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Abstract

The trigeminal motor (Vmo), facial (VII), and hypoglossal (XII) nuclei of the brainstem comprise the final common
output for neural control of most orofacial muscles. Hence, these cranial motor nuclei are involved in the production of

adaptive behaviors such as feeding, facial expression, and vocalization. We measured the volume and Grey Level Index
(GLI) of Vmo, VII, and XII in 47 species of primates and examined these nuclei for scaling patterns and phylogenetic
specializations. Allometric regression, using medulla volume as an independent variable, did not reveal a significant

difference between strepsirrhines and haplorhines in the scaling of Vmo volume. In addition, correlation analysis using
independent contrasts did not find a relationship between Vmo size or GLI and the percent of leaves in the diet. The
scaling trajectory of VII volume, in contrast, differed significantly between suborders. Great ape and human VII
volumes, furthermore, were significantly larger than predicted by the haplorhine regression. Enlargement of VII in these

taxa may reflect increased differentiation of the facial muscles of expression and greater utilization of the visual channel
in social communication. The independent contrasts of VII volume and GLI, however, were not correlated with social
group size. To examine whether the human hypoglossal motor system is specialized to control the tongue for speech, we
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tested human XII volume and GLI for departures from nonhuman haplorhine prediction lines. Although human XII
volumes were observed above the regression line, they did not exceed prediction intervals. Of note, orang-utan XII

volumes had greater residuals than humans. Human XII GLI values also did not differ from allometric prediction. In
sum, these findings indicate that the cranial orofacial motor nuclei evince a mosaic of phylogenetic specializations for
innervation of the facial muscles of expression in the context of a generally conservative scaling relationship with respect

to medulla size.
� 2004 Elsevier Ltd. All rights reserved.
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Introduction

The orofacial region is an anatomical point of
intersection for respiratory, sensory, feeding, and
communication behaviors. As such, natural selec-
tion has produced great variety in the structure
and function of this region in response to diverse
ecological and social pressures. Among primates,
interspecific variation in the anatomy and kine-
matics of orofacial muscles underlies diversified
specializations in functions such as mastication,
vocalization, facial expression, and speech. Here
we examine morphometric scaling patterns in the
brainstem orofacial motor system of primates with
the aim of further elucidating the neural substrates
of phylogenetic differences in orofacial behaviors.

The production of communication signals relies
on the coordinated actions of orofacial muscles.
Repertoires of facial expressions and vocalizations
vary among primate species in association with the
combined influence of sensory ecology, phyloge-
netic history, social organization, and cognitive
abilities (van Hooff, 1967; Chevalier-Skolnikoff,
1973; Preuschoft and van Hooff, 1995; Hauser,
1996). In this regard, prosimians primarily utilize
olfactory cues in sociosexual signaling, whereas
anthropoids rely more heavily on visual displays,
such as facial expression, in mediating social
interactions (van Hooff, 1962; Schultz, 1969;
Peters and Ploog, 1973; Zeller, 1987). In stem
anthropoids, the elaboration of facial expression
may have coevolved with enhanced visual acuity in
a diurnal niche involving more convergent and
frontated orbits, loss of the tapetum lucidum,
high cone density in the central retina, low degrees
of retinal summation, a foveate macula, and
magnified representation of the central visual field
within the brain (Allman, 1999; Ross, 2000). These
adaptations increase the sensitivity of the visual
system to stimuli occupying a small portion of the
central visual field, such as the face of social
partners. Indeed, there is strong evidence that
faces and facial expressions constitute a special
class of stimuli in the higher-order visual system
of anthropoids. Groups of neurons that are selec-
tively activated when presented with pictures of
faces and facial expressions have been found in the
inferior temporal cortex (Desimone et al., 1984;
Hasselmo et al., 1989), the cortex of the superior
temporal sulcus (Bruce et al., 1981; Perrett et al.,
1982; Hasselmo et al., 1989), and the amygdala
(Rolls, 1984; Leonard and Rolls, 1985; Adolphs
et al., 1995) of macaque monkeys. Neuroimaging
studies in humans reveal homologous regions in
the temporal cortex that are activated by these
stimuli (Puce et al., 1996; Kanwisher et al., 1997).
In this context, it is interesting that Preuss and
Goldman-Rakic (1991) found more cytoarchitec-
tural subdivisions of the superior temporal cortex
in macaques as compared to galagos, possibly
reflecting an anatomical correlate of visual spe-
cialization in anthropoids for the perception of
faces. Among great apes and humans, facial
expressions involve a high degree of mobility, are
under voluntary control, and are thought to be
capable of communicating nonemotional signals
for the purpose of deception and amusement
(van Lawick-Goodall, 1968; Chevalier-Skolnikoff,
1982; de Waal, 1982; Goodall, 1986; Byrne and
Whiten, 1992).

The muscles of the orofacial region also contrib-
ute to the formation of the vocal tract. Movements
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of articulating structures in the supralaryngeal
vocal tract (SVT), namely the soft palate, jaws,
tongue, and lips, are critical in filtering and
modifying the waveform produced at the vocal
cords. These orofacial movements effectively
change the resonance characteristics of the SVT
by altering its length and shape, thereby varying the
spectral energy of the fundamental frequency
(Hauser and Schon Ybarra, 1994). As with non-
human primate vocalizations, in human speech the
movements of SVT articulators must be precisely
synchronized with the vibrations of the vocal cords
to clearly differentiate contrasting phonemes. A
tenth of a millisecond difference in the timing of
vocal cord vibration onset relative to SVT move-
ments can cause perceptible differentiation of
phonetic elements (Fitch, 2000). With a specialized
anatomical configuration of the SVT such as
a descended larynx and expanded oropharyngeal
space, the adult human vocal apparatus is capable
of achieving a wider range of articulatory config-
urations than any other primate (Lieberman, 2002).
In part, this is because the adult human tongue has
evolved to become relatively thick, with a sub-
stantial portion of its root forming the anterior wall
of the pharynx (Laitman et al., 1978; Lieberman,
1984). This morphologic arrangement enables the
formation of a wide range of vowel sounds. Indeed,
clinical patients with bilateral paralysis of the
tongue have severely affected articulation of the
consonants ‘‘t,’’ ‘‘d,’’ ‘‘td,’’ as well as all vowel
sounds (Kimura, 1993). Although the human SVT
has clearly undergone structural reorganization in
order to facilitate rapid spoken language, other data
suggest that human speech also relies on conserva-
tive functional neuromotor substrates. Studies of
humans and macaques, for example, suggest that
tongue kinematics in human speech may not be
significantly different from feeding-related move-
ments (Hiiemae, 2000; Hiiemae et al., 2002). And
MacNeilage (1998) has shown that the syllabic
structure of speech utilizes mandibular oscillations
that are reminiscent of non-speech motor patterns
of other primates. More comparative data on the
physiology of the orofacial motor system in humans
and other primates are needed, however, to illumi-
nate in what respects, if any, speech involves
specialized movement patterns of SVT articulators.
Along with their role in communication sys-
tems, the orofacial muscles also subserve a critical
function in feeding adaptations. Food preparation
and ingestion primarily involve actions of the teeth
and mandible effected by contraction of the
muscles of mastication. Each species tends to
concentrate on consuming a limited set of food
items depending on its particular energy and
nutrient requirements. Primates that feed on plant
materials that are high in structural carbohydrates,
such as leaves, bark, and pith, require special-
izations of the molar teeth, mandible, gut, and
muscles of mastication (Martin, 1990). Experi-
mental data from several anthropoid taxa indicate
that mastication of tough foods involves the
recruitment of greater balancing-side muscle force
from the deep masseter (Hylander and Cromp-
ton, 1986; Hylander and Johnson, 1993, 1994;
Hylander et al., 2000) as well as more daily
chewing cycles and larger average bite force
(Walker and Murray, 1975; Lucas et al., 2000).
Several structural features of the masticatory
apparatus of folivores have been hypothesized to
be adaptations for processing a tougher diet. In
particular, comparative evidence suggests that
folivores exhibit larger masseter, medial pterygoid,
and temporalis muscles compared to primates that
consume more pliant foods (Turnbull, 1970;
Herring and Herring, 1974; Ravosa, 1990; Taylor,
2002). Other data indicate that, rather than simply
enlarging masticatory muscles, folivores achieve
increased bite force on the postcanine tooth row
by positioning the elements of the musculoskeletal
chewing apparatus in such a way as to improve
mechanical advantage (Herring and Herring, 1974;
Hylander, 1979; Spencer, 1998).

Despite the wealth of information available
regarding phylogenetic variation in adaptations of
the orofacial region, there is a paucity of data
concerning interspecific differences in the neural
control of orofacial muscles. Four cranial nuclei
of the brainstem provide motor innervation to
the orofacial muscles (Fig. 1). Motoneurons of the
trigeminal motor nucleus (Vmo) supply the muscles
of mastication and a few muscles of the palate
(i.e., tensor veli palatini) and upper neck (i.e.,
anterior belly of the digastric). The facial nucleus
(VII) contains motoneurons that innervate the



48 C.C. Sherwood et al. / Journal of Human Evolution 48 (2005) 45e84



49C.C. Sherwood et al. / Journal of Human Evolution 48 (2005) 45e84
superficial facial muscles, including the ‘‘muscles
of facial expression,’’ the muscles of the rhinarium
and pinnae, as well as the posterior belly of the
digastric muscle in the upper neck. Motoneurons
of the hypoglossal nucleus (XII) supply all the
intrinsic and all but one of the extrinsic (i.e.,
palatoglossus) muscles of the tongue. And nucleus
ambiguus motoneurons innervate muscles of the
pharynx, larynx, and esophagus. Although the
brainstem is considered to be the brain’s most
plesiomorphic component (Stephan et al., 1970;
Finlay and Darlington, 1995), comparative studies
of mammals have shown that the anatomy of
brainstem nuclei may reflect ecological adapta-
tions and specializations of peripheral structures
(Matano, 1986; Baron et al., 1988, 1990, 1996;
Glendenning and Masterton, 1998; Hutcheon
et al., 2002). For example, semiaquatic insectivores
have a relatively large sensory trigeminal complex
in connection with abundant and elongated
mystacial vibrissae used in teletactile functions
(Baron et al., 1990), nectar feeding glossophagine
bats with long protrusile tongues have relatively
enlarged XII (Baron et al., 1996), and the relative
volume of brainstem auditory nuclei (i.e., cochlear
nuclei and the superior olivary complex) is larger
in insectivorous bats compared to phytophages
(Hutcheon et al., 2002). Thus, it is possible that the
evolution of specialized orofacial behaviors in
primates has been accompanied by reorganization
of brainstem cranial motor nuclei.

Along these lines, paleoanthropologists have
recently debated the usefulness of hypoglossal
canal size as an indicator of the onset of speech
abilities in hominin paleospecies (Kay et al., 1998;
DeGusta et al., 1999; Jungers et al., 2003). The
hypoglossal canal is a basioccipital foramen that
transmits the hypoglossal nerve. Although re-
searchers now agree that hypoglossal canal size
cannot be used as a reliable index of speech
abilities due to high levels of intraspecific variabil-
ity (DeGusta et al., 1999; Jungers et al., 2003), the
underlying premise that the hypoglossal nerve
provides more dense innervation to the human
tongue compared to other primates has remained
unchallenged and untested. Indeed, notwithstand-
ing the absence of comparative data on the
hypoglossal motor system in primates, it has
become accepted by some authors that the human
tongue must receive relatively dense innervation
and be more mobile to meet the kinematic
demands of speech (e.g., Fitch, 2000; Nishimura
et al., 2003).

