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Ipsilateral retinal projections (IRP) in the optic chiasm (OC) vary considerably. Most
animal groups possess laterally situated eyes and no or few IRP, but, e.g., cats and
primates have frontal eyes and high proportions of IRP. The traditional hypothesis that
bifocal vision developed to enable predation or to increase perception in restricted light
conditions applies mainly to mammals. The eye-forelimb (EF) hypothesis presented here
suggests that the reception of visual feedback of limb movements in the limb steering
cerebral hemisphere was the fundamental mechanism behind the OC evolution. In other
words, that evolutionary change in the OC was necessary to preserve hemispheric
autonomy. In the majority of vertebrates, motor processing, tactile, proprioceptive, and
visual information involved in steering the hand (limb, paw, fin) is primarily received only
in the contralateral hemisphere, while multisensory information from the ipsilateral limb
is minimal. Since the involved motor nuclei, somatosensory areas, and vision neurons
are situated in same hemisphere, the neuronal pathways involved will be relatively short,
optimizing the size of the brain. That would not have been possible without, evolutionary
modifications of IRP. Multiple axon-guidance genes, which determine whether axons will
cross the midline or not, have shaped the OC anatomy. Evolutionary change in the OC
seems to be key to preserving hemispheric autonomy when the body and eye evolve to fit
new ecological niches. The EF hypothesis may explain the low proportion of IRP in birds,
reptiles, and most fishes; the relatively high proportions of IRP in limbless vertebrates;
high proportions of IRP in arboreal, in contrast to ground-dwelling, marsupials; the lack
of IRP in dolphins; abundant IRP in primates and most predatory mammals, and why
IRP emanate exclusively from the temporal retina. The EF hypothesis seams applicable
to vertebrates in general and hence more parsimonious than traditional hypotheses.

Keywords: ipsilateral retinal projections, predator, prey, vision, coordination, evolution, stereopsis

Introduction

The proportion of ipsilateral retinal projections (IRP), the uncrossed fibers in the optic chiasm
(OC), varies considerably with species. Most animal groups have laterally situated eyes and no
or few IRP. However, for example cats and primates have frontal eyes and high proportions
of IRP. The traditional assumption is that the latter configuration is due to the selective
advantage of accurate depth perception through stereopsis (Pettigrew, 1986a; Heesy, 2009).

Frontiers in Ecology and Evolution | www.frontiersin.org 1

July 2015 | Volume 3 | Article 89


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://www.frontiersin.org/Ecology_and_Evolution/editorialboard
http://dx.doi.org/10.3389/fevo.2015.00089
http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive
https://creativecommons.org/licenses/by/4.0/
mailto:larsson.matz@gmail.com
mailto:matz.larsson@regionorebrolan.se
http://dx.doi.org/10.3389/fevo.2015.00089
http://journal.frontiersin.org/article/10.3389/fevo.2015.00089/abstract
http://loop.frontiersin.org/people/220922/overview

Larsson

The optic chiasm in motor control

Due to the position of the eyes, binocular vision creates two
slightly different images, and this disparity provides information
that the brain uses to estimate depth in the visual scene
(Wheatstone, 1838; Barlow et al., 1967; Heesy, 2009). Binocular
vision has been associated with ecological/behavioral factors
such as predatory behavior, nocturnalism, and living in trees
(Tigges, 1970; Heesy, 2009). It is functionally related to changes
in the visuomotor system, high visual acuity, specializations of
visual pathways in the brain, elaboration and differentiation
of the visual cortex, and with orbital convergence (Heesy,
2009). Many features of primates, including specializations
of the visual system, have been explained as adaptations to
the occupation of an arboreal niche (Heesy, 2009). Collins
(1921) proposed that binocular vision and stereopsis, i.e.,
reconstructing a three-dimensional world in the cortex using
binocular visual information, is necessary for accurate judgment
of distance in arboreal locomotion, not least during leaping,
where a miscalculation may be deadly. Similarly, the fine-
branch niche hypothesis of primate origins postulates that
visual specializations for judgment of depth during acrobatic
locomotion in a network of typically small branches was vital
(Martin, 1979).

Also Crompton (1995) supported that primates’ stereoscopic
depth perception and orbit convergence developed for accurate
judge distance, but added that it may also have been for
locating food, such as fruit and insects, in an obscure and
complex arboreal environment. Aforementioned hypotheses
have in common the necessity for accurate judgment of distance
in arboreal substrates to avoid a fatal estimation of distance.
However, Heesy (2009) argued that arboreality is not exclusive
to primates; some other arboreal mammals, e.g., rodents, have
divergent orbits and panoramic visual fields, including flying
squirrels, which may fly over 100m between trees. Cartmill
(1992) suggested that high orbit convergence and binocular
visual field overlap are adaptations to the nocturnal visual
predatory habits of the last common ancestor of all primates. He
demonstrated that many predatory mammals relying on vision to
follow and grab prey have comparatively high orbit convergence,
and postulated “the visual predation hypothesis” i.e., that several
characteristics of the primate visual system might have been due
to alterations serving in visually based predation. Allman (1977)
and Pettigrew (1978) developed the visual predation hypothesis
further, suggesting that orbit convergence is associated with the
development of suitable optical, and visual axes, in nocturnal
taxa. The optical axis is the axis of symmetry through the cornea
and lens; the visual axis means the line that fits through the point
of fixation, nodal points, and area centralis (or fovea); the orbital
axis is the line of symmetry of the orbit (Heesy, 2008). If visual
and optic axes are more and more brought into line, the result
will be that light from the object of interest can pass through the
center of the lens, and close alignment of the optic and visual
axes will permit nocturnal animals to view prey and other objects
within binocular fields without compromising light-gathering
capabilities (Heesy, 2009).

