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Although flight is regarded as a key behavior of birds this review argues that the

perceptual demands for its control are met within constraints set by the perceptual

demands of two other key tasks: the control of bill (or feet) position, and the detection

of food items/predators. Control of bill position, or of the feet when used in foraging,

and timing of their arrival at a target, are based upon information derived from the optic

flow-field in the binocular region that encompasses the bill. Flow-fields use information

extracted from close to the bird using vision of relatively low spatial resolution. The

detection of food items and predators is based upon information detected at a greater

distance and depends upon regions in the retina with relatively high spatial resolution. The

tasks of detecting predators and of placing the bill (or feet) accurately, make contradictory

demands upon vision and these have resulted in trade-offs in the form of visual fields and

in the topography of retinal regions in which spatial resolution is enhanced, indicated by

foveas, areas, and high ganglion cell densities. The informational function of binocular

vision in birds does not lie in binocularity per se (i.e., two eyes receiving slightly different

information simultaneously about the same objects) but in the contralateral projection

of the visual field of each eye. This ensures that each eye receives information from

a symmetrically expanding optic flow-field centered close to the direction of the bill,

and from this the crucial information of direction of travel and time-to-contact can be

extracted, almost instantaneously. Interspecific comparisons of visual fields between

closely related species have shown that small differences in foraging techniques can

give rise to different perceptual challenges and these have resulted in differences in visual

fields even within the same genus. This suggests that vision is subject to continuing and

relatively rapid natural selection based upon individual differences in the structure of the

optical system, retinal topography, and eye position in the skull. From a sensory ecology

perspective a bird is best characterized as “a bill guided by an eye” and that control of

flight is achieved within constraints on visual capacity dictated primarily by the demands

of foraging and bill control.
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INTRODUCTION

“A bird is a wing guided by an eye” is a phrase that seems to
capture the essence of modern birds. The phrase was coined
by Rochon-Duvigneaud (1943) and has often been repeated.
It elegantly defines birds from two perspectives; that their key
behavior is flight and that this is guided by information extracted
from the environment by vision. The implicit assumption is that
the gaining of information to control flight had been, and still is,
the key driver of avian visual capacities.

It is clear, however, that while birds may be highly dependent
upon vision, information from other senses are important for
the control of a wide range of behaviors, and that vision is
used to control many behaviors beyond flight (Martin, 2014,
2017). When discussing the evolutionary pathway that led to
the optical design of modern vertebrate eyes Nilsson (2009)
argued that the changes to cameras eyes as they first evolved
were neither continuous nor incremental. Nilsson argued that the
evolution of eyes had been subject to periods of rapid change,
as new visually guided tasks were hit upon through natural
selection, followed by relative stasis. To capture this idea Nilsson
suggested that the evolution of eyes has been the subject of
“task-punctuated evolution,” in which there were longer periods
of stasis alternating with shorter periods during which rapid
structural and physiological changes occurred. This raises the
important question of which tasks have in fact driven and
continue to drive the evolution of bird eyes? Are the structures
and capacities of birds’ eyes primarily the results of the perceptual
demands of flight, as Rochon-Duvigneaud suggested, or are other
tasks key to understanding the functions of vision in birds? Is the
control of flight, in actual fact, achieved within visual parameters
driven by the demands of other tasks?

Nilsson and Pelger (1994) argued that the main features
of vertebrate eyes had been arrived at through the process of
punctuated evolution over a relatively short period of time. A
conservative estimate suggested that a fully functional camera
eye could have evolved in as little as 400,000 generations.
However, vertebrate eyes have become increasingly differentiated
and specialized in many and subtle ways. These are exemplified
by the interspecific differences found in readily measured visual
capacities, such as resolution, sensitivity, visual fields, and the
topographical patterns of image analysis within retinas.

Natural selection driving such interspecific differences may
have occurred more-or-less continuously and, indeed, subtle
differences have been noted between closely related species
suggesting recent evolutionary change. For example, the
important functional differences in the visual fields of closely
related ducks, shorebirds and ibises (Guillemain et al., 2002;
Martin and Piersma, 2009; Martin and Portugal, 2011), and the
differences in retinal topography in the eyes of closely related
passerines (Lisney et al., 2012a; Coimbra et al., 2014, 2015;
Moore et al., 2015, 2017), parrots (Mitkus et al., 2014) and
Procellariiform seabirds (Mitkus et al., 2015), must have evolved
relatively recently.

These subtle interspecific differences in vision have been
interpreted primarily in the context of the foraging tasks that
these birds conduct rather than differences in their flight

capabilities and other behaviors, and so this raises the question
of the importance of flight as a driver of bird vision. However, it
should be noted that foraging behavior is better described than
flight behavior in the majority of bird species. If vision is driven
primarily by foraging, which aspects of that behavior are the key
tasks and do they have to be traded-off against the perceptual
demands of other tasks?

It is now established that in birds significant changes in key
structures associated with foraging can occur at very short time
scales. Driven by differences in foraging opportunities, it has been
shown that bill structure can change over just decades (Grant and
Grant, 2014). Whether such rapid evolutionary change occurs
in sensory structures and capacities is not established, but it
is a possibility. This is because the structures that underpin
sensory organs are inherently flexible and give rise to individual
differences in all aspects of sensory capacity and so provide the
variability upon which natural selection can act. It is clear that
the camera eye’s optical system, image analyzing system, and the
way that eyes are combined in the head, can vary independently
of each other, and that these are at the root of differences in
the visual capacities of bird species and of individuals (Martin,
2017; Figures 1, 2). This review draws together various strands of
that information and uses it to focus upon the control of the bill
(and feet) in foraging and how these are traded-off against the
demands for the detection of predators.

WHICH TASKS DRIVE THE EVOLUTION OF
THE SENSORY CAPACITIES OF BIRDS?

Resolving the question of what drives avian senses is somewhat
problematic because it must rely upon a diverse suite of
information that has to be carefully brought together to make
an argument that should be more than a “just so story” (i.e., “a
speculative style of argument that records anatomy and ecology
and then tries to construct historical or adaptive explanations”
Gould, 1985), and be built upon comparative studies that
produce quantitative data and if possible cover a sufficiently wide
taxonomic sample that statistical techniques can be employed to
control for the confounding effects of phylogenetic relatedness.
Although, as noted above, functionally significant differences in
vision can occur between closely related (congeneric) species and
so finding a firm basis for making comparisons may be often be
difficult in the absence of data from a large sample of species.
Nevertheless it is a worthwhile exercise since understanding
what drives the sensory capacities of birds should lead to better
understanding of how information is used generally in the
control of bird behaviors and how it imposes limits on behaviors.
Hence understanding what drives vision in birds should have
applied value, particularly for understanding why birds often
have fatal interactions with a variety of large and apparently
obvious human artifacts (Martin, 2011, 2014).

For any comparative studies of eye structure and function
there is a need to draw study species from a well-established
phylogeny, from species which occupy different habitats, and
from species which present a variety of behavioral repertoires.
A sample which draws on these criteria is likely to include
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FIGURE 1 | Sources of variation in bird eyes. (A) Diagrammatic cross section

through the eye of an owl highlighting the optical system (lens and cornea)

which projects an image of the world onto the retina which is the first stage of

the image analyzing system. The characteristics of the two systems can evolve

independently of each other within broad parameters. The optical system

determines the brightness, size, and optical quality of the image, while

variation in the distribution of photoreceptors and ganglion cells across the

retina determines the fundamental limits on the information that is extracted

from different regions of the image (Figure 2). Although the optical and

analyzing systems are linked together their essential characteristics can evolve

independently. (B) Variation in the placement of eyes in the skull of birds

depicted by diagrams of cross sections through the head of an owl and of a

small passerine. While eyes differ in size their placement in the skull and the

extent of their visual fields are influenced not only by the size of the visual field

of each eye’s optical system but also by the ways in which the fields overlap to

determine the extent of binocular field, the total field, and the width of the blind

area to the rear of the head. See Figure 4 for a diagram of how the fields of

the two eyes can be combined to give different total visual field configurations,

and Figures 3, 5 for examples of different visual field configurations in birds.

From Martin (2017).

animals whose visual systems have been shaped by a range of
different perceptual challenges and hence features which have
evolved in response to different challenges may become evident.
Fortunately, the approximately 10,000 species of extant birds
(Gill and Donsker, 2017) provide a good taxon for such studies

since on the whole their ecology and behaviors tend to be known
in broad terms, and for many species there have been detailed
behavioral and ecological studies (Gill, 2007). The taxonomy
of birds is well established at the level of the family (Gill and
Donsker, 2017). However, at higher taxonomic levels there is
debate based around different technique of classification (Livezey
and Zusi, 2007; Hackett et al., 2008; Jetz et al., 2012; Jarvis et al.,
2014; Prum et al., 2015) and so deeper evolutionary affinities are
not always certain.

KEY TASKS

Among birds, and perhaps all animals, the tasks which have
high informational demands, and are subject to strong natural
selection on a daily basis, are locomotion, foraging, and the
detection of predators (Martin, 2014). Less frequent but highly
selected behaviors, which are also likely to have important
informational demands, involve reproduction and the care of
young.

The question is, are any of these key or primary drivers of
sensory capacity? That is, are the informational demands of some
tasks primary, while the informational demands of other tasks
met within parameters set by the primary demands?