As part of our ongoing investigation of the
comparative neuroanatomy of the orofacial motor
system in primates (Sherwood et al., 2003,
2004a,b), this study presents an analysis of
morphometric scaling and specializations of cra-
nial nerve orofacial motor nuclei. In particular,
this study examines whether (1) departures from
volumetric and cytoarchitectural scaling of orofa-
cial motor nuclei are associated with the evolution
of particular phylogenetic groups such as haplor-
hines, hominids (sensu Gray, 1825 e including
great apes and humans), or humans, and (2)
whether interspecific variation in the organization
of orofacial motor nuclei is related to particular
socioecological adaptations.
Fig. 1. Nissl-stained coronal sections through the brainstem of Macaca fascicularis showing the location of orofacial motor nuclei.
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Materials and methods

Specimens and tissue preparation

Data were collected from Vmo, VII, and XII of
102 individuals, representing 47 species of primates
from every subfamily of the order (Table 1).
Although the structure of the nucleus ambiguus is
relevant to the orofacial motor adaptations of
primates, it is not practical to include in morpho-
metric analyses because it consists of a narrow
discontinuous column of scattered neurons (Ariëns
Kappers et al., 1936; Crosby et al., 1962), making it
difficult to quantify reliably (Stephan et al., 1991).
The sample used in this study derived from
comparative neuroanatomical slide collections of
coronally sectioned brains located at the C. & O.
Vogt-Institut für Hirnforschung, Universität Düs-
seldorf. Most of the specimens have been included
in previous reports by Stephan and colleagues, and
details of specimen preparation methodology can
be found therein (Stephan et al., 1970, 1981, 1988).
Briefly, brain specimens were fixed with either
Bouin’s fluid or 10% formalin, embedded in
paraffin, sectioned between 10 and 25 mm, and
a series of equidistant sections was stained for Nissl
substance with cresyl violet. Considering the
relatively poor representation of hominoids in
Stephan’s collection and the relevance of these
species to assessments of human neural special-
izations, additional specimens prepared by one of
the authors (K.Z.) and his coworkers at Düsseldorf
were included in this study to provide improved
interspecific and intraspecific sampling of these
taxa. Importantly, data were collected from Pongo
pygmaeus andPan paniscus specimens that were not
included in the original Stephan et al. (1981)
dataset. These additional specimens were fixed by
immersion in either 4% formalin or Bodian’s
solution, embedded in paraffin, sectioned with
a microtome at 20 mm, and an equidistant series
of sections was stained for Nissl substance with
a modification of the Gallyas silver impregnation
technique for cell bodies (Gallyas, 1971; Merker,
1983). Brain weight was recorded for all individuals
prior to histological preparation, thereby allowing
subsequent calculation of shrinkage correction
factors for all volumetric measurements.
Image acquisition

Every available section containing the left Vmo,
VII, and XII was digitally photographed for each
specimen (Fig. 2). Only one side was analyzed
because previous studies have shown that cranial
nerve motor nuclei do not exhibit morphometric
asymmetries (Nara et al., 1989, 1991). Digital
micrographs were obtained using an Olympus BH-
2 microscope with a PlanApo 4! objective and
a Nikon CoolPix 995 digital camera (3.4 Mega-
pixel CCD). For each nucleus, the optical zoom on
the digital camera was adjusted to fit the nucleus
into the field of view. Using a consistent magni-
fication factor throughout, digital photomicro-
graphs of every section containing the nucleus
were collected, along with a micrometer scale for
metric calibration. Final image resolution ranged
from 0.6 to 1.7 pixels per mm, depending on the
size of the nucleus.

Measurement of nucleus volume

The planimetric volume of each nucleus was
measured from digital image stacks opened in
ImageJ software version 1.26t (http://rsb.info.nih.
gov/ij/). All consecutive equidistant sections that
were available through each nucleus were mea-
sured. The section sampling interval was variable,
depending upon the overall size of the brain
(rangeZ 1:4 to 1:40). On average, 6.5G 2.1
(meanG SD) sections were measured for Vmo,
7.6G 2.5 sections for VII, and 10.3G 2.8 sections
for XII. After calibrating the software to the
micrometer scale contained in the image stack
directory, contours were drawn around the nucle-
us as it appeared in each coronal section using the
freehand drawing tool in the software and the
surface area bounded by the contour was calcu-
lated. Total nucleus volume (VN) was obtained
according to the Cavalieri principle by multiplying
the sum of the surface areas in each section (

P
AS)

by section thickness (TS) and the interval distance
between sections (DS) using the equation
VNZ

P
AS! TS!DS. Reliability of volumetric

measurements was evaluated by repeating meas-
urements of VII in five randomly selected speci-
mens. Measurement error, calculated as the mean

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/
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Table 1

Species means and standard deviations for volumes of medulla and orofacial motor nuclei (left side only) (mm3)

Species N Medulla volume Vmo volume VII volume XII volume

Mean SD Mean SD Mean SD Mean SD

Microcebus murinus 6 99.03 12.49 0.13 0.02 0.29 0.06 0.25 0.03

Cheirogaleus major 2 381.62 17.17 0.52 0.12 0.78 0.01 0.92 0.28

Cheirogaleus medius 2 202.38 5.62 0.30 0.06 0.52 0.01 0.57 0.06

Eulemur fulvus 3 909.39 93.37 1.04 0.20 1.39 0.15 1.52 0.26

Varecia variegata 1 1420.00 - 1.61 - 2.65 - 3.13 -

Lepilemur ruficaudatus 3 449.28 48.21 0.69 0.09 0.91 0.08 1.15 0.23

Avahi laniger laniger 2 553.35 27.87 0.88 0.12 1.07 0.08 0.74 0.03

Avahi laniger occidentalis 2 508.46 57.67 0.82 0.06 0.81 0.00 0.62 0.01

Propithecus verreauxi 2 1222.63 32.91 1.68 0.32 1.96 0.01 1.62 0.13

Indri indri 2 1342.01 47.53 1.72 0.21 2.45 0.30 1.84 0.18

Daubentonia madagascariensis 1 1517.10 - 1.91 - 2.00 - 2.19 -

Loris tardigradus 2 287.23 77.13 0.53 0.14 0.56 0.10 0.47 0.02

Nycticebus coucang 2 528.14 27.69 1.04 0.27 0.95 0.12 0.76 0.21

Perodicticus potto 2 679.74 8.71 1.11 0.22 1.29 0.31 1.28 0.19

Galago senegalensis 1 254.30 - 0.29 - 0.59 - 0.35 -

Otolemur crassicaudatus 2 539.87 89.56 0.87 0.05 1.41 0.19 0.81 0.26

Galagoides demidoff 2 169.13 14.08 0.22 0.02 0.48 0.01 0.28 0.04

Tarsius syrichta 2 206.85 32.59 0.36 0.05 0.75 0.18 0.28 0.08

Callithrix jacchus 4 318.24 39.74 0.47 0.07 0.54 0.10 0.44 0.04

Cebuella pygmaea 2 185.00 10.47 0.28 0.07 0.27 0.00 0.28 0.05

Saguinus midas 2 428.47 8.48 0.52 0.02 0.63 0.03 0.56 0.04

Saguinus oedipus 3 413.31 64.68 0.54 0.09 0.50 0.10 0.62 0.07

Callimico goeldii 1 460.10 - 0.55 - 0.48 - 0.54 -

Cebus albifrons 2 1738.26 78.27 2.16 0.13 2.47 0.55 1.98 0.25

Aotus trivirgatus 4 675.30 54.99 0.86 0.12 1.24 0.34 0.87 0.13

Callicebus moloch 2 786.82 71.55 1.00 0.14 1.18 0.13 0.98 0.01

Saimiri sciureus 1 721.53 - 0.76 - 0.84 - 0.82 -

Pithecia monachus 2 1008.88 24.08 1.32 0.18 1.34 0.10 1.36 0.19

Alouatta seniculus 2 1593.25 400.50 2.26 0.58 1.73 0.62 1.62 0.42

Ateles geoffroyi 1 1833.67 - 1.80 - 1.65 - 1.78 -

Lagothrix lagothricha 3 2109.54 323.24 2.56 0.47 2.68 0.34 2.13 0.34

Macaca mulatta 2 2329.14 126.13 3.84 0.58 4.92 0.61 3.85 0.57

Lophocebus albigena 1 2670.59 - 3.27 - 4.31 - 3.06 -

Papio anubis 1 5171.17 - 6.16 - 7.44 - 4.62 -

Cercopithecus ascanius 2 1802.09 240.43 2.07 0.27 2.64 0.34 1.99 0.31

Cercopithecus mitis 1 1998.90 - 2.14 - 3.07 - 2.07 -

Miopithecus talapoin 2 1034.79 188.62 1.47 0.05 1.86 0.57 1.22 0.03

Erythrocebus patas 2 2615.67 112.28 2.33 0.30 4.59 0.19 2.40 0.29

Procolobus badius 2 2007.11 48.95 2.23 0.05 2.26 0.30 1.51 0.02

Pygathrix nemaeus 1 2206.11 - 2.18 - 2.79 - 1.57 -

Nasalis larvatus 1 2945.18 - 2.82 - 4.41 - 2.18 -

Hylobates lar 3 2249.16 118.66 1.96 0.08 2.06 0.24 2.44 0.30

Pongo pygmaeus 3 5172.05 579.77 6.31 2.54 12.82 5.70 12.11 2.26

Gorilla gorilla 3 8393.91 1385.35 9.49 1.89 13.26 3.60 10.20 2.79

Pan troglodytes 3 6027.39 1282.37 5.09 1.14 12.32 1.18 7.84 3.08

Pan paniscus 2 4152.02 710.28 2.89 0.12 7.50 0.96 4.09 1.21

Homo sapiens 5 9699.79 711.33 7.74 2.03 12.95 2.72 14.39 2.99
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of percent differences between repeated measure-
ments, was 1.40%G 0.92%.

Measurement of Grey Level Index

Volumetric measurements of brain structures
provide an important initial estimate of processing
capacity within a neural system. However, more
subtle differences in the arrangement of cell types
and their interconnections may also contribute
significantly to interspecific differences in behav-
ioral output. In consideration of this, the Grey
Level Index (GLI) was measured for each nucleus.
The GLI value is the proportion of an area of
reference that is occupied by the projected profiles
of all stained elements and provides an estimate of
the fraction of tissue that contains neuronal
somata, glial cell nuclei, and endothelial nuclei
versus neuropil (Wree et al., 1982; Schleicher and
Zilles, 1990). Since neuropil is occupied predom-
inantly by dendritic processes, axons, and synap-
ses, the GLI provides an indirect measure of the
space available for interconnections (Wree et al.,
1982; Schlaug et al., 1993; Pannese, 1994). The
GLI method was employed because it can be
performed with archival Nissl-stained slides, per-
mitting the acquisition of quantitative cytoarchi-
tectural data in a large and diverse sample of
species. Furthermore, GLI values are minimally
affected by interindividual variation in tissue
shrinkage due to histological processing because
the method calculates a relative measure of cellular
profiles per unit area.

There is a non-linear increase in GLI with
increasing section thickness. The inflection point
of the exponential function that describes the
relationship between GLI and section thickness
occurs around 15 mm and reaches asymptote
(Wree et al., 1982). Therefore, only specimens that
were sectioned between 15 and 20 mm were
measured for GLI. On this basis, several specimens
used in volumetric analyses could not be included.
GLI was measured from two adjacent sections
located at the midbody of each nucleus. Prior to
GLI measurement, images were processed in
ImageJ software with background subtraction
using a rolling ball algorithm (Sternberger, 1983),
converted to binary by an automated threshold
routine based on Rider and Calvard (1978), and
dilation and erosion were applied to fill small holes
representing light staining of cellular nuclei. Hole-
filling was necessary to prevent artificially low
GLIs in specimens stained for Nissl substance with
cresyl violet compared to silver impregnation. The
Gallyas silver stain results in dark labeling
throughout the soma of large motoneurons,
whereas cresyl violet staining results in dark
labeling of the cytoplasm and pale staining within
the cell nucleus. Measuring frames of 150! 150
pixels were placed within the boundaries of the
nucleus on the processed image to cover 50% of
surface area and the total number of black pixels
found within these frames was counted (Fig. 3).
The GLI was calculated as the fraction of the
measuring frame area (a total of 22,500 pixels)
occupied by black pixels. The GLI value for
a nucleus represents the mean of GLI measure-
ments from all measuring frames.

Measurement of medulla volume

The volume of the medulla oblongata was used
as the independent variable in allometric analyses.
The medulla was chosen because it is the brain
subdivision most proximal to the orofacial motor
nuclei in anatomical location and a large number
of afferent inputs to these nuclei derive from
premotor neurons in the lateral medullary reticular
formation. These premotor afferents supply mul-
tiple nuclei via axon collaterals and serve as an
anatomical substrate for the integration of orofa-
cial motor output in activities such as swallowing,
mastication, respiration, vocalization, and facial
expression (Li et al., 1993a,b and 1997; Fay and
Norgren, 1997; Dauvergne et al., 2001; Popratiloff
et al., 2001). Although body weight was avail-
able for most individuals, it was not used as an
independent variable because it is susceptible to
Fig. 2. Nissl-stained coronal sections at high magnification showing Vmo, VII, and XII of various species. Scale bar Z 400 mm.

D Z dorsal. MZ medial.
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Fig. 3. GLI image conversion method. A Nissl-stained section of VII in Tarsius syrichta is shown (a). After background subtraction

and conversion to binary, systematic randomly distributed measuring frames of 150 ! 150 pixels are placed (b). GLI is measured

within the measuring frames covering 50% of the total nucleus area.
various confounding factors, including health
status, seasonal fluctuations, age, gravidity in
females, and captivity (Stephan et al., 1988;
Harvey and Krebs, 1990).

Medulla volumes of many specimens in the
Stephan collection have been measured and
reported previously (Stephan et al., 1970, 1981,
1988). For consistency, identical anatomical
boundaries were used for measurement of medulla
volumes in the additional specimens included in
this study. For each specimen, at least 20
equidistant sections through the medulla were
digitized with a CCD camera. Volumes were
measured from calibrated digital image stacks in
ImageJ using the Cavalieri principle as described
above for the orofacial motor nuclei.

Data transformations

Volumes of brainstem nuclei and medulla were
corrected for tissue shrinkage and standardized to
species-typical brain volume following the method
of Stephan et al. (1981). Individual shrinkage cor-
rection factors for each brain were obtained from
H.D. Frahm (unpublished data) and MacLeod
(2000). Species mean brain volumes used for stan-
dardization came from Stephan et al. (1981), ex-
cept in the case of Pongo pygmaeus and Pan
paniscus, which were not available in the
original dataset. A species mean brain volume of
321.4 cm3 was used for Pongo pygmaeus (Zilles
and Rehkämper, 1988) and 311.2 cm3 was used for
Pan paniscus (Rilling and Insel, 1999).

