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Abstract Eye morphology and the retinal topography of

animals that live in either ‘open’ (e.g., grassland) or

‘enclosed’ (e.g., forest) terrestrial habitats show common

adaptations to constraints imposed by these different

habitat types. Although relationships between habitat and

the visual system are well documented in most vertebrates,

relatively few studies have examined this relationship in

birds. Here, we compare eye shape and retinal topography

across seven species from the family Phasianidae (Galli-

formes) that are diurnally active in either open or enclosed

habitats. Species from enclosed habitats have significantly

larger corneal diameters, relative to transverse diameters,

than species from open habitats, which we predict serves to

enhance visual sensitivity. Retinal topography, however,

was similar across all seven species and consisted of a

centrally positioned area centralis and a weak horizontal

visual streak, with no discernible fovea. In the Japanese

quail (Coturnix japonica), there was also a dorso-temporal

extension of increased neuron density and, in some speci-

mens, a putative area dorsalis. The total number of

neurons in the retinal ganglion cell layer was correlated

with retinal whole-mount area. Average and peak neuron

densities were similar across species, with the exception of

the Japanese quail, which had greater average and peak

densities. Peak anatomical spatial resolving power was also

similar among species, ranging from approximately

10–13 cycles/�. Overall, the pattern of retinal topography

we found in phasianids is associated with ground-foraging

in birds and presumably facilitates the identification of

small food items on the ground as well as other visually

guided behaviors, irrespective of habitat type.

Keywords Habitat � Retinal ganglion cell � Spatial

resolving power � Terrain theory � Visual ecology

Introduction

Birds are highly visual animals and most species possess

large, well-developed eyes and highly complex retinas

(Walls 1942; Meyer 1977; Zeigler and Bischof 1993). Like

the eyes of other animals, there is strong evidence that the

eyes of birds are adapted to constraints imposed by their

ecological niches. For example, many nocturnal birds have

the same adaptations for improving visual sensitivity as

those found in other animals active in low ambient light

levels, such as large eyes, a large corneal diameter relative

to total eye size, high rod:cone ratios and high photore-

ceptor:retinal ganglion cell (RGC) summation ratios (Walls

1942; Oehme 1961; Rojas et al. 2004; Warrant 2004;

Corfield et al. 2011). In contrast, the eyes of diurnal

raptors, such as eagles and kestrels, have adaptations that

improve visual resolution including well-developed central

and temporally positioned foveae containing very large

numbers of cones and low photoreceptor:RGC summation

ratios in the perifoveal regions (Fite and Rosenfield-Wessels

1975; Reymond 1985, 1987; Inzunza et al. 1991). There is

also some evidence that birds conform to Hughes’ (1977)
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‘terrain’ theory, which posits that there is a close rela-

tionship between the topographic distribution of RGCs

across the retina and the symmetry or ‘openness’ of a

species’ habitat (Hughes 1975, 1977; Collin 1999, 2008).

The retinas of birds that live in ‘open’ habitats dominated

by an unobstructed horizon, such as grasslands, tundra,

deserts and the open ocean, are characterized by a well-

defined visual streak, which is an elongated area of

increased RGC density stretching across the horizontal

retinal meridian (Hayes and Brooke 1990; Boire et al.

2001; Fernández-Juricic et al. 2011a; Lisney et al. 2012).

This retinal specialization is thought to allow an animal a

panoramic view of its visual field, without the need for

extensive eye or head movements (Hughes 1977; Collin

1999, 2008). In contrast, in ‘enclosed’ habitats, such as

forests and woodland, as well as at night, the visual horizon

is obscured by vegetation and/or darkness. Birds that

predominantly live in enclosed habitats and/or exhibit

nocturnal activity patterns lack a distinct visual streak and

instead possess a more radially symmetrical retinal

topography (that is sometimes referred to as a ‘weak’

visual streak) containing one or more high density areas for

acute vision (termed areae), which may or may not be

foveated (Hayes and Brooke 1990; Collin 1999, 2008;

Rahman et al. 2007; Dolan and Fernández-Juricic 2010;

Fernández-Juricic et al. 2011b; Lisney et al. 2012). Without

the advantage of perceiving a panoramic visual field with

high acuity offered by a well-defined visual streak, species

that live in enclosed habitats must rely on increased eye

and/or head movements in order to accurately align their

areae upon objects of interest (Collin 1999, 2008).

These generalizations are, however, based on the study

of a relatively small number of avian species. Little is

known about the anatomical organization of the eye and

retina in most birds, and so the extent to which the visual

systems of birds from the same order or family vary

according to habitat is not well understood. In this study,

we focus on eye shape and RGC topography in several

species from the family Phasianidae (Order Galliformes).

This family includes the domestic chicken (Gallus gallus),

pheasants, partridges, grouse and Old World quails. All of

the species within this family are ground dwellers, poor

fliers and feed on similar food items (such as seeds, grains,

shoots and insects), regardless of habitat (del Hoyo et al.

1994). Although the visual systems of the chicken and

Japanese quail (Coturnix japonica) have been studied in

detail (e.g., Meyer and May 1973; Ehrlich 1981; Morris

1982; Budnik et al. 1984; Ikushima et al. 1986; Foster et al.

