum diameter of the ampulla of the lateral semicircular canal 1.20 1.22 1.21
Length of the ampulla of the lateral semicircular canal 1.58 1.68 1.63
Diameter of the tube of the anterior semicircular canal, at its vertex 0.42 0.42 0.42
Diameter of the tube of the posterior semicircular canal, at its vertex 0.43 0.41 0.42
Diameter of the tube of the lateral semicircular canal, at its vertex 0.42 0.45 0.43
Maximum external length of the common crus 2.58 2.15 2.36
Sagittal labyrinth index SLI 33.2 32.0 32.6
Torsion of the anterior semicircular canal ASCtor 18.7 1.5 10.1
Torsion of the posterior semicircular canal PSCtor �2.8 �8.3 �5.6
Torsion of the lateral semicircular canal LSCtor 9.4 �1.9 3.7
Angle between the arc of the anterior semicircular canal, at its greatest width in the

transverse plane, and the sagittal line
ASCm < SG 34.5 32.3 33.4

Angle between the arc of the posterior semicircular canal, at its greatest width in the
transverse plane, and the sagittal line

PSCm < SG 140.8 127.9 134.4

Sum of ASCm < SG and PSCm < SG CL VSC< 175.3 160.2 167.8
Angle between the arc of the lateral semicircular canal, at its greatest width in the sagittal plane,

and the line connecting nasion and basion
LSCm < ba-na 1.5 �8.5 �3.5

Angle between the arc of the lateral semicircular canal, at its greatest width in the sagittal plane,
and the line connecting the foramen caecum and the sella turcica

LSCm < s-fc 7.8 �1.8 3.0

Angle between the arc of the lateral semicircular canal, at its greatest width in the sagittal plane,
and the line connecting the sella turcica and basion

LSCm < ba-s 2.3 �7.3 �2.5

Angle between the arc of the lateral semicircular canal, at its greatest width in the sagittal plane,
and the line connecting basion and opisthion

LSCm < o-ba �42.4 �54.1 �48.2

Angle between the arc of the lateral semicircular canal, at its greatest width in the sagittal plane,
and the reference line representing the sagittal orientation of the posterior petrosal surface at the
level of the common crus

LSCm < PPp 60.1 47.7 53.9

Angle between the arc of the anterior semicircular canal, at its greatest width in the transverse
plane, and the arc of the posterior semicircular canal, at its greatest width in the transverse plane

ASCm < PSCm 106.6 96.1 101.4

Angle between an axis running through the greatest height of the lateral semicircular in the
transverse plane and the reference line bisecting the anteroposteriorly opening angle formed by
the arc orientations of the two vertical semicircular canals in the transverse plane

LSCt < VSC 101.0 109.4 105.2

Angle between the common crus in the sagittal plane and the arc of the lateral semicircular canal at
its greatest width in the sagittal plane

CCR < LSCm 123.0 107.8 115.4

Angle between the line connecting the centers of the ampullae of the anterior and posterior
semicircular canals in the sagittal plane and the arc of the lateral semicircular canal at its greatest
width in the sagittal plane

APA < LSCm 36.8 26.8 31.8

Angle between a line through the greatest width of the cochlea in the transverse plane and the
reference line bisecting the anteroposteriorly opening angle formed by the arc orientations of the
two vertical semicircular canals in the transverse plane

COt < VSC 129.7 130.3 130.0

Angle between the vestibulocochlear line in the sagittal plane and the arc of the lateral semicircular
canal at its greatest width in the sagittal plane

VC < LSCm 158.2 149.0 153.6

Angle between a line running through the greatest height of the cochea in the sagittal plane and the
arc of the lateral semicircular canal at its greatest width in the sagittal plane

COs < LSCm 42.9 48.5 45.7

Planar angle between the anterior and posterior semicircular canals 94.3 87.7 91.0
Planar angle between the anterior and lateral semicircular canals 93.1 91.9 92.5
Planar angle between the posterior and lateral semicircular canals 105.7 91.7 98.7
Planar angle between the left and right lateral semicircular canals (ventral angle) 168.7
Planar angle between the right anterior and left posterior semicircular canals 172.6
Planar angle between the left anterior and right posterior semicircular canals 172.9
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Table 1 (continued )

Linear dimensions (mm) and orientations (degree) Code Right Left Mean

Angle between the sagittal line and the reference line representing the transverse orientation of the
posterior petrosal surface at the level of the lateral semicircular canal

PPip < SG 140.2 136.0 138.1

Angle between the line from the foramen caecum to the sella turcica in the sagittal plane and the
reference line representing the sagittal orientation of the posterior petrosal surface at the level of
the common crus

