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1 Introduction

How does the world look like through the eyes of an animal?

Intriguing as the question may sound at first sight, it might be an impossible
task to give a satisfyingly comprehensive answer. Nevertheless, within the field
of neuroscience, more effort has gone into studying the visual system than any
other sensory modality, in humans as well as in animals. The key objective of
visual neuroscience is to explain how the brain transforms retinal images into
the coherent visual world we experience everyday. This might be undertaken at
the very microscopic scale, finding out about how the physical energy of light is
transformed into physiological signals, and how those are further processed —
or on a more holistic scale, precisely describing how observers react to visual
stimulation, ultimately preparing the ground to understand the perceptual high-
level process of seeing.

The aim of this thesis was to elaborate some of the most fundamental functional
aspects of spatial vision in an animal that is by nature a truly specialized ani-
mal: the barn owl. This was done both at the very first stages of vision, as well
as at later perceptual stages, involving the animals to participate in behavioral
experiments. Specifically, the objectives of the thesis were:

* to study the optical properties of barn owl eyes with the help of state-of-
the-art aberrometry techniques,

* to address the neural portion of spatial vision in this bird by psychophys-
ical measurements of its contrast sensitivity function and grating acuity
threshold, and finally

* to describe neural enhancements of the owl’s visual experience, allowing
it to detect tiny spatial details beyond the limit set by the resolution of
their eyes, studied in a series of hyperacuity experiments.
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1.1 Optical properties of vision

When light enters the eye it is refracted due to its different velocities of propa-
gation in the different ocular media, and an inverted image of the visual scene
is formed at the nervous back of the eye, the retina. The accuracy of this pro-
cess, and, ultimately, the quality of the retinal image, is dependent on several
physical constraints.

Foremost, the refractive surfaces of the eye, the cornea and the ocular lens,
have the largest impact on image formation. The shape of the cornea and lens
will cause light rays to refract to a distinct degree. In all eyes that have been
tested so far, the shape of the refracting surfaces show tiny irregularities, caus-
ing the incident light to refract in a slightly irregular manner. As a result of
these ocular aberrations, the retinal image will be blurred. Furthermore, the
lens of most vertebrates has accommodative properties, being able to change its
refractive power to bring objects of different distances into focus. If the accom-
modative capabilities are insufficient to meet the optical requirements given by
the eye’s geometry (i.e. the observer is ametropic), retinal image quality will
be degraded. Other optical side effects, like scatter-light and stray-light, can
degrade image quality to unfeasible degrees as well.

Another origin of retinal image degradation is diffraction. Diffraction is
the breaking up of a beam of light when it passes a sharp edge of an opaque
object. In the vertebrate lens-eye, diffraction is present due to the pupil, a small
opening of variable size that allows control of the total amount of light passed
onto the retina. If light originating from a point light source passes the pupil, it
is diffracted. The spread light will produce a series of dark and light bands that
interfere with each other to form the so called Airy-disc, an expanded area of
variable brightness. This image degradation is also experienced as retinal blur.
The amount of blur due to diffraction depends on the size of the pupil, with
large pupils producing less diffraction (Campbell and Gubisch, 1966).

A state-of-the-art technique that is well suited to measure the influence of
the afore mentioned physical properties on the image forming process, is wave-
front aberrometry. This objective measuring technique, described in detail in
chapter 3 (starting on page 27), was applied to assess the optical quality of
the barn owl eye. The eye’s point-spread function (PSF), its modulation trans-
fer function (MTF), and theoretical retinal image quality were calculated from
wavefront maps that were measured in eight barn owl eyes.
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1.2 Limits of spatial vision

After the formation of an image on the retina, may it be perfectly crisp or des-
perately blurry, the largest part of the process of vision is yet to take place, and
the question of what the observer actually sees is far from being resolved. One
of the common approaches to gain insights into the visual world an observer
experiences, is to specify the limits of the observer’s visual capabilities, or,
expressed in more psychophysical terms, to measure the observer’s perceptual
threshold for a given visual task. With long standing tradition, a sensible first
step is to measure the observers visual acuity.

Visual acuity

The term visual acuity refers to the ability of an observer to resolve fine spatial
details in a visual scene. It is bequeathed that, in ancient times, resolving power
of human observers was measured by the ability to separate nearby double stars
or clusters, like Mizar and Alcor in the handle of the Big Dipper (Morgan,
1991), those being 12 arcmin apart. Given the fixed distance between those
objects, the estimate of resolving power was coarse. Nowadays, the observer’s
acuity can be estimated precisely using a typical eye chart in an optometrist’s
office (figure 1.1 a). Alternatively, it can be measured by determining the ob-
server’s discrimination threshold in a simple visual task similar to those shown
in figure 1.1 (b—c).

In all those tasks typical thresholds are in the range of 30-60 arcsec (Camp-
bell and Green, 1965b), resembling the average distance between adjacent pho-
toreceptors in the most sensitive part of the retina, the fovea (Curcio et al.,
1990). As positional information in the photoreceptor-layer is passed to the
ganglion-cell layer and from there further up the optical nerve to higher brain
areas, visual acuity largely depends on the particular way this connection is es-
tablished. Positional information is preserved best, it seems, if single ganglion
cells receive input from single photoreceptors, and hence their receptive field
is as small as possible (Merigan and Katz, 1990).

In this thesis, visual acuity of the barn owl was measured with adaptive psy-
chophysical techniques. Three barn owls were trained to discriminate gratings
of different orientation. In the course of the experiments, the spatial frequency
of the grating was increased until the owl’s discrimination threshold was de-
termined. Grating acuity results from one animal are presented in chapter 4
(starting on page 45).
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Contrast sensitivity

A next step in characterizing an observer’s visual experience, is to describe
visual processing for objects that are larger than the resolution limit. One key
feature that makes objects distinguishable is the amount of luminance that is
reflected relative to the background or relative to other objects. This relative
luminance difference is referred to as luminance-contrast, or simply contrast.

The so-called spatial contrast sensitivity function (CSF) relates the ability of
an observer to visually detect spatial gratings of different spatial frequencies to
the amount of contrast present in the grating. If measured behaviorally, the CSF
incorporates visual functions of both physical (i.e. the visual transfer function
of the eye) and, to a greater extent, physiological nature (i.e. visual processing
in the nervous system). The CSF may, therefore, be regarded as one of the
fundamental functional descriptions of a visual system.

In human observers and virtually any animal that has been tested so far, the
CSF renders a band-limited inverted U-shaped function, with a typical high-
and low-frequency attenuation. The high frequency roll-off in humans is re-
garded as a combined consequence of physical constraints leading to optical
degradation (such as the diffraction limit and ocular aberrations), and receptor
cell spacing on retina level (Campbell and Green, 1965a; Cornsweet, 1970).
The low frequency attenuation can be explained solely by neural factors, such
as extent of lateral inhibition (Cornsweet, 1970), antagonistic surround mech-
anisms (Westheimer, 1972), or relative insensitivity of low spatial frequency
filters (Graham, 1972).

Spatial contrast sensitivity was determined in the barn owl in a series of be-
havioral experiments, similar to the ones described in the preceding section.
The owls had to discriminate the orientation of gratings for eleven different
spatial frequencies. With the appliance of an adaptive staircase procedure,
contrast was lowered until discrimination performance reached threshold level.
The inverse of threshold was defined as contrast sensitivity and composed the
progression of the contrast sensitivity function. These results are also presented
in chapter 4.

1.3 Hyperacuity phenomena

As demonstrated in the previous section, the ability of humans to resolve fine
spatial details is limited by the physical nature of light, the optical properties
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of the eye and the neural components creating vision. Typically, normal acuity
values of human observers are in the range of 30-60 arcsec (test yourself in
figure 1.1 c).

Surprisingly, there are tasks such as the vernier, where threshold may be as
low as 2-5 arcsec. This corresponds to perceiving spatial details of about 0.02
mm in size at a distance of 1 m, or the size of a 2 €-coin at a distance of 10
km. One can better appreciate the astonishing precision of this performance by
re-considering the optical properties of the eye. In the spatially most sensitive
region of the human retina, the fovea, receptive field size of ganglion-cells is
in the range of 30 arcsec. Thus, humans can resolve detail with an accuracy of
better than at least one fifth of the distance of the most sensitive photorecep-
tors. Westheimer called these highly sensitive spatial judgments hyperacuities,
to distinguish them from measures of visual acuity that assess resolution ca-
pability (Westheimer, 1975). Almost any type of target configuration can be
used to measure hyperacuity, as long as a positional difference in the target is
the distinguishable entity. In figure 1.1 (d—g) the most common varieties of
hyperacuity targets are shown.

Visual hyperacuity has now been studied for over a hundred years, the first
report of vernier hyperacuity dating back to the end of the nineteenth century
(Wiilfing, 1892). By now, it is still of ongoing interest to describe and explain
these peculiarities of spatial vision. One of the interesting points about hyper-
acuity is that it should not come as a surprise, if considered in the context of
the computational power of the visual system. Due to the point spread function
(PSF) of the eye’s optics, a very small dot of light projected onto the retina
will expand to the so-called Airy disk, and, hence, activate many different pho-
toreceptors (figure 1.1 h and i). Thus, there is no reason to expect a simple
relation between the acuity exhibited by the system and the spacing of adjacent
photoreceptors. It could be shown, that in a physiological plausible model of
human foveal ganglion cell responses, hyperacute performance can be medi-
ated by the magnocellular pathway (Wachtler et al., 1996). On the other hand,
responses of visual mechanisms tuned for size and orientation were shown to
explain the performance in a variety of hyperacuity tasks (Wilson, 1986).

There is a vast set of demonstrations of hyperacuity in the human visual
system at hand, but there are only a few studies describing similar observations
in animal subjects. Specifically, monocular hyperacuity reports are limited to
monkeys (Kiorpes et al., 1993), cats (Murphy and Mitchell, 1991) and rats
(Seymoure and Juraska, 1997), all reporting hyperacute performance in the
applied tasks. Finally, in the scope of the present thesis, the question arises: Do
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Figure 1.1: (a) An optometrist’s letter chart. The observer’s task is to correctly identify letters.
(b) Landolt-C’s, the position of the ring opening has to be named. In humans, the optotypes in (a)
and (b) yield thresholds of about 30-60 arcsec, which is generally referred to as two-point acuity
or minimum separable. (c) An area comprised of tiny dots, demonstrating two-point resolution if
viewed at about arm’s length distance. (d—g) Optotypes that will yield hyperacute thresholds. (d)
Vernier: report the direction of the offset. (e) Chevron: report the shift direction of the midpoint.
(f) Curvature: is the line bend left or rightwards? (g) Bisection: is the center bar displaced left or
right of center? (h) Simulation of human cone layer with superimposed bar stimulus. (i) Excitation
of cones caused by this stimulus. Blur is induced by the PSF of they eye and could explain retinal
hyperacuity coding (h,i modified after Wachtler et al. (1996)).
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birds have hyperacute vision? In chapter 5 of this thesis (starting on page 65),
this issue is addressed in a series of psychophysical experiments, measuring
the discrimination threshold for typical vernier stimuli in the barn owl visual
system. Additionally, to account for possible task difficulty differences, two
different vernier stimuli were used as targets, each presented under monocular
and binocular viewing conditions.

1.4 Barn owl vision

Early vision: the barn owl eye and retina

In general, birds are highly visual animals. The avian globe, in relation to the
size of the skull, is very large, advantageous to allow a larger image to be pro-
jected onto the retina, and thus to contribute vastly to visual acuity (Glintiirkiin,
2000). In birds, approximately 50% or more of the cranial volume of the skull
is occupied by the eye, whereas in humans, the eye occupies less than 5% of
the skulls volume (Waldvogel, 1990).

The eyes of the barn owl, with an axial length of about 17.5 mm, are clearly
smaller than those of humans (24.5 mm) (Hughes, 1977; Schaeffel and Wagner,
1996), but according to a study by Howland, barn owl eyes are almost twice
as long as allometry based on body weight would suggest (Howland et al.,
2004). Typical for all avian eyes, the nearly hemispheric posterior region of the
globe is disproportionately larger than the anterior segment (Kern, 1991, 1997).
The anterior and posterior segments of the globe are united by an intermediate
region based on the scleral ossicles (Murphy and Dubelzieg, 1993). The overall
shape of the barn owl eye is tubular (figure 1.2 c¢) — typical for owls —, in which
a concave intermediate segment is elongated anteroposteriorly, forming a tube
before joining the posterior segment at a sharp angle (King and McLelland,
1984; Waldvogel, 1990; Kern, 1991, 1997; Giintiirkiin, 2000). This special eye
design is believed to improve visual acuity at low light levels due to the larger
retinal image with a constrained focal length (Martin, 1982). The ratio between
focal length and maximal entrance pupil diameter, the f-number, is comparably
low in the barn owl (1.3, versus 2.1 in humans). This ultimately results in a
brighter retinal image, and might be another example for an adaptation to a
nocturnal lifestyle (Schaeffel and Wagner, 1996).

As a result of the largeness of the globe and its fit within the orbit, any
torsional movement of the globe is strongly limited, although all six extraocular
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eye muscles are present (Williams, 1994). In the barn owl, specifically, there
were only minor eye movements reported, with a maximum amplitude of about
2° (Steinbach and Money, 1973; Dulac and Knudsen, 1990). However, due to a
long and flexible neck, barn owls can turn their head quickly to extreme angles,
probably to compensate the limitations set by their eyes’ immobility (Knudsen
and Konishi, 1979; Knudsen and Knudsen, 1985; Dulac and Knudsen, 1990;
Masino and Knudsen, 1993).

As part of the typical lens-eye of vertebrates, barn owl eyes have a transpar-
ent, avascular lens, that, together with the cornea, serves to refract incoming
light, and to focus it on the retina to create an acute image. The lens can ac-
commodate, but, in contrast to mammals, the avian lens has an annular pad
around its central core, that might serve as a hydrostatic mechanism for trans-
mitting pressure from the ciliary muscle to the central core to facilitate accom-
modation (Evans and Martin, 1993). A direct relationship exists between the
size of the annular pad and the degree of accommodative ability (Samuelson,
1991). Compared to other owls, the accommodative abilities in barn owls are
large, amounting to about 6—12 D (Howland et al., 1991; Schaeffel and Wag-
ner, 1992). Barn owls also use accommodation as a distance cue for short
distances (Wagner and Schaeffel, 1991). They are not able to accommodate
independently in both eyes (coupled accommodation) (Schaeffel and Wagner,
1992), which might indicate that binocular vision is of elevated importance for
these animals (see also next section on page 9).

The retina of birds is comprised of the typical cell-layers found in other
vertebrates. However, there are differences regarding vascularization, mor-
phology, and areas of visual acuity that are worth mentioning. First, the vas-
cularization of the retina of birds is reduced, and it receives nourishment by
the pecten oculi. The pecten extends from the optic nerve into the vitreous
chamber (figure 1.2 d), and by saccadic oscillations of the pecten during eye
and head movements, nourishment is performed via diffusion through the vit-
reous body (Pettigrew et al., 1990). The pecten also provides an oxygen gra-
dient to the retina (Wingstrand and Munk, 1965), subserves acid-base balance
(Brach, 1977), and maintains a constant intraocular temperature (Murphy and
Dubelzieg, 1993).

Second, the bird retinae contain, as in humans, cones and rods, the former
functioning in daylight vision and sharp visual acuity, the latter being devoted
to low-light vision and the detection of shapes and motion. While the reti-
nae of diurnal birds are dominated by a special double-cone cell type (Meyer,
1977a), nocturnal owls, as the barn owl, have rod-dominated retinae, with a
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mean rod:cone ratio of about 30:3 (Oehme, 1961; Braekevelt, 1993; Braekevelt
et al., 1996).

Third, and more important for visual acuity, many birds have specialized
regions within the retina capable of producing visual acuity greater than out-
side those regions (termed visual streak or area centralis). This is achieved
by a larger density of photoreceptors and ganglion cells within these regions.
In primate mammals and some birds, these areas display a typical physical
depression, named fovea. Most raptorial birds are bifoveate, having a fovea lo-
cated in the temporal retina in addition to the more common centrally located
fovea (Meyer, 1977b; Inzunza et al., 1991). Owls have only temporal foveae,
and, uniquely to them, those foveae contain primarily rods (Fite, 1973; Fite and
Rosenfield-Wessels, 1975).

In the barn owl retina, only a scarcely distinct temporal fovea is present
(figure 1.2 e after Oehme (1961)). The position of the barn owl fovea coin-
cides with a retinal area of elevated ganglion cell density (figure 1.2 d after
Wathey and Pettigrew (1989)), and determines the visual axes of both eyes to
be almost parallel (figure 1.2 b). Also, a visual streak with higher ganglion
cell density, proceeding from the temporal area centralis to nasal regions could
be identified (Wathey and Pettigrew, 1989). Assuming that ganglion cells in
area centralis are involved in spatial acuity tasks, it is possible to calculate a
theoretical value for visual acuity. It turned out that, with about 8 cyc/deg,
theoretical grating acuity is comparably poor in the barn owl. Confirming this
theorized value, a pattern electro-retinogram (PERG) study estimated grating
acuity to be 6.9 cyc/deg (Ghim and Hodos, 2006). Among other raptors and
birds, these results put the barn owl, and owls in general, at the very low end
of the acuity spectrum (6-7.5 cyc/deg in the Great horned owl (Fite, 1973), 8
cyc/deg in the tawny owl (Martin, 1984), and 6 cyc/deg in the little owl (Porci-
atti et al., 1989)). As an outstanding example for high resolution capabilities,
acuity values of around 140 cyc/deg have been reported for the wedge-tailed
eagle (Aquila audax) (Reymond, 1985).