1987; Straznicky and Chehade 1987; Schaeffel and How-

land 1989; Chen and Naito 1999), relatively little is known

about the visual system of other phasianids (but see Hart

2002). All phasianids are diurnally active, but live in a

variety of open (e.g., prairie grassland, cultivated fields,

rocky mountainsides) and enclosed (woodland and forest)

habitats (Johnsgard 1973; del Hoyo et al. 1994). Given that

eye morphology and retinal topography in vertebrates often

vary with ambient light levels and habitat, we expected that

eye shape and retinal topography would differ between

phasianids from open and enclosed habitats. More specif-

ically, because light intensity levels at the forest floor can

be over 100–200 times lower than at ground level in open

habitats at the same time of day (Ovington and Madgwick

1955; Martin 1982; Endler 1993), we predicted that species

in enclosed habitats would have relatively large corneal

diameters, which would improve visual sensitivity (Walls

1942; Kirk 2004, 2006). We also predicted that phasianids

would conform to the terrain theory (Hughes 1977), such

that species living in open habitats will have a well-

defined, elongated visual streak, and species that live in

enclosed habitats will have a less well-defined, weak visual

streak. Our results suggest that while eye shape does differ

among phasianids in relation to habitat type, retinal

topography is highly conserved and shows little interspe-

cific variation.

Materials and methods

Study species

We examined eyes from seven phasianid species (Crowe

et al. 2006; Kolm et al. 2006): the chukar partridge (Alec-

toris chukar), the ruffed grouse (Bonasa umbellus), the

Japanese quail (C. japonica), the spruce grouse (Falcipen-

nis canadensis), the gray partridge (Perdix perdix), the ring-

necked pheasant (Phasianus colchicus) and the sharp-tailed

grouse (Tympanuchus phasianellus). In order to compare

among species, we divided phasianid habitats into two

broad categories, ‘enclosed’ and ‘open’ (Collin and

Pettigrew 1988a, b, 1989; Collin 1999; Ahnelt et al. 2006).

The ruffed and spruce grouse live in enclosed deciduous and

coniferous forest habitats, respectively, while the other five

species prefer more open habitats, such as prairie grassland,

bare rocky slopes and agricultural land (Johnsgard 1973; del

Hoyo et al. 1994). Compared to the forest habitats of the

ruffed and spruce grouse, these open habitats contain a

distinct horizon and experience relatively higher ambient

light levels due to the lack of a canopy. This applies even if

seasonal variations (such as changes in leaf cover, hours of

daylight and the position of the sun in the sky) are taken

into account (Ovington and Madgwick 1955). Ruffed

grouse were caught in mirror traps (Gullion 1965) during

the breeding season in central Alberta, Canada, killed

with an intraperitoneal injection of sodium pentobarbital

(100 mg kg-1) and the eyes and heads were immer-

sion fixed in 4 % buffered (pH 7.4) paraformaldehyde.
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The Japanese quail were purchased from a commercial

supplier and subjected to the same protocols as the ruffed

grouse. For all of the remaining species, we obtained eyes

from hunters and falconers, which were immersion fixed

using the same fixative within 30 min of death. The gray

partridge and ring-necked pheasant are not native species in

Alberta and are the progeny of animals introduced from

Eurasia in the nineteenth and twentieth centuries (Johnsgard

1973; del Hoyo et al. 1994). Both species, however, inhabit

similar habitats in North America to those in their native

locations (Christensen 1970; Johnsgard 1973; del Hoyo

et al. 1994). Chukar partridge are also endemic to Eurasia

and are not currently found in Alberta, but are frequently

released as game birds on private properties. Our specimens

were obtained from hunters on these properties.

Eye morphology

From 26 individual birds, 42 eyes were used. Each eye was

cleaned of all fascia and extraocular musculature. Trans-

verse diameters of the eye and the cornea were then mea-

sured to the nearest 0.01 mm using digital calipers along

two perpendicular planes (Fig. 1a). This yielded a maxi-

mum and a minimum for both transverse eye diameter and

corneal diameter. Eye shape was then quantified by cal-

culating the ratio of mean corneal diameter to mean

transverse eye diameter (C:T ratio; Kirk 2004, 2006). The

C:T ratio is a measure of the size of the cornea relative to

the theoretical maximal corneal diameter that could be

obtained in an eye of a fixed size (i.e., a corneal diameter

equal to transverse eye diameter) (Kirk 2004, 2006). The

size of the cornea places an upper limit on the maximum

size of the pupillary aperture and thus the amount of light

that can enter the eye and, as mentioned previously, ani-

mals active in low ambient light levels have been consis-

tently shown to have large corneas relative to total eye size

(Walls 1942; Hughes 1977; Pettigrew et al. 1988; Kirk

2004, 2006; Hall and Ross 2007; Schmitz and Wainwright

2011; Veilleux and Lewis 2011; Lisney et al. 2012).

In previous studies where eye shape has been deter-

mined in a similar fashion, the eye and corneal diameter

measurements have been made from eyes that were ‘rein-

flated’ with fixative using a syringe and a small-gauge

needle (e.g., Kirk 2004, 2006; Hall and Ross 2007; Lisney

et al. 2012). Eyes are reinflated until they return to a glo-

bose shape and resist further attempts at inflation, thus

reflecting the shape of the living eye. In this study, the

majority of the eyes (71 %) could not be reinflated because

of small cuts in the sclera that occurred during the dis-

section process, or because small cuts were purposely made

in the sclera to facilitate the infusion of fixative into the

vitreous chamber. These eyes had collapsed to varying

extents in the axial plane (due to loss of internal fluids

postmortem; Kirk 2004), but in the transverse plane the

eyes still closely resembled the shape of eyes that could be

reinflated. Therefore, we predicted that our measurements

of corneal and eye transverse diameter should be the same,

irrespective of whether an eye could be reinflated or not.