PPp < s-fc 128.8 130.3 129.5

Angle between the line from the sella turcica to the basion in sagittal plane and the line from the
foramen caecum to the sella turcica

ba-s < s-fc 185.9

Angle between the line from basion to opisthion in the sagittal plane, and the line from the foramen
caecum to the sella turcica

o-ba < s-fc 51.7

Height of the basal turn of the cochlea COh 2.82 2.93 2.88
Width of the basal turn of the cochlea COw 2.79 2.85 2.82
Radius of curvature of the basal turn of the cochlea COR 1.40 1.45 1.42
Height/width ratio of the basal turn of the cochlea COh/w 100.8 103.0 101.9
Angle between a line through the greatest width of the cochlea in the

transverse plane and the sagittal line
COt < SG 127.3 120.1 123.7

Modiolar height 1.65 1.66 1.66
Cochlear spiral turn number 2.50 2.50 2.50
Planar orientation (angle) of the basal turn relative to the sagittal plane 121.8 119.3 120.5
Extension of the vestibular aqueduct 3.24 3.24 3.24
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variation measured in other primates (Fig. 3). However, no clear
relationship between cochlear orientation and phylogenetic
affinity or body mass is observed in Figure 3.

Vestibule

The vestibular part of the bony labyrinth of Chilecebus carra-
scoensis is reasonably well preserved on the right side. The lateral
wall of the left bony vestibule is slightly damaged (Fig. 2). The
posterior part of the cochlea is fairly straight; after extending
posterodorsally for a very short distance it makes a small turn to
join the vestibule. This straight part of the cochlea on the right side
seems to have a tiny offset, probably due to a small crack. In lateral
view the straight segment of the cochlea approaches the vestibular
part in a manner similar to that in some modern anthropoids, but
differing from the arrangement in the strepsirrhines Lemur and
Nycticebus, wherein the straight portion of the cochlea is more
dorsally directed (see Takahashi, 1976).

In dorsal view, the posterior part of the bony vestibule bears
a prominent, anteromedially facing bulge on the dorsal side, sitting
immediately anterior of the two ampullae of the anterior and
lateral semicircular canals. This bulge forms a circular depression
within the bony cavity, known as the spherical recess, enclosing the
anterodorsal part of the utricular vestibular sac. The vestibule is
relatively smooth and pillar-like from the medial side of the
spherical recess to the dorsomedial wall of the vestibule. The
common crus of the two vertical semicircular canals connect to the
dorsal and medial part of the vestibule.

Immediately medioventral to the common crus, the large
ampulla of the posterior semicircular canal joins the vestibule. The
posterior end of the lateral semicircular joins the vestibule poste-
rior of and slightly dorsal to the conjunction of the common crus
and the ampulla of the posterior semicircular canal. A thin and
curved canal, identified as the vestibular aqueduct, originates from
the medioventral aspect of the vestibule anterior and ventral to the
ampulla of the posterior semicircular. This canal runs nearly hori-
zontally and opens posterior to the internal acoustic meatus. The
vestibular aqueduct transmits a small vein and contains the
endolymphatic duct, which terminates in the endolymphatic sac
between the layers of dura mater.

The wall of the posterior part of the vestibule is relatively flat,
joining the ampullae of the lateral and posterior semicircular
canals. On the ventral side of the vestibule there is a short funnel-
shaped process, the endocast of the round window, lying just
posterior to the vestibular aqueduct. An oval projection lies ventral
to the ampulla of the lateral semicircular canal, on the lateral wall of
the spherical recess. Its long axis is oriented roughly ante-
roposteriorly. This projection is identified as the endocast of the
oval window.
Semicircular canals

Semicircular canal sizes correlate allometrically with body mass
in extant vertebrates (Jones and Spells, 1963; Spoor and Zonneveld,
1998; Spoor et al., 2007;Walker et al., 2008). The relative size of the
semicircular canals in primates is comparable to those in other
mammals, except cetaceans, in which the semicircular canals are
unusually small (Fig. 4). A regression line for primates alone lies
slightly above the regression formammals generally, indicating that
the radii of the semicircular canals in primates are slightly larger
than expected for mammals of their size. However, this slight
difference probably is not meaningful, as the primate distribution
substantially overlaps that for other non-cetaceanmammals (Fig. 4).

When plotted against body mass, the average semicircular canal
size of Chilecebus carrascoensis is smaller than the average of extant
primates; nonetheless, it falls within the range observed in extant
primates (Fig. 4). After being corrected for body mass, the three
semicircular canals, particularly the anterior and posterior, have
a roughly linear relationship of the relative semicircular sizes (or
indices, Fig. 5). Following Spoor et al.’s (2007) assessment of loco-
motor agility, agile primates (across taxonomic subgroups) tend to
have larger semicircular canals, particularly the lateral one, than do
less agile species (Fig. 5), although broad overlaps exist among
different agility categories. The semicircular canal indices of Chile-
cebus carrascoensis fit well within the variation associated with this
general acrosseprimate correlation (Fig. 5). However, no phyloge-
netic or agility category signal can be detected for this and other
taxa with similar relative semicircular canal sizes. A broad array of
extant taxa, such as Saguinus oedipus, Callithrix jacchus, Microcebus
rufus,Microcebus murinus, Cheirogaleus major, and Gorilla gorilla, all
have semicircular canal indices similar to those of Chilecebus
carrascoensis.

