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Abstract In mammals, species with more frontally
oriented orbits have broader binocular visual fields and
relatively larger visual regions in the brain. Here, we test
whether a similar pattern of correlated evolution is present
in birds. Using both conventional statistics and modern
comparative methods, we tested whether the relative size
of the Wulst and optic tectum (TeO) were significantly
correlated with orbit orientation, binocular visual field
width and eye size in birds using a large, multi-species data
set. In addition, we tested whether relative Wulst and TeO
volumes were correlated with axial length of the eye. The
relative size of the Wulst was significantly correlated with
orbit orientation and the width of the binocular field such
that species with more frontal orbits and broader binocular
fields have relatively large Wulst volumes. Relative TeO
volume, however, was not significant correlated with either
variable. In addition, both relative Wulst and TeO volume
were weakly correlated with relative axial length of the
eye, but these were not corroborated by independent con-
trasts. Overall, our results indicate that relative Wulst
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volume reflects orbit orientation and possibly binocular
visual field, but not eye size.
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Abbreviations

GLd Nucleus geniculatus lateralis, pars dorsalis
GLv  Nucleus geniculatus lateralis, pars ventralis
HA  Apical hyperpallium

HD Densocellular part of the hyperpallium

HI Interstitial part of the hyperpallium

IHA Intercalated part of the hyperpallium
LGN Lateral geniculate nucleus

S1 Primary somatosensory cortex

TeO  Optic tectum

Vi Primary visual cortex

N Wulst

Introduction

Orbit orientation varies tremendously among birds from
the laterally placed eyes of the woodcock (Scolopax rust-
icola; Martin 1994) to the more frontally oriented eyes of
owls. The orientation of the orbits has significant impli-
cations for the shape and size of the visual field. More
laterally oriented orbits result in a broad visual field, but at
the cost of a narrower binocular visual field (e.g., Martin
1994). More frontally oriented orbits, however, result in a
larger binocular visual field, but at the cost of a large
posterior blind field (e.g., Martin 1984). In mammals,
species with frontally oriented orbits tend to have broader
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binocular fields (Heesy 2004) and both frontal eyes and
broad binocular fields are correlated with the relative size
of visual regions in the brain. For example, the relative
sizes of the lateral geniculate nucleus (LGN), primary
visual cortex (V1) and the entire neocortex are all posi-
tively correlated with more frontally oriented and
convergent orbits in primates (Barton 2004). That is, the
sizes of these visual regions are larger in those species with
more frontally oriented and convergent eyes. Whether
similar correlations between visual brain regions and orbit
orientation and binocular visual field occur in birds has,
however, remained unexplored.

Based upon physiological, developmental and hod-
ological evidence, the homolog of the mammalian V1 in
birds is the visual Wulst (Karten et al. 1973; Pettigrew
1979; Shimizu and Karten 1993; Medina and Reiner 2000;
Husband and Shimizu 2001; Reiner et al. 2005). In a
similar fashion to V1, the Wulst is retinotopically orga-
nized (Pettigrew 1978, 1979) and electrophysiological
studies of owls and raptors have shown that the majority of
cells in the Wulst have receptive fields in the area of
binocular overlap in the visual field and many are binocular
with disparity sensitivity (Pettigrew and Konishi 1976a;
Pettigrew 1978, 1979). Given the marked similarity
between V1 and Wulst and the likely role of the Wulst in
mediating binocularity in more frontally eyed birds, it
would seem reasonable to predict that relative Wulst size
might be correlated with both orbit orientation and size of
the binocular visual field. There are, however, several
caveats that could affect this relationship between the
Woulst and the peripheral visual system.

Although a link between the Wulst and binocularity has
been demonstrated in more frontally eyed species, the data
for more laterally eyed birds is inconclusive. For example,
binocular cells with frontal receptive fields are present in
the domestic chick (Gallus domesticus) (Wilson 1980), but
similar cells have not been discovered in pigeons (Columba
livia) (Miceli et al. 1979), despite the fact that pigeons are
capable of stereopsis (McFadden and Wild 1986). Binoc-
ular cells are present in other structures in pigeons, such as
the nucleus of the basal optic root (nBOR) (Wylie and
Frost 1990), but these have receptive fields up to 180° apart
and are therefore not associated with stereopsis. Thus, the
association between the Wulst and binocularity and/or
stereopsis may not be true of all birds.

In addition to the uncertainty regarding the role of the
Waulst in binocularity and stereopsis, it is important to
recognize that unlike V1, the Wulst is not an exclusively
visual structure. The Wulst also receives substantial
somatosensory and kinesthetic input (Funke 1989; Deng
and Wang 1993; Wild 1997; Wild and Williams 2000;
Manger et al. 2002). As a whole, the Wulst can therefore be
considered homologous to not only V1, but also the
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primary somatosensory (S1) and motor (M1) cortices of
mammals (Medina and Reiner 2000; Reiner et al. 2005).
Because it is difficult to separate the somatomotor from
visual areas of the Wulst using histological criteria, cor-
relations between the relative size of the Wulst and aspects
of the visual system may prove to be weaker than they are
in mammals.

Finally, a major assumption of previous studies on orbit
orientation evolution in mammals is that the magnitude of
eye movements is either minimal or constant across species
whereas in birds, we know that this is not the case. In
species with more laterally placed eyes, such as the
woodcock, large magnitude eye movements allow for a
much broader visual field (Martin 1994) whereas in owls,
eye movements are of a much smaller magnitude (Stein-
bach and Money 1973; Steinbach et al. 1974). This
diversity of eye movements, which has yet to be quantified
effectively, is also likely to affect any putative relationship
between the orbit orientation and the relative size of visual
regions of the brain.

