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Abstract

Among primates, nocturnal species exhibit relatively larger orbital apertures than diurnal species. Most researchers have considered this dis-
parity in orbital aperture size to reflect differences in eye size, with nocturnal primates having relatively large eyes in order to maximize visual
sensitivity. Presumed changes in eye size due to shifts in activity pattern are an integral part of theoretical explanations for many derived features
of anthropoids, including highly convergent orbits and a postorbital septum. Here I show that despite clear differences in relative orbital aperture
size, many diurnal and nocturnal primates do not differ in relative eye size. Among nocturnal primates, relative eye size is influenced by diet.
Nocturnal visual predators (e.g., Tarsius, Loris, and Galago moholi) tend to have larger relative eye sizes than diurnal primates. By contrast,
nocturnal frugivores (e.g., Perodicticus, Nycticebus, and Cheirogaleus) have relative eye sizes that are comparable to those of diurnal primates.
Although some variation in orbital aperture size can be attributed to variation in eye size, both cornea size and orbit orientation also exert a strong
influence on orbital aperture size. These findings argue for caution in the use of relative orbital aperture size as an indicator of activity pattern in
fossil primates. These findings further suggest that existing scenarios for the evolution of unique orbital morphologies in anthropoids must be
modified to reflect the importance of ecological variables other than activity pattern.
� 2006 Elsevier Ltd. All rights reserved.
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Introduction

Orbit size and eye size

Comparative studies of relative orbit size have provided
one of the most valuable tools for reconstructing the paleo-
ecology of fossil primates. Beginning with Walker’s (1967)
analysis of orbit size in subfossil lemurs, quantitative studies
of the relative size of the orbital aperture1 in primates have
consistently demonstrated that nocturnal primates have larger
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1 Most previous analyses (e.g., Kay and Cartmill, 1977; Martin, 1990; Kay

and Kirk, 2000; Heesy and Ross, 2001) have measured orbit size as the diam-

eter of the external bony margin of the orbit. In this analysis, the term ‘‘orbital

aperture’’ will be used in conjunction with linear measurements of orbital mar-

gin diameter in order to distinguish these dimensions from orbital volume (cf.

Schultz, 1940) or internal linear dimensions of the orbit (e.g., orbit depth).
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orbital apertures than diurnal primates of similar cranial size
(Kay and Cartmill, 1977; Martin, 1990; Kay and Kirk, 2000;
Heesy and Ross, 2001). The results of these analyses have
typically been presented as bivariate plots of orbital aperture
diameter and an anatomical proxy for cranial size (e.g., skull
length). As initially noted by Kay and Cartmill (1977), the
bivariate distributions of diurnal and nocturnal primate species
in such plots generally show no overlap at small cranial sizes,
but demonstrate progressively greater overlap as cranial size
increases. More recently, it has been shown that cathemeral
primates have relative orbital aperture sizes that overlap the
distributions of both diurnal and nocturnal primates (Kay
and Kirk, 2000).

Because relative orbital aperture size can be used to dis-
criminate between most extant diurnal and nocturnal primate
species, quantification of this variable in fossil crania has
provided a basis for inferring the activity patterns of extinct
primates (Walker, 1967; Kay and Cartmill, 1977; Simons,
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1990, 1997, 2001; Beard et al., 1991; Rasmussen and Simons,
1992; Simons and Rasmussen, 1994; Kay and Kirk, 2000;
Heesy and Ross, 2001; Ni et al., 2004). Judgments regarding
the probable activity patterns of extinct primates are most fre-
quently based on the position of a fossil species relative to ex-
tant primates in a bivariate plot of orbital aperture diameter
and cranial size. Generally speaking, if a fossil species plots
exclusively within the bivariate distribution for either extant
diurnal or nocturnal primates, the extinct species is judged
to have been diurnal or nocturnal accordingly. Similarly, if
a fossil species plots within the region of overlap between
the extant diurnal and nocturnal primate distributions, its ac-
tivity pattern is regarded as equivocal (Kay and Kirk, 2000).
Some attempts have been made to infer the activity patterns
of fossil taxa that fall outside the bivariate distributions of ex-
tant species (e.g., Ni et al., 2004), but the interpretive value of
such extrapolation is controversial (Walker, 1967; Martin,
2004).

Although the use of relative orbital aperture size to recon-
struct the activity patterns of fossil primates is now common
practice, the functional implications of variation in orbital ap-
erture size are poorly understood. The most widely accepted
explanation for the observation that nocturnal primates have
larger orbital apertures than diurnal primates is that the orbits
of nocturnal species must be relatively large in order to ac-
commodate larger eyes (Ross, 1995, 1996, 2000; Heesy and
Ross, 2001). Indeed, larger eyes are capable of supporting
higher visual sensitivity provided that they have relatively
large corneas and lenses (Walls, 1942; Kirk, 2004, 2006).
Nonetheless, while it may be functionally and intuitively ap-
pealing to infer that nocturnal primates have relatively larger
eyes than diurnal primates, this assumption has never been
tested. Several authors have provided comparative data on ab-
solute eye dimensions in primates (e.g., Rohen, 1962; Rohen
and Castenholz, 1967; Ritland, 1982; Stephan et al., 1984;
Kirk, 2004), but none have specifically addressed the effect
of activity pattern on eye size. Furthermore, the relationship
between eye size and orbit size is poorly understood due to
a dearth of published comparative data on the subject. To
date, Schultz’s (1940) study of eye and orbit volume in a sam-
ple of 28 species (including 6 strepsirrhines and 22 anthro-
poids) provides the only direct analysis of the relationship
between eye size and orbit size in primates. Although Schultz
did not consider the effect of activity pattern on either eye size
or orbit size, his measurements indicate that variation in eye
volume accounts for only about 83% of the variation in orbit
volume (Schultz, 1940; Kay and Kirk, 2000). Schultz’s data
also reveal that while both eye volume and orbit volume are
negatively allometric with respect to body mass, eye volume
demonstrates greater negative allometry than orbit volume
(Schultz, 1940; Kay and Kirk, 2000). Therefore, as body
mass increases, orbit volume increases more rapidly than
eye volume. The eyes of large primates accordingly occupy
a smaller proportion of the total orbital volume than the
eyes of small primates (Schultz, 1940). These findings caution
that absolute orbit size may be quite different from absolute
eye size, particularly at large body sizes.
Activity pattern and anthropoid origins

Despite uncertainty regarding the effect of activity pattern
on eye size, concomitant changes in eye size and activity pat-
tern have been proposed to play a major role in the evolution
of the unique orbital features of anthropoids. According to
Cartmill (1970, 1972), mammals with moderately frontated
and approximated orbits should exhibit an inverse relationship
between orbital convergence and relative eye size.2 This hy-
pothesis suggests that as eye diameter increases, orbital aper-
ture size must also increase. Such increases in orbital aperture
size are hypothesized to result in displacement of the lateral
orbital margin postero-laterally along the zygomatic arch,
thus decreasing the angle of orbital convergence (Cartmill,
1972). This proposed relationship between orbital conver-
gence and relative eye size has been integrated by Ross
(1995, 1996) into a comprehensive scenario for anthropoid
and haplorhine origins. According to Ross, haplorhines were
primitively small (i.e., <1 kg) and nocturnal. When stem hap-
lorhines became diurnal, eye size and orbital aperture size de-
creased in tandem. These decreases in eye and orbit size
subsequently led to increased orbital convergence according
to Cartmill’s model (Cartmill, 1970, 1972). The combined ef-
fect of increased orbital convergence and increased frontation
due to forebrain expansion caused the anterior temporalis to
impinge upon the orbital contents, necessitating the evolution
of a postorbital septum to prevent mechanical perturbation of
the eye during mastication (cf. Cartmill, 1980).