It should be noted that, for several cases, the
species mean medulla volumes reported here differ
from those included in the original Stephan et al.
(1981) dataset. These include: Loris tardigradus,
Cebuella pygmaea, Aotus trivirgatus, Macaca
mulatta, Lophocebus albigena, Papio anubis, Cer-
copithecus ascanius, Hylobates lar, Gorilla gorilla,
Pan troglodytes, and Homo sapiens. These discrep-
ancies can mostly be attributed to increased
sample sizes (e.g., Loris tardigradus, Macaca
mulatta, Cercopithecus ascanius, Hylobates lar,
Gorilla gorilla, Pan troglodytes, andHomo sapiens).
However, several specimens that were included in
the Stephan et al. (1981) dataset are no longer
available due to loss or damage. Therefore, to
obtain correlated measurements of orofacial mo-
tor nuclei and medulla derived from the same
individuals, intraspecific samples were either re-
duced (e.g., Aotus trivirgatus and Papio anubis) or
substituted with other available specimens in
which medulla volume was measured for this
study (e.g., Cebuella pygmaea and Lophocebus
albigena).

Statistical analysis

Nucleus volumes were analyzed for allometric
scaling relationships by fitting lines to bivariate
plots against medulla volume. The scaling of GLI
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was calculated by regressing GLI against the cube
root of nucleus volume. The cube root was taken
to bring the bivariate data into the same di-
mensionality. Prior to fitting regressions, data were
explored to determine whether raw values or
logarithmic transformation would be more appro-
priate to fulfill assumptions of normality and
homoscedasticity. In all cases, visual inspection of
the plot of residuals versus observed values
showed that the magnitude of residual variance
tended to increase with larger structure size for the
raw data. However, the residual variance distribu-
tion was not correlated with the observed value
after logarithmic (base 10) transformation. There-
fore, all regression analyses were carried out on
log-transformed data.

Many of the analyses in this study involve
regressing volumes of orofacial motor nuclei
against medulla volume. Concern has been raised
regarding the confounding effect of autocorrela-
tion when a part is regressed against the whole
from which it is derived (Deacon, 1990). In our
analyses, however, the dependent variable (each
orofacial motor nucleus) constituted less than
0.5% of the independent variable (total medulla),
giving no reason to suspect that autocorrelation
artificially inflates the fit of the regression or
reduces sensitivity to allometric departures. There-
fore, the volume of orofacial motor nuclei was not
subtracted from medulla volume in allometric
analyses.

Line-fitting was used to assess the scaling
pattern of orofacial motor nuclei with respect to
medulla volume and examine allometric depar-
tures from volumetric and GLI scaling as potential
cases of adaptive specializations. If the correlation
between variables is high, different methods of
line-fitting, i.e., least squares (LS) and reduced
major axis (RMA), yield similar results. Consid-
ering the very high correlations between nucleus
volume and medulla volume in this study, scaling
exponents differed very little between LS and
RMA (see Results). Although both statistics are
presented, the LS line was used to examine
allometric departures because it produces residuals
that are uncorrelated with the independent vari-
able (Harvey and Krebs, 1990). Residuals from the
LS line, thus, represent the degree to which
changes in the dependent variable deviate from
simple correlated responses of changes in the
independent variable.

Phylogenetic methods

Species values cannot be treated as strictly
independent data points in statistical analyses
because close phylogenetic relatives will tend to
be similar to one another due to shared common
ancestry (Felsenstein, 1985; Harvey and Krebs,
1990; Harvey and Pagel, 1991; Purvis and Ram-
baut, 1995; Purvis and Webster, 1999). To over-
come the problem of nonindependence in
comparative data, the method of phylogenetically
independent contrasts (IC) computes pairwise
standardized contrast scores that represent in-
dependent character evolution that has occurred
since the common ancestor of sister lineages
(Felsenstein, 1985; Garland et al., 1992). These
contrasts can then be subjected to conventional
statistical analyses. Independent contrasts were
calculated using the PDAP:PDTREE module of
Mesquite software version 1.01 (Garland et al.,
1999; Garland and Ives, 2000). In brief, ICs are
calculated as the difference between the values of
a trait in two sister taxa divided by the square root
of the sum of their branch lengths. Branch lengths
are assumed to be proportional to the accumulated
variance in a trait over time based on a Brownian
motion model of evolutionary change (Felsenstein,
1985). Since it is expected that unstandardized ICs
will increase as a function of branch length, to
prevent these values from having undue leverage in
regression and correlation analysis, each IC is
standardized by dividing it by the square root of
the sum of its branch lengths (Garland et al.,
1992). Independent contrasts were calculated from
log-transformed data based on Purvis’ (1995)
composite phylogeny of the primates. After
standardization, ICs were uncorrelated with their
standard deviations, indicating that the branch
lengths meet the assumption of the method
(Garland et al., 1992).

Prior to performing scaling analyses, we exam-
ined the amount of phylogenetic signal in the
dataset. Phylogenetic signal may be understood as
the tendency for character states in closely related
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species to resemble each other. To quantify the
amount of phylogenetic signal in each trait, we
calculated the descriptive statistic, K, following
Blomberg et al. (2003). This method ‘‘indicates the
strength of phylogenetic signal, as compared with
an analytical expectation based solely on the tree
structure (topology and branch lengths) and
assuming Brownian motion character evolution’’
(Blomberg et al., 2003: p. 722). If KZ 1, this
implies that the trait displays precisely the amount
of phylogenetic signal expected for Brownian
motion evolution along the specified tree. If
K! 1, then relatives are less similar than expected
and, if KO 1, then relatives are more similar than
expected. These analyses were carried out on the
Purvis (1995) tree topology and branch lengths
(untransformed) using the PHYSIG program
provided by T. Garland, implemented in MAT-
LAB version 6.5. Next, we examined the practical
effect of phylogenetic bias in the data on scaling
relationships. This was done by comparing IC
regression slopes to the 95% confidence intervals
of ‘‘nonphylogenetic’’ regressions based on species
values. Overall, volumetric scaling coefficients
were similar for phylogenetic and nonphylogenetic
regressions (see Results), suggesting that the
scaling relationships between these neuroanatom-
ical variables are not excessively influenced by
inherited similarity among close relatives. There-
fore, we follow phylogenetic regression analyses
with conventional nonphylogenetic approaches
based on species values. Notwithstanding the
statistical problems associated with allometric
analysis of species values discussed above, this
approach facilitates more ready comparison with
previous studies and more intuitive interpretation
of residuals.

To gain insight into possible adaptive associa-
tions of orofacial motor nucleus organization,
correlations between neuroanatomical variables
and socioecological variables were examined using
ICs. Phylogenetic information is important in tests
of hypotheses about correlated evolution between
variables because closely related species will tend
to share a cluster of traits due to common descent,
potentially leading to spurious conclusions re-
garding the adaptive association between traits. In
contrast, the finding of a significant correlation
between traits based on ICs demonstrates that the
variables have consistently covaried in a similar
manner across multiple independent speciation
events. We hypothesized that there may be a re-
lationship between VII and sociality. It is possible
that species with relatively more voluminous or
interconnected VII are capable of performing finer
movements of the facial muscles of expression to
communicate subtle information among social
partners. Data on social group size obtained from
Barton (1999) were used as an index of the
complexity of the social environment that an
individual must negotiate (Dunbar, 1992, 1998).
We also hypothesized that there may be a relation-
ship between Vmo and diet because it has been
suggested that folivores have relatively greater
masticatory muscle mass. For this analysis, data
on the percentage of leaves in the diet taken from
Ross and Jones (1999) were used as an index of
diet toughness.

All statistical analyses were performed using
Statistica software version 6.0 (StatSoft, Inc.,
Tulsa, OK). Statistical significance was set at
aZ 0.05 (two-tailed).

Results

Volumetric datadabsolute size and
percentage of medulla

Table 1 shows species means and sample sizes
for volumetric measurements of Vmo, VII, XII
and total medulla. Across primates, there is a 70-
fold difference in volume between the largest and
the smallest Vmo, a 45-fold difference for VII
volume, and a 59-fold difference for XII volume.
These values can be compared with the range of
variation within primates for other brain compo-
nents such as the medulla (97-fold), cerebellum
(587-fold), and neocortex (1,360-fold).

Fig. 4 displays the distribution of nucleus
volumes in primates and 30 species of insectivores
taken from Stephan et al. (1991). The Insectivora
are shown for comparison because they are the
only other mammalian group from which exten-
sive comparable data are available. In some older
studies, ‘‘basal’’ insectivores were used to represent
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Fig. 4. Bar graph of the volume of each orofacial motor nucleus in insectivores and primates. Nucleus volumes represent data from one

side only as indicated in Table 1.
a conservative eutherian grade of brain organiza-
tion. Here, insectivore data are not intended to
represent the ancestral eutherian condition, but
rather are presented as another group of well-
studied mammals that overlap with primates in
medulla size. The total volume of the orofacial
motor nuclei (i.e., VmoCVIICXII) is generally
similar across insectivores, lemuroids, lorisoids,
tarsioids, and ceboids. However, the orofacial
nuclei are substantially larger in cercopithecoids
and hominoids. To examine the balance between
the size of Vmo, VII, and XII, we used repeated-
measures ANOVA with nucleus as a within factor
and taxon as a between factor (i.e., Insectivora
and primate superfamilies excluding tarsioids
because of small sample size). There is a signi-
ficant interaction effect of nucleus and taxon
(F10,140Z 14.22, p! 0.001), indicating that there
are phylogenetic differences in the relative sizes of
orofacial nuclei with respect to one another. Post
hoc tests revealed that, in most taxa, the orofacial
motor nuclei are not significantly different in
volume. However, in insectivores, VII is signifi-
cantly larger than other nuclei (Bonferroni post
hoc, both contrasts p! 0.005). In cercopithecoids,
VII is significantly larger than XII (Bonferroni
post hoc, p! 0.001). In hominoids, all orofacial
motor nuclei differ significantly from one another
in volume (Bonferroni post hoc, all contrasts
p! 0.005).

Table 2 displays the size of each orofacial motor
nucleus as a percentage of total medulla volume.
The total volume of orofacial motor nuclei com-
prises a smaller percentage of medulla volume in
primates compared to insectivores (F1,75Z 342.53,
p! 0.001). Total orofacial motor nucleus volume
occupies 1.03% of medulla volume in insectivores
and 0.44% of medulla volume in primates on
average. This resembles the sensory trigeminal
complex, which also forms a larger percentage of
medulla volume in insectivores compared to pri-
mates (Baron et al., 1990). The percentage of the
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medulla occupied by the orofacial motor nuclei is
smaller in haplorhines (0.39%) compared to
strepsirrhines (0.53%) (F1,45Z 26.12, p! 0.001),
though there is considerable variation within each
taxon. It should be noted, however, that although
such percentages may suggest certain trends, they
are strongly affected by the reference volume.
Thus, the relatively smaller size of the orofacial
motor nuclei in primates compared to insectivores
may be due to enlargement of other structures of
the medulla such as the pyramidal tract (Verhaart,

Table 2

Percentage of medulla volume comprised by orofacial motor

nuclei

Taxon N Percentage of Medulla

Vmo VII XII Total

INSECTIVORA 30 0.20 0.60 0.24 1.03

PRIMATES 47 0.13 0.17 0.14 0.44

Lemuroidea 11 0.14 0.19 0.19 0.52

Daubentoniidae 1 0.13 0.13 0.14 0.40

Indriidae 4 0.15 0.17 0.13 0.45

Lepilemuridae 1 0.15 0.20 0.26 0.61

Cheirogaleidae 3 0.14 0.25 0.26 0.65

Lemuridae 2 0.11 0.17 0.19 0.47

Lorisoidea 6 0.16 0.22 0.16 0.54

Galagonidae 3 0.14 0.26 0.15 0.55

Lorisidae 3 0.18 0.19 0.17 0.54

Tarsioidea 1 0.18 0.36 0.13 0.67

Ceboidea 13 0.13 0.13 0.12 0.38

Cebidae 8 0.13 0.14 0.13 0.40

Atelidae 5 0.12 0.12 0.11 0.36

Cercopithecoidea 10 0.12 0.16 0.10 0.37

Hominoidea 6 0.09 0.17 0.14 0.40

Primate nucleus volumes are from only the left side. Insectivore

data are taken from Stephan et al. (1991) and divided by two to

arrive at the volume of single nuclei. NZ number of species.
1970) and the inferior olivary nucleus (Stephan
et al., 1991).

Volumetric datadscaling relationships

To evaluate relative rates of volumetric change
among the orofacial motor nuclei, the volume of
each nucleus was regressed against the volume of
the other two (Table 3). For example, the volume
of Vmo was regressed on the combined volume of
VII and XII. For all nuclei, both LS and RMA
slopes for nonphylogenetic regressions contain 1
within their 95% confidence intervals, indicating
scaling isometry. When these scaling relationships
were reanalyzed with ICs to control for phyloge-
netic bias in the data, LS and RMA slopes remain
very close to 1.

