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Abstract

Many aspects of an animal’s ecology are associated with activity pattern, the time

of day when that animal is awake and active. There are two major activity

patterns: diurnal, active during the day in a light-rich, or photopic, environment,

and nocturnal, active after sunset in a light-limited, or scotopic, environment. Birds

are also cathemeral, or equally likely to be awake at any time of day, or

crepuscular, awake and active at dawn and dusk. Each of these activity patterns is

associated with different levels of ambient light. This study examines how the

morphology (size and shape) of the eye varies according to these different light

environments for birds in a phylogenetic context. Activity pattern has a significant

influence on eye shape and size in birds. Birds that are adapted for scotopic vision

have eye shapes that are optimized for visual sensitivity, with larger corneal

diameters relative to axial lengths. Birds that are adapted for photopic vision have

eye shapes that are optimized for visual acuity, with larger axial lengths relative to

corneal diameters. Birds adapted for scotopic vision also exhibit absolutely larger

corneal diameters and axial lengths than do photopic birds. The results indicate

that the light level under which the bird functions has a more significant influence

on eye shape than phylogeny.

Introduction

It is very likely that the vertebrate eye arose only once,

because throughout the entire group the same basic design

of the eye is retained (e.g. Walls, 1942; Duke-Elder, 1958;

Salwini-Plawen & Mayr, 1977; Charman, 1991). Yet, verte-

brates have radiated into a variety of ecological niches that

place diverse demands on the visual system. Evolutionary

adaptive responses of the visual system to these differing

demands might be expected to be accentuated in clades of

vertebrates that are highly dependent on the visual sense for

survival. Birds as a class are highly visually dependent; it is

often asserted that birds have the largest eyes, both abso-

lutely and relative to body size, of any of the terrestrial

vertebrate classes, reflecting the role of vision as these

animals’ main sensory interface with their environments

(Walls, 1942; Rochon-Duvigneaud, 1943; Meyer, 1977,

1986; Ritland, 1982; Martin, 1985; Zeigler & Bischof, 1993;

Brooke, Hanley & Laughlin, 1999; Kiltie, 2000; Husband &

Shimizu, 2001; Garamszegi, Moller & Erritzoe, 2002;

Gaffney & Hodos, 2003; Howland, Merola & Basarab,

2004; Hall, 2005; Ross, Hall & Heesy, 2006).

Vision is made possible by the presence of light, which

behaves under different conditions in ways that are both

well known and predictable. Birds, like other vertebrates,

have a simple eye where light enters anteriorly and is

refracted by the cornea and lens to project an image onto

the retina lining the back of the eyeball. The morphology

and optical properties of these parts of the eye determine

both the exact pathway of light through the eye and the size

and quality of the resultant image (e.g. Hughes, 1977;

Lythgoe, 1979; Ali & Klyne, 1985; Martin, 1985, 1993,

1999; Charman, 1991). It is therefore reasonable to hypothe-

size that both the sizes and shapes of bird eyes will reflect the

visual ecology of their hosts. This study evaluates this

hypothesis by specifically examining how the size and shape

of bird eyes vary with one aspect of that animal’s visual

ecology, activity pattern, defined here as the time of day

when an animal is awake and active. Activity pattern is

directly related to how much light is available to create an

image and is expected to have a relationship with both eye

size, absolute measurements of the eye, and eye shape, the

relative magnitudes of those measurements.

Eye size

The eye has been shown to scale with negative allometry

against body size across a broad range of vertebrate groups,

although at very small body sizes eye size appears to be

positively allometric (Ritland, 1982; Brooke et al., 1999;

Kiltie, 2000; Howland et al., 2004; Ross et al., 2006). This

suggests that lineages of visually dependent small animals

take every opportunity to increase eye size as much as

possible. Nevertheless, all visually dependent animals poten-

tially benefit from eye enlargement and eye size increases

with body size at all body sizes. Larger eyes can have more

photoreceptors, larger image sizes and can collect more light

(Walls, 1942; Duke-Elder, 1958; Hughes, 1977;Meyer, 1977;
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Lythgoe, 1979; Land, 1980; Martin, 1982, 1985, 1990, 1993;

Charman, 1991; Garamszegi et al., 2002; Land & Nilsson,

2002; Gaffney & Hodos, 2003; Howland et al., 2004). This

study focuses on two functionally relevant measurements of

gross eye size: the corneal diameter (CD) and the axial

length of the eye (AL) (Fig. 1).