Recently, Iwaniuk and Wylie (2006) suggested that the
morphology and relative size of the Wulst reflects stereo-
scopic abilities in birds, but a direct comparison between
brain regions and measures of binocularity were wanting.
Thus, it is unclear whether relative Wulst volume and orbit
orientation and binocular visual field are correlated in birds
in the same way that the relative size of V1 reflects orbit
orientation and binocularity in mammals (Barton 2004).
Based on previous studies of mammals (Barton 2004; Heesy
2004) and the more fontal eyes, broader binocular visual
fields (Martin 1984; Pettigrew and Konishi 1984; Wylie et al.
1994) and relatively large Wulst of owls and some capri-
mulgiform birds (Iwaniuk and Hurd 2005; Iwaniuk and
Wylie 2006), we predict that the relative size of the Wulst
will be correlated with orbit orientation and the width of the
binocular visual field. However, the strength of these cor-
relations in birds will be lower than that of mammals because
of the aforementioned caveats concerning the role of the
Woulst in binocular vision, somatosensory and kinesthetic
input in addition to visual input in the Wulst and the diversity
of eye movements in birds.

Methods
Orbit orientation

Morphometric data on orbit orientation were collected
from 122 specimens representing 58 species (Table 1). The
specimens are housed in the Departments of Ornithology of
the American Museum of Natural History in New York,
and the National Museum of Natural History (Smithsonian
Institution) in Washington, DC.
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Convergence is defined as the dihedral angle (an angle
between two planes) between the orbital margin plane and
the midsagittal plane (e.g., Cartmill 1970) (illustrated in
Fig. 1). This dihedral angle is formed by the intersection of
the orbital and sagittal planes rostrally (Fig. 1b). A low value
of convergence indicates a small deviation of the orbital
plane away from the sagittal plane, whereas a higher value of
convergence indicates the orbital plane deviates compara-
tively more from the sagittal plane and faces more rostrally.
Three points define the planes. In order to be comparable
with the previous studies, the following points were analo-
gized from mammalian skull anatomy. The sagittal plane is
defined by (1) the anterior-most point of the beak (compa-
rable to mammalian prosthion); (2) that point where the
internasal suture meets the inter-premaxillary suture
(mammalian nasion); and (3) the posterior-most projection
on the skull, at the superior-most portion of the occipital
complex (comparable to mammalian inion). The orbital
plane is also defined by three points: (1) orbitale inferius,
defined in mammals as that point on the orbital margin
closest to the alveolar margin, and in birds as the mid-point
on the quadratojugal bar; (2) orbitale superius, defined in
both mammals and birds as that point on the orbital margin
that is directly opposite and furthest from orbitale inferius;
and (3) orbitale anterius, defined in mammals as the point on
the orbital margin most distant from the inion. In the avian
skull, we defined the orbitale anterius as the central point of
the lacrimal bone, which corresponds to the point furthest
from the avian equivalent of the mammalian inion, the
occipital complex. However, in many birds, including most
of the birds in this sample, the lacrimal bone is highly
pneumatized at that point to create a “lacrimal bulge,” which
may act as an anchor for the anterior portion of the sclerotic
ring within the orbit. Therefore, orbitale anterius was mea-
sured at the superior-most point of the bulging area.

These three-dimensional coordinate data were collected
for the six landmark points on the skull with a Micro-
Scribe-3DX coordinate data stylus (Immersion Corp., San
Jose, CA, USA). Each specimen was mounted on an
elevated clay base so that all coordinate data could be
collected in a single series (Lockwood et al. 2002). Each
specimen sits within its own three-dimensional coordinate
data space with this arrangement. The orbit convergence
was calculated from these coordinate data following a
standard trigonometric function for dihedral angle com-
putation (e.g., Beyer 1979). A macro for this calculation
is available in Heesy (2003). The dihedral angle is the
angle o between the planes, which are defined as:

Aix+Byy+ Ciz+D; =0 and
Aox + By + Coz+ Dy, =0,

which have normal (i.e., perpendicular) vectors,

n = (A1 +B1+C))and m; = (Az-i-Bz-l-Cz)

where the sagittal plane is defined as (referring to
landmarks in Fig. 1)

Alx:A, Bly:N, and C]Z:P

and the orbital plane is defined as (referring to landmarks in
Fig. 1),

Arx = 0OS, By =0A, and Cpz = Ol

the dot product of the normals is,

COosS o =Nn; Ny

or

cos o= (A; Ay + B) By + C; C)/[(A? + B2 4 C?)*(A?
+ B2+ )77

or (referring to landmarks in Fig. 1)

cos o = (A OS + N OA + P OI)/[(A> + N? + P?*) (OS>
+0A? + 01) 7).

Arccosine transformation produces the angle o, or the
angle of convergence for a single orbit. Alternatively, this
angle can be thought of as the inverse of the angle of
divergence, but convergence is already in use in the
mammalian literature (e.g., Barton 2004; Heesy 2003), so
for consistency, we have used convergence. The angles
were then multiplied by 2 to yield the total (or bilateral)
convergence of both orbits. The total orbit convergence
variable could then be compared to the width of the
binocular visual field, which is the amount of overlap
between each monocular visual field.

