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Abstract

Several species of the most diverse avian order, Passeri-
formes, specialize in foraging on passive prey, although rela-
tively little is known about their visual systems. We tested
whether some components of the visual system of the Amer-
ican goldfinch (Spinus tristis), a granivorous bird, followed
the profile of species seeking passive food items (small eye
size relative to body mass, narrow binocular fields and blind
areas, centrally located retinal specialization projecting lat-
erally, ultraviolet-sensitive vision). We measured eye size, vi-
sual field configuration, the degree of eye movement, varia-
tions in the density of ganglion cells and cone photorecep-
tors, and the sensitivity of photoreceptor visual pigments
and oil droplets. Goldfinches had relatively large binocular
(46°) and lateral (134°) visual fields with a high degree of eye
movement (66° at the plane of the bill). They had a single
centrotemporally located fovea that projects laterally, but
can be moved closer to the edge of the binocular field by
converging the eyes. Goldfinches could also increase their
panoramic vision by diverging their eyes while handling
food items in head-up positions. The distribution of photo-

receptors indicated that the highest density of single and
double cones was surrounding the fovea, making it the cen-
ter of chromatic and achromatic vision and motion detec-
tion. Goldfinches possessed a tetrachromatic ultraviolet vi-
sual system with visual pigment peak sensitivities of 399 nm
(ultraviolet-sensitive cone), 442 nm (short-wavelength-sen-
sitive cone), 512 nm (medium-wavelength-sensitive cone),
and 580 nm (long-wavelength-sensitive cone). Overall, the
visual system of American goldfinches showed characteris-
tics of passive as well as active prey foragers, with a single-
fovea configuration and a large degree of eye movement
that would enhance food searching and handling with their

relatively wide binocular fields. ©2014 S. Karger AG, Basel

Introduction

Birds are highly visual organisms that live in a broad
range of environmental conditions. Their complex visual
systems [i.e. large eyes, wide visual fields, 4 types of vi-
sual pigments, oil droplets to enhance color discrimina-
tion, etc.; Cuthill, 2006] are tuned to optimize the gather-
ing of sensory information to find food, detect predators,
and reduce sun glare in different environmental condi-
tions [Martin, 2007].

© 2014 S. Karger AG, Basel
0006-8977/14/0833-0181$39.50/0

KARGER

E-Mail karger@karger.com
www.karger.com/bbe

Esteban Fernandez-Juricic

Department of Biological Sciences

Purdue University, Lilly Hall G-302

915 W. State Street, West Lafayette, IN 47907 (USA)
E-Mail efernan @ purdue.edu

Downloaded by:

=
[
™
e}
<
»
I
)
S
o




The avian visual system has been proposed to vary de-
pending on whether the main prey is passive (e.g. seeds,
fruits) or active (e.g. insects, vertebrates). The rationale is
that the detection and tracking of active prey would re-
quire some visual adaptations to increase encounter and
capture rates [reviewed in Cronin, 2005]. In the most di-
verse avian order, Passeriformes, many species mainly
forage on passive food items that are detected and cap-
tured at close distances [Elphick et al., 2001], yet com-
paratively little is known about their visual systems [but
see Rahman et al., 2006; Dolan and Ferndndez-Juricic,
2010; Ferndndez-Juricic et al., 2011b]. We studied a Pas-
seriform of the Fringillidae family, the American gold-
finch (Spinus tristis Linnaeus, 1758), to assess whether its
visual system follows the profile of species seeking passive
prey. American goldfinches are almost entirely granivo-
rous and sexually dimorphic, particularly during the
breeding season [McGraw and Middleton, 2009]. They
inhabit open habitats (fields, floodplains, cultivated pas-
tures) but can also be seen in backyards (i.e. frequent vis-
itors of bird feeders) and orchards [McGraw and Middle-
ton, 2009].

The way birds perceive visually is the result of different
types of visual information being gathered simultaneous-
ly (e.g. overall and localized visual resolution, motion de-
tection, binocular overlap, color vision). In this study, we
were able to investigate 5 visual properties of American
goldfinches: (1) eye size; (2) variations in the density of
ganglion cells and cone photoreceptors across the retina
to determine the position of areas specialized in acute vi-
sion (e.g. fovea), chromatic and achromatic vision, and
motion detection; (3) the sensitivity of the visual pig-
ments and oil droplets involved in color vision; (4) the
configuration of the visual fields (the extent of the bin-
ocular and lateral fields and blind area), and (5) the de-
gree of eye movement. In the next paragraphs, we review
the main hypotheses accounting for the differences in the
visual systems of species that catch passive versus active
prey and develop specific predictions for American gold-
finches.

Visual acuity or visual resolution is determined by eye
size (i.e. overall visual resolution) and the peak density of
retinal ganglion cells (i.e. localized visual resolution)
[Pettigrew et al., 1988]. The bigger the eye, the larger the
area over which the image spreads on the retina, activat-
ing a greater number of photoreceptors and hence in-
creasing the overall visual resolution [Martin, 1993; Kil-
tie, 2000]. Species that feed on active prey tend to have
larger eyes relative to their body mass (allowing them to
detect prey from farther away) than species that feed on
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passive prey (which generally detect prey at relatively
close distances) [Garamszegi et al., 2002; Lisney and Col-
lin, 2007]. Therefore, we predicted that American gold-
finches would have relatively smaller eyes in relation to
their body mass compared to other bird species.

Photoreceptors gather information from the environ-
ment and, after processing it in the outer and inner retina,
ganglion cells transfer it to the visual centers of the brain
[Mcllwain, 1996]. The distribution of ganglion cells
across the avian retina is quite heterogeneous [Walls,
1942; Meyer, 1977]. Some types of retinal specializations
consist of areas in the retina with a high density of spe-
cific cell types, which may correspond with the centers for
acute vision. For instance, retinal specializations like the
fovea, visual streak, and area have a high density of pho-
toreceptors and retinal ganglion cells compared to the
retinal periphery [Meyer, 1977]. In general, species that
hunt active prey, like falcons, hawks, owls, and flycatch-
ers, have been reported to have higher cell densities in
their retinal specializations (and in some cases more than
one retinal specialization per retina) than species that
feed on passive prey [e.g. Reymond, 1985, 1987; Coimbra
et al., 2006, 2009; Dolan and Fernandez-Juricic, 2010;
Fernandez-Juricic et al., 2011a; Lisney et al., 2012]. Con-
sequently, we predicted that American goldfinches would
have a single fovea with a relatively low density of retinal
ganglion cells compared to species which forage on active
prey. We also predicted that the distribution of cone pho-
toreceptors would match that of the retinal ganglion cells
[e.g. Querubin etal., 2009; Moore etal., 2012], being high-
eraround the fovea than in the retinal periphery, although
little is known about cell density covariations at these two
retinal layers in Passeriformes.