Later stages: neural components of vision

In the barn owl, as in many other owls, one of the prominent features of vision
are the frontally oriented eyes. Being confronted with the owl’s face, one gets
the impression as if their eyes look straight ahead (figure 1.2 a). Regarding
what the owl might look upon, this notion is probably not far from reality, as
we have just seen from the position of area centralis described in the previ-
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250 ym

Figure 1.2: (a) A photograph of a barn owl’s head. The prominent eyes are oriented frontally,
while the feather ruff probably coincides with the border of each monocular field of view. (b) A
sketch of the position of the eyes, superimposed on a photograph of the barn owl’s skull and the
scleral ossicles. Note that their optical axes (OA) diverge by about 62°, while the visual axes (VA)
are almost parallel (after Martin (1984) and Pettigrew (1986)). (c) An ultrasonographic scan of an
owl eye. Numbers are positional data, given in mm (modified after Schaeffel and Wagner (1996)).
(d) Ganglion cell density across the whole mounted retina. Numbers are thousands of cells per
mm?. The dark patch marks the pecten’s foramen (modified after Wathey and Pettigrew (1989)).
(e) Retinal cross section at foveal region, marked by the arrow (modified after Oehme (1961)).

10
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ous section. Still, the optical axes in barn owl eyes diverge by approximately
62° (Martin, 1984). The geometrical setup of the eyes in the owl skull can
be reviewed in figure 1.2 b. In another nocturnal owl, the tawny owl (Strix
aluco), the optical axes diverge to a similar degree, and it has been shown that
the monocular field of view of the two eyes overlap to form an unusual large
binocular field of view (Martin, 1984).

Though the actual field of view of the barn owl was never measured directly,
several other findings revealed that the barn owl indeed has binocular vision.
Being stated alone, this fact has no implications further than that objects in
the binocular field of view can be viewed with both eyes at the same time.
It was a matter of investigation to find out if the owl uses this geometrical
setting to draw further information out of a visual scene: information that can
be used to extract spatial relations, such as depth and distance. This visual
capability is called stereopsis. To the largest extent, stereopsis relies on the
neural comparison of the images falling on the retinae in both eyes. Due to
the different vantage points of the eyes, retinal images differ slightly. These
differences are called disparities, and form the physical foundation from which
a calculation of spatial depth relation is made possible.

It has been shown that the visual Wulst, a part of the avian forebrain which is
largely dedicated to visual information processing, show analogies to the pri-
mary visual cortex (V1) of mammals as described by Hubel and Wiesel (1962).
It turned out that, in the barn owl, the visual Wulst is enlarged and displays se-
lectivity for orientation and motion direction (Pettigrew and Konishi, 1976; Liu
and Pettigrew, 2003). More interestingly, the visual Wulst exhibits a high de-
gree of binocular interaction and selectivity for binocular disparity (Pettigrew,
1979; Wagner and Frost, 1993; Nieder and Wagner, 2000). In addition, in
a series of seminal psychophysical experiments, it was demonstrated that barn
owls indeed use stereopsis as a depth cue. Moreover, the barn owls tested could
discriminate random dot stereograms with hyperacute performance (van der
Willigen et al., 1998, 2002), a feat that is also present in human and primate
observers (Hadani et al., 1980).

A recent study involving a miniature camera placed on the owl’s forehead
shed light on the attentional mechanisms of vision in this bird. The results
revealed that during an active search task, owls repeatedly and consistently
direct their gaze in a way that brings objects of interest to a specific retinal
location. Additionally, it was suggested a top-down modulation of gaze control
when owls view natural targets. (Ohayon et al., 2008). The barn owl’s ability
to visually extract higher level features was further demonstrated in another

11
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behavioral study. Here, it was shown that these animals, as humans, are prone
to perceive illusionary contours (Nieder and Wagner, 1999).

1.5 Organization of the thesis

In this first chapter of the thesis, a short introduction to the first stages of
spatial vision was presented. Additionally, the topic of hyperacuity phenom-
ena was briefly introduced. To a larger extent, the visual system of the barn
owl was reviewed. The second chapter covers the methodological approach
I chose to elaborate these fields in the barn owl visual system. General psy-
chophysical procedures as well as a description of the technical equipment
used throughout all experiments are given. The main part of the thesis is laid
down in chapters three to five. Here, the results of three different studies are
presented. Specifically, these were, (a) objective measurements of the optical
properties of barn owl eyes by wavefront aberrometry (Chapter 3), (b) psy-
chophysical measurements of the spatial contrast sensitivity function and grat-
ing acuity with an orientation discrimination task (Chapter 4), and (c) the de-
scription of a hyperacute phenomenon in the barn owl visual system, measured
behaviorally in monocular and binocular vernier acuity experiments (Chapter
5). The sixth chapter of the thesis concludes with a general discussion of the
presented results. It reviews the main findings and their implications, and re-
lates to observations made in other animals. Here, the final conclusions are
drawn, addressing the question how the world might look through the eyes of
a barn owl. The last chapter provides a one-page summary of the thesis.
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2 Materials and Methods

2.1 Animal subjects

In total, 6 adult American barn owls (Tyto alba pratincola) were used as exper-
imental animals. Eight eyes of four animals were studied in the wavefront aber-
ration experiments, three animals were tested in the vernier acuity experiments
and one animals’ contrast sensitivity and grating acuity was measured. Taken
from the institute’s breeding stock, all owls were hand-raised and tame. They
could be easily carried between their aviaries and the experimental room while
tied to a wooden perch. No attempt was made to reverse the owls’ nocturnal
cycle. Experiments took place on 5-6 days a week. The owls’ diet consisted of
dead 1-day old domestic chicks and mice. To avoid deficiency symptoms, the
owls received an additional vitamin supplement once in two weeks. To ensure
motivation in behavioral tests, the owls’ weight was maintained at about 90 %
of their free feeding weight. They were rewarded with small pieces of chick
muscle-tissue, approximately 2 grams in weight. Water was always given ad
libitum. All of the subjects carried an aluminium head-post, which was im-
planted onto the forehead of their scull under anaesthesia earlier during life.
For a detailed description of the surgical procedure and the used drugs refer to
Nieder and Wagner (1999). In the vernier acuity experiments, the head-post
was used to fix a small custom build spectacle frame to the owls head.

Care and treatment of the subjects was carried out in accordance with the
guidelines for animal experimentation as approved by the “Landesprisidium
fiir Natur, Umwelt und Verbraucherschutz Nordrhein Westfalen”, Reckling-
hausen, Germany, and complied with the "NIH Guide for the use and care of
laboratory animals”.
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2 Materials and Methods

2.2 Procedures in wavefront aberration
experiments

Ocular wave aberrations of eight eyes of four barn owls were measured at the
Institute of Ophthalmology in Aachen. The aberrometer used in the experi-
ments was a Tscherning-type measuring system (ORK aberrometer, Schwind
Eye Tech Solutions, Kleinostheim, Germany) with a 660 nm laser-diode illu-
mination beam and 168 measuring spots. The Tscherning measuring principle
can be reviewed in figure 2.1. Briefly, a laser dot pattern is projected onto
the retina and its reflection is recorded via indirect ophthalmoscopy by a low-
light camera. The retinal image is further processed to calculate the center of
gravity for each of the illumination spots. The deviation of the retinal spot po-
sition from the orthogonal grid pattern that produced the retinal image is the
numerical basis for the calculation of the ocular wavefront. The wavefront is
expressed as a weighted sum of Zernike terms up to the 6 order.

barn owl eye semi-transparent
mirror dot mask  collimator laser diode
A —
-
I
Wi
Y L]
| aberroscopic 660 nm
Y lense Y 0.2 mwW
ophthalmoscopic =

lense applied dot pattern
10 x 10 mm

: 168 dots

low light camera
for retinal image

cmos camera
for corneal image

recorded
dot pattern

Figure 2.1: Basic principle of Tscherning aberrometry. A dot pattern of known configuration,
produced by a laser illumination source, is projected onto the retina of the eye under test. Its
retinal reflection is recorded by a low-light camera by indirect ophthalmoscopy. In the bottom part
of this figure an exemplary recording comprised of the corneal and retinal image of a barn owl eye
is shown as well. Notice the difference between applied and recorded dot pattern.
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2.2 Procedures in wavefront aberration experiments

Figure 2.2: Photographs of the original aberrometer (a) and the dummy aberrometer (b). The
latter was used to habituate the owls to sit calmly in front of the aperture. A close-up view on the
corresponding aperture is shown in (c), original, and (d), dummy. The small target cross inside the
aperture was lit from behind in both the original and dummy aberrometer.

Before the owls were taken to the measuring site, all animals were habituated
to sit calmly in front of a dummy-aberrometer (figure 2.2). The dummy was
built from ply wood, had the exact dimensions of the original aberrometer, a
similar color and surface finish, and was also equipped with an inside-mounted
light bulb, that illuminated a target cross resembling the condition in the origi-
nal aberrometer. The owls got used to the procedure quickly and showed good
cooperation.

During measurements the owls were handled by one of the two experi-
menters. The lights in the experimental room were dimmed, producing about
5 cd/m? on the walls or the experimental table. The owl, sitting on a wooden
perch, was placed in front of the aberrometer by fixing its perch to a metal
stand, that was rigidly attached to the experimental table. One experimenter
held the head of the tame owl] in its hands, making it steadily facing the aperture
of the aberrometer. The other experimenter controlled the correct positioning
and focus of the aberrometer by observing the corneal image of the owl eye,
and also triggered single measurements. There were no drugs given to lubri-
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2 Materials and Methods

cate the eye, block accommodation or influence pupil size. The owls blinked
normally during the experiments. Each owl was tested in one experimental
session which took about 2 hours. Each session comprised several individual
measurements (6—20) for both eyes.

2.3 Procedures in behavioral experiments

2.3.1 Experimental setup

All behavioral experiments were performed in a custom build sound and light
attenuated chamber (outer dimensions: 1.5 x 2 x 1.5 m). The inside walls of
the chamber were covered with sound-absorbing foam and a black mat garden
foil to minimize unwanted reflections originating from the stimulus display.
A small air fan, invisibly mounted into the ceiling wall, drew fresh air into the
chamber, and, additionally, produced a continuous low background noise level.
A rigid metal stand placed in easy reach of the chamber opening was used to
fix the owl’s sitting perch in front of the response and feeding apparatus. The
automated feeder with the response keys, the stimulus display and an infrared
observation camera were mounted onto an adjustable aluminium rack that was
rigidly attached to the inner walls of the chamber. An additional infrared cam-
era was placed along side the stand of the owl perch. A detailed photograph of
the chamber interior is shown in figure 2.3.

The response apparatus consisted of two large custom build response keys.
Their front plate could be depressed by a light touch of the owls beak. A micro-
switch similar as is used in electronic computer mice, produced an audible
click when the key was pushed correctly. The micro-switches in each of the
two keys were connected to an USB input interface of the workstation via
wiring to the circuit controlling the two main buttons of a standard computer
mouse. In this way, automatic response recording was possible with easy-to-
implement devices and algorithms. The carousel feeder, covered with a top
plate leaving reach to the reward food items through a small opening (feeding
hole), was driven by a step motor that advanced a rotating acrylic feeding dish
(36 single feeding cups per dish). The step motor was controlled via TTL-
pulses produced by an USB input/output device (BMC Messsysteme GmbH,
Maisach, Germany). This device also automatically triggered a white-light
LED that was mounted below the feeding hole. The LED was switched on
whenever the feeding dish rotated in feeding position, making the feeding cup
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Figure 2.3: A photograph of the behavioral setup viewed through the chamber opening. On the
right side parts of the inner wall lining are visible (white sound-absorbing foam, black mat garden
foil). The view on the feeding dish is obstructed by the feeder cover. In this picture the 23" wide-
screen TFT is shown. Note that under experimental conditions the room was completely dark.

and food item visible to the owl. The light switched off after 1.5 seconds. Other
than the stimulus display itself, no additional light source was used.

The computer workstation (G5 PowerMac, Apple Inc., Cupertino, USA),
positioned outside of the chamber, delivered the visual stimuli, controlled the
feeding logic, and recorded behavioral responses. Custom software was written
in ANSI-C programming language with the aid of a popular, GPU supported
graphics library (OpenGL, GLUT). The use of these libraries had the advantage
of relatively easy implementation of geometrical described visual stimuli and
built-in anti-aliasing algorithms. The latter were applied to present sub-pixel
shifts in the vernier target stimulus.
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2 Materials and Methods

2.3.2 Visual stimulation and viewing conditions

All visual stimuli were presented via a computer display. The stimulus display
was either a 17”-TFT panel (Hansol LCD, Seoul, South Korea) or a wide-
screen 23”-TFT panel (Apple Inc.). Both displays were operated at their native
resolution (1280 x 1024 pixels and 1920 x 1680 pixels, respectively), digitally
controlled by an 8-bit graphics board (Nvidia GeForce 6800 GPU, Santa Clara,
USA). Because the chamber was completely dark, at stimulus onset in CSF
experiments, substantial light intensity changes could occur. To keep glare and
unwanted adaptation effects in those cases as low as possible, an additional
large sheet of neutral density filter was placed in front of the stimulus display
(LEE Filters, Andover, UK). The filter lowered overall luminance by 0.92 log
units, with a linear relationship between absolute luminance and luminance
reduction.

Stimulus presentation was monitored constantly during experimenting via an
additional computer display that was connected to the second, cloned output of
the graphics board. This display panel was placed at the experimenter’s table
outside of the chamber. Here, barn owl’s gaze and general behavior could be
monitored by observation of two small CRTs connected to the infrared cam-
eras inside the chamber. Viewing distance was held constant at 85 c¢m in all
behavioral experiments, but was not measured during experiments. A careful
observation of the owls’ behavior revealed that, while watching the display, the
owls remained in a freezed posture. During fixation, the owls repeatedly held
their head directly above the feeding hole, midway between the two response
keys. In this way, viewing distance could be estimated accurately. At viewing
distance, one pixel subtended 1.052 and 1.044 arcmin, respectively, depending
on the stimulus display (see above).

In the contrast sensitivity measurements, accurate contrast defined stimuli
had to be applied. Stimulus contrast was carefully determined by measuring
the luminance of the brightest and darkest parts of the stimulus at the center
of the display at viewing distance. Some calibration procedures were written
to measure luminance quickly for each gray value used in the CSF experi-
ments. All luminance measurements were conducted with the Minolta LS-
100 luminance-meter (Konica Minolta Medical and Graphic Imaging Europe
GmbH, Miinchen, Germany). To produce a linear relationship between gray
values set in the display system and actually measured luminance values, }-
correction was applied.

In order to deliver monocular stimuli in the vernier acuity experiments, a
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Figure 2.4: (a) Photograph of the barn owl spectacle. Its weight was 7 g. The PVC-frames could
carry pieces of cardboard to occlude one eye (b). Generally, the owls were not bothered by wearing
the spectacle alone. With the occluder equipped, however, performance and cooperation of two
out of three owls was largely deteriorated.

custom built spectacle frame was used (figure 2.4). The spectacle was made
of two PVC frames connected by a thin metal wire. A screw-socket, made of
aluminum and placed midway between the two frames, was shaped to fit firmly
onto the head-post the owl carried on its forehead. Total weight of the spectacle
was 7 g. In the monocular viewing conditions the owls wore the spectacle with
a small piece of black cardboard fitted to one of the frames, occluding either
the left or right eye’s view. In order to keep conditions as constant as possible,
the owls also wore the spectacle during binocular presentation. In those cases,
of course, the occluding cardboard was omitted.

2.3.3 Initial behavioral conditioning

All animal subjects were hand raised, tame and habituated to daily human con-
tact. Therefore, handling and day-to-day experimenting could be carried out
without putting the owls under considerable strain, and, as a result, the owls
displayed good cooperation in all experiments. Nevertheless, the subjects had
to be motivated appropriately to perform in psychophysical experiments on a
constant and accurate level, since individual measurement sessions lasted 20 to
30 minutes, and sometimes included stimuli that were, presumably, difficult to
detect.

The general procedure to shape the animals performance in the different
tasks was operant conditioning with a positive reinforcement allocation. The
animals weight was maintained at about 90 percent of their free-feeding weight.
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Reinforcement was given by small pieces of chick muscle tissue, delivered by a
carousel feeder with 36 feeding cups per dish. Usually, two dishes could be fed
per day. In this way, owls could be reinforced for the desired behavior about
seventy times per day. Behavioral shaping was accomplished stepwise. First,
the animals had to learn to sit calmly inside the experimental chamber and to
receive rewards from the feeder. In a next step, rewards were only given after
one of the two response buttons was depressed by a touch of the owl’s beak in
a pecking-like manoeuver. The animals got used to this concept very fast and
usually needed less than two weeks to show successful key pecking.

The next stage was the more difficult part of owl training. The owls were
to peck one of the two keys after they fixated the stimulus display for some
seconds. To draw the owl’s attention towards the screen and have them orien-
tated correctly towards it, a small bright observation stimulus was presented on
the screen. It had a diamond shape, and changed its brightness constantly in
a loop, giving it an overall pulsating appearance. After owls performed well
on this task, the last step was carried out, where task complexity processed to
the final level. The owls had to fixate the observation stimulus for a random
amount of seconds (1-5 s), and were presented afterwards a target stimulus
upon which the response keys were released to be pushed. The target stimulus
was drawn randomly from a set of two different stimulus configurations which
corresponded each to one of the two response keys. That is, if the owl was
given target stimulus A, a push of the right response key was rewarded, while
a push of the left response key ended the trial without reward, and returned
the screen in observation mode again. Consequently, a given target stimulus B
reversed this relation. It took about six to nine months of intensive training to
finally have three naive animals to perform reliably in this task. On the other
hand, two other owls used in the studies were already used to visual discrim-
ination paradigms and did not have to undergo the above-mentioned training
steps. These owls could start in transfer training sessions right away.

2.3.4 Transfer experiments

Transfer training sessions were carried out after the owls mastered in the initial
basic discrimination paradigm, as was introduced above. In transfer sessions,
the configuration of training stimuli A and B were altered successively until
their appearance arrived at the final configuration A’ and B’, that was actually
used in the experimental sessions. That is, after the transition from the initial
easy-to-discriminate targets A and B to the final version, A’ and B’ had only
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2.3 Procedures in behavioral experiments

one single distinguishable feature left. In the vernier acuity experiments this
feature was a horizontal offset in a pair of abutting bars and gratings, and in
the CSF experiments this feature was the orientation of the sinusoid of a Gabor
patch. The transition steps and the final stimulus configuration as were used in
the two different behavioral studies can be reviewed in figure 2.5.

