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Visual influences on primate encephalization
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Abstract

Primates differ from most other mammals in having relatively large brains. As a result, numerous comparative studies have attempted to
identify the selective variables influencing primate encephalization. However, none have examined the effect of the total amount of visual input
on relative brain size. According to Jerison’s principle of proper mass, functional areas of the brain devoted primarily to processing visual
information should exhibit increases in size when the amount of visual input to those areas increases. As a result, the total amount of visual input
to the brain could exert a large influence on encephalization because visual areas comprise a large proportion of total brain mass in primates. The
goal of this analysis is to test the expectation of a direct relationship between visual input and encephalization using optic foramen size and optic
nerve size as proxies for total visual input. Data were collected for a large comparative sample of primates and carnivorans, and three primary
analyses were undertaken. First, the relationship between relative proxies for visual input and relative endocranial volume were examined using
partial correlations and phylogenetic comparative methods. Second, to examine the generality of the results derived for extant primates, a parallel
series of partial correlation and comparative analyses were undertaken using data for carnivorans. Third, data for various Eocene and Oligocene
primates were compared with those for living primates in order to determine whether the fossil taxa demonstrate a similar relationship between
relative brain size and visual input. All three analyses confirm the expectations of proper mass and favor the conclusion that the amount of visual
input has been a major influence on the evolution of relative brain size in both primates and carnivorans. Furthermore, this study suggests that
differences in visual input may partly explain (1) the high encephalization of primates relative to the primitive eutherian condition, (2) the
high encephalization of extant anthropoids relative to other primates, and (3) the very low encephalization of Eocene adapiforms.
� 2006 Elsevier Ltd. All rights reserved.
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Introduction

Comparative studies of mammalian encephalization have
demonstrated that primates have larger relative brain sizes
than most non-primate mammals (Jerison, 1973; Martin,
1990; Allman, 1999). A grade shift in encephalization is
also evident within the order Primates. Compared to strepsir-
rhines and tarsiers, anthropoids tend to be very highly ence-
phalized (Jerison, 1973; Clutton-Brock and Harvey, 1980;
Stephan et al., 1988; Martin, 1990). Furthermore, one anthro-
poid species (Homo sapiens) stands out as uniquely highly
encephalized among vertebrates (Bauchot, 1978; Allman,
1999). This wide range of variation in primate encephalization
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has led to debate regarding the selective factors influencing
relative brain size. While most studies of primate encephaliza-
tion have focused on the importance of social, ecological, and
ontogenetic factors (Bauchot and Stephan, 1969; Clutton-
Brock and Harvey, 1980; Milton, 1988; Sawaguchi, 1992;
Dunbar, 1992; Aiello and Wheeler, 1995), less attention has
been devoted to the role played by variation in the amount
of sensory input to the brain. Sensory input is known to
influence cortical functional architecture (Purves et al.,
1996), and some authors have suggested that visual input in
particular has played a major role in primate brain evolution
(Elliot-Smith, 1927; Jerison, 1973; Barton, 1998, 2000).

All visual input to the brain originates in retinal ganglion
cells. Each ganglion cell receives neural stimuli from a circum-
scribed region of the retina and thus represents an independent
sampling unit of the retinal image. The long myelinated axons
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of ganglion cells comprise the bulk of the optic nerves and
optic tracts (Brooke et al., 1965; Kaas, 1986; Andrews et al.,
1997). These axons terminate in various subcortical visual
centers of the diencephalon and midbrain, from which visual
information is relayed to second-order cortical and subcortical
visual centers (Kaas, 1986; Kaas and Huerta, 1988).

Although the neural pathways involved in processing visual
information have been the subject of intense study in primates,
relatively little is known about the scaling relationship be-
tween the number of ganglion cells (i.e., the total number of
visual ‘‘input channels’’ to the brain) and the sizes of the cen-
tral visual areas of the brain. However, sensory systems typi-
cally conform to Jerison’s ‘‘principle of proper mass,’’ which
states that ‘‘the mass of neural tissue controlling a particular
function is appropriate to the amount of information process-
ing involved in performing the function’’ (Jerison, 1973, p. 8).
According to this principle, as the total number of separate
sensory input channels to the brain increases (i.e., more infor-
mation to process), the amount of neural tissue in the CNS
devoted to processing that information should exhibit
a corresponding increase in size.

The relevance of the principle of proper mass for under-
standing the centro-peripheral scaling relationships of sensory
systems has been amply demonstrated for the somatosensory
system. As noted by Purves and colleagues, there is ‘‘. a
well established link between peripheral somatic structures
and corresponding neural centers: the size of the neural repre-
sentations and their constituent nerve cells generally reflects
the amount of peripheral machinery that such centers must
monitor and motivate’’ (Purves et al., 1996, p. 169). Although
the exact scaling relationships are often unknown, numerous
lines of evidence demonstrate that the size of an anatomical
structure’s somatotopic representation in the primary somato-
sensory cortex is partly determined by the amount and type
of input from the periphery (Purves et al., 1996; Kaas and
Catania, 2002). This fact is evident in cortical mapping studies,
which reveal that species with specialized tactile structures
exhibit disproportionate representation of these structures in
primary somatosensory cortex (Purves et al., 1996; Catania,
2000). Furthermore, studies of cortical plasticity demonstrate
that cortical maps may be reorganized over time to reflect
changes in somatosensory input (Purves et al., 1996; Buonomano
and Merzenich, 1998; Jones, 2000).

Proper mass and the primate visual system

Visual areas in the brain appear to respond to variation in
afferent input in a manner similar to that shown by somatosen-
sory areas. A large body of experimental data demonstrates
that changes in the amount and type of visual input strongly
affect the size and visuotopic organization of primary visual
cortex (V1) in individual mammals (Kaas et al., 1990; Dehay
et al., 1991, 1996; Darian-Smith and Gilbert, 1995; Baseler
et al., 2002). Similarly, the size of the area in V1 devoted to
a specific region of the visual field is determined in part by
the number of independent sampling elements (i.e., ganglion
cells) covering the corresponding region of the retina (Rolls
and Cowey, 1970; Myerson et al., 1977; Schein and de
Monasterio, 1987; Silveira et al., 1989; Wässle et al., 1989,
1990; Azzopardi and Cowey, 1993). Both lines of evidence favor
the conclusion that species-specific variation in V1 size is partly
determined by the total amount of visual input from the retina.

Additional support for this conclusion is provided by scal-
ing analyses of gross neuroanatomical structures. Dunbar
(2003) has demonstrated that V1 area is highly correlated
with optic tract volume in anthropoid primates. Similarly,
Andrews et al. (1997) have shown that the sizes of both the
lateral geniculate nucleus (LGN) and V1 are highly correlated
with the size of the optic tract in humans. Because the optic
tract is primarily composed of afferent retinal ganglion cell
axons and the majority of retinal ganglion cells in primates
project to the LGN (Kaas, 1986; Kaas and Huerta, 1988),
this finding provides evidence that the sizes of the first-order
(LGN) and second-order (V1) targets of the retinogeniculostriate
pathway are partly determined by the number of visual input
channels to the brain (henceforth, the amount of ‘‘visual in-
put’’). These results are congruent with histological data show-
ing that macaques have similar numbers of LGN neurons and
retinal ganglion cells (Schein and de Monasterio, 1987;
Ahmad and Spear, 1993). Furthermore, both LGN size and
neuron number are positively correlated with V1 size and
neuron number across primates (Barton and Harvey, 2000;
Stevens, 2001). Such comparative analyses strongly suggest
that the sizes of the LGN and V1 covary closely in accordance
with the principle of proper mass. On a macroevolutionary
timescale, these data support the expectation that species
evolving an increased number of ganglion cells projecting to
the LGN (e.g., in the context of evolving denser sampling of
the retinal image and higher visual acuity) should also evolve
larger LGNs and V1s to accommodate the added visual input.
However, the effects of increased visual input on the sizes of
extrastriate cortical visual areas are largely unknown.