Corneal diameter is associated with visual sensitivity, or

the light-gathering ability of the eye. Under low light

conditions, the probability that an individual photoreceptor

cell will capture a photon of light is described by a Poisson

distribution (Lythgoe, 1979; Land, 1980; Land & Nilsson,

2002), where the probability (P) of capturing p photons if

the average number of photons arriving at the retina is n is

equal to P(pn) (Land, 1980). An enlarged cornea allows for

an enlarged pupil, which increases the probability of light

entering the eye (Walls, 1942; Martin & Gordon, 1974a;

Martin, 1982, 1985, 1990, 1993, 1999).

Axial length of the eye should be associated with visual

acuity, the ability to resolve two discrete objects (Walls,

1942; Fite, 1973; Martin & Gordon, 1974b; Green, Powers

& Banks, 1980; Land, 1980; Land &Nilsson, 2002). A larger

axial length is associated with a larger posterior nodal

distance (PND), which is the distance from the posterior

nodal point of the lens to the point at which the image is

focused on the retina (see Fig. 1). Across vertebrates, PND

is about 0.6 of the axial length of the eye (Hughes, 1977;

Martin, 1982, 1999). The longer the axial length of the eye

and PND, the larger the image projected onto the retina.

Since bird photoreceptors are a near-constant size and are

packed into the retina in a regular and conservative way, in

general a larger retina contains more photoreceptor cells

(Snyder & Miller, 1977; Land, 1980; Ali & Klyne, 1985;

Rostgaard & Qvortrup, 1999; Land & Nilsson, 2002). An

eye with a larger image projected over more photoreceptor

cells is capable of perceiving more detail in that image, or

heightened visual acuity, because each photoreceptor pro-

cesses a smaller portion of the image.

Eye shape

In addition to looking at absolute measures of the eye, this

study also examines eye shape. Shape can be defined as the

relationship, or ratio, between two size measurements (Mo-

simann, 1970; Mosimann & James, 1979). This study exam-

ines the relationship between corneal diameter and axial

length of the eye with the effects of both eye size and body

size removed by looking at the log10 ratio of corneal

diameter:axial length of the eye (see Results below). Larger

animals with absolutely larger eyes have the potential for

more acute and sensitive vision than smaller animals with

smaller eyes. However, there is no ideal eye design for all

conditions. The demands of imaging under plentiful and

limited light levels have been hypothesized to require differ-

ent eye shapes (Walls, 1942; Lythgoe, 1979; Land, 1980;

Martin, 1982, 1985, 1999; Ali & Klyne, 1985; Charman,

1991; Land & Nilsson, 2002). Hence, animals of different

body and eye sizes are expected to optimize eye shape for the

specific needs of their light-level adaptation, which is highly

correlated with that animal’s activity pattern (Ross, 2000;

Kirk, 2003, 2004; Hall, 2005; Ross et al., 2006).

Activity pattern

Diurnal animals, for which there is plenty of light, are free to

increase visual acuity by maintaining a small corneal dia-

meter while lengthening the eye to maximize image size.

Nocturnal animals also benefit from the increased acuity

that accompanies increased eye size. However, because they

function in environments with lower ambient light levels, the

main challenge to nocturnal animals is increasing the ratio

of signal to noise in their visual fields or, in other words,

maximizing their chances of capturing enough photons of

light to create a usable image on their retinae (Pirenne, 1967;

Land & Nilsson, 2002). Because isometric increases in eye

size are not accompanied by changes in image brightness,

nocturnal animals are expected to have eyes shaped differ-

ently than those of diurnal animals. In order to increase

image brightness, nocturnal animals must increase the size

of the cornea relative to the axial length of the eye, whether

by increasing corneal diameter or by decreasing axial length.