This was confirmed by comparing C:T ratios calculated

from corneal and eye diameter measurements made before

and after reinflation from the 12 eyes that could be rein-

flated. A Wilcoxon test for matched pairs revealed no

significant difference in the C:T ratios calculated using

before and after reinflation measurements (W = -14,

P = 0.577). Furthermore, using the approach described in

Lessells and Boag (1987), we calculated a high level of

repeatability (r) for the before and after reinflation mea-

sures of C:T ratio (r = 0.831).

The axial length (A) of the eye was also measured for

the eyes that could be reinflated (Fig. 1b). These values

were used in the calculation of peak anatomical spatial

resolving power (see below) and also to calculate a second

eye morphology ratio, the C:A ratio (Kirk 2006; Veilleux

and Lewis 2011). The C:A ratio reflects the size of the

cornea relative to axial length. Axial length is a proxy of

focal length, which in turn is directly proportional to retinal

image size and inversely proportional to retinal image

brightness (Kirk 2006). Both C:T and C:A ratios are mea-

sures of cornea size relative to total eye size (Kirk 2006)

and animals that live in dim light exhibit consistently

higher values for both ratios compared to animals that live

in higher light levels (Pettigrew et al. 1988; Kirk 2004,

2006; Hall and Ross 2007; Schmitz and Wainwright 2011;

Veilleux and Lewis 2011; Lisney et al. 2012).

Retinal whole mounts

Each eyeball was hemisected and the retina was dissected

out of the scleral eyecup. During this process, the condition

of each retina was assessed. Some of the retinas were

significantly torn or folded, or were so fragile that they fell

apart as soon as they were touched with a paint brush or a

pair of fine forceps. These retinas were not in acceptable

condition for whole mounting and so were not processed

further. Of the 42 eyes, 23 of the retinas were of an

acceptable condition for whole mounting, meaning they

were dissected intact. The retinal pigment epithelial layer

was bleached for 24 h at room temperature using a solution

of 20 % hydrogen peroxide in phosphate-buffered saline

(Lisney et al. 2012). Each retina was cleared of vitreous,

had the pecten cut off at the base or removed entirely, and

was whole mounted, with the RGC layer uppermost, onto a

gelatinized slide coated with Fol’s mounting medium

before being defatted in Citrisolv (Fisher Scientific),

rehydrated through a descending alcohol series followed

by distilled water and stained for Nissl substance in an

J Comp Physiol A

123



aqueous solution of 0.1 % Cresyl Violet (pH 4.3). After

staining, each retina was rinsed in distilled water and

dehydrated through an ascending alcohol series, cleared in

Citrisolv and coverslipped with Permount (Stone 1981;

Ullmann et al. 2012; Lisney et al. 2012).

Shrinkage of the retinal whole mounts was assessed as

in Lisney et al. (2012). Briefly, scaled digital photographs

of each whole mount were taken before and after staining

and the outline of each whole mount was traced using the

public domain NIH image program ImageJ (Rasband

1997–2011). Whole mount shrinkage was, on average,

8.6 ± 4.6 % and was confined to the margins of the whole

mount and along the edges of the radial relieving cuts or

tears (Stone 1981).

Neuron counts

The neurons in the RGC layer of each whole mount were

counted using systematic random sampling using frac-

tionator principle (Gundersen 1977). Digital photo-micro-

graphs of the RGC layer were taken at regular intervals as

defined by a sampling grid measuring 0.75 9 0.75 or

1 9 1 mm (depending on whole mount area) using

a 9 100 oil immersion objective (NA = 1.3) on a Leica

DMRE compound microscope with a Retiga EXi FAST

Cooled mono 12-bit camera (Qimaging, Burnaby, B.C.,

Canada) and OPENLAB Imaging system (Improvision,

Lexington, MA, USA). The X–Y coordinates of each point

on the sampling grid were determined using the X–Y

Fig. 1 Eye morphology in phasianid birds. a Dorsal and b lateral

views of an eye from a spruce grouse (Falcipennis canadensis),

illustrating the measurements of a corneal and eye transverse

diameter, and b eye axial length. Eye axial length was only measured

in eyes that could be reinflated. c, d Box and whisker plots showing

interspecific variation in eye shape using the ratio of mean corneal

diameter to mean transverse eye diameter (C:T) (c) and the ratio of

mean corneal diameter to axial eye diameter (C:A) (d). CP chukar

partridge (Alectoris chukar), GP gray partridge (Perdix perdix),

JQ Japanese quail (Coturnix japonica), RNP ring-necked pheasant

(Phasianus colchicus), RG ruffed grouse (Bonasa umbellus),

SG spruce grouse (Falcipennis canadensis), STG sharp-tailed grouse

(Tympanuchus phasianellus). The two species from enclosed habitats

(the ruffed and spruce grouse) are shown in gray. The other five

species that live in open habitats are shown in white. Arrow bars
represent significant (P B 0.05) differences from pair-wise multiple

comparisons tests
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Vernier scales on the microscope’s stage. Nissl-stained

neurons were counted using an unbiased counting frame

(35 9 35 lm) (Gundersen 1977) that was imposed upon

each digital photo-micrograph using ImageJ. Only glial

cells, which were distinguished on the basis of their small

size, elongate ‘spindle’- or ‘cigar’-like shape and dark

staining (Fig. 2) (Hughes 1985; Wathey and Pettigrew

1989; Coimbra et al. 2009) were omitted from the counts.