Effects on primate encephalization

The question of centro-peripheral scaling in the primate
visual system is highly relevant to understanding variation in
primate encephalization because visual areas may be quite
large relative to total brain size. Krubitzer and Kaas (1990)
have reported that eight cortical visual areas shared by Saimiri,
Aotus, Callithrix, and Galago comprise between 30 and 40%
of the total neocortex in these species. Although these values
are high, they almost certainly underestimate the amount of
neocortex devoted to processing visual information in pri-
mates. Of the 78 cortical areas identified in macaques by
Van Essen and colleagues, 32 areas devoted entirely or pre-
dominantly to processing visual information constitute slightly
more than 50% of the total neocortex (Van Essen et al., 1992;
Drury et al., 1996; Van Essen and Drury, 1997).1 Even in

1 The exact number of cortical visual areas found in different primate spe-

cies is currently subject to debate. However, all comparative studies indicate

that visual areas comprise a large proportion of the total neocortex (Kaas,

1989).
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humans, which demonstrate hypertrophy of the frontal
cortex2 relative to non-hominoid primates (Brodmann, 1912;
Semendeferi et al., 2002), visual areas are estimated to com-
prise 20-25% of the total neocortex (Van Essen and Drury,
1997). Because the neocortex constitutes between 41% and
80% of total brain volume in primates (Frahm et al., 1982),
these data indicate that cortical visual areas occupy a very
large proportion of total brain size. For example, in Macaca
mulatta, visual areas of the neocortex alone comprise 39%
of the total volume of the brain (Frahm et al., 1982; Van Essen
and Drury, 1997). Again, this value underestimates the total
proportion of the brain represented by visual areas because
it does not take into account the large number of subcortical
modules devoted largely to processing visual information
(Kaas and Huerta, 1988).

If, as suggested by the principle of proper mass, there is
a close relationship between visual input and the sizes of cor-
tical visual areas, then the total amount of visual input could
have a profound influence on relative brain size in primates.
Support for this conclusion is provided by the fact that the
number of parvocellular neurons in the LGN is highly corre-
lated with both relative brain size and relative neocortex size
in primates (Barton, 1998). In most primates, midget ganglion
cells (which project to parvocellular layers of the LGN)
greatly outnumber other ganglion cell classes and are thus re-
sponsible for most visual input to the brain (Kaas, 1986; Kaas
and Huerta, 1988; Weber et al., 2000; Silveira, 2004). Further-
more, the amount of variation between primate species in par-
vocellular cell number is absolutely greater than the variation
in magnocellular cell number (Hassler, 1967; Ahmad and
Spear, 1993; Barton, 1998), suggesting that interspecific dif-
ferences in total visual input predominantly reflect differences
in parvocellular input. Although based on a limited taxonomic
sample (n¼ 14 species; Schulz, 1967), Barton’s (1998) results
thus provide the clearest evidence that the amount of visual
input could have a major influence on interspecific variation
in relative brain size among primates. If these findings are ap-
plicable to primates generally, then species with relatively
large amounts of visual input to the brain would be expected
to exhibit relatively large brains. Brain enlargement in such
species would not necessarily be limited to the large propor-
tion of the brain devoted to processing visual information.
Comparative data on the sizes of brain components in pri-
mates, bats, scandentians, and insectivorans show that major
anatomical subdivisions of the brain tend to covary in
a tightly coordinated fashion (Finlay and Darlington, 1995;
Finlay et al., 2001). Accordingly, an increase in neocortex
size due to increased visual input might have a correlated
effect on the sizes of other major brain structures (e.g., the
cerebellum and medulla) that are not predominantly visual
in function and are outside of the primary visual pathways
to the cortex.

2 Other than the frontal eye fields (which control voluntary eye movements

and constitute a small proportion of frontal cortex), frontal cortex is primarily

not devoted to visual processing.
Goals of the current analysis

The objective of this analysis is to provide a quantitative
comparative test of the hypothesis that visual input influences
encephalization in primates in accordance with the principle of
proper mass. This project specifically examines the relation-
ship between relative endocranial volume and two estimates
of the total amount of visual input to the brain: (1) optic fora-
men cross-sectional area and (2) optic nerve cross-sectional
area. In primates, optic foramen cross-sectional area is highly
correlated with optic nerve area (Kirk and Kay, 2004). Prior
work has demonstrated that optic nerve cross-sectional area
is highly correlated with the total number of optic nerve fibers
(¼ganglion cell number) in interspecific and intraspecific
mammalian samples (Jonas et al., 1992; Kirk and Kay,
2004). Accordingly, optic foramen area and optic nerve area
may be used as anatomical proxies for the total amount of total
visual input to the brain. In order to meet the expectations of
proper mass, both variables should be positively correlated
with endocranial volume after controlling for the effects of
body size and phylogenetic non-independence.

This project also seeks to examine the generality of any re-
sult for extant primates through two additional analyses. First,
a parallel examination of the relationship between relative
optic foramen size and encephalization was undertaken in
a large comparative sample of carnivorans. Carnivorans provide
a good comparative model because, like primates, carnivorans
demonstrate significant interspecific variation in relative brain
size, are well characterized in terms of their phylogenetic
relationships, and many (e.g., felids) are highly visually-
oriented. Carnivorans also resemble primates in exhibiting
a range of activity patterns and are thus expected to vary sub-
stantially in the amount of visual input to the brain. If results
for carnivorans are comparable to those for extant primates,
then the influence of proper mass on the primate visual system
cannot be considered a ‘‘special case’’ among mammals re-
quiring an ad hoc explanation.

Second, data on endocranial volume and optic foramen area
in extant primates were compared with data for six fossil pri-
mate species. This step is necessary because some early fossil
primates exhibit very small endocranial volumes that fall out-
side the range of extant primates (Radinsky, 1977; Jerison,
1979; Martin, 1990). If visual input has played a role in the
evolution of clade-specific differences in relative brain size
among primates, then fossil taxa should demonstrate a relation-
ship between relative optic foramen area and relative endocra-
nial volume consistent with that seen in living primates.

Methods

Procedures for data collection

All measurements were made using skeletal material at
the National Museum of Natural History (Washington,
D.C.), the American Museum of Natural History (New
York), the Field Museum of Natural History (Chicago), the
Museum of Comparative Zoology (Cambridge, MA), the
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Texas Memorial Museum (Austin, TX), and the Muséum
National de l’Histoire Naturelle (Paris). Measurements were
collected for 101 extant primate species (n¼ 637 specimens),
6 fossil primate species (n¼ 13 specimens), and 69 extant car-
nivoran species (n¼ 402 specimens). If sufficient materials
were available, six crania were measured for each species.
Only adult crania (herein defined as specimens with all adult
maxillary teeth fully erupted) were included in this analysis.
Furthermore, an attempt was made to take all measurements
on members of the same subspecies and to include equal num-
bers of males and females. Summary data for extant primates
and carnivorans are presented in Tables 1 and 2, respectively.

Optic foramen dimensions were measured using a Wild M5
stereomicroscope fitted with a micrometer reticle. Measure-
ments were taken at 12, 25, or 50� depending upon the size
of the specimen being measured. Specimens were visually in-
spected for damage to the optic foramen, and any adherent soft
tissue was removed using a pair of needle forceps. Crania were
illuminated using an incandescent light source. Measurements
of foramen dimensions were made (1) in an intraorbital view
(i.e., the optic foramen was always viewed through the orbit)
and (2) with the foramen oriented to present the largest possi-
ble cross-sectional area. Optic foramen length was measured
as the maximum diameter of the foramen in any direction
within the plane of focus. Optic foramen width was measured
as the maximum dimension of the foramen perpendicular to its
length. Optic foramen area (henceforth ‘‘OFA’’) was estimated
using optic foramen length and width as the major and minor
axes of an ellipse. In primate specimens, cranial length (de-
fined as the chord between prosthion and inion) was measured
to the nearest 0.1 mm using digital calipers.