Many of the Passeriformes studied to date that forage
on a combination of passive and active prey have been
found to possess an ultraviolet-sensitive (UVS) visual
pigment variant [Odeen and Héstad, 2003; Hart and
Hunt, 2007; Bowmaker, 2008; Odeen et al., 2011]. How-
ever, raptors that specialize in active prey have been
shown to have a violet-sensitive (VS) visual pigment vari-
ant [Odeen and Hastad, 2003], although the perceptual
reasons behind these differences are still unclear. There-
fore, we predicted that the American goldfinch would
have a UVS visual system which could increase their abil-
ity to discriminate seeds and fruits that reflect UV from
the background [Tovée, 1995], as well as to assess the
quality of potential mates since parts of their plumage
(e.g. yellow feathers) reflect in the UV [MacDougall and
Montgomerie, 2003].
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The visual field configuration [i.e. the volume of space
around the head from which an animal can perceive visu-
ally; Martin, 1993] has also been shown to vary between
vertebrate predators and prey; species feeding on active
prey tend to have wider binocular fields and blind areas,
whereas those feeding on passive prey tend to have nar-
rower binocular and blind areas to increase lateral vision
and enhance predator detection [Hughes, 1977]. This vi-
sual field configuration is associated with the position of
the orbits in the skull and the retinal specialization. Spe-
cies foraging on active prey tend to have high degrees of
orbit convergence, whereas those foraging on passive
prey tend to have laterally placed orbits [Heesy and Hall,
2010]. Thus, we predicted that American goldfinches
would have relatively narrow binocular fields and blind
areas, which would increase the size of the lateral visual
fields, and a limited degree of eye movement characteris-
tic of many birds [Martin, 1993].

Methods

American goldfinches were captured in Tippecanoe County,
Ind., USA, from March 2010 to February 2012 using hanging finch
traps and mist nets. Individuals were housed in 0.61 x 0.61 x
0.76 m cages in an indoor room on a 12-hour light/dark cycle in
the animal facilities at the Purdue University campus. Capture,
handling, and euthanasia (when performed) were approved under
Purdue Animal Care and Use Committee protocols 09-018 and
10-012.

Visual Field Configuration

The visual field configuration of the American goldfinch was
measured in 8 individuals using an ophthalmoscopic reflex tech-
nique [Martin, 1984]. We measured a total of 8 individuals when
the eyes were at rest, 6 of which were also measured when the eyes
converged/diverged (see details below). Individual goldfinches
were restrained in a horizontal position in the center of a visual
field apparatus with their bills attached to a holder. The bill was
held at the angle that was characteristic of goldfinches in a vigilant
posture, which was determined from pictures of animals in the
wild. We used an angular coordinate system to measure the vi-
sual fields and placed the head in the center of a spherical space,
with the horizontal axis of the sphere running through the eyes of
the individual. In this coordinate system, 90° corresponded to the
position in front of the head, 0° corresponded to the position di-
rectly above the head, and the 270° corresponded to the position
behind the head. We defined the plane connecting 90° to 270° as
the horizontal plane parallel to the ground [Martin, 1986]. We
measured the extent of the retinal projection into the spherical
space [Martin, 2007]. We corrected these measurements follow-
ing Martin [1984] so that they took into account the distance be-
tween the ophthalmoscope and the eye of the subject. Measure-
ments were taken in 10° increments from 140 to 270° around the
head with an accuracy of +0.5° with a Keeler Professional ophthal-
moscope. We did not measure from 130 to 260° underneath the
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head due to obstruction of the eyes by either the body or the vi-
sual field apparatus.

We measured the visual fields while birds were (1) at rest and
(2) converging or diverging their eyes [Martin, 2007]. When the
eyes were at rest (they were not following the movement of the
ophthalmoscope), we also measured the projection of the pecten,
which is a vascularized area in the avian retina that does not have
visual pigments. We elicited eye movements (convergent, diver-
gent) by providing a visual (i.e. flashing light) or auditory (i.e. jin-
gling keys) stimulus in front of or behind the head of the individ-
ual. The sizes of the lateral [360 — (mean blind field + mean bin-
ocular field)/2], binocular, blind, and cyclopean (binocular +
lateral right + lateral left visual areas) fields were calculated follow-
ing Fernandez-Juricic et al. [2008].

Retinal Ganglion Cell Density and Distribution

We measured the eye axial length from the anterior portion of
the cornea to the most posterior portion of the back of the eye (in
mm). We hemisected the eye anterior to the ora serrata to keep the
retina undamaged using a razorblade and removed the vitreous
humor with tweezers and spring scissors. In our experience, the
use of a razorblade versus the scalpel blade eye rotation method
traditionally used in Stone [1981] provides a smoother, gentler
method for accessing the retinal tissue with less chance of damage
[see also Ullmann et al., 2012]. We removed the vitreous humor at
this stage because it dehydrates more than the retina, so keeping it
could have caused distortion of the retinal tissue. Extraction of the
retina was performed by detaching the choroidal layer from the
sclera and severing the optic nerve head, following Ullmann et al.
[2012]. After extraction, we very carefully removed the choroid or
loose fragments of pigmented epithelium with either tweezers or a
small paintbrush while the tissue was bathed in phosphate-buff-
ered saline (PBS) solution (pH 7.2-7.4, ~310 mOsm/kg). We made
sure that the use of a paintbrush did not cause any mechanical
damage to the retinal tissue. However, this is a potential caveat
when wholemounting the retina.

We then placed the retina in PBS with 4% paraformaldehyde
for 24 h to fix the tissue. After fixation, the retina was washed in
PBS, and subsequently placed into a bleaching solution of 5% hy-
drogen peroxide for 5 days to remove any pigment in the remain-
ing epithelial cells. The retina was then washed in PBS and flat-
tened on a gelatinized slide [Stone, 1981; Ullmann et al., 2012]. The
pecten was removed prior to flattening to enable the retina to lie
completely flat on the slide [Lisney et al., 2012, 2013]. Addition-
ally, this method minimized problems with asymmetric shrinkage
across the retina [Ullmann et al., 2012] that could become preva-
lent if certain points of the retina remained partially adhered to the
oraserrata or the area around the pecten. The retina was heat-fixed
onto the slide by placing it in a vessel containing 4 drops of forma-
lin and heated to 60°C for 2 h. After heat fixation, the retina re-
mained in this chamber for another 24 h. We took pictures of the
retina with a Panasonic Lumix FZ28 digital camera to account for
tissue shrinkage [Ullmann et al., 2012].

The staining process began by clearing the retina in Histo-Clear
(National Diagnostics) in two 10-min rinses totaling 20 min, fol-
lowed by two 2-min rinses in the following solutions: 100% ethanol
twice, 95% ethanol acidified with glacial acetic acid, 80% ethanol,
70% ethanol, and distilled water acidified with glacial acetic acid.
We then immersed the retina in 0.25% cresyl violet for 12 min and
immediately rinsed it with acidified distilled water, and then dehy-
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drated it in 70 and 80% ethanol for 30 s each. We placed the retina
in 95% ethanol acidified with glacial acetic acid for 60 s, followed
by two 60-second rinses in 100% ethanol. Finally, we placed the
retina in Histo-Clear for two 10-min rinses [Stone, 1981; Ullmann
etal, 2012]. We added Permount (Fisher Scientific) over the reti-
na, placed a coverslip on it, and allowed it to dry. Once the slide
had dried, an additional picture was taken to complete tissue
shrinkage estimations. To account for tissue shrinkage, the area of
the retina before and after staining was measured using Image]
(http://rsb.info.nih.gov/ij/).

To sample the ganglion cells on retinal, cresyl violet-stained
wholemounts, we followed some of the procedures of Coimbra et
al. [2009], who used for the first time a stereological approach by
considering the ganglion cell layer as a single section. The perim-
eter of the retina was first traced using Stereo Investigator 9.13
(MBF Bioscience) with a x4 objective and a 0.10 aperture on an
Olympus BX51 microscope. We used the SRS Image Series Ac-
quire module to apply an orderly grid over the traced retina using
the following parameters: area sampling fraction (asf; the ratio of
the area of the counting frame to the area of the grid) = 0.02 £ 0.001
per retina, thickness sampling factor (tsf; the ratio of the height of
the dissector to the mean measured thickness) = 1 per retina, and
2Q  (the sum of the total number of neurons counted) = 15,749 +
1,489 per retina [West et al., 1991; Bonthius et al., 2004]. The grid
size per retina set by Stereo Investigator was, on average, 359.8 +
8.0 x 360.5 £+ 11.5 um.