Therefore, diurnal birds are expected to have smaller cor-

neas relative to axial lengths, nocturnal birds are expected to

have larger corneas relative to axial lengths, and cathemeral

and crepuscular birds are expected to have intermediate

states.

Materials and methods

Study animals

Data were collected on corneal diameters and axial lengths

of the eye for 682 specimens of 459 non-passerine bird

species (see Supplementary Material Table S1). Study

groups included Strigiformes (barn owls and true

owls), Psittaciformes (parrots), Columbiformes (pigeons),

Pterocliformes (sandgrouse), Apodiformes (swifts),

Axial length of the eye

Corneal diameter

Lens

Retina

Posterior nodal distance

Figure 1 Measurements taken for this study depicted on a general

schematic of the vertebrate eye. Posterior nodal distance is the

distance between the posterior nodal point of the lens and the point

on the retina where the image is projected. The posterior nodal point

is an idealized point where the angle of light exiting the lens is the

same as the angle of light entering the lens in a schematic eye model.

This distance determines how large an image will be, and therefore

indicates the animal’s visual acuity.
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Falconiformes (falcons), Accipidrae (hawks), Cathartidae

(New World vultures) Charadriiformes (shorebirds), Capri-

mulgidae (nightjars), Aegothelidae (owlet-nightjars), Nycti-

bidae (potoos), Podargidae (frogmouths) and five groups of

ratites (ostriches, rheas, cassowaries, kiwis and tinamous).

Groups were chosen to include all activity patterns and a

broad array of diets and feeding techniques. The majority of

these data were collected by Ritland (1982), but that dataset

was culled to eliminate non-adult specimens and was sup-

plemented by the addition of 75 specimens of 60 species for

the current study (see Supplementary Material Table S1).

Specimens collected for this study were obtained from the

Departments of Ornithology of the American Museum of

Natural History (New York, NY), the Field Museum of

Natural History (Chicago, IL) and the British Natural

History Museum (Tring, UK). One frozen ostrich specimen

was obtained from the Witmer Lab at Ohio University

(Athens, OH). All of the museum specimens were preserved

in ethanol, and individuals exhibiting any pathology or

unusual preservational deformation were excluded from this

study.

Measurements

In order to allow for analysis of the two datasets together,

eye measurement procedures were according to Ritland

(1982) as follows. In order to gain access to the eyeball, the

eyelid was reflected or removed, and fascia and extraocular

muscles were separated from the eyeball using blunt dissec-

tion with closed, curved scissors and forceps to preserve the

eyeball from accidental puncture. When the eye was par-

tially removed from the orbit and the optic nerve was seen,

the nerve was cut with scissors. After complete removal

from the orbit, the eyeball was cleaned of all remaining

fascia and extraocular muscles and inflated using a small

amount of preservative injected using a syringe with a small-

gauge needle inserted at an angle into the sclera just inferior

to the outer edge of the sclerotic ring. Preservative was

injected until the eye was fully inflated and would not accept

any more liquid. For many of the larger specimens, this

required several injections, in which case care was taken to

utilize the same puncture hole each time. Any eye that could

not be fully inflated was not measured. Maximum corneal

diameter and maximum axial length of the eye were mea-

sured to the closest 0.01mm using digital calipers (see

Supplementary Material Table S1 for raw data). In order

to have a consistently measured body-size measurement,

head-body length was taken on all specimens from the top of

the crown to the rump; beak and tail length were not

included, but neck length was included. While there may be

some drawbacks in including neck length for birds that have

long necks, no other body-size measurement was available

for all the animals in this study. While some long-necked

birds are represented in this study, such as ostriches, in

general very long-necked clades, such as the different groups

of waterbirds, were not represented, and most included

birds, such as owls, have relatively short necks.