The discussion that follows argues that this is indeed the
case and concludes with the proposal that the primary driver
of sensory capacity in birds is foraging. Furthermore, because
of the unique use of the bill in the foraging of the majority of
birds, the key driver can be further refined to the quite specific
informational demands for the control of bill position and the
timing of the bill’s arrival at a target. In some predatory birds
the feet play the key role in prey capture and in these species
the control of feet position when taking prey may make the
same demands as the control of bill position in the majority of
species (see for example, the analysis of feet position within the
visual field prior to prey capture in an eagle, Martin and Katzir,
1999). The second most important task that drives vision in birds
is the detection of predators. It seems, however, that accurate
bill (or feet) positioning and predator detection usually make
antagonistic informational demands with one requiring detailed
information from the frontal field of view and the other detailed
information from the lateral or posterior field of view. The result
of this antagonism is that there is a trade-off between these two
demands (Martin, 2014). However, getting the bill or feet to the
right place and at the right time takes precedence over predator
detection. This is perhaps because predator detection can usually
be enhanced by behavioral adaptations involving scanning, the
use of senses additional to vision, and social behaviors. However,
accurate bill (or feet) position and timing can only be achieved
using visual information available to the individual. The outcome
of these trade-offs between the control of bill or feet position
and detecting predators depends upon details of the foraging
ecology of each species with the result that there are many subtle
variations between species (Martin, 2014). The final conclusion
of this review is that all other behaviors, including flight and
reproduction, are conducted within the constraints set by the
sensory information that is necessary to guide bill or feet position,
and the requirements of predator detection.
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FIGURE 2 | Complexity within the structure of the avian retina as depicted by patterns of ganglion cell density. Patterns can vary markedly between species and also

between the left and right eyes within the same individual bird and this is evidence for the fine tuning of initial image analysis between and within species. This series of

pairs of ganglion cells isodensity maps show examples taken from a range of birds which differ in their phylogeny and ecology. Marked differences can be seen

between the two seabirds (Order Procellariiformes) and the two parrot species (Order Psittaciformes). The seabirds have distinct linear bands of higher density cells

(Continued)
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FIGURE 2 | Continued

running approximately horizontally across the retina and these project toward the horizon when the birds are in flight. There are also regions of high density in the

central part of the retina which project laterally. Significantly higher cells densities are found in the retinas of the two parrots compared with the seabirds. Also rather

than a linear band of higher density there are two distinct regions of high density in each retina. Note, however, that the two examples of right eye retinas from

Bourke’s parrots show markedly different densities and the left and right eyes of the same Budgerigar seems to show considerable differences. Both parrots have a

region of high density in the center of their retinas which therefore projects laterally. In the right eye of the Budgerigar there is a second region of high density in the

nasal retina and this must projects backwards in the field of view, but this distinct region is absent from the left eye of the same bird. All diagrams from Mindaugus

Mitkus, Lund Vision Group, Sweden. Photos credits: Budgerigar (Michael Cole), Bourke’s Parrot (Daniela Parra), Leach’s Storm Petrel (Fanter Lane), Northern Fulmar

(Steve Garvie). From Martin (2017).

KEY TASKS AND PERCEPTUAL
CHALLENGES FACED BY BIRDS

Flight
Whatever, the exact origins of birds (Chiappe, 2006; Zheng et al.,
2013) it does seem to be clear that the control of flight was a
task that the very first birds must have accomplished and so it
has been assumed that even among the earliest birds flight may
have required a high degree of specialization of visual systems to
provide information that is both spatially accurate and processed
at high speed (Alonso et al., 2004). Both attributes are thought
necessary in order to cope with the demands of traveling at
relatively high speeds and flightless birds almost certainly had
ancestors that flew (Bunce et al., 2009; Phillips et al., 2010). It
would seem reasonable, therefore, to suppose that the gathering
of information necessary for the control of flight is likely to have
been important throughout the evolution of the sensory systems
of birds. However, many birds fly without the benefit of fine
spatial information, there being a 30-fold difference recorded
in the highest spatial resolution among diurnally active bird
species and this becomes nearly 40-fold if nocturnal species are
included (Martin, 2017). Furthermore, it seems highly likely that
the highest spatial resolution may have evolved, as exemplified
by eagles and vultures, for the detection of prey items and other
foraging birds at great distance, rather than to perceive fine detail
close by Martin (2017). Indeed eagles and old world vultures,
which have the highest known spatial resolution of any vertebrate
eye (Land and Nilsson, 2012), do not frequent spatially complex
habitats, and their key informational demand when foraging
is probably the detection of large food items at considerable
distance, not at close range.

Foraging
The task of detecting and procuring food is likely to pose a
constant perceptual challenge in the majority, if not all, bird
species. A key overall constraint on birds throughout their
evolution has been the requirement to combine low body weight
with high power output (King and King, 1980), with the result
that many bird species have evolved to forage very frequently,
almost continuously, during their active episodes every day.
Furthermore, this foraging is usually for a narrow range of food
types or individual items (Gill, 2007). Present day bird species
forage for a very broad diversity of food items and the effective
initial detection of each type of food item pose specific perceptual
challenges. The types of food items utilized by different species
of bird species vary from the relatively large to the minute,

and from evasive and highly mobile prey items, to fixed or
sedentary foods. Among items found in the diets of birds are
animals of many faunal types, including forms that fly, live buried
beneath surfaces, live on terrestrial surfaces, or in water (Gill,
2007).

Different diets are associated with specialized methods of
obtaining food nearly all of which involve using the bill as the
sole tool. Probing, pecking, lunging, aerial pursuit, excavation
of substrates including soils and wood, pursuit of prey beneath
a water surface, filtering items from water and mud, grazing,
trawling water and the air; all of these foraging methods pose
a diverse variety of perceptual challenges. Furthermore, these
tasks must be dealt with frequently, in some species almost
continuously, by a bird throughout its waking hours. Extracting
the required information from the environment that allow birds
to forage in these specialized ways are likely to be the result of
rigorous natural selection.

Rigorous selection of this kind is likely to have comparable
outcomes to the exacting natural selection which can result
in rapid changes in the structures that birds use to procure
individual items of food, particularly the size and shapes of
bills. The efficient acquisition and manipulation of food items
can require such subtle structural changes to bill shape and
size that they can evolve “in real time” (Weiner, 1994; Grant
and Grant, 2002, 2014). However, having the right bill shape
and size is of little value if it cannot be targeted, or the timing
of bill opening controlled with accuracy and precision. With
the exception of those small number of species that can feed
by filtering substrates (e.g., some ducks, some procellariiforms,
flamingos) or by trawling insects from the air (e.g., nightjars
and swifts), the tasks of timing and controlling the bill’s position
in foraging always needs to be done highly accurately and
precisely. Such tasks have to be achieved every time a food
item is ingested. The need for such accuracy is likely to be
equally acute in all birds that employ vision to locate and take
food items. Many birds which feed on immobile objects, such
a seeds and fruits, and birds which feed upon insects sitting
on surfaces, will need to control the timing and positioning
of the bill almost continuously throughout their waking life.
However, if the foraging task is done less frequently it may
be even more exacting since less frequent feeders are likely
to be taking larger but mobile and evasive prey. To feed in
this way, accuracy of bill position and the timing of its arrival
at the food object are also paramount because there is often
only a single opportunity to take a particular item, otherwise it
escapes.
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Predator Detection
A key task that is faced by perhaps all bird species is avoiding
being detected and consumed by a predator. Detecting a
potential predator is one that faces most bird species more-or-
less constantly whenever they are active (Sansom et al., 2009;
Cresswell, 2011; Fernandez-Juricic et al., 2011a; Tyrrell and
Fernandez-Juricic, 2015). It has been argued that the task of
detecting predators using vision has been a key feature of animal
life since the Cambrian Explosion 540 million years ago (Parker,
2003) and no habitats are predator free for long. For example, on
the islands of New Zealand, which are notable for having been
without mammalian predators for 80 million years until they
were introduced by humans in recent times, avian predators were
always present (Worthy and Holdaway, 2002; Wilson, 2004), and
on recently formed volcanic islands, such as the Hawaiian and
Galápagos groups, predator-prey relationships among birds were
soon established.

Reproduction
The tasks of reproduction have been shown subject to demanding
selective pressures (Davies et al., 2012). Reproducing can take up
a large proportion of an individual bird’s life time although the
actual amount of any one day devoted to tasks specifically serving
reproduction, as opposed tomaintenance and provisioning of self
or young, may be relatively small. Some fascinating aspects of
the behavior of birds often involve postures to display particular
plumage used as signals during reproductive behavior and their
detection clearly has an important informational component.
Investigation of such displays and related plumages have been
discussed within a sensory ecology framework, for example, see
the work of Endler and Mielke (2005), Endler et al. (2005), and
Hagelin (2007).

The information that underpins these reproductive behaviors
have often been studied in detail. However, because reproduction
occurs in discrete episodes in the life of an individual, selection
based upon its informational demands will be intermittent
compared with the more continuous selection that is likely to
result from the execution of the daily tasks of predator detection,
foraging, and locomotion. It can be hypothesized that the
particular informational requirements of reproductive behavior
are carried out within the context of the informational demands
of these more ubiquitous behaviors. Furthermore, in the majority
of bird species, behaviors that are associated specifically with
reproduction involve the use of the bill as a tool for the gathering
of nest material and in nest construction. In many species
placement of the bill when feeding young must also be done with
accurate positioning and timing. These are the same kinds of
demands that apply in foraging and, of course, predator detection
will be a constant demand in all phases of reproduction.

COMPETING TASKS AND COMPETING
INFORMATION

It is highly probable that the perceptual challenges posed by
predator detection, foraging and locomotion, apply more-or-less
constantly in the lives of most birds. Furthermore, it is likely that

they have applied throughout the evolution of birds. Most birds
face the potential risk of predation on a continuous basis. Often,
the perceptual challenges associated with exposure to predation,
foraging and simply moving about, will occur simultaneously.
In some instances, however, there may be switching between
theses perceptual challenges and the retrieval of information
for different tasks may actually compete with each other. A
foraging bird, for example, could need information to guide its
detection and seizing of a food item but simultaneously it will
need to gain information on the possible presence of predators.
Such apparent competition between tasks and the information
necessary for their execution have been studied in some detail, for
example by studying how foraging birds behave when a predator
is introduced under controlled conditions (Devereux et al., 2006;
Fernandez-Juricic et al., 2008).

The information necessary to answer such different but
frequent challenges may be quite different. In one particular
species, for example, gaining information specifically for the
detection and intake of food may be antagonistic to the
requirements for information necessary for predator detection.
In fact it has sometimes been argued that because the
informational demands of the tasks of predator detection and
foraging are so different, they are not conducted simultaneously
and switching between discrete behaviors is required. For
example, breaking off foraging with the head down and lifting
or reorienting the head to scan for predators (Guillemain et al.,
2002; Fernández-Juricic et al., 2004; Fernandez-Juricic et al.,
2008; van den Hout and Martin, 2011; Martin, 2012).

Compromises and/or trade-offs can occur within a single
sensory modality, especially in vision (Martin, 2017). The
multifaceted nature of vision and its different “capacities” which
are measured independently of each other, means that it is
difficult to often understand the trade-offs and compromises
that have occurred, although it is possible to understand that
different facets of visual performance cannot all be maximized
simultaneously (Land and Nilsson, 2012).