According to Ross (1995, 1996), therefore, a decrease in
eye size associated with a transition to a diurnal activity pat-
tern played a key role in producing a distinctive suite of orbital
features characteristic of anthropoids (e.g., high orbital con-
vergence and a complete postorbital septum). Although Ross
(1995, 1996) confirmed an inverse relationship between orbital
aperture size and orbital convergence, his evolutionary sce-
nario for anthropoid origins is only tenable if decreases in
eye size would be expected to occur following a transition
to diurnality. This expectation would be supported if nocturnal
primates generally have larger relative eye sizes than diurnal
primates. As noted previously, however, the relationship be-
tween eye size and activity pattern in primates has never
been directly addressed.

Goals of the current analysis

This analysis provides a quantitative examination of the re-
lationship between activity pattern, eye size, and orbital aper-
ture size in a broad comparative sample of extant primates.
The primary goal of this analysis is to determine whether pri-
mates demonstrate activity-pattern-dependent variation in eye

2 Cartmill originally proposed this hypothesis to explain changes in orbital

convergence associated with allometric changes in eye size. However, its basic

premise should apply to all changes in relative eye size (whether the result of

the differential allometry between the eye and the orbit or direct selection on

eye size) as well as changes in absolute eye size among smaller-bodied

species.
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size that mirrors known differences in orbital aperture size.
Additionally, this analysis seeks to determine the degree of
correspondence between orbital aperture size and eye size.
Both goals are critical for understanding the functional impli-
cations of relative orbit size as a tool for inferring the activity
patterns of fossil primates. This analysis also helps to assess
the viability of adaptive scenarios that posit a functional link
between changes in activity pattern, eye size, and orbital mor-
phology during anthropoid origins (Ross, 1995, 1996).

Methods

Eyes were collected from adult cadavers (n¼ 147) repre-
senting 55 primate species (Table 1). Specimens were de-
rived from the following sources: (1) the Duke University
Primate Center (DUPC); (2) the comparative teaching collec-
tions of Duke University, SUNY Stony Brook, and the Uni-
versity of Chicago; (3) the Neurobiology Laboratories of
Columbia University; and (4) the personal research collec-
tions of Dr. William Hylander, Dr. Pierre Lemelin, and Dr.
Chris Vinyard. Measured specimens include both fixed and
unfixed material. Most DUPC specimens were frozen shortly
post mortem without fixative. Dissections and measurements
of these specimens were performed after they had been al-
lowed to thaw in a fume hood for 1-3 hours. However, sev-
eral DUPC specimens were measured after 1e3 days in 10%
formalin. Specimens derived from all other sources were pre-
served for varying lengths of time (i.e., from several weeks
to more than 10 years) in formalin (usually 10%), ethanol,
or dissection wetting solutions. Comparison of fixed and un-
fixed representatives of the same species did not reveal any
systematic differences attributable to differential shrinkage
of tissues from long-term fixation.

Cadavers were enucleated using standard dissection tools.
Tissues surrounding the orbital rim were completely removed
in order to provide an unobstructed view of the orbit. Incisions
were also made over the zygomatic arches and the occipital re-
gion of the cranium. The upper lip and the skin surrounding
each incision were then retracted to expose prosthion, inion,
and the zygomatic arches. Measurements subsequently taken
from each cranium using digital calipers include cranial length
(prosthion to inion), cranial width (zygion to zygion), and or-
bital aperture diameter (diameter of the orbital aperture in
a parasagittal plane). ‘‘Orbital aperture’’ is here defined as
the externally visible margin of the bony orbit. In all primates,
the orbital aperture constitutes a roughly circular bony rim
with variable contributions from the maxilla, frontal, lacrimal,
and zygomatic bones. Cranial size was calculated as the geo-
metric mean of cranial length and width.

Once removed from the orbit, eyes were cleaned of perior-
bital connective tissue using fine-tipped dissecting scissors and
visually inspected for damage, pathologies, and preservational
defects. Any specimens showing evidence of pathology or ex-
cess post-mortem deformation were excluded from this analy-
sis. In several instances, small holes were accidentally
punctured in the sclera during the process of removal from
the orbit. In these cases, the surface of the eye surrounding
the puncture was dried with a paper towel and the hole was
sealed using a fast-drying cyanoacrylate glue (‘‘Hot Stuff’’
Special ‘‘T’’ �). Because eyes generally collapse due to loss
of internal fluids post mortem, each eye was refilled with
10% formalin or ethanol using a 50 cc syringe with a small
gauge needle. The needle was inserted through the optic nerve
head, and the eye was reinflated until (1) the eye returned to
a globose shape, (2) all creases and wrinkles on the external
surface of the eye were smoothed out, and (3) the eye resisted
further attempts at inflation.3 With the needle still inserted and
the eye maintained at full internal pressure, the following mea-
surements were taken using digital calipers to the nearest
0.1 mm: (1) axial eye diameter, (2) maximum transverse
(equatorial) eye diameter, and (3) minimum transverse (equa-
torial) eye diameter.

Analysis of data was carried out using JMP version 3.1.5
(SAS Institute) on species means (Table 1). However, some
specimens were identifiable only to genus (e.g., Cebus, Sai-
miri, Alouatta, Ateles, Hylobates, and Papio), and were ac-
cordingly included as generic means. Transverse eye
diameter was calculated as the mean of the maximum and
minimum measured values. Relative orbital aperture size
was assessed using a bivariate plot of orbital aperture diam-
eter and cranial size. Similarly, relative eye size was assessed
using a bivariate plot of transverse eye diameter and cranial
size. In both plots, maximum-area convex polygons were fit
around groups of species with the same activity pattern.
These methods are comparable to those of previous analyses
that examined relative orbital aperture size only (Kay and
Cartmill, 1977; Martin, 1990; Kay and Kirk, 2000; Heesy
and Ross, 2001). The relationship between transverse eye di-
ameter and orbital aperture diameter was assessed using non-
parametric (Spearman rank) correlation and LS regression of
log10 transformed data, as well as bivariate comparison in
raw space.