Activity pattern coding

Animals were coded into three different activity pattern

categories: (1) diurnal, defined as active during the day in a

photopic, or light-rich, environment; (2) crepuscular, active

during the dawn and dusk, and cathemeral, equally likely to

be active at any time of day; and (3) nocturnal, active at night

in a scotopic, or relatively light-limited, environment.

Activity pattern is defined by that time of day when the

animal conducts its normal visually directed activities, and

excludes occasional activities that take place at other times

of day. For example, swifts are day-active, and as such are

coded as diurnal. However, during some parts of their life

cycle swifts literally do not come to the ground for several

months at a time, even sleeping in the air (Martin, 1990;

Chantler & Driessens, 1995). Therefore, they are also active

at night. However, their nighttime activities are fundamen-

tally different from those during the day; flight ascends to an

altitude where the animal is unlikely to meet any obstacles,

and feeding and social interactions generally do not take

place (Martin, 1990; Chantler & Driessens, 1995).Therefore,

even though the animal is technically also active at night,

visually directed behaviors take place only during the day in

light-rich environments and the animal is coded as diurnal.

Statistical analysis

The purpose of this study is to examine how activity pattern

correlates with both the size and shape of the eye. All

analyses are computed using log10 data. Corneal diameter

and axial length of the eye are both size variables, whereas

the logged ratio between the two of them is the shape

variable. In order to investigate the possible negative effects

of using a ratio, the Kolmogorov–Smirnov test with the

Lilliefors transformation was conducted for the shape ratio

(log10CD–log10AL) to determine if it is log-normally dis-

tributed without homoscedasticity, skewness or kurtosis

(Sokal & Rohlf, 1995). The test for normality was repeated

for each of the three activity pattern groups.

To investigate whether the means of eye size and shape

were significantly different between the animals coded into

the different activity pattern categories, three one-way

ANOVAs were performed for log10 absolute corneal dia-

meter, log10 absolute axial length of the eye and the shape

ratio (log10CD–log10AL). A scatter plot was generated to

allow for visual inspection of data distribution (see Results;

Fig. 2). For those groups not normally distributed, the

Kruskal–Wallis non-parametric alternative to ANOVA

was performed.

In order to see if there is a similar allometric relationship

between eye size and head body length, as has been pre-

viously shown for eye mass and body mass (Ritland, 1982;

Brooke et al., 1999; Howland et al., 2004), log10 axial length

of the eye was regressed against log10 head-body length. In

order to determine if the ratio of axial length/corneal

diameter changes with either body size or eye size, the logged

ratio of axial length/corneal diameter was regressed against

both head-body length and axial length alone as a measure
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of eye size. Because measurement error and natural varia-

tion affect both dependent and independent variables,

reduced major axis (RMA) was the Model II line-fitting

technique utilized in this study; this method does not assume

that variance in either variable is more significant or that

one is influencing the other (Ricker, 1984; Rayner, 1985;

Sokal & Rohlf, 1995).

Phylogenetic comparative methods

The tree utilized in this study is a composite of the individual

lower taxonomic level phylogenies compiled frommolecular

phylogenies by Iwaniuk (2003), updated by several more

recent lower taxonomic level molecular phylogenies (Dum-

bacher, Pratt & Fleischer, 2003; Garcia-Moreno, Sorenson

& Mindell, 2003; Paton et al., 2003; Thimassen et al., 2003;

Poe & Chubb, 2004; Thomas, Willis & Szekely, 2004). These

individual composite lower-level group phylogenies were

then assembled into a large-scale composite phylogeny that

reflects inter-ordinal relationships from Cracraft et al.

(2004). Of the total of 459 species included in the standard

statistical analysis, it was possible to find group phylogenies

that included 202. However, even utilizing the best-resolved

trees available, polytomies in the final tree were unavoidable

(see Supplementary Material Fig. S1). Branch lengths were

set as equal because there is contradictory evidence for

branch lengths from biogeography, the fossil record and

molecular clock studies (reviewed in Cracraft, 2001; see also

Graur & Martin, 2004).

