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Sensory ecology investigates the information that underlies an animal’s interactions with
its environment. A sensory ecology framework is used here to seek to assess why flying
birds collide with prominent structures, such as power lines, fences, communication
masts, wind turbines and buildings, which intrude into the open airspace. Such collisions
occur under conditions of both high and low visibility. It is argued that a human perspec-
tive of the problems posed by these obstacles is unhelpful. Birds live in different visual
worlds and key aspects of these differences are summarized. When in flight, birds may
turn their heads in both pitch and yaw to look down, either with the binocular field or
with the lateral part of an eye’s visual field. Such behaviour may be usual and results in
certain species being at least temporarily blind in the direction of travel. Furthermore,
even if birds are looking ahead, frontal vision may not be in high resolution. In general,
high resolution occurs in the lateral fields of view and frontal vision in birds may be
tuned for the detection of movement concerned with the extraction of information from
the optical flow field, rather than the detection of high spatial detail. Birds probably
employ lateral vision for the detection of conspecifics, foraging opportunities and preda-
tors. The detection of these may be more important than simply looking ahead during
flight in the open airspace. Birds in flight may predict that the environment ahead is not
cluttered. Even if they are facing forward, they may fail to see an obstacle as they may
not predict obstructions; perceptually they have no ‘prior’ for human artefacts such as
buildings, power wires or wind turbines. Birds have only a restricted range of flight
speeds that can be used to adjust their rate of gain of visual information as the sensory
challenges of the environment change. It is argued that to reduce collisions with known
hazards, something placed upon the ground may be more important than something
placed on the obstacle itself. Foraging patches, conspecific models or alerting sounds
placed a suitable distance from the hazard may be an effective way of reducing collisions
in certain locations. However, there is unlikely to be a single effective way to reduce
collisions for multiple species at any one site. Warning or diversion and distraction
solutions may need to be tailored for particular target species.

Keywords: acuity, binocular vision, colour, lateralization, optic flow, power lines, sensory ecology,
vision, visual information, visual perception, wind turbines.

Sensory ecology investigates the information that
underlies an animal’s interactions with its environ-
ment. Relationships between the sensory chal-
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lenges posed by particular environments and the
information that organisms extract from them
have been described in general terms (Lythgoe
1979, Archer et al. 1999) and some interesting
examples of how sensory capacities are linked to
particular behaviours have been described in birds,
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including olfactory-guided foraging in seabirds
(Nevitt 2010), visually guided foraging in amphib-
ious predatory birds (White eral. 2007) and
tactile cues in probing shorebirds (Piersma et al.
1998). However, to gain a more complete under-
standing of the interactions of an animal with its
environment, account must be taken of cognitive
or perceptual components that determine how the
sensory information available under particular
environmental circumstances is interpreted for the
control of particular behaviours.

We have no difficulty in accepting that in our
own species perception plays a significant role in
the control of behaviour by mediating the interpre-
tation of information that is made available
through our sensory systems (Gibson 1986, Bruce
et al. 2003). There is no reason to suppose that
humans are special in this regard; interactions
between sensory information that is extracted from
the environment, its interpretation by the brain
and the behaviour of an animal must underlie key
aspects of most animals’ behavioural repertoires.
However, identifying the role of sensory and per-
ceptual components in non-human animals is
problematic because there is no recourse to subjec-
tive information to investigate cognitive compo-
nents. Nevertheless, the role of sensory and
cognitive components may be revealed by the
investigation of behaviours that occur in environ-

ments that limit sensory inputs, or in the analysis
of particular behaviours. For example, it has been
argued that both general and specific knowledge of
particular environments allows nocturnal owls
(Strigidae) successfully to interpret the limited
visual and auditory information that is available to
them under a woodland canopy at night (Martin
19864, 1990).

This review takes a similar approach to explain
why flying birds collide with human artefacts. I
argue that a subtle set of interrelationships exists
between visual capacities and perceptual aspects of
the interpretation of that information and the
behaviour of the birds when flying in open air-
space. Together these factors may explain why
some birds are more vulnerable to collisions with
obstacles than others, and help to inform the
development of guidelines for reducing collisions.