The anterior semicircular canal of Chilecebus carrascoensis is
slightly larger than the lateral and posterior canals, and the
posterior semicircular canal is proportionally the smallest (Table 1).
A range of living primates possess semicircular canal proportions
similar to those of Chilecebus carrascoensis, including Otolemur
garnettii, Galago moholi, Hylobates molocha, and Cercocebus tor-
quatus (Fig. 6). No correlation between agility categories and



Fig. 2. 3D reconstructions of the bony labyrinths of Chilecebus carrascoensis. A) Left dorsal view, A0) right dorsal view; B) left lateral view B0) right lateral view; C) left medial view, C0)
right medial view.
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variation in the proportion of semicircular canals is detected in
such a plot.

The size of the ampullae of Chilecebus carrascoensis falls within
the range observed in the few other primates for which it has been
reported (Takahashi, 1976). The size is close to the values for Chi-
lecebus jacchus and Saimiri sciureus.

The semicircular canals of Chilecebus carrascoensis are not
completely circular. The height/width ratio (percentage) of the
anterior canal is similar to that of some catarrhines, such asMacaca
fascicularis, Papio ursinus, andMandrillus sphinx, but differs from all
sampled platyrrhines (including Cebus apella, Saimiri sciureus,
Lagothrix lagothricha, and Alouatta seniculus) wherein the anterior
canal is taller thanwide (Fig. 7a). The posterior semicircular canal of
Chilecebus carrascoensis is much more posteriorly extended than in
other platyrrhines, marginally falling within the range of variation
in catarrhines (Fig. 7a). The lateral semicircular canal in Chilecebus
carrascoensis is also relatively high. The height/width ratio is higher
than in all other sampled primates (Fig. 7a).

The degree of planarity of the semicircular canals is quantified
by variousmethods. Blanks et al. (1985) averaged themost extreme
points above and below the best-fit plane for any given canal,
whereas Spoor and Zonneveld (1995, 1998) measured the torsion
angle of each canal. The anterior and lateral semicircular canals of
Chilecebus carrascoensis show a degree of torsion or non-planarity,
whereas the posterior canals are fairly planar. The right lateral canal
shows more anterioreposterior torsion than the left. Both anterior
canals show the characteristic anterior bending seen in other
anthropoids. Following the method of Spoor and Zonneveld (1995,
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1998), the average of the two sides lies within the range of other
primates (Fig. 7b).

The planar orientation of the ipsilateral semicircular canals
departs slightly from orthogonal in Chilecebus carrascoensis (Table
1). The pairs of synergistically acting canals (Blanks et al., 1972,
1985; Graf, 1988) are the right and left lateral, right anterior and
left posterior, and left anterior and right posterior semicircular
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semicircular canals (SCR). Crosses and dot line ¼ extant primates (y ¼ 0.14x � 0.33,
r2 ¼ 0.86), squares and dashed line ¼ extant cetaceans (y ¼ 0.15x � 1.80, r2 ¼ 0.80),
black block and solid line ¼ other extant mammals (y ¼ 0.14x � 0.49, r2 ¼ 0.87). Data,
except for Chilecebus carrascoensis, are from Spoor et al. (2002, 2007). Body masses of
extant primates are from Smith and Jungers (1997).
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canals. In Chilecebus carrascoensis, the paired contralateral hori-
zontals form an angle about 11� off parallel, while the two syner-
gistically acting vertical canal pairs are oriented close to parallel.

Spoor and Zonneveld (1998) reported the angle between the
arcs at the greatest width of the anterior and posterior semicircular
canals on the transverse plane (ASCm < PSCm) in 22 living
primates. Because of the difference in definition, the angles
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reported by Spoor and Zonneveld (1998) differ from the planar
angle between the anterior and posterior semicircular canals, but
their measures may covary with the planar angle. According to
their data, in most primates the angle between the anterior and
posterior semicircular canals is significantly >90�. Three strepsir-
rhines, Propithecus diadema, Indri indri, and Microcebus rufus have
values approaching 90�, less than in all anthropoids. Platyrrhine
and catarrhine anthropoids have an overlapping distribution
spanning 101�e110�. In Chilecebus carrascoensis, the average of
ASCm < PSCm angle is 101.4�, barely falling within the range of
variation in living anthropoids (Fig. 8).

The sum of the angles of ASCm < SG and PSCm < SG (CL VSC<)
can be seen as an approximation of the planar angles between the
synergistically acting VSC pairs. The 22 taxa investigated in Spoor
and Zonneveld (1998) shows a small departure from parallel
(Fig. 8). As noted above, three sampled strepsirrhines, Propithecus
diadema, Indri indri, and Microcebus rufus, differ from other
primates in having relatively small ASCm < PSCm angles, but they
overlap the range of the CL VSC< observed in anthropoids.
Lagothrix lagothricha and Alouatta seniculus differ markedly from
other primates, indicating that their synergistically acting VGC
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pair are much less parallel. The CLVSC< in Chilecebus carrascoensis
is small, but it does not markedly deviate from that observed in
other anthropoids (Fig. 8).