2.3.5 Task design and reward strategy

A prerequisite for perceptual sensitivity measures, such as the discrimination
sensitivity for displaced lines in a grating stimulus (vernier acuity), or discrimi-
nation sensitivity for the orientation of contrast defined Gabor patches (contrast
sensitivity), is the successful perceptual discrimination of the two respective
stimulus configurations. That is, the barn owls had to learn to memorize each
of the two configurations and, on stimulus onset, compare its memory to the
presented stimulus and push the corresponding response key. This approach
can be regarded as an one-interval, two alternative forced choice discrimina-
tion task, similar as it is widely used in psychophysical studies. In every ex-
perimental condition, the time course of stimulus presentation was self-paced.
The birds were, therefore, allowed to examine the stimuli as exact as needed.

As soon as the owls displayed successful discrimination of the training stim-
uli, the experimental phase began. We defined the discrimination success as
being accomplished if the owls performed significantly better than a binomial
chance process would govern. As an example, if 100 trials were presented, a
99% percent confidence interval would assign that more than 63 trials had to
be correct responses to meet this requirement. Because stimulus alternation
followed a pseudo-randomized order, allowing no more than three consecu-
tive presentation of one of the two alternatives, we raised the significance limit
by additional 10 percent. Given the example above, the owls had to be cor-
rect in 73 percent of the trials. Generally, when no experiments took place,
the owls’ performance was sustained with in-between training sessions. If the
owls displayed unreliable performance at high stimulus intensities during an
experimental session, the session was aborted and a normal training session
filled the gap.

As in the training sessions, correct responses in experimental sessions were
rewarded by food items. Reward contingencies were always 100 percent, giv-
ing the animal perfect feedback about the correctness of its choice. This had
the advantage of less frustration due to unrewarded correct responses, but also
had the disadvantage such that perceptual learning processes were not neces-
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Figure 2.5: In the left panel the training transition steps used in the vernier acuity study are shown
(a). Each row represents the stimulus configuration pair that corresponded to ’right’ and ’left’
responses. Panel al shows the first training stimulus pair, panel a5 the final stimulus configuration.
The initial stimuli (al) consisted of a bright large surface that repeatedly moved across the display
from top to bottom during presentation, either in the left or right half of the screen. The blocks were
presented statically in the second step (a2), changed to a vernier grating (a3), that consecutively
moved to the screen center (a4), to finally arrive at the vernier grating stimulus that was used in the
experiment (a5). In the right panel, (b), the transitions for the CSF stimuli are shown. Throughout
the transition, the ’left’ configuration was altered stepwise from a uniform gray surface (bl) to a
gabor patch with horizontal sinusoid (b5) by adjusting its contrast. The ’right’ configuration started
with a square wave grating (b1), for which contrast was decreased (b2, b3) until a gabor patch with
high standard deviation of the Gaussian was shown (b4). Finally, standard deviation was set to
0.48 and matched the configuration in the experiments (b5).



2.3 Procedures in behavioral experiments

sarily to be excluded as an additional factor influencing threshold performance.
To minimize this influence, experimental variables, such as stimulus configu-
ration in vernier experiments, or spatial frequencies in CSF experiments, were
always applied in roving alternations. If perceptual learning, though, had taken
place, its effect would have influenced the results equally across experimental
conditions, and, as a result, would have ruled out systematic impact.

2.3.6 Psychophysical threshold estimation

In both behavioral studies (vernier acuity and contrast sensitivity experiments)
an adaptive staircase was applied to place stimulus intensities adequately for a
subsequent estimate of the underlying perceptual threshold. However, thresh-
old estimation procedures differed in both studies.

In contrast sensitivity and grating acuity experiments the staircase procedure
was modified according to the two-down, one-up rule. That is, stimulus inten-
sities were increased after two consecutive correct responses, and decreased on
every false response. Stimulus intensities, then, converged to levels at which
the subject responded 70.7% of the time correctly (Treutwein, 1995). Here-
after, the ratio of correct responses at each intensity level was calculated and
plotted as a function of stimulus intensity. The data was then fitted by a two-
parameter logistic function with a bootstrap method described in greater detail
by Wichmann and Hill (2001a,b). Threshold performance was set half-way
between chance level and high-intensity level, accounting for lapses the owl
displayed at high stimulus intensities. The data of two such psychometric func-
tions recorded on consecutive days were pooled in order to balance out fluc-
tuating performance. For a more detailed description of the procedure review
section 4.2.4 on page 51.

In vernier acuity experiments, the discrimination threshold was derived di-
rectly from a variable number of reversal points of simple up-down staircase
tracks. Two tracks were applied in a randomly interleaved manner and their
overall threshold was expressed as the arithmetic mean of the thresholds for
the individual tracks. All tracks that were biased according to two different
criteria were omitted from further analysis. For a more detailed description of
the procedure review section 5.2.3 on page 68.
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Abstract

Optical quality in barn owl eyes is presented in terms of measuring the ocular wavefront aberrations
with a standard Tscherning-type wavefront aberrometer under natural viewing conditions. While
accommodative state was uncontrolled, all eyes were focused within 0.4 D with respect to the
plane of the aberrometer. Total RMS wavefront error was between 0.06 and 0.15 pm (mean: 0.10
pm, STD: 0.03 um, defocus canceled) for a 6 mm pupil. The results suggest that image quality in
barn owl eyes is excellent.
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3 Ocular aberrations

3.1 Introduction

The barn owl is an excellent candidate for studies of orientation behavior both
in the auditory and visual domain, because it displays several functional, anatom-
ical and physiological specializations. The most prominent feature of vision in
these birds are the frontally oriented eyes, which create a large binocular field
of view, an indicator for increased ethological importance of the use of stereo
vision (Martin, 1984; Martin and Katzir, 1999; Wagner and Luksch, 1998).
Consistently, behavioral studies showed that barn owls possess global stereop-
sis and use disparity as a depth cue with hyperacute precision (van der Willigen
et al., 1998, 2002, 2003). Electrophysiological studies revealed that the visual
Waulst of barn owls shows a high degree of binocular interactions and contains
disparity sensitive cells that are tuned to characteristic disparities (Pettigrew
and Konishi, 1976; Wagner and Frost, 1993, 1994; Nieder and Wagner, 2000).
A more recent study found that barn owls also can discriminate non-aligned
features in visual stimuli on a hyperacute level when viewed monocularly, a
phenomenon known as vernier acuity in human visual research (refer to chap-
ter 5 of this thesis, starting on page 65). This study also pointed to a similar
computation of vernier targets in humans and owls, because the results in owls
displayed a typical crowding/masking effect and a threshold improvement by
a similar ratio which is typical for binocular summation in vernier experiments
conducted with human subjects (Banton and Levi, 1991; Malania et al., 2007).

Objective measurements of the metrics of the barn owl eye implicated that
these eyes are designed to maximize image quality while maintaining an in-
creased level of retinal information convergence, advantageous especially un-
der low light conditions (Martin, 1982; Schaeffel and Wagner, 1996). With an
axial length of about 17.5 mm, the barn owl eye is relatively large (Schaeffel
and Wagner, 1996), being almost twice as long as allometry based on body
weight would suggest (Howland et al., 2004). Generally, a larger eye results
in a larger retinal image, and thus, in an improved resolving power. On the
other hand, indirect measurements of normal visual acuity (i.e. grating acuity
estimation by ganglion cell counts and by pattern electro-retinogram) showed
that visual acuity in these birds is comparably poor (Ghim and Hodos, 2006;
Wathey and Pettigrew, 1989). Here, we wanted to find out to what degree
vision in the owl is limited by the optical properties of their eyes. For that pur-
pose we studied optical quality in means of an objective measurement of the
ocular wavefront aberrations with a standard Tscherning-type aberrometer in
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the awake barn owl under natural viewing conditions.

Wavefront aberrometry for the assessment of optical quality in human eyes
has been widely used and can also be often found in clinical applications di-
rectly linked to eye surgery (Marcos, 2006; Thibos, 2000; Thibos et al., 2002c).
Besides human eye studies, the measurement of wave aberrations was also ap-
plied in animal eye studies. So far, these include wavefront-error reports in eyes
of mice (de la Cera et al., 2006a), cats (Huxlin et al., 2004), chicken (Thibos
et al., 2002b), tree shrews (Ramamirtham et al., 2003) and monkeys (Coletta
et al., 2003; Ramamirtham et al., 2005, 2006).

3.2 Materials and Methods

3.2.1 Subjects

Experimental animals were four adult American barn owls (Tyto alba prat-
incola, three males, one female). Subject ages were between one and three
years. All owls were taken from the institute’s breeding stock and were hand-
raised. They were kept in aviaries throughout their lives. All owls carried a
“head-holder”, a small aluminium stick, that was implanted onto the skull of
their forehead under anaesthesia at an earlier time during life (for details of
the procedure see Nieder and Wagner (1999)). Animals were kept at about
ninety percent of their free feeding weight, because they participated in other
behavioral experiments in which food deprivation was essential. A single mea-
surement session was conducted with each owl and lasted no longer than three
hours. Care and treatment of the owls were carried out in accordance with the
guidelines for animal experimentation as approved by the "Landesprésidium fr
Natur, Umwelt und Verbraucherschutz Nordrhein Westfalen”, Recklinghausen,
Germany, and complied with the ”NIH Guide for the use and care of laboratory
animals”.

3.2.2 Measurement protocol and aberrometer

All measurements were conducted at the Department of Ophthalmology in
Aachen. The experimental room was lit dimly by tungsten light, producing
a luminance between 2 and 7 cd/m at the walls, the experimental table and
the aberrometer, which matched the luminance of the fixation target inside the
aberrometer. Barn owls were sitting on a wooden perch that was attached to
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the experimental table directly in front of the aberrometer (see Figure 3.1). Af-
ter a short period of adaptation to the lightning conditions the experiment was
started. One of the experimenters held the tame owl and its head in a natural
viewing position. Since barn owls lack any eye movements, relative eye posi-
tion could be controlled by adjusting the head position. The correct alignment
of the head and, thus, the eye in front of the aberrometer was achieved by con-
stantly monitoring pupil size and shape. After a few attempts the animals were
used to this procedure and showed good cooperation. No drugs were given to
lubricate the eye, enlarge pupils or block accommodation. The owls blinked
normally during the imaging session (i.e. about 6 times/minute).

The aberrometer was a Tscherning-type system (Schwind Eye Tech Solu-
tions, Kleinostheim, Germany), with a 660 nm laser-diode illumination source
and 168 measuring spots. Measuring acuity and reproducibility of this machine
was tested with artificial and natural eyes of known error before measurements
were conducted, and lay in the normal range (£ 0.08 D for defocus and cylin-
der, 0.02 um for higher order aberrations (Mrochen et al., 2000)). A schematic
sketch of the aberrometer’s general components can be found in Figure 3.1b.
The pupil was illuminated by six infrared (IR) diodes that were circularly ar-
ranged around the aperture of the aberrometer. The corneal image together
with a set of superimposed aiding lines was constantly monitored by a CMOS
camera and, thus, provided reliable centering and focusing of the pupil. Purk-
inje reflexes of the IR diodes were always held well within the inner part of
the pupil (compare Figure 3.1c). The whole system was mounted on a mov-
ing stage which was quickly adjustable in all three spatial dimensions to align
the aberrometer aperture with the subject’s pupil and to adjust focus. A single
measurement took less than 50 msec. During this time an array of parallel laser
beams of known spatial configuration was projected onto the retina of the mea-
sured eye and its retinal reflection was recorded by indirect ophthalmoscopy
with a CMOS low-light camera. Typical images consisted of about 140 reflec-
tion spots (exemplary retinal image in Figure 3.1d). The measuring procedure
was repeated in the same way for each eye several times (6 to 26 repetitions).
Image analysis was carried out off-line after each measurement session.

3.2.3 Data analysis

In total, eight eyes of four owls were studied in four measurement sessions. In
each session 6 to 26 retinal images for each eye were recorded. With the appli-
cation of a centroiding algorithm fitting the intensity profiles of each illumina-
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Figure 3.1: Materials and methods. (a) Owl PT in front of the aberrometer. During measurements
owls were gently restrained manually by one of the experimenters to provide accurate positioning
and centering of the eye in front of the aberrometer. (b) Schematic sketch of the setup and the
Tscherning-system (Schwind ORK Wavefront Aberrometer). The whole system was mounted on
a moving stage which was easily adjustable along all three axes in space via a manipulation lever.
(c) Corneal image with superimposed aiding lines as seen online during measurements. The bright
spots are first Purkinje reflexes of six IR-diodes that were circularly arranged around the aperture
of the aberrometer. The dotted circular outline marks the pupil (in this image 6.32 mm diameter).
(d) Typical retinal image from which the wavefront was calculated. The small dark markers within
the bright illumination spots denote calculated centers of gravity for each spot.
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tion spot to a Gaussian function in the retinal image, relative spot displacement
was recorded. From these displacements the underlying wavefront was calcu-
lated and expressed in terms of the Zernike polynomial expansion up to the 6th
order. Individual Zernike coefficients and the orthonormal set of Zernike poly-
nomials, as recommended for describing wave aberration functions (Thibos
et al., 2000), are presented in this study. The orthonormal set of Zernike terms
and orders are also called the root-mean-square (RMS) wavefront error con-
tribution of that term or orders. Ordering convention of single Zernike terms
followed the OSA standards for reporting the optical aberrations of eyes (Thi-
bos et al., 2002a). The RMS of a single Zernike term was calculated according
to (3.1).

2(n+1)
1+
where i = 0 if m-0, and i = 1 if m = 0 (with c: Zernike coefficient in mum:;
n: polynomial order; m: meridional frequency). The defocus term (Z9, #4 in
single indexing scheme) was converted to equivalent diopters (D) by (3.2).

RMS(Z") =

3.1

0
= —4/3—2 RMS(Z ) (3.2)

(with r: pupil radius in mm (Thibos et al., 2002a)). Due to the fact that ac-
commodative state was uncontrolled in our setup, the true refractive state of
the birds was not measured. Instead, the here presented defocus is the defo-
cus relative to the plane of the aberrometer. Consistently, the defocus term
was canceled for any further data analysis throughout this study, unless it is
stated otherwise. Astigmatism, expressed in terms of equivalent diopters of the
crossed cylinder (C), was calculated from Zernike terms Z% and Z, 2 by (3.3).

C=\[RB+1% (3.3)
2 —2
with Jy = —2\@% and Jy5 = *2\@%

These transformations are derived from Thibos et al. (2002a). Because mea-
sured values of pupil size were between 6.3 and 7 mm, we chose to perform
our measurements with a 6 mm aperture, concentrically placed at the actual
pupil. For further data analysis calculating the point spread function (PSF), the
modulation transfer function (MTF), and calculating convoluted images, the
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best centered shots in each eye were chosen and averaged (6-10 for each eye)
for all subjects separately. Convolution of a computationally designed image
(vector graphic of an eye chart) was computed as follows: The original image
was transformed to a grayscale bitmap and scaled in size to match the angular
size of the PSF diameter calculated from the wavefront data of the according
eye. The PSF was then taken as the kernel for a point-wise multiplication with
the pixel neighborhood in the original image. The calculation was performed
via a two dimensional convolution in the spatial frequency domain with the
Matlab function conv2. Convoluted images were then re-scaled, cropped to
original size, and adjusted in intensity by normalization to display a saturated
image.

3.3 Results

3.3.1 Raw data: Retinal illumination spot image,
wavefront and single Zernike terms

During measurements pupil diameter of all eyes varied between 6.3 mm and
7.1 mm, which could differ for both eyes because barn owls can control pupil
size in both eyes independently (Schaeffel and Wagner, 1992). Given this pupil
size, the 6 mm measurement aperture could always be used, and thus, around
150 illumination spots in each retinal image were used for the calculation of
the underlying wavefront. Typical image quality at the retina and arrangement
of the illumination spots can be seen in Figure 3.1d. Compared to studies
performed with Hartmann-Shack aberrometry in humans (Liang and Williams,
1997), monkeys (Ramamirtham et al., 2005), chicken (de la Cera et al., 2006b),
cats (Huxlin et al., 2004) and mice (de la Cera et al., 2006a), illumination
spot quality observed in our study was slightly degraded with respect to visual
spot edge determination, but of comparable quality regarding spot size and
numbers.

Wavefront images for 3rd and higher order aberrations over the 6mm pupil
were extremely flat, with low amounts of higher order aberrations, and revealed
a mirror-symmetry between left and right eye only in subject OL and PT (see
Figure 3.2, first column). Single Zernike terms, shown in the second column of
Figure 3.2, are ordered following the OSA conventions (Thibos et al., 2000).
Figure 3.2 also shows higher order terms in a magnified inset. Zernike term #4
(defocus) was the largest in all eyes. The mean absolute defocus term across
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Figure 3.2: Summarizing results. See also figure on the following page. First column are wave-
front maps calculated from Zernike 3" order aberrations and higher order aberrations. Note that
lines are only 0.05 pum apart. Zernike coefficients, shown in the second column, are ordered in
single indexing scheme following OSA convention, error bars are standard deviations. Zernike co-
efficients 0 to 2 are not shown. Small inset in the upper right corner are 3'? to 6" Zernike orders.
Point-spread functions (PSF) with canceled defocus term (Zg set to zero) are shown in the third
column. They were normalized in intensity to display saturated images. In modulation transfer
function (MTF) plots the lines are in steps of 0.1 modulation transfer units. Defocus was canceled.
All data are calculated for 6 mm pupils and a 660 nm illumination.
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3 Ocular aberrations

all subjects was 0.35 um (STD: 0.11 um), while the mean of absolute higher
order terms was 0.012 um (STD: 0.017 um) across all subjects. Expressed
in this way, the defocus term accounted for 96.6 % of all aberrations (2nd to
6th order) across all subjects. Aberrations up to the 6th order were present but
contributed only in a minor fashion to total wavefront error.