BIRDS AND COLLISIONS

Many bird species are prone to collisions with
static artefacts that to humans appear conspicuous,
especially when they extend into the open airspace
above vegetation. Structures such as power lines,
fences, communication masts and buildings have
long been recognized as posing major problems for
certain bird species both in locations where the
object may be partially obscured by vegetation, as

Figure 1. Artefacts that appear conspicuous in the environment to human observers but present high collision risks to birds. (a) Wind
turbines on the island of Smela, Norway (photo: NINA, Trondheim). The wind farm covers 18 km? and contains 68 turbines. Each
wind turbine is 70 m high and has a rotor blade diameter of 83 m. They are the only large obstacles in an otherwise open landscape
(vehicles near the bases of the turbines provide scale). Between 2003 and 2009, 24 species of birds were recorded to have collided
fatally with these turbines. Willow Ptarmigan Lagopus lagopus and White-tailed Eagle Haliaeetus albicilla were the most frequent
casualties (May et al. 2010). Observations of the behaviour of birds at this site led to the conclusion, ‘Preliminary data suggests
White-tailed Sea Eagles show no tendency to avoid turbine blades, treating them as if they are not there’ (Halley et al. 2010).
(b) Power lines in the Karoo region of South Africa (photo Jessica Shaw). Although these power lines appear very conspicuous to
human observers in these open habitats, bustards and Blue Cranes Anthropoides paradiseus are particularly vulnerable to collisions

with these artefacts (Shaw 2009, Jenkins et al. 2010).
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in the case of fences in woodlands (Catt et al.
1994, Summers & Dugan 2001), but also when
artefacts extend prominently into the open air-
space above surrounding vegetation and appear
very conspicuous to the human eye (Fig. 1) (Avery
et al. 1980, Bevanger 1998, Manville 2005,
Drewitt & Langston 2008).

Many birds also die as a result of being hit by
fast-moving objects such as road vehicles, aircraft
and trains (Kelly et al. 2000, Sodhi 2002, Thorpe
2003) and some die as a result of collisions with
the fast rotating blades of wind turbines (Hodos
2003, Drewitt & Langston 2008, Rothery et al
2009), although collisions with wind turbines can
involve the pylon and stationary blades as well as
blades in motion.

There have been claims that mortality caused
by collisions with human artefacts is the largest
unintended human cause of avian fatalities world-
wide (Banks 1979, Klem et al. 2004), although
this also includes collisions with windows, which
probably involves a different set of sensory and
perceptual problems compared with collisions
with artefacts in open airspace. Certainly, there is
evidence that collisions with large and prominent
obstacles may threaten the survival of specific
populations or even the survival of certain endan-
gered species (Shaw et al. 2010). For example, in
Europe over a 16-year period it was estimated that
approximately 25% of juvenile and 6% of adult
White Storks Ciconia ciconia died annually from
power line collisions and electrocutions (Schaub &
Pradel 2004). In the Overberg region of South
Africa, still higher power line mortality rates have
recently been estimated, with 12% of Blue Cranes
Anthropoides paradiseus classified as globally Vul-
nerable (BirdLife International 2009), and 30% of
Denham’s Bustards Neotis denhami killed annually
by power line collisions (Shaw 2009). Ludwig’s
Bustard Neotis ludwigii, White Stork, Grey
Crowned-crane Balearica regulorum and Kori Bus-
tard Ardeotis kori are amongst the other most
commonly reported power line collision victims in
southern Africa (Eskom 2008). For Ludwig’s Bus-
tard, it is estimated that the rate of mortality from
collisions is probably unsustainable, ultimately
threatening the survival of this species (Jenkins
et al. 2010).

That birds are prone to collisions with large sta-
tic objects is surprising as it is widely held that
flight in birds is primarily controlled by vision, an
idea captured by the phrase ‘a bird is a wing guided
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by an eye’ (Rochon-Duvigneaud 1943) and that
vision is the prime sense used by birds to gain infor-
mation from their environment (Gill 2007, Perrins
2009, Sibley 2009). Furthermore, collisions fre-
quently occur when birds are apparently in control
of their flight and under conditions of good visibil-
ity (Drewitt & Langston 2008).

WHY DO BIRDS COLLIDE WITH
STATIC OBJECTS?

Analysis of data on collision incidents has focused
primarily upon collision susceptibility that results
from flight behaviour, especially manoeuvrability
with respect to velocity of approach to an obstacle
(Bevanger 1998, Janss 2000, Drewitt & Langston
2008). Visual and perceptual aspects of collisions
have received little investigation beyond the gen-
eral observation that some collisions may occur
when visibility is reduced due to lower light levels
or weather conditions such as rain or mist, which
reduce the amount of visual information available
for the control of flight. Measures to reduce the
probability of collisions have wusually involved
marking obstructions with devices designed to
increase the probability of their detection from a
greater distance, the assumption being that the
obstruction is below the limit of visual resolution
within the flight avoidance distance of many bird
species. For example, power lines have been
marked with objects such as reflective balls, flap-
ping flags and wire coils (Bevanger 1994, Janss &
Ferrer 1998), fences have been marked with flags
(Summers & Dugan 2001) and there have been
laboratory simulations of the effectiveness of mark-
ing turbine blades with patterns designed to reduce
‘motion smear’ (also know as ‘motion transpar-
ency’ and ‘motion blur’) (Mclsaac 2001, Hodos
2003). However, despite more than 30 years of
using static markers on power wires, the probabil-
ity of mortality caused by power line collisions
remains high for certain species (Janss & Ferrer
2000, Drewitt & Langston 2008). Also, at the time
of writing, Hodos (pers. comm.) confirms that
there have been no field trials of his recommenda-
tions (Hodos 2003) for the reduction of motion
smear and increased conspicuousness of rotating
turbine blades that were commissioned by the US
National Renewal Energy Laboratory (http://
www.nrel.gov/wind/avian_reports.html).