In all extant primates, endocranial volume (henceforth
‘‘ECV’’) was measured using either hulled millet seed or
CaCO3 sand (Bone Aid Calci-Sand �). Crania were first in-
spected to ensure that no internal damage (e.g., to the cribri-
form plate) was visible through the foramen magnum. Any
adherent desiccated soft tissues were removed using forceps
and a needle probe. Orbital foramina were filled with Play-
Doh � and the cranium was inverted with the foramen mag-
num facing upward. The cranium was then filled with seed
or sand using a size-appropriate funnel. When the cranium
was filled to the level of the foramen magnum, the external
surface of the neurocranium was manually tapped to allow
the seed or sand to settle. The endocranial contents were
then lightly compressed manually through the foramen mag-
num, and additional seed or sand was added until the cranium
was again filled to the level of the foramen magnum. This pro-
cess was repeated until manual compression of the endocranial
contents through the foramen magnum did not produce any
significant displacement (usually 2e4 iterations). The contents
of the cranium were then emptied into a plastic receptacle and
weighed using an Ohaus Navigator� digital balance accurate
to 0.1 g.

Some data for extant taxa used in this analysis were taken
from published sources. Body masses and endocranial vol-
umes for carnivorans follow Gittleman (1986). Body masses
for primates were taken from Smith and Jungers (1997) and
were calculated as the mean value of males and females. Optic
nerve cross-sectional areas (henceforth ONAs) for primates
were taken from the literature review of Stephan et al. (1984).

Residual analysis of raw data

Morphometric data were analyzed using the JMP 3.1.5 sta-
tistical package for Macintosh. All tests were conducted using
species means for extant taxa (Tables 1e2) and data from
individual specimens for fossil taxa (Table 3). All variables
were common-log transformed. For each analysis, data were
also exponentially transformed in order to conform to the
same dimensionality (i.e., linear, areal, or volumetric). Data
for extant primates and carnivorans were analyzed separately
to ensure that results were not influenced by differences in
visual bauplan between the two orders (Kirk and Kay, 2004).

Analysis of OFA and ECV is complicated by the fact that
both variables are highly correlated with body mass. Among
extant primates, least-squares regressions of log OFA and
log ECV on log body mass are both significant at
p< 0.0001. Body mass accounts for approximately 86% of
the variation in primate OFA and approximately 95% of the
variation in primate ECV. Accordingly, residuals were calcu-
lated for separate least-squares regressions of log OFA and
log ECV on published measurements of log body mass
(Gittleman, 1986; Smith and Jungers, 1997). Least-squares re-
gressions were used to provide residuals that are statistically
uncorrelated with the independent variable (i.e., body mass;
Harvey and Pagel, 1991). The relationship between the resid-
ual variation in OFA (henceforth ‘‘residual’’ or ‘‘relative’’
OFA) and ECV (henceforth ‘‘residual’’ or ‘‘relative’’ ECV)
was assessed using a least-squares regression of both residuals,
with relative OFA as the independent variable and relative
ECV as the dependent variable. A similar procedure was fol-
lowed in analyzing the relationship between ECV and pub-
lished measurements of ONA (Stephan et al., 1984) in
primates. This method of examining the residuals of two
dependent variables from a single independent variable (that
is effectively held constant) is statistically equivalent to
a partial correlation analysis.

Independent contrasts

Because closely related species are more likely to share
morphological similarities than distantly related species,
a number of authors have argued that failure to provide ade-
quate phylogenetic control in comparative analyses can lead
to spurious results (Felsenstein, 1985; Nunn and Barton,
2001). As a result, a second series of partial correlations was
undertaken using Felsenstein’s (1985) method of independent
contrasts. Independent contrasts of the log-transformed raw
data were calculated using the CAIC computer program
(Purvis and Rambaut, 1995). All CAIC analyses were per-
formed (1) using the CRUNCH algorithm for continuous
data, (2) with branch lengths assigned equal values (i.e., as-
suming a punctuational model of evolution), and (3) with
body mass as the independent variable. Phylogenies used in
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Table 1