VISUAL FIELDS AS AN EXEMPLAR FOR
THE INVESTIGATION OF WHAT DRIVES
VISION

Visual fields provide a good comparative base from which to
understand how the different perceptual challenges presented
by flight, foraging and predator detection, have been traded-
off within avian visual systems and how this has resulted in
the fine tuning of vision to different perceptual challenges. Such
tuning has resulted in functionally significant differences in visual
ecology even between congeneric species (Guillemain et al., 2002;
Martin and Portugal, 2011). Data on visual fields in birds are
available from studies using the same technique in over 60
species (from 31 families and 20 avian orders) and have been
summarized in Martin (2017).

Similar arguments can be made with reference to other
properties of bird vision especially the patterns of receptor
and ganglion cell distributions (which may take the form of
approximately linear or circular areas), and the numbers and
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positions of foveas within the retina. Although the functions
of these patterns are yet to be reviewed in detail, it has long
been argued that they are the product of different perceptual
challenges arising from the conduct of particular tasks in
different environments (Wood, 1917; Walls, 1942; Hughes, 1977;
Fernandez-Juricic et al., 2011b). This is most readily exemplified
by interspecific differences in the number of foveas and areas, and
their positions within the retina (Figure 2), and these differences
are typically explained by reference to the detection of particular
targets, especially prey items and predators, in particular sectors
of the visual fields (Galifret, 1968; Dolan and Fernandez-Juricic,
2010; Lisney et al., 2012b, 2013;Mitkus et al., 2014; Coimbra et al.,
2015; Mitkus, 2015; Moore et al., 2017).

General Characteristics of the Visual Fields
of Birds
From a human perspective we “know” that the world surrounds
us. However, at any one moment that is not how we experience
it. Humans experience the visual world as “in front” and we
seem to constantly move forwards, into it. This is a result of the
particular configuration of our visual field, it is the “human eye
view” (Figure 3). Visual fields define the space around the head
of an animal from which information can be extracted at any one
instant. Human eyes are placed in the front of the skull; basically
our eyes project horizontally, neither up nor down, not sideways
or back, just forwards. Furthermore, what the left eye sees is very
similar to what the right eye sees, that is, we have a large area of
binocular overlap, with each eye looking at the same scene from
a slightly different viewpoint. The whole of the human visual
field lies within the hemisphere in front of the face. However,
compared with most vertebrates, including all birds, human eye
placement, and our resultant visual field is unusual (Figure 3).
Birds are, in effect, surrounded by their visual world and they
“flow through” it, rather than move into it (Martin, 2012, 2014).
As a bird moves through the world an object can be tracked from
directly in front to the rear of the head.

In birds the eyes are on the side of the skull, each eye looks
outwards at a different scene and the overlap in each eye’s visual
field is relatively small, typically between 20◦ and 30◦, in some
species as wide as 60◦, but it can be as narrow as 5◦-10◦ in some
birds (Figures 3, 4).

In no birds do the eyes look directly forwards. In many species
the eyes are directed laterally and are also positioned relatively
high in the skull with the optical axes projecting slightly dorsally,
not horizontal. For the large majority of bird species their visual
world is in effect all around; there is a very small blind region
above and to the rear of the head and in some species there
are no blind areas above the horizontal (Figure 5). There are
even bird species among the shore birds (Scolopacidae) and
ducks (Anatidae) that have comprehensive visual coverage of
the hemisphere above the horizontal (e.g., Figure 5, Pink-eared
Duck), and also extensive coverage to the sides and front below
the horizontal. This means that instantly these birds can extract
visual information from the complete volume that surrounds
them, except from the space occupied by their own body. In other
birds the eye axes point slightly upwards (e.g., Figure 5, Atlantic

Puffin), in some they point slightly downwards. This means that
they are able to examine objects at their feet when the bill is
held horizontal (e.g., Figure 5, Cattle Egret), or they are able to
comprehensively scan below when foraging on the wing (e.g.,
Figure 5, Griffon Vulture).

FUNCTIONAL INTERPRETATIONS OF THE
VISUAL FIELDS OF BIRDS

The argument presented here is that both the general and detailed
features of bird visual fields, down to the level of individual
species, have been driven primarily by the informational
challenges associated with foraging. The key challenge in
this is the accurate positioning of the bill (in some species
the feet/talons) when taking food items, but this must be
simultaneously traded-off against the informational demands
of predator detection. In certain species there is an additional
challenge; the need to avoid imaging the sun upon the retina.
It is argued below that the perceptual requirements for the
control of locomotion are not a key challenge but are met within
the perceptual requirements for efficient foraging and predator
detection (Martin, 2014).

The Key Functions of Bird Visual Fields
A number of strands of evidence support the idea that controlling
bill position, including the accurate timing of its arrival at a target,
is the most demanding task that vision is used for by birds. The
second most demanding task is the detection of predators. These
tasks, however, make competing demands and the configurations
of visual fields are primarily the result of this competition. The
strands of evidence in support of this are summarized in the next
paragraph and then discussed in more detail.

The foraging of most birds requires exact positioning of the
bill (or in some species the feet) with respect to a target, regardless
of whether the items are taken by pecking or lunging. Control
of bill position (both the direction of travel toward the target
and time to contact the target) can be achieved from the optic
flow-field produced as the head (to which the bill is rigidly
attached) moves toward the target. Optic flow describes the way
in which the image of the world moves across the retina as the
head moves through space. It is regarded as a foundation of
perception in both vertebrates and insects (Lee, 1980; Srinivasan,
1996) and its fundamental role in the control of various aspects of
flight behavior, especially timing of approach to a target in birds
have been established (Lee et al., 1991; Davies and Green, 1994;
Bhagavatula et al., 2011). Birds typically detect targets visually
in their lateral fields of view, probably employing a region in
each eye which combines the highest quality optics (usually along
the optic axis) and the retinal region specialized to provide high
spatial resolution (Martin, 2009). Visual control toward the target
is only subsequently passed to the frontal portion of the visual
field, which is the sector in which the bill direction projects. This
may occur, however, only at a close distance from, and a short
time before, contact with a target. This facilitates the bill to be
accurately directed toward a target and of equal importance to
time the arrival at the target with accuracy. This is essential so that
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FIGURE 3 | Variation in the visual fields of birds and how they differ from the visual field of humans. The ways in which the visual fields of each eye are brought

together to form the total visual field of an animal can vary markedly (Figures 1, 4), producing significant differences in the size (width and vertical extent) of the

binocular field (which is where the fields of the two eyes overlap, indicated in green), the blind area behind and above the head (indicated in blue), and the portion of

space that is viewed by each eye alone (indicated in orange). Shown here are the visual field characteristics of two birds, Kori Bustard Ardeotis kori and White Stork

Ciconia ciconia, and the visual field in humans. The top row of diagrams (A) show the visual fields as projected onto the surface of a sphere surrounding the head. The

grid (at 20◦ intervals) follows, convention latitude and longitude but with the equator aligned vertically in line with the media sagittal plane of the skull. The projections

of the bills, and in humans the nose, are indicated by the white triangles. The middle row (B) shows schematic horizontal sections through the visual fields with the

black arrow indicating the direction of the bills. The bottom row (C) presents vertical slices through the visual fields in the median sagittal plane of the head showing

the vertical extent of the region of binocular overlap and its position relative to the bill. Very marked differences in these visual fields are apparent with the human

differing dramatically from the two birds. However, the birds also show significant differences from each other, this is despite the similar size of the visual fields of the

individual eyes in these two species (162◦ and 158◦ wide in the bustard and stork, respectively). Thus small differences in the position of the eyes in the skull

(Figure 1) have influenced all parameters of the visual fields in these two birds. Redrawn and modified from Martin (2011). From Martin (2017).
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FIGURE 4 | How the visual fields are brought together to produce the overall

visual field. The example shown here is based on analysis of Common

Ostriches Struthio camelus and while the elements are the same in all bird

species, the size of the key components differ between species as a result of

differences in the size of the field of each eye and the way they are brought

together in the skull (Figure 1) The diagram shows a section through the skull

in an approximately horizontal plane with the margins of the left and right eye

visual fields picked out in red and blue, respectively. Each eye has a field of

155◦ and they are brought together to achieve a binocular overlap of about

20◦ in the horizontal plane i.e., each eye projects contralaterally by 10◦ across

the median sagittal plane of the head (the plane that bisects the head into two

mirror image halves). Modified from Martin (2009).

bill opening (or the spreading of talons by a predatory species)
can be precisely co-ordinated with arrival at the target and the
object grasped. The pecking of some birds has a ballistic phase in
which the eye lids are shut during final approach to a target. Prey
may be taken in the feet by some birds and these are swung up
before the head, into the region of the binocular field, just prior
to prey capture (Martin and Katzir, 1999).

PANORAMIC VISION

Complete visual coverage of the hemisphere above and around
the head is found in a small number of bird species. Such
panoramic vision is achieved with a narrow sector of binocular
overlap (<10◦) which extends through 180◦ from directly in

front of the head to directly behind it (e.g., Figure 5, Pink-
eared duck). Having complete visual coverage of the world all
around the head would seem to be the ultimate adaptation to the
demands of predator detection. Given its potentially great utility,
panoramic vision might be expected to be relatively common
among bird species. It is, however, found only in a small number
of species. While many birds have extensive visual fields most
have a blind area behind the head leaving them more vulnerable
to predator attack (Figure 3).

The presence of these blind areas and their absence in
only certain species is evidence that controlling bill position
and the detection of predators are tasks which have different
informational demands that are in competition. Total panoramic
vision appears to have evolved independently in just two bird
orders which are distantly related (Jarvis et al., 2014); ducks
(Anseriformes) and shorebirds (Charadriiformes). Only a few
species in these taxa have totally panoramic vision, but those
that do, share a common feature in that their foraging does
not require visual control of bill position; foraging relies upon
tactile information derived from bill-tip organs (Martin, 2017).
Accurate visual control of bill position seems to place an
important constraint of visual field configuration, but when
that constraint is removed, it appears that natural selection
has driven toward the evolution of comprehensive (panoramic)
visual coverage above and around the head as an aid to predator
detection. It is noteworthy that in these species, the width of
binocular overlap is very small, between 10◦ and 5◦ even in the
direction of forward flight (Figure 5). However, these birds are
able to fly fast even in complex habitats. This suggests that a
frontal binocular field of this narrow width is sufficient for the
control of flight. Thus, it seems safe to conclude that the function
of broader binocular fields is related to the control of bill position,
not flight control.