Pettigrew (1986a) expanded his avian hypothesis to include
mammals. Regardless of panoramic or binocular visual fields
arboreal animals are likely to use multiple cues to perceive

depth during locomotion, examples are interposition (an
object is partly obscuring another object), perspective, motion
parallax, vergence eye movement cues, accommodation, and
optic flow (Heesy, 2009). Heesy (2009) proposed that large
binocular visual fields, give at least three unique potential visual
advantages: enhanced light sensitivity, expanded stereoscopic
depth perception, and contrast discrimination. The latter is made
possible by summation of two similar images presented to each
eye, which helps the brain to distinguish unwanted “noise” from
useful information. Stereopsis means the computation of object
solidity and depth based on binocular disparity cues (Poggio
and Poggio, 1984; Cumming and DeAngelis, 2001). Stereoscopic
depth perception is founded on neurons sensitive to binocular
disparities. These “binocular neurons” need contribution from
each eye (Poggio, 1984) and are responsible for the perception
of depth, object solidity, and binocular fusion (Heesy, 2009).
Stereoscopic processing in the cortex integrates/fuses percepts
of retinal images from each eye into a singular mental visual
image (Poggio, 1984; Poggio and Poggio, 1984; Cumming
and DeAngelis, 2001). Stereoscopic depth perception precludes
binocular visual field overlap since that is the portion of the visual
field from which binocular parallax cues are composed; binocular
parallax is generated by the slightly different views of objects that
are projected onto each retina; the stereopsis hypothesis suggests
that these slight discrepancies, termed binocular disparities,
provide the cues from which stereoscopic depth is computed
(Heesy, 2009).

Parallax is a function of the interocular distance, which limits
the functional utility of stereopsis. The maximum range in
amphibians and birds is less than 1 m, and mammals also have
a short range over which stereopsis functions (Collett, 1977).
In humans vergent eye movements occur most frequently in
the space corresponding to the arm’s length (Viguier et al,
2001). Since the earliest true primates were likely to be very
small, with small interocular distance, their stereoscopic range
was probably much shorter than their maximal leaping distance,
which contradicts that primate binocularity evolved to judge
distance for arboreal leaping (Heesy, 2009).

Archeological evidence have suggest that grasping and visual
adaptations evolved asynchronously in primates, i.e., adaptations
for manual and pedal grasping evolved long before primates’
typical visual characteristics (Silcox et al., 2007; Kirk et al., 2008).
Silcox et al. (2007) proposed that a shift to increased herbivory
diet characterized the origin of primates, which would contradict
the visual predation hypothesis. Moreover, modern phylogenies
have united tarsiers with anthropoid primates (monkeys, apes,
and humans) (Jameson et al., 2011). Studies in tarsiers (Tan and
Li, 1999; Melin et al., 2013) have suggested that many hallmarks
of the anthropoid visual system had already evolved in the last
common ancestor of tarsiers and anthropoid primates, which also
challenges the visual predation hypothesis.

Hypotheses about the evolution of bifocal vision/stereopsis
are largely restricted to mammals and/or birds. Ward et al.
(1995) stated that the variation in IRP among non-mammalian
vertebrates is mysterious and lacks a relationship with
nocturnalism or predatory lifestyle. A recent eye-forelimb
(EF) hypothesis proposed that receiving visual feedback of limb
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Optic nerve

Optic Tract

Superior Colliculus

FIGURE 1 | Visual pathway in a primate. The superior colliculus,
lateral geniculate nucleus, and visual cortex in each hemisphere receive
input from both eyes. Visual information is received by the left halves
of the retina (red) of both eyes and transmitted to the left hemisphere.
Axons from the right half of each eye (green) terminate in the right
hemisphere. Due to the development of frontal eye position and the

Binocular field

Visual Cortex

Optic chiasm

Lateral Geniculate Nucleus

crossed neuron fibers in the optic chiasm, visual information about the
right hand will reach the left hemisphere, which also receives tactile
and proprioceptive information. The left hemisphere also steers the
right hand, hence, all involved neurons are situated in the same
hemisphere. Reprinted from Herrera and Mason (2007) with permission
from Elsevier and the authors.

movements in the limb-steering hemisphere was fundamental
in the evolution of vertebrate visual systems (Larsson, 2011) and
the primary basis for the substantial variation in proportion
of crossed and uncrossed retinal ganglion cells (RGC). The
aim of this review was to examine OC anatomy and retinal
specializations in a variety of vertebrates with respect to the EF
hypothesis and to explore associations with motor behavior.