The measurements were taken using the same land-
marks for all species, with two exceptions, the Grey Potoo
(Nyctibius griseus) and the Pauraque (Nyctidromus albi-
collis). In these two species, the quadratojugal bars are
extremely bowed (Fig. 2), which resulted in large orbital
convergence values (>100°) compared to other capri-
mulgiform birds and all other birds measured (Table 1).
Furthermore, they were significant outliers (i.e., >3 stan-
dard deviations from the mean) in all bivariate and
multivariate analyzes. Therefore, for these two species,
we drew a hypothetical straight line between the rostral
and caudal ends of the quadratojugal bars and used the
midpoint along this line as the ‘OI’ landmark (Fig. 2).
The convergence values using this landmark were still
large, but were more in line with other caprimulgiforms
(Table 1) and did not prove to be significant outliers. It
should, however, be noted that our conclusions did not
differ if these two species were excluded from our ana-
lyzes or if we used the extreme values, but the amount of
variation explained did decrease.
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Sagittal Plane

Orbital PIM
(extended to

intersect sagittal)

Fig. 1 Morphometric points used to define orbital and sagittal planes
are illustrated on Pigeon (Columba livia) in lateral view (a) and
Snowy Owl (Nyctea scandiaca) in dorsal view (b). The sagittal plane
is defined by points A, N, and P. The orbital plane is defined by the
points OS, OI, OA. Convergence is the dihedral angle formed by the
intersection of the orbital and sagittal planes rostrally (b). Abbrevi-
ations (see text for full definitions): A anterior-most point on the beak,
N point of union between the internasal and intermaxillary sutures,
P posterior-most point on the skull, OS orbitale superius, OI orbital
inferius, OA orbital anterius. (Illustration of Columba livia redrawn
and modified from Proctor and Lynch 1993)

Binocular visual field

Data on the breadth of the area of binocular visual field was
taken from the literature for 13 species (Table 1). In order
to expand the number of species included in our analyzes,
we included data for congeners of the following species
pairs: Egretta garzetta (Katzir and Martin 1994) for
Egretta thula, Nycticorax nycticorax (Katzir and Martin
1998) for Nycticorax caledonicus, Puffinus puffinus
(Martin and de L. Brooke 1991) for Puffinus tenuirostris
and Spheniscus humboldti (Martin and Young 1984) for
Spheniscus magellanicus. Because these may not truly
reflect the visual fields of congeners, we performed our
analyzes both including and excluding these four species.

Brain measurements

Forty-eight specimens representing 31 species were
collected from wildlife sanctuaries and veterinary clinics

@ Springer

Fig. 2 A dorsal view of a Grey Potoo (Nycibius griseus) skull
(USNM 610497). The dotted white line indicates the line drawn
between the rostral and caudal ends of the quadratojugal bars used to
calculate orbital convergence in this species and the Pauraque. Note
that the quadratojugal bars are extremely bowed laterally compared to
the Snowy Owl (Nyctea scandiaca) shown in Fig. 1

and sent to us from other researchers. The heads of these
specimens were immersion fixed in formaldehyde for one
to several weeks, the brains extracted, weighed to the
nearest milligram and stored in formaldehyde until pro-
cessing. In addition, several specimens were loaned to use
from the National Museum of Natural History (Washing-
ton, DC, USA) and the Bishop Museum (Honolulu, HI,
USA) (see Iwaniuk and Wylie 2006). The brains of the
museum specimens, which were all stored in 70% ethanol
for up to 45 years, were extracted and placed into buffered
4% paraformaldehyde.

For all specimens, tissue processing was identical. The
fixed brains were placed into 30% sucrose in 0.1 M
phosphate buffered saline (pH = 7.4) until they sank. The
brains were then embedded in gelatin and serially sectioned
in the transverse plane on a freezing stage microtome at
40 um. The sections were collected in 0.1 M phosphate-
buffered saline, mounted onto gelatinized slides, stained
for Nissl substance with thionin and coverslipped with
Permount. Digital photographs were taken throughout the
brain for every second section, and the volumes of the
telencephalon, Wulst and TeO were measured with the
public domain NIH Image program (http://rsb.info.nih.
gov/nih-image/).

The apical hyperpallium (HA), interstitial part of the
hyperpallium (HI), intercalated part of the apical hyper-
pallium (IHA), and densocellular part of the hyperpallium
(HD) were all included in the Wulst measurements
(Table 1) as in Iwaniuk and Wylie (2006). It was not
possible to calculate the volumetric fractions of each of
these Wulst subdivisions because they could not be
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reliably delineated throughout the extent of the Wulst for
many specimens and this information was largely
unavailable for other species in the literature. The borders
were delineated by: the vallecula laterally, the superior
frontal lamina ventrally and the ventricle medially. We
defined the caudal pole as the point at which the vallecula
could no longer be recognized and the hippocampal for-
mation was present.

We also measured the volume of the optic tectum
(TeO) for two reasons. First, there is the possibility that
the expansion of one part of the visual system is corre-
lated with size changes in other parts of the visual system.
Such patterns of correlated evolution among brain struc-
tures are, in fact, common in mammals (Barton and
Harvey 2000; Whiting and Barton 2003; Reep et al.
2007), but frequently overlooked in birds (but see Iwaniuk
et al. 2004). Second, based on several pieces of evidence,
Giintiirkiin and Hahmann, (1999) suggested that the optic
tectum (TeO), and not the Wulst, is involved in frontal
vision in pigeons. The TeO measurements (Table 1)
included the entire laminated portion of the TeO and
therefore the tractus opticus and stratum opticum were not
included. This is in agreement with previously published
measurements of TeO volume (Boire 1989; Ebinger 1995;
Iwaniuk et al. 2005).

In addition to measurements that we made ourselves,
data for another 28 species were obtained from the litera-
ture (Ebinger and Lohmer 1984; Boire 1989; Rehkamper
et al. 1991; Alma and Bee de Speroni 1992; Carezzano and
Bee de Speroni 1995; Ebinger 1995; Fernandez et al. 1997;
Table 1). These studies used the same cytoarchitectonic
criteria to define the boundaries of both Wulst and TeO as
we did (see also Iwaniuk and Wylie 2006).