Morphometric data for extant primates

TAXON n ONA BM PI OFA ECV

Allenopithecus nigroviridis 3 4.655 95.5 7.05 59.07

Alouatta palliata 6 3.825 6.250 109.8 5.27 56.05

Alouatta seniculus 6 3.825 5.950 108.1 7.98 54.84

Aotus azarai 6 1.205 63.8 3.53 20.67

Aotus trivirgatus 6 1.765 0.775 59.9 2.93 17.65

Arctocebus aureus 1 0.210 49.5 1.20 5.51

Arctocebus calabarensis 6 0.309 52.9 1.23 7.02

Ateles fusciceps 6 9.025 114.1 9.64 116.90

Ateles geoffroyi 7 4.800 7.535 107.6 9.71 109.20

Avahi laniger 6 1.055 1.175 53.7 1.74 9.75

Brachyteles arachnoides 2 8.840 111.3 6.65 119.40

Cacajao melanocephalus 8 2.935 92.8 6.72 68.73

Callicebus torquatus 8 1.245 65.7 3.89 19.49

Callimico goeldii 7 0.484 51.5 3.96 11.57

Callithrix argentata 9 0.345 45.5 2.96 8.14

Callithrix jacchus 7 1.675 0.321 43.5 3.13 7.77

Cebuella pygmaea 6 0.116 34.5 2.28 4.37

Cebus albifrons 6 10.900 2.735 87.5 7.55 63.36

Cebus capucinus 6 10.900 3.110 95.2 7.84 75.86

Cercocebus galeritus 6 7.435 126.5 10.20 114.10

Cercocebus torquatus 6 7.485 129.2 11.10 107.20

Cercopithecus cephus 6 3.585 96.1 9.19 66.26

Cercopithecus mitis 6 6.500 6.090 108.9 8.53 72.39

Cercopithecus petaurista 6 3.650 93.5 8.06 58.57

Cheirogaleus major 6 0.450 0.400 54.5 1.63 5.83

Cheirogaleus medius 6 0.395 0.283 42.9 1.20 3.24

Chiropotes satanas 6 2.740 83.4 6.83 56.79

Chlorocebus aethiops 6 3.620 102.2 7.55 69.77

Colobus guereza 6 8.895 111.6 9.75 82.95

Colobus polykomos 7 9.100 109.6 8.61 78.86

Daubentonia madagascariensis 7 1.105 2.555 86.6 2.80 44.87

Erythrocebus patas 6 6.850 9.450 125.7 9.83 94.38

Eulemur coronatus 6 1.655 80.8 2.95 20.31

Eulemur fulvus 9 1.570 2.215 90.6 3.31 24.75

Eulemur macaco 7 2.440 92.2 3.46 24.80

Eulemur mongoz 8 1.620 82.9 3.31 20.82

Eulemur rubriventer 7 1.960 85.8 3.06 26.33

Euoticus elegantulus 6 0.274 48.1 3.03 5.85

Galago alleni 6 0.273 49.6 2.29 5.85

Galago matschiei 2 0.210 44.3 2.58 4.73

Galago moholi 10 0.180 38.4 2.22 3.83

Galago senegalensis 6 0.840 0.213 43.9 2.62 4.65

Galagoides demidoff 6 0.565 0.062 37.4 1.35 2.72

Galagoides zanzibaricus 6 0.143 42.0 2.20 3.52

Gorilla gorilla 6 8.800 121.000 271.2 14.50 491.30

Hapalemur griseus 10 0.945 64.6 2.59 13.77

Hapalemur simus 1 1.725 81.6 3.02 29.83

Hylobates klossii 6 5.795 95.6 7.68 88.84

Hylobates lar 6 6.350 5.620 104.2 8.35 101.50

Hylobates syndactylus 6 11.300 123.7 9.48 128.40

Indri indri 6 1.895 6.335 103.5 4.11 36.58

Lagothrix lagotricha 6 4.435 7.150 105.9 6.97 100.90

Lemur catta 7 1.850 2.210 84.1 3.30 23.79

Leontopithecus chrysomelas 3 0.578 57.3 3.13 11.98

Leontopithecus rosalia 9 0.609 55.3 2.89 13.04

Lepilemur leucopus 7 0.560 0.606 50.6 2.20 6.85

Lepilemur mustelinus 5 0.560 0.777 59.0 2.39 9.56

Lophocebus albigena 6 6.700 7.135 116.2 9.66 95.71

Lophocebus aterrimus 5 6.800 129.0 10.70 104.70

Loris tardigradus 6 0.470 0.193 50.2 1.91 5.69

Macaca fascicularis 6 4.180 4.475 109.7 8.06 68.70

Macaca nemestrina 6 8.850 138.0 9.19 109.10

Mandrillus sphinx 6 22.250 186.8 14.30 162.10

Microcebus murinus 7 0.340 0.061 32.3 1.47 1.66
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Table 1 (continued)

TAXON n ONA BM PI OFA ECV

Microcebus rufus 5 0.043 32.5 1.25 1.63

Miopithecus talapoin 9 3.145 1.250 72.8 6.65 41.34

Mirza coquereli 6 0.315 51.1 2.36 5.81

Nasalis larvatus 6 6.050 15.110 118.9 10.30 96.05

Nycticebus coucang 8 0.730 0.653 58.0 2.46 10.27

Nycticebus pygmaeus 6 0.307 52.0 2.58 7.23

Otolemur crassicaudatus 13 0.850 1.150 66.2 3.28 10.82

Otolemur garnettii 7 0.764 67.5 4.43 10.87

Pan troglodytes 6 10.500 38.200 189.5 13.80 400.90

Papio anubis 6 13.500 19.200 183.0 14.10 171.10

Papio cynocephalus 6 17.050 178.3 12.90 186.60

Perodicticus potto 11 0.465 1.230 61.8 2.56 12.68

Phaner furcifer 5 0.460 52.4 2.66 6.47

Pithecia pithecia 6 1.760 76.7 5.24 34.97

Pongo pygmaeus 6 8.050 57.150 213.3 16.10 384.10

Presbytis comata 6 6.700 93.0 8.98 72.79

Presbytis frontata 6 5.620 95.3 8.93 81.02

Presbytis geei 1 10.150 106.2 8.17 97.89

Presbytis melalophos 6 6.530 90.0 7.27 66.22

Procolobus badius 6 5.050 8.285 104.1 8.09 70.69

Propithecus diadema 6 6.100 88.6 4.27 40.06

Propithecus verreauxi 9 1.590 3.990 81.7 3.57 26.80

Pygathrix nemaeus 8 9.720 107.6 7.00 88.20

Pygathrix roxellana 6 14.750 113.2 9.45 114.40

Saguinus fuscicollis 6 0.351 45.2 3.00 7.83

Saguinus leucopus 7 0.492 47.8 3.20 9.33

Saguinus midas 6 2.200 0.545 49.4 3.60 9.65

Saimiri oerstedii 10 0.789 60.3 4.93 25.96

Saimiri sciureus 6 3.155 0.721 64.1 6.08 27.50

Semnopithecus entellus 6 11.450 117.8 9.94 103.70

Simias concolor 6 7.975 97.8 6.99 59.09

Tarsius bancanus 6 1.650 0.123 38.5 2.81 3.24

Tarsius spectrum 6 1.650 0.117 37.0 2.42 3.00

Tarsius syrichta 6 1.650 0.126 38.9 2.67 3.46

Theropithecus gelada 8 15.350 158.5 10.40 131.80

Trachypithecus cristatus 6 6.185 93.7 6.93 64.88

Varecia variegata 7 1.935 3.490 103.8 4.04 32.25

n¼ number of specimens, ONA¼ optic nerve cross-sectional area (mm2), BM¼ body mass (kg), PI¼ cranial length (mm, prosthioneinion), OFA¼ optic fora-

men area (mm2), ECV¼endocranial volume (cc). ONA is taken from Stephan et al. (1984); BM is taken from Smith and Jungers (1997).
CAIC analyses were derived from Purvis (1995) for primates
and Bininda-Emonds et al. (1999) for carnivorans.

Independent contrasts calculated in CAIC were analyzed
using JMP. As in the analysis of the raw data, residuals
were calculated for separate least-squares regressions of op-
tic foramen area contrasts and endocranial volume contrasts
on body mass contrasts. However, in generating a line of
subtraction for contrast data, the regression was forced
through the origin (Purvis and Rambaut, 1995). The relation-
ship between the residual variation in optic foramen area
contrasts (henceforth ‘‘relative OFA contrasts’’) and endocra-
nial volume contrasts (henceforth ‘‘relative ECV contrasts’’)
was assessed using standard least-squares regression of both
residuals, with relative OFA contrasts as the independent var-
iable and relative ECV contrasts as the dependent variable.
In the primate CAIC analysis, one contrast at the basal
node for the genus Leontopithecus was excluded as an ex-
treme outlier. This exclusion did not influence the outcome
of the analysis.
Analysis of fossil taxa

Fossil taxa examined in this analysis include the adapines
Adapis parisiensis and Leptadapis spp., the cercamoniine
Pronycticebus gaudryi, the microchoerid Necrolemur anti-
quus, the omomyiform Rooneyia viejaensis, and the parapi-
thecine Simonsius (¼ Parapithecus) grangeri. All of these
fossil taxa are Late Eocene in age with the exception of
Simonsius, which is Early Oligocene. Optic foramen areas
and linear cranial dimensions were measured using the
same protocols as in extant species. In the type specimen
of Rooneyia, however, both optic foramina were measured
and included as separate data points because of slight varia-
tions in the preservation of the two foramina (Kirk and
Kay, 2004). Furthermore, in some fossil specimens with
damage to the premaxillae or occipital region, cranial length
was estimated.

Morphometric data for fossil taxa and the published ECV
estimates used in this analysis are presented in Tables 3 and 4.
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Table 2