Table 4 presents the results of the analysis of
phylogenetic signal. The K-value for medulla
volume is larger than 1, indicating that close
relatives are more similar in medulla volume than
expected by Brownian motion evolution. In
contrast, the K-values for Vmo, VII, and XII are
less than 1. Blomberg et al. (2003) found that,
besides body size, most traits have K-values of less
than 1. Such K-values may be caused by deviations
from expected Brownian motion character evolu-
tion, such as adaptation within a subset of species,
and/or measurement error of the tip data, branch
lengths, or tree topology. Overall, in comparison
to other traits examined by Blomberg et al. (2003),
the orofacial motor nucleus volumetric data do
not deviate to a great extent from expected levels
of phylogenetic signal.

The influence of phylogenetic bias on the
scaling relationship between the volume of oro-
facial motor nuclei against the medulla was
determined by examining nonphylogenetic LS
Table 3

Coefficients for the log-log regression of the volume of each orofacial motor nucleus versus the others (NZ 47)

Nucleus Nonphylogenetic (species values) Phylogenetic (independent contrasts)

r p LS RMA r p LS slope RMA slope

slope 95% CI slope 95% CI

Vmo 0.965 0.000 0.948 0.871 1.026 0.994 0.937 1.051 0.953 0.000 1.021 1.071

VII 0.971 0.000 1.014 0.938 1.089 1.044 0.969 1.120 0.946 0.000 0.919 0.971

XII 0.968 0.000 0.969 0.894 1.044 1.001 0.925 1.076 0.956 0.000 0.979 1.024
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regression slopes in comparison to slopes calcu-
lated with ICs. The significance of the phylogenetic
effect was assessed by determining whether the
slope of IC lines fall within the 95% confidence
limits of the slope of the nonphylogenetic re-
gression. Several regressions were calculated based
on different sets of ICs. It has been recognized that
ICs between lower taxonomic levels may contain
‘‘noise’’ due to measurement or sampling error and
hence might have undue influence on the estima-
tion of scaling exponents (Purvis and Rambaut,
1995). This can be particularly problematic when
two taxa that have diverged relatively recently
differ markedly. In this situation, ICs are exagger-
ated by their shorter branch lengths. In our
dataset, this type of sampling error was particu-
larly evident for the IC at the stem galagid node.
Due to the large brain and body size of Otolemur
crassicaudatus compared to Galago senegalensis
and Galagoides demidoff, the IC at the stem
galagid node was an outlier in all scatterplots.
Due to the leverage of this contrast on scaling
coefficients, regressions were recalculated after
removing the stem galagid IC. Another way to

Table 4

Quantification of the strength of phylogenetic signal (K)

Trait Observed

MSE0/MSE

K

Medulla volume 3.004 1.139

Vmo volume 2.122 0.805

VII volume 2.476 0.939

XII volume 2.335 0.886

Vmo GLI 1.240 0.470

VII GLI 1.092 0.414

XII GLI 1.563 0.593

For a detailed explanation of this method, see Blomberg et al.

(2003). In brief, the observed MSE0/MSE is the ratio of the

mean squared error of the tip data, measured from the

phylogenetically corrected mean (MSE0), divided by the mean

squared error of the data calculated using the varianceecovar-
iance matrix derived from the specified tree (MSE). This value is

then scaled by dividing it by the expected MSE0/MSE under

Brownian motion evolution along the specified tree topology.

The expected MSE0/MSE for the tree used in our analyses is

2.637. The amount of phylogenetic signal is measured as:

KZ
observedMSE0=MSE

expectedMSE0=MSE
correct for the error in contrasts along more recent
branches is to divide ICs into separate subgroups
according to the depth or age of nodes in the tree
and to analyze only contrasts that represent the
nodes between higher-order taxa (Purvis and
Rambaut, 1995; Deaner et al., 2002). These
higher-order ICs include data from several species,
so noise at the tips of the tree will tend to be
averaged out. Therefore, we also calculated
regressions from only nodes corresponding to
contrasts between taxonomic ranks including
subfamilies and higher.

Table 5 shows statistics for the LS regression of
orofacial motor nucleus volumes versus medulla
volume using species values, all ICs, ICs excluding
the stem galagid contrast, and only higher-order
ICs. The volume of each nucleus is strongly
positively correlated with medulla volume for all
analyses. For Vmo, two out of three IC slopes
exceed the confidence limits of the nonphyloge-
netic line. However, the greatest deviation from
the nonphylogenetic slope is the regression of all
ICs, where the stem galagid contrast exerts greater
leverage than any other point. With this point
removed, the Vmo regression slope is similar to the
nonphylogenetic line. In addition, the higher-order
ICs slope is very close to the upper limit of the
nonphylogenetic LS confidence interval, suggest-
ing that phylogenetic effects are small. For both
VII and XII, one out of three IC slopes is
significantly different from the nonphylogenetic
LS regression line. These results underscore the
sensitivity of IC-based regressions to the compo-
sition of the comparative sample. Taken together,
these results suggest that phylogenetic relatedness
does not exert consistent disproportionate leverage
on the scaling of orofacial motor nuclei against
medulla.

Both nonphylogenetic and phylogenetic slopes
indicate that volumes of orofacial motor nuclei
hyposcale with respect to medulla volume across
primates. Slopes of nonphylogenetic LS regres-
sions range from 0.861 to 0.888 and do not include
1 in their confidence limits. Phylogenetic slopes,
except for the regression of Vmo for all ICs, are
also lower than 1. In sum, the volume of orofacial
motor nuclei does not keep pace with increases in
total medulla volume.
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Table 5

Comparison of correlation coefficients and slopes for different scaling analyses of orofacial motor nucleus volumes against medulla

volume

Nucleus Method N r p slope 95% CI

Vmo Nonphylogenetic LS 47 0.984 0.000 0.872 0.825 0.919

Nonphylogenetic RMA 47 0.984 0.000 0.886

Phylogenetic LS (all ICs) 46 0.902 0.000 1.100

Phylogenetic LS (excluding stem galagid IC) 45 0.822 0.000 0.846

Phylogenetic LS (higher-order ICs only) 16 0.895 0.000 0.922

VII Nonphylogenetic LS 47 0.963 0.000 0.888 0.813 0.963

Nonphylogenetic RMA 47 0.963 0.000 0.923

Phylogenetic LS (all ICs) 46 0.845 0.000 0.875

Phylogenetic LS (excluding stem galagid IC) 45 0.722 0.000 0.733

Phylogenetic LS (higher-order ICs only) 16 0.714 0.002 0.907

XII Nonphylogenetic LS 47 0.959 0.000 0.861 0.784 0.937

Nonphylogenetic RMA 47 0.959 0.000 0.898

Phylogenetic LS (all ICs) 46 0.855 0.000 0.940

Phylogenetic LS (excluding stem galagid IC) 45 0.758 0.000 0.869

Phylogenetic LS (higher-order ICs only) 16 0.667 0.005 0.797

Boldface type indicates slopes that exceed the 95% confidence intervals (CI) of the nonphylogenetic LS slope.
Volumetric datadgrade shifts and
allometric departures

Vmo volume
The double logarithmic scatterplot of Vmo

volume versus medulla volume is shown in
Fig. 5a. In many allometric relationships, a ‘‘grade
shift’’ exists wherein the scaling exponent is the
same across different higher-order taxa but the
intercept is displaced in elevation. Grade shifts
correspond to evolutionary events where a signif-
icant change in the relative size of structures has
occurred at the base of a lineage and this
reorganized relationship between structures is
found in all descendents across variation in size.
As a first approach in analyzing phylogenetic
specializations, species values were analyzed using
standard methods for detecting grade shifts by
analysis of covariance (ANCOVA). If regression
slopes were not found to differ, then parallel LS
regression lines were fit to each clade and tested for
differences in y-intercept.

Separate regression lines fit through strepsir-
rhines and haplorhines (Fig. 5b) do not differ
significantly in slope (tZ 2.10, pZ 0.156) and
after fitting parallel lines through each clade,
intercepts also do not differ (tZ 2.00, pZ 0.129),
indicating that a grade shift does not exist. Grade
shifts can also be tested directly from ICs by
demonstrating that the contrast between two taxa
is a significant outlier and the slopes of the two
grades are parallel by ANCOVA through the
origin (Purvis and Rambaut, 1995). The scatter-
plot of ICs shows that the strepsirrhine-haplorhine
contrast is not an outlier (Fig. 5c). Several
contrasts at internal nodes of the tree, however,
deviate significantly from allometric expectations
as indicated in Fig. 5c. We did not evaluate grade
shifts at internal nodes by fitting parallel slopes
because of the small number of contrasts in each
clade.

Because there was a relatively minimal phylo-
genetic effect on the scaling of Vmo against
medulla, the nonphylogenetic regression line can
be taken as a reasonable estimate of the changes in
Vmo volume required to maintain functional
equivalence with changes in medulla volume.
Therefore, species-specific deviations from allome-
tric expectations were evaluated based on the
nonphylogenetic LS regression. Based on this re-
ference line, Nycticebus coucang, Macaca mulatta,
and Pan paniscus are significant outliers, i.e., with
studentized deleted residuals (SDR) greater than
2 or less than �2. To represent volumetric
changes in these species in more intuitive terms,
we calculated a prediction difference (PD) between
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Fig. 5. Scaling analysis of Vmo volume versus medulla volume in primates. (a) A least-squares regression line is fit to the entire primate

sample with 95% prediction intervals shown. (b) Separate least-squares regression lines are fit through strepsirrhines and haplorhines.

(c) Independent contrasts showing the strepsirrhine-haplorhine contrast (black dot) and indicating the other contrasts that were

significant outliers from the least-squares regression of all ICs.
observed and predicted nucleus volume in these
taxa from the nonphylogenetic regression. To
calculate the PD, a prediction was obtained based
on the log-log LS regression. This predicted value
was then detransformed from logarithmic units
back to the arithmetic scale and the quasi-
maximum likelihood estimator (e.g., Smith, 1993)
was applied as a correction factor for detransfor-
mation bias. Finally, the ratio of (observed�
predicted)/observed was calculated. Table 6 shows
PDs and SDRs for Vmo volume in each species
based on the nonphylogenetic common primate
regression line. The volume of Vmo in Nycticebus
coucang is 31% greater than predicted
(SDRZ 2.25) for a primate of the same medulla
volume, Macaca mulatta is 32% greater than
predicted (SDRZ 2.37), and Pan paniscus is 50%
less than predicted (SDRZ�2.55).

VII volume
The double logarithmic scatterplot of VII

volume versus medulla volume is shown in
Fig. 6a. Separate regression lines fit through
strepsirrhine and haplorhine species values
(Fig. 6b) have significantly different slopes
(tZ 6.00, pZ 0.018), with a steeper slope for
haplorhines (slopeZ 0.990, SEZ 0.052, 95%
CIZ 0.883, 1.097) compared to strepsirrhines
(slopeZ 0.767, SEZ 0.042, 95% CIZ 0.678,
0.857). Since these LS lines are not parallel, they
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Table 6

Prediction difference (PD) and standardized deleted residuals (SDR) for each species from nonphylogenetic least-squares regressions of

orofacial motor nucleus volumes against medulla volumes based on the common primate line