The angles between the arc of the lateral semicircular canal at its
greatest width in the sagittal plane and the reference lines of the
cranial floor (Table 1) reflect the variation of semicircular canal
orientation relative to the shape of the cranial floor (Spoor and
Zonneveld, 1998). Chilecebus carrascoensis is within the range of
reported angles for extant primates.

Principal component analysis, rescaled Euclidean distances, and
factor analysis

Using Principal Component Analysis (PCA), we extracted
principal components for calculating rescaled Euclidean
distances and then a similarity measure. The similarities, calcu-
lated as one minus the rescaled Euclidean distances, suggest that
the modern primates investigated fall into several groups (Fig. 9).
The four species of nonhuman great apes form one such
grouping. Quadrupedal “monkeys,” including macaques,
baboons, mandrills, colobines, capuchin, and squirrel monkeys,
form a large group with similar dimensions and orientation of
the semicircular canals, but this resemblance does not seem to
closely correspond to locomotor style or “agility.” Some members
of this group are generalized; for example, Macaca fascicularis
and Saimiri sciureus share relatively strong similarities with most
other primates. Not surprisingly, the three gibbons are very
similar to each other. Despite their specialized locomotor pattern,
however, they are similar to quadrupedal monkeys and
nonhuman hominoids as well. Propithecus diadema is very
distinct from other sampled primates except Indri indri, although
Propithecus diadema seems even more specialized. Lagothrix
lagothricha and Alouatta seniculus are highly idiosyncratic, clus-
tering together, but apart from all other primates. Humans
exhibit only low levels of similarity to chimpanzees and gorillas,
as well as some quadrupedal monkeys. Presumably, the marked
distinction between humans and all other primates reflects
bipedality in humans. Microcebus rufus is another taxon that
exhibits a low level of similarity to other primates; it joins
only Indri indri and Propithecus diadema at a low similarity value.
Chilecebus carrascoensis shows moderate levels of similarity to
most other sampled primates. It marginally approaches the group
including quadrupedal monkeys, but it is not closely similar to
any extant taxa, reflecting a unique labyrinth morphology rela-
tive to all living primates for which such data are available.

The PCA exploration reveals that eigenvalues of the first nine
principle components are greater than one. That is, these nine
components account for more variance than does any single
variable. The first three principle components account for more
than 50% of the variation, and the first nine capture over 90% of
the total variance (Table 2). The first principle component
accounts for 29.7% of the total variance. The second and third
components also have high eigenvalues, each accounting for
about 14% of the variance. The remaining six components have
relatively smaller eigenvalues, each accounting for less than 10%
of the variance.

The Factor Analysis (FA) was used to extract these first nine
principle components as FA factors. The loadings on the factors,
with Kaiser Varimax Rotation applied, are shown in Table 3. The
angles formed by the lateral semicircular canal relative to the
reference lines of cranial floor, cochlea, common crus, and
ampullae have their highest correlations with Factor 1. The
sagittal labyrinth index and the torsion of the posterior semi-
circular canal also load principally on Factor 1. Factor 2 has three
main loadings: the angle between the two vertical semicircular
canals and both the angles of the cochlea relative to the sagittal
plane and to the vertical semicircular canals. The loadings of the
third factor mainly reflect the shape or angles of the cranial floor,
with a high correlation also with the percentage of the radius of
the posterior semicircular canal relative to the sum of the three
radii. The percentages of the anterior and lateral semicircular
canals and the height/width ratios of the two vertical semi-
circular canals are characteristic of Factor 4. The height/width
ratio of the lateral semicircular canal singly loads on Factor 5. The



Table 2
Principle component analysis: eigenvalues and variance percentages explained by each principle component (PC) and cumulatively

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9

Eigenvalues 9.79 4.59 4.54 2.89 2.15 1.94 1.75 1.26 1.18
Variance (%) 29.66 13.91 13.77 8.77 6.51 5.88 5.29 3.80 3.58
Variance (Cum. %) 29.66 43.57 57.34 66.11 72.61 78.49 83.79 87.59 91.17
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indices of the three semicircular canals are the main loadings of
Factor 6. Torsions of the anterior and lateral semicircular canals
are not grouped with torsion of the posterior canal, but instead
contribute most strongly to Factor 7. The angles of the vertical
semicircular canals relative to the sagittal plane and the angle of
contralateral vertical canals have their largest loadings on Factor
8. The angle between the lateral semicircular canal and the
reference line for the vertical semicircular canals is most highly
correlated with Factor 9.