Results

Orbital aperture size and activity pattern

The data presented in this analysis confirm that the relative
size of the orbital aperture may be used to discriminate be-
tween extant primates with diurnal and nocturnal activity pat-
terns. Figure 1A is a bivariate plot of orbital aperture diameter
and cranial size in which convex polygons have been fit
around mean values for (1) nocturnal strepsirrhines and (2)
all diurnal primates. Although the sample size is relatively
small because it includes only the specimens for which eye
data were also collected, Figure 1A recapitulates the well-
established findings of previous analyses of the relationship

3 The sclera and cornea are relatively inelastic, and the point of maximum

inflation of the eye is not difficult to ascertain regardless of its preservational

state (fixed or unfixed). In all instances, the eye reached its state of maximum

inflation immediately after the external surface attained a smoothly curved

shape (i.e., filling did not cause the eye to expand like a balloon with added

pressure).
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Table 1

Primate eye and cranial metrics

Species n AP CL CW CS OAD TD AD

Alouatta sp. 3 D 111.2 69.6 88.0 22.8 18.6 17.2

Aotus sp. 2 N 63.6 39.2 49.9 20.0 19.3 20.0

Ateles sp. 6 D 106.1 64.9 83.0 22.0 20.1 19.2

Cacajao rubicundus 1 D 95.8 61.8 76.9 22.7 19.9 19.2

Callithrix jacchus 5 D 47.4 29.8 37.6 9.9 11.6 11.3

Cebus sp. 1 D 64.1 40.6 51.0 13.9 15.1 14.1

Cercopithecus albogularis 1 D 97.0 63.5 78.5 21.1 18.9 19.0

Cercopithecus ascanius 2 D 88.5 58.5 71.9 20.1 18.8 18.5

Cercopithecus diana 1 D 100.0 59.9 77.4 22.2 20.2 19.5

Cercopithecus neglectus 1 D 107.7 69.8 86.7 24.0 20.6 20.7

Cheirogaleus major 1 N 51.4 33.6 41.6 14.3 12.9 12.2

Cheirogaleus medius 3 N 43.4 29.9 36.0 12.9 10.5 10.3

Colobus polykomos 3 D 105.8 76.0 89.6 22.3 19.1 18.2

Daubentonia madagascariensis 1 N 86.8 58.6 71.3 21.7 17.6 17.7

Erythrocebus patas 2 D 125.7 74.9 97.0 23.5 24.3 24.9

Eulemur coronatus 2 C 82.8 46.8 62.2 18.4 16.1 16.1

Eulemur fulvus 6 C 92.4 54.2 70.8 19.7 17.6 16.7

Eulemur macaco 4 C 93.0 53.4 70.4 19.9 17.4 15.3

Eulemur mongoz 3 C 83.0 48.8 63.6 19.3 16.4 15.9

Eulemur rubriventer 1 C 86.1 54.0 68.2 20.4 18.1 18.2

Galago moholi 8 N 40.1 27.6 33.3 15.0 13.8 13.4

Galagoides demidoff 1 N 36.0 22.8 28.6 11.6 9.6 10.1

Hapalemur griseus 2 D 68.1 46.5 56.2 15.4 14.1 13.8

Hylobates sp. 4 D 111.2 70.4 88.5 22.6 19.9 19.4

Lagothrix lagotricha 2 D 111.2 72.9 90.0 22.9 20.5 20.0

Lemur catta 3 D 87.5 52.6 67.8 17.8 16.2 15.6

Leontopithecus rosalia 1 D 59.5 39.8 48.7 11.3 12.0 11.2

Loris tardigradus 2 N 47.1 29.1 37.0 16.9 15.1 15.5

Macaca fascicularis 3 D 109.7 84.4 96.1 22.4 18.5 18.4

Macaca mulatta 3 D 115.4 86.7 100.0 22.7 20.5 20.0

Macaca nemestrina 2 D 127.1 78.7 100.0 24.7 20.6 20.0

Macaca radiata 3 D 79.0 23.9 18.6 18.6

Macaca sp. 1 D 104.1 70.5 85.7 19.6 17.9 18.0

Mandrillus leucophaeus 1 D 210.0 128.1 164.0 26.4 21.7 21.6

Microcebus murinus 7 N 33.2 21.9 27.0 10.4 9.4 9.2

Mirza coquereli 6 N 51.1 30.9 39.7 15.0 13.0 13.0

Nycticebus coucang 4 N 62.7 45.5 53.4 19.7 15.8 16.2

Nycticebus pygmaeus 1 N 52.3 35.8 43.3 17.1 14.9 15.5

Otolemur crassicaudatus 2 N 76.7 49.0 61.3 20.1 17.4 16.3

Pan troglodytes 1 D 207.0 126.4 161.8 30.8 23.0 21.8

Papio sp. 3 D 193.1 112.8 146.0 26.1 20.3 19.5

Perodicticus potto 2 N 62.8 44.8 53.0 15.8 12.2 12.1

Pongo pygmaeus 1 D 213.3 141.8 173.9 36.1 22.8 22.6

Procolobus badius 1 D 92.2 59.2 73.9 18.6 18.7 18.4

Propithecus diadema 1 D 97.3 64.9 79.5 22.3 20.3 20.2

Propithecus tattersalli 3 D 84.9 54.5 68.0 20.8 18.4 18.2

Propithecus verreauxi 6 D 83.9 56.3 68.7 19.5 17.8 17.7

Saguinus fuscicollis 3 D 45.6 27.1 35.1 9.8 10.5 10.3

Saguinus midas 1 D 52.8 36.8 44.1 10.4 12.7 12.2

Saguinus sp. 1 D 51.3 35.5 42.7 10.3 12.1 11.6

Saimiri sp. 10 D 63.4 39.2 49.9 14.6 15.1 15.0

Tarsius syrichta 2 N 39.8 29.7 34.4 18.6 17.9 17.3

Theropithecus gelada 1 D 156.9 104.0 127.7 24.8 18.4 19.6

Trachypithecus cristatus 1 D 95.3 69.6 81.4 22.6 19.4 18.6

Varecia variegata 5 D 106.2 60.1 79.9 22.2 19.4 18.5

All measurements (defined in text) are in mm. Abbreviations: n¼ number of individuals measured, AP¼ activity pattern, D¼ diurnal, C¼ cathemeral,