Species Vmo volume VII volume XII volume

PD SDR PD SDR PD SDR

Microcebus murinus �0.24 �1.32 0.27 1.24 0.25 1.10

Cheirogaleus major �0.04 �0.21 0.10 0.36 0.36 1.66

Cheirogaleus medius �0.05 �0.28 0.23 0.96 0.41 1.98

Eulemur fulvus �0.10 �0.57 �0.10 �0.34 0.18 0.72

Varecia variegata �0.06 �0.32 0.14 0.56 0.42 2.00

Lepilemur ruficaudatus 0.10 0.59 0.10 0.39 0.41 1.99

Avahi laniger laniger 0.15 0.94 0.08 0.32 �0.10 �0.32

Avahi laniger occidentalis 0.16 1.01 �0.12 �0.41 �0.21 �0.67

Propithecus verreauxi 0.11 0.69 �0.01 �0.04 0.01 0.05

Indri indri 0.06 0.34 0.12 0.46 0.06 0.22

Daubentonia madagascariensis 0.06 0.34 �0.20 �0.67 0.12 0.46

Loris tardigradus 0.21 1.41 0.02 0.09 0.03 0.10

Nycticebus coucang 0.31 2.25 0.01 0.04 �0.02 �0.05

Perodicticus potto 0.19 1.25 0.08 0.32 0.25 1.02

Galago senegalensis �0.31 �1.62 0.17 0.68 �0.18 �0.60

Otolemur crassicaudatus 0.16 1.03 0.32 1.43 0.02 0.09

Galagoides demidoff �0.21 �1.14 0.29 1.28 �0.04 �0.14

Tarsius syrichta 0.13 0.82 0.45 2.38 �0.25 �0.81

Callithrix jacchus 0.02 0.14 �0.11 �0.38 �0.13 �0.44

Cebuella pygmaea �0.03 �0.18 �0.40 �1.27 �0.13 �0.46

Saguinus midas �0.15 �0.81 �0.23 �0.77 �0.15 �0.50

Saguinus oedipus �0.08 �0.43 �0.53 �1.58 �0.01 �0.04

Callimico goeldii �0.16 �0.89 �0.72 �2.06 �0.27 �0.85

Cebus albifrons 0.06 0.36 �0.10 �0.34 �0.09 �0.31

Aotus trivirgatus �0.04 �0.21 0.06 0.21 �0.10 �0.33

Callicebus moloch �0.01 �0.07 �0.14 �0.46 �0.11 �0.38

Saimiri sciureus �0.25 �1.29 �0.48 �1.45 �0.24 �0.77

Pithecia monachus 0.05 0.27 �0.25 �0.81 0.00 0.01

Alouatta seniculus 0.17 1.09 �0.46 �1.38 �0.24 �0.77

Ateles geoffroyi �0.18 �0.96 �0.73 �2.07 �0.27 �0.86

Lagothrix lagothricha 0.06 0.37 �0.20 �0.67 �0.20 �0.65

Macaca mulatta 0.32 2.37 0.28 1.23 0.28 1.18

Lophocebus albigena 0.10 0.60 0.08 0.29 �0.02 �0.08

Papio anubis 0.15 0.96 0.04 0.15 �0.20 �0.66

Cercopithecus ascanius �0.01 �0.05 �0.06 �0.21 �0.12 �0.40

Cercopithecus mitis �0.07 �0.38 0.00 0.00 �0.18 �0.59

Miopithecus talapoin 0.12 0.75 0.08 0.29 �0.13 �0.44

Erythrocebus patas �0.24 �1.30 0.15 0.59 �0.28 �0.89

Procolobus badius �0.03 �0.16 �0.36 �1.14 �0.63 �1.79

Pygathrix nemaeus �0.15 �0.80 �0.20 �0.68 �0.70 �1.96

Nasalis larvatus �0.14 �0.77 0.02 0.06 �0.57 �1.65

Hylobates lar �0.30 �1.55 �0.66 �1.90 �0.11 �0.37

Pongo pygmaeus 0.17 1.11 0.44 2.28 0.54 3.15

Gorilla gorilla 0.16 1.04 0.17 0.71 0.18 0.72

Pan troglodytes �0.18 �0.99 0.33 1.56 0.20 0.80

Pan paniscus �0.50 �2.55 0.21 0.90 �0.12 �0.41

Homo sapiens �0.17 �0.98 0.03 0.13 0.34 1.58

PDZ (observed� predicted)/observed.
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were not tested further for differences in intercept.
Furthermore, the scatterplot of ICs shows that the
strepsirrhine-haplorhine contrast is not a signifi-
cant outlier (Fig. 6c). Examination of the location
of internal nodes on the scatterplot of ICs reveals
that the contrast between Hylobates lar and
hominids (i.e., great apes and humans) is a signif-
icant outlier from the LS regression (SDRZ 3.05),
suggesting that a significant change in VII volume
occurred at this node.

To investigate the nature of VII volume change
at the node between hylobatids and hominids, a LS
prediction equation was calculated based on data
from all haplorhine individuals excluding hominids
(Fig. 6d). Compared to this regression function, 14
out of 15 observed values for hominid individuals
are greater than predicted, however only two
individuals have VII volumes that exceed the
95% prediction intervals. Another way to evaluate
whether a group of points deviates from allometric
predictions is to test if the average difference
between observed and predicted values is signifi-
cantly greater than zero by a paired samples t-test
(Rilling and Seligman, 2002). Analyzed in this way,
the observed VII volume of hominids is signifi-
cantly larger than predicted for nonhominid
haplorhines of their medulla volume (paired
t-test: tZ 5.27, p! 0.001, d.f.Z 14).
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Fig. 6. Scaling analysis of VII volume versus medulla volume in primates. (a) A least-squares regression line is fit to the entire primate

sample with 95% prediction intervals shown. (b) Separate least-squares regression lines are fit through strepsirrhines and haplorhines.

(c) Independent contrasts showing the strepsirrhine-haplorhine contrast (black dot) and indicating the other contrasts that were

significant outliers from the least-squares regression of all ICs. (d) The least-squares regression line and associated 95% prediction

intervals were calculated from non-hominid haplorhine individuals. Hominid data points are plotted with respect to the prediction line.
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Table 6 shows PDs and SDRs for VII volume in
each species based on the nonphylogenetic com-
mon primate regression line. Based on this
function, VII volume of Tarsius syrichta is 45%
greater than predicted (SDRZ 2.38), Callimico
goeldii is 72% less than predicted (SDRZ�2.06),
Ateles geoffroyi is 73% less than predicted
(SDRZ�2.07), and Pongo pygmaeus is 44%
greater than predicted (SDRZ 2.28). Because
strepsirrhine and haplorhine lines have signifi-
cantly different slopes, species-specific departures
from allometry were also tested based on the
appropriate suborder regression. This is important
since prediction equations can be sensitive to the
taxonomic composition of the reference group
(Holloway and Post, 1982; Harvey and Krebs,
1990). Based on the separate suborder prediction
equations, VII volume of Otolemur crassicaudatus
is 25% greater than predicted (SDRZ 2.66) for
a strepsirrhine of its medulla volume and Tarsius
syrichta is 58% greater than predicted
(SDRZ 3.99) for a haplorhine of its medulla
volume. Due to the controversial phylogenetic
position of tarsiers, the Tarsius datapoint was
retested to determine whether it departs signifi-
cantly from allometric expectations when prosi-
mians are used as the reference group. Tarsius had
a 29% larger VII than predicted for its medulla
volume (SDRZ 2.77) on the basis of the pro-
simian regression line. It is worth noting that the
tarsier point falls closer to the prosimian re-
gression than the haplorhine regression, suggesting
that Tarsius is more prosimian-like in this trait.

XII volume
The double logarithmic scatterplot of XII

volume versus medulla volume is shown in
Fig. 7a. Separate regression lines fit through the
species values for the two primate suborders
(Fig. 7b) do not differ in slope (tZ 1.00,
pZ 0.317). However, after fitting parallel lines
through each group, the strepsirrhine regression
has a significantly higher elevation (tZ 13.10,
pZ 0.001). This finding indicates that either XII
is relatively reduced in haplorhines or other
components of the medulla are larger in haplor-
hines as compared to strepsirrhines. These possi-
bilities merit further investigation in future studies.
The scatterplot of ICs, however, suggests that the
strepsirrhine-haplorhine contrast is not a signifi-
cant outlier (Fig. 7c).

Table 6 shows PDs and SDRs for XII volume in
each species based on the nonphylogenetic com-
mon primate regression line. Based on this re-
gression, XII volume of Varecia variegata is 42%
greater (SDRZ 2.00) and Pongo pygmaeus is 54%
greater than predicted (SDRZ 3.15). Because
strepsirrhine and haplorhine regression lines have
significantly different elevations, species-specific
departures from allometry were also tested based
on the appropriate suborder regression line. Based
on these prediction equations, XII volume of
Pygathrix nemaeus is 61% smaller (SDRZ�2.01)
and Pongo pygmaeus is 53% greater than predicted
(SDRZ 3.81) for haplorhines of their medulla
volume.

There has been recent interest concerning the
role of tongue innervation in the evolution of
human speech abilities (Kay et al., 1998; DeGusta
et al., 1999; Jungers et al., 2003). Therefore, we
tested the hypothesis that XII volume may be
enlarged in humans by analyzing the size and
scaling of this nucleus among the individual
specimens in our sample. Fig. 8 shows the
distribution of XII volumes across primates. In
absolute size, humans have the largest XII among
primates (meanZ 14.39 mm3, nZ 4), significantly
larger than XII volume in the pooled great ape
sample (tZ�2.66, pZ 0.020, d.f.Z 13). Several
human values, however, overlap with the range of
XII volumes in both orang-utans and gorillas.

Next, we examined whether human XII vol-
umes are predicted by allometric scaling based on
medulla volume in nonhuman primates. Because
we found a grade effect for XII volume scaling
between primate suborders, we used only non-
human haplorhine data in our prediction model.
When plotted on this line (Fig. 7d), the human
data points are observed above the regression
function but within its prediction intervals. Al-
though the volume of the human XII is
24%G 9% (nZ 4) larger than expected for a non-
human haplorhine of the same medulla volume,
the observed human values do not differ signifi-
cantly from their predicted values (paired t-test:
tZ 2.87, pZ 0.064, d.f.Z 3). Of significance, the
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Fig. 7. Scaling analysis of XII volume versus medulla volume in primates. (a) A least-squares regression line is fit to the entire primate

sample with 95% prediction intervals shown. (b) Separate least-squares regression lines are fit through strepsirrhines and haplorhines.

(c) Independent contrasts showing the strepsirrhine-haplorhine contrast (black dot) and indicating the other contrasts that were

significant outliers from the least-squares regression of all ICs. (d) The least-squares regression line and associated 95% prediction

intervals were calculated from non-human haplorhine individuals. Human data points are plotted with respect to the prediction line.
volume of XII in Pongo pygmaeus is 51%G 4%
(nZ 3) larger than predicted by the nonhuman
haplorhine regression line and all data points from
this species fall above the 95% prediction inter-
vals. No other species data points exceed the
prediction intervals of the LS regression line.

Grey Level Indexdabsolute values

Species mean GLI values are shown in Table 7.
Fig. 9 displays the mean GLI for each nucleus by
superfamily. One-way ANOVA was performed on
GLIs with superfamily as a factor (excluding
tarsioids because of small sample size). For each
nucleus, there is a significant effect of superfamily
in the ANOVA model (Fig. 9). Post hoc Bonfer-
roni contrasts revealed a consistent trend for
lorisoids to have significantly higher GLI values
than other taxa across all nuclei. This is especially
striking considering that the overall size of
orofacial motor nuclei in lorisoids is very similar
to that of lemuroids (Fig. 4).

Grey Level Indexdscaling relationships

The K statistics for GLI data are presented in
Table 4.K-values forGLIs are all less than 1 and are
substantially lower than K-values for volumetric
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data, indicating that GLIs have less phylogenetic
signal than nucleus volumes. In other words, GLIs
tend be less similar among closely related species
than expected under Brownian motion evolution,
whereas motor nucleus volumes fall closer to their
expected values based on phylogenetic signal. Next,
the influence of phylogenetic bias on the scaling of
GLI versus nucleus volume (cube root) was de-
termined by examining nonphylogenetic LS re-
gression slopes in comparison to IC slopes. Table 8
shows statistics for the LS regression ofGLIs versus
nucleus volumes using species values, all ICs, ICs
excluding the galagid contrast, and only higher-
order ICs. The GLI of each nucleus is significantly
negatively correlated with nucleus volume in all
analyses except those using higher-order ICs and
ICs excluding the stem galagid contrast for VII. The
effect of phylogenetic bias on scaling was examined
for those regressions that were statistically signif-
icant. In several cases, phylogenetic slopes are
significantly more negative than slopes based on
species values. However, all IC slopes are not
consistently different from nonphylogenetic slopes
for any nucleus. Thus, similar to our volumetric
results, these findings point to the sensitivity of
phylogenetic regression methods to the composi-
tion of the sample. Furthermore, the incongruity of
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Fig. 8. XII volumes from each individual included in this study.
nonphylogenetic and phylogenetic slopes for GLIs
accords with the consistently lower K statistics for
GLI data compared to volumetric data.

Grey Level Indexdgrade shifts and
allometric departures

Vmo GLI
The double logarithmic scatterplot of Vmo GLI

scaling against Vmo volume (cube root) is shown
in Fig. 10a. Separate regression lines fit through
strepsirrhine and haplorhine species values
(Fig. 10b) do not have significantly different slopes
(tZ 0.23, pZ 0.632) or intercepts (tZ 0.17,
pZ 0.686). In addition, the strepsirrhine-haplor-
hine contrast is not an outlier in the scatterplot of
ICs (Fig. 10c).

Table 9 shows PDs and SDRs for Vmo GLI in
each species based on the nonphylogenetic com-
mon primate regression line. According to this
function, Vmo GLI in Papio anubis is 147% less
than predicted for its Vmo volume (SDRZ�3.70)
and Vmo GLI in Pongo pygmaeus is 49% higher
than predicted (SDRZ 2.61).

VII GLI
The double logarithmic scatterplot of VII GLI

scaling on VII volume (cube root) is shown in
Fig. 11a. Separate regression lines fit through
strepsirrhine and haplorhine species values
(Fig. 11b) do not have significantly different slopes
(tZ 2.44, pZ 0.126) or intercepts (tZ 0.19,
pZ 0.666). The scatterplot of ICs supports this
result, with the strepsirrhine-haplorhine not being
an outlier (Fig. 11c).

Table 9 shows PDs and SDRs for VII GLI in
each species based on the nonphylogenetic com-
mon primate regression line. According to the
nonphylogenetic regression, VII GLI in Nasalis
larvatus is 80% less than predicted for its VII
volume (SDRZ�2.00) and VII GLI in Pongo
pygmaeus is 54% higher than predicted
(SDRZ 2.86).