Discussion

Cochlear morphology

The primate hearing apparatus is considered advanced in its
ability to discriminate minute changes in amplitude and spectral
composition of acoustic waveforms (Stebbins, 1978, 1980). Never-
theless, the gross morphology of inner ear structures differs little
between primates and other mammals (Stebbins, 1978). The
cochleae of Chilecebus carrascoensis differs from other anthropoids
only by being a bit rounder (height/width ratio of the basal turn is
closer to 100) than those of studied primates. This unique condition
and the limited knowledge of the cochleae in most fossil primates
makes it impossible to determine whether this shape is due to
Table 3
Factor analysis: factor loadings for measured variablesa

Vmax factor 1 Vmax factor 2 Vmax factor 3 Vmax factor 4 V

APA < LSCm L0.91 �0.03 �0.31 0.04
COs < LSCm L0.90 0.07 �0.13 0.03 �
LSCm < s-fc L0.87 �0.01 0.10 �0.10
LSCm < PPp L0.82 0.17 �0.13 0.21
SLI L0.74 0.06 �0.35 �0.33 �
CCR < LSCm L0.70 �0.09 �0.12 �0.03 �
VC < LSCm L0.62 0.35 �0.21 �0.12
LSCm < ba-na L0.61 0.05 �0.58 �0.35
PSCtor 0.54 0.11 �0.28 �0.36
PPp < s-fc 0.51 �0.22 0.23 �0.33 �
ASCm < PSCm 0.04 0.89 �0.20 0.06 �
COt < SG �0.14 0.84 �0.07 0.04
COt < VSC �0.24 0.80 �0.12 �0.04
ba-s < s-fc 0.15 �0.06 0.94 0.05
o-ba < s-fc 0.10 �0.11 0.90 0.04 �
LSCm < o-ba �0.49 0.09 L0.78 �0.09
LSCm < ba-s �0.55 0.05 L0.78 �0.11
PSC% 0.00 0.11 L0.70 0.43
PPip < SG �0.11 �0.21 0.62 0.12 �
LSC% �0.04 �0.08 0.12 L0.96
ASC% 0.04 0.01 0.33 0.77 �
ASCh/w �0.15 0.10 0.32 0.57
PSCh/w �0.24 0.07 �0.38 L0.39
LSCh/w 0.01 0.17 �0.14 �0.07
Index PSC 0.02 �0.08 0.13 0.34
Index LSC �0.02 �0.14 0.36 �0.42
Index ASC 0.05 �0.09 0.41 0.43
LSCtor 0.16 0.06 0.09 �0.14
ASCtor �0.11 �0.12 �0.15 0.11
ASCm < SG 0.18 �0.05 0.13 0.20
CL VSC< 0.16 0.39 0.05 0.20 �
PSCm < SG 0.13 0.66 �0.02 0.17 �
LSCt < VSC �0.24 �0.04 �0.15 �0.41 �
a Bold values indicate the largest absolute value of loadings on factors, for each measu
phylogeny (e.g., an autapomorphy for Chilecebus carrascoensis, or
retention of a primitive platyrrhine or anthropoid condition) or
functional specialization of this fossil taxon. No previous research
suggests that cochlear roundness is related to hearing capability.

The number of cochlear spiral turns ranges from 1.5 to 4.5 turns
in living mammals, and there is not a clear phylogenetic pattern
(Gray, 1907, 1908a,b; Watt, 1917; de Burlet, 1934). West (1985) has
suggested that the number of spiral turns in the cochlea is poten-
tially correlated to the octave range of audible frequencies in
ground dwelling mammals, independent of basilar membrane
length. Other workers have suggested, however, that the number of
spiral turns of the cochlea is less important in this function than the
number of hair cells and unmedullated nerve fibers in the organ of
Corti (Werner, 1960).

Primates show a similarly large range of variation: Daubentonia
madagascariensis has only 1.5 turns, whereas Cebus albifrons, Ateles
belzebuth, and Papio papio have as many as 3.25 turns (Werner,
1960). The number of spiral turns in Chilecebus carrascoensis (2.5)
falls within the range of other primates, but is lower than in most
anthropoids. Considering the large variation of the spiral turns
among species, and sometimes even within a single species
(Takahashi, 1976), it is unclear whether the fewer spiral turns in
Chilecebus carrascoensis represents a primitive anthropoid or plat-
yrrhine condition.
max factor 5 Vmax factor 6 Vmax factor 7 Vmax factor 8 Vmax factor 9

0.10 0.03 0.07 0.03 �0.14
0.15 �0.15 0.05 �0.23 �0.01
0.21 0.25 �0.18 0.03 0.01
0.12 �0.27 �0.17 �0.30 �0.09
0.28 �0.02 0.16 �0.03 �0.03
0.32 �0.01 �0.04 �0.14 0.49
0.26 0.16 �0.09 �0.14 0.43
0.00 �0.17 �0.16 0.09 �0.18
0.38 0.04 0.13 0.06 �0.34
0.03 0.49 0.12 0.40 0.14
0.10 0.00 0.35 �0.06 �0.01
0.22 �0.14 �0.19 0.34 0.03
0.29 �0.18 �0.28 �0.02 0.03
0.06 0.15 0.02 0.01 0.10
0.09 0.24 �0.02 0.06 �0.12
0.19 �0.11 �0.07 �0.04 0.12
0.05 �0.01 �0.09 0.00 �0.08
0.03 �0.19 0.09 �0.29 �0.22
0.06 0.34 �0.15 0.39 �0.24
0.08 �0.05 0.02 �0.18 �0.03
0.10 0.18 �0.08 0.39 0.19
0.41 0.34 �0.06 0.35 �0.14
0.32 0.10 0.26 �0.34 0.34
0.88 0.11 0.05 �0.06 0.10
0.10 0.89 0.06 �0.05 �0.11
0.12 0.78 0.04 �0.06 �0.03
0.04 0.75 �0.02 0.20 0.04
0.03 0.17 0.86 0.05 0.17
0.11 �0.55 0.68 0.05 �0.21
0.02 �0.01 �0.05 0.91 �0.01
0.03 0.01 0.11 0.85 �0.01
0.07 0.02 0.21 0.66 �0.01
0.35 0.20 �0.26 �0.09 L0.66

red variable.
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Semicircular canal dimensions and activity patterns