DIFFERENCES IN VISUAL FIELDS
BETWEEN CLOSELY RELATED SPECIES

There is evidence from both ducks and shorebirds that the
gaining of comprehensive vision can evolve relatively rapidly.
This is indicated by the finding that there are significant
differences in vigilance behavior in two ducks within the same
genus, and that these differences are explained by differences in
their visual fields. These differences in vigilance behavior have
been observed between the non-visual (tactile and filter) foraging
Northern Shovelers Anas clypeata and the visually guided
foraging Eurasian Wigeons A. Penelope (Guillemain et al., 2002).
Wigeons are selective grazers guided by visual cues and have a
wider binocular field which embraces the projection of their bill
tip, with the result that they have a blind region behind the head.
On the other hand Shovelers have comprehensive visual coverage
of the celestial hemisphere. Thus, these congeneric species,
which can be observed exploiting different resources in the
same locality, differ in their visual field configurations, foraging
technique, and also in their vigilance behavior. This demonstrates
that subtle, but behaviorally significant, differences in visual
ecology can occur between closely related species. A more
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FIGURE 5 | Further examples of variation in the visual fields of birds with an

emphasis upon differences that result from the way that the optic axes of the

eyes project with respect to the horizontal plane. The conventions in these

diagrams follow those used in Figure 3. The diagrams in the left hand column

show how the binocular regions can vary in width and position relative to the

projection of the bill, and also in their vertical extent. The right hand column

emphasizes these differences and shows the vertical extent of the binocular

region and its position in the median sagittal plane of the head. In the duck,

puffin and egret the binocular fields extend through approximately 180◦. In the

duck the eyes are positioned to give the bird comprehensive visual coverage of

the world above it, but it cannot see below the level of its bill. In the egret the

bird can see all of its frontal hemisphere, including its feet, but has a blind area

behind the head. The puffin has extensive visual coverage centered obliquely

upwards. The vulture has a much small binocular region and an extensive blind

area above, below, and behind the head. From Martin (2017).

recent comparative analysis of binocular field characteristics and
estimates of visual acuity in buntings and American sparrows
(Emebrizidae) also showed subtle but functionally significant
differences between closely related species. As in the ducks
these differences could be related to differences in foraging and
vigilance behavior (Moore et al., 2015).

THE PERCEPTUAL DEMANDS OF BILL
CONTROL VS. PREDATOR DETECTION

The above examples indicate that closely related bird species,
which employ different perceptual cues (visual or tactile) for
foraging, can differ in their visual field characteristics and
that these differences are functionally important. This suggests
that visual fields (plus the anatomical and optical structures
which underpin them) are driven primarily by the informational
demands of foraging, although similar studies on a wider range
of species are necessary to adequately test this hypothesis. Such
evolutionary outcomes regarding the informational demands for
the visual control of bill position and timing may be analogous
to the more well-studied subtle variations in bill form that are
driven by the mechanical demands of foraging (Grant and Grant,
2002).

These examples reinforce the hypothesis that the
configuration of visual fields are driven primarily by the
informational challenges of foraging which are traded-off against
the requirement for predator detection. It is argued that, “Only
in those species which do not need to use vision to guide their
bill position during foraging, is comprehensive visual coverage of
the world about the bird attained” (Martin, 2014). Not requiring
visual cues to guide foraging is, however, not sufficient to lead
to the evolution of comprehensive vision. It is also necessary
that the bill does not require fine visual control for any task,
not just foraging. Thus comprehensive vision is, in fact, found
only among birds which also do not need to position their bills
accurately for two other key tasks; nest construction and the
provisioning of young. Both the ducks and shorebirds use simple
nests which do not require elaborate construction, and their
young are precocial. That is their young hatch in an advanced
stage of development and self-feed from hatching. They are never
provisioned by their parents; parental care is limited to brooding
and protection from predators. Most other birds must use their
bills for foraging, for nest building, and for the provisioning of
young, all tasks which require accurate position and timing of
the bill.

A telling example that makes this clear is provided by
flamingos (Phoenicopteridae) (Martin et al., 2005). They are filter
feeders, having highly specialized structures within their bills
to remove minute resources from filtered water and mud, yet
unlike the filter feeding ducks they do not have comprehensive
vision. The reasons for this seems to be that they build nests
which are a shaped mound of mud constructed with the bill, and,
crucially, their young have to be fed very accurately by “crop
milk” (a secretion from the esophagus) which is dripped into
their open mouths. Thus, despite their filter feeding, flamingos
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require vision that allows accurate bill placement so that young
can be provisioned. This results in a relatively broad binocular
field into which the bill projection falls, and a blind area behind
their head.

THE FUNCTION OF BINOCULAR VISION IN
BIRDS

Stereopsis and the perception of relative depth have become
regarded as the prime function of binocular vision in humans and
other primates, and it has often been assumed that these same
functions apply to all instances of binocular vision. However, it
seems unlikely that this is the case among birds.

With the exception of evidence from Western Barn Owls
Tyto alba (Pettigrew and Konishi, 1976; Pettigrew, 1979; van
der Willigen et al., 1998, 2003), there is only limited evidence
that binocularity in birds is associated with stereopsis, a higher
order visual function that results in the perception of solidity
and relative depth extracted from the disparity between each
eye’s view of the same objects (Martin, 2009). An earlier study
demonstrating stereopsis in American Kestrels Falco sparverius
(Fox et al., 1977) has not been replicated and may have been
subject to artifacts caused by the flickering nature of the displays
used (McFadden, 1994). There is evidence of binocularly derived
relative depth information in Rock Doves Columba livia that is
based upon convergence eye movements and accommodation
cues. However evidence of retinal disparity neurons of the kind
thought to underlie stereopsis in owls and mammals (Barlow
et al., 1967) have not been found in Doves. Binocularly driven
neurons have been sought in doves. However, those that have
been found have fields that project approximately180◦ apart and
are thought to be involved in the control of turning movements,
rather than the perception of relative depth (Frost et al., 1983;
Wylie and Frost, 1990).

It has been argued (Martin, 2009) that binocularity in birds is,
in fact, a consequence of the requirement for having a portion of
the visual field that looks in the direction of travel of the head/bill.
Hence each eye must have a contralateral projection, that is, each
eye must look across the central plane of the head (Figure 4). It is
true that this results in a region which is perceived by two eyes
simultaneously and so it is labeled a binocular field. However,
having two eyes extracting information from the same region is
not the same as that region being analyzed with binocular vision
in the sense in which it is usually understood in mammals i.e.,
regarded as synonymous with the process of stereopsis (Martin,
2009).

For any visual system the most vital information,
more important than recognition of an object, is accurate
determination of an object’s position. Indeed it is argued that
the main driver in the early evolution of vision systems was
toward increasing accuracy in spatial resolution which meant
increasingly accurate determination of the direction in which
objects lay with respect to the viewer (Nilsson, 2009).

The next most important piece of information that vision
provides is the time it will take to contact an object, that is, when
will the object arrive at the observer or when will the observer
arrive at the object? The actual identity of an object and its

specific distance from a bird is likely to be of less importance than
knowing the direction in which it lies, and crucially the length of
time before contact will be made with it. This type of information
is directly available from optic flow-fields (Lee and Lishman,
1977; Lee, 1980). It has been shown convincingly that birds use
flow-field information to control apparently exacting tasks. For
example, it has been shown that hummingbirds (Tochilidae) and
Northern GannetsMorus bassanus when carrying out maneuver
that require accurate visual information on object location and
the time to reach it, employ flow-field information (Lee and
Reddish, 1981; Lee et al., 1991) and there is increasing evidence
that birds use flow-field information to guide flight (Bhagavatula
et al., 2011) and landing (Lee et al., 1993). Optic flow-field
information in mammals is processed in the accessory optic
system (Giolli et al., 2006) and in the pretectum (Gamlin, 2006).
A similar accessory system of the visual part of the brain has
been identified in birds (McKenna and Wallman, 1985; Pakan
and Wylie, 2006).

Information is potentially available from flow-fields that can
be detected in any part of the retina. Information concerning
time-to-contact a target and the direction of travel toward it are,
however, extracted most efficiently when vision surrounds the
target. This will result in an optical flow-field which expands
symmetrically about the image of the target (Martin, 2009). This
is the configuration that applies in the tasks described above as
the key drivers of avian vision. When a bird is lunging or pecking
at an object both its position and the time-to-contact need to
be determined accurately. The crucial factors is that for a flow-
field pattern to expand symmetrically about an object toward
which the bill is directed, the visual field of each eye needs to
extend across the median sagittal plane of the bird, that is, there
must be contralateral vision (Figure 4) (Martin, 2009). Here, the
important concept is contralateral vision, not binocular vision. It
may be more appropriate to consider that binocular vision per se
is the product of the requirement to have eyes that look forward
across themedian sagittal plane of the head. Such an arrangement
means that movement toward a target by the bill produces a
symmetrically expanding optic flow-field. Binocular vision in
birds should therefore not be considered an adaptation that
evolved to achieve simultaneous views of the same object from
slightly different positions (which may be the case in mammalian
species which have stereopsis). Rather binocularity may be driven
by the requirement to place the bill, or the projection of its
direction, at the center of a symmetrically expanding flow-field.
What is important is contralateral vision rather than binocular
vision as such.