To test the hypothesis that VII is reorganized in
terms of GLI among hominids, a LS prediction
equation was calculated based on data from all
primate individuals excluding hominids (Fig. 11d).
Both strepsirrhines and haplorhine data were used
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Table 7

Species means and standard deviations for Grey Level Index (GLI) of orofacial motor nuclei

Species N Vmo GLI VII GLI XII GLI

Mean SD Mean SD Mean SD

Microcebus murinus 5 21.82 5.09 16.33 3.80 17.18 2.87

Cheirogaleus major 2 12.85 1.63 10.61 1.30 11.68 1.60

Cheirogaleus medius 2 18.59 6.49 15.20 0.00 15.79 2.89

Eulemur fulvus 2 15.31 2.15 11.24 1.91 13.43 2.44

Varecia variegata 1 14.23 - 7.02 - 8.57 -

Lepilemur ruficaudatus 2 13.05 1.65 10.55 1.07 12.37 1.75

Avahi laniger laniger 2 21.50 1.56 15.65 2.10 19.67 3.72

Avahi laniger occidentalis 2 15.08 3.11 10.04 0.63 14.11 1.86

Propithecus verreauxi 2 11.10 1.35 9.10 0.93 13.76 1.44

Indri indri 2 12.26 0.37 9.20 0.86 12.18 0.15

Daubentonia madagascariensis 1 8.81 - 8.84 - 12.31 -

Loris tardigradus 2 24.42 4.73 18.89 1.87 29.35 3.43

Nycticebus coucang 2 22.63 3.71 22.31 - 25.10 0.90

Perodicticus potto 2 17.09 1.57 12.10 0.26 19.03 2.08

Galago senegalensis 1 21.65 - 23.56 - 29.41 -

Otolemur crassicaudatus 2 15.84 2.19 13.74 3.35 18.72 2.85

Galagoides demidoff 2 23.64 5.60 20.40 3.66 24.62 5.91

Tarsius syrichta 2 20.92 0.96 15.64 1.62 28.08 2.77

Callithrix jacchus 3 16.75 2.08 13.57 0.91 20.16 2.50

Cebuella pygmaea 2 17.93 3.18 15.82 3.09 18.33 1.35

Saguinus midas 2 21.88 2.31 18.53 0.84 21.92 0.75

Saguinus oedipus 3 17.35 3.69 15.19 3.04 16.56 1.50

Callimico goeldii 1 18.61 - 9.50 - 14.49 0.00

Cebus albifrons 2 7.77 0.77 7.77 0.74 13.29 0.96

Aotus trivirgatus 2 12.85 6.44 11.95 2.95 19.47 0.65

Callicebus moloch 2 21.57 2.11 19.46 0.16 23.40 1.36

Saimiri sciureus 1 10.95 - 7.38 - 11.56 -

Pithecia monachus 2 18.22 1.21 19.71 3.19 20.01 0.14

Alouatta seniculus 2 13.04 2.66 11.28 - 17.10 2.71

Ateles geoffroyi 1 13.09 - 9.69 - 12.56 -

Lagothrix lagothricha 3 11.95 0.91 9.57 2.30 11.65 2.90

Macaca mulatta 2 9.50 - 8.05 0.67 13.19 1.59

Lophocebus albigena 1 10.67 - 6.73 - 9.24 -

Papio anubis 1 3.37 - 4.64 - 8.73 -

Cercopithecus ascanius 2 12.84 3.13 11.99 2.31 15.32 1.12

Cercopithecus mitis 1 11.19 - 13.25 - 15.90 0.00

Miopithecus talapoin 2 9.39 5.10 9.95 1.75 14.10 2.25

Erythrocebus patas 2 11.77 - 11.03 0.84 14.34 1.83

Procolobus badius 2 7.69 3.48 7.33 2.97 9.16 3.01

Pygathrix nemaeus 1 9.66 - 8.34 - 12.97 -

Nasalis larvatus 1 6.44 - 4.85 - 7.65 -

Hylobates lar 2 19.71 6.45 10.34 0.60 13.33 3.78

Pongo pygmaeus 2 16.36 3.12 14.46 5.86 15.25 3.54

Gorilla gorilla 3 6.91 4.87 5.53 3.36 5.09 1.15

Pan troglodytes 3 11.10 6.06 7.25 5.47 9.22 3.45

Pan paniscus 2 13.99 2.74 12.20 0.65 11.27 0.85

Homo sapiens 4 7.37 1.96 6.47 1.46 7.78 3.81
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Fig. 9. Bar graphs of Grey Level Index of Vmo (a), VII (b), and XII (c) according to superfamily. One-way ANOVA of Vmo GLI with

superfamily as a factor revealed a significant effect of phylogeny (F5,41 Z 7.55, p! 0.001); Bonferroni post hoc analysis indicated that

lorisoids have significantly higher GLIs than cercopithecoids (p! 0.001) and hominoids (pZ 0.012). ANOVA of VII GLI also had

a significant effect of superfamily (F5,41 Z 6.36, p ! 0.001); lorisoids had significantly higher GLIs than lemuroids (p Z 0.006),

cercopithecoids (p! 0.001), and hominoids (pZ 0.002). ANOVA of XII GLI had a significant effect of superfamily (F5,41 Z 14.67,

p! 0.001); lorisoids had higher GLIs than all other superfamilies (Bonferroni post hoc, all comparisons p! 0.01), and ceboids had

significantly higher GLIs than cercopithecoids (p Z 0.04) and hominoids (pZ 0.01).
to construct the prediction equation because there
was no grade effect apparent on VII GLI scaling.
Compared to this regression function, the ob-
served VII GLI values for hominid individuals do
not differ significantly from allometric predictions
for primates of their VII volume (paired t-test:
tZ 0.15, pZ 0.886, d.f.Z 13).
XII GLI
The double logarithmic scatterplot of XII GLI

scaling on XII volume (cube root) is shown in
Fig. 12a. Separate regression lines fit through
strepsirrhine and haplorhine species values
(Fig. 12b) do not have significantly different slopes
(tZ 0.93, pZ 0.339) or intercepts (tZ 0.00,
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Table 8

Comparison of correlation coefficients and slopes for different scaling analyses of orofacial motor nucleus GLI against nucleus volume

(cube root)

Nucleus Method N r p slope 95% CI

Vmo Nonphylogenetic LS 47 �0.719 0.000 �0.911 �1.175 �0.647

Nonphylogenetic RMA 47 �0.719 0.000 � 1.251

Phylogenetic LS (all ICs) 46 �0.538 0.000 �1.093

Phylogenetic LS (excluding stem galagid IC) 45 �0.486 0.001 � 1.459

Phylogenetic LS (higher-order ICs only) 16 �0.225 0.402 �0.529

VII Nonphylogenetic LS 47 �0.642 0.000 �0.756 �1.027 �0.485

Nonphylogenetic RMA 47 �0.642 0.000 �1.178

Phylogenetic LS (all ICs) 46 �0.429 0.003 �1.041

Phylogenetic LS (excluding stem galagid IC) 45 �0.206 0.180 �0.630

Phylogenetic LS (higher-order ICs only) 16 �0.133 0.624 �0.281

XII Nonphylogenetic LS 47 �0.737 0.000 �0.844 �1.076 �0.612

Nonphylogenetic RMA 47 �0.737 0.000 �1.144

Phylogenetic LS (all ICs) 46 �0.491 0.001 �1.002

Phylogenetic LS (excluding stem galagid IC) 45 �0.332 0.028 �0.792

Phylogenetic LS (higher-order ICs only) 16 �0.464 0.070 �1.143

Boldface type indicates slopes that exceed the 95% confidence intervals (CI) of the nonphylogenetic LS slope.
pZ 0.967). Furthermore, the scatterplot of ICs
shows that the strepsirrhine-haplorhine contrast is
not a significant outlier (Fig. 12c).

Table 9 shows PDs and SDRs for XII GLI in
each species based on the nonphylogenetic com-
mon primate regression line. According to this
regression, XII GLI in Nasalis larvatus is 66% less
than predicted for its XII volume (SDRZ�2.08),
Gorilla gorilla is 62% less than predicted
(SDRZ�2.06) and Pongo pygmaeus is 48%
higher than predicted (SDRZ 3.00).

To test whether the GLI of the human XII
differs from allometric expectation, a LS pre-
diction equation was calculated based on data
from all primate individuals excluding humans
(Fig. 12d). Compared to this regression function,
the observed values for human individuals do not
differ significantly from what is predicted for
primates of their XII volume (paired t-test:
tZ�0.09, pZ 0.936, d.f.Z 3).

Socioecological correlations

Correlated evolution between orofacial motor
nuclei and socioecological variables was tested
using phylogenetic comparative methods. We
hypothesized that a relationship might exist
between (1) VII and sociality and (2) Vmo and
diet. Independent contrasts were calculated for
log-transformed nucleus volumes, GLIs, group
size, and the percentage of leaves in the diet.
Independent contrasts for nucleus volumes and
GLIs were significantly correlated with ICs for
medulla volume. Therefore, to adjust the data for
overall size, residuals were calculated from LS
regressions on medulla volume ICs. Group size
ICs and percent folivory ICs were not correlated
with medulla volume ICs, so they were not size-
adjusted.

No correlation was found between size-adjusted
VII volume ICs and group size ICs (rZ 0.046,
pZ 0.792, nZ 38) or size-adjusted VII GLI ICs
and group size ICs (rZ�0.124, pZ 0.471,
nZ 38). In addition, there was no correlation
between percent folivory in diet ICs and size-
adjusted Vmo volume ICs (rZ�0.243, pZ 0.213,
nZ 28) or size-adjusted Vmo GLI ICs
(rZ�0.045, pZ 0.821, nZ 28).

Discussion

The volume and neuropil space (i.e., GLI) of
orofacial cranial motor nuclei, Vmo, VII, and XII,
were measured in a sample representing 47 primate
species. The results of scaling analyses underscore
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Fig. 10. Scaling analysis of Vmo GLI versus cube root Vmo volume in primates. (a) A least-squares regression line is fit to the entire

primate sample with 95% prediction intervals shown. (b) Separate least-squares regression lines are fit through strepsirrhines and

haplorhines. (c) Independent contrasts showing the strepsirrhine-haplorhine contrast (black dot) and indicating the other contrasts that

were significant outliers from the least-squares regression of all ICs.
the tight interrelation among these nuclei with
respect to one another and total medulla size.
However, our analyses revealed several instances
in which particular taxa depart from allometric
predictions. As discussed below, these cases
suggest that certain phylogenetic groups may have
derived neural circuitry for orofacial motor
adaptations in association with either elaboration
of peripheral musculature and/or modifications of
afferent connectivity.

Developmental considerations

Orofacial motor nucleus volumes were highly
positively correlated with one another and with
total medulla volume. Each nucleus scaled against
the others with isometric slopes, indicating that
changes in the size of orofacial motor nuclei are
closely interlinked. In addition, orofacial motor
nucleus volumes consistently hyposcaled with
respect to total medulla volume due to a relatively
greater rate of enlargement in other medullary
components. Taken together, these findings show
that developmental and allometric constraints are
a significant determinant of the size of orofacial
motor nuclei.

Although our data do not permit the direct
examination of the proximate developmental
mechanisms underlying these scaling patterns, it
is informative to discuss our results in the context
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Table 9

Prediction difference (PD) and standardized deleted residuals (SDR) for each species from nonphylogenetic least-squares regressions of

orofacial motor nucleus GLI against nucleus volume (cube root) based on the common primate line