The size of the ampulla, the radii of curvature, and its cross-
section are the main controls of the dynamic response of the
semicircular canals to head rotation (Steinhausen, 1933; Jones and
Spells, 1963; Ten Kate et al., 1970; Howland andMasci, 1973; Hullar,
2006; Yang and Hullar, 2007). Biophysical modeling theory
suggests that the sensitivity of the semicircular canals can be pre-
dicted from these three parameters (Steinhausen, 1933; Jones and
Spells, 1963; Ten Kate et al., 1970; Hullar, 2006; Yang and Hullar,
2007). However, recent experimental studies indicate an incon-
sistent correlation between afferent sensitivity and dimensions of
the semicircular canals (Hullar, 2006; Yang and Hullar, 2007).

The potential correlation between the dimensions of the semi-
circular canals, afferent sensitivity, and locomotor pattern has been
interpreted in various ways. Jones and Spells’ (1963) classic hypoth-
esis suggested that animals typified by slow head movements have
larger, more sensitive semicircular canals tuned to low velocities,
whereas animals with fast head motions have smaller, less sensitive
semicircular canals, thereby avoiding excitatory or inhibitory satu-
ration of the system in high velocity movements. As a supporting
example, the semicircular canals of subterranean rodents and moles
are relatively large, presumably in response to the increased need for
orientation cues from the vestibular organ (Lindenlaub et al., 1995;
McVean, 1999). In the gigantic sauropod dinosaur, Brachiosaurus
brancai, the anterior semicircular canal is significantly larger than the
allometric relationship would predict, a pattern interpreted as an
adaptation for slow movements of the head (Clarke, 2005). The
opposite hypothesis suggests that agile, rapidly moving animals
should have semicircular canals with larger curvatures. In birds,
aspects of the semicircular canals have been found to varywithmode
of life, capable fliers being characterized by larger canals
(Had�ziselimovi�c and Savkovi�c, 1964). A similar anomaly is seen
among primates: the semicircular canals of the agile, leaping Tarsius
bancanus are large compared to the slow climbing lorises Loris tar-
digradus and Nycticebus coucang (Matano et al., 1985, 1986).

Among extant primates large semicircular canals were sug-
gested to correlate with high “agility” (Spoor et al., 2007). By using
the predictive equations for primates provided by Silcox et al.
(2009), the agility of Chilecebus carrascoensis can be estimated as
3.58 based on the SCR, 3.69 based on the ASCR, 3.60 based on the
PSCR, or 4.03 based on the LSCR. These estimated values indicate
moderate agility compared with the variation (2e6) observed in
extant primates. However, there may be substantial uncertainty in
this inference given that potential arbitrariness could be introduced
by binned agility cataloging and the observation that taxa with
similar semicircular canal size indices have been assigned towidely
different agility catalogs in previous studies (also Fig. 5).

Proportions of the semicircular canals vary considerably among
modern primates and may correlate with agility or other factors
(Spoor et al., 1994, 1996, 2007; Spoor and Zonneveld, 1998; Walker
et al., 2008). Because the anterior semicircular canal is larger than
the posterior and lateral canals in many species, relative anterior
canal size has been associated with particular locomotor patterns
(Graf and Vidal, 1996; Spoor and Zonneveld, 1998; Hullar, 2006).
However, recently overall size of the anterior canal and thewidth of
the posterior canal have been shown to correlate more strongly
with subarcuate fossa size than with agility (Jeffery et al., 2008).
Wider taxonomic sampling reveals that enlargement of the anterior
semicircular canal is not clearly correlated with any single loco-
motor style. For example, primates with very different agility
catalog assignments and locomotor patterns, such as Ateles,
Alouatta, Daubentonia, Arctocebus, Nycticebus, and Perodicticus, all
have proportionally very large anterior semicircular canals (Spoor
and Zonneveld, 1998; Spoor et al., 2007).
A plot (Fig. 6) of proportions of each semicircular canal, together
with agility catalog assignments, fails to reveal a pattern that could
be used for confidently predicting the agility of Chilecebus carra-
scoensis. Because of these uncertainties, we can only conclude that
Chilecebus carrascoensis may have been moderately agile, probably
not as agile as other small-bodied extant platyrrhines such as
Leontopithecus rosalia, Saguinus oedipus, and Callithrix jacchus.
Considering its generalized semicircular canal proportions, which
are typical of most primates (Fig. 6), it is reasonable to conclude
that Chilecebus carrascoensis probably was not a suspensory acrobat
or a slow climber.
Shape and orientation of the semicircular canals