This means that the population of ‘displaced’ amacrine cells

that is found in the RGC layer was included in the counts,

and thus our counts likely represent an overestimation of the

true RGC densities. Although some authors have used

cytological criteria to distinguish between RGCs and ama-

crine cells in avian retinas (e.g., Ehrlich 1981; Hayes and

Brooke 1990; Inzunza et al. 1991; Hart 2002; Dolan and

Fernández-Juricic 2010), we were unable to unequivocally

discern RGCs from amacrine cells using these criteria in

areas of high neuron density in our specimens. Therefore, in

order avoid any issues associated with differentiating

amacrine cells from RGCs, such as the misidentification of

small RGCs, our retinal topography maps and data are

based on counts of all Nissl-stained neurons in the RGC

layer, as described above (Hughes 1977; Stone 1981; Collin

and Pettigrew 1988a, b; Wathey and Pettigrew 1989; Lisney

and Collin 2008; Coimbra et al. 2009; Lisney et al. 2012).

The neuron counts for each counting frame were con-

verted to density counts in cells mm-2. For each retina, the

total number of neurons in the RGC layer was determined

by multiplying the total number of sampled cells by the

inverse of the area-sampling fraction (asf), which is equal

to the area of the counting frame divided by the area of the

sampling grid (Howard and Reed 2005). Coefficients of

error (CE) were calculated using Scheaffer’s estimator for

a one-stage systematic sample (Schaeffer et al. 1996) for

non-homogeneous distributions (Schmitz and Hof 2000).

Our CEs were all B 0.029, thereby indicating that our

estimates of the total number of neurons in the RGC layer

are robust (Boire et al. 2001; Coimbra et al. 2009; Ullmann

et al. 2012).

To construct retinal topography maps, the density counts

for each sample point were entered into DeltaGraph 6 (Red

Rock Software, Salt Lake City, UT, USA) and an inter-

polated isodensity contour plot was created, following

Ahnelt et al. (2006) and Schiviz et al. (2008). The scaled,

correctly oriented outline of each whole mount, traced

from a digital photograph (see above), was then superim-

posed on top of the contour plot to complete the topogra-

phy map.

Spatial resolving power

The theoretical peak anatomical spatial resolving power

(SRP) of each species was calculated using peak RGC

layer neuron density values in combination with a measure

of the focal length of the eye, the posterior nodal distance

(PND; the distance from the lens center to the choroid–

retina border) (Ullmann et al. 2012). PND was estimated

from eye axial length, which was measured using eyes

that were reinflated (see above). At least one eye was

successfully reinflated for each species. The PND was then

taken to be 9 0.6 of the eye axial length (Hughes 1977;

Martin 1994; Ullmann et al. 2012). Assuming a hexagonal

retinal mosaic (Hart 2002), the distance (d) subtended by

1 � on the retina was calculated:

d ¼ 2pf

360
ð1Þ

The cell-to-cell spacing (S) of neurons in the RGC layer

was determined using the formula:

S2 ¼ 2

D
ffiffiffi

3
p

� � ð2Þ

where D is the peak neuron density in mm-2. The

maximum spatial (Nyquist) frequency (v) of a grating

resolvable by this arrangement (Synder and Miller 1977)

was calculated as:

v ¼ 1

S
ffiffiffi

3
p

� � ð3Þ

To express SRP in cycles/�, the value of v was

multiplied by d.

Statistical analysis

Statistical analyses were performed using Prism 4

(GraphPad Software, San Diego, CA, USA). After con-

firming the data were normally distributed and exhibited

homogeneity of variance, one-way ANOVA was used to

test for significant differences in eye shape (C:T ratio)

among the species. Bonferroni multiple comparison tests

were also used to evaluate pair-wise differences in eye

shape between species. Non-parametric statistical tests

(Kruskal–Wallis tests adjusted for tied ranks and Dunn’s

multiple comparisons tests) were used to test for significant

differences in total, peak and average neuron density, as

well as SRP, among species. Only species for which four

retinas were analyzed were included in the multiple com-

parisons tests. Although non-parametric tests are generally

less powerful than corresponding parametric tests, they do

not assume that the data are normally distributed (Fowler

and Cohen 1990; Quinn and Keough 2002). Because our

retinal topography data consisted of small sample sizes

(n B 4 for all species), we erred on the side of caution and

opted to use non-parametric tests as it was not possible to

determine whether our data were normally distributed.

Spearman rank correlation coefficients were used to test
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correlations between C:A and C:T ratios, and whole mount

area and total neuron number.

Results

Eye shape

The two species from enclosed habitats, the ruffed and

spruce grouse, had the largest average C:T ratios (0.5 and

0.49, respectively), while the other five open habitat spe-

cies had average C:T ratios ranging from 0.42 to 0.46

(Table 1; Fig. 1c). A one-way ANOVA yielded a signifi-

cant difference in mean C:T ratio among species (F4,33 =

19.47, P \ 0.0001). Bonferroni multiple comparison tests

showed that both the ruffed and spruce grouse had a sig-

nificantly different eye shape than the Japanese quail and

the ring-necked pheasant (P B 0.01), while the gray par-

tridge also had a significantly different eye shape to the

ring-necked pheasant (P \ 0.01).

A similar trend was seen in the C:A ratios. The

C:A ratios were, on average, higher for both of the species

from enclosed habitats (0.63), compared to the five species

from open habitats (0.52–0.6) (Table 1; Fig. 1d). Because

of the small sample sizes (n = 1–2 for most species), these

differences were not tested statistically, but average

C:A ratios were significantly correlated with average

C:T ratios (Spearman r = 0.817, P = 0.034).

Retinal topography maps

The density of neurons in the RGC layer varied across

the retina in all seven species (Table 1; Figs. 2, 3, 4).