The coefficient of error (CE) is a statistical method for deter-
mining the accuracy of a stereological estimate of a cell population
size, with CE <0.1 considered to be highly reliable [Glaser and Wil-
son, 1998; Slomianka and West, 2005; Coimbra et al., 2009]. We
estimated the Scheaffer-Mendenhall-Ott (SMO) CE in two differ-
ent ways depending on the type of counting. We counted 1 retina
‘live’ focusing on a single plane with the optical fractionator work-
flow in Stereo Investigator, which provided the SMO CE (table 1).
We also counted 2 retinae with Image] using photomicrographs
acquired in the SRS Image Series Acquire module of Stereo Inves-
tigator, which does not output the SMO CE. For these two retinae,
we manually estimated the SMO CE (table 1) [equations A4a, A4b,
and A5 for random populations in Glaser and Wilson, 1998]. The
live and manual estimates had similar SMO CE (all <0.1; table 1).
We also used another means of determining the reliability of our
estimates by manually calculating the SMO CE?*/CV? ratio (where
CV is the coefficient of variation) for these three retinae. This ratio
indicates whether the variance created by using stereology ac-
counts for less than 50% (or <0.5) of the observed variance of the
cell population [Slomianka and West, 2005]. All three retinae had
SMO CE?/CV? ratios <0.01 (table 1), which is substantially lower
than the accepted value of 0.5 used in other studies [Slomianka and
West, 2005]. The results of these two indices show that our cell
counts were reliable.

A mean of 408.7 + 1.67 grid sites per retina was used; however,
not all could be counted because of counting frames being outside
of the retina, a lack of focus on some retinal sectors, and small
retinal tears. In the upper left hand corner of each grid, a 50 x 50
pum counting frame was placed to avoid double counting of cells.
At each counting frame, we took a picture with an Olympus
$97809 microscope camera on the plane at which the highest res-
olution and contrast could be attained using the microscope focus
with a x100 oil immersion objective and a 1.30 aperture. These
images were then captured using Snaglt (www.tech-smith.com/
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Snagit). We counted ganglion cells that were fully encompassed
within the counting frame, as well as cells that were touching the
upper and right edges of the counting frame, but excluded cells
touching the lower and left edges of the counting frame, following
Gundersen [1977]. In a limited number of cases when part of the
photomicrograph was not in good condition (e.g. presence of
some pigmented epithelium), we divided the counting frame into
4 equal quadrats. We counted in only those quadrats where cells
were clearly visible, and corrected for the smaller counting area in
the calculation of cell density following Dolan and Ferndndez-
Juricic [2010].

The avian retina is a complex, multilayered tissue in which ret-
inal ganglion cells can be found at multiple sublaminae as the den-
sity of cells increases, specifically around the perifoveal region
[Moroney and Pettigrew, 1987; Coimbra et al., 2006, 2009]. One of
the potential shortcomings of our ganglion cell counting method
is that we could have missed a substantial fraction of the cells by
using a single plane. To investigate this, we performed a cross sec-
tion of a cresyl violet-stained wholemounted retina from another
Passerine bird: the European starling (Sturnus vulgaris). We placed
the slide containing the wholemounted retina back into a xylene
solution to remove the toluene-based coverslipping agent, re-
moved the coverslip, and cut out a portion of the retina with a ra-
zor blade. We mounted this portion in paraffin and cross-sec-
tioned the retina with a microtome, which was placed onto a slide
without further staining. In the cross section, we measured the
thickness of the ganglion cell layer after processing in different
parts of the perifoveal region, yielding an average of 4.5 + 0.11 um
(n = 15 samples). In another wholemounted cresyl violet-stained
starling retina, we measured the z-depth of the retinal ganglion cell
layer with Stereo Investigator from the vitreal side of the ganglion
celllayer to the beginning of the inner plexiform layer. The z-depth
measurements showed a thickness in this preparation of 5.3 + 0.73
pum (n = 19). We took photomicrographs at sites in the perifoveal
region of the retina, focusing on a single plane approximately in
the center of the ganglion cell layer. Next, we took photomicro-
graphs while focusing on different planes within a given site and
counted the retinal ganglion cells for each image. We found that
the single plane photomicrograph captured most (93.37 + 1.36%;
n = 10) of the ganglion cells. Consequently, we believe that our
sampling method was able to account for a large proportion of
retinal ganglion cells even in the perifoveal areas with multiple
ganglion cell layers.

There are different criteria to count retinal ganglion cells [dis-
cussed in Lisney et al., 2012]. Because cresyl violet also stains oth-
er types of cells, such as amacrine and glial cells, some authors
count all cells without distinguishing among them [e.g. Coimbra
et al,, 2006]. However, we followed other studies [Hughes, 1977;
Freeman and Tancred, 1978; Ehrlich, 1981; Stone, 1981; Rahman
etal., 2006] where retinal ganglion cells are distinguished based on
cell shape, soma size, Nissl body accumulation in the cytoplasm,
and staining of the nucleus. Details on the criteria we used are pre-
sented in online supplementary appendix 1 (for all online suppl.
material, see www.karger.com/doi/10.1159/000357750).

We counted the retinal ganglion cells at each site of the retina
with Image] (http://rsb.info.nih.gov/ij/). The area counted in each
picture was 0.0025 mm? We corrected for tissue shrinkage by tak-
ing 0.0025 + (0.0025 x proportion of shrinkage). This correction
was performed on each retina, and the cell density (number of
cells/mm?) was calculated by dividing the number of cells by the
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Table 1. Parameters used in the estimation of the accuracy of the cell counts (SMO CE and SMO CE*/CV?)

Retina No. Cells SD of the Sites Mean cells  Variance SMO CE Cv SMO
Counted,n  cells counted counted,n  per site, n CE?/CV?

RGC1 18,548 24.5 407 45.62% 597.86% 0.026* 0.538 0.00246
RGC2 15,229 20.5 412 37.0 421.7 0.0274 0.556 0.00243
RGC3 13,471 18.2 407 33.1 329.7 0.0272 0.549 0.00246
PH 4 10,961 47.0 250 43.8 2,212.7 0.0679 1.07 0.00400
PHS5 9,132 44.5 248 36.8 1,980.0 0.0767 1.21 0.00403
PH6 18,527 58.0 248 74.7 3,362.1 0.0492 0.776 0.00403
PH7 18,745 59.4 253 74.1 3,530.5 0.0504 0.802 0.00395
PHS 12,296 46.3 253 48.6 2,147.3 0.0599 0.953 0.00395
PHO 13,730 48.7 255 53.8 2,376.2 0.0567 0.905 0.00392

RGC = Retinal ganglion cells; PH = photoreceptors; SD = standard deviation. *Values given from the Stereo Investigator program
on the retina that was counted ‘live’ in the program. All other values were calculated manually outside the Stereo Investigator program

(see text for details).

corrected tissue area. Additionally, we calculated the total number
of ganglion cells using the following equation: N total = Q™ x 1/
asf x 1/tsf [Coimbra et al., 2006].

Topographic maps were built following Stone [1981] and Ull-
mann et al. [2012] to determine variations in retinal ganglion cell
density across the retina. Isodensity lines were interpolated from
adjacent density values. We used 6 cell density isodensity values
(0-9,999; 10,000-18,999; 19,000-25,999; 26,000-28,999; 29,000
34,999, and >35,000 cells/mm?).