The OC is the structure of the ventral diencephalon midline
where RGC axons either cross the midline or return to the
ipsilateral hemisphere (Figure 1). Thus, fibers destined for the
right or left hemispheres are separated here. The arrangement
of the OC is not consistent among species, and shows notable
differences in gross architecture (Figure 2) (Jeffery and Erskine,
2005). Developmental mechanisms shaping this region may vary
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FIGURE 2 | In fish, except Cyclostomes, all retinal ganglial cells project
contralaterally and retinal axons do not intermingle at the chiasm. In
birds, retinal axons project contralaterally, however, there is a minor transient
ipsilateral projection (red dashed lines) that disappears at hatching. Binocular
vision is partially developed in mouse and ferret with most retinal axons
crossing the midline (green), but they also possess ipsilateral retinal projections
(red). Binocular vision is fully developed in mammals with frontally located
eyes. Line thickness indicates the proportions of fibers that projects to
ipsilateral or contralateral targets. Reprinted from Herrera and Mason (2007)
with permission from Elsevier and the authors.

among closely related animals (Jeffery and Erskine, 2005; Herrera
and Mason, 2007).

The Eye-forelimb Hypothesis

The EF hypothesis postulates that increased IRP is useful in
animals with frontal eyes that regularly use their forelimbs
frontally, while reduced IRP is functional in animals using
the forelimbs laterally (Larsson, 2011). Limb movement is

a multimodal event engaging motoneurons, proprioception,
and, possibly, touch, and vision. In essentially all vertebrates
each cerebral hemisphere receives little visual, tactile, and
proprioceptive information from the ipsilateral forelimb,
while multisensory information from the contralateral limb
is abundant (Figure 3). Since the involved motor nuclei,
somatosensory areas, and vision neurons are situated in the
same hemisphere, the neuronal pathways involved are relatively
short. However, that would not have been the case without
evolutionary modifications of crossed/uncrossed projections
in the OC. Reduction in the number of interhemispheric
connections reduces brain size (Ringo et al.,, 1994) and speeds
processing (Poffenberger, 1912; Berlucchi et al, 1971). This
neural architecture creates hemispheres that are autonomous
with respect to motor control and perception of limb movements,
and multimodal information about a moving forelimb will
converge in the same cerebral hemisphere. The inner ear is also
primarily connected to the contralateral hemisphere and hence
the hemisphere also receives rapid auditory feedback about the
limb that it controls. The OC structure may be functional in the
storage and recollection of time-based sequences that is necessary
for making predictions, recognizing time-based patterns, and
generating behaviors. The neocortex can be viewed as a memory
system that builds a model of the world for inference, prediction,
and behavior (Hawkins et al., 2009). These authors suggested a
hierarchically organized memory system in which time-based
sequences of multimodal character are primarily stored locally.
Hemispheric autonomy with respect to forelimb coordination
is likely to facilitate the storing and recalling of multimodal
information in forelimb maneuvers, thereby improving motor
learning.

Thus, visual feedback from limbs to the limb-steering
hemisphere is likely to be highly adaptive. Crossing, or non-
crossing, in the OC determines which hemisphere receives visual
feedback in forelimb maneuvers, and elaborate mechanisms to
regulate IRP proportions exist in the form of multiple axon
guidance genes (Herrera and Mason, 2007).

Retinal ganglion cells departure from the retina and propagate
in a certain direction by distinguishing guidance cues that are
expressed in optic pathway structures, counting the optic disc,
optic stalk, OC, and optic tract (Petros et al., 2008). Such
guidance cues comprise cell surface ligands e.g., semaphorins
in the optic stalk and ephrin B2 in the OC, and a variety of
soluble elements for example netrin-1 in the optic disc and
Slitl in areas neighboring the OC (Erskine and Herrera, 2007).
In most animals few or no RGC are linked to targets in the
ipsilateral side of the brain, while the majority of RGC axons,
after crossing the midline at the OC, will be linked to targets
in the contralateral hemisphere, located at the ventral-medial
hypothalamic (vHT) area (Kim et al., 2014). Subsets of vHT
cells express molecules that determine the direction, which RGC
axons take at the OC (Kim et al., 2014). For example it has been
shown that vHT radial glial cells express ephrinB2, which binds
to ephrinB1 receptors expressed in ventral-temporal RGC axons
and drive back axons toward the ipsilateral optic tract (Nakagawa
et al., 2000; Williams et al., 2003). Other factors e.g., a neuronal
cell adhesion molecule expressed in the vHT have been suggested

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2015 | Volume 3 | Article 89


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive

Larsson

The optic chiasm in motor control

i

FIGURE 3 | The optic chiasm (OC) in three types of vertebrates. Filed
circles represent the superior colliculus (SC). Rectangles represent portions of
the left and right visual hemifield. (A) Limbless snakes and caecilians have
relatively high proportions of ipsilateral retinal projections, similar to
cyclostomes. (B) In animals with laterally placed forelimbs, visual, motor,
tactile, and proprioceptive information concerning the forelimb are processed
in the contralateral hemisphere. However, that would not have been possible
without evolutionary change in the OC, in this case a reduction of IRP
compared with cyclostome-like ancestors (C) The cerebral hemispheres of
primates receive visual information solely from the contralateral visual
hemifield. Again, that would not have been possible without evolutionary
change in the OC, in this case increased IRP from the temporal retina. Cats,
arboreal marsupials, and fruit bats have similar visual systems. Reprinted from
Larsson (2013) with permission from the author/copy-right holder.