Morphometric data for carnivorans

TAXON n BM OFA ECV

Acinonyx jubatus 6 58.560 21.50 111.00

Alopex lagopus 6 3.190 7.52 35.52

Arctictis binturong 6 11.470 3.96 40.85

Arctogalidia trivirgata 6 2.460 4.15 21.98

Atilax paludinosus 9 3.670 4.67 28.50

Bassariscus astutus 6 0.840 2.79 16.44

Bdeogale crassicaudata 4 1.250 3.09 16.95

Canis adustus 6 11.250 9.04 51.94

Canis aureus 6 8.760 8.69 72.24

Canis latrans 6 10.490 11.30 88.23

Canis lupus 6 33.110 17.90 131.60

Canis mesomelas 6 7.690 8.87 56.83

Chrysocyon brachyurus 4 23.100 14.10 120.30

Civettictis civetta 6 12.060 3.82 36.97

Crossarchus obscurus 7 1.310 3.14 9.78

Cryptoprocta ferox 5 9.490 5.32 32.14

Cuon alpinus 6 17.640 11.70 94.63

Cynictis penicillata 9 0.590 3.05 10.49

Eupleres goudotii 5 2.100 3.46 16.95

Felis chaus 5 7.030 6.39 39.25

Felis nigripes 3 2.200 5.25 20.09

Fossa fossana 6 1.790 4.36 19.69

Galerella sangiunea 5 0.490 3.30 8.76

Galidea elegans 4 0.810 2.76 10.70

Genetta genetta 6 1.900 5.65 14.01

Gulo gulo 6 11.130 5.31 78.26

Helogale parvula 9 0.270 2.02 4.76

Hemigalus derbyanus 6 0.830 1.88 18.92

Herpailurus yaguarundi 6 7.460 11.10 40.04

Herpestes auropunctatus 4 0.740 3.10 7.42

Herpestes ichneumon 10 3.030 6.45 23.34

Herpestes urva 4 2.360 4.87 20.91

Ichneumia albicauda 10 3.860 3.64 24.29

Ictailurus planiceps 2 2.100 5.23 21.98

Ictonyx striatus 6 0.750 1.99 9.78

Leopardus pardalis 6 13.460 9.04 63.43

Lycaon pictus 6 21.980 12.60 129.00

Lynx rufus 6 6.110 10.60 57.97

Martes americana 4 0.860 2.33 15.80

Meles meles 6 12.940 3.67 50.40

Mephitis mephitis 6 2.360 1.35 10.28

Mungos mungo 10 1.260 3.62 10.49

Mustela vison 4 0.910 1.52 8.50

Nandinia binotata 6 3.190 2.61 17.29

Nasua nasua 5 5.000 3.93 29.96

Neofelis nebulosa 6 19.490 13.50 68.71

Nyctereutes procyonoides 6 7.460 6.14 28.50

Otocolobus manul 3 3.000 5.62 34.47

Otocyon megalotis 6 3.940 5.51 26.84

Panthera tigris 6 159.170 21.10 278.70

Panthera uncia 6 32.460 12.30 101.50

Paracynictis selousi 6 1.700 3.04 15.80

Poecilogale albinucha 5 0.290 0.71 4.76

Potos flavus 6 2.050 3.16 25.53

Prionailurus bengalensis 6 5.470 5.20 29.37

Prionodon pardicolor 1 0.450 2.51 9.03

Procyon lotor 7 6.170 3.13 40.04

Pseudalopex culpaeus 6 7.320 11.30 51.42

Puma concolor 6 50.400 18.90 125.20

Rhynchogale melleri 2 2.720 3.97 16.95

Speothos venaticus 6 5.990 6.17 40.45

Spilogale putorius 6 0.540 1.03 5.00

Suricata suricata 10 0.730 3.31 10.28

Taxidea taxus 6 4.060 3.63 48.91
The OFA (3.46 mm2) and ECV (11.4 cc) of Simonsius were
taken from Bush et al. (2004), who quantified these values
using micro CT scans. The ECVs of Necrolemur and Rooneyia
were taken from Radinsky (1977) and Jerison (1979), and
are primarily the product of the double graphic integration
method (Jerison, 1973). Due to disagreements between these
sources on the volume of natural endocasts of these taxa, sep-
arate data points were generated for each species based on
Radinsky’s (1977) and Jerison’s (1979) ECV estimates. As a
result, Rooneyia is represented by four data points in compar-
isons of ECV residuals and OFA residuals, for which there are
two estimates of each variable. Similarly, Radinsky (1977) and
Jerison (1979) present ECVs for Adapis (9.0 cc) that differ
from the value reconstructed by Gurche (8.3 cc; 1982) based
on water displacement of restored endocasts. As a result,
both ECV estimates for Adapis were included as separate
data points for each of the four specimens measured.

The ECVs of Leptadapis and Pronycticebus were taken
from Martin (1990). Martin estimated the mean ECV of four
specimens of Leptadapis to be 25.8 cc based on braincase
width, and 17.6 cc based on braincase height. Similar ECV
estimates for one specimen of Pronycticebus range from 8.8 cc
(width) to 4.8 cc (height). Because of the relatively large dif-
ference between the two estimates, three separate data points
for each specimen of Leptadapis and Pronycticebus were

Table 2 (continued)

TAXON n BM OFA ECV

Urocyon

cinereoargenteus

6 3.630 7.58 40.85

Viverra zibetha 6 9.030 7.69 36.97

Viverricula indica 6 2.660 4.06 16.78

Vulpes velox 6 2.200 5.43 32.14

Vulpes vulpes 6 4.140 8.83 43.38

n¼ number of specimens, BM¼ body mass (kg), OFA¼ optic foramen area

(mm2), ECV¼endocranial volume (cc). BM and ECV are taken from Gittle-

man (1986).

Table 3

Morphometric data for fossil primates

TAXON CAT NO OFA PI

Adapis parisiensis ACQ 211 1.73 84.0

Adapis parisiensis MAPHQ 344 2.34 85.6

Adapis parisiensis MAPHQ 345 1.94 85.0

Adapis parisiensis MAPHQ 347 1.63 81.5

Leptadapis sp. QU 10870 2.81 119.2

Leptadapis sp. QU 10875 3.60 106.1

Leptadapis sp. MAPHQ 210 3.53 123.5

Leptadapis magnus QU 11002 3.51 108.1

Leptadapis magnus YPM 11481 3.54 95.5

Necrolemur antiquus QU 11060 1.72 40.2

Pronycticebus gaudryi QU 11056 2.81 63.0

Rooneyia viejaensis (left) TMM 406887 2.56 50.0

Rooneyia viejaensis (right) TMM 406887 2.21 50.0

Simonsius grangeri DUPC 18651 3.46 65.8

CAT NO¼ catalogue number, OFA¼ optic foramen area (mm2), PI¼ cranial

length (mm, prosthioneinion). Three specimens formerly included in the Lep-

tadapis magnus hypodigm are here designated ‘‘Leptadapis sp.’’ to recognize

specific distinction following Lanèque (1993). Values for Simonsius grangeri
follow Bush et al. (2004).
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included to represent the estimated ECV based on braincase
height, braincase width, and the mean for the two values.

Because body mass is unknown for the fossil specimens
measured in this analysis, log ECV and log OFA were com-
pared with log cranial length as a proxy for body size. In
the extant primate sample included in this analysis, cranial
length is significantly positively correlated with the body
mass data of Smith and Jungers (1997; Spearman
Rho¼ 0.97, p< 0.001). Otherwise, procedures for the analysis
of fossil species are similar to those used to study raw data for
extant taxa. First, residuals were calculated for all primates
using separate least-squares regressions of log ECV and log
OFA on log cranial length. Regression lines were calculated
using species means for extant primates only in order to pre-
vent outlying fossil specimens from having a disproportionate
influence on regression slopes. Second, residual ECV and
residual OFA for all primates (extant and fossil) were
compared in a bivariate plot to determine whether the fossil
specimens included in this analysis demonstrate a pattern of
covariation in residuals similar to that shown by living
primates.

Benefits of methodology

Although OFA is not a perfect estimator of visual input
(Kirk and Kay, 2004), several advantages are provided by
the methods used in this analysis. First, this study includes
a wide range of species for which quantitative neuroanatomi-
cal data are not available. Nearly all primate genera are sam-
pled, as well as a large number of congeneric species.
Furthermore, multiple specimens of most species have been
included to account for intraspecific variation. These steps re-
duce the potential for sampling bias to affect the outcome of
this analysis. Second, this analysis incorporates measurements
for extant primates (including endocranial volume, optic fora-
men area, and cranial length) that have been derived from the
same specimens. This step is an attempt to minimize interob-
server measurement error, as for example in the case of ana-
lyzing OFAs and published ECVs from different primate
subspecies. Third, perhaps the most compelling reason for
using osteological measurements of visual input (OFA) and

Table 4

Endocranial volume estimates for fossil specimens

SPECIES SOURCE ECV

Adapis parisiensis Radinsky, 1977; Jerison, 1979 9

Gurche, 1982 8.3

Leptadapis sp. Martin, 1990 25.8

Martin, 1990 17.6

Necrolemur antiquus Jerison, 1979 4.2

Radinsky, 1977 4.35

Pronycticebus gaudryi Martin, 1990 8.8

Martin, 1990 4.8

Rooneyia viejaensis Radinsky, 1977 7.5

Jerison, 1979 7

Simonsius grangeri Bush et al., 2004 11.4

ECV¼endocranial volume (cc).
brain size (ECV) is that these values can be quantified for fos-
sil taxa. As a result, it is possible to include both extant and
extinct taxa in the same analysis of the influence of visual
input on relative brain size.