It can be hypothesized that binocularity in birds functions
to provide information on the direction of travel and time-to-
contact a target. However, this information can be provided
by each eye independently and for this reason it might be
more appropriate to refer to “contralateral vision” rather than
“binocular vision,” since the latter brings with it assumptions
concerning the percept of solidity and stereopsis with which
binocular vision in birds does not appear to be generally
associated. Thus, in the majority of birds the function of
binocularity would seem to lie in what each eye does
independently rather than in what the two eyes might be able to
do together.
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CONCLUSION: THE KEY DRIVERS OF
VISUAL FIELDS IN BIRDS

The arguments presented above support the hypothesis that
two key tasks drive the configuration of visual fields in birds.
The primary driver appears to be the perceptual challenges
of foraging; specifically these are the control of bill (or
feet) position, and timing their arrival at a target (Martin,
2014). This requires contralateral vision in the frontal field.
The second driver appears to be the detection of predators
and this requires vision over as wide a sector of space as
possible around the head. Because each eye has a limited
visual field (visual fields of a single eye is typically between
160◦ and about 180◦, Martin, 2017), increased contralateral
projection must result in a smaller total visual field and a
blind sector behind the head. Thus, these two drivers make
competing demands. They can be considered primary and
secondary because only under the specific circumstance of
bill position not having to be controlled by vision, does the
requirement for predator detection result in comprehensive
visual coverage.

There is a further important difference between the two key
tasks that drive vision. The control of bill position requires
information extracted from the world that lies in front of, and
relatively close to, the bird. The detection of predators, on the
other hand, requires information that lies laterally, or even to
the rear of the bird’s head, and is concerned with information
from locations that are remote from the bird and it is this which
probably drives higher spatial resolution in lateral fields.

The regions within the visual field where there is high spatial
resolution, indicated by retinal regions of high photoreceptor
and ganglion cell density (Tyrrell et al., 2013) (Fernandez-Juricic
et al., 2011b), project laterally, not directly forwards. The lateral
fields may be served by one or two foveas and/or a linear band of
high density ganglion cells which align roughly with the horizon
when the birds are at rest or in flight (Hughes, 1977; Meyer,
1977; Mitkus, 2015). Ever since such retinal topography was
first described (Wood, 1917) these patterns have been correlated
with the regions associated specifically with foraging or with the
directions from which predators are most likely to attack. Such
analyses are reinforced by more recent and detailed descriptions
of retinal topography (Hughes, 1977; Fernandez-Juricic et al.,
2011b; Lisney et al., 2012b, 2013; Mitkus, 2015) and there is no
evidence that these patterns are associated with the control of
flight. In some species e.g., Budgerigars a region of high spatial
resolution appears to project into the posterior field of view
(Figure 2), which is the direction from which predatory attack
is more likely to occur (Mitkus et al., 2014).

There is evidence that predatory birds, such as Peregrine
Falcons Falco peregrinus detect their prey at a distance using
lateral vision, using the regions of high photoreceptor density
which project laterally and slightly forward. When approaching
prey Peregrines frequently do so along a curved path which keeps
the prey approximately in the central field of view of a single eye
and they pass control to the frontal binocular region just prior
to prey capture (Tucker, 2000; Tucker et al., 2000). That is, the
bird does not usually sight the prey into its binocular (frontal)

field until just before prey capture. Thus distant prey is probably
initially detected using lateral high resolution vision while the
control of the bill and feet close to the time of prey capture
probably employs frontal, lower resolution vision, and this comes
into play only at close range. However, there is evidence that
other falcon species may use frontal vision quite early on in the
pursuit of prey and switch between the use of the difference
foveas during a pursuit flight by turning the head (Kane and
Zamani, 2014).

Such use of lateral vision for detecting food items with control
passing to forward vision for final prey capture in the bill at
close quarters has been reported in other species. For example,
in terns foraging over mud flats for crabs (Land, 1999), thrushes
searching on the ground for earth worms (Montgomerie and
Weatherhead, 1997), and in domestic chicks when detecting
grain from amongst grit (Rogers, 2008).

A NOTE ON NOCTURNALITY

A reviewer of this paper argued that owls (and other nocturnal
birds) are exceptions to the general argument presented above.
However, no suggestions were made as to what the results
of this exception might be. Why should owls and other
nocturnally active birds such as, nightjars (Caprimulgidae) and
kiwi (Apterygidae) be thought to be exceptions to the general
thrust of the argument? What might be different about the
demands of extracting information at lower light levels that
would mean that the primary evolutionary driver of vision is not
concerned with control of the positions and timing of the bill or
feet toward a target but is rather concerned with the control of
flight? It should be noted that not all owl species are nocturnal in
the sense of completing all aspects of their life cycle between dusk
and dawn. The sensory adaptations of nocturnal birds and their
relationships to the challenges of general mobility and foraging
are topics that have been addressed in detail a number of times in
the past (Martin, 1986, 1990) and also recently, Martin (2017).

These reviews indicate that the frontal visual fields of owls
show no special features compared with other raptors. Their
binocular field is similar in width to those of passerines and is
not the broadest recorded in birds. As stated above, the broadest
binocular fields among birds are found in crows (Troscianko
et al., 2012). The use of acoustic cues to guide owls to prey
targets is well established but so also is visual guidance of the
feet to take prey items when light levels are sufficiently high.
Furthermore, the feet are raised just before prey strike to lie
within the binocular field, suggesting that during prey capture,
as in diurnal raptors, the feet may be guided by cues from the
flow field within the binocular region (Martin and Katzir, 1999).

The visual fields of nightjars (Caprimulgidae) show high
similarity to other non-passerine species. Although nightjars may
trawl blindly for small insects they are also known to take larger
individual insects in aerial pursuit and this is highly likely to be
under visual control. Oilbirds Steatornis caripensis (now regarded
as closely related to nightjars) are perhaps the most nocturnal of
all flying birds. They roost and nests in caves by day and emerge
to forage for fruit in the tree canopy at night. Their eyes are large
and have the lowest f-number so far recorded in a terrestrial
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vertebrate and may also have an exceptionally sensitive retina
(Martin et al., 2004b). However, their visual fields are very similar
in general configuration to other non-passerine species (Martin
et al., 2004a).

The visual fields of the flightless Kiwi are different to the
majority of birds but Kiwi are dependent upon non-visual senses
to guide their behavior and their vision shows evidence of
regressive evolution (Martin et al., 2007). Kiwi do not appear to
be visually guided in their foraging and, of course, they do not use
visual cues for the guidance of flight. That the sensory systems
and behavior of Kiwi are so different to other birds means that
they cannot be considered as supporting or rejecting the central
argument of this review.

It should also be noted that there are many instances of
nocturnal behaviors in a wide range of bird species beyond
the owls, nightjars, and kiwi. For example, many shorebirds,
waterfowl, and diving birds forage at night and many passerine
species routinely migrate at night. Many birds which seek their
food underwater by diving to depths may forage at night, and
some species, including penguins and auks, routinely forage at
such depths that they can be regarded as nocturnal foragers even
if they dive during the day. To go into detail on the vision and
other senses in all such instances of nocturnal behavior in birds
(or birds which may forage at low light levels) would take this
review in a very different multisensory direction, but a reader
interested in this should consider looking at Chapter 6 of Martin
(2017).

Owls were referred to by the reviewer as an exception among
birds although the exact basis of this exceptionality was not spelt
out. However, this point is sometimes made when alluding to
two particular features of owl vision; first that owls have high
absolute sensitivity, and second, that owls may be unique among
birds in having stereopsis. Certainly owls have high absolute
visual sensitivity compared to other birds. For example, the
absolute sensitivity of Tawny Owls Strix aluco is approximately
100 times greater than in Rock Doves Columba livia (Martin,
1977). However, high sensitivity is unlikely of itself to have driven
the gaining of broad binocularity since as argued above binocular
overlap in owls is no greater than in many bird species including
passerines and some diurnal raptors, although it is broader than
in doves. While there is evidence for stereopsis in owls (see
section The Function of Binocular Vision in Birds) it is not clear
how its presence should drive visual field configuration or indeed
other general aspects of vision. Furthermore there is no evidence
that stereopsis is used in owls’ prey catching behavior. There are,
in fact, good reason to believe that stereoscopic cues are not
involved in the prey capture by owls. Resolution at low light
levels in owls is low (Fite, 1973; Orlowski et al., 2012) and so
any stereoscopic depth cues that might be available must be based
upon this low resolution and are therefore unlikely to be available
over a distance relevant to prey capture. Stereopsis is usually
regarded as a rather slow process because it involves higher order
processing, and the high sensitivity of owls may be achieved
by relatively long temporal integration, as well as high spatial
integration. These factor are likely to make stereopsis too slow to
provide information on changing depth cues during a prey strike.
It is also worth noting that even if owls do have access to relative

depth cues based upon stereopsis that does not mean that they
do not use flow-field information, alongside the direction and
distance cues based upon hearing (Knudsen and Konishi, 1979).
After all, humans have stereopsis, and sound location equal in
accuracy to that of owls, but are highly dependent upon flow
field information for the control of locomotion, especially time
to contact a target.

Beyond high absolute sensitivity what is unusual about the
vision of owls, compared with other birds, is the large blind
area to the rear of the head. This possibly is the result of the
elaborate outer ear structures in owls (Norberg, 1978) which
are positioned just behind the eyes, and which are used for
sound localization that is considerably more accurate than that
of most other bird species (Klump, 2000). Because of these outer
ear structures it would seem impossible for the visual fields of
owls to be more extensive to the rear of the head. In essence
the evolution of elaborate and large outer ears appears to have
prevented owls evolving (or perhaps retaining from ancestral
forms) more extensive visual coverage about their head.

Based upon this brief summary it would seem best not to
regard owls, oilbirds, or other instances of nocturnally active bird
species as posing a particular challenge to the general arguments
presented in this review.

THE DRIVERS OF VISION IN BIRDS

This review took as its start-point the phrase coined by Rochon-
Duvigneaud (1943), “a bird is a wing guided by an eye,” and posed
the question of whether flight is in fact the key task that has
driven the evolution of avian vision. The above discussion has
argued that there are in fact two key drivers of vision in birds
and neither of them are concerned with the perceptual demands
of flight. The primary driver is argued to be the control of bill
position and the timing of its arrival at a target, the secondary
driver is the task of detecting food items and predators. The
control of bill position is based upon information derived from
the optic flow-field in the binocular region that encompasses
the bill. It is based upon information from the environment
relatively close to the bird and depends upon relatively low
spatial resolution. The detection of predators and food items
is based upon information detected at a greater distance and
depends upon regions in the retina with relatively high spatial
resolution.

Interplay between these two key drivers of vision appear to
be expressed in subtle interspecific variations in the vision of
birds. The tasks of detecting predators and of placing the bill
accurately, make contradictory demands upon vision and these
have resulted in trade-offs in the form of visual fields and in
the topography of retinal regions in which spatial resolution is
enhanced (indicated by foveas and areas of high photoreceptor
and ganglion cell densities).