to support the growth of RGC axons across the vHT midline
(Williams et al., 2006; Erskine et al., 2011; Kuwajima et al., 2012).
Thus, molecular cues guide retinal axons to approximate regions
along the rostrocaudal axis of the target. Activity-dependent
mechanisms exist that refine this crude map (Hiramoto and
Cline, 2014). Hiramoto and Cline showed that retinal mapping
in Xenopus laevis might be influenced by the animal’s motion
direction. The axonal guidance system that determines the OC
architecture is an expanding area of research, however many vital
mechanisms remains to be discovered (Kim et al., 2014). How
axon guidance genes influence, alternatively might be influenced
by evolutionary change of species’ motor behavior and ecology
have been little explored.

The EF hypothesis includes that the selective value of fast
and accurate visual steering of limbs, particularly the forelimbs,
may result in evolutionary change that turn axonal guidance
genes on or off. Thus, the idea presented here is that the OC
is an evolutionarily active structure, key to preserving short
neural pathways and hemispheric autonomy when eyes or limbs
undergo crucial modification to adapt to new ecological niches.

Motor Behavior and Association with Optic
Chiasm Structure in Vertebrates

Non-mammals

Fish

Fish represent a diverse group of organisms that includes all gill-
bearing aquatic craniate animals that lack limbs with digits: the
extant hagfish, lampreys, and cartilaginous and bony fish along
with many extinct related groups (Nelson, 2006).

Fish with pectoral fins use them almost exclusively in a
lateral direction. Movements and sensory information about
the pectoral fin are processed in the contralateral hemisphere.
The EF hypothesis predicts that visual information about a
pectoral fin will be directed to the contralateral hemisphere,
and contralateral retinal projections should predominate. The
anatomy and distribution of the RGC in fishes has been reviewed
by Ward et al. (1995). Most fish species lack, or have few,
IRP (Figure2). A noteworthy exception is the Cyclostomes
(Ward et al., 1995), eel-like animals without paired appendages
(Nelson, 2006) (Figure 3A). Paired appendages are likely to
have developed in the gnathostome lineage after it separated
from cyclostomes (Shimeld and Donoghue, 2012). All living
gnathostomes, except snakes, and eels and other lineages with
secondary loss, possess paired pelvic, and pectoral appendages
that form fins in cartilaginous and bony fish and limbs in
tetrapods.

Since Cyclostomes, in general, exhibit IRP, Ward et al.
(1995) suggested that the ipsilateral contingent of fibers may
be a phylogenetically primitive characteristic. This may be
reflected in the Russian sturgeon Acipenser giildenstddti, which
has extensive IRP (Reperant et al, 1982). The sturgeon is
phylogenetically primitive compared with Teleostans, which
largely lack IRP (Ward et al., 1995). However, the idea seems
contradictory since phylogenetically advanced animals such as
terrestrial predatory mammals and primates possess abundant
IRP. Instead, Larsson (2011) proposed that IRP may aid in
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coordination of bilateral movements in limbless species. For
example, when a cyclostome or snake is curled, a given side
of the body may be visible by both eyes, while one side may
be invisible (Figure 4). In this situation one eye will transmit
visual information about the frontal part of body, while the other
transmits information about the distal body part. Without IRP,
one hemisphere may receive visual feedback about the caudal
part of the body, while the contralateral hemisphere will receive
information about the rostral parts of the body. In this situation
IRP may provide direct visual feedback from the caudal and
rostral body to both hemispheres, which may have had adaptive
value and possibly resulting in preserved/regained IRP in
limbless species.

Larsson (2011) proposed that the evolution of paired
appendages, particularly limbs that can be moved autonomously
under visual control, increased the adaptive value of contralateral
retinal projections (Figure 3B). In accordance with this concept,
the pectoral fins of sturgeon are relatively immobile, and there
is normally no visible alteration in pectoral fin position during
tail-beats. In contrast, many teleosts, which largely lack IRP, use
oscillatory movements of pectoral fins to produce propulsive
forces (Wilga and Lauder, 1999).

Amphibians

Amphibians comprise the Anura (frogs and toads), the Caudata
(salamanders), and the Gymnophiona (caecilians), which is a
group of burrowing, limbless species (Noble, 1931). The pattern

o [
S ”m"" l[,/”

FIGURE 4 | When an eel or snake is curled, a given side of the body
may be viewed by both eyes, while the other side is invisible. Here one
eye transmits visual information about the rostral part of the body, while the
other eye transmits information about the caudal parts. Without IRP, the left
hemisphere would only receive visual feedback about the caudal part of the
body, while the right hemisphere would only receive information about the
more rostral body parts. In this situation IRP will provide visual feedback from
caudal and rostral body-parts to both hemispheres.

in amphibians is variable. An interesting example is Xenopus
laevis, which has only crossed projections until metamorphosis,
at which time it develops forelimbs with claws, binocularity, and
IRP (Gaze, 1970; Fritzsch, 1990; Jeffery and Erskine, 2005). In
hunting, the forelimbs of Xenopus are held in a flexed position
in front of the head and are extended to capture prey and move
it to the mouth (Carrefio and Nishikawa, 2010). Like in mice
(see below) IRP in Xenopus are confined to the temporal retina
(Jeffery and Erskine, 2005), which is notable since this area will
receive most or all information about the contralateral forelimb.