It is clear from this work that little insight has
yet been gained into why birds actually collide
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with obstacles under conditions of clear visibility.
Beyond the untested proposals for ‘motion smear’
reduction of turbine blades, there is no clear
analysis of the problems of bird collisions that
brings together knowledge of vision and behaviour
in susceptible bird species. An analysis of how
these birds might actually perceive the hazard of a
static object in open airspace is required. It also
seems that most of the solutions proposed to date
are based upon a human perspective of the prob-
lem. Put simply, it has been a matter of finding a
solution to bird collision problems based upon
making the perceived hazard more conspicuous to
human observers. Furthermore, work on the
development of hazard markers has had to find
solutions working within the constraints of initial
cost, ease of application and ease of maintenance.
The nub of the argument presented here is that
the human view provides just one way of appreci-
ating the world and that the differences between
human and birds’ eye views are sufficient to
render a human view of the problem of bird
collisions inaccurate and possibly misleading.

BIRDS’ EYE VIEWS

It is clear that the information that birds extract
visually from their environment can be quite dif-
ferent from that extracted by humans in the same
circumstance (Martin & Osorio 2008). This is due
to fundamental differences between birds and pri-
mates at all levels of organization of their visual
systems, including retina, physiological optics,
visual fields and the processing of visual informa-
tion by the brain (Bowmaker et al. 1997, Shimizu
& Bowers 1999, Reiner et al. 2005, Martin &
Osorio 2008, Hunt et al. 2009). Furthermore,
there are also interspecific variations of each of
these levels of organization of the visual system.
During their evolution, vertebrate eyes have been
subject to many selective pressures, some of which
are antagonistic and dictated by the physical con-
straints that underlie the sampling of information
from the array of photoreceptors that make up any
retina. Prominent among such constraints is the
trade-off between resolution and sensitivity, such
that in general an eye, or region of retina, primarily
adapted for spatial or spectral resolution cannot
achieve high sensitivity and vice versa (Land &
Nilsson 2002). Thus, each eye can provide only
certain information about the environment; no eye
is all-seeing and even if the eyes of two species
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have similar capacities, the two eyes operating
together may provide different world views with
respect to both the information that is extracted
and how much of the world is sampled at any one
instant by their combined visual fields. Further-
more, while the eyes extract basic information
about the environment, the way that this informa-
tion is interpreted by the brain (i.e. what the
animal perceives) differs depending upon the infor-
mation available at any one time. In other words,
perceptions fluctuate for all species (Gibson 1986,
Bruce et al. 2003).

It should be noted that important parallels have
been described between the ways in which the
brains of birds and primates interpret the visual
information provided by their eyes. This suggests
that bird and primate brains use similar mecha-
nisms to segregate their visual worlds into meaning-
ful entities (objects). Examples that support this
idea are to be found in the mechanisms employed
by birds and humans for object completion and
object unity when only partial information is avail-
able (Regolin & Vallortigara 1995, Lea et al. 1996).
Thus, birds and humans experience similar percep-
tual illusions (Clara etal. 2006) and there is
evidence that birds and humans determine relative
depth from two-dimensional and ambiguous
images in a similar way (Forkman 1998, Forkman &
Vallortigara 1999). We are primarily concerned
here with what information is available for process-
ing by a bird’s visual system and how this may
influence its ability to detect obstacles in unfamiliar
circumstances. That there are parallels between pri-
mate and avian brains in aspects of the higher order
processing of visual information does, however,
legitimize comparisons between flying birds and
the perceptual problems that face humans under
particular visual challenges (see below).

FOUR FUNDAMENTAL WAYS |IN
WHICH HUMAN AND AVIAN VIEWS
DIFFER

Vision is both complex and multidimensional, so
considerable ingenuity, involving a range of ana-
tomical, physiological and behavioural techniques,
has been used to isolate particular capacities and
their underlying mechanisms in birds and other ani-
mals. Not all aspects of visual capacity are equally
well understood but there are four key areas that
are important to consider when attempting to
understand the vulnerability of birds to collisions.