We calculated visual acuity (or anatomical spatial resolving
power) following Williams and Coletta [1987] and Pettigrew et al.
[1988]. We first calculated the posterior nodal distance (PND) as
0.6 multiplied by the eye axial length [Martin, 1993; Ullmann et al.,
2012], and the retinal magnification factor (RMF) was calculated
as 2nPND/360 [Pettigrew et al., 1988]. We then estimated the vi-
sual acuity (cycles/degree), i.e. the highest spatial frequency that
can be detected under optimal light conditions, as follows:

_ RMF [2D
\/g)

where D is the peak retinal ganglion cell density [Williams and
Coletta, 1987].

We performed a histological cross section on one American
goldfinch eye to corroborate the presence of a fovea. We immersed
the hemisected eye cup in Bouin’s fixative for 24 h and washed it in
0.01 M PBS. The area of the retina containing the fovea was then
isolated by cutting a 2-mm-thick strip from the eyecup, which was
then placed in 70% ethanol for 1 week to remove any excess Bouin’s
fixative. We then embedded the section of the retina containing the
fovea in paraffin wax, followed by serial sectioning along the anteri-
or-posterior axis with a Thermo Scientific Shandon Finesse ME mi-
crotome (Waltham, Mass., USA). Finally, we stained the tissue with
hematoxylin/eosin in Thermo Scientific Shandon Varistain 24-3.

Fn
2

Photoreceptor Density and Distribution
We established variations in the density and distribution of
photoreceptors across the retina by mapping the oil droplets. We
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successfully counted 6 retinae from 6 individuals. We removed
the eyes and the retinae following the same procedures described
above. The retina was bathed in PBS and subsequently flattened
on a gelatinized slide and inverted to place the photoreceptor
layer on top. The perimeter of the retina was first traced using
Stereo Investigator 9.13 (MBF Bioscience) with a x4 objective
and a 0.10 aperture on an Olympus BX51 microscope. We used
the SRS Image Series Acquire module to apply an orderly grid
over the traced retina using the following parameters: asf = 0.0095
+ 0.0005 per retina, tsf = 1 per retina, and 2Q™ = 13,899 + 1,621
per retina [West et al., 1991; Bonthius et al., 2004]. We obtained
pictures from 251 + 1.20 grid sites per retina. The sampling frame
within each grid was 50 x 50 um, with an area of 0.0025 mm?. We
used the same counting frame across the whole retina following
Hart [2001b], as we were interested in getting estimates of the
relative densities of all photoreceptors. Pictures were taken and
processed in a similar way as described above. Despite the care
taken in the removal of the loosely attached pigmented epitheli-
um, some of the tissue was too tightly adhered and therefore
could not be removed without causing harm to the retina. To
avoid bias in the counts, we did not consider those sites that con-
tained damage (irregular distribution of oil droplets), that had
photoreceptors which were folded over or bent, that had ablated
oil droplets, or that had traces of pigmented epithelium. We ac-
quired these photomicrographs using a x40 objective lens under
both bright and epifluorescent lights to distinguish the different
oil droplets types (see below).

In birds, each type of oil droplet is associated with a specific
type of photoreceptor [Bowmaker et al., 1997]. From microspec-
trophotometric analysis (see the next section), we identified 5 dis-
tinct types of oil droplets in the American goldfinch (T-type, C-
type, Y-type, R-type, and P-type), which are associated with the
following photoreceptor types: UVS single cone, short-wave-
length-sensitive (SWS) single cone, medium-wavelength-sensitive
(MWS) single cone, long-wavelength-sensitive (LWS) single
cones, and the principal member of the double cone, respectively.
Single cones are associated with chromatic vision, whereas double
cones in birds have been associated with achromatic vision and
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motion detection [von Campenhausen and Kirschfeld, 1998; Oso-
rio et al., 1999; Goldsmith and Butler, 2005]. We followed the cri-
teria of Hart [2001b] to distinguish the different oil droplet types
(please see online suppl. appendix 2 for details).

We estimated the oil droplet density (number of droplets/
mm?) for each type of oil droplet (no tissue shrinkage correction
was necessary because pictures were taken on fresh retinae). We
also calculated the total number of different oil droplets (in single
and double cones, and both types together), the SMO CE, and CE?/
CV? (table 1) based on the same equations used for retinal gan-
glion cells. All retinae had SMO CE values <0.1 and SMO CE?*/CV?
ratios <0.5 (table 1), which indicates that our estimates were reli-
able. We built 6 topographic maps for each retina following the
procedures described above [Stone, 1981; Ullmann et al., 2012], i.e.
one for each type of photoreceptor and one considering all types
of photoreceptors. In each retina, the proportional area of the
range with the highest density (55,000-98,000 cells/mm?) was cal-
culated from the topographic map including all oil droplet types
and then averaged. We used this average proportional area to de-
termine the area of a concentric ring centered around the fovea.
We then used the diameter of this ring to determine the width of
4 additional concentric rings. These rings were overlaid on each
retina to plot the change in oil droplet densities across the retina.

Microspectrophotometry

A total of 11 goldfinches were used in microspectrophotomet-
ric analysis within 2-7 days of capture. Five individuals were in
nonbreeding condition and 6 were in breeding condition. Prior to
data collection, American goldfinches were light deprived (2-10h)
to enhance the regeneration of visual pigments. After extraction,
we measured the eye axial length with a digital caliper and pro-
cessed one eye immediately (alternating right and left eyes between
individuals) and placed the other eye in a vial with PBS in ice
shielded from light in the fridge to reduce tissue degradation for
later processing. We then hemisected the eye just posterior to the
lens at the ora serrata using a razor blade and removed the vitreous
humor with tweezers and spring scissors. The retina was gently
removed from the sclera and pigmented epithelium using a small
paintbrush. We detached an approximately 6-mm? piece of retina
and placed it on a Corning No. 1 glass slide (22 x 30 mm) where
we macerated it using two razor blades. A drop of PBS and a drop
of sucrose water were added to the macerated retina, which was
covered with a Corning No. 1 coverslip (18 mm?) and then sealed
with black nail lacquer to prevent desiccation. Tissue processing
and microspectrophotometric measurements were performed un-
der infrared or dim red lights.

With a custom-made microspectrophotometer [MSP; Ellis
Loew, Cornell University, Ithaca, N.Y., USA; design described in
McFarland and Loew, 1994], we measured the absorbance [the
amount of light absorbed as light passes through a substance; Lieb-
man, 1972] of the cone and rod visual pigments in the outer seg-
ments, and the oil droplets in the inner segments. A Zeiss Ultra-
fluar Glyc objective (x32, NA 0.4) functioned as the condenser and
a dry objective (x80, NA 0.9) functioned as the objective. An EX-
Vision Super Circuits CCD camera attached to an 8-in TFT color
LCD monitor covered in red Plexiglas was used to view the cell
components. We isolated an area where there were individual pho-
toreceptors and then took a baseline measurement in an empty
area near the cells. Once we had obtained a baseline measurement,
we made a scan of an isolated outer segment of a cone or rod, or
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individual oil droplet, in 1-nm increments from 350 to 750 nm.
After this measurement, we placed a beam of white light on a target
visual pigment for a minimum of 60 s to bleach the pigment and
confirm its identity. Bleaching is necessary so that visual photopig-
ments, which degrade in white light, can be distinguished from
other nondegrading photoreactive substances present in the prep-
aration [Liebman, 1972]. We only used for the analysis spectra
where bleaching of the pigment occurred. We were also able to
distinguish between MWS single cones and rods based on the
shape of the outer segments [MWS single cones have smaller tri-
angular shaped outer segments and rods have larger rectangular
shaped ones with noticeable horizontal striations; Crescitelli,
1972] as these photoreceptors have absorbance curves that may
overlap. Oil droplets are very conspicuous organelles, so no bleach-
ing was necessary.