N¼ nocturnal, CL¼ cranial length, CW¼ cranial width, CS¼ cranial size, OAD¼ orbital aperture diameter, TD¼mean transverse eye diameter, AD¼ axial

eye diameter.
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between activity pattern and relative orbital aperture size in
primates4 (Kay and Cartmill, 1977; Kay and Kirk, 2000;
Heesy and Ross, 2001). Like these studies, Figure 1A demon-
strates that most nocturnal species have larger orbital apertures
than similar-sized diurnal species across the entire range of
cranial sizes at which direct comparisons can be made. The
only taxa that do not fit this description are aye-ayes (Dauben-
tonia) and pottos (Perodicticus), which have relatively small
orbital apertures for nocturnal primates and accordingly plot
near the upper limit of the diurnal primate distribution.
Figure 1A further shows that diurnal haplorhines and diurnal
strepsirrhines have very similar relative orbital aperture sizes.
The cathemeral strepsirrhines included in this analysis (all of
which are species of Eulemur) have relative orbital aperture
sizes that overlap the range of diurnal taxa. Nonetheless,
most cathemeral species plot along the border between the di-
urnal and nocturnal polygons in Figure 1A. Tarsiers (Tarsius)
and owl monkeys (Aotus), by contrast, have the largest relative

Fig. 1. Bivariate plots of orbital aperture diameter (A) and eye diameter (B)

versus the geometric mean of cranial length and width. All measurements

are in mm. Markers represent species means. Convex polygons have been fit

around species means of nocturnal strepsirrhines (pink polygon) and all diur-

nal species (blue polygon) to aid visualization of different groups. Regions of

overlap between the two polygons are shown in yellow. Representative noctur-

nal taxa are identified by numbers, including: Tarsius syrichta (1), Aotus sp.

(2), Galago moholi (3), Loris tardigradus (4), Nycticebus coucang (5), Cheir-

ogaleus major (6), Otolemur crassicaudatus (7), Cheirogaleus medius (8),

Perodicticus potto (9), Daubentonia madagascariensis (10). Key to markers:

blue circles¼ diurnal haplorhines, red circles¼ nocturnal haplorhines, blue

crosses¼ diurnal strepsirrhines, green crosses¼ cathemeral strepsirrhines,

red crosses¼ nocturnal strepsirrhines.

4 In most prior studies of relative orbit size, orbit diameter was expressed as

a function of cranial length. In the present study, the use of cranial size (i.e.,

the geometric mean of cranial length and cranial width) as a body size surro-

gate produces results that are very similar to those obtained using cranial

length.
orbital aperture sizes among primates, and therefore plot as
outliers above the nocturnal strepsirrhine distribution in
Figure 1A.

Eye size and activity pattern

Unlike the relative size of the orbital aperture, relative eye
size cannot be used to reliably discriminate between diurnal
and nocturnal primates. Figure 1B is a bivariate plot of trans-
verse eye diameter and cranial size calculated using the same
specimens as in Figure 1A. In both figures, diurnal haplorhines
and diurnal strepsirrhines have very similar distributions and
nocturnal haplorhines are outliers from all other species. How-
ever, in marked contrast to Figure 1A, Figure 1B clearly dem-
onstrates a broad range of overlap in relative eye size between
nocturnal strepsirrhines and diurnal primates of both subor-
ders. Some nocturnal strepsirrhines, such as Loris tardigradus
and Galago moholi, have eyes that are substantially larger than
those of diurnal primates. However, other nocturnal strepsir-
rhines (including Cheirogaleus major, Cheirogaleus medius,
Perodicticus potto, Nycticebus coucang, Otolemur crassicau-
datus, and Daubentonia madagascariensis) have transverse
eye diameters that are very similar to those of diurnal primates
of comparable cranial size. Nearly identical results are ob-
tained when the axial diameter of the eye is substituted for
transverse eye diameter (not shown).

Figure 1B also reveals that some closely related nocturnal
strepsirrhine taxa differ considerably in relative eye size. For
example, Perodicticus potto and Nycticebus coucang have
transverse eye diameters (12.2 mm and 15.8 mm) that differ
by 23% despite the fact that both lorises have similar-sized
crania. Comparable degrees of variation in relative eye size
are also found among closely related diurnal species. For ex-
ample, at 24.3 mm transverse diameter, Erythrocebus patas
has the largest absolute eye size of any primate measured in
this analysis. By contrast, Macaca fascicularis has a similar
cranial size but a transverse eye diameter of only 18.5 mm
(a difference of 24%).

These results indicate that eye size alone cannot account
for the differences in relative orbital aperture size between di-
urnal and nocturnal species. Similarly, the wide range of var-
iation in eye size among closely related species of similar
body size and activity pattern (e.g., as described for N. cou-
cang and P. potto or E. patas and M. fascicularis) suggests
that selective factors unrelated to phylogenetic heritage and
scaling relationships must exert a strong influence on relative
eye size in primates.

Eye size and orbital aperture size

The measurements collected in this analysis demonstrate
that orbital aperture diameter is significantly correlated with
transverse eye diameter (Spearman Rho¼ 0.92; p< 0.0001).
The close relationship between these two variables is evident
in Figure 2, which shows a least-squares regression of log10 or-
bital aperture diameter and log10 transverse eye diameter. This
regression is also highly significant ( p< 0.0001), and
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indicates that 86% of the variation in orbital aperture size may
be explained by variation in eye size alone. These results are
comparable to those of previous analyses of the relationship
between eye volume and orbit volume (Schultz, 1940; Kay
and Kirk, 2000).

Despite the fact that eye size clearly has a significant influ-
ence on orbital aperture size, closer examination of the rela-
tionship between these two variables in raw space reveals
important differences between haplorhines and strepsirrhines.
Figure 3A presents a bivariate comparison of transverse eye di-
ameter and orbital aperture diameter in haplorhines only. This
figure demonstrates that several anthropoid genera (including
Callithrix, Saguinus, Leontopithecus, Cebus, Saimiri, Procolo-
bus, and Erythrocebus) have transverse eye diameters that are
greater than the diameter of the orbital aperture. This group in-
cludes all anthropoids in the comparative sample with orbital
aperture diameters less than 16 mm (Table 1) and body masses
less than 1 kg (Smith and Jungers, 1997). As orbital aperture
diameter increases, the disparity between orbital aperture size
and eye size becomes progressively greater (Fig. 3A). This
trend is responsible for the curvilinear distribution of taxa in
Figure 3A, and is probably the result of differential allometry
between eye size and orbit size (Schultz, 1940; Kay and
Kirk, 2000). Indeed, the anthropoids with the largest body sizes
in this analysis (Pan troglodytes and Pongo pygmaeus) exhibit
the greatest disparity between eye size and orbital aperture size
(transverse eye diameter as a percentage of orbital aperture di-
ameter¼ 70% in Pan and 63% in Pongo). Among the noctur-
nal haplorhines shown in Figure 3A, both Tarsius and Aotus
have orbital aperture diameters that exceed eye diameter.