The overall driver of frontal visual field characteristics appears
to be the demand for the accurate positioning of the bill and the
timing of its arrival at a target. This means that each eye must
have a certain portion of its visual field which projects forwards
and contralaterally (across the median sagittal plane of the head).
The result of this is that in most birds there is a blind area behind
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the head which at any one moment constitutes an area in which
predators cannot be detected. It is only in those few bird species
which do not have to use vision to achieve precise control of bill
position that natural selection has favored full visual coverage
about the head.

Interspecific comparisons of visual fields between closely
related species of ducks, shorebirds, and among emberizid
passerines, have shown that small differences in foraging
techniques can give rise to different perceptual challenges
and these have resulted in subtle differences in visual fields
even within the same genus. This suggests that vision can
be subject to continuing and relatively rapid natural selection.
This is perhaps not surprising given the inherent flexibility and
individual differences in the structure of the optical system,
retinal topography, and position in the skull, of vertebrate eyes
(Figure 1).

It is important to note that patterns of photoreceptor and
ganglion cell distribution in the retinas of birds (Lisney et al.,
2012b; Coimbra et al., 2015) suggest considerable intraspecific
variation in ganglion cell patterns, and that there is also evidence
that these patterns can differ between the two eyes of the same
individual (Mitkus et al., 2014) (Figure 2).

Together this variation in optics, retinal structure and eye
position present a potent source of variation in vision that can
be subject to natural selection at short time scales, much in the
same way that individual differences in bill morphology can be
the source of natural selection that underpin bill shape changes
within a bird species over a short time scale (Grant and Grant,
2014).

Among birds there is a strong phylogenetic signal with respect
to the maximum width of the binocular field, with passerine

species showing broader widths than non-passerines, and within
the passerines the broadest fields are found among the Corvidae
(Troscianko et al., 2012). However, sample size with respect to
the total number of passerines is small and more comprehensive
species sampling of passerines, as well as non-passerines, may
reveal some very interesting examples of the fine tuning of vision
in birds.

The informational function of binocular vision in birds seems
to lie not in binocularity per se (i.e., two eyes receiving slightly
different information simultaneously about the same objects) but
in the contralateral projection of the visual field of each eye
(Martin, 2009). This ensures that each eye receives information
from a symmetrically expanding optic flow-field centered close
to the direction of the bill, and from this the crucial information
of direction of travel and time-to-contact can be extracted, almost
instantaneously.

In conclusion, it is proposed that the task of bill control is the
key driver of bird vision, with predator detection also playing a
key, but secondary role. The perceptual demands of flight are
overshadowed by the demands of these two tasks. It seems that
Rochon-Duvigneaud’s (1943) assertion that “a bird is a wing
guided by an eye” requires revision. From a sensory ecology
perspective a bird is perhaps better characterized as “a bill guided
by an eye” and that control of flight is achieved within constraints
on visual capacity dictated primarily by the demands of foraging
and, in particular, bill control.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
approved it for publication.

REFERENCES

Alonso, P. D., Milner, A. C., Ketcham, R. A., Cookson, M. J., and Rowe, T. B.

(2004). The avian nature of the brain and inner ear of Archaeopteryx. Nature

430, 666–669. doi: 10.1038/nature02706

Barlow, H. B., Blakemore, C., and Pettigrew, J. D. (1967). The neural

mechanism of binocular depth discrimination. J. Physiol. 193, 327–342.

doi: 10.1113/jphysiol.1967.sp008360

Bhagavatula, P., Claudianos, C., Ibbotson, M., and Srinivasan, M. (2011).

Optic flow cues guide flight in birds. Curr. Biol. 21, 1794–1799.

doi: 10.1016/j.cub.2011.09.009

Bunce, M., Worthy, T. H., Phillips, M. J., Holdaway, R. N., Willserslev, E.,

Haile, J., et al. (2009). The evolutionary history of the extinct ratite moa

and New Zealand Neogene paleogeography. Proc. Natl. Acad. Sci. U.S.A. 106,

20646–20641. doi: 10.1073/pnas.0906660106

Chiappe, L. M. (2006). The Glorified Dinosaurs: Origins and Early Evolution of

Birds. Hoboken, NJ: John Wiley.

Coimbra, J. P., Collin, S. P., and Hart, N. S. (2014). Topographic specializations

in the retinal ganglion cell layer of Australian passerines. J. Comp. Neurol. 522,

3609–3628. doi: 10.1002/cne.23624

Coimbra, J. P., Collin, S. P., and Hart, N. S. (2015). Variations in retinal

photoreceptor topography and the organization of the rod-free zone reflect

behavioral diversity in Australian passerines. J. Comp. Neurol. 523, 1073–1094.

doi: 10.1002/cne.23718

Cresswell, W. (2011). Predation in bird populations. J. Ornithol. 152 (Suppl. 1),

251–263. doi: 10.1007/s10336-010-0638-1

Davies, M. N. O., and Green, P. R. (1994). Perception and Motor Control in Birds:

An Ecological Approach. Berlin: Springer-Verlag

Davies, N. B., Krebs, J. R., and West, S. A. (2012). An Introduction to Behavioural

Ecology, 4th Edn. Oxford: Wiley-Blackwell.

Devereux, C. L., Whittingham, M. J., Fernandez-Juricic, E., Vickery, J. A.,

and Krebs, J. R. (2006). Predator detection and avoidance by starlings

under differing scenarios of predation risk. Behav. Ecol. 17, 303–309.

doi: 10.1093/beheco/arj032

Dolan, T., and Fernandez-Juricic, E. (2010). Retinal ganglion cell topography

of five species of ground-foraging birds. Brain Behav. Evol. 75, 111–121.

doi: 10.1159/000305025

Endler, J. A., and Mielke, P. W. (2005). Comparing entire colour patterns as birds

see them. Biol. J. Linn. Soc. 86, 405–431. doi: 10.1111/j.1095-8312.2005.00540.x

Endler, J. A., Westcott, D. A., Madden, J. R., and Robson, T. (2005).

Animal visual systems and the evolution of color patterns: sensory

processing illuminates signal evolution. Evolution 59, 1795–1818.

doi: 10.1111/j.0014-3820.2005.tb01827.x

Fernández-Juricic, E., Erichsen, J. T., and Kacelnik, A. (2004). Visual

perception and social foraging in birds. Trends Ecol. Evol. 19, 25–31.

doi: 10.1016/j.tree.2003.10.003

Fernandez-Juricic, E., Gall, M., Dolan, T., Tisdale, V., andMartin, G. R. (2008). The

visual fields of two ground foraging birds, house finches and house sparrows,

allow for simultaneous foraging and antipredator vigilance. Ibis 150, 779–787.

doi: 10.1111/j.1474-919X.2008.00860.x

Fernandez-Juricic, E., Gall, M. D., Dolan, T., O’Rourke, C., Thomas, S., and Lynch,

J. R. (2011a). Visual systems and vigilance behaviour of two ground-foraging

Frontiers in Neuroscience | www.frontiersin.org 14 November 2017 | Volume 11 | Article 619

https://doi.org/10.1038/nature02706
https://doi.org/10.1113/jphysiol.1967.sp008360
https://doi.org/10.1016/j.cub.2011.09.009
https://doi.org/10.1073/pnas.0906660106
https://doi.org/10.1002/cne.23624
https://doi.org/10.1002/cne.23718
https://doi.org/10.1007/s10336-010-0638-1
https://doi.org/10.1093/beheco/arj032
https://doi.org/10.1159/000305025
https://doi.org/10.1111/j.1095-8312.2005.00540.x
https://doi.org/10.1111/j.0014-3820.2005.tb01827.x
https://doi.org/10.1016/j.tree.2003.10.003
https://doi.org/10.1111/j.1474-919X.2008.00860.x
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Martin What Drives Bird Vision

avian prey species: white-crowned sparrows and California towhees. Anim.

Behav. 81, 705–713. doi: 10.1016/j.anbehav.2010.11.014

Fernandez-Juricic, E., Moore, B. A., Doppler, M., Freeman, J., Blackwell, B.

F., Lima, S. L., et al. (2011b). Testing the terrain hypothesis: Canada

Geese see the world laterally and obliquely. Brain Behav. Evol. 77, 147–158.

doi: 10.1159/000326053

Fite, K. V. (1973). Anatomical and behavioral correlates of visual acuity in the

Great Horned Owl. Vis. Res. 13, 219–230. doi: 10.1016/0042-6989(73)90101-6

Fox, R., Lehmkuhle, S. W., and Bush, R. C. (1977). Stereopsis in the falcon. Science

197, 79–81. doi: 10.1126/science.867054

Frost, B. J., Goodale, M. A., and Pettigrew, J. D. (1983). A search for functional

binocularity in the pigeon. Proc. Soc. Neurosci. 9:823.

Galifret, Y. (1968). Les diverse aires fonctionelles de la retine du pigeon. Z.

Zellforsch. Mikrosk. Anat. 86, 535–545. doi: 10.1007/BF00324864

Gamlin, P. D. (2006). The pretectum: connections and oculomotor-related roles.

Prog. Brain Res. 151, 379–405. doi: 10.1016/S0079-6123(05)51012-4

Gill, F., and Donsker, D. (2017). IOCWorld Bird List (v 7.2).

Gill, F. B. (2007). Ornithology, 3rd Edn. New York, NY: W.H. Freeman.

Giolli, R. A., Blanks, R. H., and Lui, F. (2006). The accessory optic system: basic

organization with an update on connectivity, neurochemistry, and function.

Prog. Brain Res. 151, 407–440. doi: 10.1016/S0079-6123(05)51013-6

Gould, S. J. (1985). The Flamingo’s Smile: Reflections in Natural History. New York,

NY: Norton.

Grant, P. R., and Grant, B. R. (2002). Unpredictable evolution in a 30-year study of

Darwin’s finches. Science 296, 707–711. doi: 10.1126/science.1070315

Grant, P. R., and Grant, B. R. (2014). Forty years of Evolution: Darwin’s Finches on

Daphne Major Island. Princeton, NJ: Prinecton University Press.