3.3.2 Second-order aberrations

With reference to the plane of the aberrometer, the eyes of three owls displayed
negative defocus. Mean spherical equivalent for defocus (Zernike term #4) was
between -0.12 and -0.40 D for subjects BD, OL and PT (see Figure 3.4a). In-
terocular variability was similar to inter-individual variability. Mean standard
deviation in these subjects was 0.12 D. On the other hand, subject SC showed
similar defocus magnitude, but with opposite sign (OS: +0.40 D, OD: +0.30
D). Mean standard deviation was comparably small (0.013 D). Astigmatism
was calculated for all eyes from Zernike terms #3 and #5 according to equa-
tion 3, and combined to a spherical equivalent of the crossed cylinder between
0.014 D and 0.065 D (mean: 0.033 D, STD: 0.020 D). Across all subjects, no
clear astigmatism axis was observable.

3.3.3 Higher order aberrations

Generally, higher order aberrations (HOA) measured in this study were very
low. To compare the impact of astigmatism and higher order aberrations on
total wavefront error, the root mean square wavefront error (RMS) for the two
second order terms (crossed cylinder astigmatism) are plotted together with
the RMS of 3rd to 6th order terms (referred to as the HOA) in Figure 3.4b.
2nd order RMS was between 0.018 um (OD in OL) and 0.140 um (OS in
SC). Mean 2nd order RMS was 0.061 pm, with a standard deviation of 0.044
um. The HOA RMS was between 0.04 um (OD in PT) and 0.15 um (OS in
BD), with a mean of 0.088 ptm and a standard deviation of 0.033 um. Zernike
term #12 (spherical aberration term) was positive in 6 eyes and negative in the
others, with a mean of 0.025 ym (STD: 0.016 pm).

3.3.4 PSFs, retinal image quality and MTFs

We calculated the point-spread function (PSF) for each eye separately from the
averaged Zernike terms of the best centered shots available (6—10 each). PSF
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Figure 3.4: (a) Defocus and astigmatism. Spherical error derived from Zernike term Zg (defocus)

and terms Z% and Z, 2 (astigmatism, crossed cylinder) expressed in units of spherical equivalent in
all subjects and eyes. Error bars denote standard deviations across measurements. Note the two
different ordinates for defocus and astigmatism. (b) Lower and higher order aberrations. The 2"
order RMS (without defocus) is plotted together with 3" to 6”* order RMS (HOA) for each eye in
all animals. Error bars denote standard deviations across measurements.

plots for each subject are shown in column 3 of Figure 3.2. The PSFs were
calculated with canceled defocus (Zernike term #4 computationally set to 0
pm). The PSFs after focus correction were extremely centered and resembled
the diffraction limited PSF in four eyes, while in the other four eyes slight de-
centring and typical astigmatism effects were observed (compare OS in subject
OL). In Figure 3.5 a more direct comparison between owl (OS in subject BD),
human, and the diffraction limited PSF is shown. Again, PSF plots are the
“best focus’ PSFs. The influence of astigmatism and higher order aberrations
on retinal image quality can also be observed in a set of computationally de-
rived images. Figure 3.5 (bottom right) shows a vector graphic resembling a
Snellen acuity chart often used in human visual acuity tests. The gaps between
the smallest letters reading the words " BARN OWL’ subtend 1 arcmin, making
them the 20/20 acuity benchmark. The other charts in this figure are derived
from a two-dimensional convolution of the original image with the PSF kernel
presented at the top. To better identify differences between the two versions
(owl vs. human), a cut-out magnification is shown as well. As a conclusion
based solely on retinal image quality, both human and owl should be able to
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3 Ocular aberrations

identify the smallest letters presented in this chart.

The complete two-dimensional modulation transfer functions (M TFs) for the
6 mm pupil of all eyes are plotted in the rightmost column of Figure 3.2 (2nd to
6th orders, defocus term canceled). Two radial cross-sections (x and y direction
of Figure 3.2) of the MTF for all eyes are averaged and plotted in Figure 3.6
(thin dashed lines). The diffraction limited 6 mm pupil is plotted for reference
as well. For comparison, the mean MTF of all owl eyes are plotted together
with the mean MTF of two human subjects which participated in this study as
well (pupil size was scaled to 6 mm with a re-converted Taylor polynomial).
Again, only the defocus-corrected condition is shown. Note that the two human
subjects had 20/20 vision. Both human and owl mean modulation transfers
(MTs) are almost identical across all spatial frequencies. The owl MT exceeds
human MT slightly below 20 cyc/deg and falls short of human MT above 30
cyc/deg.

3.4 Discussion

3.4.1 Methods

To our best knowledge, the here presented data is the first animal eye wavefront-
error study carried out with a Tscherning-type wavefront sensor (TTWS). In re-
cent publications of wavefront measurements in different animals the Hartmann-
Shack sensor (HSS) is used most frequently (de la Cera et al., 2006a,b; Huxlin
et al., 2004; Ramamirtham et al., 2005, 2003; Thibos et al., 2002b). Nonethe-
less, results from TTWSs are of comparable acuity and reproducibility (Mrochen
et al., 2000), especially when larger pupils are measured, because the typical
lower spatial resolution in TTWS becomes negligible with larger pupil area.
Throughout the literature several examples for the use of TTWS can be found
(Jahnke et al., 2006; Kaemmerer et al., 2000; Krueger et al., 2001; Mierdel
et al., 1997, 2001; Mrochen et al., 2000, 2003; Prieto et al., 2000). Generally,
benefits from the use of TTWSs are that the ingoing light path is used for mea-
surement and that the illumination light source lies in the visible part of the
spectrum. HSSs are more frequently used in state-of-the-art wavefront mea-
surement applications, because they are less sensitive to scattering, and usually
perform at higher resolution.

One of the key requirements in wavefront analysis is the alignment of the
subjects visual axis with the optical axis of the measurement system (Thibos

38



3.4 Discussion

RMS = 0.068 pm RMS = 0.149 ym

6 arcmin

owl (OS in BD) human diffraction limited

TO2Z TO TOZ
LPED LPED LPED
PECFD | PECFD PECFD
EDFCZP |E EDFCZFP EDFC2ZP
FELOPZD §| FELOFPZD FELOPZD
BARN OWL ‘o_ BAR w BARN OWL

PE

3 T O Z
ECFIt LPED
DFCZ|§ PECFD

= EDFCZP
ELOPZ & .

BARN OW.L BARN oWl

Figure 3.5: Comparing PSFs and retinal image quality. Top row: exemplary PSF in owl BD (OS),
PSF of a human subject, and for the diffraction limited pupil. PSFs were calculated for the best
focus condition (Zernike term #4 set to zero), and for a 6 mm pupil. The total RMS (2" to 6"
orders without defocus) is shown. Middle row: A theoretical representation of retinal image quality
derived from the convolution of the original image (bottom left) for the best focus condition in the
owl (left), the human eye (middle), and the diffraction limited eye (right) is shown. The "BARN
OWL-line corresponds to a 20/20 vision eye chart character size. In the bottom row (left and
middle) a cut-out magnification (x 1.6) is shown.
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Figure 3.6: MTFs in owls and humans. The cross-sectional averaged MTFs of all eyes measured
in this study are presented for 2"¢ to 6'" Zernike orders (thin dashed lines). The averaged MTF of
all owl eyes is given (thick dashed line) together with the mean of four human MTFs (thick solid
line). All MTFs are calculated for a 6 mm pupil with cancelled defocus. The diffraction limited
eye is shown for reference. Note that the two human subjects had 20/20 vision.

et al., 2002a). We achieved this with control of head position and orientation
while constantly monitoring pupil size and shape. A misalignment in x-y-
position would have resulted in a non-centered pupil, a misalignment about
any of the two torsional eye axes in yaw and pitch direction would have re-
sulted in an ellipsoid pupil shape. This procedure of correct eye positioning is
possible in the barn owl, because this animal has an extremely limited poten-
tial in moving its eyes relative to its head (Dulac and Knudsen, 1990; Knudsen
and Konishi, 1979; Knudsen and Knudsen, 1985; Masino and Knudsen, 1993;
Steinbach and Money, 1973).

3.4.2 Implications of the results

Although a small fixation cross was shown to the eye under test during the
experiments, it remains unclear, whether the animals accommodated correctly
with reference to the plane of the aberrometer. Due to the fact that accom-
modative state was not measured independently, and the barn owl generally
displays a relatively high accommodative range of about 6-12 D (Howland
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et al., 1991; Schaeffel and Wagner, 1992), the here measured relative defocus
was omitted from further analysis. Without drawing conclusions about normal
defocus from our data, results from an earlier developmental study in barn owls
showed, that refractive errors larger than 1 D disappeared during the first two
weeks of juvenile development in this animal (Schaeffel and Wagner, 1996).

Despite the uncertainty of the true amount and sign of defocus in barn owl
eyes, all animals show little amounts of astigmatism and very little higher or-
der aberrations. Typical values of HOA in humans are about 3.3 times larger
than HOA reported here (Howland, 2002; Porter et al., 2001). Also, HOA
in eyes of another nocturnal species, the cat, are about 3.7 times larger than
those of the owl (Huxlin et al., 2004). While HOA are lower in the barn owl
compared to those in human eyes in an absolute sense, this difference might be-
come even more prominent when put into relation with absolute eye size. Axial
length of barn owl eyes is about 3/4 of that of human eyes (17.5 vs. 24.5 mm,
(Hughes, 1977; Schaeffel and Wagner, 1996)), and following an observation
by Howland, with the same set of optics and pupil size, the wave aberrations in
the smaller eye should be larger than in the bigger one (Howland, 2005). We
also showed typical PSFs of the owl eye and compared it to that derived from
one human subject. Convoluted images revealed that theoretical retinal im-
age quality is comparable in man and owl (compare also Artal (1990)). Mean
modulation transfer of all tested owl eyes almost exactly matched modulation
transfer in the two human subjects we included in this study. Taken together,
the data presented here show that averaged retinal image quality in the eyes of
barn owls is excellent.

Nevertheless, based on retinal ganglion cell counts, barn owls show only
poor grating acuity of about 7.8 cyc/deg (Oehme, 1961; Wathey and Pettigrew,
1989). This finding is supported by a pattern electro-retinogram study which
calculates grating acuity to be 6.98 cyc/deg in the barn owl (Ghim and Hodos,
2006). The question arising from these findings is why the optics of the owl’s
eye would have evolved in a fashion allowing the formation of a retinal image
with a quality that is far beyond a visual acuity given by the neural compo-
nents creating vision in this bird. A similar question has been discussed in a
recent study measuring the optical quality in cat eyes (Huxlin et al., 2004). The
authors propose that given the nocturnal lifestyle of the cat combined with an
almost three times larger pupil area in cats compared to humans at the same
light levels, cats should experience significantly more optical interference than
humans at the same light level. The authors conclude that the cat’s optics are
relatively good because otherwise additional aberrations would degrade vision
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to levels of unsustainability (Huxlin et al., 2004). Given the relatively low
high-frequency visual acuity in the barn owl (below 10 cyc/deg), this argu-
ment might not stand up to a quantitative analysis. On the other hand, being
equipped with excellent optics that raise the MTF over all spatial frequencies,
the owl might take advantage from an elevated contrast sensitivity for low spa-
tial frequencies close to its neural sample pattern (compare Figure 3.6). Thus,
while flying in the dark, owls might better manoeuvre through and avoid hit-
ting low spatial frequency objects like e.g. limbs of a tree, and better visually
identify items of prey. As an example, a mouse (6 cm) viewed from typical
striking distance (5 m) would subtend about 0.7 cyc/deg, which matches the
owl’s contrast sensitivity function peak quite well (Ghim and Hodos, 2006).
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Abstract

In this study a psychophysical approach measuring the spatial contrast sensitivity function (CSF)
in the visual system of the barn owl (Tyto alba pratincola) is presented. Contrast sensitivity was
measured in a two-alternative forced choice orientation discrimination task. Gaussian filtered si-
nusoidal gratings were used as stimuli. During a single experimental session, spatial frequency
was held constant while contrast was varied, following a two-down one-up staircase procedure.
The CSF found here renders the typical band-limited, inverted u-shaped function reported for a set
of species in other studies. Maximal sensitivity was found at a spatial frequency of 1.01 cyc/deg.
At this spatial frequency, contrast discrimination threshold was about 0.06, or, in terms of con-
trast sensitivity, about 18. Grating acuity was estimated from the CSF high frequency cut-off
and yielded 3.8 cyc/deg. In a second experiment in which contrast was held constant and spatial
frequency was varied, grating acuity was measured directly (3.6 cyc/deg). Compared to electro-
physiological results, maximal contrast sensitivity found in the present study was increased by a
factor of two. Compared to anatomical and electrophysiological estimates, grating acuity values
were, on the other hand, reduced by the same factor.
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4.1 Introduction

Successful interaction with the environment requires knowledge about it. In
vision, information is largely mediated by light that is reflected from the sur-
faces of objects that form the environment. One feature that makes objects dis-
tinguishable is the amount of luminance that is reflected relative to the back-
ground or other objects. This relative luminance difference is referred to as
luminance-contrast. Contrast is one of the important visual feature that make
observers recognize their surroundings.

The spatial contrast sensitivity function (CSF) is, therefore, one of the fun-
damental functional descriptions of a visual system. It relates the ability of an
observer to visually detect spatial gratings of different spatial frequencies to
the amount of luminance-contrast present. If measured behaviorally, the CSF
incorporates visual functions of both physical (i.e. the visual transfer function
of the eye) and, to a greater extent, physiological nature (i.e. visual processing
in the nervous system of the observer). The CSF may, therefore, be regarded
as a direct measure of the perceptual high-level process of seeing.

Campbell and Green (1965b) were the first to measure the CSF in the hu-
man visual system, emphasizing the importance of visual processing for ob-
jects larger than the resolution limit. Apart from humans, the CSF has been
measured in animals of different taxa with various psychophysical techniques.
Among those are macaques (de Valois et al., 1974), squirrel monkeys (Meri-
gan, 1976), owl monkeys (Jacobs, 1977), bush babies (Langston et al., 1986),
cats (Blake et al., 1974; Bisti and Maffei, 1974), rats (Birch and Jacobs, 1979),
ground squirrels (Jacobs et al., 1980), tree shrews (Petry et al., 1984), wallabies
(Hemmi and Mark, 1998), goldfish (Northmore and Dvorak, 1979), pigeons
(Nye, 1968), eagles (Reymond, 1985), and kestrels (Hirsch, 1982). In virtu-
ally all animals tested so far, the CSF renders, as in humans, a band-limited,
inverted u-shaped function (Uhlrich et al., 1981). Sensitivity is best at inter-
mediate spatial frequencies and is reduced at both higher and lower spatial
frequencies. The high frequency roll-off in humans is regarded as a combined
consequence of physical constraints leading to optical degradation (such as
the diffraction limit and wave aberrations), and receptor cell spacing on retina
level (Campbell and Green, 1965a; Cornsweet, 1970). The low frequency at-
tenuation can be explained solely by neural factors, such as extent of lateral
inhibition (Cornsweet, 1970), antagonistic surround mechanisms (Westheimer,
1972), or relative insensitivity of low spatial frequency filters (Graham, 1972).
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Here, we present a psychophysical measure of spatial contrast sensitivity in
the visual system of the barn owl. The barn owl is a highly specialized animal.
Their visual capabilities have been demonstrated in several behavioral, physi-
ological, and anatomical studies. Its prominent large eyes, being almost twice
as long as allometry based on body weight would suggest (Howland et al.,
2004), are oriented frontally, and, thus, create an unusual large binocular field
of view (Martin, 1984). These eyes have excellent optical quality (Schaeffel
and Wagner, 1996), showing only one third the amount of higher order aberra-
tions found in human eyes (refer to chapter 3 vs. Howland (2002)). Barn owls
can discriminate random dot stereograms with hyperacute precision (van der
Willigen et al., 1998, 2002), a finding accompanied by several physiological
studies demonstrating a high degree of binocular interaction and selectivity in
the visual Wulst of these birds (Pettigrew and Konishi, 1976; Wagner and Frost,
1993, 1994). Barn owls, similar to humans, can discriminate vernier targets on
a hyperacute level when viewing with one eye alone (chapter 5). Barn owls
are distracted by crowded stimuli similar as humans are (Barrett et al., 1999;
Malania et al., 2007), and show binocular summation ratios of similar magni-
tude (Banton and Levi, 1991). Barn owls also do perceive illusionary contours
(Nieder and Wagner, 1999). A recent study shed light on the attentional mech-
anisms of vision in this bird (Ohayon et al., 2008), and suggested a top-down
modulation of gaze control when owls view natural targets.

Yet having this set of interesting and diverse approaches to barn owl vision
at hand, there are only two studies dealing with the underlying basic properties
of spatial vision in this bird. Barn owl visual acuity has been estimated by
ganglion-cell density (Wathey and Pettigrew, 1989), and contrast sensitivity
was recorded in a pattern electro-retinogram (PERG) study (Ghim and Hodos,
2006). To be able to relate the above mentioned results to the basic features of
the barn owl’s visual system more directly, we measured the barn owl’s contrast
sensitivity function and its grating acuity in a set of behavioral experiments.

4.2 Materials and Methods

4.2.1 Subjects

The experimental animal was one male adult barn owl (Tyfo alba pratincola,
subject SL), taken from the institute’s breeding stock. The owl was hand-raised
and tame. Its body weight was maintained at about 90% of its free feeding
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weight. Water was given ad libitum. It was given food (chick meat) only in
the experimental booth via a food dispenser or as a reward directly after the
experiment inside the lab. Training and experiments took place on 5 days per
week. When no experiment was carried out the owl was fed in its aviary. Care
and treatment of the subject was carried out in accordance with the guidelines
for animal experimentation as approved by the “Landesprisidium fiir Natur,
Umwelt und Verbraucherschutz Nordrhein Westfalen, Recklinghausen, Ger-
many, and complied with the "NIH Guide for the use and care of laboratory
animals”.

4.2.2 Experimental setup and stimuli

All experiments were conducted in a sound and light proof chamber, with no
additional light source other than the stimulus display. The owl was sitting on
a wooden perch in front of two response keys that were symmetrically placed
left and right to an automated food dispenser. Its head was unrestrained and,
upon the onset of a trial, oriented fronto-parallel relative to the stimulus display.
Viewing distance was 85 cm, making one pixel subtend 1.044 arcmin of visual
angle (figure 4.1).