In contrast to many haplorhines, eye size never exceeds or-
bital aperture size in strepsirrhines. Figure 3B presents

Fig. 2. Least-squares regression of log10 orbital aperture diameter on log10

transverse eye diameter. All measurements are in mm. Markers represent spe-

cies means. Regression slope¼ 1.188; y-intercept¼�0.181; p< 0.0001;

r2¼ 0.86.
a bivariate plot of transverse eye diameter and orbital aperture
diameter in strepsirrhines. This figure shows that across the en-
tire range of orbit (and body) sizes sampled, orbital aperture
diameter exceeds eye diameter by approximately 1e4 mm.
As a result, orbital aperture diameter always overestimates
eye diameter in strepsirrhines regardless of eye size or activity
pattern. This condition differs from haplorhines, in which or-
bital aperture diameter simultaneously underestimates eye di-
ameter in smaller-bodied (i.e., <1 kg) anthropoids and
overestimates eye diameter in Tarsius, Aotus, and most
larger-bodied anthropoids.

Discussion

Different effects of activity pattern on eye and orbital
aperture size

A bivariate plot of orbital aperture diameter and cranial
size in primates (Fig. 1A) demonstrates that nocturnal spe-
cies typically have larger orbital apertures than diurnal spe-
cies across the entire range of cranial sizes at which direct

Fig. 3. Bivariate plot of transverse eye diameter versus orbital aperture diam-

eter (OAD) in haplorhines (A) and strepsirrhines (B). All measurements are in

mm. Markers represent species means. Diagonal lines represent equality of eye

diameter and OAD. Anthropoid taxa with eye diameters greater than OAD are

identified by numbers, including: Saguinus spp. (1), Callithrix jacchus (2),

Leontopithecus rosalia (3), Cebus sp. (4), Saimiri sp. (5), Procolobus badius

(6), Erythrocebus patas (7). Key to markers: circles¼ haplorhines,

crosses¼ strepsirrhines.
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comparisons can be made. This finding is true a fortiori for
the nocturnal haplorhines Tarsius and Aotus, which have
larger orbital apertures than nocturnal strepsirrhines. These
results are comparable to those of previous analyses, which
show that relative orbital aperture size may be used to dis-
criminate between extant primates with diurnal and noctur-
nal activity patterns (Walker, 1967; Kay and Cartmill,
1977; Martin, 1990; Kay and Kirk, 2000; Heesy and Ross,
2001). It is therefore surprising that a comparison of trans-
verse eye diameter and cranial size in the same specimens
demonstrates substantial overlap in the distributions for diur-
nal and nocturnal taxa (Fig. 1B). Although some nocturnal
taxa, such as Tarsius, Aotus, Loris, and Galago moholi, do
have larger eyes than diurnal primates of comparable cranial
size, many diurnal and nocturnal primates have very similar
relative eye sizes. A number of nocturnal lemuriforms (Dau-
bentonia, Cheirogaleus) and lorisiforms (Nycticebus, Pero-
dicticus, Otolemur) accordingly cannot be distinguished
from diurnal primates on the basis of relative eye size de-
spite the fact that these nocturnal species have relatively
larger orbital apertures. These findings indicate that diurnal
and nocturnal primates do not necessarily differ in relative
eye size even if they differ in relative orbital aperture size.
As a result, factors other than enlargement of the eye must
play a role in producing the relatively large orbital apertures
of many nocturnal primates (e.g., Cheirogaleus). These re-
sults further suggest that nocturnality per se is insufficient
to account for the greatly enlarged eyes of some primates
(e.g., Tarsius, Aotus, Loris, and Galago moholi).

A partial explanation for these findings is provided by
a direct comparison of transverse eye diameter and orbital
aperture diameter in the two extant primate suborders
(Fig. 3A, B). These bivariate plots reveal a fundamental dif-
ference between small-bodied anthropoids and strepsirrhines
in the eye/orbit relationship. Many anthropoids (including
all species with orbital aperture diameters less than
16 mm) have eye diameters that are greater than orbital ap-
erture diameter. This phenomenon had been previously de-
scribed for two species of callitrichines (Martin, 1990),
but the data presented here suggest that it is generally
true for small-bodied diurnal anthropoids. In Figure 3A,
all diurnal anthropoids with body masses less than 1 kg
have transverse eye diameters that exceed orbital aperture
diameter by anywhere from 4% (Saimiri) to 22% (Saguinus
midas). By contrast, Figure 3B demonstrates that all strep-
sirrhines have transverse eye diameters that are less than
the diameter of the orbital aperture, irrespective of cranial
size or activity pattern. These results indicate that measure-
ments of orbital aperture diameter simultaneously underesti-
mate eye size in small-bodied anthropoids and overestimate
eye size in strepsirrhines.

These clade-specific differences in the eye/orbit relation-
ship help to accentuate the distinction between nocturnal and
diurnal species in relative orbital aperture size. Below the
body size of the smallest living diurnal strepsirrhine (Hapa-
lemur griseus; w900 g; Smith and Jungers, 1997), all diurnal
primates are anthropoids and all nocturnal primates (except
the highly derived Tarsius) are strepsirrhines. It is precisely
at such smaller body sizes that the differences between diurnal
and nocturnal species in relative orbital aperture diameter are
most prominent (Kay and Cartmill, 1977; Martin, 1990; Kay
and Kirk, 2000). Analyses of the relationship between activity
pattern and orbital aperture diameter in primates are therefore
based largely on comparisons of diurnal anthropoids and noc-
turnal strepsirrhines. Because orbital aperture diameter under-
estimates eye size in small-bodied anthropoids, the
distribution of small diurnal species in Figure 1A is shifted
downward (e.g., away from the nocturnal distribution) relative
to Figure 1B. Conversely, because orbital aperture diameter
overestimates eye size in strepsirrhines, the distribution of
nocturnal species in Figure 1A is shifted upward (e.g., away
from the diurnal distribution) relative to Figure 1B. As a result,
the bivariate distributions of orbital aperture diameter in noc-
turnal and diurnal species (Fig. 1A) exhibit much less overlap
than the bivariate distributions of nocturnal and diurnal eye
sizes (Fig. 1B).

Reconciling the differences: A morphological
explanation

Differences between anthropoids and strepsirrhines in the
relationship between eye size and orbital aperture size can be
primarily explained as the result of clade-specific differences
in corneal size and orbit orientation. Relative to eye size,
corneal size is significantly smaller in diurnal anthropoids
than in all other primates (Kirk, 2004, 2006). Indeed, mean
corneal diameter is approximately 50% of transverse eye di-
ameter in diurnal anthropoids, but ranges between 70e92%
of transverse eye diameter in all other primates (Kirk,
2004). This highly derived eye morphology in diurnal anthro-
poids probably represents an adaptation for increased visual
acuity associated with the formation of a larger retinal image
(Ross, 2000; Kirk, 2004; Kirk and Kay, 2004). Anthropoids
also exhibit a unique combination of highly convergent
(i.e., forward-facing) eyes (Johnson, 1901) and orbits
(Cartmill, 1970; Kay and Cartmill, 1977; Ross, 1995; Noble
et al., 2000; Ravosa et al., 2000; Heesy, 2003). The combi-
nation of high ocular convergence, high orbital convergence,
and relatively small corneal size in diurnal anthropoids per-
mits the diameter of the orbital aperture to be smaller than
the transverse diameter of the eye without occluding the cor-
nea and impeding visual function (Figs. 3A, 4A). This con-
figuration of the eye and circum-orbital region accounts for
the presence of orbital apertures in some anthropoids that
are smaller than the internal diameter of the orbit (Martin,
1990), although the functional benefits of such a configuration
are not known. As body size increases, however, the eye oc-
cupies a smaller proportion of the orbital volume due to the
effects of differential allometry (Schultz, 1940; Martin, 1990;
Kay and Kirk, 2000). Accordingly, with several notable ex-
ceptions (e.g., Erythrocebus and Procolobus), eye diameter
tends to be smaller than the diameter of the orbital aperture
in large-bodied anthropoids (Fig. 3A).
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Fig. 4. Schematic diagram comparing eye diameter and orbital aperture diameter in generalized diurnal anthropoids (A) and nocturnal strepsirrhines (B). Eyes are