To determine the wavelength-specific peak sensitivity of the
visual pigments (\,y), we normalized individual absorbance spec-
traand fitted them to A1-rhodopsin templates using the MSP Con-
trol and Analysis Program [Loew and Stauble, 1988-1992]. Char-
acterization of oil droplet absorbance spectra involves the deter-
mination of the wavelength at which a particular amount of light
is absorbed. The three most widely used parameters are: A, the
wavelength at which all light is absorbed by the oil droplet; A4,
the wavelength at which half of the light is absorbed, and A, the
wavelength at which 63% of light is absorbed (or the wavelength at
which the transmittance equals 1/e) [Lipetz, 1984; Hart and Vo-
robyev, 2005]. Oil droplet A values were determined from each
spectrum using Microsoft Excel®.

During the sensitivity analysis, we normalized the region in the
spectrum with rapidly increasing absorbance containing the X pa-
rameters (long-wavelength arm of the absorbance curve) of each
oil droplet spectra to one. To that end, we set the base of the long-
wavelength arm to zero and then divided the spectra by the absor-
bance at the apex of the oil droplet long-wavelength arm. We then
determined the wavelength at which the absorbance was 0.5 (\;4)-
After the A,;g determination, we fitted a trend line to the region of
the long-wavelength arm 10 nm on either side of the A,;q param-
eter and recorded the slope, intercept, and R? parameters. Using
the linear equation (absorbance = intercept + slope x wavelength)
from the trend line, we calculated A, by setting the absorbance to
a value of one. Because ) is a property of an oil droplet transmit-
tance and not its absorbance, we calculated Ay mathematically as
in Moore et al. [2012]. We graphed the absorbance curves of each
visual pigment and oil droplet type by averaging the nonnormal-
ized raw absorbance spectra within each visual pigment and oil
droplet type. We then normalized each average spectrum to one as
in Beason and Loew [2008]. Breeding and nonbreeding individuals
were analyzed separately, but no differences were found so we
pooled together all of the data to characterize goldfinch spectral
sensitivity.

Statistical Analysis

We compared body mass and eye axial length between male
and female goldfinches with general linear models. We also as-
sessed the differences in the density of single and double cones
between the dorsal and ventral parts of the retina by means of gen-
eral linear models that accounted for the identity of each individ-
ual bird using a repeated measures design. We present means + SE
throughout.
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Fig. 2. Visual fields of the American gold-
finch with eyes at rest (a, d), eyes converged
(b, e), and eyes diverged (c, f). a-c Spheri-
cal projections of the boundaries of the vi-
sual fields of both eyes as well as the projec-
tion of the pecten in a. Lines represent a
latitude and longitude coordinate system,
with the equator vertically centered on the
median sagittal plane, in increments of ap-
proximately 20°. The head of the bird is
projected in the center of the sphere. The
values used are averages from 8 individu-
als. d-f Horizontal slices showing the con-
figuration of the visual fields on the hori-
zontal plane (approximate plane of the

bill).
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Results

Eye Size

We measured both the eye axial length and the body
mass of 12 of the studied individuals (6 males, 5 females,
and 1 of unknown sex). Pooling all individuals, the mean
eye axial length (averaged between the right and left eyes
for each individual) was 4.88 £ 0.09 mm, and the body
mass was 12.15 + 0.29 g. There were no significant differ-
ences in eye axial length (F; 9 = 0.01, p = 0.909) or body
mass (F;, ¢ = 0.99, p = 0.344) between males and females.

Visual System of an Avian Passive Prey
Forager

Considering data from Hall and Heesy [2011] on the re-
lationship between eye axial length and body mass in 87
species (10 orders) of birds, we found that the relative size
of the American goldfinch eye was slightly smaller than
that expected for birds in general, and substantially small-
er than that expected for predatory species from the fam-
ilies Falconidae and Accipitridae (fig. 1). One potential
caveat of this analysis is the fact that most of the species
in Hall and Heesy [2011] had body masses larger than the
American goldfinch; therefore, adding smaller species to
this relationship might change the results.
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Visual Field Configuration

The bill of the goldfinch projects into the center of the
binocular field on the horizontal plane (90-270°; fig. 2a—
c), yet our measurements indicated that individuals were
not able to see their bill tips. The width of the binocular
field on the horizontal plane was 46° at rest (fig. 2d).
Across all elevations, the average width of the binocular
field was 26.64 + 3.59° when the eyes were at rest, extend-
ing from 140° (below the bill) vertically to 0° (top of the
head). The width of the blind area on the horizontal plane
was 45°, with the maximum width of the blind area (50°)
at 260° (fig. 2d, 3a). Across all elevations, the average
width of the blind area was 32.94 + 4.27° when the eyes
were at rest, extending from 350° (just posterior to the top
of the head) vertically to 260° (below the back of the head)
(fig. 3a). The size of the lateral field on the horizontal
plane was 134° at rest (fig. 2d), with the cyclopean visual
field (= binocular + lateral right + lateral left visual fields)
extending 315°. The average width of the pecten was
14.40 + 0.48° when the eyes were at rest, extending from
60° (above the bill) vertically to 0° (top of the head).

American goldfinches showed a relatively high degree
of eye movement. The largest eye movement amplitude
(66°) was recorded on the horizontal plane (90-270°%
fig. 3b). Across all elevations, the average degree of eye
movement was 52.53 + 1.48. The width of the binocular
field increased by 17° from 46° at rest to 63° when the eyes
converged (fig. 2e). Also, the width of the blind area in-
creased by 23° from 45° at rest to 68° when the eyes con-
verged (fig. 2e). The convergence of the eyes resulted in a
reduction of the cyclopean visual field from 315 to 292°
on the horizontal plane. When the eyes were fully di-
verged, the binocular field on the horizontal plane was
abolished, resulting in a 2° blind area in front of the bill.
As a result, the width of the blind area on the horizontal
plane decreased from 45° at rest to 10° when the eyes di-
verged (fig. 2f). Eye divergence resulted in an increase in
the cyclopean visual field from 315 to 358° on the hori-
zontal plane.

Retinal Ganglion Cell Density and Distribution

We extracted 6 eyes from 3 individuals (axial length
4.74 £ 0.08 mm) and successfully processed 2 left retinae
and 1 right retina. The density of the retinal ganglion cells
was determined from 375.3 + 8.8 frames from which cells
could be identified. The overall mean density of retinal
ganglion cells across the retina was 16,574 + 1,478 cells/
mm?, with a mean peak density of 38,526 + 5,201 cells/
mm? (around the foveal area). The total number of cells
per retina was estimated to be 810,127 + 32,910 cells.
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Based on eye size and peak retinal ganglion cell densities,
we estimated the visual acuity to be 5.40 cycles/degree.

Topographic maps created from these retinae show a
concentric increase in retinal ganglion cell density from the
retinal periphery (0-9,999 cells/mm?) to the center of the
retina (235,000 cells/mm?; fig. 4a). We identified a poten-
tial fovea based on the presence of a pit on the wholemount,
and we confirmed its presence via histological cross-sec-
tioning (fig. 4b). The fovea was located almost centrally but
was shifted towards the dorsal (0.52 mm from the center)
and temporal (0.33 mm from the center) sides of the retina
(fig. 4a). Based on the position of the orbits in the skulls,
this dorsotemporal fovea would project slightly toward the
frontal part of the skull (closer to the limit between the lat-
eral and binocular fields) rather than directly sideways, and
towards the edges of the binocular field (fig. 4¢).