Guillemain, M., Martin, G. R., and Fritz, H. (2002). Feeding methods, visual

fields and vigilance in dabbling ducks (Anatidae). Funct. Ecol. 16, 522–529.

doi: 10.1046/j.1365-2435.2002.00652.x

Hackett, S. J., Kimball, R. T., Reddy, S., Bowie, R. C., Braun, E. L., Braun, M. J.,

et al. (2008). A phylogenomic study of birds reveals their evolutionary history.

Science 320, 1763–1768. doi: 10.1126/science.1157704

Hagelin, J. C. (2007). The citrus-like scent of crested auklets: reviewing the

evidence for an avian olfactory ornament. J. Ornithol. 148, S195–S201.

doi: 10.1007/s10336-007-0185-6

Hughes, A. (1977). “The topography of vision in mammals of contrasting life

style: comparative optics and retinal organization,” in Handbook of Sensory

Physiology, Vol VII/5, ed F. Crescitelli (Berlin: Springer-Verlag), 613–756.

Jarvis, E. D., Mirarab, S., Aberer, A. J., Li, B., Houde, P., Li, C., et al. (2014). Whole-

genome analyses resolve early branches in the tree of life of modern birds.

Science 346, 1320–1331. doi: 10.1126/science.1253451

Jetz, W., Thomas, G. H., Joy, J. B., Hartmann, K., and Mooers, A. O. (2012).

The global diversity of birds in space and time. Nature 491, 444–448.

doi: 10.1038/nature11631

Kane, S. A., and Zamani, M. (2014). Falcons pursue prey using visual motion

cues: new perspectives from animal-borne cameras. J. Evol. Biol. 217, 225–234.

doi: 10.1242/jeb.092403

King, A. S., and King, D. Z. (1980). “Avian morphology: general principles,” in

Form and Function in Birds eds A. S. King and J. McLelland (London: Academic

Press), 10–89.

Klump, G. (2000). “Sound localization in birds,” in Comparative Hearing: Birds

and Reptiles, eds R. J. Dooling, R. R. Fay, and A. N. Popper (New York, NY:

Springer), 249–307.

Knudsen, E. I., and Konishi, M. (1979). Mechanisms of sound localization in the

barn owl (Tyto alba). J. Comp. Physiol. A 133, 13–21. doi: 10.1007/BF00663106

Land, M. F. (1999). The roles of head movements in the search and capture

strategy of a tern (Aves, Laridae). J. Comp. Physiol. A 184, 265–272.

doi: 10.1007/s003590050324

Land, M. F., and Nilsson, D.-E. (2012). Animal Eyes, 2nd Edn. Oxford: Oxford

University Press.

Lee, D. N. (1980). The optic flow field: the foundation of vision. Philos. Trans. R.

Soc. Lond. B. Biol. Sci. 290, 169–179. doi: 10.1098/rstb.1980.0089

Lee, D. N., Davies, M. N. O., Green, P. R., and van der Weel, F. R. (1993). Visual

control of velocity of approach by pigeons when landing. J. Exp. Biol. 180,

85–104.

Lee, D. N., and Lishman, R. (1977). Visual control of locomotion. Scand. J. Psychol.

18, 224–230. doi: 10.1111/j.1467-9450.1977.tb00281.x

Lee, D. N., and Reddish, P. E. (1981). Plummeting gannets: a paradigm of

ecological optics. Nature 293, 293–294. doi: 10.1038/293293a0

Lee, D. N., Reddish, P. E., and Rand, D. T. (1991). Aerial docking by

Hummingbirds. Naturwissenschaften 78, 526–527. doi: 10.1007/BF01131406

Lisney, T. J., Iwaniuk, A. N., Bandet, M. V., andWylie, D. R. (2012a). Eye shape and

retinal topography in owls (Aves: Strigiformes). Brain Behav. Evol. 79, 218–236.

doi: 10.1159/000337760

Lisney, T. J., Iwaniuk, A. N., Kolominsky, J., Bandet, M. V., and Corfield, J. (2012b).

Interspecific variation in eye shape and retinal topography in seven species

of galliform bird (Aves: Galliformes: Phasianidae). J. Comp. Physiol. A 198,

717–731. doi: 10.1007/s00359-012-0742-1

Lisney, T. J., Stecyk, K., Kolominsky, J., Schmidt, B. K., Corfield, J. R., Iwaniuk,

A. N., et al. (2013). Ecomorphology of eye shape and retinal topography

in waterfowl (Aves: Anseriformes: Aanatidae) with different foraging modes.

J. Comp. Physiol. A 199, 385–402. doi: 10.1007/s00359-013-0802-1

Livezey, B. C., and Zusi, R. L. (2007). Higher-order phylogeny of modern birds

(Theropoda, Aves: Neornithes) based on comparative anatomy. II. Analysis

and discussion. Zool J. Linn. Soc. 149, 1–95. doi: 10.1111/j.1096-3642.2006.00

293.x

Martin, G. R. (1977). Absolute visual threshold and scotopic spectral sensitivity in

the tawny owl Strix aluco. Nature 268, 636–638. doi: 10.1038/268636a0

Martin, G. R. (1986). Sensory capacities and the nocturnal habit of owls

(Strigiformes). Ibis 128, 266–277. doi: 10.1111/j.1474-919X.1986.tb02674.x

Martin, G. R. (1990). Birds by Night. London: T & A D Poyser.

Martin, G. R. (2009). What is binocular vision for? A birds’ eye view. J. Vis. 9, 1–19.

doi: 10.1167/9.11.14

Martin, G. R. (2011). Understanding bird collisions with man-

made objects: a sensory ecology approach. Ibis 153, 239–254.

doi: 10.1111/j.1474-919X.2011.01117.x

Martin, G. R. (2012). Through Birds’ Eyes: insights into avian sensory ecology. J.

Ornithol. 153 (Suppl. 1), S23–S48. doi: 10.1007/s10336-011-0771-5

Martin, G. R. (2014). The subtlety of simple eyes: the tuning of visual fields to

perceptual challenges in birds. Philos. Trans. R. Soc. B Biol. Sci. 369:20130040.

doi: 10.1098/rstb.2013.0040.

Martin, G. R. (2017). The Sensory Ecology of Birds. Oxford: Oxford University

Press.

Martin, G. R., Jarrett, N., Tovey, P., and White, C. R. (2005). Visual fields

in Flamingos: chick-feeding versus filter-feeding. Naturwissenschaften 92,

351–354. doi: 10.1007/s00114-005-0010-0

Martin, G. R., and Katzir, G. (1999). Visual field in Short-toed eagles Circaetus

gallicus and the function of binocularity in birds. Brain Behav. Evol. 53, 55–66.

doi: 10.1159/000006582

Martin, G. R., and Piersma, T. (2009). Vision and touch in relation to foraging and

predator detection: insighful contrasts between a plover and a sandpiper. Proc.

R. Soc. Lond. B. Biol. Sci. 276, 437–445. doi: 10.1098/rspb.2008.1110

Martin, G. R., and Portugal, S. J. (2011). Differences in foraging ecology determine

variation in visual field in ibises and spoonbills (Threskiornithidae). Ibis 153,

662–671. doi: 10.1111/j.1474-919X.2011.01151.x

Martin, G. R., Rojas, L. M., Ramirez Figueroa, Y. M., and McNeil, R. (2004a).

Binocular vision and nocturnal activity in Oilbirds (Steatornis caripensis) and

Pauraques (Nyctidromus albicollis): Caprimulgiformes. Ornithol. Neotrop. 15,

233–242.

Martin, G. R., Rojas, L. M., Ramirez, Y., and McNeil, R. (2004b). The

eyes of oilbirds (Steatornis caripensis): pushing at the limits of sensitivity.

Naturwissenschaften 91, 26–29. doi: 10.1007/s00114-003-0495-3

Martin, G. R., Wilson, K. J., Wild, M. J., Parsons, S., Kubke, M. F., and Corfield,

J. (2007). Kiwi forego vision in the guidance of their nocturnal activities. PLoS

ONE 2:e198. doi: 10.1371/journal.pone.0000198

McFadden, S. A. (1994). “Binocular depth perception,” in Perception and Motor

Control in Birds: an Ecological Approach, eds M. N. O. Davies and P. R. Green,

(Berlin: Springer-Verlag), 54–73.

McKenna, O. C., and Wallman, J. (1985). Accessory optic system and pretectum

of birds: comparisons with those of other vertebrates. Brain Behav. Evol. 26,

91–116. doi: 10.1159/000118770

Meyer, D. B. (1977). “The avian eye and its adaptations,” in Handbook of Sensory

Physiology, Vol VII/5, ed F. Crescitelli (Berlin: Springer-Verlag), 549–611.

Mitkus, M. (2015). Spatial Vision in Birds; Anatomical Investigations of Spatial

Resolving Power. Doctoral Dissertation, Lund University, Lund.

Frontiers in Neuroscience | www.frontiersin.org 15 November 2017 | Volume 11 | Article 619

https://doi.org/10.1016/j.anbehav.2010.11.014
https://doi.org/10.1159/000326053
https://doi.org/10.1016/0042-6989(73)90101-6
https://doi.org/10.1126/science.867054
https://doi.org/10.1007/BF00324864
https://doi.org/10.1016/S0079-6123(05)51012-4
https://doi.org/10.1016/S0079-6123(05)51013-6
https://doi.org/10.1126/science.1070315
https://doi.org/10.1046/j.1365-2435.2002.00652.x
https://doi.org/10.1126/science.1157704
https://doi.org/10.1007/s10336-007-0185-6
https://doi.org/10.1126/science.1253451
https://doi.org/10.1038/nature11631
https://doi.org/10.1242/jeb.092403
https://doi.org/10.1007/BF00663106
https://doi.org/10.1007/s003590050324
https://doi.org/10.1098/rstb.1980.0089
https://doi.org/10.1111/j.1467-9450.1977.tb00281.x
https://doi.org/10.1038/293293a0
https://doi.org/10.1007/BF01131406
https://doi.org/10.1159/000337760
https://doi.org/10.1007/s00359-012-0742-1
https://doi.org/10.1007/s00359-013-0802-1
https://doi.org/10.1111/j.1096-3642.2006.00293.x
https://doi.org/10.1038/268636a0
https://doi.org/10.1111/j.1474-919X.1986.tb02674.x
https://doi.org/10.1167/9.11.14
https://doi.org/10.1111/j.1474-919X.2011.01117.x
https://doi.org/10.1007/s10336-011-0771-5
https://doi.org/10.1098/rstb.2013.0040.
https://doi.org/10.1007/s00114-005-0010-0
https://doi.org/10.1159/000006582
https://doi.org/10.1098/rspb.2008.1110
https://doi.org/10.1111/j.1474-919X.2011.01151.x
https://doi.org/10.1007/s00114-003-0495-3
https://doi.org/10.1371/journal.pone.0000198
https://doi.org/10.1159/000118770
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Martin What Drives Bird Vision

Mitkus, M., Chaib, S., Lind, O., and Kelber, A. (2014). Retinal ganglion

cell topography and spatial resolution of two parrot species: budgerigar

Melopsittacus undulatus and Bourke’s parrot Neopsephotus bourkii. J. Comp.