Results

Extant primates

Among living primates, the amount of visual input appears
to have a significant influence on relative brain size. The re-
gression of ECV and OFA residuals from body mass is highly
significant (p< 0.0001), with relative OFA explaining approx-
imately 43% of the variation in relative ECV (Fig. 1). Similar
significant results (p< 0.0001) are obtained when the optic
nerve cross-sectional areas presented by Stephan et al.
(1984) are substituted for OFA (Fig. 2). However, residuals
of optic nerve area from body mass for 43 species of primates
explain a greater percentage (49%) of the residual variation in
ECV. Such an increase in r2 value with the substitution of
a soft-tissue measurement for its osteological proxy is ex-
pected, due to the inherent error in estimating ONA with
OFA. Nonetheless, both regressions (Figs. 1e2) are congruent
in their high degree of statistical significance, suggesting that
substituting relative OFA for relative ONA has little effect on
the results of this analysis.

Carnivorans

The amount of visual input also appears to have a significant
influence on relative brain size among carnivorans. Like pri-
mates, the regression of ECV and OFA residuals from body

Fig. 1. Bivariate plot of relative optic foramen area and relative endocranial

volume in extant primates. Squares¼ haplorhines, crosses¼ strepsirrhines.

Line¼ least-squares regression; r2¼ 0.43; p< 0.0001. Relative values on

both axes were calculated as the residual from log body mass (Smith and

Jungers, 1997).
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mass is highly significant in carnivorans (p< 0.0001; Fig. 3).
In carnivorans, however, relative OFA accounts for only about
23% of the variation in relative ECV. This lower r2 value sug-
gests that visual input has less of an influence on relative brain
size in carnivorans than in primates.

Fig. 2. Bivariate plot of relative optic nerve area and relative endocranial

volume in extant primates. Squares¼ haplorhines, crosses¼ strepsirrhines.

Line¼ least-squares regression; r2¼ 0.49; p< 0.0001. Optic nerve areas fol-

low Stephan et al. (1984). Relative values on both axes were calculated as

the residual from log body mass (Smith and Jungers, 1997).

Fig. 3. Bivariate plot of relative optic foramen area and relative endocranial

volume in carnivorans. Line¼ least-squares regression; r2¼ 0.23; p<

0.0001. Endocranial volume and body mass follow Gittleman (1986). Relative

values on both axes were calculated as the residual from log body mass.
Independent contrasts

In both primates and carnivorans, regressions of residual
ECV contrasts on residual OFA contrasts are significant at
p< 0.001 (Figs. 4e5). These CAIC analyses demonstrate
that the significant relationship between relative ECV and rel-
ative OFA found in analyses of species means (Figs. 1e3) is
independent of phylogenetic effects. These results therefore
strongly reinforce the conclusion that the relative amount of
visual input to the brain in both primates and carnivorans
has a significant effect on relative brain size.

Fossil primates

When ECV and OFA residuals for extant primates are cal-
culated based on cranial length, a regression of the two resid-
uals is highly significant (p< 0.0001; r2¼ 0.45). This result is
comparable to the regression of residuals from body mass
(Fig. 1), suggesting that the use of cranial length as a proxy
for body mass has little effect on the outcome of this analysis.

When OFA and ECV residuals from cranial length are cal-
culated for fossil specimens based on the extant primate re-
gression lines, most fossil taxa have negative residuals for
both variables. The sole exception is Necrolemur, which has
ECV estimates that straddle the extant primate regression
line and an OFA that falls slightly below the extant primate re-
gression line. As a result, Necrolemur has ECV residuals near
zero and a negative OFA residual. As in extant primates, a re-
gression of the residuals for fossil specimens only is highly
significant (p< 0.0001; r2¼ 0.84).3

Figure 6 is a bivariate plot of OFA and ECV residuals for
extant primate species and fossil primate specimens in which
the zero points on both axes are represented by horizontal and
vertical lines. Most diurnal anthropoids have positive OFA and
ECV residuals and thus plot in the upper right quadrant of Fig-
ure 6. By contrast, most strepsirrhines have negative OFA and
ECV residuals and thus plot in the lower left quadrant. These
results suggest that a relatively large amount of visual input in
anthropoids is typically accompanied by a larger than ex-
pected relative brain size. By the same token, a relatively
small amount of visual input in strepsirrhines is typically ac-
companied by a smaller than expected relative brain size.
This result is not simply a function of activity pattern because
strepsirrhines in the lower left quadrant of Figure 6 exhibit
a range of activity patterns (i.e., diurnal, cathemeral, and
nocturnal).

Because most fossil specimens have negative residuals on
both axes, they plot in the lower left quadrant of Figure 6.
Of the fossil taxa, Necrolemur, Rooneyia, and Simonsius fall
entirely within the distribution of extant primate species.
This placement indicates that all three fossil taxa are within
the range of variation exhibited by living primates in both rel-
ative ECV and relative OFA. By contrast, Pronycticebus and
all specimens of Adapis and Leptadapis plot largely outside

3 Calculated using a single set of mean values for each specimen; n¼ 13.
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the extant primate distribution in Figure 6. This unique place-
ment of the three adapiform genera reflects their extreme neg-
ative residuals from the extant primate regressions for ECV
(Pronycticebus) or both ECV and OFA (Adapis and
Leptadapis).

Significantly, none of the fossil taxa included in this analy-
sis have negative residuals for one variable and positive resid-
uals for another.4 In Adapis, Leptadapis, and Rooneyia,
negative OFA residuals are accompanied by negative ECV re-
siduals of similar magnitude. Similarly, although ECV resid-
uals are lower than OFA residuals in Simonsius and
Pronycticebus, both residuals are negative. These data indicate
that relatively small optic foramina are associated with rela-
tively small brain sizes in these five taxa. Such direct covari-
ation in residuals in Adapis, Leptadapis, Pronycticebus,
Rooneyia, and Simonsius (even when taxa fall outside the ex-
tant primate distribution, as in Adapis and Leptadapis) is well
in accord the expectations of proper mass.

In contrast to all fossil and most extant species in Figure 6,
a small number of living primates have positive residuals on
one axis and negative residuals on the other. The most notable
outlier in this respect is Daubentonia, which has a positive
EVC residual and a strongly negative OFA residual. These re-
sults indicate that although Daubentonia has a relatively large
brain for its body size, it has a much smaller OFA than most
similar-sized primates.

Fig. 4. Primate independent contrasts. Line¼ least-squares regression;

r2¼ 0.33; p< 0.0001. Relative values on both axes were calculated as the re-

sidual from log body mass contrasts.

4 Because the two ECV estimates used for Necrolemur produce either pos-

itive or negative residuals, it is uncertain whether the slightly negative OFA

residuals measured for this specimen would have been accompanied by nega-

tive ECV residuals. Irrespective of this uncertainty, Necrolemur plots very

close to the center of the extant primate distribution in Figure 6, indicating

that both residuals for this fossil taxon are well within the range of values ex-

pected for on living primates.
Discussion

Effect of visual input on relative brain size

The fact that relative OFA is significantly positively corre-
lated with relative ECV in both primates (Fig. 1) and carnivor-
ans (Fig. 3) provides strong support for the hypothesis that the
amount of visual input to the brain has had an important

Fig. 5. Carnivoran independent contrasts. Line¼ least-squares regression;

r2¼ 0.21; p< 0.001. Relative values on both axes were calculated as the resid-

ual from log body mass contrasts.