Photoreceptor Density and Distribution

Three left and 3 right eyes from 6 individuals (3 males,
3 females) were successfully processed (axial length 4.85
+ 0.05 mm). The density of oil droplets was determined
from 161.8 + 11.9 frames per retina from which oil drop-
lets could be identified. The overall mean density of all oil
droplet types across the retinae of the 6 individuals was
32,223 + 2,197 per mm?, with a mean peak density of
88,133 + 3,338 per mm?. The mean density of all single-
cone photoreceptors combined (T-, C-, Y-, and R-type oil
droplets, involved in chromatic vision) was 18,266 + 787
per mm?, and that of double-cone photoreceptors (P-type
oil droplet, involved in achromatic vision and motion de-
tection) was 13,957 + 1,654 per mm?. The mean densities
of the different types of single cones were: UVS cone (T-
type oil droplet), 2,442 + 187 per mm? SWS cone (C-type
oil droplet), 5,314 + 361 per mm?% MWS cone (Y-type oil
droplet), 5,761 + 343 per mm?, and LWS cone (R-type oil
droplet), 4,748 + 347 per mm? Additionally, the total
number of cone photoreceptors per retina was estimated
to be 1,358,132 + 153,221 (single cones, 693,197 + 78,846;
double cones, 1,017,691 + 270,269).

Topographic maps show a concentric increase in the
density of all photoreceptor types from the retinal periph-
ery to the centrotemporal part of the retina (fig. 5, 6),
which coincides approximately with the centrotemporal
position of the fovea determined at the retinal ganglion
cell layer (4a).

We divided the retina into dorsal and ventral parts via
a line going through the center and assessed whether the
combined density of single-cone photoreceptors and
double-cones photoreceptors varied between the dorsal
and ventral parts of the retina. The combined density of
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Fig. 3. a Mean (£SE) degree of overlap and divergence of retinal
margins in the American goldfinch across different elevations
along the median sagittal plane around the head with eyes at rest
(triangles), eyes converged (black squares), and eyes diverged
(white squares). Positive values represent binocular overlap, and

negative values represent no visual coverage (blind area). b Aver-
age degree of eye movement along the median sagittal plane. The
goldfinch head is included for ease of viewing, with the bill at 90°,
the top of the head at 0°, and the back of the head 270°.
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Fig. 4. a Isodensity topographic map representing the distribu-
tion of retinal ganglion cells in the ganglion layer of the American
goldfinch retina. Ranges represent the number of retinal gangli-
on cells (in cells/mm?). Presence of the fovea and pecten is indi-
cated by the black dot and bar, respectively. N = Nasal; V = ven-
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tral. b Cross section of the goldfinch retinal tissue showing the
foveal pit. ¢ Top-view representation of the approximate projec-
tion of the fovea in the visual field of the American goldfinch with
the eyes at rest.
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Fig. 5. Isodensity topographic maps representing the distribution
of oil droplets by type in the American goldfinch photoreceptor
layer. a T-type oil droplet in a UVS single cone. b C-type oil drop-
let in an SWS single cone. ¢ Y-type oil droplet in an MWS single

single-cone photoreceptors was significantly higher in
the dorsal part than in the ventral part of the retina
(F1,5=34.63, p = 0.002; dorsal, 20,520 £ 510 oil droplets/
mm? ventral, 16,213 + 525 oil droplets/mm?). There was
no significant difference in the density of double-cone
photoreceptors between the dorsal and ventral regions of
the retina (F; 5 = 0.01, p = 0.939; dorsal, 11,484 + 434 oil
droplets/mm?; ventral, 14,434 + 448 oil droplets/mm?).

Microspectrophotometry

We obtained data on visual pigment absorbance from
83 cones and 29 rods belonging to 11 birds (5 in non-
breeding condition and 6 in breeding condition). From
the 5 nonbreeding birds, we collected data on visual pig-
ment absorbance from 42 cones and 20 rods (table 2; 2
males, 3 females). From the 6 breeding birds, we collected
data on visual pigment absorbance from 37 cones and 9
rods (3 males, 3 females). All single cones contained an
Al-rhodopsin-shaped visual pigment as identified by
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cone. d R-type oil droplet in an LWS single cone. e P-type oil drop-
let in a double cone. f All oil droplet types pooled together. Ranges
represent the number of oil droplets (in cells/mm?). Presence of
the pecten is indicated by the black bars. N = Nasal; V = ventral.

template fitting (see Methods). Based on microspectro-
photometry, we confirmed the presence of 4 distinct
classes of single-cone photoreceptors and 1 class of dou-
ble cone [fig. 7a-f; Hart, 2001a]. The nomenclature clas-
sification of the UVS and SWS peak absorbance followed
Hart [2002] due to the lack of genetic data available to
discriminate between the SWS1 and SWS2 pigments.

The peak absorbances (\,,,x) of the 5 cone visual pig-
ments were: 399 nm (UVS/VS single cone), 442 nm (SWS
single cone), 512 nm (MWS single cone), 580 nm (LWS
single cone), and 589 nm (double cone) (table 2; fig. 7).
The peak absorbance of the rod visual pigment (RH1) was
515 nm (table 2), and it was distinguished from the MWS
single cone based on cell shape. The principle double-
cone visual pigment was distinguished from other LWS
type pigments by its attachment to a P-type oil droplet.
This criterion considerably decreased the sample size of
double cones available, which in turn increased the noise
of the normalized curves (fig. 7f).
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Fig. 6. Variations in oil droplet density across the retina. The bars
represent the average density of oil droplets (n/mm?) in each con-
centric ring; 1 = center of the retina (centered on the fovea that was
determined by assessing the retinal ganglion cell layer) and radiat-

ing out concentrically to ring 5 = outermost edge of the retina.
T = T-type oil droplet; C = C-type oil droplet; Y = Y-type oil drop-
let; R = R-type oil droplet; P = P-type oil droplet; Total = all oil
droplet types combined.

Table 2. Mean * SE of A« values, and n for 4 classes of single cones, 1 class of double cone, and 1 class of rod photoreceptor of the

American goldfinch

Rod UVS/VS Single cones Double cone
SWS MWS LWS

Visual pigments
Mean A, of the spectra, nm 515+1.3 399+2.7 442+2.1 512+1.1 580+1.3 589+7.0
Outer segments, n 29 7 9 30 25 3

T-type C-type Y-type R-type P1-type P2-type P3-type

a b

Oil droplets
Mean \ig, nNmM 432+0.8 537+1.0 596+0.6 452+0.8 458+1.1 506+0.8 507+1.4
Mean A\, nm 417+1.3 523+1.3 579£0.5 433+1.6 441%2.5 493+0.9 496+1.1
Mean A\, nm 428+0.9 533+1.1 592+0.6 447+0.9 453+1.37 503+0.8 505+1.3
Mean b 0.108+0.005 0.11+0.004 0.088+£0.002 0.084+0.004 0.102+0.009 0.118+0.004 0.133+0.006
Mean B,iq 0.038+0.002 0.038+0.002 0.031+£0.001 0.029+£0.001 0.035+£0.003 0.041+£0.001 0.046+0.002
Amia of the mean absorbance spectrum, nm 434 536 594 452 458 506 508
Acut of the mean absorbance spectrum, nm 422 524 580 436 448 494 497
Ao of the mean absorbance spectrum, nm 431 533 590 448 455 503 505
b of the mean absorbance spectrum 0.120 0.120 0.104 0.092 0.147 0.042 0.127
Biq of the mean absorbance spectrum 0.041 0.041 0.036 0.032 0.051 0.042 0.044
Oil droplets, n 6 53 27 64 50 19 20

Mean + SE of Apyigs Acut> Ao» b Bmig Values, and n for the individual oil droplet spectra associated with visual pigments and the averaged spectrum for each

type.
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template from Govardovskii et al. [2000].