Physiol. A 200, 371–384. doi: 10.1007/s00359-014-0894-2

Mitkus, M., Nevitt, G. A., Danielsen, J., and Kelber, A. (2015). “Spatial resolution

and optical sensitivity of a DMS-responder and a non-responder: Leach’s storm-

petrel and Northern fulmar” in Spatial Vision in BIrds: Anatomical Investigation

of Spatial Resolving Power, Doctoral Dissertation, ed M. Mitkus (Lund: Lund

University), 75–88.

Montgomerie, R., and Weatherhead, P. J. (1997). How do robins find worms?

Anim. Behav. 54, 143–151. doi: 10.1006/anbe.1996.0411

Moore, B. A., Pita, D., Tyrell, L. P., and Fernandez-Juricic, E. (2015). Vision in

avian emberizid foragers: maximizing both binocular vision and fronto-lateral

visual acuity. J. Exp. Biol. 218, 1347–1358. doi: 10.1242/jeb.108613

Moore, B. A., Tyrrell, L. P., Pita, D., Biniinda-Emonds, O. R. P., and Fernandez-

Juricic, E. (2017). Does retinal configuration make the head and eyes of foveate

birds move? Sci. Rep. 7:38406. doi: 10.1038/srep38406

Nilsson, D.-E. (2009). The evolution of eyes and visually guided behaviour. Philos.

Trans. R. Soc. B Biol. Sci. 364, 2833–2847. doi: 10.1098/rstb.2009.0083

Nilsson, D.-E., and Pelger, R. F. (1994). A pessimistic estimate of the time required

for an eye to evolve. Proc. Biol. Sci. 256, 53–58. doi: 10.1098/rspb.1994.0048

Norberg, R. A. (1978). Skull asymmetry, ear structure and function and auditory

localization in Tengmalm’s Owl, Aegolius funereus. Philos. Trans. R. Soc. B Biol.

Sci. 282B, 325–410. doi: 10.1098/rstb.1978.0014

Orlowski, J., Harmening, W., and Wagner, H. (2012). Night vision in barn owls:

visual acuity and contrast sensitivity under dark adaptation. J. Vis. 12, 1–8.

doi: 10.1167/12.13.4

Pakan, J. M. P., and Wylie, D. R. W. (2006). Two optic flow pathways from

the pretectal nucleus lentiformis mesencephali to the cerebellum in pigeons

(Columba livia). J. Comp. Neurol. 499, 732–744. doi: 10.1002/cne.21108

Parker, A. (2003). In the Blink of an Eye. Cambridge, MA: Persus Books.

Pettigrew, J. D. (1979). Binocular visual processing in the owl’s telencephalon. Proc.

R. Soc. Lond. B. Biol. Sci. 204, 435–454. doi: 10.1098/rspb.1979.0038

Pettigrew, J. D., and Konishi, M. (1976). Neurons selective for orientation and

binocular disparity in the visual wulst of the barn owl (Tyto alba). Science 193,

675–677. doi: 10.1126/science.948741

Phillips, M. J., Gibb, G. C., Crimp, E. A., and Penny, D. (2010). Tinamous andMoa

flock together: mitochondrial genome sequence analysis reveals independent

losses of flight among ratites. Syst. Biol. 59, 90–107. doi: 10.1093/sysbio/

syp079

Prum, R. O., Berv, J. S., Dornburg, A., Field, D. J., Townsend, J. P., Lemmon, E. M.,

et al. (2015). A comprehensive phylogeny of birds (Aves) using targeted next-

generation DNA sequencing. Nature 526, 569–573. doi: 10.1038/nature15697

Rochon-Duvigneaud, A. (1943). Les yeux et la Vision des Vertébrés. Paris: Masson.

Rogers, L. J. (2008). Development and function of lateralization in the avian brain.

Brain Res. Bull. 76, 235–244. doi: 10.1016/j.brainresbull.2008.02.001

Sansom, A., Lind, J., and Cresswell, W. (2009). Individual behavior and survival:

the roles of predator avoidance, foraging success, and vigilance. Behav. Ecol. 20,

1168–1174. doi: 10.1093/beheco/arp110

Srinivasan, M. V. (1996). Flies go with the flow. Nature 384, 411.

doi: 10.1038/384411a0

Troscianko, J., von Bayern, A. M. P., Chappell, J., Rutz, C., and Martin,

G. R. (2012). Extreme binocular vision and a straight bill facilitate tool

use in New Caledonian crows. Nat. Commun. 3:1110. doi: 10.1038/ncomm

s2111

Tucker, V. A. (2000). The deep fovea, sideways vision and spiral flight paths in

raptors. J. Exp. Biol. 203, 3745–3754.

Tucker, V. A., Tucker, A. E., Akers, K., and Enderson, J. H. (2000). Curved flight

paths and sideways vision in peregrine falcons (Falco peregrinus). J. Exp. Biol.

203, 3755–3763.

Tyrrell, L. P., and Fernandez-Juricic, E. (2015). “Sensory systems and escape

behavior,” in Escaping from Predators: an Integrative View of Escape Decisions,

eds W. E. Cooper and D. T. Blumstein (Cambridge; New York, NY: Cambridge

University Press), 323–342.

Tyrrell, L. P., Moore, B. A., Loftis, C., and Fernandez-Juricic, E. (2013). Looking

above the prairie: localized and upward acute vision in a native grassland bird.

Sci. Rep.3:3231. doi: 10.1038/srep03231

van den Hout, P., and Martin, G. R. (2011). Extreme head-tilting in shorebirds:

predator detection and sun avoidance.Wader Study Group Bull 118, 18–21.

van der Willigen, R. F., Frost, B. F., and Wagner, H. (1998).

Stereoscopic depth perception in the owl. Neuroreport 9, 1233–1237.

doi: 10.1097/00001756-199804200-00050

van der Willigen, R. F., Frost, B. F., and Wagner, H. (2003). How owls structure

visual information. Anim. Cogn. 61, 39–45. doi: 10.1007/s10071-003-0161-3

Walls, G. L. (1942). The Vertebrate eye and its Adaptive Radiation. Michigan:

Cranbrook Institute of Science.

Weiner, J. (1994). The Beak of the Finch: A Story of Evolution in Our Time. New

York, NY: Alfred a Knopf.

Wilson, K.-J. (2004). Flight of the Huia: Ecology and conservation of New Zealand’s

frogs, Reptiles, Birds and Mammals. Christchurch: Canterbury University Press.

Wood, C. A. (1917). The fundus oculi of birds especially as viewed by the

ophthalmoscope. Chicago, IL: Lakeside Press.

Worthy, T. H., and Holdaway, R. N. (2002). The Lost World of the Moa: Prehistoric

Life in New Zealand. Christchurch: Canterbury University Press.

Wylie, D. R., and Frost, B. J. (1990). Binocular neurons in the nucleus

of the basal optic root (nBOR) of the pigeon are selective for either

translational or rotational visual flow. Vis. Neurosci. 5, 489–495.

doi: 10.1017/S0952523800000614

Zheng, X., Zhou, Z., Wang, X., Zhang, F., Wang, Y., Wei, G., et al. (2013). Hind

wings in basal birds and the evolution of leg feathers. Science 339, 1309–1312.

doi: 10.1126/science.1228753

Conflict of Interest Statement: The author declares that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Martin. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) or licensor

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 16 November 2017 | Volume 11 | Article 619

https://doi.org/10.1007/s00359-014-0894-2
https://doi.org/10.1006/anbe.1996.0411
https://doi.org/10.1242/jeb.108613
https://doi.org/10.1038/srep38406
https://doi.org/10.1098/rstb.2009.0083
https://doi.org/10.1098/rspb.1994.0048
https://doi.org/10.1098/rstb.1978.0014
https://doi.org/10.1167/12.13.4
https://doi.org/10.1002/cne.21108
https://doi.org/10.1098/rspb.1979.0038
https://doi.org/10.1126/science.948741
https://doi.org/10.1093/sysbio/syp079
https://doi.org/10.1038/nature15697
https://doi.org/10.1016/j.brainresbull.2008.02.001
https://doi.org/10.1093/beheco/arp110
https://doi.org/10.1038/384411a0
https://doi.org/10.1038/ncomms2111
https://doi.org/10.1038/srep03231
https://doi.org/10.1097/00001756-199804200-00050
https://doi.org/10.1007/s10071-003-0161-3
https://doi.org/10.1017/S0952523800000614
https://doi.org/10.1126/science.1228753
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	What Drives Bird Vision? Bill Control and Predator Detection Overshadow Flight
	Introduction
	Which Tasks Drive the Evolution of the Sensory Capacities of Birds?
	Key Tasks
	Key Tasks and Perceptual Challenges Faced by Birds
	Flight
	Foraging
	Predator Detection
	Reproduction

	Competing Tasks and Competing Information
	Visual Fields as an Exemplar for The Investigation of What Drives Vision
	General Characteristics of the Visual Fields of Birds

	Functional Interpretations of the Visual Fields of Birds
	The Key Functions of Bird Visual Fields

	Panoramic Vision
	Differences in Visual Fields Between Closely Related Species
	The Perceptual Demands of Bill Control Vs. Predator Detection
	The Function of Binocular Vision in Birds
	Conclusion: The Key Drivers of Visual Fields in Birds
	A Note on Nocturnality
	The Drivers of Vision in Birds
	Author Contributions
	References