represented as gray circles and corneas (scaled to the mean size relative to eye diameter for both groups) are represented as darkened ellipses. In both species,

cranial size is similar and transverse eye diameter (X ) is identical. In the diurnal anthropoid (A), relatively small cornea size and high orbital convergence permits

orbital aperture diameter to be less than eye diameter (OAD< X ). In the nocturnal strepsirrhine, relatively large cornea size and low orbital convergence constrains

orbital aperture diameter to be greater than eye diameter (OAD> X ).
As is generally true for all primates, strepsirrhines resemble
anthropoids in having highly convergent eyes (Johnson,
1901).5 However, strepsirrhines differ from anthropoids in ex-
hibiting larger corneas relative to eye size (Kirk, 2004, 2006)
and less convergent orbits (Cartmill, 1970; Kay and Cartmill,
1977; Ross, 1995; Noble et al., 2000; Ravosa et al., 2000;
Heesy, 2003). This lack of correspondence between eye orien-
tation and orbit orientation in strepsirrhines has two important
consequences. First, the position of the medial margin of the
orbital aperture in strepsirrhines is constrained by corneal
size because overlap of the cornea by the orbital margin would
impede the light-gathering and image-forming capacity of the
eye. The presence of relatively larger corneas in nocturnal
strepsirrhines compared to diurnal strepsirrhines (Kirk, 2004,
2006) may thus be responsible for the observation that extant
diurnal and nocturnal strepsirrhines differ in orbital aperture
size despite broad similarity in eye size (Fig. 1A, B). Second,
the position of the lateral margin of the orbital aperture in
strepsirrhines is not constrained by corneal size because the
lateral orbital margin lies posterior to the lateral corneal mar-
gin and adjacent to the lateral aspect of the eye itself (Fig. 4B).
This unique combination of large relative cornea size, conver-
gent eyes, and relatively divergent orbits constrains the diam-
eter of the orbital aperture in strepsirrhines to always be
greater than eye diameter (Figs. 3B, 4B). Indeed, at the

5 According to Johnson (1901), anthropoids have slightly more convergent

eyes than strepsirrhines. However, among the large number of mammals stud-

ied by Johnson (182 species from 16 orders), only primates (including strep-

sirrhines) and some feloid carnivorans have optic axes within 15 degrees of

parallel. Accordingly, primates are highly derived among mammals in exhib-

iting pronounced convergence of the optic axes.
relatively low orbital convergence angles characteristic of
most strepsirrhines (Cartmill, 1970; Ross, 1995; Ravosa
et al., 2000; Heesy, 2003), orbital aperture diameter could
never be smaller than eye diameter without partial occlusion
of the relatively large cornea and a concomitant reduction in
visual functionality.

These observations further help to explain the fact that di-
urnal and nocturnal primates generally differ in relative orbital
aperture size (Fig. 1A), but do not necessarily differ in relative
eye size (Fig. 1B). At smaller cranial sizes where differences
in relative orbital aperture size between diurnal and nocturnal
species are most pronounced (Kay and Cartmill, 1977; Kay
and Kirk, 2000), most diurnal species are anthropoids and
most nocturnal species are strepsirrhines. Smaller diurnal an-
thropoids have orbital aperture diameters that are less than
transverse eye diameters in part because they have convergent
orbits and relatively small corneas (Figs. 3A, 4A). By contrast,
nocturnal strepsirrhines have orbital aperture diameters that
are greater than transverse eye diameters because they have
relatively divergent orbits and large corneas (Figs. 3B, 4B).
These clade-specific differences in eye and orbit morphology
create the potential for similar-sized diurnal anthropoids and
nocturnal strepsirrhines to differ substantially in orbital aper-
ture diameter, but have identical eye diameters (Fig. 4A, B).

Activity patterns of fossil primates

These results have significant implications for the use of or-
bital aperture size as a means of reconstructing the activity
patterns of fossil primates (e.g., Walker, 1967; Kay and
Cartmill, 1977; Simons, 1990, 1997, 2001; Beard et al.,
1991; Rasmussen and Simons, 1992; Simons and Rasmussen,
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1994; Kay and Kirk, 2000; Heesy and Ross, 2001; Ni et al.,
2004). Foremost, the data presented here clearly indicate
that the differences between extant nocturnal and diurnal pri-
mates in orbital aperture size are not a simple function of
activity-pattern-dependent changes in eye size. Instead, eye
size, cornea size, and clade-specific differences in orbital mor-
phology are all likely to play a complex role in determining
the size of the orbital aperture. This finding urges caution in
comparing orbital aperture size in living and fossil primates,
particularly at smaller body sizes where the extant compara-
tive sample is strongly influenced by anatomical differences
between haplorhines and strepsirrhines.

Future analyses of activity pattern in fossil taxa must take
into consideration the fact that the smallest diurnal primates
are all anthropoids, which exhibit unusually small orbital ap-
ertures associated with derived reductions in corneal size
and derived increases in orbital convergence (Fig. 4A). Be-
cause all diurnal and cathemeral strepsirrhines are relatively
large-bodied (i.e., greater than w900 g; Smith and Jungers,
1997), it is currently unknown what orbital aperture size
should be expected for a small diurnal primate lacking the
highly derived orbital features of an anthropoid. However, it
is reasonable to infer that orbital aperture size in such a species
would be smaller than that of extant small-bodied nocturnal
strepsirrhines because cornea size partly determines orbital ap-
erture size (see above) and is strongly influenced by activity
pattern (Kirk, 2004, 2006). Furthermore, it is also reasonable
to expect that orbital aperture size in a small diurnal non-an-
thropoid might be larger than that of a comparably-sized diur-
nal anthropoid due to the derived ‘‘constriction’’ of the orbital
aperture relative to eye size seen in all anthropoids below 1 kg
in body mass.