We identified 5 oil droplet types from 252 oil droplets
measured from 11 birds (5 in nonbreeding condition, 6
in breeding condition): T-type, C-type, P-type, Y-type,
and R-type. Spectra were classified following previous
studies [Bowmaker et al., 1997; Hart, 2001a]. We segre-
gated the P-type oil droplets into 3 variants, i.e. P1, P2,
and P3, based on the shape of the spectra, to show the
variation that occurs in the absorbance of the principal
member oil droplets as a result of differences in carot-
enoid content [Hart, 2001b; Knott, 2010, 2012]. The P2
variant contained 2 peaks hereafter referred to as P2 (a),

192 Brain Behav Evol 2014;83:181-198
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or the higher absorbance peak, and P2 (b), or the lower
absorbance peak. We confirmed that the principal and
accessory members contained the same P-type oil droplet
by measuring a double cone with both oil droplets that
remained attached to the inner segment of the photore-
ceptor.

Table 2 presents the Ay, Amig, and Ag values of oil drop-
lets by pooling data from breeding and nonbreeding in-
dividuals (fig. 8a, b). The T type oil droplet is transparent
due to a lack of carotenoids [Hart, 2001a]; therefore, the
absorbance parameters could not be measured.
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Fig. 8. Normalized absorbance spectra of the American goldfinch
oil droplets. a From left to right: C-type oil droplet (blue in the
online version/black in the printed version), P1-type oil droplet
(peach/charcoal grey), P2-type oil droplet (orange/dark grey), P3-
type oil droplet (dark orange/grey), Y-type oil droplet (yellow/light
grey), R-type oil droplet (red/smokey grey), and T-type oil droplet
(purple; not normalized to 1 in this figure for ease of viewing).
b Histogram of A4 values for each oil droplet type [C-type, P1-
type, P2a-type (orange/light grey), P2b-type (dark orange/grey),
P3-type (red-orange), Y-type, and R-type] that were used to calcu-
late the mean oil droplet spectra in a. ¢ Histogram of A, values
for each visual pigment type [UVS/VS (purple/black), SWS (blue/
black), MWS (green/black), RH1 (grey/light grey), LWS (red/
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black), and double cone (dark brown/grey)] that were used to cal-
culate the mean visual pigment spectra (fig. 7a—e). d Absorbance
spectra of the 4 classes of single cones. Solid lines from left to right:
UVS/VS (402 nm), SWS (454 nm), MWS (548 nm), LWS (610
nm). e Absorbance spectra of the double cone. Solid lines from left
to right: P1-type (peach/black), P2-type (P2a: orange/light grey;
P2b: dark orange/grey), P3-type (red-orange/dark grey). In d and
e, dotted lines represent the visual pigment curves from figure 7a—e
created from Govardovskii et al. [2000], and solid lines represent
the sensitivity of the overall photoreceptor considering the effects
of the transmittance of the ocular media and oil droplets and the
absorbance of the visual pigments.
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We calculated the overall cone sensitivity by consider-
ing the transmittance of the oil droplets and the absor-
bance of the visual pigments in the American goldfinch
[Govardovskii et al., 2000; Hart and Vorobyev, 2005]. We
produced an ocular media transmittance curve following
Endler and Mielke [2005]. As a result, the overall peak
sensitivities of the single and double cones shifted to lon-
ger wavelengths than those of the visual pigment they
contained (fig. 8d, e). The sensitivities of the single cones
were determined as: 402 nm (UVS), 454 nm (SWS), 548
nm (MWS), and 610 nm (LWS) (fig. 8d). The sensitivity
of the double cone was determined as 590 nm for all three
P-type oil droplets (fig. 8¢). These values should be inter-
preted with care because we could not measure the ocular
media transmission curve for American goldfinches.

Discussion

Our results show that American goldfinches have
many features characteristic of the visual traits of species
that feed on passive prey (i.e. relatively small eyes, wide
lateral fields via divergent eye movements, a single fovea),
but, contrary to our expectations, they also have some vi-
sual traits which are more characteristic of predatory spe-
cies (e.g. foveae projecting towards the frontal part of the
skull via convergent eye movements).

In terms of overall visual resolution (determined most-
ly by eye size), American goldfinches fit the profile of spe-
cies that do not seek active prey given their relatively
small eyes in relation to their body mass compared to
predatory species and also to other birds in general (fig. 1).
The implication is that goldfinches would have a relative-
ly lower probability of detecting visual stimuli (e.g. pred-
ators) from far distances [Tisdale and Ferndndez-Juricic,
2009]. However, American goldfinches have relatively
high peak retinal ganglion cell densities (38,526 cells/
mm?) compared to some of the other Passeriformes stud-
ied to date [tree sparrow, 26,000 cells/mm?, Rahman et
al., 2007; brown-eared bulbul, 24,032 cells/mm?, Rahman
et al., 2008; house finch, 25,256 cells/mm?, house spar-
row, 23,920 cells/mm?2, brown-headed cowbird, 21,665
cells/ymm?, European starling, 25,317 cells/mm?, Dolan
and Ferndndez-Juricic, 2010; white-breasted nuthatch,
35,850 cells/mm?, tufted titmouse, 35,850 cells/mm?,
Carolina chickadee, 28,969 cells/mm?, Moore et al.,2013],
although the densities are lower than in other species
[great kiskadee, 55,000 cells/mm?, rusty-marginated fly-
catcher, 65,000 cells/mm?, yellow-bellied eleania and
mouse-colored tyrannulet, ~150,000 cells/mm?; Coim-
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bra et al., 2006, 2009]. Differences in peak densities may
be related to methodological differences between studies;
for instance, Coimbra et al. [2006, 2009] counted all neu-
rons (both ganglion and amacrine cells), whereas our
study only focused on retinal ganglion cells. Despite these
differences, it seems that goldfinches may compensate for
their relatively low overall spatial resolution by increasing
their localized spatial resolution [see also Dolan and
Fernandez-Juricic, 2010]. This would enhance the rela-
tive sensory value of the goldfinch fovea as the source of
high quality (e.g. high-resolution) information given its
relatively small retina.

American goldfinches actually have wider binocular
fields than some avian diurnal predators [hawks and ea-
gles, 33-40° Martin and Katzir, 1999; O’Rourke et al,,
2010] and even some other Passeriformes [e.g. Fernan-
dez-Juricic et al., 2008, 2010]. Wide binocular fields have
been implicated in activities that require precise manipu-
lation of food items with the bill during foraging, particu-
larly in species that can see their bill tips [Martin, 2009],
although that is not the case in goldfinches. However,
wide binocular fields may also facilitate searching for and
detecting food items over a wider area through contrast
discrimination [Blake et al., 1981]. Goldfinches often for-
age on the tips of stems or branches, including hanging
upside down [McGraw and Middleton, 2009]. Successful
seed extraction under these conditions may require care-
ful assessment of the distance and relative position of the
bill in relation to the foraging substrate; a process that
may be facilitated by a wider overlap of the right and left
visual fields.