Species Vmo GLI VII GLI XII GLI

PD SDR PD SDR PD SDR

Microcebus murinus �0.22 �0.74 �0.06 �0.19 �0.37 �1.29

Cheirogaleus major �0.37 �1.13 �0.27 �0.79 �0.39 �1.30

Cheirogaleus medius �0.13 �0.43 0.02 0.06 �0.17 �0.63

Eulemur fulvus 0.07 0.24 �0.04 �0.12 �0.05 �0.19

Varecia variegata 0.12 0.44 �0.41 �1.14 �0.34 �1.17

Lepilemur ruficaudatus �0.24 �0.76 �0.23 �0.68 �0.23 �0.81

Avahi laniger laniger 0.30 1.25 0.20 0.75 0.12 0.51

Avahi laniger occidentalis �0.02 �0.07 �0.33 �0.94 �0.28 �0.99

Propithecus verreauxi �0.12 �0.38 �0.18 �0.52 �0.01 �0.02

Indri indri 0.00 �0.01 �0.10 �0.31 �0.10 �0.35

Daubentonia madagascariensis �0.35 �1.06 �0.20 �0.61 �0.03 �0.12

Loris tardigradus 0.28 1.18 0.22 0.84 0.33 1.65

Nycticebus coucang 0.37 1.63 0.42 1.87 0.32 1.54

Perodicticus potto 0.18 0.68 0.02 0.06 0.22 1.00

Galago senegalensis 0.03 0.09 0.39 1.65 0.28 1.31

Otolemur crassicaudatus 0.05 0.17 0.15 0.55 0.10 0.42

Galagoides demidoff 0.03 0.11 0.25 0.97 0.08 0.34

Tarsius syrichta 0.06 0.21 0.13 0.45 0.19 0.86

Callithrix jacchus �0.09 �0.29 �0.09 �0.28 0.01 0.05

Cebuella pygmaea �0.19 �0.63 �0.12 �0.38 �0.24 �0.87

Saguinus midas 0.19 0.75 0.23 0.88 0.15 0.65

Saguinus oedipus �0.01 �0.03 0.00 0.02 �0.09 �0.35

Callimico goeldii 0.06 0.23 �0.60 �1.60 �0.30 �1.03

Cebus albifrons �0.48 �1.38 �0.30 �0.86 0.02 0.07

Aotus trivirgatus �0.18 �0.58 0.00 �0.01 0.15 0.66

Callicebus moloch 0.33 1.41 0.38 1.57 0.32 1.54

Saimiri sciureus �0.44 �1.29 �0.79 �1.99 �0.45 �1.49

Pithecia monachus 0.27 1.10 0.40 1.73 0.27 1.27

Alouatta seniculus 0.13 0.50 0.02 0.07 0.19 0.83

Ateles geoffroyi 0.07 0.27 �0.15 �0.46 �0.07 �0.27

Lagothrix lagothricha 0.09 0.32 �0.03 � 0.10 �0.10 �0.37

Macaca mulatta �0.01 �0.05 �0.05 �0.17 0.18 0.78

Lophocebus albigena 0.05 0.19 �0.30 �0.88 �0.25 �0.89

Papio anubis �1.47 �3.70 �0.65 �1.71 �0.18 �0.66

Cercopithecus ascanius 0.10 0.35 0.17 0.62 0.15 0.63

Cercopithecus mitis �0.03 �0.09 0.28 1.08 0.19 0.82

Miopithecus talapoin �0.37 �1.12 �0.09 �0.28 �0.06 �0.23

Erythrocebus patas 0.05 0.17 0.22 0.81 0.14 0.58

Procolobus badius �0.48 �1.39 �0.41 �1.12 �0.54 �1.74

Pygathrix nemaeus �0.18 �0.59 �0.17 �0.52 �0.08 �0.29

Nasalis larvatus �0.64 �1.80 �0.80 �2.00 �0.66 �2.08

Hylobates lar 0.40 1.84 �0.02 �0.07 0.08 0.31

Pongo pygmaeus 0.49 2.61 0.54 2.86 0.48 3.00

Gorilla gorilla �0.06 �0.21 �0.19 �0.61 �0.62 �2.06

Pan troglodytes 0.20 0.81 0.07 0.25 0.04 0.16

Pan paniscus 0.25 1.01 0.37 1.61 0.05 0.22

Homo sapiens �0.06 �0.20 �0.03 �0.09 0.04 20.16

PDZ (observed� predicted)/observed.
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Fig. 11. Scaling analysis of VII GLI versus cube root VII volume in primates. (a) A least-squares regression line is fit to the entire

primate sample with 95% prediction intervals shown. (b) Separate least-squares regression lines are fit through strepsirrhines and

haplorhines. (c) Independent contrasts showing the strepsirrhine-haplorhine contrast (black dot) and indicating the other contrasts that

were significant outliers from the least-squares regression of all ICs. (d) The least-squares regression line and associated 95% prediction

intervals were calculated from non-hominid haplorhine individuals. Hominid data points are plotted with respect to the prediction line.
of processes that are known to control motoneu-
ron survival and maturation. The number of
motoneurons found in the adult motor nucleus is
the result of initial proliferative events during
neurogenesis and subsequent regressive events in
the period of programmed cell death. In large
part, extrinsic factors are involved in controlling
the cell cycle dynamics of precursor populations.
Molecules including basic fibroblast growth
factor, transforming growth factor-a, insulin-like
growth factor-I, and the monamine neuro-
transmitters stimulate proliferation, whereas glu-
tamate, g-aminobutyric acid, and opioid peptides
down-regulate proliferation (Cameron et al.,
1998). Approximately half of the motoneurons
produced during neurogenesis undergo apoptosis.
Motoneurons proceed through two distinct phases
of programmed cell death during embryonic
development. In the early phase, intrinsic cell-
autonomous target-independent signals, such as
p75NTR binding of nerve growth factor (NGF),
are thought to regulate motoneuron survival
(Sendtner et al., 2000). In the later phase, neuro-
trophic factors derived from skeletal muscles,
Schwann cells, and afferent inputs have a signifi-
cant effect on motoneuron survival (Sohal et al.,
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Fig. 12. Scaling analysis of XII GLI versus cube root XII volume in primates. (a) A least-squares regression line is fit to the entire
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were significant outliers from the least-squares regression of all ICs. (d) The least-squares regression line and associated 95% prediction

intervals were calculated from non-human haplorhine individuals. Human data points are plotted with respect to the prediction line.
1992; Sendtner et al., 2000; Banks and Noakes,
2002). In particular, it has been observed that
motoneuron survival is dramatically diminished
when skeletal muscle is destroyed by a cre/loxP-
mediated strategy (Grieshammer et al., 1998) or
limb bud removal during embryonic development
(Oppenheim, 1985). Thus, the high number of
neurotrophic factors that mediate motoneuron
proliferation and survival indicates a complex
interaction among these various molecular cues.
Therefore, in considering the causes of interspecific
variation in the size of motor nuclei, it is important
to recognize that developing motoneuron pools
respond to the combined influence of activity-
independent growth cues in addition to activity-
dependent epigenetic regulation of motoneuron
survival mediated by interactions with presynaptic
inputs, postsynaptic target skeletal muscles, and
other components of the extracellular matrix.

As a proximate mechanism underlying the
observed close correlation among the orofacial
motor nuclei, diffusible growth factors that act
across the medulla may stimulate similar levels of
progenitor proliferation and cell rescue from
apoptosis in several different motor nuclei during
development. It has been shown, for instance, that
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compared to control littermates, transgenic mice
that over-express insulin-like growth factor-I
display increased total medulla volume concomi-
tant with larger volumes and lower neuron
packing densities evident in several cranial motor
nuclei (Dentremont et al., 1999).

Overall, GLIs of all orofacial motor nuclei were
observed to be significantly negatively correlated
with nucleus volumes, indicating increases in
nucleus size are matched by decreases in the
relative tissue volume occupied by cell somata.
This implies an increase in the relative space
occupied by elements such as dendrites, axons, and
synapses. Grade shifts between strepsirrhines and
haplorhines were not detected in the scaling of
GLI on nucleus volume for any of the orofacial
motor nuclei. Thus, it appears that the neuropil
space in these nuclei is determined predominantly
by allometric scaling and not phylogenetic special-
izations of these taxa. The scaling pattern of
neuropil space in these nuclei may be explained by
the activity of growth factors, such as NGF, which
can induce sprouting of peripheral dendritic
branches (Dityatev et al., 1995). Thus, some of
the same growth processes that determine final
neuron number may also influence enhanced
dendritic sprouting and greater neuropil space
between neurons, explaining the correlation be-
tween these two variables.

Insofar as increased neuropil is associated with
relatively more extensive dendritic arbors on each
motoneuron, it is important to note how these
alterations affect neuronal processing capacity.
Since the geometry of a motoneuron’s dendritic
tree influences how synaptic inputs at various
sites on the arbor will be integrated at the axon
hillock (Barrett, 1975), neurons with more
elaborate arborization are more sensitive to
variations in membrane resistance and more able
to modulate dynamically the size and shape of
the effective dendritic field (Korogod et al.,
2000). Therefore, although it is impossible to
know precise characteristics of dendritic geome-
try from the simple measurement of neuropil
used in this study, increases in neuropil space at
larger nucleus volumes might entail significant
changes to the computational properties of
motoneurons.
Size and microstructure of Vmo in
relation to diet

We found that the scaling of Vmo volume and
GLI did not differ between strepsirrhines and
haplorhines. It has been claimed that progressive
fusion of the mandibular symphysis in the
evolution of stem anthropoids may have been
related to the consumption of tougher diets that
require relative increases in balancing-side jaw
muscle force recruitment, greater repetitive load-
ing of the mandible, and more dorsoventral shear
(Ravosa, 1999). However, any such phylogenetic
variation in jaw muscle recruitment and rhythmic
loading does not appear to require relative
enlargement of masticatory muscles in haplor-
hines. Cachel (1984) found that the muscles of
mastication scale isometrically with body mass
across both strepsirrhines and haplorhines. In
addition, Ross (1995) did not find suborder
differences in scaling exponents when temporalis
muscle mass was regressed against skull length.
Thus, scaling equality of Vmo volume and GLI
between suborders might be explained by the fact
that the peripheral target musculature, a major
determinant of motoneuron population size, also
does not evince phyletic variation in scaling
relationships.

After controlling for phylogenetic bias (by
calculating ICs) and adjustment for size (by
calculating residuals), no significant correlations
were found to support a functional interpretation
of Vmo structure in relation to dietary toughness.
Thus, our data suggest that extra-allometric
neuroanatomical specializations of Vmo are not
required to innervate the muscles of mastication in
primates that consume highly fibrous diets. This
result may reflect a lack of diet-related variation in
either the target muscle fiber population or the
density of innervation. Our data do not permit
distinction between these alternatives. Nonethe-
less, our findings are consistent with the idea that
the various skeletal biomechanical correlates of
folivory, such as more anteriorly placed mastica-
tory muscles, shortening of the jaw, and elevation
of the mandibular condyle above the occlusal
plane, may be sufficient in and of themselves to
confer the masticatory efficiency and bite force to
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the cheek teeth required to process tough foods
(Herring and Herring, 1974; Hylander, 1979;
Spencer, 1998).

Size and microstructure of VII in relation
to social communication

Although we did not find a correlation between
relative VII volume or GLI and social group size,
significant phylogenetic differences in the scaling
of VII volume were revealed. Of note, VII volume
scaled against medulla volume with a significantly
steeper slope in haplorhines than in strepsirrhines.
In addition, the volume of VII in hominids was
significantly greater than predicted based on the
nonhominid haplorhine regression.

A possible explanation for this pattern of
results might be that phylogenetic variation in
cranial motor nuclei reflects only major changes to
afferent systems and/or innervation of target
musculature that occur at the base of adaptive
radiations. In contrast, the social organization of
primate species (with the exception of cercopithe-
coids) displays a striking amount of variation
among congeners in response to ecological pres-
sures (Di Fiore and Rendall, 1994). If this is the
case, then any index of sociality, such as social
group size, will tend to reflect recent ecological
conditions, whereas neuromuscular adaptations
will tend to reflect more ancient derived traits.
Hence, the fact that VII structure was uncorrelated
with social group size may be because these
variables reflect adaptation to socioecological
pressures at different evolutionary time scales.
The apparent tendency for VII volume to vary
primarily at higher taxonomic levels can be
formally evaluated by examination of the correla-
tion between ICs and node depth. However, a
correlation does not exist between node depth and
ICs for the volume of VII or any other orofacial
motor nucleus, suggesting that if such a pattern is
present, it is weak and does not consistently
characterize branching points on the tree.

Nonetheless, most of the phylogenetic variance
in the neuromuscular system controlling facial
expression appears to represent character state
transformations at the base of adaptive radiations.
There are several significant differences between
primate suborders in the configuration of the facial
muscles of expression. The mimetic component of
the facial musculature is not as highly differenti-
ated in strepsirrhines as compared to anthropoids
(Huber, 1931). In strepsirrhines, the facial muscu-
lature is specialized for the reception of auditory,
olfactory, and tactile information that is relevant
in a nocturnal environment. Several muscle
bundles attach onto the external ear to enable
mobility for sound localization and muscles in the
region of the snout are well differentiated in
association with specializations for olfactory and
tactile sensation involving movements of the moist
rhinarium and tactile vibrissae. In many ways, the
facial muscles of tarsiers resemble the strepsirrhine
condition (Huber, 1931).

Compared to strepsirrhines, the frontalis of
anthropoids is more developed and is recruited in
gestures involving raising of the forehead and
eyebrows. In addition, the rhinarium, philtrum,
and frenulum are absent, thereby permitting the
development of an orbicularis oris that completely
encircles the mouth (Huber, 1931), enabling
a greater range of movement of the lips to generate
a diverse range of signals (van Hooff, 1962;
Chevalier-Skolnikoff, 1973). Compared to mon-
keys, the face of great apes and humans is
characterized by reduction of ear, scalp, and
forehead muscles, concomitant with increased
differentiation of the muscles of the midfacial
region to subserve more complex configuration of
the lips for feeding, vocalizing, and facial displays
(Huber, 1931, 1933; Andrew, 1963, 1965). More-
over, great apes and humans have relatively well-
developed corrugator supercilii to draw the
eyebrow downward and medially. In light of these
data, we speculate that allometric departures of
VII volume in haplorhines and hominids may be
an epigenetic result of anatomic changes of
peripheral musculature in these lineages. This
modification of target musculature, in turn, might
provide muscle-derived neurotrophic support and
spare relatively more developing motoneurons
from programmed cell death. Indeed, species mean
VII volume is significantly correlated with stereo-
logic estimates of VII neuron number in primates
(Sherwood, 2003) (rZ 0.780, pZ 0.001, nZ 15).
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Of relevance, phylogenetic specializations of the
orofacial representation in primary motor cortex
(Brodmann’s area 4) of primates have also been
described. Tract-tracing and axon degeneration
studies have revealed direct cortico-motoneuron
innervation in VII of several anthropoid species
(Walberg, 1957; Kuypers, 1958b, 1958c, 1967;
Jenny and Saper, 1987; Sokoloff, 1989; Sokoloff
and Deacon, 1990; Morecraft et al., 2001; Jürgens
and Alipour, 2002). Comparative anatomic studies
of corticospinal projections in mammals suggest
that enhanced dexterity is correlated with elabo-
ration of such direct cortico-motoneuron connec-
tions (Heffner and Masterton, 1975, 1983). In
contrast, in non-anthropoid mammalian species,
axonal projections from primary motor cortex
terminate in the parvocellular reticular formation
(e.g., Kuypers, 1958a; Sokoloff and Deacon, 1990;
Alipour et al., 1997, 2002; Jürgens and Alipour,
2002) and have only indirect polysynaptic access to
VII motoneurons (Travers and Norgren, 1983;
Fay and Norgren, 1997; Travers and Rinaman,
2002). Also of note, compared to Old World
monkeys, the orofacial representation of primary
motor cortex in hominids is characterized by
increased thickness of superficial cortical layers,
decreased neuron packing density, increased
proportions of neurofilament protein-containing
neurons, and relatively greater numbers of trans-
columnar inhibitory interneuron subtypes (Sher-
wood et al., 2003, 2004a, 2004b). While some of
these microstructural features are certainly general
differences in cortical organization attributable to
network scaling at larger brain size (e.g., thickness
of superficial cortical layers and neuron density),
phylogenetic differences in the distribution of
neuron subtypes have not yet been reliably
quantified across a wide range of species and
cortical areas. Therefore, the extent to which
chemoarchitectural reorganization in the orofacial
representation of primary motor cortex might
reflect particular specializations for motor control
versus general scaling trends is not yet clear.