Fig. 6. Bivariate plot of relative optic foramen area and relative endocranial

volume in extant and fossil primates. Squares¼ extant haplorhines, crosses¼
extant strepsirrhines, circles¼ fossil specimens. Lines¼ zero points on x-

and y-axes. Relative values on both axes were calculated as the residual

from log cranial length.
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influence on relative brain size in these clades. This conclusion
is also supported by independent contrast analyses (Figs. 4e5),
which demonstrate that the positive correlation between
relative OFA and relative ECV is independent of phylogenetic
effects. The results of analyses using raw data and independent
contrasts are further reinforced by measurements of relative
OFA and relative ECV in fossil primate species. Inclusion of
various Eocene and Oligocene primates in residual analyses
(Fig. 6) reveals that fossil primates tend to have direct covari-
ance between relative ECV and relative OFA similar to that
observed in living primates. In most fossil taxa, negative resid-
uals in relative OFA are matched by negative residuals in ECV
of similar magnitude. This finding holds true even for species
(i.e., adapiforms) that demonstrate relative OFAs and ECVs
that fall partly outside the range of living primates.

The analyses presented in this study (extant, CAIC, and
fossil) are all in accord with the expectation of proper mass
(Jerison, 1973) that species with larger amounts of visual in-
formation to process (i.e., more retinal ganglion cells) require
larger brains to accommodate the added visual input. In this
context, it is striking that extant anthropoids typically have
both larger brains and substantially more visual input than
strepsirrhines (Figs. 1, 2, 6) (Jerison, 1973; Clutton-Brock
and Harvey, 1980; Stephan et al., 1988; Martin, 1990; Kay
and Kirk, 2000; Bush et al., 2004; Kirk and Kay, 2004;
Silveira, 2004; Tetreault et al., 2004). Increased visual input in
anthropoids is a direct result of the evolution of low-summation,
all-cone foveae in the anthropoid or haplorhine stem lineage
(Kirk and Kay, 2004). Accordingly, the results of this study
raise the possibility of a functional association between
the evolution of low summation foveae and high encephaliza-
tion in anthropoids. In other words, high acuity vision in
anthropoids requires a large number of retinal ganglion cells
to densely sample the foveal image. This large population of
ganglion cells in turn may have favored the evolution of larger
relative brain size in anthropoids. As a result, some proportion
of the ‘‘grade shift’’ in encephalization that distinguishes ex-
tant anthropoids and strepsirrhines (Jerison, 1973; Clutton-
Brock and Harvey, 1980; Stephan et al., 1988; Martin, 1990)
may be directly linked to the evolution of high acuity foveate
vision in anthropoids.

However, this grade shift between extant anthropoids and
strepsirrhines cannot be entirely the result of differences in
visual input per se because some fossil anthropoids that presum-
ably had all-cone foveae (e.g., Aegyptopithecus and Simonsius)
were less encephalized than most living anthropoids (Radinsky,
1977; Jerison, 1979; Martin, 1990; Bush et al., 2004). As
noted by Bush and colleagues (2004), data for Simonsius
suggest that high visual acuity evolved before significant brain
expansion occurred in the anthropoid lineage, although high
acuity may have subsequently favored increased encephaliza-
tion in the context of visually-directed social or ecological
tasks (cf. Barton, 1998, 2000). Nonetheless, endocast mor-
phology led Radinsky (1975) to suggest that V1 in Aegyptopi-
thecus was ‘‘expanded as in modern anthropoids and larger
than would be expected in a prosimian endocast of comparable
size’’ (p. 660). If these interpretations (Radinsky, 1975; Bush
et al., 2004) are correct, then the fossil record of anthropoid
brain evolution may provide evidence for two processes by
which increased visual input has influenced relative brain
size. First, cortical visual areas may have expanded early
in anthropoid evolution coincident with the evolution of
increased visual input and high acuity vision. Such early ex-
pansion could account for putative increase in the size of V1
in Aegyptopithecus (Radinsky, 1974, 1975) and the fact that
Aegyptopithecus was more encephalized than most other
Eocene-Oligocene primates (Radinsky, 1977; Jerison, 1979;
Martin, 1990). Second, selection for increased visual process-
ing in the context of various social or ecological tasks (e.g.,
interpreting facial expressions of conspecifics, creating mental
maps of a home range, etc.) could have led to further increases
in relative brain size among anthropoids (Barton, 1996, 1998,
2000; Bush et al., 2004). Over time, both mechanisms could
have contributed to the high degree of encephalization that dis-
tinguishes living anthropoids from other primates.

Other influences on brain size

It is important to note that the finding of a close relationship
between relative brain size and visual input does not rule out
the existence of additional selective factors (e.g., social or eco-
logical) that influence encephalization among primates
(Clutton-Brock and Harvey, 1980; Martin, 1981; Byrne and
Whiten, 1988; Sawaguchi, 1992; Dunbar, 1992; Aiello and
Wheeler, 1995; Barton, 1996; Joffe and Dunbar, 1997; Whiten
and Byrne, 1997; van Schaik and Deaner, 2003). This point is
clearly demonstrated by Daubentonia, which has the highest
relative ECV of any strepsirrhine but is also nocturnal and
has a relatively small OFA (Fig. 6). This genus accordingly
does not fit the pattern of direct covariation in relative ECV
and OFA seen in most other primates. Clearly, factors other
than increased visual input are responsible for the evolution
of high encephalization in Daubentonia (Stephan et al.,
1988; Martin, 1990).

Similarly, one anthropoid genus (Aotus) has evolved high-
summation rod-dominated retinas well suited for its nocturnal
or cathemeral niche (Wikler and Rakic, 1990; Ogden, 1994;
Kirk and Kay, 2004; Silveira, 2004). This transition away
from the typical anthropoid condition was associated with
a loss in both visual acuity and visual input to the brain
(Kirk and Kay, 2004). While diurnal anthropoids typically
have 1e1.6 million ganglion cells per eye, owl monkeys
only have about 500,000 ganglion cells per eye (Lima et al.,
1996; Kirk and Kay, 2004; Silveira, 2004; Tetreault et al.,
2004). Nonetheless, owl monkeys retain large relative brain
sizes comparable to those of many other anthropoids (Stephan
et al., 1988; Martin, 1990). In the case of Aotus, relatively high
encephalization is evidently retained from a diurnal ancestor
that did have a large amount of visual input like other anthro-
poids. This finding suggests that although increases in visual
input may favor increases in relative brain size, subsequent re-
ductions in visual input do not necessarily lead to diminished
encephalization. As noted by van Schaik and Deaner (2003),
several additional lines of comparative evidence suggest that
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mammalian brain evolution often proceeds in a comparable
‘‘ratchet-like’’ fashion. In other words, the presumptive cogni-
tive benefits of increased brain size may cause encephalization
to remain high in a lineage following the relaxation of selec-
tion pressures that initially favored increases in relative brain
size.

These results for Daubentonia and Aotus demonstrate that
although visual input influences encephalization, the relation-
ship between these variables in primates is not one of strict 1:1
covariation. Results for Daubentonia further emphasize the
fact that increased encephalization in primates is not always
the product of increased visual input to the brain. These
findings are accordingly consistent with the large number of
comparative studies that have documented social, ecological,
and developmental influences on primate encephalization
(Clutton-Brock and Harvey, 1980; Martin, 1981; Byrne and
Whiten, 1988; Aiello and Wheeler, 1995). As noted by Barton
(1996, 1998, 2000), however, it is possible that visual special-
izations mediate some of the observed correlations between
encephalization and socioecological factors like frugivory
and social group size.