The neuron densities ranged from approximately

2,000–3,000 cells mm-2 in the lowest density areas in

most species (ca. 7,000 cells mm-2 in the Japanese quail)

to around 22,000–29,000 cells mm-2 in the highest density

areas, again with the exception of the Japanese quail

(ca. 35,000 cells mm-2). We have tentatively termed

the highest density area in all species an area centralis,

because we could not confirm the presence of a foveal pit

in any of our whole mounts. Representative isodensity

contour retinal topography maps for each species are

shown in Fig. 3. These maps show that the retinal topo-

graphy pattern was similar among all seven species, and

thus there were no differences in retinal topography

between species from enclosed and open habitats. In all the

species, the area centralis was located in the central retina,

just dorsal to the superior pole of the pecten. Also, the

isodensity contours were relatively loosely packed and

Japanese quail Spruce grouse Ring-necked pheasant

e

ba

d

c

f

Fig. 2 High power digital photo-micrographs showing Nissl-stained

cells in the retinal ganglion cell layer in three species, the Japanese

quail (Coturnix japonica) (a, d), ruffed grouse (Bonasa umbellus)

(b, e) and ring-necked pheasant (Phasianus colchicus) (c, f). a–f
Relatively lower (4,080–8,160 cells mm-2) and higher (17,100–

27,800 cells mm-2) cell densities, respectively. Examples of glial

cells, which were distinguished on the basis of their small size,

elongate ‘spindle’- or ‘cigar’-like shape and dark staining, are

arrowed. Scale bars represent 50 lm
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generally horizontally aligned in all the whole mounts,

forming a weak horizontal visual streak. In the Japanese

quail, there was also a dorso-temporal extension of

increased neuron density (Fig. 3e, f), and in two of the four

Japanese quail whole mounts, a second, putative high

density area was identified in the dorso-temporal retina,

which may be an area dorsalis (Fig. 3f).

Neuron number and SRP

As mentioned above, the peak neuron densities were sim-

ilar for all species except for the Japanese quail (Fig. 4a).

A Kruskal–Wallis test yielded a significant difference

among species (v2 = 12.42, P = 0.0145), while Dunn’s

multiple comparisons tests revealed a significant difference

Fig. 3 Representative isodensity contour retinal topography maps

illustrating the distribution of neurons in the retinal ganglion cell layer

for seven species of galliform bird from ‘enclosed’ (a, b) and ‘open’

habitats (c–h). a Left retina from a ruffed grouse (Bonasa umbellus).

b Left retina from a spruce grouse (Falcipennis canadensis). c Right

retina from a chukar partridge (Alectoris chukar). d Right retina from

a gray partridge (Perdix perdix). e, f Two left retinas from Japanese

quail (Coturnix japonica). g Right retina from a ring-necked pheasant

(Phasianus colchicus). h Left retina from a sharp-tailed grouse

(Tympanuchus phasianellus). In all species, an area centralis was

located in the central retina, just dorsal to the superior pole of the

pecten and the isodensity contours formed a weak horizontal visual

streak. In the Japanese quail, there was a dorso-temporal extension of

increased neuron density (e, f), and in some Japanese quail whole

mounts, a second, putative high density area was identified in the

dorso-temporal retina (asterisk), which may be an area dorsalis (f).
The shaded density scales, which are different among species,

represent 9 10 E03 cells mm-2. The irregular black shapes in b and

d–g represent the position of the pecten. Scale bars represent 10 mm.

N nasal, T temporal, V ventral
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in peak neuron density between the Japanese quail and

spruce grouse (P \ 0.05) and the gray partridge (P \ 0.05).

The total numbers of neurons in the RGC layer ranged

from 1,508,648 in the Japanese quail to 3,311,225 in the

ring-necked pheasant (Table 1; Fig. 4b). There was a

significant difference among species (Kruskal–Wallis

v2 = 16.57, P = 0.0023), while Dunn’s multiple compar-

isons tests revealed significant differences between

the ring-necked pheasant and both the gray partridge

(P \ 0.05) and the Japanese quail (P \ 0.01). The total

number of neurons in the RGC layer was significantly

correlated with whole mount area (Spearman r = 0.911,

P \ 0.0001).

The average neuron densities were similar in most

species, ranging from ca. 8,700 to 10,000 cells mm-2

(Table 1; Fig. 4c), with the exception of the Japanese quail,

which had approximately 9 1.5 the neuronal density of the

other species. There was a significant difference among

species (Kruskal–Wallis v2 = 11.10, P = 0.0255) and

Dunn’s multiple comparisons tests showed a significant

difference in average neuron density between the ring-

necked pheasant and the Japanese quail (P \ 0.05).

Theoretical peak anatomical SRP ranged from an aver-

age of 9.7 cycles/� in the Japanese quail to 13.0 cycles/� in

the sharp-tailed grouse (Table 1; Fig. 4d). A significant

difference in SRP among species was detected (Kruskal–

Wallis v2 = 15.26, P = 0.0042), while Dunn’s multiple

comparisons tests showed a significant difference in SRP

between the ring-necked pheasant and the Japanese quail

(P \ 0.01).

We found no evidence of differences in peak and

average neuron density, total neuron number or peak SRP

between species from enclosed and open habitats.

Discussion

Overall, our results indicate that phasianids living in

enclosed habitats have relatively larger corneal diameters

than those living in open habitats, but there are no habitat

Fig. 4 Box and whisker plots showing interspecific variation in the

peak (a) and average (c) densities and total numbers (b) of neurons in

the retinal ganglion cell layer and peak anatomical spatial resolving

power (SRP) (d) in seven species of phasianid bird. Species

abbreviations and shading are the same as in Fig. 1. The two species

from enclosed habitats (the ruffed and spruce grouse) are shown in

gray. The other five species that live in open habitats are shown in

white. Arrow bars represent significant (P B 0.05) differences from

pair-wise multiple comparisons tests
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related differences in retinal topography, number or density

of neurons in the RGC layer or in spatial resolving power.