Taken together, these neuroanatomic special-
izations for facial muscle mobility and control may
have been necessary to subserve enhanced social
communication skills involved in the adaptive
radiations of anthropoids (van Hooff, 1962;
Preuschoft and van Hooff, 1995) and hominids
(Potts, 2004). For example, the degree to which the
mouth is opened to display the teeth is highly
variable in threat expressions of macaques, de-
pending on the intensity of the signal (Maestri-
pieri, 1997). These types of fine signal gradations
allow for the communication of highly nuanced
information and for the dynamic flexibility needed
in negotiating complex social interactions, such as
alliance formation, that are typical of these species
(Cheney et al., 1987; Byrne and Whiten, 1988).

Evolution of speech abilities in humans

It has been hypothesized that the human tongue
may receive greater density of innervation for fine
motor control of speech articulation (Kay et al.,
1998; Fitch, 2000). Although we were unable to
obtain data on tongue mass from the specimens
included in this study to directly examine relative
innervation densities, our findings nonetheless
suggest that the human hypoglossal motor system
does not significantly differ from that of other
primates. Considerable overlap was observed in
the volume of XII among individual specimens of
human, gorilla, and orang-utan. In addition,
results from our comparative stereologic analysis
of XII neuron numbers indicate even more
extensive overlap in the distribution of XII neuron
numbers among humans and great apes (Sher-
wood, 2003). When the observed volumes of XII in
the human sample were compared to their
predicted values based on the nonhuman haplor-
hine regression, these values fell above the line but
did not exceed the 95% prediction intervals.
However, data from orang-utan individuals had
considerably larger residuals and observed values
were above the prediction intervals. Therefore, XII
enlargement does not appear to be exclusively
associated with speech in humans. Grey Level
Index values in humans, furthermore, did not
differ from allometric expectations.

The neural mechanisms underlying human
language have often been characterized as elabo-
rations of pre-existing circuits in nonhuman
primates (Deacon, 1997; Gannon et al., 1998;
MacNeilage, 1998). In our analysis, the volume
and microstructure of human orofacial motor
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nuclei did not differ significantly from allometric
expectations. In this regard, our results suggest
that human linguistic abilities are built upon
cytoarchitecturally unspecialized cranial nerve
motor nuclei and do not require enhancement of
fine motor control of orofacial muscles. It is
interesting that lateral-projection videofluoro-
graphy studies indicate that movements of the
tongue surface in human speech do not occur
outside the domain of movement observed for
feeding in macaques and humans (Hiiemae, 2000;
Hiiemae et al., 2002). In sum, these data support
the hypothesis proposed by MacNeilage (1998)
that the motor patterns of human speech are
similar in form to oscillating visuofacial signals of
nonhuman primates (e.g., lip smacks, tongue
smacks, and teeth chatters) and may exploit
conserved central pattern generators and moto-
neuron pool organization.

Although apes use many of the segmental
phonetic elements found in human speech in their
normal vocalizations (Hauser, 1996; Lieberman,
2002), their calls are closely linked to emotional
states and they lack the capacity to execute the
appropriate sequence of orofacial movements
necessary to generate a series of speech phonemes
(Marler and Tenaza, 1977). Clinical evidence
indicates that higher order brain regions that
subserve human speech, such as the inferior
frontal cortex (i.e., Broca’s area), basal ganglia,
and cerebellum are also implicated in generating
sequences of nonlinguistic orofacial and manual
movements (Lieberman, 1991; Kimura, 1993;
Leiner et al., 1993; Middleton and Strick, 1994).
Broca’s aphasics have severely impaired speech
although they are unaffected in their ability to
control the amplitude and placement of tongue,
lips, and larynx movements in isolation as
manifest by the preservation of formant frequency
patterns that specify vowels in these patients (Kent
and Rosenbeck, 1983; Ryalls, 1986; Baum et al.,
1990). Patients with Parkinson’s disease, which
affects circuits of the basal ganglia, exhibit specific
deficits in the production of syntactic structure in
addition to more generalized motor impairment
(Lieberman et al., 1992; Pickett et al., 1998). In this
context, it is interesting that individuals who suffer
from verbal and orofacial dyspraxia caused by
mutation in the FOXP2 gene exhibit functional
under-activation and morphological abnormalities
of the inferior frontal cortex and basal ganglia
(Belton et al., 2003; Liégeois et al., 2003).
Moreover, the FOXP2 gene appears to have been
the target of directional selection during human
evolution (Enard et al., 2002). Findings from
neuroimaging studies implicate the dentate nucleus
and lateral cerebellar hemispheres in language
processing and other non-motor cognitive tasks
(Leiner et al., 1993; Ackermann et al., 1998;
Schlosser et al., 1998) and cerebellar lesions have
been noted to result in speech apraxia and ataxic
dysarthria (Marien et al., 2001). Overall, these
data suggest that the evolution of human speech
required, in part, reorganization of higher-order
brain areas involved in programming com-
plex sequenced motor output and that provide
descending innervation to orofacial motoneurons.
The primary orofacial motoneuron pools them-
selves, however, appear to be evolutionarily
conserved.

Other species-specific departures from
allometric predictions

Several taxa were observed to be outliers in our
scaling analyses. We are reluctant to offer ad hoc
scenarios to explain species-specific allometric
departures in cases where samples sizes are small
(nZ 1). Intraspecific variation in brain structure
composition can be quite substantial, so the
confound of sampling error must be considered
a significant limitation to interpretation of outliers
that are based on small intraspecific sample sizes
(Sherwood et al., 2004c). Therefore, we will restrict
our discussion only to species which were repre-
sented by at least two individuals. On this basis,
Vmo was found to be relatively enlarged in
Macaca mulatta and reduced in Pan paniscus,
VII was relatively enlarged in Otolemur crassicau-
datus and Tarsius syrichta, and XII was enlarged
in Pongo pygmaeus. Departures from allometric
expectations of GLI, furthermore, may indicate
connectional specializations beyond basic scaling
and growth patterns required for functional
equivalence. Pongo pygmaeus had a greater GLI
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than expected for all three orofacial motor nuclei
and Gorilla gorilla had a lower GLI than predicted
for its XII.

Some of these allometric departures make sense
in the context of species-specific orofacial adapta-
tions while others are difficult to reconcile with
what is currently known about peripheral anatomy
and behavior. If extra-allometric changes in
nucleus volume are a reflection of the capacity of
the brain to produce fine motor output to target
muscles, then the finding that bonobos have
a relatively small Vmo is difficult to square with
the form and function of their masticatory system.
Bonobos are similar to gorillas in relying more on
terrestrial herbaceous vegetation than common
chimpanzees (Malenkey and Wrangham, 1994),
an ecological adaptation that is paralleled by
cranial (Cramer, 1977) and dental (Kinzey, 1984;
McCollum and McGrew, in press) differences.
Increased terrestrial herbaceous vegetation in the
diet requires greater chewing force and more daily
chewing cycles (Taylor, 2002). Therefore, if a re-
lationship exists between Vmo volume and masti-
catory muscle size, it would be reasonable to
expect a correlated increase in the size of Vmo
rather than the observed decrease.

Although Tarsius and Otolemur are nocturnal
prosimians and do not rely substantially on visual
communication in their social exchanges (Zeller,
1987), the enlargement of VII observed in these
species may be associated with specializations of
the superficial facial muscles for other purposes.
There is evidence that the muscles of the pinna in
Otolemur crassicaudatus possess a large number of
fascicles per muscle, suggesting a role for VII
enlargement in external ear movements for sound
localization (Burrows and Smith, 2003). In tars-
iers, the orbicularis oculi and depressor palpebrae
inferioris are specialized in their fiber structure to
protect the exceptionally large eyeball (Huber,
1931). In addition, highly differentiated muscles
are found around the mobile ear cartilage and in
the nasolabial region to move the prominent
tactile vibrissae. Finally, it is possible that relative
enlargement of XII in orang-utans is associated
with their impressive capacity to manipulate tools
with their lips, teeth, and tongue (van Schaik et al.,
1996; O’Malley and McGrew, 2000), although if
this is the case, then it is unclear why VII of orang-
utans is not also enlarged.

At present it is impossible to determine the
specific connectivity that accounts for apparent
specializations of GLI and so it is difficult to offer
an interpretation. In particular, if relative neuropil
volume has any relation whatsoever to motor
dexterity, then it is difficult to explain the fact that
orang-utans have relatively less neuropil in all
orofacial motor nuclei considering their skillful
abilities to manipulate objects with their lips and
tongue as mentioned above.

Finally, it is worth noting that our analysis
considered only volume and GLI within whole
nuclei. Qualitative observation, however, indicates
that there is phylogenetic variation with respect to
the differentiation of subdivisions within each
motor nucleus (Fig. 2). Hence, it is possible that
more subtle aspects of microstructural organization
such as dendritic morphology, differentiation of
subnuclei, or the distribution of neuronal subtypes
may revealmore significant interspecific differences.
Indeed, each of the orofacial motor nuclei contains
a musculotopic arrangement of neurons organized
into subnuclei that innervate specific subsets of
muscles and available evidence indicates notable
variation among mammalian species in the relative
sizes of these subnuclei (e.g., Courville, 1966;
Komiyama et al., 1984; Friauf and Herbert, 1985;
Semba and Egger, 1986; Sokoloff, 1989; Welt and
Abbs, 1990). It is possible, therefore, that variation
in the organization of subdivisions within orofacial
motor nuclei underlies more precise patterns of
phylogenetic and functional diversity not revealed
in our study. For example, closer examination of the
lateral subdivision of VII, which innervates muscles
of the mouth, may reveal correlated neuroanatom-
ical adaptations for social complexity. Unfortu-
nately, there are not distinct cytoarchitectural
boundaries between subdivisions of many motor
nuclei that allow for reliable segmentation based on
Nissl-stained materials (Fig. 2).

Conclusions

The results of this study reveal a mosaic of
conservative and derived traits in the orofacial
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motor nuclei of primates. In general, the volume
and neuropil space in these nuclei were closely
correlated with overall size variables, a finding that
emphasizes the important role of developmental
constraint in determination of the volume and
cytoarchitecture of these brainstem nuclei. We
tested several hypotheses relating the structure of
the orofacial motor nuclei to functional and
phylogenetic specializations. For the most part,
however, variation in these motor nuclei was not
clearly associated with such adaptations. After
controlling for phylogenetic bias, there was no
apparent relationship between the neuroanatomic
organization of these nuclei with socioecological
variables, such as social group size or the per-
centage of leaves in the diet. In addition, despite
phylogenetic variation in the masticatory system
as evident by mandibular symphysis fusion in
anthropoids, the scaling of Vmo did not differ
between primate suborders. Our analyses also did
not find evidence to support the hypothesis that
the human hypoglossal motor system is uniquely
reorganized to facilitate articulate speech. In fact,
orang-utans displayed relatively larger hypoglossal
nucleus volumes than humans. Nonetheless, we
found several instances where taxa exhibited
significant departures from conservative allometric
scaling patterns. A grade shift was observed in the
scaling of XII volume such that the strepsirrhine
regression line had a higher elevation than the
haplorhine line. In addition, VII volume scaled
with a steeper slope in haplorhines compared to
strepsirrhines, perhaps reflecting a difference be-
tween these phylogenetic groups in the develop-
mental mechanisms that regulate VII motoneuron
proliferation and subsequent elimination. Homi-
nids, furthermore, were found to have significantly
larger VII volumes than predicted for nonhominid
haplorhines of their medulla volume. Taken
together, these phylogenetic specializations of VII
may be related to variation in facial muscle
differentiation and increased descending inputs
from neocortical areas. These modifications may
constitute a neuroanatomic substrate for the
evolution of fine motor control to the facial
muscles of expression in these taxa in association
with increased emphasis on gestural modes of
communication utilizing the visual channel.
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