Eye size

The relative size of the Wulst and TeO might not only
reflect the orientation of the orbits and binocularity, but
also the relative size of the eyes themselves. By increasing
the size of the eye, the focal length increases and the image
is spread over more photoreceptors (Land 1980; Martin
1993; Land and Nilsson 2002). If the number of photore-
ceptors determines the relative size of visual regions in the
brain, then it is possible that eye size and brain region size
will be correlated. In fact, relative eye size is correlated
with relative brain size in birds (Garamszegi et al. 2002)
and mammals (Burton 2006), which suggests that greater
visual input (i.e,. larger eyes) imposes greater processing
demands on the brain. Some of this change in brain size
could be because of enlargement of the Wulst and/or TeO,
which comprise 1.6-26.8 and 2—11% of total brain volume
respectively (Iwaniuk and Hurd 2005). Thus, it is also

possible that relative Wulst and TeO volumes are corre-
lated with eye size.

We used axial length as a measure of eye size in birds,
as in previous studies (Ritland 1982; Howland et al. 2004;
Hall and Ross 2007), for two reasons. First, axial lengths
were available for a wide range of species (Ritland 1982;
Martin 1999; Land and Nilsson 2002; Hall and Ross 2007).
Second, there is a strong relationship between axial length
and focal length (Murphy and Howland 1987). The focal
length determines the size of the image on retina and is
therefore related to the amount of visual information being
received. Thus, if relative Wulst and/or TeO volume
reflects visual input, then there should be a significant
correlation between axial length and brain region volume.

Eye measurements followed that are outlined in Ritland
(1982) and Hall and Ross (2007). Briefly, the axial length
of the eye was measured to the nearest 0.01 mm with
calipers from the center of the cornea to the posterior-most
portion of the sclera directly opposite the cornea, slightly
lateral to the exit point of the optic nerve.

Statistical analyzes

To examine the relative size of the Wulst, we compared
Wulst volume to brain volume and telencephalic volume.
For both of these variables, we measured the volumes
directly from the specimens. Brain volume was obtained by
dividing the mass of the brain by the density of brain tissue
(1.036 g/ml, Ebinger 1995; Iwaniuk and Nelson 2001,
2002). For the purposes of allometric analysis, we subtracted
Wulst volume from both brain and telencephalon volumes
and subtracted TeO volume from brain volume in order to
effectively remove scaling effects (Deacon 1990; Iwaniuk
et al. 2005). Although we made these corrections, we
hereafter refer to these scaling variables as brain and telen-
cephalon volumes.

We used both multiple regression analyzes and resid-
uals analyzes to test for significant relationship between
relative Wulst or TeO volume and orbit orientation and
eye size. Prior to all analyzes, the data was log-trans-
formed to «create a linear relationship between
allometrically related variables and to achieve a normal
distribution. The multiple regression models used brain
volume or telencephalon volume, orbit orientation (or
axial length) and their interaction as effects of Wulst or
TeO volume. Where the interaction effect was not sig-
nificant, it was removed and the regression performed
again. For the residuals analyzes, we first tested for
allometric effects on Wulst and TeO volume, orbit ori-
entation and eye size relative to brain volume using least-
squares linear regressions. For Wulst volume, we also
examine the relationship with telencephalon volume,
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which was expressed as total telencephalon volume minus
Wulst volume (Iwaniuk and Wylie 2006). Where signifi-
cant allometric relationships were present, we used the
residuals from the regression lines as estimates of relative
brain region volume and eye size. Due to a relatively
small sample size, comparisons of binocular visual field
and relative Wulst/TeO volume were restricted to ana-
lyzes of residuals.

Because interspecific comparisons can be confounded
by phylogenetic relationships (Harvey and Pagel 1991), we
repeated these analyzes using independent contrasts, a
commonly used phylogenetically based comparative
method. Independent contrasts were calculated using the
PDAP:PDTREE module of the Mesquite software package
(Maddison and Maddison 2006). A phylogenetic tree was
constructed on the basis of the inter-ordinal relationships of
Sibley and Ahlquist (1990). Additional resolution for some
clades was provided by other sources (Christidis et al.
1991; Kimball et al. 1999; Sheldon et al. 2000). Given the
debate surrounding relationships within the caprimulgiform
birds (see Mayr 2002; Livezey and Zusi 2007), we tested
several alternative topologies. We present the results of
only one of these trees (Sibley and Ahlquist 1990), but note
that using alternative trees did not affect the significance of
our results. Because we constructed the trees from multiple
sources, we used an arbitrary branch length model whereby
each branch of the phylogeny was equal to 1. Diagnostic
tests of the contrasts indicated that this branch model
adequately standardized the data (Garland et al. 1992).

Results
Orbit orientation and binocular visual field

The mean orbit orientation, as measured by convergence,
among 59 species measured was 37.96°, but there was a
considerable amount of variation ranging from <6° in the
green-cheeked Conure (Pyrrhura molinae) to almost 90° in
the Grey Potoo.