The stimuli were gaussian filtered sinusoidal gratings (Gabor patch) of two
discrete axes of orientation. The sinusoidal function propagated either in 0°
or 90° direction relative to the coordinate system of the display (horizontal or
vertical orientation, respectively, see figure 4.1). The standard deviation of the
Gaussian was held constant at 0.48 while the phase of the sinusoid was altered
trial-by-trial randomly in a 180° interval (not in training sessions). The Ga-
bor patch, 12.2 degree of visual angle in diameter, was shown centered on the
screen when a trial was initiated. The rest of the display was filled with an uni-
form gray surface. The whole screen was covered with a large sheet of linear
neutral density filter (Lee Filter) that lowered overall luminance by approx-
imately one log unit, producing a mean luminance of 2.741 cd/m?, equally
distributed at the whole Gabor patch area. Stimulus contrast was controlled
by modification of the amplitude of the sinusoid and measured at viewing dis-
tance in a pre-experimental calibration sequence with the Minolta LS-100. Our
display system was able to produce stimulus contrasts ranging from 0.991 to
0.0092 reliably. Contrast is defined throughout this study according to the
Michelson-formula: contrast = (lumygy — lumyiy) / (lumyay + lumyy,).  The
choice of spatial frequencies used in the training sessions and experiments was
according to results from pilot testing and earlier studies with the same animal
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Figure 4.1: A sketch of an inside view of the experimental booth, showing the relevant parts of
the experimental setup. The barn owl was sitting on a wooden perch fixed in front of an automated
feeder, which delivered small pieces of meat upon correct responses (F). The two response keys,
corresponding to the two stimulus configurations, were in easy reach of the owls beak (L,R).
Viewing distance (VD) was 85 cm. The computer display was covered with a linear neutral density
filter to reduce glare (ND). This picture shows the situation when the horizontal oriented Gabor
patch was shown. A small IR-camera monitored the owls gaze, which in case of a fronto-parallel
orientation triggered trial progress (C). Note that under experimental conditions the room was
completely dark.

subject and setup (chapter 5).

Visual stimulus generation was controlled by custom written software (ANSI-
C with the Open-GL utility kit GLUT), running on an Apple G5 workstation
with a 8-bit graphics board (NVidia Geforce 6800 GPU), and digitally output
on a 23” Apple Cinema Display. Owl responses were recorded via a custom
built USB-interface, hooked up to the standard computer mouse input. The
feeder was controlled by TTL-pulses produced by a USB input/output device
(BMCM, Germany).
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4.2.3 Psychophysical procedures

A small, flashing fixation target was shown in the center of the display between
trials to attract the owl’s gaze and to support correct orientation. When the
subject oriented its gaze toward the screen, a trial was initiated and the stimulus
was shown. After stimulus onset the owl had to peck one of two response keys,
with the left key corresponding to a horizontal oriented grating and the right
key to the vertical orientation. Horizontal or vertical gratings were presented
in a pseudo-random order. That is, no more than three repetitions of one of
the two alternatives were presented consecutively. The owl was rewarded after
every correct response, false responses were not punished. The time course was
self-paced to allow the owl an exact observation of the stimulus. Whenever the
owl made large head movements and stopped fixating the display, the trial was
aborted.

The owl was extensively trained to discriminate the two different gabor
patches correctly before experiments began. During this training phase the
stimulus contrast, its spatial frequency, and the phase position of the sinusoid
was held constant (contrast: 0.991, spatial frequency: 0.61 cyc/deg, phase:
90°). We termed the performance level in the training task as being signif-
icant and moved on to the experimental phase, when the owl’s performance
lay above the 99 % confidence interval of a binomial process performing at
chance level. As an example, in an experiment consisting 100 trials, significant
performance was given if at least 63 correct responses were observed.

After the training phase and prior to contrast sensitivity experiments, several
control experiments were conducted. First, we altered the pseudo-random de-
sign of the trial sequence to allow up to 7 repetitions of one alternative consecu-
tively. This control intended to rule out strategy learning in the subject, making
him, at low stimulus intensities, guessing better than chance level. Secondly,
we wanted to find out whether the owl had incorporated a perceptual stable con-
cept of the visual feature that had to be discriminated, and responded according
to orientation only. Therefore, we presented Gabor patches with (a) sinusoids
of random phase, (b) three spatial frequencies not shown during training (at
fixed ratios 1.5, 0.75, and 0.5 fold the training wavelength), and (c) random
spatial frequencies drawn from an even larger interval.

Typically, a single experimental session consisted of about 70 to 100 trials.
Every experimental session was conducted at a single spatial frequency. Stim-
ulus intensity choice within a session followed a simple up-down transformed
rule. That is, stimulus intensity (i.e. contrast) was decreased after two consec-
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utive correct responses and was increased after every false response. In this
way, converging to stimulus intensities at which the animal responded 70.7 %
of the time correctly, the choice of stimulus intensities presented to the animal
lay near the threshold. To prevent a quick fatigue and frustration of the owl,
bonus trials at high stimulus intensities were given from time to time. The
eleven spatial frequencies used in our experiments ranged from 0.38 to 2.17
cyc/deg, and, thus, covered about 2.5 octaves of the spectrum. The different
spatial frequencies were applied in an iterative order. That is, we started with
a high spatial frequency, moved on to a low spatial frequency, followed by an
intermediate spatial frequency and so on.

For further analysis, the results of two consecutive experimental sessions
at each spatial frequency were combined to build the basis of psychophysical
raw data (see figure 4.2 for an example). This was done by re-calculating
the performance level at each stimulus intensity from the pooled data of both
runs. This procedure balanced out inconsistencies in performance that occurred
on different testing days. Note that it did not necessarily produce an average
threshold of both runs.

4.2.4 Data analysis and grating acuity

For all eleven spatial frequencies, the behavioral performance, i.e. the percent-
age of correct responses, was plotted as a function of stimulus intensity. With a
popular bootstrap method described by Wichmann and Hill (2001a) used in the
Matlab function pfit, a logistic function ¥(x) (4.1) was fitted to the data points,
generating a complete psychometric function.

1

‘P(X)ZW‘U—Y—M*W

A.1)

where W(x) is behavioral performance at stimulus intensity x, & and 3 are the
fit parameters. Contrast threshold was defined as the stimulus intensity on the
psychometric function half-way between lower () and upper (1) asymptote.
The lower asymptote was set to 0.5, the upper asymptote was corrected to ac-
count for lapses the owl sometimes showed at high stimulus intensities. With
a statistical re-sampling of the data points (n=1000), the 95 % confidence in-
tervals at threshold level were calculated (Wichmann and Hill, 2001b). The
contrast sensitivity and its confidence interval was calculated as the inverse of
the contrast threshold.
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Figure 4.2: An example for the combination process used throughout this study. In (a) two psy-
chometric functions of subsequent experimental sessions are shown. The ratio of correct responses
were defined as behavioral performance and denoted on the y-axis. In this example, spatial fre-
quency was 1.52 cyc/deg. Both sessions were comprised of 94 trials each. Contrast threshold and,
inversely, contrast sensitivity (CS) were calculated from fitting a logistic psychometric function
to the data, and were defined at the inflection point of that function. The horizontal bar is the
95% confidence interval at threshold level. Note that trial numbers in each session are not equally
distributed over contrast intensities due to the applied staircase rule (see section 4.2.3 for explana-
tion). In (b) the two sessions are combined by re-calculating the performance at each contrast level
for the pooled data from (a). Note that the logistic function fits the data better as in (a), as is also
reflected by the smaller confidence interval of the threshold.

The CSF was described by a double exponential function, that was fitted to
contrast sensitivity data by a method of least squares (Uhlrich et al., 1981).
Grating acuity was, then, derived computationally from an extrapolation of the
CSF beyond the high frequencies tested. Additionally, grating acuity was mea-
sured directly in a way similar to the method described above: at two different
fixed contrast levels (0.991 and 0.779) spatial frequency was altered according
to the transformed up-down rule. A psychometrical function was then fitted
to the behavioral discrimination performance at the different levels of spatial
frequency. The grating acuity threshold was defined as the spatial frequency at
the inflection point of the corresponding psychometrical function. Confidence
intervals were calculated as stated above.

52



4.3 Results

4.3 Results

4.3.1 Training, control experiments, and response bias

The owl reached significant behavioral performance after only 13 sessions.
Mean training performance was 81.96 & 7.78 % correct responses in the first 15
training sessions after reaching the criterion, and 89.53 + 6.35 % correct in all
training (or bonus) trials recorded. In 6 control sessions the phase of the Gabor
patch was applied randomly. In all of these sessions the owl responded more
than 90 % correctly (mean: 95.0 &+ 1.8 %). All other control sessions were
conducted twice and fell well within the range of normal training performance.
In particular, these were two times 92.1 % correct for random wavelength, 79.6
9% and 94.6 % correct for up to 7 repetitions (see section 4.2.3), 87.8 % and 94.8
% correct for 0.5 fold training wavelength, 93.6 % and 89.6 % correct for 0.75,
and 87.8 % and 91.5 % correct for 1.5 fold training wavelength.

In total, 1189 training and bonus trials, 684 control trials, and 2642 exper-
imental trials were recorded. 2017 trials made up the contrast sensitivity ex-
periments, the remaining 625 trials were used for grating acuity experiments.
Bias was calculated for the experimental sessions as follows: by applying the
binomial distribution (with n: total number of trials, p: percentage of hori-
zontal stimuli actually shown to the owl) a 95 and 99 % confidence interval
(abbreviated as CI, hereafter) was calculated for each experimental condition
(spatial frequency, or contrast level in the grating acuity experiments). The in-
terval, therefore, reflected the number of "horizontal’ responses (abbreviated as
HR, hereafter) the owl could give without displaying a statistically significant
bias. This bias analysis was applied over the whole range of stimulus intensi-
ties (global bias), and for two intervals on the intensity scale separately (split
bias). One interval, defined as near threshold, was comprised of stimulus inten-
sities lower than threshold and one intensity above threshold. The remaining
stimulus intensities made up the *above threshold’ interval.

For both contrast sensitivity and grating acuity experiments, no statistical
significant bias was observed when a 99 % confidence interval was applied.
However, on the 95 % CI level, in some cases a bias was present. In the con-
trast sensitivity experiments the owl displayed a global response bias in 6 out
of 11 cases (at 2.17, 1.01, 0.87, 0.76, 0.61, 0.38 cyc/deg), but with no consis-
tent direction of bias. That is, in 4 cases he preferred horizontal over vertical
responses, while in the other two this relation was reversed. The owl never
displayed bias in trials that lay above threshold, but only in the near threshold
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trials. There was only one case in which a global bias was present in the ab-
sence of bias in the split condition (0.38 cyc/deg). In one case (2.03 cyc/deg),
only split bias in near threshold trials was present.

In the grating acuity experiments the owl showed a response bias, generally
preferring vertical over horizontal responses. Interestingly, this bias was differ-
ently distributed over the stimulus intensities for the two contrast levels tested.
At maximum contrast (0.991) the owl showed no significant bias at low stim-
ulus intensities near the threshold (spatial frequency < 3.0 cyc/deg). Here, the
CI ranged from 60 to 81 HR, while the owl chose 63 HR (n=136). At larger
stimulus intensities (n=207), the owl chose 85 HR, with a CI ranging from
92 to 119 HR. At the second contrast level (0.779) this relation was reversed.
There was no significant bias at high stimulus intensities (HR: 49, CI: 39-56),
and again a bias towards ’vertical’ responses at lower intensities (HR: 79, CI:
87-112).

4.3.2 Contrast threshold estimation

In total, 11 different spatial frequencies, spanning about 2.5 octaves of the
spectrum, were tested. We started with a high spatial frequency, moved on to
a low spatial frequency, followed by an intermediate spatial frequency and so
on. For each of the eleven wavelengths, two single experimental sessions were
conducted. The results of the two runs were combined to calculate a single
psychometric function (see figure 4.2 for an example). Contrast sensitivity at
the given spatial frequency was derived from the inflection point of that func-
tion. Mean trial number per spatial frequency was 183.4 & 35.3 (refer to table
4.1). In all combined sessions, 7 to 10 stimulus intensities were tested. Ex-
cept in one case (2.0 cyc/deg) there were always at least 3 intensity steps above
or below threshold. Mean trial numbers near the threshold (4 intensity steps
centered around threshold) were 106.3 £ 22.1. Threshold levels lay between
72.5 and 75 % correct responses. Deviances from the theoretical midpoint in
the psychometrical function (75 % correct responses) appeared due to lapse
correction at high stimulus intensities in 6 out of 11 cases (see figure 4.3 for an
overview of all eleven psychometric functions).

A maximum sensitivity of 18.87 (CI: 17.24-22.73) was found at a wave-
length of 60 pixels (1.01 cyc/deg). This value corresponds to a Michelson con-
trast of 0.053. With longer wavelengths, contrast sensitivity decreased mono-
tonically. At the longest wavelength (160 pixels, 0.38 cyc/deg), contrast sensi-
tivity dropped to 2.632 (CI: 2.320-3.367), corresponding to a contrast of 0.38.
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Figure 4.3: Combined psychometric functions at all spatial frequencies tested (see figure 4.2 for an
example of the combination process). Behavioral performance, i.e. the ratio of correct responses,
is plotted as a function of contrast level. A is the wavelength of the sinusoid, n the number of trials,
CS is contrast sensitivity at the denoted level of performance. Note that the number of trials were
not applied equally over the whole range of contrasts, but that trials near the threshold appeared
more often due to the staircase procedure (see text for explanation). The solid line is the logistic
fit to the data. The horizontal line denotes the 95% confidence interval derived from bootstrapping
the original data. Note also that threshold level was defined depending on the upper asymptote,
which could differ due to lapses at high contrast levels.
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Table 4.1: Contrast sensitivity (CS) values at all spatial frequencies (SF). The 95 % confidence
interval borders (CI), number of trials, and the performance level at which threshold was defined
are given as well.

SF[cyc/deg] CS CI trials performance level [%]
2.17 3.215 2.040 - 4.291 146 75.0
2.03 7.187 6.329-8.772 154 73.6
1.74 13.33 9.615 - 16.95 131 75.0
1.52 15.38 13.16 - 18.52 188 72.9
1.22 15.63 14.08 - 18.18 202 72.5
1.01 18.87 17.24 - 22.73 263 72.5
0.87 16.39 14.49 -20.41 176 75.0
0.76 7.143 5.952 - 8.403 198 75.0
0.61 4219 3.472 - 5.435 187 75.0
0.47 3.817 3.215-5.525 171 72.6
0.38 2.632 2.320 - 3.367 201 72.5

Contrast sensitivity at wavelengths shorter than 60 pixels decreased monotoni-
cally, reaching the minimal sensitivity of 3.215 (CI: 2.040-4.291) at 28 pixels.
Here, threshold contrast was 0.31.

4.3.3 Contrast sensitivity function

Contrast sensitivity values derived from the combined experimental sessions
were plotted against spatial frequency on a double logarithmic scale (see fig-
ure 4.4). Sensitivity values increased strictly monotonic from low spatial fre-
quencies up to intermediate spatial frequencies, where sensitivity was maximal
(18.87 at 1.01 cyc/deg). Consistently, going further to higher spatial frequen-
cies, sensitivity decreased strictly monotonic. A double exponential function
(4.2) was fitted to the normalized data by a method of least squares. This
four-parameter function was found to provide a good fit to the CSF of several
species (Uhlrich et al., 1981).

S(y) = 100(K e~ 2" — Ko~ 2mBY) (4.2)

where S(7y) is contrast sensitivity at spatial frequency y. Our best fit was
found for the following parameters: K; = 1.536, K> = 1.562, oo = 0.2489,
B = 0.2556. Peak sensitivity derived from this function was 13.91 at a spatial
frequency of 0.963 cyc/deg. The width of the CSF was measured in octaves as
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Figure 4.4: The contrast sensitivity function in the barn owl visual system. Contrast sensitivity
was defined as the inverse of contrast thresholds and was plotted against spatial frequency. The
dark circles are the sensitivity values derived from combination of two consecutive experimental
sessions. The thresholds resulting from the single sessions are plotted in gray. The vertical bars
are the 95 % confidence intervals calculated from the combined psychometric functions (see figure
4.3). The sensitivity values were fitted to a double exponential function by a method of least-
squares (solid line). The two thresholds found in the grating acuity experiments are drawn for
reference as well (bottom right). The dotted line connects contrast sensitivity thresholds and is
drawn for pictorial purposes only.

the distance between the spatial frequency on either side of the peak frequency
at which sensitivity declined by a factor of two. That is, width at half amplitude
was 2.69 octaves (0.45-2.90 cyc/deg). The high frequency cut-off (S(y) = 1)
was 3.81 cyc/deg.

4.3.4 Grating acuity

Grating acuity was measured at two contrast levels (0.991 and 0.779) with
a method similar to the one used in the contrast sensitivity experiments and
with identical stimulus configuration. In total, 343 trials in 4 experimental
sessions were recorded at maximum contrast. Grating acuity, expressed as
the wavelength of the sinusoid at which discrimination performance was at
threshold, was at both contrast levels similar: at 0.991 contrast level, grating
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Figure 4.5: Grating acuity was measured at two contrast levels. The left panel shows the results at
the highest contrast level possible with our display system (0.991). The circles denote discrimina-
tion performance at a given wavelength of the Gabor patch presented. The solid line is the logistic
fit to the data, the small horizontal bar is the 95 % confidence interval at threshold (Wichmann and
Hill, 2001a,b). At maximum contrast, 343 trials were recorded, with the majority lying around
threshold level (see bar plot at the bottom of each panel, denoting trial numbers per stimulus in-
tensity). Grating acuity threshold was found at a wavelength of 16.78 pixels, equalling a spatial
frequency of 3.62 cyc/deg. Due to lapses the owl displayed at high stimulus intensities, the up-
per asymptote of the psychometric function was corrected. In the right panel, the results for the
0.779 contrast level are shown. In total, 282 trials were recorded, grating acuity was at 17.36 pix-
els, equalling 3.51 cyc/deg. Note that in the condition shown in the right panel, additional spatial
frequencies (1.0, 0.7, 0.6 cyc/deg) were tested and lead to 100% correct responses. For figural
purposes, these are not shown here.

acuity was 16.78 pixels (CI: 12.86-18.36 pixels). This value equals a spatial
frequency of 3.62 cyc/deg. Here, performance level at threshold was 72.5 %
correct responses, due to lapses at high stimulus intensities. Out of the 343
trials, the 7 smallest intensity steps (12, 14, 15, 16, 18, 20, 25 pixel) made
up about 60 percent of all trials. This was due to the staircase rule applied to
stimulus intensity choice (compare figure 4.5).