One of the reasons behind the wider binocular fields
of birds foraging on passive versus active prey may be re-
lated to their retinal configuration [Fernandez-Juricic et
al., 2011a]. In general, diurnal raptors have two foveae:
one projecting laterally with a higher visual resolution to
detect and track prey and one projecting binocularly with
a lower visual resolution to catch and manipulate prey at
close quarters [Reymond, 1985, 1987; Inunza et al., 1991;
Tucker, 2000]. A similar retinal configuration with two
retinal specializations (either two foveae or one fovea and
one area) is present in other sit-and-wait avian foragers
[Moroney and Pettigrew, 1987; Coimbra et al., 2006].
This dual-retinal specialization configuration partitions
the detection and catching of prey in different parts of the
visual field (lateral and binocular, respectively) and at dif-
ferent distances (far and close, respectively). On the other
hand, we found that American goldfinches have a single
fovea with high densities of both retinal ganglion cells and
photoreceptors. The goldfinch fovea is centrotemporally
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located and thus projects towards the frontal part of the
skull. With the high degree of eye convergence, gold-
finches may likely bring the foveae close to the edges of
the binocular field, which would increase not only its
width but also its visual resolution. A similar combina-
tion of fovea position and eye movements has been found
in other Passeriformes that forage on the ground and seek
a large proportion of passive prey [Fernandez-Juricic et
al., 2011b]. Consequently, this single-fovea configuration
allocates both detection and grabbing of food items at
close distances within the binocular field. The overall im-
plication is that avian binocular vision may be configured
differently in birds that seek passive versus active prey,
which could partly explain the different trends in the
width of the binocular field of these avian groups com-
pared to their mammalian counterparts [Heesy and Hall,
2010].

The distribution of photoreceptors also revealed some
interesting patterns. The American goldfinch fovea seems
to be the center of both chromatic and achromatic/mo-
tion vision, as both single and double cones are more
abundant around the foveal area. This sensory configura-
tion may account for the high degree of eye movement of
goldfinches, which would be necessary to move the single
fovea around and improve the detection and tracking of
visual stimuli. For instance, goldfinches are known for
chewing seeds in head-up positions, allowing them to en-
gage in vigilance behavior while foraging [Popp, 1988;
Desportes etal., 1990]. During these food-handling bouts,
goldfinches could increase the panoramic view around
their heads by diverging their eyes, and reducing the size
of the blind area to as little as 10°, which would increase
the chances of detecting predators.

The density of double cones, associated with motion
detection, did not vary between the dorsal and ventral
parts of the retina, as found in avian ground foragers
[Hart, 2001b], yet the density of single cones was signifi-
cantly higher in the dorsal versus ventral parts of the ret-
ina. Consequently, chromatic vision is expected to be
more acute towards the foraging substrate, due to the ret-
inal curvature, when goldfinches are head-up handling
seeds or hanging upside down exploring composite plants
[McGraw and Middleton, 2009]. This photoreceptor dis-
tribution could enhance the discrimination of food items
against the background through chromatic contrast. Sim-
ilar higher densities of certain types of single cones have
been found in other avian species with different foraging
techniques [e.g. Goldsmith et al., 1984; Hart et al., 1998].

The retina of the American goldfinch contains 4 single
cone types and 1 rod type. This is consistent with the avi-

Visual System of an Avian Passive Prey
Forager

an tetrachromatic visual system [Bowmaker et al., 1997;
Hart, 2001a]. We used the criterion of Hart [2001a] to
classify the sensitivity of the visual pigment with the
shortest wavelength sensitivity, in which a peak value
<400 nm is considered to be UVS. Interestingly, the
American goldfinch UVS cone peak sensitivity (399 nm)
falls very close to the limit between UVS and VS sensitiv-
ity [Bowmaker et al., 1997; Hart and Hunt, 2007; Odeen
et al,, 2011]. However, when considering the overall sen-
sitivity of the UVS goldfinch photoreceptor, which fac-
tors in the ocular media, the peak sensitivity goes up to
402 nm, which falls within the VS sensitive classification
range mentioned before. We did not measure the trans-
mittance of the goldfinch ocular media but used the ap-
proximation proposed by Endler and Mielke [2005].
Therefore, we are uncertain as to how the ocular media
could influence the 399-nm peak of the goldfinch photo-
receptor.

The UVS peak sensitivity of the single cone in the
American goldfinch is shifted 26 nm higher from the
nearest UVS cone in passerines [373 nm in the white-
headed munia Lonchura maja; Hart, 2001a], and 4 nm
lower than the nearest VS cone [403 nm in the bobolink;
Beason and Loew, 2008; Odeen et al., 2009]. In general,
the differences in peak sensitivity between these two vari-
ants (VS,403-426 nm; UVS, 360-380 nm) may arise from
amino acid substitutions in the opsin protein found in the
SWS1 visual pigment [Odeen and Héstad, 2003; Hart and
Hunt, 2007; Odeen et al., 2011]. For instance, the pigeon
Columba livia has a UVS cone with a peak at 393 nm due
to a substitution of 4 amino acids in the opsin gene se-
quence which causes a 19- to 33-nm shift in sensitivity
from the 360- to 374-nm UVS range found in other spe-
cies [Shi and Yokoyama, 2003].

Furthermore, the SWS2 pigment peak sensitivity (SWS
cone) is thought to covary with that of the UVS and VS
variants of the SWS1 pigment to minimize the loss of col-
or discrimination [Odeen and Hastad, 2003; Odeen et al.,
2011]. For instance, in species with a UVS cone, the peak
sensitivity of the SWS cone is shifted towards shorter
wavelengths [427-454 nm in Passeriformes; Hart and
Hunt, 2007]. In species with a VS cone, the peak sensitiv-
ity of the SWS cone is shifted towards longer wavelengths
[451-480 nm; Odeen et al., 2011]. Accordingly, the fact
that the peak sensitivity of the goldfinch SWS cone is 442
nm would support a UVS visual pigment in this species.
The molecular characterization of this visual pigment,
however, could help establish whether it is UVS or VS vi-
sual system.
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From a functional perspective, seeing in the near-UV
range of the spectrum may allow both male and female
goldfinches to assess the UV reflectance from the yellow
plumage of potential mates (peak UV reflectance ~370-
380 nm), which has been associated with assortative mat-
ing [MacDougall and Montgomerie, 2003]. Furthermore,
signaling and perceiving in the UV range of the spectrum
may allow goldfinches to reduce the conspicuousness of
their breeding plumage to the eyes of avian predators
[Hastad et al., 2005], which generally have a VS visual
system [Odeen and Hastad, 2003]. Additionally, gold-
finches forage on composite plants [McGraw and Mid-
dleton, 2009], whose flowers are known to reflect in the
UV or near-UV [Chittka et al., 1994]. Therefore, the re-
flectance curves of these flowers would overlap with the
sensitivities of both the UVS and the SWS goldfinch pho-
toreceptors. By having two photoreceptors with sensitiv-
ities at this near-UV range of the spectrum, goldfinches
may benefit by having enhanced color discrimination of
food resources.

We also found differences in the peak sensitivity of the
goldfinch RH1, MWS, and LWS photoreceptors com-
pared to other bird species [Hart and Hunt, 2007], but to
a lesser extent than that of the UVS cone. For instance,
the goldfinch RH1 and MWS visual pigment peak sensi-
tivities were 6 and 3 nm higher, respectively, than those
of other bird species [RH1, 500-509 nm; MWS, 497-509
nm; Hart, 2001a; Hart and Hunt, 2007; Beason and Loew,
2008]. The LWS visual pigment peak sensitivity was 9 nm
higher compared to other birds [543-571 nm; Hart,
2001a; Hart and Hunt, 2007], although LWS pigment has
shown a high degree of between-species variability. How-
ever, when combining the effects of visual pigment sensi-
tivity and the absorbance of the oil droplets associated
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