Orbit orientation was significantly correlated with the size
of the binocular field (F = 19.08, df =1, 10, P < 0.01,
* = 0.62, Fig. 3). Excluding the four species that we had
congener data for did not affect the significance of this
relationship (F =8.78, df=1, 6, P=0.03, P = 0.53,
Fig. 3). Using congener data, this relationship was corrob-
orated by independent contrasts analysis (F = 9.11, df = 1,
8, P = 0.01, 7 = 0.50). Excluding the four species for which
we only had congener data did not, however, result in the
significant relationship being maintained (F = 2.78, df = 1,
5, P = 0.15). Because of these mixed results, we analyzed
both orbit orientation and binocular field with respect to
relative Wulst and TeO volumes.
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Fig. 3 A scatterplot of the amount of binocular visual field overlap
(in degrees) plotted against the orbit orientation, as measured by
degrees of convergence, for 12 species of birds. The black circle is the
Barn Owl (Tyto alba), the gray circles are the Tawny Frogmouth
(Podragus strigoides) and Oilbird (Steatornis caripensis) and the
open circles represent all other species. The solid line indicates the
least-squares linear regression line for all data and the dashed line
indicates the least-squares linear regression line excluding those
species for which we used congener data (see Materials and methods)

Relative Wulst volume

Wulst volume (Fig. 4) scaled strongly against both brain
(F=164.63, df=1, 58, P <0.01, *=0.73) and telen-
cephalon volumes (F = 184.82, df=1, 58, P <0.01,
1 = 0.76). As expected from previous studies (Karten et al.
1973; Iwaniuk and Hurd 2005; Iwaniuk and Wylie 2006;), the
owls and several caprimulgiform birds [Tawny Frogmouth
(Podargus strigoides), Feline Owlet-nightjar (Aegotheles in-
signis) and Oilbird (Steatornis caripensis)] were well above
the regression line. At the opposite end of the spectrum, the
parrots (Order Psittaciformes) and shorebirds (Order Char-
adriiformes) had relatively small Wulst volumes.

Relative TeO volume

TeO volume was significantly correlated with brain volume
(F=9578,df =1, 58, P <0.01, Fig. 5), but the strength
of this correlation was lower (r2 = 0.62) than that of the
Waulst and brain volume (see above). Unlike the Wulst, the
TeO was relatively small in the owls. It was also relatively
small in the parrots. At the opposite end of the spectrum,
the Greater Rhea (Rhea americana, Order Rheiformes),
egrets and herons (Order Ciconiiformes) and gallinaceous
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Fig. 4 Scatterplots of Wulst volume against brain minus Wulst
volume (a) and Wulst volume (mm®) against telencephalon minus
Waulst volume (b). For each plot, the solid line indicates the least-
squares linear regression line. The black circles are the owls
(Strigiformes), the gray circles are the Oilbird (Steatornis caripensis),
Feline Owlet-nightjar (Aegotheles insignis) and the Tawny Frog-
mouth (Podargus strigoides) and the open circles are all other species
sampled (see Table 1)

birds (Order Galliformes) all had relatively large TeO
volumes.
Orbit orientation

Using brain volume and orbit orientation as independent
variables, there was no significant interaction effect

Log4q Optic Tectum (TeO) Volume {mmal

1.4 T T T
2.5 3.0 3.5 4.0 4.5

Log4g Brain - TeO Volume {mms)

Fig. 5 A scatterplot of optic tectum (TeO) volume against brain
minus TeO volume. The solid line indicate the least-squares linear
regression line. The black circles are the owls (Strigiformes), the gray
circles are the Oilbird (Steatornis caripensis), Feline Owlet-nightjar
(Aegotheles insignis) and the Tawny Frogmouth (Podargus strigo-
ides) and the open circles are all other species sampled (see Table 1)

(F =045,df = 1,55, P =0.50), but there were significant
effects of both brain volume (F =220.57, df=1, 56,
P < 0.01) and orbit orientation (F = 10.03, df =1, 56,
P < 0.01) on Wulst volume. This pattern was identical in a
multiple regression of telencephalic volume and orbit ori-
entation on Wulst volume. No significant interaction effect
was detected (F = 1.13, df =1, 55, P = 0.29), but there
were significant effects of both telencephalic volume
(F =305.81, df=1, 56, P <0.01) and orbit orientation
(F=2335, df=1, 56, P<0.01) on Wulst volume.
Analyzes of residuals provided very similar results; orbit
orientation was significant correlated with Wulst volume
relative to both whole brain (Fig. 6a) and telencephalic
(Fig. 6b) volumes.

Independent contrasts analyzes largely corroborated
these findings. Using brain volume as the scaling variable
in a multiple regression, there was not a significant inter-
action effect (F = 0.07, df =1, 52, P = 0.79) or an orbit
orientation effect (F =247, df=1, 53, P =0.12), but
there was a significant effect of brain volume (F = 266.19.
df=1, 53, P <0.01) on Wulst volume. When we used
telencephalon volume as a scaling variable, there was also
no significant interaction effect (F = 0.75, df =1, 52,
P = 0.39), but there were significant effects of both telen-
cephalon volume (F = 310.67, df =1, 53, P < 0.01) and
orbit orientation (F = 4.89, df = 1, 53, P = 0.03) on Wulst
volume. Independent contrasts analysis of the residuals
supported the multivariate models; relative to brain
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Fig. 6 Scatterplots of Wulst volume relative to brain volume (a) and
forebrain volume (b) plotted against orbit orientation. Relative Wulst
volumes are residuals derived from the least-squares linear regres-
sions shown in Fig. 3. Wulst volumes were significantly correlated
with orbit orientation when both brain volume (F = 9.26, df = 1, 57,
P <001, ¥ = 0.12) and telencephalic volumes (F =20.29, df =1,
57, P < 0.01, P = 0.25) were used as scaling variables. The solid
lines indicate the least-squares linear regression lines. The black
circles are the owls (Strigiformes), the gray circles are the Oilbird
(Steatornis caripensis), Feline Owlet-nightjar (Aegotheles insignis)
and the Tawny Frogmouth (Podargus strigoides) and the open circles
are all other species sampled (see Table 1)

volume, Wulst volume was not significantly correlated
with orbit orientation (F = 0.18, df = 1, 56, P = 0.67), but
relative to telencephalon volume, Wulst volume was sig-
nificantly correlated with orbital orientation (F = 12.01,
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df=1, 56, P <0.01, P = 0.14). Thus, the size of the
Waulst relative to the telencephalon is significantly corre-
lated with orbit orientation.