Thus, phasianids are similar to other vertebrates in terms of

the association between eye shape and habitat (Schmitz and

Wainwright 2011; Veilleux and Lewis 2011), but do not

appear to adhere to the terrain theory (Hughes 1977). As

well as having the centrally positioned area centralis and a

weak visual streak common to all of the phasianids

investigated, the Japanese quail also has a dorso-temporal

extension of increased neuron density and, in some speci-

mens, a putative area dorsalis.

Eye shape

Vertebrate eye shape is closely related to the ambient light

levels under which different species are active; species

active in dim light have larger corneal diameters relative to

eye axial length than diurnal species, and crepuscular/

cathemeral species have an intermediate eye shape (Walls

1942; Hughes 1977; Pettigrew et al. 1988; Kirk 2004; Hall

and Ross 2007; Schmitz and Wainwright 2011; Veilleux

and Lewis 2011; Lisney et al. 2012). The size of the cornea

places an upper limit on the maximum size of the pupillary

aperture and thus the amount of light that can enter the eye.

Thus a large corneal area, in combination with large radius

of curvature for both the cornea and the lens, serves to

improve visual sensitivity by enabling animals that live in

dim light to maximize the brightness of the image on their

retinas (Walls 1942; Kirk 2004, 2006). As well as the

major differences (9 1 million or greater; Martin 1982) in

ambient light levels that occur between day and night,

ambient light levels can also vary to a lesser extent

(ca. 9 100–200) between open grassland and enclosed

forest habitats at the same time of day, as a result of the

shading effect of the canopy (Ovington and Madgwick

1955; Martin 1982; Endler 1993). As mentioned previ-

ously, this distinction applies even if seasonal variation

is taken into account (Ovington and Madgwick 1955).

Whether this difference in ambient light levels between

open and enclosed habitats is large enough to influence eye

shape in vertebrates is not well studied, but recent work on

mammals has shown that species that live in enclosed

habitats and experience lower light levels have relatively

enlarged corneal diameters compared to species from open

habitats (Veilleux and Lewis 2011).

Here, we have found a similar relationship between

habitat and eye shape in phasianid birds. Although all of

the species we investigated are diurnally active, the ruffed

and spruce grouse, which both live in enclosed (and

therefore relatively dimmer) habitats, have larger C:T and

C:A ratios compared to species that live in open habitats.

As in mammals (Veilleux and Lewis 2011), this likely

confers enhanced visual sensitivity in both species. This

could be of particular benefit to ruffed grouse, which

although diurnally active, often engage in their courtship

displays at night and several hours before sunrise

(Archibald 1976; Iwaniuk, unpublished data). While other

phasianid species also partake in courtship activity before

sunrise (Bergerud and Gratson 1988), compared to ruffed

grouse their lek sites are in more open habitats. In contrast,

ruffed grouse courtship display is dependent on locating a

specific log on the forest floor under the cover of darkness

(Gullion 1984). Therefore, enhanced visual sensitivity

would likely enable them to navigate more effectively

under scotopic conditions and potentially avoid nocturnally

active predators, such as foxes (Vulpes vulpes), coyotes

(Canis latrans) and owls.

Retinal topography

The RGCs represent the primary output of the eye because

their axons project directly to the brain. The displaced

amacrine cells that are also found in the RGC layer do not,

however, contribute an axon to the brain optic nerve and

are not part of the RGC sampling array. Because we did not

differentiate between RGCs and amacrine cells in this

study, we have likely overestimated RGC densities in

phasianid birds. Nevertheless, it is unlikely that the inclu-

sion of amacrine cells in our study significantly affected

our findings (Pettigrew et al. 1988, 2010; Pettigrew and

Manger 2008). It is common practice to assess retinal

topography using counts of all the Nissl-stained neurons in

the RGC layer, as we have done (e.g., Hughes 1977; Stone

1981; Collin and Pettigrew 1988a, b; Wathey and Pettigrew

1989; Coimbra et al. 2009; Lisney et al. 2012), especially

given the difficulties associated with differentiating

between RGCs and amacrine cells in Nissl-stained mate-

rial, or using retrograde-labeling techniques to specifically

label the RGCs (Collin and Pettigrew 1988c; Collin et al.

1998; Chen and Naito 1999; Lisney and Collin 2008;

Ullmann et al. 2012). In species from a range of vertebrate

orders (including birds) for whom RGC topography has

been assessed using both Nissl staining and retrograde

labeling, the peak neuron densities and the overall retinal

topography remain similar despite the inclusion of the

displaced amacrine cells (e.g., Peterson and Ulinski 1979;

Bravo and Pettigrew 1981; Hayes 1984; Collin 1999;

Collin and Pettigrew 1988c; Pettigrew et al. 1988; Chen

and Naito 1999; Bailes et al. 2006). Additionally, because

neuron counts from the RGC layer are converted to neuron

density (cells mm-2) and then reduced to the square

root for the purposes of calculating SRP (e.g., see Eq. 3),

a relatively large difference in peak neuron density

values results in only a small difference in terms of SRP

(Pettigrew et al. 1988; Collin and Pettigrew 1989;

Pettigrew and Manger 2008).
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In phasianid birds, the displaced amacrine cells have

been reported to account for almost none of the total

population of neurons in the RGC layer in the Japanese

quail (Budnik et al. 1984; Ikushima et al. 1986) to 20–35 %

in the chicken (Ehrlich and Morgan 1980; Ehrlich 1981;