Given the lack of an adequate extant comparative sample to
test these expectations, several practical considerations should
be taken into account when interpreting orbital aperture size in
fossil specimens. First, eye size clearly has an important influ-
ence on orbital aperture size, and all extant taxa with very
large eyes and orbits (e.g., Loris, Tarsius, Galago, and Aotus)
are nocturnal. As a result, one may safely conclude that fossil
species with very large orbital apertures for their cranial size
(e.g., Shoshonius; Beard et al., 1991) were nocturnal. Second,
extant haplorhines exhibit large activity-pattern-dependent dif-
ferences in both eye size and orbital aperture size. These dif-
ferences are accentuated by derived reduction in the size of the
diurnal anthropoid orbital aperture, as well as the extreme oc-
ular and orbital hypertrophy of living nocturnal haplorhines
(Kay and Cartmill, 1977; Kay and Kirk, 2000; Kirk and
Kay, 2004). As a result, it is reasonable to infer that relative
orbital aperture size is a good indicator of activity pattern in
fossil crown haplorhines and that anthropoids with small or-
bital apertures (e.g., Catopithecus, Apidium, and Proteopithe-
cus; Simons, 1990, 1997; Rasmussen and Simons, 1992)
were diurnal. Third, among larger-bodied extant strepsirrhines,
orbital aperture size is relatively smaller in diurnal species
than in most nocturnal species (presumably due to differences
in relative cornea size). Accordingly, non-anthropoid fossil
taxa with small orbital apertures that fall within the size range
of living diurnal strepsirrhines (e.g., Adapis and Notharctus;
Kay and Kirk, 2000) can safely be considered diurnal.

The primary question that remains to be addressed is
how to interpret relative orbital aperture size in fossil non-
anthropoids that lack clear orbital hypertrophy and have
smaller crania than extant diurnal strepsirrhines (i.e., less
than w65 mm prosthion-inion length; Kay and Kirk, 2000).
For example, the late Eocene adapiform Mahgarita stevensi
and omomyiform or stem haplorhine Rooneyia viejaensis
have been judged to be nocturnal and diurnal, respectively,
on the basis of relative orbital aperture size (Kay and Kirk,
2000). This interpretation is interesting because most adapi-
forms are thought to have been diurnal and most omomyi-
forms are thought to have been nocturnal (Kay and Cartmill,
1977; Martin, 1990; Kay and Kirk, 2000; Heesy and Ross,
2001). However, both Mahgarita and Rooneyia have relatively
small crania (w51 mm prosthion-inion length) and plot near
the region of overlap between extant diurnal and nocturnal
species in bivariate plots of skull length and orbital aperture
size (Kay and Kirk, 2000). Although previous assessments
of activity pattern may well be correct for these two genera,
the fact remains that there are no living diurnal non-anthropoid
primates of similar cranial size with which direct comparisons
can be made. Accordingly, conclusions regarding the likely ac-
tivity pattern of small non-anthropoid taxa such as Mahgarita
and Rooneyia must be considered inherently more speculative
than those made for taxa fitting the criteria outlined above.

Unfortunately, these theoretical considerations cannot help
to resolve uncertainty regarding the activity pattern of very
small extinct non-anthropoid primates like Teilhardina asiat-
ica (Ni et al., 2004; Martin, 2004). This species falls outside
the range of cranial sizes seen in living primates, and it is
therefore difficult to draw any firm conclusions regarding its
probable activity pattern. Ni et al. (2004) attempted to solve
this problem by extrapolating separate regression lines for ex-
tant diurnal and nocturnal primates to very small body sizes in
a bivariate plot of log skull length and log orbital aperture di-
ameter. This procedure demonstrated that T. asiatica plots near
the extrapolated least-squares regression line for diurnal pri-
mates. On this basis, Ni et al. (2004) concluded that relative
orbital aperture size is relatively small in T. asiatica and that
the species was therefore diurnal. However, the methodology
employed by Ni et al. (2004) is potentially problematic for
several reasons. Foremost, the choices of which extant species
are included in a comparative sample and which line-fitting
technique is used (e.g., least-squares or reduced major axis)
will influence the slope and elevation of the regression line
(Martin, 2004; Heesy and Ross, 2005). These factors will in
turn influence conclusions regarding relative orbital aperture
size in T. asiatica. Additionally, even if further analyses could
convincingly demonstrate that T. asiatica had relatively small
orbital apertures, it is not known to what degree extrapolated
differences in orbital aperture size are influenced by the de-
rived orbital morphologies shared by extant small-bodied diur-
nal anthropoids. This uncertainty compounds questions
regarding the linearity of orbital allometry at small body sizes
(Heesy and Ross, 2005) and the possibility that T. asiatica had
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a visual bauplan unlike that of living primates (Martin, 2004).
These considerations suggest that it is premature to conclude
that T. asiatica and the last common ancestor of primates
were both diurnal (Ni et al., 2004).

Implications for anthropoid origins

The results of this analysis are also relevant to the hypoth-
esis that the unique features of the anthropoid orbit (e.g., high
orbital convergence and the presence of a postorbital septum)
are the result of a reduction in eye size that accompanied a shift
from nocturnality to diurnality in the stem anthropoid or hap-
lorhine lineage (Ross, 1995, 1996, 2000). The finding that noc-
turnal and diurnal primates do not necessarily differ in relative
eye size (Fig. 1B) suggests that not all primate lineages under-
going a shift from nocturnality to diurnality would be expected
to undergo a reduction in eye size. In order for the proposed
decrease in eye size to have occurred (Ross, 1995, 1996),
the hypothetical nocturnal ancestors of anthropoids would
need to have possessed larger eyes than diurnal species. Be-
cause nocturnality alone is insufficient to produce enlargement
of the eye beyond the condition seen in diurnal primates, other
ecological factors must have played a role in the initial genesis
of ocular hypertrophy in the hypothetical nocturnal haplorhine
ancestor if Ross’ (1995, 1996) scenario for anthropoid origins
is to remain viable.

While the data presented here do not permit a comprehen-
sive test of the selective factors favoring the evolution of ocu-
lar hypertrophy in nocturnal primates, they do suggest that diet
may have an important influence on eye size. Indeed, it is
striking that three of the largest-eyed nocturnal primates
(Tarsius, Loris, and Galago moholi) have diets consisting of
more than 50% animal prey (Bearder, 1987; Nekaris, 1999).
By contrast, most nocturnal primates with eye sizes compara-
ble to diurnal primates (e.g., Cheirogaleus, Perodicticus, Nyc-
ticebus coucang, and Otolemur crassicaudatus) have diets
composed primarily of fruit and/or gums (Hladik, 1979;
Bearder, 1987; Mittermeier et al., 1994). Among nocturnal
frugivores, the closely-related lorisines Perodicticus potto
and Nycticebus coucang have eye diameters (12.2 mm and
15.8 mm, respectively) that differ by 23% despite the fact
that both lorises have similar-sized crania. Although these
two species are very similar ecologically and primarily frugiv-
orous, N. coucang consumes more animal prey as a percentage
of its total diet (30%) than P. potto (10%) (Bearder, 1987).
These data point toward a close association between ocular
hypertrophy and greater faunivory in nocturnal primates.
Because enlargement of the eye, ceteris paribus, leads to en-
largement of the retinal image (Ross, 2000; Kirk and Kay,
2004), increased eye size in some nocturnal species may there-
fore represent an adaptation for increased visual acuity in the
context of visually locating and tracking prey.