Using brain volume and orbit orientation as independent
variables, there was no significant interaction effect
(F=1.27, df=1, 56, P=0.27) on TeO volume. The
effect of orbit orientation was also not significant
(F =0.02,df =1, 57, P = 0.88), but a significant effect of
brain volume was detected (F =89.41, df=1, 57,
P < 0.01). Again, analysis of TeO residuals (derived from
Fig. 5) and orbit orientation yielded no significant
relationship (Fig. 7a).

This was also true of the independent contrasts analyzes;
there was no significant interaction effect (F = 0.01, df =

1, 52, P = 0.93) and no significant effect of orbit orien-
tation (F = 0.05, df =1, 53, P =0.82) on TeO volume.
The significant relationship between brain and TeO vol-
umes did, however, remain (F = 104.81, df=1, 53,
P < 0.01). Similarly, analysis of independent contrasts of
relative TeO volume and orbit orientation yielded no sig-
nificant relationship (F = 0.98, df = 1, 56, P = 0.90). Thus,
there is no significant relationship between relative TeO
volume and orbit orientation.

Binocular visual field

When we considered the species in which we had data
from congeners, binocular visual field was significantly
correlated with Wulst volume relative to both brain vol-
ume (Fig. 8a) and telencephalic volume (Fig. 8b). This
was partially corroborated by independent contrasts
analysis of the residuals; Wulst relative to brain volume
was significantly correlated with binocular visual field
(F=495, df=1, 9, P=0.048, /* =0.31), but Wulst
relative to telencephalon volume was not (F = 1.84,
df=1,9, P =0.20). Excluding the congener data yielded
similar results. When species were analyzed as indepen-
dent data points, a significant relationship was present
(brain: F =946, df=1, 7, P =0.02; telencephalon:
F=1720,df=1, 7, P=0.03), but this disappeared with
the application of independent contrasts (both
P’s > 0.10). Thus, we have mixed evidence that a rela-
tively larger Wulst is correlated with broader binocular
visual fields.

Analyzes of binocular visual field and relative TeO
volume yielded very similar results to that of orbit orien-
tation, regardless of whether we included or excluded
species for which we only had congener data. Although
there was an apparent negative relationship between rela-
tive TeO volume and binocular visual field, this was not
significant (Fig. 7b). Similarly, independent contrasts
analysis yielded no significant relationship between
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Fig. 7 A scatterplot of optic tectum (TeO) volume relative to brain
volume plotted against: a orbital convergence; and b binocular visual
field. Relative Wulst volumes are residuals derived from the least-
squares linear regressions. TeO volumes were not significantly
correlated with either orbital convergence (F =0.02, df=1, 57,
P = 0.88) or binocular visual field (F = 3.88, df =1, 11, P = 0.07).
The solid lines indicate the least-squares linear regression lines. The
black circles are the owls (Strigiformes), the gray circles are the
Oilbird (Steatornis caripensis), Feline Owlet-nightjar (Aegotheles
insignis) and the Tawny Frogmouth (Podargus strigoides) and the
open circles are all other species sampled (see Table 1)

relative TeO volume and binocular visual field (F = 2.78,
df=1, 8, P =0.13; congener data excluded: F = 0.53,
df=1, 6, P=0.49). Thus, there is no significant rela-
tionship between relative TeO volume and binocularity.

Binocular Overlap (degrees)

Fig. 8 Scatterplots of Wulst volume relative to brain volume (a) and
telencephalon volume (b) plotted against binocular visual field.
Relative Wulst volumes are residuals derived from the least-squares
linear regressions. Wulst volumes were significantly correlated with
the breadth of the binocular visual field when both brain volume
(F=1791, df=1, 11, P <0.01, P = 0.58) and telencephalic
volumes (F = 12.11, df =1, 11, P = 0.01, P = 0.48) were used as
scaling variables. The solid lines indicate the least-squares linear
regression lines. The black circles are the owls (Strigiformes), the
gray circles are the Oilbird (Steatornis caripensis), and the Tawny
Frogmouth (Podargus strigoides) and the open circles are all other
species sampled (see Table 1)

Eye size

The axial length of the eye was not available for all species
in our study, but for the 44 species that we did have data,
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axial length was significantly correlated with all three
scaling variables: brain-Wulst volume (F = 28.53, df = 1,
42, P < 0.01, P = 0.39), telencephalon-Wulst volume
(F=16.57,df = 1,42, P < 0.01, 7 = 0.27) and brain-TeO
volume (F =30.54, df=1, 42, P <0.01, /=041).
Residuals from these linear regressions were subsequently
used as estimates of relative axial length of the eye. Within
our sample, the Grey Potoo had the longest relative axial
length, whereas the Green-cheeked Conure (Pyrrhura
molinae) had the shortest relative axial length.

When we included axial length in a multiple regression
model along with the scaling variables (brain and telen-
cephalon volumes), we detected no significant interaction
effects (brain: F = 1.13,df = 1,40, P = 0.29; telencephalon:
F =047,df = 1,40, P = 0.50) on Wulst volume. Relative to
brain volume, there was no significant effect of axial length
(F =1.57,df = 1,41, P = 0.22) on Wulst volume, but there
was a significant effect of axial length (F = 6.60,df = 1,41,
P = 0.01) on Wulst volume relative to the telencephalon. In
this latter model, axial length slightly increased the amount
of variation explained by telencephalon alone (+* = 0.77 vs.
= 0.73). To further clarify the relationship between axial
length and Wulst volume, residual analyzes were performed
in a similar fashion to that provided for orbit orientation.
Again, relative to brain volume, there was no significant
relationship between Wulst volume and axial length
(F=1.61,df=1,42, P = 0.21, Fig. 9a). Relative to telen-
cephalon volume, a significant positive relationship was
detected (F = 6.75,df = 1,42, P = 0.01, /" = 0.12).