The limbless caecilian Ichthyophis kohtaoensis, which has weak
sight and eyes that are positioned very laterally (Himstedt and
Manteuftel, 1985) displays well-developed IRP (Himstedt and
Manteuftel, 1985) (Figure 3A). Their IRP can by no means be
correlated with binocularity since their small eyes are positioned
very laterally far behind the snout (Himstedt and Manteuffel,
1985).

Plethodontid salamanders possess extensive IRP (Wiggers,
1999; Dicke and Roth, 2009). Since they have laterally situated
forelimbs that seems to contradict the EF hypothesis. However,
for example tropical climbing salamanders, Bolitoglossinae,
which represent 50% of existing salamanders, have developed
a feeding apparatus involving tongue protraction (Roth and
Schmidt, 1993). Their projectile tongue is combined with
a more frontal eye position relative to other salamanders
(Roth and Schmidt, 1993). The substantial number of IRPs in
Bolitoglossinae is most likely the basis for rapid computation
of object distance (Wiggers et al., 1995). The combination of
IRP and bifocal vision may serve to coordinate actions of body
appendages such as a protractile tongue (Martin, 2009; Larsson,
2011).

Reptiles

Extant turtles comprise 240 species (Bellairs, 1970) distributed
among 12 families (Gaffney, 1988). Among turtles, the
leatherback Trionyx cartilaginous, the only species lacking
IRP, has eyes notably more frontally placed and a wider binocular
field than does Chinemys, in which IRP are relatively more
extensive (Hergueta et al., 1992). Thus, in contrast to mammals,
turtles lack a positive association between the proportion of
IRP and the degree of frontal vision, the so-called Newton-
Muller-Gudden Law (Magnin et al., 1989). The reason is unclear
(Hergueta et al., 1992). Trionyx cartilaginous has more frontally
placed eyes, and its neck is elongated compared to other turtles
(Zug, 2015). Due to this anatomy, it is likely that T. cartilaginous
has inferior capacity to visually supervise the contralateral paw
compared with other turtle species. A testable prediction of
the EF hypothesis is that turtles with IRP have some ability
to supervise the contralateral forelimb, which would support
that visual control of the forelimbs, not binocular vision per se,
stimulates the evolution of IRP.

The RGC projections show contralateral dominance in most
lizards and crocodilians and are completely contralateral in
chameleons and uromastix lizards (Burns and Goodman, 1967;
Repérant, 1975; Bennis et al., 1994; Tarpley et al., 1994; Ward
et al.,, 1995; Derobert et al., 1999; Bruce, 2009). These species
exhibit little frontal use of the forelimbs.
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Why chameleon species with protractile tongue, in contrast
to Bolitoglossinae, have no IRP is an ambiguity shared by the
stereopsis and EF hypothesis. Although chameleon species fixate
the prey with both eyes before using the protractile tongue,
they primarily use accommodation cues, and not stereopsis to
estimate the distance (Ott et al., 1998).

Snakes, which lost appendages during evolution, have more
abundant IRP (Figure 3A) than lizards, their closest relatives
with limbs (Repérant et al., 1992), possibly another indication
that IRP aid limbless animals in coordination of bilateral
movements.

Birds

In bird embryos, IRPs develop but are greatly reduced just before
hatching (Thanos and Bonhoeffer, 1984), and mature birds have
no, or extremely few, IRP (Figure2) (Remy and Gunturkun,
1991; Ward et al., 1995). Since birds are descendants of tetrapod
reptiles, it was proposed by Larsson (2011) that bird ontogeny
might reflect their phylogenic development: bird predecessors
possibly possessed more extensive IRP. Archaeopteryx had
forelimbs 120-140% of hindlimb length (Gauthier, 1986), which
may have been compatible with forelimbs operating ahead of the
animal.

Martin (2009) reported that the maximum binocular field
across most avian taxa ranges from 15° to 30°. The assumption
that binocularity is required to produce stereopsis has been
questioned (Davies and Green, 1994; McFadden, 1994). Although
the frontal visual field overlap in woodcock is only around
5%, and thus unlikely to permit stereopsis, they are capable
of rapid flight in complex environments suggesting that large
binocular fields are not obligatory to take advantage of optic
flow information during locomotion (Martin, 2009). Search for
disparity sensitive cells in the Wulst of pigeon has failed (Martin,
2009).