The shorter-than-wide anterior semicircular canal and elon-
gated posterior canal in Chilecebus carrascoensis differ from all
sampled living platyrrhines, but resemble some catarrhines
(Fig. 7a). This may suggest that this shape feature is either primitive
for anthropoids or convergent between Chilecebus carrascoensis
and those catarrhines. Previous research did not reveal significant
differences in height/width ratio of the lateral semicircular canals
among extant primates. The relatively higher lateral semicircular
canal in Chilecebus carrascoensis than in any other sampled primate
suggests an autapomorphic condition in this taxon.

In primates, the anterior semicircular canal generally shows the
greatest degree of non-planarity. Its dorsal edge is bent significantly
forward inSaimiri,Callitrix,Cercopithecus,Hylobates, several speciesof
Macaca, and human, but not in Lemur catta and Nycticebus coucang
(Takahashi,1976;Blanks et al.,1985). SpoorandZonneveld (1998)also
showed that inprimates the anterior semicircular canals tend to have
a larger torsion angle than the posterior and lateral canals (Fig. 7b).
The anterior semicircular canal ofChilecebus carrascoensishas a larger
torsion angle than the posterior and the lateral canals as in extant
primates and the anterior bending typically seen in extant anthro-
poids. Thus, larger torsionmay be primitive for primates and anterior
bending may be a feature of all anthropoids. However, greater taxo-
nomic sampling will be required to assess the relative influences (if
any) of phylogeny or locomotor function on these shape features.

The angles between the ipsilateral semicircular canals and the
synergistically acting pairs of semicircular canals represent main
orientation features. The ipsilateral canals are perpendicular to one
another proximally, but otherwise are not completely orthogonal
(Graf, 1988). Departures from mutual orthogonality are significant
in many species, including toadfish (Ghanem et al., 1998), pigeon
(Dickman, 1996), rabbit (Ezure and Graf, 1984; Mazza and
Winterson, 1984), guinea pig (Curthoys et al., 1975), and chin-
chilla (Hullar and Williams, 2006), while in others such as rat
(Blanks and Torigoe, 1989) and cat (Blanks et al., 1972) differences
are small. Non-orthogonal ipsilateral semicircular canals may result
in increased sensitivity to motion in particular directions (Mazza
and Winterson, 1984; Brichta et al., 1988; Hullar and Williams,
2006); however, experimental support for this view is conflicting.
For example, in Chinchilla the semicircular canals are non-orthog-
onal, yet this rodent seems equally sensitive to rotations in all
directions (Hullar and Williams, 2006). Each pair of synergistically
acting canals forms a functional unit, following the push/pull
operational mode that occurs when one canal becomes excited,
such that its coplanar counterpart becomes inhibited (Blanks et al.,
1972, 1985; Graf, 1988). Theoretically, the synergistically acting
pairs should be coplanar or parallel (Blanks et al., 1972, 1985; Graf,
1988). Although they typically do not diverge greatly from the ideal
condition within vertebrates (Blanks et al., 1972, 1985; Graf, 1988),
synergistically acting semicircular canals were reported to deviate
significantly from parallel in some mammals such as chinchilla,
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guinea pig, rabbit, and cat (Curthoys et al., 1975; Ezure and Graf,
1984; Hullar and Williams, 2006).

Only very limited data on these orientation angles are available
for primates. Macaques have a large angular offset (98.7�) between
the ipsilateral anterior and lateral semicircular canals, whereas in
squirrel monkeys the canals are nearly orthogonal (90.4�, Blanks
et al., 1985). The angles between the anterior and posterior, and
posterior and lateral semicircular canals of these two anthropoids
are very nearly orthogonal (Blanks et al., 1985). In both of those
taxa, the synergistic vertical semicircular canal pairs all deviate
from parallel by more than 10� (Blanks et al., 1985; Reisine et al.,
1988). The two lateral canals in macaques are nearly parallel,
whereas in squirrel monkeys the two canals form an angle of more
than 15� (Blanks et al., 1985; Reisine et al., 1988). The orientation of
the semicircular canals in Chilecebus carrascoensis closely mirrors
that of these two extant anthropoid primates. As no functional
interpretation has yet been linked to the differences in orientation
angles between macaque and squirrel monkey, the resemblances
and differences to Chilecebus carrascoensis cannot cast any light on
functional predictions in this fossil taxon at this time.

When ASCm< PSCm is used to represent the planar angle of the
ipsilateral VSC, and the sum of the angles of ASCm < SG and
PSCm < SG represents the planar angle of the synergistically acting
VSC pair, a wider comparison can be made among extant primates
(Fig. 8). The two angles of Chilecebus carrascoensis are very close to
those of Mandrillus sphinx. However, this similarity may not reflect
similar locomotor patterns since similarity of these angles does not
always correlate closely with similar locomotor patterns. For
example, Cebus paella, Hylobates pileatus, and Hylobates syndactylus
group closely in Figure 8 despite evident locomotor differences.