Independent contrasts analyzes failed to detect any
significant relationships between relative Wulst volume
and axial length of the eye, regardless of whether a mul-
tiple regression model or residual analysis was used (all
P’s > 0.13). Residual analyzes did not yield a significant
relationship between axial length and relative Wulst vol-
ume, regardless of whether brain (F = 0.15, df =1, 38,
P =0.72) or telencephalon volume (F = 0.30, df = 1, 38,
P = 0.61) was used as a scaling variable.

Finally, analyzes of TeO volume and axial length of
the eye also failed to detect any significant effects. Using
species as independent data points, a multiple regression
model failed to find a significant interaction effect
(F=1.84, df=1, 40, P = 0.18), but did detect a signifi-
cant effect of axial length (F =4.54,df =1, 41, P = 0.04)
on TeO volume. Residual analysis (Fig. 9¢) corroborated
this finding (F = 4.64, df = 1, 42, P = 0.04, * = 0.08). A
multiple regression of the independent contrasts failed to
detect any significant effect of axial length on TeO vol-
ume (interaction: F = 0.51, df =1, 37, P = 0.48; axial
length: F = 1.12, df = 1, 38, P = 0.30). An analysis of the
independent contrasts of the residuals also failed to find a
significant effect of axial length on TeO volume
(F=3061, d=1, 38, P=0.07). Thus, relative TeO
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Fig. 9 Scatterplots of Wulst volume relative to brain volume (a),
Waulst volume relative to telencephalon volume (b) and TeO volume
relative to brain volume (c) plotted against relative axial length of the
eye. The solid lines indicate the least-squares linear regression lines.
The black circles are the owls (Strigiformes), the gray circles are the
Oilbird (Steatornis caripensis), Feline Owlet-nightjar (Aegotheles
insignis) and the Tawny Frogmouth (Podargus strigoides) and the
open circles are all other species sampled (see Table 1)
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volume is not significantly correlated with relative axial
length in birds.

Discussion

Overall, our analyzes indicate that orbit orientation is
significantly correlated with relative Wulst volume, but
not with relative TeO volume. In addition, a relatively
larger Wulst volume is associated with a larger binocular
visual field, which parallels similar findings in mammals
(Barton 2004), but this relationship was not consistent
across all of our analyzes. Lastly, neither Wulst nor TeO
volume were significantly associated with axial length of
the eye. Although our results suggest that the Wulst is
correlated with more frontal orbit orientation and
possibly binocularity, our interpretation of these results is
made with caution because of a number of additional
factors that influence both binocularity and the size of
neural structures thought to be involved in binocularity
in birds.

The correlation between relative Wulst volume and
orbit orientation parallels a similar pattern between rela-
tive V1 and orbital convergence in primates (Barton
2004) and since the Wulst is a homolog of V1 (Medina
and Reiner 2000; Reiner et al. 2005), this relationship is
not entirely unexpected. As mentioned previously, the
Waulst is the only forebrain region known to possess
binocular disparity sensitive neurons that enable stereop-
sis (Pettigrew 1978, 1979). The extent to which the
presence of binocular disparity sensitive neurons mirrors
differences in relative Wulst volume, orbit orientation and
width of the binocular visual field is mixed. Owls have
more frontally placed eyes, a much broader area of hor-
izontal binocular overlap (44-50°, Martin 1984; Pettigrew
and Konishi 1984; Wylie et al. 1994) and a relatively
larger Wulst volume (Iwaniuk and Hurd 2005; Iwaniuk
and Wylie 2006) than other birds (horizontal field bin-
ocular overlap mean = 20°, data from Martin and Katzir
1999). Moreover, the majority of HA neurons in owls are
binocular disparity sensitive (Pettigrew 1978, 1979).
Raptors also have far more binocular than monocular
neurons in the visual Wulst (Pettigrew 1978), but their
Waulst is relatively small and the binocular field occupies
a much smaller portion of the entire visual field (Wallman
and Pettigrew 1985; Martin and Katzir 1999). Finally, the
Oilbird lacks binocular disparity sensitive neurons (Petti-
grew and Konishi 1984), but has a moderately enlarged
Wulst (Iwaniuk and Wylie 2006), more frontally placed
eyes and a relatively large amount of binocular overlap in
its visual field (Martin et al. 2004a, b). Although it is
tempting to conclude that Wulst enlargement is correlated
with orbit orientation and possibly the size of the

binocular visual field, there are a number of factors that
may be confounding this relationship, as discussed pre-
viously (see Introduction).

Organization of the Wulst and optic tectum

As mentioned previously, the Wulst receives not only
visual input, but also substantial somatosensory and kin-
esthetic input (Funke 1989; Deng and Wang 1993; Wild
1997; Wild and Williams 2000; Manger et al. 2002).
Variation in the relative size of the Wulst could therefore
reflect not only visual, but also somatosensory and motor
processing requirements. In some species, the border
between visual and somato-motor Wulst can be defined by
a medio-laterally oriented sulcus (Manger et al. 2002), but
this is certainly not true of all birds and it is difficult to
distinguish in coronally sectioned tissue. The inclusion of
non-visual parts of the Wulst in our measurements could
therefore weaken the strength of the relationships reported
herein and at least partially explain why the correlations we
detected were lower than that in mammals (Barton 2004).