In the lower contrast condition (0.779) grating acuity was 17.36 pixels (CI:
15.98-18.30 pixels), or 3.51 cyc/deg, defined at 75.0 % correct response level.
Here, out of 282 trials recorded in 3 sessions, 202 trials (71.6 %) were recorded
near threshold level (12, 14, 15, 16, 17, 18, 20 pixels).
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4.4 Discussion

4.4.1 Methodological considerations

Presenting acute contrast defined stimuli on a LCD computer display is the-
oretically limited in at least two ways: First, the minimal luminance-contrast
possible to be displayed might be not suited for extreme low-contrast stimuli.
We measured the actual contrast at every amplitude-step used in the experi-
ments with the Minolta LS-100 luminance meter in a calibration sequence. The
system was able to present contrasts below 0.01 reliably, and since all discrim-
ination thresholds found in the experiments were at contrasts above 0.05, the
display was suited for our purposes. Second, due to only 256 grayscale levels
possible to be output by the graphics-card, at low contrasts and/or low spatial
frequencies, the system might introduce unwanted high frequency borders in
the intended sinusoidal signal. The stimulus, then, would appear “jagged” and
not smooth. We tested this psychophysically with a human observer, reporting
the jaggedness of the stimulus. Again, aliasing artifacts appeared only at con-
trasts below 0.01, lying clearly beyond the range of contrasts actually tested in
the experiments. We concluded from this, that our display system, while in-
appropriate for human observers, was suitable for contrast thresholding in the
comparably limited range given by the visual system of the barn owl. This no-
tion was also reflected by the low-frequency roll-off displayed in the actually
measured contrast sensitivity function.

4.4.2 Implications of the results

Based on the results of the control experiments, we conclude that the owl was
able to incorporate a concept of the task, making a decision based on the orien-
tation of the grating in the Gabor patch alone, a prerequisite for the use of the
orientation discrimination paradigm. In trials with gratings of spatial frequen-
cies that were never used in the training sessions before, the owl showed similar
performance as in the training sessions. This was also true when the grating
was presented with random phase configuration. Moreover, the responses to
the stimulus showed robustness against a change in inter-trial alternative choice
to a quite large extent. While in training trials no more than three repetitions
of one alternative occurred consecutively, this was changed to a maximum of
7 possible consecutive repetitions in the control sessions. Again, performance
did not drop significantly, though this change might have increased fatigue and
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frustration in the owl. We conclude from this, that the applied psychophysical
method and stimuli produced a stable behavioral response in the animal.

On the other hand, in some experimental sessions (6 out of 11), the owl
showed a significant response bias towards one of the alternatives. This bias
was not consistent (4 sessions in which horizontal responses were preferred, 2
times reversed order), and disappeared completely at a lower level of statistical
first-order error. That is, with a 99 % confidence interval, bias was no longer
present. Interestingly, there was only one case in which the animal showed a
global bias without the presence of bias in near threshold trials. In all other
cases, a significant bias occurred only in near threshold trials. The preferred
bias that appeared in the grating acuity experiments supports the idea, that in
this special case it could have been a biased detection process, making the
task to detect vertical gratings easier’ than horizontal gratings. This type of
bias is also present and well described in human and primate observers and
termed orientation anisotropy (Campbell et al., 1966; Mansfield and Ronner,
1978). However, in almost half of the biased sessions in our contrast sensitivity
experiments, the vertical-horizontal preference was reversed, and, moreover, in
almost half of all sessions no bias was visible at all. Therefore, there is no clear
evidence for an orientation anisotropy in our data.

4.4.3 Comparative approach to barn owl contrast
sensitivity and grating acuity

The data presented here are the first measure of the behavioral spatial contrast
sensitivity function in the visual system of the barn owl. A maximum contrast
sensitivity of around 18 was found at a spatial frequency of around 1 cyc/deg.
Sensitivity declined rapidly for spatial frequencies smaller than 0.8 cyc/deg.
Grating acuity was derived from the high-frequency cut-off of the CSF to be
3.8 cyc/deg. Furthermore, grating acuity was reported independently at two
high contrast levels in a second behavioral experiment. Here, grating acuity
was found to be on the order of 3.6 cyc/deg.

For validation, these results can be compared to at least two studies, in which
contrast sensitivity and grating acuity was measured and computed electro-
physiologically and anatomically, respectively (figure 4.6). In an anatomical
study, retinal ganglion cell density was used as the basis for a grating acuity
estimation. A maximum ganglion cell density of 11000-12500 per mm?> was
reported at the area centralis, and, thus, a grating acuity of 7.9-8.4 cyc/deg
was calculated by application of the Shannon sampling theorem and an as-
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Figure 4.6: Comparative view on contrast sensitivity and grating acuity in the barn owl. The black
dots and black solid line are the contrast sensitivity values and CSF found in the present study.
The light gray dots and solid line are a re-plot of the CSF found by Ghim with the pattern electro-
retinogram (Ghim and Hodos, 2006). The arrows at the lower right indicate the different results
for grating acuity in the different studies. Specifically, these are an estimate according to the CSF
from our study (black), from an extrapolation of Ghim (light gray), and from an estimate based on
ganglion-cell count by Wathey (outlined) (Wathey and Pettigrew, 1989). The behavioral measures
of grating acuity from the present study are marked .

sumed retinal magnification factor of 0.15 mm/deg (Wathey and Pettigrew,
1989). While the geometry of the barn owl eye is described in detail (Scha-
effel and Wagner, 1996), it remains unclear how many of the ganglion cells
in area centralis are involved in spatial acuity tasks. Moreover, considering
the topography of ganglion cell density in the retina of barn owls, displaying
a horizontal streak of high cell density (5000-8000 per mm?), behavioral acu-
ity values lower than the theorized 8 cyc/deg become reasonable (Wathey and
Pettigrew, 1989).

In the electrophysiological study, the authors measured contrast sensitivity
in 4 barn owls with the pattern electro-retinogram (Ghim and Hodos, 2006).
Combined peak sensitivity of about 6 was found at a spatial frequency of 1.1
cyc/deg (figure 4.6). In this study, grating acuity (6.98 cyc/deg) was com-
puted based on extrapolation of the CSF beyond the measured high spatial fre-
quencies, similar as in the present study. While the spatial frequency at which
sensitivity peaks is in good accordance with our results, deviations appear in

61



4 Spatial contrast sensitivity

maximum sensitivity values and high frequency cut-off. These might be due
to the different methodological approach: the PERG method is known to pro-
duce about 40 % lower values of peak sensitivity when compared to behavioral
data in the same subject (Hodos et al., 2002; Peachey and Seiple, 1987). When
individual results of subjects in their study are compared to ours (contrast sen-
sitivity of 9 versus 16), this rule finds a relatively good quantitative accordance.
Grating acuity deviances might be due to different luminance values used for
visual stimulation. In their study, mean luminance of the display was 94 cd /m?.
Our experiments were conducted at intermediate light levels (2.7 cd /m?), be-
ing a more than 30 fold reduction of mean luminance. In human, primate, and
cat subjects it has been shown that a reduction of stimulus luminance affects
the CSF, and, therefore, grating acuity estimates to a large extent (Patel, 1966;
de Valois et al., 1974; Jacobs, 1977; Bisti and Maffei, 1974, Blake et al., 1974).

With a grating acuity of 3.6-8.4 cyc/deg, the barn owl is in good company
with other owls. Specifically, acuity values have been obtained in the little owl
(6 cyc/deg) (Porciatti et al., 1989), the great horned owl (6-7.5cyc/deg) (Fite,
1973), and the tawny owl (8 cyc/deg) (Martin, 1984). Compared to other rapto-
rial birds, owls lie on the lower end of the acuity spectrum. Known behavioral
acuity values span from extraordinary high values in the wedge tailed eagle
(140 cyc/deg) (Reymond, 1985; Schlaer, 1972), to manlike values of around
70 cyc/deg in the Australian brown falcon (73 cyc/deg) (Reymond, 1987) or
in the American kestrel (about 50 cyc/deg) (Hirsch, 1982). Superb acuities of
160 cyc/degin the American kestrel (Fox et al., 1976) have been questioned
due to a about 3 fold lower anatomical resolution (46 cyc/deg) (Dvorak et al.,
1983), and were re-tested in another study (39.7-71.4 cyc/deg)(Gaffney and
Hodos, 2003). Grating acuity of some other non-raptorial birds have been mea-
sured, either electrophysiologically or behaviorally, and the results place them
somewhere between owls and eagles on the acuity scale. Among those are for
example the quail (6.8 cyc/deg) (Hodos et al., 1991), the domestic chick (7.7-
8.6 cyc/deg) (Schmid and Wildsoet, 1998), the Blue Jay (15-19 cyc/deg) (Fite
and Rosenfield-Wessels, 1975), the pigeon (18 cyc/deg) (Porciatti et al., 1991),
the rook (30 cyc/deg) (Dabrowska, 1975), and the magpie (30-33 cyc/deg)
(Dabrowska, 1975).

The grating acuity of the barn owl reported here is of comparable magnitude
of results found in the cat (3.5-7.0 cyc/deg)(Berkley, 1976) and the galago
(2.6-4.3 cyc/deg)(Langston et al., 1986), a prosimian primate. This observa-
tion across animal species of such divergent phylogenetic origins supports the
speculation that their common nocturnal lifestyle is the important ecological
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factor setting the limits to spatial vision (refer to sections 3.4.2 and 6.2).
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5 Vernier acuity

Abstract

Vernier acuity thresholds were obtained psychophysically in three adult barn owls with vertical
bars and sinusoidal gratings. A minimal displacement threshold of 0.58 arcmin was observed with
the bar stimulus under binocular viewing conditions. The mean binocular bar threshold was 2.51
arcmin. Bar thresholds were lower than grating thresholds. Monocular thresholds, obtained in
one bird only, were typically higher than binocular thresholds. With grating acuity being about
3.75 arcmin in this bird, we conclude that the findings reported here indicate that vernier acuity is
hyperacute in the barn owl. The data presented here are the first demonstration of vernier acuity
thresholds in birds.
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5.1 Introduction

The ability of humans to detect tiny spatial offsets in paired lines, dots, or ob-
jects is known as vernier acuity. Psychophysical measures of vernier thresholds
yield values down to 1-5 seconds of arc (Westheimer and McKee, 1977; Sulli-
van et al., 1972; Levi and Klein, 1982). Compared to thresholds derived from
tasks that are physically limited by foveal cone spacing, such as two-point or
grating acuity, vernier acuity thresholds are about 6-30 fold lower (Edelman
and Weiss, 1995; McKee, 1991; Curcio et al., 1990). Thus, humans can deter-
mine the relative positional difference of spatially non-aligned features with a
precision that corresponds to only a fraction of the eye’s resolving power. This
makes vernier acuity a “hyperacuity’ phenomenon (Westheimer, 1975). So far
vernier thresholds have been obtained with humans (Wiilfing, 1892), monkeys
(Kiorpes et al., 1993), cats (Murphy and Mitchell, 1991) and rats (Seymoure
and Juraska, 1997), but not in birds.

The barn owl is a highly specialized nocturnal predator with exceptional
preying skills. In particular, barn owls are renowned for their superior sound-
localization capabilities (Wagner et al., 2005). However, also the visual system
in this bird shows anatomical, functional and physiological specializations.
The barn owl has frontally oriented eyes with high-quality optics (Schaeffel
and Wagner, 1996) that create an unusual large binocular field of view com-
pared to other birds (Martin, 1984). The barn owl has coupled accommodation
in both eyes (Schaeffel and Wagner, 1992), and an enlarged visual Wulst with
a high degree of binocular interaction and selectivity for binocular disparity
(Pettigrew, 1979; Wagner and Frost, 1993; Nieder and Wagner, 2000). It has
been shown that owls possess stereopsis and use disparity as a depth cue with
hyperacute precision (van der Willigen et al., 1998, 2002). Furthermore, barn
owls are also able to perceive illusionary contours (Nieder and Wagner, 1999).
Spatial visual acuity (i.e., minimum separable) in barn owl has been indirectly
reported as an anatomical measure of ganglion cell density (Wathey and Petti-
grew, 1989) and electrophysiologically in a pattern electro-retinogram (PERG)
study (Ghim and Hodos, 2006). These studies found a theoretical grating acu-
ity of 8.4 cyc/deg and 6.9 cyc/deg, respectively. The question asked here is
whether the barn owl displays hyperacuity in a vernier task. This was tested
behaviorally with two kinds of stimuli under binocular and monocular viewing
conditions.
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5.2 Materials and Methods

5.2.1 Subjects

Experimental animals were three male adult barn owls (Tyto alba pratincola,
Subjects SL, OL, PT) taken from the institute’s breeding stock. Earlier during
life a small aluminium stick was fixed to the owls’ skull with dental cement
under anaesthesia (for details see Nieder and Wagner (1999)). This stick was
used to fix a custom made spectacle frame to the owls’ head with which one
eye could be occluded. Training and experiments took place on 6 days per
week. Owls were given food (chick meat) only in the experimental booth via a
food dispenser or as a reward directly after the experiment inside the lab. When
no experiment took place owls were fed in their aviary. Care and treatment of
the owls were in accordance with the guidelines for animal experimentation
as approved by the Regierungsprisidium Koln, Germany, and complied to the
”NIH Guide for the care and use of laboratory animals”.

5.2.2 Experimental setup and general procedure

The birds were trained extensively with the largest vernier shift which was used
in the experiments until they reached significant performance, i.e. 68% correct
in the discrimination task. After this training phase, the experimental phase
started. All experiments were performed inside a sound-attenuated and dark-
ened booth. Birds were sitting on a perch 85 cm in front of a 17" TFT panel
(ran at its native resolution: 1280 x 1024 pixels). Whenever the owl oriented
its gaze toward the screen, a trial was initiated and a fixation target was shown
in the center of the screen. The fixation target consisted of a small flashing
diamond-shaped bright surface (30 arcmin in square, 2 Hz, 180 cd/m?). After
a variable time delay (2-5 s), the fixation target disappeared and the vernier
stimulus appeared. The birds had to peck one of two response bars, corre-
sponding to a left or right vernier shift in the stimulus. The response bars were
symmetrically placed to the left and right of a remotely operated food dispenser
that delivered, only on correct responses, small pieces of chick meat. False re-
sponses were neither rewarded nor punished. The time course was self-paced
to allow owls an accurate examination of the stimulus. A trial was interrupted
whenever the birds made large head movements and stopped fixation of the
screen. Head movements and fixation were controlled by observing the gaze
and eyes under infrared illumination on a TV monitor. Behavioral performance
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was controlled and monitored by custom-written software (ANSI-C application
using the OpenGL Utility Kit/GLUT) running on a Silicon Graphics worksta-
tion that also delivered the visual stimuli.

5.2.3 Visual stimuli and data acquisition

Two different vernier stimuli were used in the experiments. The first stimu-
lus (’grating’) was a vertical sine wave grating presented on dark background
(180 cd /m* peak luminance, 0.43 minimum luminance, 70 degree in square).
Michelson contrast was calculated from the measured values to be 0.995. Spa-
tial frequency was constant and set to a non critical large value (0.6 cyc/deg).
The vernier shift was introduced as a horizontal phase shift of the lower part
of the grating relative to its upper part. The second stimulus ("bar’) can be
regarded as a cut-out of one cycle from the grating stimulus (compare inset
in Figure 3. Note that, for illustrative purposes the stimuli here are drawn
as square wave gratings). Grating or bar stimuli and monocular or binocular
viewing conditions were applied in a random order.

A typical experiment consisted of about 120 trials of stimulus presentation
and owl responses. Since we presented either left or right vernier shifts, owls
could response left or right exclusively (2-AFC). Two staircases were recorded
in parallel in a randomly interleaved manner. On every correct response the
vernier shift in the stimulus decreased by one step, false responses lead to a
shift increment (1-up 1-down). The initial value was set to a 20 pixel vernier
shift. Following steps were 17, 14, 12, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1, 0.75, 0.5,
0.25 pixel. At the 0.85m viewing distance one pixel equalled 1.0526 minutes
of arc. In order to present sub-pixel shifts we used anti-aliasing procedures
which come along as built-in functions with the OpenGL Utility Kit (GLUT).

At least 8 reversal points in each staircase pair were taken to calculate the
arithmetic mean for each left and right track. After statistical check for equal-
ity, reversal points for both tracks were pooled and the threshold was expressed
as their overall mean. Thus, single threshold values presented here are the mean
values of at least 16 reversal points. In order to present a precise estimation of
true absolute thresholds we omitted all staircases from the estimation which
were biased according to two bias criteria. First we calculated the binomial
distribution for every case and rejected all results in which owls answered sig-
nificantly unbalanced (5.1).

P(k) = ()P (1—p)" " <0.05 (5.1)
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(With P(k): probability for k left responses, k: number of left responses, p:
probability for left stimulus, n: trials). Secondly we did a statistical comparison
between thresholds for left and right stimulus configuration after averaging
reversal points. If differences were significant (p < 0.05) according to the
Mann-Whitney U-test we rejected the staircase.

5.3 Results

5.3.1 Staircase procedure and response bias

Due to our criteria to account for bias, we first categorized our results into valid,
invalid and unusable cases. Out of a total of 98 staircases we used 44 staircases
for threshold estimation (valid case, Figure 5.1). We define a valid case as
a staircase in which the reversal points for left and right tracks converged to
values that were statistically equal (U-test, p < 0.05).