Owls have a higher degree of IRP than do most other birds,
and their maximum binocular field widths are typically around
50-60° (Pettigrew, 1986a). Owls exhibit double decussation.
Despite complete crossing of the optic nerve, information from
each part of the retina converge in the brain due to a second
crossing, functionally similar to having a large proportion of IRP
(Pettigrew, 1986a). Larsson (2011) proposed that the decussation
and binocular vision in owls may improve coordination of the
lower limbs. Numerous species of owls have been observed
foraging on foot (Johnsgard, 1988; McMillian, 1998). Martin
(2009) suggested that the primary function of binocular vision
in birds is the control of bill and foot position, and that binocular
vision aids in timing the opening of the bill or feet, for example
when pecking, attacking, gripping prey, or feeding young. New
Caledonian crows Corvus moneduloides exhibit the largest known
degree of binocular overlap among birds (60°), reinforcing the
idea that manipulative behaviors are associated with binocularity
(Troscianko et al., 2012).

It has been suggested that nocturnal behavior leads to
enrichment of visual structures such as cones, which are
associated with binocular vision (Heesy, 2008; Vega-Zuniga et al.,
2013). However, several nocturnal predatory birds lack binocular
enhancement (Vega-Zuniga et al, 2013). Vega-Zuniga et al.

(2013) proposed that birds that lack binocular enhancement such
as the nighthawk, a nocturnal predatory bird of the Chordeilinae,
represent a challenge to the nocturnal hypothesis as well as to the
hypothesis that links binocularity with predatory behavior.

Cockatoos have been widely studied with respect to the
relationship between retinal organization and behavioral ecology,
since these species display a remarkable variation in niche
partition and habitat (Coimbra et al,, 2014). Black cockatoos
Calyptorhynchus spp. and corellas Cacatua spp. exhibit strongly
lateralized visual behaviors (Coimbra et al., 2014), and when
foraging primarily use the left eye for fixation and the
left foot to collect seed pods, fruit, and tubers (Magat and
Brown, 2009). Cockatoos that forage on the ground possess a
retinal specialization resembling the dorsotemporal extension
(anakatabatic area) found in artiodactyls, and, as in artiodactyls,
this structure correlates with the distance between the head
and the ground (Coimbra et al., 2014). Retinal ganglion cell
densities are significantly higher in the left perifoveal regions
in strongly left-footed cockatoo species such as black cockatoos
and corellas (Coimbra et al., 2014), further supporting the idea
that visual steering of the feet influenced the evolution of retinal
specialization. Cockatiels, which do not use the feet in foraging
(Magat and Brown, 2009) may have reduced need for visual
guidance of the feet, possibly explaining differences in their
retinal specializations (Coimbra et al., 2014). The New Zealand
parrot kakapo Strigops habroptilus is nocturnal and flightless with
short legs and large feet (Powlesland et al., 2006). The Kakapo’s
eyes are significantly more convergent than seen in other parrots,
suggesting an increased binocular overlap possibly related to its
nocturnal activity (Corfield et al., 2011). An alternative rationale
may be control of bill and foot position (Martin, 2009). The
kakapo is a climber, reaching the canopy of 20-30 m tall trees via
vines, lianes, and understory shrubs, and often moves from tree to
tree through the canopy (Powlesland et al., 2006). When foraging,
the kakapo typically grasps a leaf with one foot and strips the
nourishing parts of the plant with the beak, until only a ball of
indigestible fibers remains (Atkinson and Merton, 2006). The
kakapo may be another example of association between binocular
vision and precise visual control of body appendages.

Mammals

In mammals, the number of IRP to the thalamic nucleus
dLGN is positively correlated with the degree of binocular
overlap (Pettigrew, 1986a; Barton, 2004). Mammals with laterally
positioned eyes exhibit a low level of IRP (Herrera and Mason,
2007) (Table 1B). In rodents, the uncrossed component is about
2-3% (Petros et al., 2008). In mice the IRP are located in
a crescent-shaped area bordering the inferior temporal retina
(Dréger and Olsen, 1980). As a result of the snout anatomy in
rodents (Hughes, 1977), the contralateral paw might be viewed
only in the superior quadrant of the visual field, corresponding
to the inferior temporal retina. This supports the EF hypothesis,
since IRP from the inferior temporal retina of mice is the
only potential way to transmit direct visual feedback to the
limb-steering hemisphere. Also primates, cats, dogs, and other
investigated mammals display IRP exclusively in the temporal
retina (Jeffery and Erskine, 2005), which is the retinal part that
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is likely to receive most information about the contralateral hand
or paw.

Vega-Zuniga et al. (2013) compared visual traits of Octodon
degus to those of Octodon lunatus, rodents of the South American
Octodontidae. The nocturnal O. lunatus visual field shows a
100° frontal binocular overlap, while that of the diurnal O.
degus has 50° overlap. The IRP to the dLGN and SC in O.
lunatus were found to be almost 10 percent (personal message
from Dr Jorge Mpodozis) or five times the number in O. degus.
The authors suggested that nocturnal habits may be associated
with an enhancement of binocular vision in mammals. Both
Octodon species show the ability to climb bushes and small trees;
however, since O. lunatus is more commonly found in thickets
and O. degus primarily occupies grasslands and flat habitat,
climbing is likely to be more frequent in the former. Thus,
improved climbing abilities in O. Iunatus due to accurate eye-
forelimb coordination might be an alternative to the nocturnality
hypothesis. A comparative study of the visual systems and the
association with climbing abilities in Octodon species would be
of interest.