Principal component analysis, factor analysis, and similarity groups

Primates exhibit substantial variation in the dimensions,
proportions, shapes, planarity, and orientations of the semicircular
canals, and these features do not vary independently of one
another. The PCA and FA in this study indicate that the orientations
of the bony labyrinth, particularly the orientation of the lateral
semicircular canal, contribute to the majority of the observed
variance. As shown previously (Spoor and Zonneveld, 1998), the
orientation of the lateral semicircular canal and some shape vari-
ables, such as the sagittal labyrinth index and the torsion of the
posterior semicircular canals, covary closely with the bony laby-
rinth orientations and the cranial floor angle (Table 3).

The relative size of the semicircular canal accounts for little of
the total variance. One reason could be that the dimensional vari-
ance in the bony labyrinth is less than the variance in its spatial
orientation. Therefore, when the orientation and dimension vari-
ables are pooled into a single analysis, variation in orientation will
overshadow the dimensional variance. Another possible explana-
tion is the limited available taxonomic and locomotor mode
sampling among taxa. Taxa with extreme locomotor patterns, such
as the agile jumping tarsiers and the cautious slow climbing lorises,
cannot be included due to inadequate published data. Therefore,
the actual variances of some variables across primates, especially
the relative size of the semicircular canals, may be inadequately
reflected in our analysis.

Although taxa with distinctive locomotor patterns, such as
Alouatta seniculus and Lagothrix lagothricha, Indri indri and Propi-
thecus diadema, “great apes,” gibbons, and humans could all be set
apart from the others using rescaled Euclidean distance data
(Fig. 9), the clustering does not precisely correlate with locomotor
patterns, particularly for quadrupedal walking and climbing
monkeys. It is conceivable, therefore, that the sizes, proportions,
and orientations of the bony labyrinth do not correspond closely
with locomotor patterns. Many morphological and physiological
studies suggest that these variables are related to the afferent
sensitivity (precisely how they are correlated causally is actually
debatable); however, their relationship to locomotor pattern has
yet to be fully/sufficiently evaluated. The limitations of taxon
sampling also cloud current interpretations, with data from only 22
extant taxa available for this analysis.

Regarding the position of Chilecebus carrascoensis within the
similarity matrix, Figure 9 underscores its general resemblance to
quadrupedal monkeys, including Cebus apella and Saimiri sciureus.
Nevertheless, because it is not positioned especially near any single
living taxon, wemust for the moment consider it to be unique in its
combination of labyrinth characteristics (and inferred suite of
locomotor correlations). Unless Chilecebus carrascoensis is
extremely autapomorphic and specialized relative to all other
anthropoids, its closest resemblance ultimately will lie either with:
1) early fossil anthropoids, if its morphology reflects retention of
ancestral anthropoid (or deeper primate) conditions, 2) some other
small-bodied living or fossil platyrrhine that remains to be evalu-
ated or discovered, if phylogeny is the dominant influence on
labyrinth morphology (augmented by at least some functional
constraints, in that the Platyrrhini are entirely arboreal), or 3) some
suite of primate taxawith common functional attributes that can be
shown to covary closely with labyrinth morphology through
increased taxon and locomotor style sampling.

Summary

The dimensions, proportions, shape ratios, orientations, and
torsion angles of the bony labyrinth of Chilecebus carrascoensis fall
within the range of variation observed in previously studied extant
primates. Semicircular canal dimensions have long been suggested
to correlate closely with equilibrial sensitivity and locomotor
patterns. However, the precision of such correlations remains
uncertain. A score of about 3e4 on the agility scale of Spoor et al.
(2007) would be predicted for Chilecebus carrascoensis. However,
when considering the ambiguity of agility cataloging and the broad
overlap of agility scores among mammals with different semi-
circular canal sizes, such an estimator of agility cannot link semi-
circular canal size to any specific locomotor pattern. Variations in
proportions, shape indices, and orientations of the semicircular
canals of extant primates show some signals that might be corre-
lated with phylogenetic or functional factors. The available data
suggest that no single shape, proportion, or orientation variable
plays a primary role in determining the locomotor patterns. Prin-
ciple Component Analysis (PCA) and Factor Analysis (FA) reveal that
many of these variables are highly correlated. Some variables, such
as the orientation of the lateral semicircular canal, contribute more
than relative semicircular canal size, although the latter has been
widely proposed to be correlated with equilibrial sensitivity, agility,
and locomotor patterns. A similarity matrix based on PCA scores
shows that the primates in the analysis can be clustered, although
not precisely, into several groups. Chilecebus carrascoensis shows
relatively greater similarity to a diversity of taxa, including many
generalized quadrupedal “monkeys.” The same data indicate that
Chilecebus carrascoensis was not a suspensory brachiating or slow
climbing monkey and that its closest analog may lie with some
other small-bodied living or fossil platyrrhine that remains to be
evaluated or discovered.
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