A similar argument can be used to explain the lack of a
significant correlation between orbit orientation and rela-
tive TeO volume. TeO, although primarily visual, also
receives input from auditory nuclei and plays a key role in
auditory and visual stimulus localization (Cotter 1976;
Knudsen 1982, 1984; Brainard and Knudsen 1995; Lewald
and Dorrscheidt 1998; Knudsen 2002). Thus, the inclusion
of other visual and non-visual processing in the TeO could
also confound any possible correlation between orbit ori-
entation and TeO volume. Moreover, the Wulst may be
subserving the binocular field in owls and caprimulgiforms,
but not in more laterally eyed species, such as pigeons
(Giintiirkiin and Hahmann 1999).

It should be noted that although we examined relative
TeO volume, entopallium (E) is the telencephalic target of
the tectofugal pathway (Husband and Shimizu 2001; Re-
iner et al. 2005). As such, it is analogous to the Wulst, but
performs markedly different roles in the visual function
(Husband and Shimizu 2001; Nguyen et al. 2004; Reiner
et al. 2005). It is possible that entopallium is correlated
with some of our measures, such as axial length, but we did
not examine entopallial volume because of insufficient data
for the species we measured. Furthermore, entopallium is
difficult to delineate in Nissl stained sections (Krutzfeldt
and Wild 2005) and for many of our specimens, we were
unable to reliably delineate entopallium. Nevertheless,
examining species variation in entopallial volume could
prove instructive in understanding species differences in
sensory ecology.

Although, in general, relative Wulst volume is corre-
lated with orbit orientation and the binocular visual field,
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the Oilbird is a curious exception. As noted previously (see
above and Iwaniuk and Wylie 2006), the Oilbird has a
significantly enlarged Wulst, but no disparity sensitive
neurons (Pettigrew and Konishi 1984) and low spatial
resolution based on their retinal morphology (Martin et al.
2004). Given the bizarre life history of this species, a
frugivorous, echolocating bird that nest in caves, it is dif-
ficult to determine why the Oilbird would require an
enlarged Wulst based on its behaviour or ecology. Given
that Oilbird nestlings develop in almost complete darkness,
they may not receive sufficient early visual stimulation
needed to develop binocular neurons (Pettigrew and
Konishi 1976b; Kaye et al. 1981). The enlarged Wulst
could therefore be a ‘carry-over’ from a caprimulgiform
ancestor that has been co-opted for another purpose (Iwa-
niuk and Wylie 2006). This, however, supposes that the
Oilbird is a caprimulgiform, a relationship that is fre-
quently debated (Mayr 2002; Livezey and Zusi 2007).
Alternatives include that the Wulst enlargement is an
artifact of changes occurring in other parts of the brain or
that it reflects the high density of photoreceptors in the
Oilbird retina (Martin et al. 2004b). It should be empha-
sized that this does not discount the role of the Wulst in
binocular vision, but rather further highlights the unique-
ness of the Oilbird.

Eye movements

As previously mentioned, orbit orientation is not the only
determinant of the binocular visual field; eye movements
can also alter the configuration of the binocular field. This
is especially true for birds as whole because medio-lateral
eye movements vary greatly in amplitude among species.
For example, Tawny Frogmouths can move their eyes such
that they are convergently or divergently opposed with
saccade amplitudes greater than 20° (Wallman and Petti-
grew 1985). Eye movements in hornbills (Martin and
Coetzee 2004), herons (Katzir and Martin 1994) and the
woodcock (Martin 1994) can be of sufficient amplitude to
abolish the frontal binocular field altogether. Even in the
pigeon, the eyes can be convergently or divergently
opposed (Martinoya et al. 1984). In contrast, the eyes of
owls are capable of some movement (<2°, Steinbach and
Money 1973; Steinbach et al. 1974), but are relatively
static compared to some of the other species mentioned
above. This diversity of eye movements among birds and
the contribution of these movements to the shape of the
visual field likely weaken the relationships between orbit
orientation, the binocular visual field and relative Wulst
volume. This diversity of eye movements in birds could
also partially explain the weaker relationships reported
herein compared to that of mammals (Barton 2004).
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Eye size

Contrary to our hypothesis, axial length was not correlated
with either relative Wulst or TeO volumes. The lack of a
significant relationship between visual brain region volume
and eye size, as measured by axial length, could be due to a
variety of factors. For example, axial length might not
reflect the number of photoreceptors. Photoreceptor density
varies considerably among birds (Fite and Rosenfield-
Wessels 1975) and this variation appears to be independent
of eye size (e.g., McNeil et al. 2005). Given that visual
input is dependent upon the number of photoreceptors, a
more appropriate measure of eye size might be total pho-
toreceptor density. Given the high density of
photoreceptors in the Oilbird retina (Martin et al. 2004b),
this could also explain why the Oilbird has an enlarged
Waulst. Other measures that might show a significant cor-
relation with relative Wulst or TeO volumes are ganglion
cell numbers or optic nerve diameter, both of which also
reflect the amount of incoming visual information. To our
knowledge, there are insufficient data on retinal morphol-
ogy among birds to test these predictions adequately at this
time. Preliminary data collected by the authors (ANI,
MGH) suggest that optic nerve diameter is not, however,
correlated with relative Wulst volume.

Overall, our results largely corroborate interspecific
comparisons in mammals (Barton 2004; Heesy 2004) in as
much as relative Wulst size is correlated with orbit orien-
tation and possibly the amount of binocular overlap in the
visual field. Although the strength of these correlations was
likely affected by the multisensory processing functions of
the Wulst and variation in eye movements among species,
these results support the role of the Wulst in binocularity
and indicate that orbit orientation could potentially be used
as an estimate of the binocular visual field (at least along
the horizontal axis) in birds. These conclusions have
important implications for reconstructing the sensory
ecology and behaviour of fossil birds and non-avian rep-
tiles (e.g., Stevens 2006). It may be possible to not only
estimate the binocular visual field from skulls, but also the
relative size of the Wulst from endocasts and ultimately
stereoscopic abilities.
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