The other 54 staircases were excluded from the estimation due to a statistical
difference for left and right threshold values (27 invalid, compare Figure 5.2 a)
and unbalanced responding (27 unusable, compare Figure 5.2 b). In total, we
could record 10 valid staircases for subject SL, 22 for subject PT, and 12 for
subject OL. Due to a strong response bias in subject OL and SL under monocu-
lar conditions (i.e. wearing the spectacle frame and occluding one eye), all but
one monocular thresholds were obtained in subject PT. The number of trials
needed to reach the first reversal point below threshold value in each staircase
was counted. On average owl PT needed 58.9 trials to reach threshold level,
owl OL needed 60.7 trials, and owl SL needed 45.8 trials, which is signifi-
cantly earlier than the two others (U-test, p < 0.01). No significant difference
between conditions in single subjects was observed. Table 1 gives a detailed
view on numbers of valid, invalid and unusable staircases for each subject,
stimulus configuration and viewing condition. This table demonstrates that all
three owls were reliable in binocular tests, with the least number of unusable
cases occurring for binocular bar stimuli. Monocular tests were impossible in
owl SL and resulted in many unusable cases in owl OL.

5.3.2 Vernier thresholds

‘We could estimate vernier thresholds for all animals and conditions. However,
monocular thresholds were mainly based on data from one animal. The thresh-
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Figure 5.1: Staircase procedure. Exemplary result for subject PT under binocular viewing con-
ditions with bar stimulus. Two randomly interleaved staircases were presented at the same time.
Ordinate values indicate trial number, abscissa indicates vernier shift in minutes of arc for right
and left shifts, respectively. Squares are trials, circles mark reversal points in the staircase. For il-
lustrative purposes trials are connected by a gray line. In this case, the last 10 reversal points were
averaged for threshold estimation. Dotted line corresponds to zero shift. Black arrows together
with bar plot mark calculated thresholds for left and right track. Error bars are standard deviations.
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Figure 5.2: Biased response behavior. (a) Exemplary staircase result of owl PT under monocular
viewing conditions with the bar stimulus. After averaging the last 10 reversal points, thresholds
for left and right track are unequal according to the U-test. (b) Exemplary result of a strong bias
in subject OL (monocular, grating), preferring RIGHT over LEFT responses, regardless of the
presented stimulus. OL pushed in almost 80% of the cases the right response key. These staircase
curves were excluded from the threshold estimation. See method part for further explanation of
exclusion criteria.
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Figure 5.3: Summary of threshold values for all subjects and conditions. Marker differences in-
dicate the three owl subjects (circle: PT, diamond: OL, triangle: SL). Insets at the bottom show
stimulus configuration (grating vs. bar). Thresholds for subject OL show the largest scatter. The
lowest thresholds are clearly lower than the anatomical resolution.
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Table 5.1: Staircase experiments for all owl subjects and all conditions. Bold numbers are total
number of experiments for each condition. Numbers in brackets are valid/invalid/unusable cases.

Owl subject Number of thresholds

SL PT OL
Bar binocular 8(4/4/-) 6(4/2/-) 7(6/1/-)
Grating binocular 15(6/4/5) 9(4/5/-) 13(5/4/4)
Bar monocular -(-1-1-) 12(7/4/1) 9(-/1/8)
Grating monocular  -(-/-/-) 9(7/2/-) 10(1/-/9)
Total 23(10/8/5) 36(22/13/1) 39(12/6/21)

Table 5.2: Minimal and mean vernier thresholds for all subjects and conditions

Owl subject Vernier thresholds (arcmin)

SL PT OL

Min Mean Min Mean Min Mean
Bar binocular 0.58 1.21 141 1.86 2.02  4.02

Grating binocular 1.73 277 2.08 297 1.69 3.67
Bar monocular - - 1.80 2.81 378 378
Grating monocular - - 3.04 375 - -

olds differed from animal to animal, and they differed in the four test condi-
tions. Owl SL had significantly lower minimal and mean thresholds, compared
to the other owls (U-test, p < 0.05). Owl OL had the highest thresholds, except
for minimal binocular grating threshold. The lowest absolute threshold value
(0.58 arcmin # 0.23 SD) was found in subject SL under binocular viewing con-
ditions with the bar stimulus. The highest threshold (7.07 & 1.27 arcmin) was
derived from measures with subject OL under binocular viewing conditions
with the grating stimulus. Except for owl OL, minimal and mean thresholds
for the bar stimulus measured under binocular viewing conditions yielded low-
est values across all animals (see Table 5.2). Highest thresholds were found for
the bar stimulus under monocular viewing conditions in owl OL. Except for
owl OL, all thresholds measured with the bar stimulus yielded lower minimal
and mean thresholds than those measured with the grating stimulus. Threshold
scatter between animals differed. While subjects SL and PT had a mean stan-
dard deviation of about 0.6 arcmin across all thresholds, subject OL’s standard
deviation was about 3 fold higher (mean SD: 1.70 arcmin, compare Figure 5.3).
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5.3.3 Bar versus grating stimuli

Results from all subjects were used to compare the influence of stimulus con-
figuration on performance. A total of n=21 thresholds were derived with the
bar stimulus under test and n=23 with the grating stimulus (both binocular
and monocular). In two out of three subjects (PT and SL) a significant differ-
ence between the two stimulus configurations was observed (see Figure 5.4).
In subject PT mean threshold for bar stimulus was 2.46 arcmin (SEM=0.26)
while grating thresholds averaged to 3.47 arcmin (SEM=0.25). U-test was sig-
nificant (p < 0.025). Even more significant was the difference found in owl
SL (p < 0.01). Here, mean bar threshold was 1.21 arcmin (SEM = 0.24) and
grating threshold was 2.77 arcmin (SEM=0.36). Thresholds for bar and grating
stimuli in subject OL were on average almost identical (3.98 arcmin for bar and
3.67 arcmin for grating). Thresholds of owl OL were the highest in an abso-
lute sense and showed the highest standard deviations (SDgsg = 1.47arcmin,
SDgraring = 1.94arcmin) as well.
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Figure 5.4: Comparing the effect of stimulus configuration in subjects. According to the U-test,
grating vernier acuity yielded significant higher thresholds than bar vernier acuity in subjects PT
(n =22, p <0.025) and SL (n = 11, p < 0.01). For subject OL no differences were found. Note
that subject OL not only had the highest mean thresholds for both stimulus configurations, but also
highest standard deviations. Numbers are arithmetical means of thresholds, error bars are standard
error of means (SEM), and asterisks denote significantly different means.
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5.3.4 Monocular versus binocular viewing conditions

For this comparison data from subject PT were used. In total n=8 staircases
were recorded under binocular conditions and n=14 under monocular condi-
tions (both with bar and grating stimuli). We recorded monocular thresholds
with right (n=7) and left eye (n=7) occluded, respectively. Thresholds for the
two eyes were not significantly different (U-test, p > 0.2). Therefore, the data
were pooled. The arithmetic mean of binocular bar measurements yielded 1.86
arcmin (SEM=0.09), while monocular bar thresholds averaged to 2.81 arcmin
(SEM=0.18). The 1.86 arcmin were used as a normalization factor, and, thus,
monocular thresholds were about 1.5 times higher than the binocular thresh-
olds (Figure 5.4). The U-test did reveal a significant difference between the
two conditions (p < 0.001). The arithmetic mean of binocular grating mea-
surements yielded 2.97 arcmin (SEM=0.17), while monocular grating thresh-
olds averaged to 3.76 arcmin (SEM=0.07). Normalization demonstrated that
monocular thresholds were about 1.3 times higher than the binocular thresh-
olds. Again, the U-test showed a significant difference (p < 0.005).

5.4 Discussion

By using the simple one-up one-down staircase method, we demonstrated that
barn owls can discriminate vernier offsets in computer generated visual stimuli.
It is discussed whether this finding is evidence that in this bird, as in the human
visual system, vernier acuity is a hyperacuity phenomenon. Furthermore, our
results showed that discrimination performance in the vernier task is affected
by two conditions, i.e. binocular vs. monocular viewing conditions and bar vs.
grating stimulus configuration.

5.4.1 Method

Reproducibility of threshold values indicates that the staircase method is a
feasible tool for testing barn owls on difficult visual tasks. Earlier attempts
were conducted using the method of constant stimuli and calculating the com-
plete psychometrical function. Since data points in such functions consisted of
records made on several days, this method suffered from reproducibility (com-
pare (de Weerd et al., 1990)). On the other hand, staircase experiments yielded
valid results in about 45% of the cases.
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5.4.2 Is vernier acuity a hyperacuity phenomenon in the
barn owl?

The data presented here are the first behavioral report of vernier acuity thresh-
olds in an avian visual system. We showed that barn owls can discriminate tiny
spatial offsets in vertical bars and gratings. In order to benchmark this finding
our thresholds needed to be compared with conventional spatial visual acu-
ity thresholds. Spatial visual acuity, i.e. two-point acuity or grating acuity, has
been determined in the barn owl only indirectly in an anatomical study (Wathey
and Pettigrew, 1989) and by PERG (Ghim and Hodos, 2006). The results esti-
mate spatial visual acuity to be 8.4 and 6.8 cyc/deg, respectively. In our results
lowest values for vernier acuity were on the order of 0.6 arcmin. In our stimu-
lus situation, using bars as a stimulus, an argument put forward by Harris and
Fahle (1995) might hold, and, thus, the measured values have to be doubled to
obtain the true vernier thresholds. Thus, we arrive at 1.2 arcmin. If half of a
cycle in a grating is regarded as the separable visual entity, 1.2 arcmin equals
25 cyc/deg. This is a 3 fold better threshold value than the grating acuities re-
ported (Wathey and Pettigrew, 1989; Ghim and Hodos, 2006). 7/44 = 16% of
the threshold values were in the hyperacute range, even after the above men-
tioned correction. This was observed in each of the three animals. Therefore,
we conclude that barn owls can determine the relative positional difference of
spatially non-aligned features with a precision that corresponds to only a frac-
tion of their eye’s resolving power. Following terminology in human visual
research, vernier acuity is a hyperacuity phenomenon in barn owls.

5.4.3 Influence of stimulus configuration and viewing
conditions

In two out of three animals bar thresholds were significantly lower than thresh-
olds measured with the grating stimulus. The reason why this effect was not
observed in the third owl is unclear. Earlier studies of human vernier acuity
reported that a competing stimulus placed adjacent to a vernier offset results
in a reduction of vernier thresholds (Westheimer and Hauske, 1975). In the
context of vernier acuity this effect may be produced by either lines that flank
a single line vernier stimulus, or by increasing the number of periods of a
vernier-grating stimulus (Levi and Klein, 1985; Barrett et al., 1999), a situa-
tion comparable to our grating stimulus. This interference of spatially adjacent
stimuli in the human visual system is often referred to as crowding, or mask-
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ing effect (Pelli et al., 2004). Its presence in the barn owl visual system could
indicate that common mechanisms may underlie vernier acuity in these two
species.

Furthermore, the results presented here showed that binocular vernier acu-
ity outperformed monocular vernier acuity by some 30-50%, depending on
the stimulus configuration (grating vs. bar). An improvement in performance
by V2 (41%) would indicate that binocular summation plays a role, which is
due to the doubling of receptors (i.e. eyes) solving the task (Campbell and
Green, 1965a). Earlier studies with human subjects reported that vernier dis-
crimination is better with two eyes than with one, showing summation ratios
around 40-60% (Banton and Levi, 1991; Frisen and Lindblom, 1988; Lind-
blom and Westheimer, 1989). This binocular advantage is similar to that found
for contrast-detection thresholds in humans, and the amount of summation is
dependent on the stimulus contrast. Therefore, a direct comparison of the here
found summation ratios and the human summation ratios will be accomplished
satisfyingly only if data of the contrast sensitivity function in the barn owl are
available.

The current data show that barn owls can discriminate vernier stimuli below
1 arcmin displacement angle. Based on grating acuity estimation our findings
indicate that vernier acuity is a hyperacute percept in this species. The lowest
threshold (0.58 arcmin) is 3 fold lower (better) than the assumed grating acu-
ity. Statistical analysis of different viewing conditions indicates that binocular
viewing outperforms monocular viewing by some 30-50%. Thus binocular
summation seems to play a role in vernier discrimination by owls. Perfor-
mance is similarly affected as in humans by the choice of stimulus configura-
tion. Bar stimuli yielded lower values than grating stimuli, an effect referred to
as crowding in human subjects.
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6 General discussion

The visual system of the barn owl has yet been studied in an ample variety of
neuroscientific approaches. To name only a few, these range from anatomical-
histological studies of retinal circuitry (Oehme, 1961), to electrophysiological
characterizations of brain areas that are largely devoted to vision (Nieder and
Wagner, 2000), from behavioral descriptions of perceptual performances in
stereo-acuity tasks (van der Willigen et al., 1998), to video-based gaze analysis
revealing attentional mechanisms in barn owl vision (Ohayon et al., 2008). —
An impressive aggregation that demonstrate the scientific importance conceded
to the studies of animal vision.

Nevertheless, what was surprisingly lacking from barn owl literature up to
now, was the description of the very basal visual capabilities of this animal.
These are, specifically, measures of the behavioral visual acuity and sensitivity,
both generally constituting the very limits of spatial vision in an animal. I
regard those as the functional foundations of a visual system, and any further
analysis of the system should take them into account.

With this thesis, I undertook some quantitative analysis of three basic vi-
sual capabilities in the barn owl. Optical quality of the owl eye was assessed
with objective measurements of wavefront aberrations. In a set of psychophys-
ical experiments, the ability to distinguish gratings of different orientation was
used to measure the bird’s absolute resolving power. Contrast sensitivity was
measured with the same technique along another dimension. Here, luminance
contrast at several spatial frequencies was varied in an adaptive procedure until
the discrimination threshold, and hence, contrast sensitivity was obtained.

Additionally, a peculiar characteristic of spatial vision in the barn owl was
demonstrated in a series of psychophysical experiments. It was shown that
barn owls are able to discriminate the vertical offset in a pair of abutting lines
or gratings with a precision that outperforms normal visual acuity in the same
subject. To my best knowledge, this was the first demonstration of a monocular
hyperacuity phenomenon in an avian species, a feat that is shared with rodents,
felidae and primates.

79



6 General discussion

How does the world look like through the eyes of the barn owl?

Finally, the question raised at the very beginning of this thesis is attempted
to be answered. It goes without saying that it would be beyond the scope of
this study to involve philosophical arguments, which, for that matter, might
be better suited to address the question strictly verbatim. In fact, as it was al-
ready performed during the course of this thesis, the question will be addressed
in a mere practicable manner, reducing the issue to its biological meaningful
components. Thus, this very last section of the thesis should be regarded as
an attempt to bring together the fundamental principles of barn owl vision in
terms of visual neuroscience. That is, to build up educated conjecture of how
the visual world is experienced in a barn owl, by special consideration of the
owl’s eye, and the neural components creating vision, both at earlier and later
stages of information processing.

6.1 The eye

A first look into the face of a barn owl reveals the animal’s dedication to visual
perception. Though it was already said, it is important to mention that its
eyes in relation to its body size and weight are extremely large (Schaeffel and
Wagner, 1996; Howland et al., 2004) — a feature that is typical for avian species.
With only a few exceptions, birds generally possess large eyes. Many owls and
raptors have eyes that are even larger than human eyes (Hughes, 1979; Murphy
et al.,, 1985; Howland et al., 2004). In fact, the largest eye of a terrestrial
vertebrate is that of a bird, the ostrich, with a diameter of about 50 mm, twice
as long as the human eye (King and McLelland, 1984; Waldvogel, 1990). It is
a given fact that large eyes result in a larger retinal image, which, in turn, could
subserve to meet different ethological requirements. For a fixed number of
retinal photoreceptor-cells, a larger image will increase visual acuity, because
the angular distance between adjacent objects to be resolved will be increased
as well. A comparison of visual acuity values in different birds is presented in
the next section (6.2).

Large eyes also make way for more light to enter the eye, a prerequisite for
elevated sensitivity, and, therefore, adequate for a life in dim light conditions
(Warrant, 2004). Summed up in the Land sensitivity equation (Land, 1981),
sensitivity is directly proportional to pupil size and inversely proportional to
focal length. The same relation is expressed by the f-number, the ratio between
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focal length and maximal entrance pupil diameter. As a result, a low f-number
constitutes high optical sensitivity by allowing the retinal image to be brighter.
In the barn owl, the f-number is quite low, 1.3 (Schaeffel and Wagner, 1996),
being of equal amount as in another nocturnal owl, the tawny owl (Martin and
Gordon, 1974b). Serving as a benchmark, the f-number in the dark adapted
human eye is 2.1. As an extreme example, the lowest f-number ever reported
is that of the deep-sea ostracod Gigantocypris miilleri, being as low as 0.25
(Land, 1981).

Apart from the barn owl’s advantageous eye geometry — large and tubular,
and thus forming a large and bright retinal image — little was known about reti-
nal image quality, which would set the primary resolution limit to the bird’s
visual experience. Following an observation by Schaeffel and Wagner (1996),
high optical quality was reported from photoretinoscopic images of the adult
owl eye. In the course of the present thesis, this issue was addressed in a quan-
titative approach. I measured the ocular wavefront aberrations in eight awake
barn owl eyes with a state-of-the-art Tscherning wavefront aberrometer under
natural viewing conditions. The eyes’ point-spread function, the modulation
transfer function and theoretical retinal image quality were subsequently cal-
culated from the measured wavefront maps (refer to section 3, page 27).