The position and magnitude of retinal specializations correlate
with foraging behavior in many species (Hughes, 1977). In
browsing and grazing vertebrates living on the ground, the
temporal portion of the horizontal streak, a dense distribution
of cones, usually forms a dorsotemporal extension (anakatabatic
area) that augments spatial resolution in the frontal and inferior
visual fields. In artiodactyls this is associated with the distance
between the head and the ground (Hughes, 1977; Coimbra
et al., 2014) and is likely to enhance visual feedback of the
moving hoofs. The peripheral distribution of the herbivore
artiodactyl visual streaks suggests significant effects of eye
height and the structure of the environment (Schiviz et al,
2008).

Microchiroptera have no (Pettigrew, 1986b) or very few IRP
(Scalia et al., 2015). Fruit bats, Megachiroptera, which commonly
use claws on the wing to climb trees and manipulate fruit (Zhang
et al., 2010), possess a primate-like visual system with a large
proportion of IRP and an extensively developed primary visual
area (Pettigrew, 1986b; Rosa et al., 1993).

Marsupials

The pattern of retinal input to the dorsal lateral geniculate
nucleus (dLGN) in marsupials is variable (Royce et al., 1976;
Harman et al., 1990) (Table1). Plentiful overlap of visual
projections in the dLGN is largely analogous to high proportions
of IRP. Two diprodonts, the feather tailed glider Acrobates
pygmaeus and the honey possum Tarsipes rostratus (Harman
et al., 1990) exhibit extensive overlap in the dLGN. Both are
fast and agile tree climbers (Branson et al., 1993). Also Marmosa
mitis, a South American opossum exhibit extensive overlap in the
dLGN (Royce et al., 1976). This animal is arboreal and dexterous;
usually lunges forward to pin its prey to the ground with its
forefeet before biting it (Macrini, 2004). The polypropodont
family Dasuridae, which display extensive overlap in the dLGN,
mainly includes carnivorous species, of which many are capable
of climbing. Notably, ground dwelling herbivorous wombats

TABLE 1 | Ipsilateral retinal projections (IRP) in vertebrates.

A. NON-MAMMALIAN EXAMPLES IRP
Cyclostomes L ++
Bony fish (Osteichthyes) - +
The sturgeon, Acipenser giildenstiidti L ++
Teleostei -
Neoteleostans - -
cladistically primitive groups of teleostans - (+)
other actinopterygit- (+)
Amphibians -
Caudate amphibians L +
Anurans !
Xenopous Laevis ' ++
Caecilians - +++
Reptiles
Chelonians
Trionyx cartilaginous' -
Eleven other investigated turtle species L +
Squamates
Lizards - (+)
The agamid Uromastix acanthinurus - —
Chameleo chamaeleon - —
Snakes - ++
Crocodilians -
Only one (Caiman sclerops) of seven species has been
investigated
Birds L: (develops IRP but display a drastic regression of IRP (+)
before hatching)
B. MAMMALIAN EXAMPLES IRP
Marsupials
Wombats (Triggs, 1996) L (+)
The polypropodont family Dasuridae ++
Diprodonts (as a group) (+)
The feather tailed glider, Acrobates, pygmaeus F ++++
The honey possum, Tarsipes rostratus™ + 4+ ++
South American opossum, Marmosa mitis F + 4+ ++
Placental mammalians
Cetaceans
Bottle nose dolphin (Tarpley et al., 1994) ! -
Chiroptera
Microchiroptera L -
Megachiroptera F ++
Rodents (as group) L +
Octodon degus L +
Octodon lunatus ' ++
Carnivora
Ferret ! ++
Canidae (dogs) © ++4
Felidae (cats) © + 44+
Primates F +++++
(Continued)
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TABLE 1 | Continued

definitions (%)
- no IRP 0
(+) very few IRP 0-1
+ few IRP 1-3
++ 4-10
+++ 11-20
++++ 21-30
+++++ abundant, primate like 31-45

The table is a summary of data from the main text, which provides references about IRP.
A graduation of IRP from — to + + + + + is used. Also a corresponding percent interval
is presented but that and many other data in the table is arbitrary since methods and
presentation of data differs considerably among studies. Ward et al. (1995) and Larsson
(2011) include more animal groups, more details and further references. The eye position
of animals is roughly estimated as frontal®, intermediate®’, or lateral ™.

known to dig tunnel systems (Evans, 2008) have the least overlap
in the dLGN (Triggs, 1996).

Degree of overlap in other marsupials seems to fall between
these extremes (Sanderson et al., 1987). For example, the
tammar wallaby Macropus eugenii, a small kangaroo belonging
to an advanced order of diprotodonts that includes wallabies,
kangaroos, wombats, opossums, and the koala (Wimborne et al.,
1999), has a binocular field of 50°, and the proportion of
IRP is 10% (Wimborne et al., 1999). Although predominately
grazers, visual control of forelimbs is required when tammars are
browsing (Lentle, 1998).