This study combines continuous (measurements of eye

size and shape) and discrete (ecological categories) vari-

ables. Phylogenetic independent contrasts for this study

were performed in CAIC (v.2.6.9) (Purvis & Rambaut,

1995) because this program does not require a fully resolved

tree and it is able to analyze a combination of continuous

and discrete variables utilizing the BRUNCH algorithm

(Purvis & Rambaut, 1995; Nunn & Barton, 2001). Because

the activity pattern categories are unordered, and indepen-

dent contrasts can only be performed on dichotomous

discrete variables, independent-contrast analysis was only

performed on nocturnal and diurnal activity pattern data.

The null hypothesis tested by BRUNCH is that the depen-

dent continuous variables (corneal diameter, axial length

and the shape ratio of corneal diameter/axial length) are not

related to the independent discrete variable (activity pat-

tern). BRUNCH calculates contrasts only at those nodes

where the discrete variable changes, in this case, where there

is a transition between nocturnal and diurnal activity

patterns (Purvis & Rambaut, 1995). The sign of the contrast

depends on the direction of the discrete variable change; if

zero, there is no change and the null hypothesis of no

relationship between the morphological and discrete vari-

ables is not rejected.

Results

The regression of axial length on head-body length reveals a

negatively allometric relationship between eye size and body

size [r2=0.42; ordinary least squares (OLS) slope=0.536,

RMA slope=0.827; phylogenetic independent-contrast

OLS slope=0.54, phylogenetic independent-contrast

RMA slope=0.57; no confidence intervals include 1, ex-

cluding isometry]. The regression of corneal diameter on

head-body length also reveals a negatively allometric rela-

tionship between eye size and body size (r2=0.32; OLS

slope=0.461, RMA slope=0.816; phylogenetic indepen-

dent-contrast OLS slope=0.45, phylogenetic independent-

contrast RMA slope=0.48; no confidence intervals include

1, excluding isometry). These are shallower but similar

slopes to the relationship between eye mass and body mass

found in previous studies of avians (standard OLS

slope=0.682, phylogenetic independent-contrast OLS

slope=0.696; Brooke et al., 1999). Regressions showed that

there was no discernable relationship between the logged

ratio of axial length to corneal diameter on the y-axis and

head-body length on the x-axis (r2=0.135), with axial

length of the eye on the x-axis (r2=0.041) or with corneal

diameter on the x-axis (r2=0.008), indicating that the ratio

is a measurement of shape that is uncorrelated with size.

Shape analysis (log10 CD–log10 AL)

One-way ANOVA results were significant (Po0.001). The

Kolmogorov–Smirnoff test showed that the shape ratio was

not log-normally distributed for either nocturnal or diurnal

log10 axial length
1.81.61.41.21.00.80.60.4
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0.8
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0.4

Nocturnal

Cathemeral/
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Diurnal

Figure 2 Scatter plot of birds coded for activity pattern with log10 axial

length on the x-axis and log10 corneal diameter on the y-axis. There is

good separation between nocturnal and diurnal animals. Nocturnal:

r2=0.93, ordinary least squares (OLS) slope=0.869, reduced major

axis (RMA) slope=0.90; confidence intervals do not include 1, exclud-

ing isometry. Diurnal: r2=0.948, OLS slope=0.895, RMA slope=0.92;

confidence intervals do not include 1, excluding isometry. Cathem-

eral/crepuscular: r2=0.87, OLS slope=0.903, RMA slope=0.97; con-

fidence intervals include 1, including the possibility of isometry.