Chen and Naito 1999) and their inclusion does not change

the overall retinal topography (Ehrlich 1981; Chen and

Naito 1999). In the chicken, amacrine cells account for

approximately 13–30 % of the neurons in the area cen-

tralis (Ehrlich 1981; Chen and Naito 1999), while in the

Japanese quail and the Indian peafowl (Pavo cristatus) this

value is much lower (*0 and 5 %, respectively; Ikushima

et al. 1986; Hart 2002). Even if we assume that 30 % of the

neurons in the area centralis are displaced amacrine cells

in all phasianids we investigated, and thus reduce our

average peak cell density values for each species by this

amount, our subsequent estimates of SRP across species

are only reduced by 16 %, or *2 cycles/�. Given that

estimates of peak SRP in birds vary from approximately

5–140 cycles/� (see below) and inter-individual variation in

behavioral measures of SRP can suffer from having high

individual variability (Pettigrew et al. 1988), such a dif-

ference in SRP is considered minimal (Pettigrew et al.

1988; Ghim and Hodos 2006; Pettigrew and Manger 2008).

In all seven species, the topographic distribution of

neurons in the RGC layer consisted of a centrally posi-

tioned area centralis and a weak visual streak. Previous

studies described a virtually identical pattern of retinal

topography in the Japanese quail (Ikushima et al. 1986) as

well as the domestic chicken (Ehrlich 1981; Straznicky and

Chehade 1987) and the Indian peafowl (Hart 2002). This

homogeneity in retinal topography across species that

inhabit both open and enclosed habitats suggests that the

terrain theory does not apply to phasianid birds. Although

many animals across all of the major vertebrate orders

conform to the terrain theory (e.g., Hughes 1977; Meyer

1977; Collin 1999, 2008; Lisney and Collin 2008; Lisney

et al. 2012), it is likely that, in addition to the symmetry of

a species’ particular habitat, a range of other factors play a

role in shaping a species’ retinal topography, including the

height of the eye/head above a substrate, ambient light

levels, prey capture and feeding behavior, and the foraging

strategies of potential predators (Hughes 1977, 1981;

Collin 1999, 2008; Ahnelt et al. 2006; Schiviz et al. 2008).

Thus, many factors, not just habitat, can affect the retinal

topography of a species, and in the case of phasiands any or

all of these factors may be more important than habitat type

in determining retinal topography.

A central area of peak cell density (foveate or afoveate),

like that observed in phasiands, is thought to be one of the

most common forms of retinal organization in birds (Wood

1917; Meyer 1977; Dolan and Fernández-Juricic 2010).

The area centralis (or fovea) is involved in monocular

vision, viewing the central part of each eye’s lateral visual

field with a higher spatial resolving power (Meyer 1977;

Ehrlich 1981). This enables phasianids, as well as other

ground-foraging birds, to fixate food items and other

objects monocularly and they only switch to frontal bin-

ocular vision to peck at an object of interest (Schlee 1983;

Bischof 1988; Güntürkün et al. 1993). Presumably, this

topographic arrangement of the retina, in combination with

head movements, facilitates the identification of small food

items on the ground (e.g., seeds, grains, shoots and insects)

as well as other visually guided behaviors such as predator

detection and identifying conspecifics (Necker 2007;

Fernández-Juricic et al. 2011b), and does so equally in

open and enclosed habitats.

Neuron number and SRP

Our estimates of the number and density of neurons in the

RGC layer for each species were similar to those reported

previously for the domestic chicken and the Japanese quail.

Ehrlich (1981), Budnik et al. (1984), Ikushima et al. (1986)

and Straznicky and Chehade (1987) estimated that the total

number of neurons in the chicken and the Japanese quail

range from 2.6 million and 1.3–2.0 million, respectively,

which is similar to the 1.5–3.3 million for the seven species

we examined. Similarly, peak neuron densities in the

area centralis of the chicken range from 19,000 to

26,000 cells mm-2; (Ehrlich 1981; Straznicky and Chehade

1987; Chen and Naito 1999), and our estimates ranged

from ca. 22,000 to 29,000 cells mm-2. Even the much

higher peak neuron densities of the Japanese quail (ca.

35,000 cells mm-2) are similar to those of previous studies

(35,000–40,000 cells mm-2, Budnik et al. 1984; Ikushima

et al. 1986). Because the Japanese quail has a smaller eye

(and thus a shorter PND) compared to the other phasianids

we investigated, the increased peak neuron densities pro-

vide the Japanese quail with a peak anatomical SRP

comparable to that of other phasianid birds (see below). In

contrast, the Indian peafowl has both a relatively high peak

neuron density (37,649 cells mm-2) and a considerably

larger eye (axial length = 19.4 mm), meaning that peak

anatomical SRP in this species is about twice as high as

that of any of the species we investigated (Hart 2002).

We estimated peak anatomical SRP to be approximately

10–13 cycles/� in the seven species we investigated.

Because the RGC axons represent the only link between

the eye and the brain, the peak values of anatomical SRP

presented here represent the absolute upper possible

threshold of SRP in these birds. Anatomical estimates of

peak SRP are in close agreement with behavioral measures

of SRP and the two are highly correlated (Kiltie 2000;

Pettigrew et al. 1988; Pettigrew and Manger 2008). Thus,

estimating SRP anatomically using the peak density of
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neurons in the RGC layer and a measure of focal length has

proved a valuable approach for predicting the visual

capabilities of a wide range of species (e.g., Hughes 1977;

Moroney and Pettigrew 1987; Pettigrew et al. 1988; Collin

and Pettigrew 1989; Wathey and Pettigrew 1989; Hart

2002; Bailes et al. 2006; Lisney and Collin 2008; Pettigrew

and Manger 2008; Dolan and Fernández-Juricic 2010;

Pettigrew et al. 2010).