Among the whole set of ocular aberrations, it turned out that only minor
astigmatism terms were present, amounting to a mean spherical equivalent of
about 0.03 D. Furthermore, higher-order wave aberrations (HOA) were ex-
tremely low, with a mean RMS wavefront error of about 0.10 um. This is
about 3-fold lower than in human eyes (Howland, 2002; Porter et al., 2001).
Also, HOA in eyes of another nocturnal species, the cat, are about 3.7 times
larger than those of the owl (Huxlin et al., 2004). Due to the measurement
method, lacking a direct control of accommodation, no further conclusions can
be drawn about the animals’ normal refractive state. Nevertheless, other stud-
ies point out that accommodative range is comparably large in the barn owl,
and that it has some functional properties in the assessment of distance for
short ranges (Howland et al., 1991; Wagner and Schaeffel, 1991; Schaeffel and
Wagner, 1992, 1996). Most of the owls’ PSF resembled the diffraction limited
PSF for the same pupil size, which was also presented in a set of convoluted im-
ages. Here, theoretical retinal image quality demonstrated that the barn owl’s
optical apparatus is sufficient to create images of exceptional sharpness. The
modulation transfer function for the pooled barn owl data almost completely
paralleled the human data over the whole range of spatial frequencies. Barn
owl modulation transfer typically excelled at low frequencies, and fell short at
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spatial frequencies higher than 25 cyc/deg. This finding might be interesting
with regard to the animal’s contrast sensitivity, which will be discussed in the
forthcoming section. Keep in mind that modulation transfer in the owl eye is
especially good at very low spatial frequencies, i.e. lower than 10 cyc/deg.

To recapitulate, the superb optical quality reported in this thesis together
with earlier findings and general considerations about eye design, support the
hypothesis that the eyes of a barn owl are well-adapted to meet the challenging
visual requirements that are implicated by a nocturnal or crepuscular lifestyle
(Martin, 1984; Schaeffel and Wagner, 1996; van der Willigen et al., 2003; War-
rant, 2004).

6.2 Visual acuity

Being stated that retinal image quality in barn owls is very good, this has no
implications on how much spatial detail that is present in the image is actually
perceived by the animal. Further, neural processes of vision come into play.
The extent of spatial detail that is coded depends on the spatial arrangement
of the receptor-cell lattice and requires the possibility that single receptors or
small groups of receptors are excited independently. Furthermore, this spatial
information has to be preserved up to those brain areas where the perceptual
decision, i.e. vision, takes place. One way, to find out about perceptual visual
acuity, is to measure the animal’s resolution capabilities in a behavioral experi-
ment. This was done in a set of psychophysical experiments, in which the barn
owl’s task was to discriminate the orientation of Gabor patches. Spatial fre-
quency was altered in an adaptive procedure, and the discrimination threshold
was derived from the complete psychometric function.

Grating acuity was tested at two discrete high contrasts and yielded very
similar results, 3.6 and 3.5 cyc/deg, at 99 % and 78 % contrast, respectively.
These results were obtained in more than 620 individual trials, and small con-
fidence intervals at threshold level strengthen the quantitative relevance of this
finding (compare figure 4.5, page 58). Moreover, the results are in very good
agreement with the high-frequency cut-off of the contrast sensitivity function
(3.8 cyc/deg), which will be discussed in detail in the next section.

This result, a behavioral grating acuity below 4 cyc/deg, sounds somewhat
astounding, since, as was said earlier, retinal image quality is that good in this
animal. It seems, there is no need to have optics that would allow visual acuities
that outperform the actual acuity by an order of magnitude or more. A closer

82



6.2 Visual acuity

look at the modulation transfer function — the quantitative relation of how good
spatial detail is preserved in the retinal image — reveals that, especially in the
barn owl, modulation transfer is raised at low spatial frequencies. Thus, the ex-
cellent optics in the owl eye affect not only maximum resolution possibilities,
but also preserves contrast levels for visual detail that lies in the acuity range
actually used.

There are several lines of evidence found in the literature that endorse the
statement of low acuity in the barn owl. As put forward by Warrant (2004),
nocturnal and crepuscular animals generally have to find a trade-off between
sensitivity and acuity. The loss of information capacity of the eyes that goes
along with falling light levels (Snyder et al., 1977b,a) is then counteracted
by increasing sensitivity with larger, more effective channels of lower density
(Laughlin, 1990; Srinivasan et al., 1982; van Hateren, 1993; Warrant, 1999),
ultimately sacrificing sharp vision for higher sensitivity. It seems, that also in
the barn owl this rule is utilized.

The barn owl’s retina is dominated by rods (Braekevelt, 1993; Braekevelt
et al., 1996) and lacks a pronounced deep fovea (Oehme, 1961), which is on
the other hand typical for diurnal birds (Meyer, 1977b). The temporal area
centralis of the barn owl primarily contains rods, with a rod:cone ratio of 19:1
(Oehme, 1961). Moreover, receptor-ganglion cell convergence in that area is
on the order of 10:1 (Oehme, 1961). A maximum ganglion cell density of
1100012500 per mm? was reported for area centralis, and by application of
the Shannon sampling theorem and an assumed retinal magnification factor of
0.15 mm/deg, grating acuity was calculated to be 7.9-8.4 cyc/deg (Wathey and
Pettigrew, 1989). This theoretical value is in good agreement with the high-
frequency cut-off of the barn owl CSF (6.98 cyc/deg) that has been measured in
a pattern electro-retinogram study (Ghim and Hodos, 2006). Though the grat-
ing acuity values presented throughout this study (3.6-3.8 cyc/deg) are about
two-fold lower, they accompany those theoretical estimations well. Given that
absolute luminance in our stimulation setup was relatively low (2.7 cd /m?),
this fact alone could account for a reduced maximum acuity, an effect which
has been demonstrated in several other studies (Patel, 1966; de Valois et al.,
1974; Jacobs, 1977; Bisti and Maffei, 1974; Blake et al., 1974; Banks et al.,
1987).

With a grating acuity of 3.6-8.4 cyc/deg, the barn owl is in good company
with other owls. Generally, owls lie at the lower end of the acuity spectrum
of birds (compare last paragraph of section 4.4.3 for a list of acuities in other
birds). As discussed above, vision in the crepuscular barn owl had to find
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6 General discussion

a trade-off between absolute sensitivity and reasonable acuity, that together
would engage the owl to master challenging light conditions. It does not come
as a surprise that grating acuity in animals that share a similar lifestyle show
similar values, e.g. in the cat (3.5-7.0 cyc/deg) (Berkley, 1976), or in the
galago (2.64.3 cyc/deg) (Langston et al., 1986).

6.3 Contrast sensitivity

By measuring the perceptual limit that barn owls encounter when they are sup-
posed to discriminate between visual objects of different spatial detail, a first
step towards a description of its visual capabilities is taken. On the other hand,
visual perception is not solely dedicated to detect and distinguish between ob-
jects that are close to the acuity limit. In many cases, it seems, vision deals
with entities that are larger than the acuity limit. To account for those cases,
the spatial contrast sensitivity functions (CSF) describes up to which minimal
contrast visual detail of different spatial frequency component can be detected
by the observer — a classical approach in the field of visual neuroscience.

In this study I measured the CSF of the barn owl in a psychophysical experi-
ment. The owl had to discriminate the orientation of a Gabor patch in a typical
two-alternative forced-choice discrimination paradigm. Contrast was changed
adaptively according to a transformed up-down rule. From such staircases, the
complete psychometric function was calculated for eleven spatial frequencies,
and contrast sensitivity was expressed as the inverse of the applied contrast at
threshold level. The CSF displayed the typical inversely U-shaped progres-
sion, with steep attenuation for high and low spatial frequencies. Maximum
sensitivity of around 18 (equalling a contrast of 5.5 %) was found at a spatial
frequency of 1 cyc/deg. Sensitivity dropped to about 2.6 (contrast: 38 %) at
the lowest spatial frequency tested (0.38 cyc/deg), and also sharply declined to
sensitivity values of about 3.2 (contrast: 31 %) at the highest spatial frequency
(2.2 cyc/deg).

Although this was the first report of the behavioral CSF in the barn owl,
an electrophysiological study on the barn owl CSF already existed (Ghim and
Hodos, 2006). Here the CSF was measured with a pattern electroretinogram
(PERG). Generally, the conclusions derived from the PERG are, due to the
measuring principle, focussed on neural processes in the retina, and lack con-
sideration of perceptual processes on later neural stages. To account for those
as well, the necessity to measure the behavioral CSF was given. As a result,
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6.3 Contrast sensitivity

the comparison of the behavioral and electrophysiological CSF in the barn owl
was now made possible (refer to section 4.4.3). Briefly, the behavioral CSF
displayed a maximum sensitivity that was about twice as high as in the PERG,
and about half the cut-off frequency for high spatial frequencies. These differ-
ences can be explained by inherent features of the PERG (Peachey and Seiple,
1987; Hodos et al., 2002) and differences in the absolute luminance of visual
stimulation (as was already mentioned in the last section).

Nevertheless, the results of the two CSF studies shared some principle fea-
tures. The general shape of the CSF, spatial frequency at peak sensitivity, and
width of the CSFs were very similar. As it is typical for avian species, bird
CSFs exhibit much narrower band-pass characteristic, and, therefore, display
a lower width at half amplitude than it is typical for primates and other ver-
tebrates. This is visible in CSF measurements in all the eagle (Reymond and
Wolfe, 1981), kestrel (Hirsch, 1982), pigeon (Hodos et al., 2002), quail (Lee
et al., 1997), the woodpecker and the starling (Ghim and Hodos, 2006), and
now the barn owl (Ghim and Hodos, 2006) (see also section 4.3.3). It is ar-
gued that this might be a consequence of different receptive field properties
of ganglion cells in the different species (Irvin et al., 1993). Another striking
commonality in bird CSFs, which is also present in the barn owl CSF, is the
typical low maximum sensitivity. In no bird that has been tested so far, con-
trast sensitivity excelled 30 (corresponding to a minimum contrast detectable of
around 3.3 %, measured in the kestrel) (Hirsch, 1982). Humans display, on the
other hand, maximal sensitivity above 200, or, in terms of minimum contrast
< 0.5% (Georgeson and Sullivan, 1975). Several primates and even fish have
maximal sensitivities of around 100 (de Valois and Morgan, 1974; de Valois
et al., 1974; Merigan, 1976; Northmore and Dvorak, 1979). This observation
has been studied in greater detail by Hodos et al. (1997), taking several ex-
perimental, optical and neural parameters into account, and concluded that no
single parameter alone could explain low contrast sensitivity in birds (Hodos
et al., 1997; Ghim and Hodos, 2006). While small band-width and low con-
trast sensitivity are all common among bird CSFs, the location of the CSF on
the spatial frequency axis differ among species. This is easily explained by the
individual maximum acuity the birds exhibit. While the eagle and kestrel, both
equipped with high resolution capabilities (70-140 cyc/deg), have CSFs with
maximum sensitivity at a spatial frequency of around 10 cyc/deg, the quail, pi-
geon and barn owl’s maximum sensitivity is shifted towards lower spatial fre-
quencies, lying somewhere around 1 cyc/deg. Consistently, these three species
have maximum resolutions (pigeon: 8 cyc/deg, barn owl: 3.6 cyc/deg, quail:
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2.5 cyc/deg) that are essentially lower than those of the two raptorial species.

6.4 Specialities of avian vision

Up to this point, some of the fundamental aspects of spatial vision in the barn
owl are specified: retinal image quality in the barn owl eye is excellent, but its
crepuscular lifestyle has proved to have a large impact on the barn owl’s reso-
lution capabilities, favoring sensitivity over acuity. Consistently, visual acuity
was found to be comparably poor in the barn owl, yet is similar as in animals
that exhibit a comparable lifestyle. Moreover, barn owls display the typical
narrow-bandwidth CSF with low maximum contrast sensitivity, a feature that
is common to all birds that have been tested so far.

In chapter five of this thesis, results from an additional investigation are pre-
sented (page 65). Here, light is shed upon computational mechanisms in barn
owl vision. Three owls were trained to discriminate a horizontal offset in paired
lines or gratings — a typical hyperacuity task, known as the vernier. Vernier dis-
crimination thresholds were subsequently determined in an adaptive staircase
procedure. It turned out that all owls were able to discriminate these stimuli
with hyperacute performance. That is, the smallest offset detectable lay clearly
below grating acuity values (3.6-8.4 cyc/deg, equalling 8.3-3.6 arcmin). Min-
imal vernier thresholds across subjects were in the range of 0.58—1.69 arcmin,
being 2 to 14 fold lower (better) than grating acuity results. It should be noted,
that there was only one animal which was tested both in grating and vernier
acuity experiments. Thus, a direct comparison between thresholds in the two
tasks is limited to those results. In this subject, however, differences between
vernier and grating acuity thresholds were large. Owl SL was able to discrimi-
nate vernier targets down to 0.58 arcmin (mean: 2 arcmin), while, on the other
hand, displayed a behavioral grating acuity of 8.3 arcmin. It can be concluded,
that barn owls do perform the vernier task on a hyperacute level.

These data are the first behavioral report of vernier acuity thresholds in an
avian visual system. They are in accordance with vernier acuity thresholds
in humans, primates, rats, and cats, all reporting hyperacute performance of
equal relative amount (Wiilfing, 1892; Murphy and Mitchell, 1991; Kiorpes
et al., 1993; Seymoure and Juraska, 1997). Given the divergent phylogenetic
origins of the visual systems among those species, it can be discussed, whether
hyperacute performance in positional acuity tasks could be an inherent feature
of spatial vision itself. This hypothesis earns further support by the observa-
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tions presented in this thesis. It was shown that binocular vernier thresholds are
lower than those, that have been obtained with one eye (1.3 to 1.5 fold). Simi-
lar summation ratios are found in human subjects (Frisen and Lindblom, 1988;
Lindblom and Westheimer, 1989; Banton and Levi, 1991). Furthermore, in a
crowded stimulus situation, barn owls performed worse than in non-crowded
trials. The same effect is visible in human observers (Levi and Klein, 1985;
Barrett et al., 1999).

The earlier discovery of another hyperacuity percept in the barn owl, stereo-
acuity, may underpin the same argument in the binocular domain. The ge-
ometrical arrangement of the owl eyes, being oriented frontally in the head,
constitutes the owl’s ability for stereovision. In a series of behavioral studies, it
was shown that barn owls do have global stereopsis, and indeed use horizontal
disparities as a depth cue (van der Willigen et al., 1998, 2002, 2003). Interest-
ingly, stereoacuity values were on the order of 2 arcmin, being clearly lower
than behavioral grating acuity in the same animal (refer to section 4). This
demonstrates that hyperacute performance in stereo tasks is not limited to hu-
man and primate observers (Sarmiento, 1975; Hadani et al., 1980). Moreover,
another bird, the pigeon, exhibits hyperacute stereovision as well, although its
lifestyle and binocular field differs from that in the barn owl and other typical
stereo-vision animals to great amounts (McFadden, 1987). Hyperacute stere-
ovision was also demonstrated in the cat (Mitchell et al., 1979) and the horse
(Timney and Kei, 1999).

Up to now, one important feature of spatial vision has been left out of the
discussion, because it was not directly addressed in the course of the present
thesis. In humans, one of the most important perceptual capacities is the sense
of color. Color vision adds another feature to the set of attributes natural ob-
jects are composed of, and ultimately aids object separation and identification.
Because this field has never been studied in the barn owl directly, it can only
be speculated whether barn owls have color vision. Generally, one has to dis-
tinguish between the mere physical capacity of wavelength discrimination and
the perceptual ability of perceiving colors. Avian scientists have shown that
birds possess both. The retinas of most birds contain multiple spectral classes
of cones, including the typical L-, M- and S-cone classes that are found in
primates (Palacios and Goldsmith, 1993; Valera et al., 1993). Additionally,
birds commonly have a spectral cone-class in the ultraviolet or near ultravio-
let range (Chen et al., 1984; Goldsmith, 1980). Moreover, the cones of birds
contain colored oil droplets, through which light passes when striking cone
photo-pigments (Valera et al., 1993). The oil acts as a filter for different wave-
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lengths, and, hence, the number of functional spectral sensitivities may grow
beyond the number of different cone classes.

Among nocturnal birds, color vision has been extensively studied by Mar-
tin in the tawny owl (Martin, 1974; Martin and Gordon, 1974a; Martin et al.,
1975; Martin, 1977). It turned out that the tawny owl is trichromatic, with at
least four different classes of oil droplets (Bowmaker and Martin, 1978). The
tawny owl showed behavioral color discrimination capabilities that were inde-
pendent of absolute luminance in the stimuli. Although absolute discrimination
performance was comparably poor, these results suggested that the tawny owl
indeed perceives color, on top of being able to discriminate different wave-
lengths (Martin, 1974). If the same was true for the barn owl, the decreased
absolute visual acuity and low contrast sensitivity that have been presented in
this thesis, could be additionally explained by the presence of different cone
classes with different spectral sensitivities. Although humans are trichromatic,
for example, in the very center of the human fovea, S- cones are missing, prob-
ably to preserve high acuity (Curcio et al., 1990).
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7 Summary

Optical quality in barn owl eyes was measured with a standard Tscherning-type
wavefront aberrometer. The results revealed that barn owl eyes have excellent
optical quality. Higher-order aberrations were about 3-fold lower than has been
reported in human eyes with similar methods and under comparable conditions.

The spatial contrast sensitivity function (CSF) of the barn owl was measured in
several psychophysical experiments with an orientation discrimination task. As
in humans and virtually any other animal, the CSF of the barn owl rendered the
typical band-limited inverted u-shaped function, with attenuated sensitivities
for high and low spatial frequencies. Maximal sensitivity of about 20 was at a
spatial frequency of about 1 cyc/deg.

With a similar discrimination task, grating acuity was measured in a separate
behavioral experiment. The results, 3.7 cyc/deg, are in good agreement with
the high-frequency cut-off of the CSF, and put the barn owl on the very low
end of the acuity spectrum compared to other owls and birds.

The barn owl displays discrimination thresholds in psychophysical vernier acu-
ity experiments that are substantially lower than the resolution limit derived
from the high-frequency cut-off of the behavioral and electrophysiological CSF.
Moreover, the thresholds were also lower than the behaviorally measured grat-
ing acuity, and than theoretical values derived from an anatomical study of the
bird’s retina. It is concluded, that vernier acuity is a hyperacute percept in the
barn owl.

Vernier acuity thresholds of the barn owl seem to be similarly influenced by
the choice of stimulus configuration and viewing conditions as it is the case
in human observers. Specifically, vernier thresholds were worse in a crowded
stimulus situation, and better under binocular viewing conditions. The latter is
referred to as binocular summation in human subjects.
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