ANCOVA analysis indicates significant elevational differences be-

tween nocturnal and diurnal lines, but the cathemeral/crepuscular line

cannot be statistically differentiated from the diurnal line.
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birds, but is normally distributed for cathemeral/crepuscu-

lar birds. Therefore, the Kruskal–Wallis non-parametric

alternative to ANOVA was performed to test for differences

between the groups, and the result was significant (asymp-

totic significance o0.001). Levene’s test for homogeneity of

variances was significant, and Games–Howell post hoc tests

were performed to investigate differences between the three

activity patterns. The results of the post hoc tests revealed

that all three activity patterns were significantly different

from one another, with diurnal animals exhibiting longer

axial lengths of the eye relative to the corneal diameters,

nocturnal animals exhibiting larger corneal diameters rela-

tive to the axial lengths of the eye, and cathemeral/crepus-

cular animals exhibiting an intermediate state (see Fig. 3).

Size analysis

The Kolmogorov–Smirnoff test showed that axial length of

the eye and corneal diameter were not log-normally distrib-

uted for diurnal birds but are normally distributed for

cathemeral/crepuscular birds and nocturnal birds. There-

fore, the Kruskal–Wallis non-parametric alternative to

ANOVA was performed in addition to ANOVA to test for

differences between the groups, and the result was signifi-

cant (asymptotic significance o0.001). One-way ANOVA

results were also significant for both axial length of the eye

and corneal diamater (Po0.001). In both cases, Levene’s

test for homogeneity of variances was significant; therefore,

Games–Howell post hoc tests were performed. Nocturnal

birds showed significantly larger axial lengths and corneal

diameters than both diurnal and cathemeral/crepuscular

birds. However, the axial lengths and corneal diameters of

diurnal and cathemeral/crepuscular birds were not signifi-

cantly different from one another.

Regression analysis

Regression analysis of corneal diameter versus axial length

confirms ANOVA results (see Fig. 2). Regression results for

the different activity patterns are as follows: nocturnal:

r2=0.93, OLS slope=0.869, RMA slope=0.90; confi-

dence intervals do not include 1, excluding isometry; diur-

nal: r2=0.948, OLS slope=0.895, RMA slope=0.92;

confidence intervals do not include 1, excluding isometry;

cathemeral/crepuscular: r2=0.87, OLS slope=0.903;

RMA slope=0.97; confidence intervals include 1, including

the possibility of isometry. ANCOVA results indicate sig-

nificant elevational differences between nocturnal and diur-

nal lines, but the cathemeral/crepuscular line cannot be

statistically differentiated from the diurnal line.

Phylogenetic analysis

The BRUNCH algorithm calculated phylogenetic indepen-

dent contrasts at 13 nodes where there was a change between

activity patterns. Shape, the log10 ratio of corneal diameter

to axial length, was found to be highly significantly related

to changes in activity pattern (P=0.009, F-ratio=9.426,

r2=0.44). In contrast, neither of the two size variables,

corneal diameter and axial length, were significantly related

to changes in activity pattern at these nodes.

Discussion and conclusions

Activity pattern, the time of day when an animal is active, is

the main determinant of how much light is available to

birds. The principles of dioptrics predict that visually

dependent animals in a light-limited environment will have

large corneal diameters in order to maximize the chances of

capturing quanta of light. Likewise, dioptrics predict that

animals in light-rich environments will have eyes with large

axial lengths in order to maximize visual acuity (see Intro-

duction). Analysis of the shape ratio data yields the expected

relationship between axial length and corneal diameters

based on the principles of dioptrics: nocturnal birds, visually

active in light-limited environments, have larger corneal

diameters relative to their axial lengths. Diurnal birds, for

which light is plentiful, have larger axial lengths of the eye

relative to their corneal diameters. This can be seen in the

scatter plot shown in Fig. 2; at any given axial length of the

eye, a nocturnal bird has a larger corneal diameter than a

diurnal bird.

Conventional statistical methods assume that data ob-

servations are independent (e.g. Sokal & Rohlf, 1995).