These results are consistent with Ross’ hypothesis (1996,
2000) that the unique features of the anthropoid orbit evolved
when a lineage of small nocturnal predatory haplorhines adop-
ted a diurnal activity pattern. The conclusion that early haplor-
hines were at least partly faunivorous is supported by their
very small body sizes (Gebo et al., 2000) and the presence
of well-developed molar shearing crests in stem tarsiids and
anthropoids (Heesy and Ross, 2004). According to the com-
parative data presented here, nocturnal predatory habits would
have selected for large eyes in stem haplorhines relative to the
condition seen in living diurnal primates. A transition to diur-
nality could thus have led to decreased eye size and increased
orbital convergence, necessitating the evolution of a postorbital
septum to isolate the orbital contents from perturbation by the
muscles of mastication (Ross, 1996, 2000). Concomitant se-
lection for the highly derived eye morphologies of diurnal an-
thropoids (Kirk, 2004, 2006) would in turn have permitted
orbital aperture diameter to be smaller than eye diameter. As
noted previously, the benefits of such ‘‘constriction’’ of the or-
bital aperture are not immediately apparent, but small cornea
size relative to eye size is almost certainly an adaptation for
increased visual acuity in a diurnal context (Ross, 2000;
Kirk, 2004; Kirk and Kay, 2004). Small relative cornea size
thus probably evolved concurrently with other anthropoid ad-
aptations for high diurnal visual acuity, such as a fovea with
densely packed cones, a macula lutea, low retinal summation,
and UV lens filters (Kirk and Kay, 2004). These adaptations
for very high visual acuity are consistent with the suggestion
that the earliest diurnal anthropoids were visually-guided pred-
ators (Ross, 2000, 2004; Kirk and Kay, 2004). This general
scenario thus supports the conclusion that the initial stages
of anthropoid origins would have involved a change in activity
pattern but not diet (Rasmussen and Simons, 1992; Ross,
1995, 1996; Kay et al., 1997; Kirk and Simons, 2001).

Additional selective pressures for increased eye size

In addition to diet, lineage-specific differences in visual
anatomy are also likely to be important factors selecting for
increased eye size in nocturnal primates. It has long been sug-
gested that the extreme ocular hypertrophy of tarsiers and owl
monkeys is related to the absence of a tapetum lucidum in both
groups (Cartmill, 1980; Martin, 1990; Kirk and Kay, 2004).
According to this hypothesis, nocturnal haplorhines had to
compensate for the absence of a tapetum by evolving larger
eyes (and corneas) than nocturnal strepsirrhines (Cartmill,
1980). However, tapeta have evolved convergently many times
among vertebrates (Pirie, 1966; Nicol, 1981; Ollivier et al.,
2004), raising the question of why tapeta have not evolved in-
dependently in tarsiers and owl monkeys. This consideration
led to the suggestion that tapetal absence and large absolute
eye size in nocturnal haplorhines represent an adaptation for
increased nocturnal visual acuity (Kay and Kirk, 2000; Kirk,
2004; Kirk and Kay, 2004). Regardless of which adaptive sce-
nario is correct, the absence of tapeta lucida in nocturnal hap-
lorhines provides one line of evidence that the common
ancestor of crown haplorhines was diurnal (Martin, 1990;
Kirk and Kay, 2004). As a result, the parallel evolution of
very large eyes in tarsiers and owl monkeys may be the prod-
uct of a secondary return to a nocturnal habitus combined with
selection to increase visual sensitivity while maintaining a rel-
atively high degree of visual acuity (Kirk and Kay, 2004).
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A final point worthy of comment is the observation that pa-
tas monkeys (Erythrocebus patas) have the largest absolute
eye size (axial diameter w25 mm) of all the taxa included
in Table 1. This finding is even more striking when eye size
is considered in relation to body size. Orangutans (Pongo pyg-
maeus) have the second largest absolute eye size in Table 1
(axial diameter¼ 22.6 mm), yet mean adult body mass in P.
pygmaeus (w57 kg) is approximately six times that of E. pa-
tas (9.5 kg) (Smith and Jungers, 1997). Closely related African
cercopithecines (e.g., Cercopithecus, Papio, Mandrillus, Ther-
opithecus) also have smaller eye sizes than E. patas, suggest-
ing that patas monkeys have been the subject of particularly
strong selection pressures for increased eye size. In this con-
text, it is striking that patas monkeys are capable of attaining
very high speeds when running (55 km/hr; Kingdon, 1971)
and that this skill allows patas monkeys to evade predators
in open habitats (Isbell et al., 1998). Among vertebrates gen-
erally, there is some evidence for an association between in-
creased speed of locomotion and increased absolute eye size
(Hughes, 1977; Brooke et al., 1999; but see Hall, 2000).
This relationship (‘‘Leuckart’s Law’’) has been proposed to
be the result of selection for increased visual acuity in fast-
moving species. Although a review of the effect of maximum
locomotor speed on eye size in primates is beyond the scope of
this paper, a functional association between very large eye size
and the ability for rapid cursoriality in E. patas is plausible
given the comparative evidence supporting Leuckart’s Law
(Hughes, 1977; Brooke et al., 1999).

Conclusions

This analysis demonstrates that although nocturnal and di-
urnal primates usually differ in relative orbital aperture size,
they do not necessarily differ in relative eye size. Some noctur-
nal species (e.g., Loris, Tarsius) have larger relative eye sizes
than diurnal primates, while others (e.g., Perodicticus, Cheir-
ogaleus) have relative eye sizes that are essentially indistin-
guishable from those of diurnal primates. This discrepancy
is primarily the result of clade-specific differences in orbit ori-
entation and relative cornea size. Diurnal anthropoids, which
have relatively convergent orbits and small cornea sizes, often
have orbital apertures that are smaller than their transverse eye
diameters. Nocturnal strepsirrhines, which have relatively less
convergent orbits and larger cornea sizes, always have orbital
apertures that are larger than their transverse eye diameters. As
a result, small-bodied diurnal anthropoids and nocturnal strep-
sirrhines can have different relative orbital aperture sizes, but
identical eye sizes. These results urge greater caution in the
use of relative orbital aperture size to draw conclusions about
the probable activity patterns of fossil taxa. Results of this
analysis also suggest that nocturnality per se is insufficient
to explain the relatively large eyes of some species (e.g., Tar-
sius, Aotus, Loris, and Galago moholi). Other selective factors
favoring increased eye size in primates may include nocturnal
predatory habits, lack of a tapetum lucidum, and rapid curso-
rial locomotion.
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