Finally, it is worth acknowledging that although visual
input has a significant influence on relative brain size in pri-
mates and carnivorans, a similar result would not necessarily
be expected for other higher-level vertebrate clades. Accord-
ingly, a comparative analysis with an overly broad taxonomic
scope could easily be confounded by differences between
clades in cerebral bauplan or the types of central visual pro-
cessing tasks performed. For example, pigeons (Columba livia),
ducks (Anas platyrhynchos), and ground squirrels (Spermo-
philus beecheyi) have a greater amount of visual input to the
brain than many diurnal anthropoid species (Binggeli and
Paule, 1969; O’Flaherty, 1971; Johnson et al., 1998; Silveira,
2004; Tetreault et al., 2004). Nonetheless, all three of these
non-primate species demonstrate relatively low degrees of
encephalization (Portmann, 1947; Mace et al., 1981; Roth
and Thorington, 1982). These comparative examples provide
evidence that grade differences in encephalization between
higher-level clades may be independent of visual influences
on encephalization within a clade.

Implications for Fossil Taxa

The comparative data provided in this analysis support pre-
vious conclusions that fossil haplorhines (i.e., Rooneyia and
Necrolemur) and stem anthropoids (i.e., Simonsius) had rela-
tive brain sizes within the range of living primates (Fig. 6)
(Radinsky, 1977; Jerison, 1979; Martin, 1990; Bush et al.,
2004). These relatively large brains were evidently matched
by amounts of visual input to the brain that were also compa-
rable to those of living primates (Fig. 6). By contrast, the ada-
piforms Adapis, Leptadapis, and Pronycticebus had smaller
relative brain sizes than most living primates (Fig. 6)
(Radinsky, 1977; Jerison, 1979; Martin, 1990). The results
presented in this analysis suggest that low encephalization in
adapiforms was partly due to the fact that the amount of visual
input to the brain was unusually low in this clade. Indeed,
while the very small relative brain sizes of adapiforms appear
unusual relative to the range of variation demonstrated by ex-
tant primates, adapiform encephalization is largely consistent
with expectations based on relative optic foramen size
(Fig. 6). It is not immediately clear, however, why the amount
of visual input in adapiforms was less than in extant primates.

Synthesis: Possible mechanisms for brain enlargement

The results of this analysis support previous hypotheses of
a causal relationship between visual specialization and in-
creased encephalization in primates (Elliot-Smith, 1927;
Clark, 1959; Martin, 1968; Radinsky, 1970; Allman, 1977;
Cachel, 1979; Allman and McGuinness, 1988; Barton, 1998,
2000). Moreover, this analysis provides comparative evidence
that one critical variable influencing relative brain size in this
context is the total amount of visual input to the brain. Be-
cause all primates have similar peripheral retinal morphol-
ogies (Kirk and Kay, 2004), the primary factor influencing
total visual input in primates is retinal centralization. Primates
that have high densities of low-summation photoreceptors
(usually cones) in the central retina (e.g., diurnal anthropoids)
have a large total population of retinal ganglion cells and thus
demonstrate elevated visual input to the brain (Kirk and Kay,
2004; Silveira, 2004; Tetreault et al., 2004). As described pre-
viously, such species also tend to have relatively large brains.
By contrast, primates that have high-summation photorecep-
tors (usually rods) in the central retina (e.g., many nocturnal
strepsirrhines) have a small total population of retinal ganglion
cells and thus have a relatively small amount of visual input to
the brain (Kirk and Kay, 2004; Silveira, 2004; Tetreault et al.,
2004). Relative brain size in these species tends to be lower
than in other primates, although this is not always the case
(e.g., as in Daubentonia).

Given these findings, it is possible to devise an evolutionary
scenario that accounts for the high encephalization of primates
relative to the primitive eutherian condition, as well as the
high encephalization of anthropoids relative to the primitive
primate condition (Jerison, 1973; Clutton-Brock and Harvey,
1980; Stephan et al., 1988; Martin, 1990). The initial step in
this process would have been an increase in the amount of
visual input to the brain in the stem lineage of crown primates.
This increase in visual input was likely the result of selection
for increased visual acuity in the context of nocturnal visual
predation (Cartmill, 1992). Comparative data based on psy-
chophysical tests and studies of retinal anatomy clearly dem-
onstrate that extant primates have high visual acuity
compared to other mammals (Kirk and Kay, 2004). The
most parsimonious interpretation of these data is that the last
common ancestor of primates also had relatively high visual
acuity. As noted previously, increases in visual acuity are
dependent on denser sampling of the retinal image, which
requires more retinal ganglion cells (i.e., added visual input
to the brain). Therefore, as higher acuity evolved and the
amount of visual input increased in stem primates, the sizes
of cortical areas devoted to processing visual information
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would have been forced to expand in accord with the principle
of proper mass.

Stem primates were thus faced with two possibilities for
dealing with this expansion of the cortical visual areas. As
one alternative, the amount of cortex devoted to non-visual
areas could have been reduced, thereby ‘‘liberating’’ addi-
tional cortical space for visual tasks. Although this option
would have avoided energetically expensive increases in total
brain size, it would have been detrimental to the functionality
of non-visual tasks mediated by the cortex. Instead, the data
presented in this analysis suggest that selection to increase
visual input to the brain also favored increases in the total
size of the cortical sheet to accommodate expansion of the
cortical visual areas. Resulting increases in total brain size
could also have been magnified by developmental factors
linking the sizes of the major anatomical subdivisions of the
brain (Finlay and Darlington, 1995) and through the hypertrophy
of subcortical visual centers.

Following these correlated evolutionary changes in the pri-
mate stem lineage, early anthropoids underwent additional se-
lection for high visual acuity, possibly in the context of diurnal
visual predation (Ross, 1996). This selection for extremely
high acuity led to the evolution of a complex of morphological
features characteristic of diurnal anthropoids, including an all-
cone retinal fovea (Kirk and Kay, 2004). The all-cone fovea
and associated features (e.g., postorbital septum, macula lutea,
etc.) conferred upon diurnal anthropoids higher visual acuity
than all other mammals (Kirk and Kay, 2004) and led to a
considerable increase in visual input to the anthropoid brain
(Silveira, 2004; Tetreault et al., 2004). This increase in visual
input resulted in an early expansion in the size of the anthro-
poid brain in a second iteration of the process that had pro-
duced increased encephalization in the primate stem lineage.
Over time, additional selection for increased visual processing
to meet socioecological demands led to further increases in
relative brain size among anthropoids (Barton, 1998, 2000;
Bush et al., 2004). This long-term selection for improvements
in visually-mediated cognitive tasks helped to establish the
disparity in encephalization that distinguishes living anthro-
poids from other primate groups.

Conclusions

1. Evolutionary increases in the amount of visual input to the
brain have led to reciprocal increases in encephalization
among primates. These effects were probably due in part
to the hypertrophy of cortical areas devoted to visual tasks
in accord with the principle of proper mass. Sequential in-
creases in visual input may partly explain the relatively
high encephalization both of primates relative to non-
primate mammals and of anthropoids relative to other
primates.

2. Visual input has also significantly influenced relative brain
size in carnivorans, suggesting that primates are not
unique in exhibiting a close relationship between visual
input and encephalization.
3. The association of low visual input and high encephalization
in Daubentonia indicates that relatively large brains are not
necessarily the product of increased visual input. This result
agrees with a large body of comparative data showing that
numerous social, ecological, and developmental factors
may influence relative brain size in primates.

4. The unusually small brains of adapiform primates may be
partly explained by the fact that members of this clade had
very little visual input to the brain.
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