Primates

Superior visual control of the hand is characteristic of primates
(Hughes, 1977). The primate visual system is highly suited to
supervision of tasks within arm’s length (Hadjidimitrakis et al.,
2011; Larsson, 2013). Gaze-centered coordinates are frequently
used and are vital to visual directing of the hand (Pouget et al.,
2002; Buneo and Andersen, 2006). Ocular dominance usually
switches from one eye to another during reaching maneuvers;
e.g., the left eye is likely to become dominant when the left hand
reaches an object in the left visual field (Khan and Crawford,
2001). Spatial discrimination (Richter et al., 2007) and manual
reaction times are superior in the lower visual field (Danckert
and Goodale, 2001) where reaching movements in primates
typically begin. Vergent eye movements occur most frequently
in the space corresponding to the arm’s length (Viguier et al,,
2001). The representation of 3D shape has been studied in two
interconnected areas in the primate brain, recognized to be
critical for object grasping: area AIP and area F5a in the ventral
premotor cortex; in both areas, 3D-shape selective neurons
were co-localized with neurons displaying motor-related activity
during object grasping in darkness, indicating a merging of visual
and motor information on the same clusters of neurons (Theys
etal., 2015).

Predatory Mammals
Many predatory mammals have frontally located eyes and a
significant degree of IRP (Jeffery and Erskine, 2005). Primates

(predators as well as frugivorous species) display around 45%
IRP (Jeffery and Erskine, 2005). Domestic cats display 30%
(Herrera and Mason, 2007), dogs 20-22% (Hogan et al., 1999;
Lee et al,, 1999), and the ferret, a predator, adapted for epigean
as well as tunnel locomotion (Horner and Biknevicius, 2010),
has approximately 8% IRP (Morgan et al., 1987). However, the
predatory bottlenose dolphin Tursiops truncatus displays only
crossed projections (Tarpley et al., 1994), and the giant panda
Ailuropoda melanoleuca has frontal eyes in spite of a herbivorous
diet (Seidensticker and Lumpkin, 2007). The giant panda is a
frequent climber. Data about IRP in the giant panda is lacking.
Many species of felidae are also tree-climbers and use visually
guided paw movements in prey capture (Hughes, 1977). Notably,
the sectioning of all crossing fibers at the OC midline was not
found to substantially affect disparity detection (stereopsis) in
felidae (Lepore et al., 1992).

Discussion

The placement of the eyes, retinal specializations, and the OC
architecture seem to be associated with motor behavior in a
variety of vertebrates. The necessity of supervising and efficiently
processing movements may explain the low proportion of IRP in
most fishes, reptiles, and birds. The EF hypothesis accommodates
why IRP emanate exclusively from the temporal retina in animals
with limbs. Abundant IRPs in primates and most predatory
animals is also in accordance with the hypothesis.

There is lack of data on to what extent, and how skillfully,
canidae use visually guided paw movements in prey capture, and
the relatively high proportion of IRP (20-22%) (Hogan et al.,
1999; Lee et al, 1999) in dogs may be at odds with the EF
hypothesis. However, wolves are recognized to use their feet and
claws for catching/manipulating prey and digging (Moskowitz,
2013).

Visual control of the feet and bill seems to have influenced the
evolution of retinal specialization in cockatoos (Coimbra et al.,
2014) and possibly in the kakapo and the New Caledonian crow,
reinforcing the concept of the primary role of binocular vision in
birds as visual control of body appendages (Martin, 2014). The
EF hypothesis would predict binocular vision and IRP in species
with forelimbs that habitually operate in front of the animal.
A predatory lifestyle in terrestrial mammals such as cats or
bears typically involves the forelimbs, which are usually frontally
positioned and used to hold and manipulate prey, while aquatic
predators such as dolphins primarily use the mouth. Thus, the
EF hypothesis may explain both why terrestrial mammalian
predators possess high proportions of IRP and predatory aquatic
animals such as Trionyx and bottlenose dolphins have no IRP.
Trionyx and cetaceans are likely to only take advantage of
visual feedback to the limb-steering hemisphere, and the EF
hypothesis suggests that evolutionary change in position and
function of the forelimb resulted in a gradual and complete loss
of IRP. That implies that the multiple axon guidance genes,
which regulate IRP proportions (Herrera and Mason, 2007)
are largely influenced by natural selection. The relatively high
proportion of IRP in vertebrates with secondary loss of the
limbs demonstrates that such evolutionary change may go in
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either direction, depending on motor behavior/anatomy in the
ecological niche of species.

The primate visual system is highly suited to supervise tasks
within the hand’s working space (Hadjidimitrakis et al., 2011;
Larsson, 2013); indications on that are the switch of ocular
dominance during reaching maneuvers (Khan and Crawford,
2001), superior spatial discrimination (Richter et al., 2007) and
shorter reaction time in the inferior visual field (Danckert and
Goodale, 2001) where the hand commonly operates. Moreover,
the fundamentals of stereopsis, vergent eye movements, largely
take place within arm’s length (Viguier et al., 2001). 3D-shape
selective neurons that are co-localized with neurons engaged in
grasping (Theys et al., 2015) also supports the EF hypothesis.
The EF hypothesis does not contradict the premise that abundant
IRP in the OC combined with frontal vision were important in
the evolution of stereopsis. However, this review suggests that
stereopsis was a byproduct of the evolution of accurate eye limb
coordination. The predator hypothesis (Ward et al., 1995), as well
as the nocturnal restriction hypothesis (Vega-Zuniga et al., 2013),
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