However, data observations in closely related animals are

inherently not independent (Felsenstein, 1985), requiring

specialized statistical methods. Here independent-contrast

analysis (Felsenstein, 1985; Harvey & Pagel, 1991) is used to

analyze the relationship between eye size and shape and

ecology in a phylogenetic context. Currently, avian systema-

tics is still highly controversial and there is no commonly

accepted phylogeny that includes all the animals in this

study. Nunn & Barton (2001) argue that while incorrect

topology or branch lengths tend to increase type I error

334
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−0.1

30 97
NocturnalDiurnal

n =

Cathemeral/
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Figure 3 Box-and-whiskers plot of the shape ratio log10(CD/AL),

showing the differences between diurnal, cathemeral/crepuscular

and nocturnal activity patterns. The solid line contained within the

box represents the grand mean, and ANOVA analysis found the

differences between the means to be statistically significant

(Po0.001). CD, corneal diameter; AL, axial length of the eye.
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rates, ignoring phylogeny completely produces a greater

increase in type I error. Therefore, it is preferable to use the

best tree available rather than ignore phylogeny, even if it

contains some relationships that may be reassessed in the

future. Some systematists argue that one reason why avian

phylogeny remains so unresolved may be because the initial

bird radiation was so rapid and explosive that most modern

bird groups do in fact have similar branch lengths (Cracraft,

2001; Poe & Chubb, 2004). However, even though only

13 contrasts could be calculated because of the unresolved

state of bird phylogenetics, phylogenetic independent contrast

data also showed that the shape ratios were significantly

different between nocturnal and diurnal activity patterns,

Therefore, when taking phylogeny into account, bird eyes

are shaped as expected on the basis of dioptric principles.

It was also predicted that analysis of the absolute size

measurements would yield similar results, and nocturnal

birds would have absolutely larger corneal diameters than

diurnal birds, diurnal birds would have absolutely larger

axial lengths than nocturnal birds, and cathemeral birds

would display intermediate size measurements of both vari-

ables. However, the results show that nocturnal birds have

not only larger corneal diameters but also larger axial

lengths than either diurnal or cathemeral birds. These longer

axial lengths in nocturnal birds must decrease image bright-

ness relative to a shorter axial length. Thus, although

nocturnal birds do exhibit eye shapes that are optimized for

increased image brightness, with larger corneal diameters

relative to the axial lengths of the eye, they also exhibit

longer absolute axial lengths than diurnal animals. We

hypothesize that the increased axial lengths in nocturnal

birds reflect selection for heightened visual acuity in animals

with absolutely large effective photoreceptor pools. The

high degree of pooling or summation of photoreceptors to

ganglion cells in nocturnal animals means that the size of the

effective photoreceptors is larger than that in diurnal ani-

mals (Walls, 1942; Hughes, 1977; Land, 1980; Martin, 1982,

1990, 1999; Ali & Klyne, 1985; Dowling, 1987; Kandel,

Schwartz & Jessel, 1991; Land & Nilsson, 2002). Having

larger effective photoreceptor areas means that larger eyes

would be needed to achieve the same acuity, and, depending

on the amount of photoreceptor pooling, larger eyes may be

needed to achieve even less acuity. This indicates the

importance of absolute eye size to nocturnal birds for both

visual sensitivity and acuity. Figure 2 demonstrates that

below a log corneal diameter of about 0.7 and a log axial

length of about 0.9, there are no sampled nocturnal birds. It

is possible that these eye dimensions represent a lower limit,

below which the light available at night is not sufficient to

support occupation of a visually dependent aerial, nocturnal

niche.

Summary

Activity pattern has a significant influence on eye shape and

size in birds. Nocturnal birds have eye shapes that are

maximized for visual sensitivity, with larger corneal dia-

meters relative to axial lengths. Diurnal birds have eye

shapes that are maximized for visual acuity, with larger

axial lengths relative to corneal diameters. Cathemeral and

crepuscular animals exhibit intermediate states. However,

nocturnal birds exhibit absolutely larger corneal diameters

and axial lengths than diurnal birds, and below a minimum

eye size there are no nocturnal birds present in this sample.

This may indicate a minimum eye size, below which noc-

turnality is difficult or impossible in birds.
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