Estimates of peak SRP in the majority of birds studied to

date range from ca. 5–40 cycles/� (Fite and Rosenfield-

Wessels 1975; Moroney and Pettigrew 1987; Wathey and

Pettigrew 1989; Hart 2002; Dolan and Fernández-Juricic

2010; Fernández-Juricic 2011a, b), with some Falconiform

birds of prey having a much higher SRP (70–140 cycles/�)

(Reymond 1985, 1987). Given this range, although our

results indicate that there are significant differences in peak

anatomical SRP among some phasianid species, we suggest

that, as mentioned previously, differences in SRP such as

those we have found among phasianids are minimal

(Pettigrew et al. 1988; Ghim and Hodos 2006; Pettigrew

and Manger 2008). SRP is largely dictated by eye size

(Pettigrew et al. 1988; Collin and Pettigrew 1989; Lisney

and Collin 2008; Dolan and Fernández-Juricic 2010), but

there is evidence that SRP is related to foraging in birds.

For example, our results are consistent with previous

reports that ground-foraging species that feed on stationary

prey items, such as songbirds and pigeons tend to have

lower SRPs than diurnal predatory birds that feed on

moving prey, like kingfishers and raptors (Reymond 1985,

1987; Moroney and Pettigrew 1987; Rounsley and

McFadden 2005; Dolan and Fernández-Juricic 2010;

Fernández-Juricic 2011a, b).

We could not identify a fovea in the highest neuron

density area of any of our whole mounts. While it is

possible to positively identify avian foveae in whole

mounts (e.g., Bravo and Pettigrew 1981; Moroney and

Pettigrew 1987; Inzunza et al. 1991; Coimbra et al. 2009;

Lisney et al. 2012), the foveal region is fragile and can

easily be damaged (Bravo and Pettigrew 1981; Lisney et al.

2012). Ideally, the presence or absence of a fovea should be

confirmed using cross sections (Fernández-Juricic et al.

2011a), which we were unable to do with the specimens

that we obtained. Despite this constraint, several studies

have reported the absence of a fovea in phasianid and other

galliform species (Wood 1917; Walls 1942; Ehrlich 1981;

Morris 1982; Budnik et al. 1984; Chen and Naito 1999;

Hart 2002). Ikushima et al. (1986) did report the presence

of a fovea in the Japanese quail, but the fovea was

described as being ‘shallow’. Well-developed foveae have

been associated with rapid flight and the capture of moving

prey in birds (Meyer 1977; Fite and Rosenfield-Wessels

1975; Inzunza et al. 1991), which is consistent with the

finding that phasianid birds either lack or have a poorly

developed fovea, given that they are ground dwellers and

feed on stationary prey items.

The majority (6/7) of the species we examined only had

an area centralis, but the Japanese quail had a dorso-

temporal extension of increased neuron density and, in two

specimens, a second, putative high density area that may be

an area dorsalis was identified. Our observations are cor-

roborated by previous studies of Japanese quail; Budnik

et al. (1984) identified an area dorsalis, but Ikushima et al.

(1986) did not. Similarly, while an area dorsalis was

reported to be present in the chicken by Chen and Naito

(1999), Ehrlich (1981) only reported a dorso-temporal

extension of increased neuron density. Other ground-for-

aging birds, such as the pigeon (Binggeli and Paule 1969;

Hayes and Holden 1983) and the jungle crow (Rahman

et al. 2006), also have both central and dorso-temporal

areas of high neuron density. An area dorsalis may be an

adaptation for viewing the part of the frontal visual field in

front of and just below the beak, so facilitating binocular

vision and visually guided pecking behaviors that are

important in feeding (Binggeli and Paule 1969; Zeigler

et al. 1993; Hart 2002). Given that all phasianid birds are

ground foragers, it is unclear why some species appear to

have an area dorsalis, while others do not, or why this

retinal specialization does not appear to be present in all

individuals within a species. It is possible that this may be a

result of be natural inter- and intra-specific variation in the

organization of the retina among phasianids. Alternatively,

it could be due to an artifact of the whole mounting pro-

cess, as a tear or an orientation cut in the dorso-temporal

retina could make an area dorsalis difficult to identify

(Ullmann et al. 2012). In addition, the chicken and the

Japanese quail have been heavily domesticated (del Hoyo

et al. 1994; Appleby et al. 2004) and it has also been

suggested that domestication may have played a role in

altering retinal organization in these species (Walls 1942;

Budnik et al. 1984; Ikushima et al. 1986), although no

mechanism has been suggested.

Our data suggest that eye morphology is adapted to

variation in ambient light levels associated with enclosed

and open habitats in phasianid birds. While previous

studies have shown a close relationship between activity

pattern and eye morphology in birds (Hall and Ross 2007;

Iwaniuk et al. 2010; Lisney et al. 2012), this is the first

study to show such a relationship between habitat and eye

morphology, and further studies focused on different avian

taxa will be required to confirm the extent to which such

habitat-specific variation in ambient light levels influences

eye morphology across birds in general. Regarding retinal

topography, contrary to our prediction based on Hughes’

(1977) terrain theory, we found no evidence of habitat-

specific variation in retinal topography among phasianid

species from open and enclosed habitats. While a wide
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range of vertebrates have been found to conform to the

terrain theory, this study serves as an important illustration

that other factors in addition to the symmetry of a species’

particular habitat, such as the visual demands of a partic-

ular foraging strategy, can play a role in shaping retinal

topography.
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