Colour

The function of colour vision is to enhance the
detection of objects by extracting information
about their differential reflection in the spectrum.
It is sobering to realise that colour, which appears
such an important part of our world view, is not a
property of the physical world but a construct of
the visual system that analyses it (Wright 1963). It
has long been recognized that the colour vision
mechanism of avian retinas differs in quite funda-
mental ways from that of mammals, and its mech-
anisms have been summarized a number of times
as knowledge has grown (Walls 1942, Jacobs 1981,
Bowmaker etal. 1997, Land & Nilsson 2002,
Martin & Osorio 2008, Hunt etal. 2009).
Although there are differences among bird species,
the fundamental property of avian colour vision
compared with mammals, and particularly pri-
mates, lies in the extent of the visible spectrum and
the subtlety of colour discrimination that can be
made within that spectrum. It was first recognized
that birds have colour vision which extends into
the ultraviolet, thus broadening (compared with
humans) the range of stimuli to which the avian
eye can respond, through behavioural studies of
Rock Pigeons Columba livia (Wright 1972, Emmer-
ton & Delius 1980) and later of hummingbirds
(Trochilidae) (Goldsmith 1980). Subsequently,
behavioural and physiological work has shown that
vision in the UV or near-UV part of the spectrum is
widespread among avian families (Cuthill et al.
2000, Hunt et al. 2009). In view of the wide taxo-
nomic distribution of vision in the UV region
among birds, it would now seem safe to assume
that the visible spectrum of most birds extends into
the UV and that vision in this part of the spectrum
should no longer be viewed as exceptional.

The few detailed psychophysical studies of col-
our discrimination in birds suggest that birds are
capable of subtle discriminations throughout their
visible spectrum, including the UV and near-UV
(Wright 1979). This has been supported by general
models of how the different types of retinal cone
photoreceptors in birds mediate colour discrimina-
tion (Vorobyev & Osorio 1998, Vorobyev 2003,
Endler & Mielke 2005).

Acuity

Resolution (the precision with which an eye splits
up light according to its direction of origin) is
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usually referred to as acuity. It is tempting to
characterize this with a single value of best
performance for a particular species. This value
describes the smallest spatial detail that can be
resolved under high light levels using stimuli of
high contrast, giving a basis for interspecific com-
parisons and allowing estimates to be made of the
finest details or smallest object that can be
detected at a certain distance under ideal viewing
conditions. However, natural stimuli are often
of lower contrast and a full characterization of
spatial resolution requires the determination of a
spatial contrast function which characterizes visual
thresholds across a range of contrasts and spatial
frequencies (Ghim & Hodos 2006). As with colour
vision, there are few behavioural studies of con-
trast sensitivity or even acuity in birds, but it has
been possible to estimate acuity from knowledge
of the structure of the retina in a number of spe-
cies. Two key findings come from these studies.
First, acuity in birds is high compared with those
in other vertebrates with eyes of similar size, sug-
gesting that the eyes of the majority of diurnally
active birds can be characterized as adapted to
maximize resolution rather than sensitivity (Land
& Nilsson 2002). However, despite earlier claims
based upon anecdotal observations, the highest
known acuity in birds is not exceptionally superior
to that of humans. For example, earlier claims of
exceptional acuity in falcons and eagles have been
more recently revised downwards to suggest that
the highest acuity of falcons (0.4-0.75 min of arc)
is approximately equal to that of the eye of a
young human (0.4-1.0 min of arc: Fox et al. 1976,
Hirsch 1982, Reymond 1987, Land & Nilsson
2002, Gaffney & Hodos 2003), while that of the
largest eagles (0.2 min of arc) is perhaps 2.5 times
higher than that of human eyes (Reymond 1985).
For many bird species, acuity is below that of the
human fovea at similar light levels, for example
Rock Pigeon, 1.7 min of arc; Rook Corvus frugile-
gus, 1.0 min of arc; domestic fowl Gallus domesti-
cus, 3.4 min of arc (Hodos 1993).

Secondly, acuity varies markedly within the
visual field of an eye. In humans, there is a single
region of high acuity vision which projects directly
forwards, typically in the direction of travel. This
region is of small angular size (=~ 2° diameter)
compared with the total visual field (=~ 160°) and
is mediated by the foveal region of the retina
(Westheimer 1972). Acuity decreases rapidly
towards the periphery of the eye’s visual field. In
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birds there may be two areas of high acuity in each
eye (Meyer 1977). One typically projects laterally
with respect to the axis of the head, approximately
along the optical axis of the eye, but there may be
other frontal or ventrally projecting areas of higher
acuity, or even an area of higher acuity that
extends in a band across the field of view. There
have been a number of attempts to explain the
occurrence and visual projection of these areas of
high acuity by reference to the visual challenges
that life in different habitat types present (Meyer
1977, Martin 1985). Typically, the regions of high-
est acuity occur laterally, not frontally, with respect
to the head and when behavioural techniques are
used in assessments of a bird’s acuity, a bird usually
chooses to use its lateral field of view. Anatomical
evidence also corroborates the use of these laterally
projecting regions for tasks involving the determi-
nation of the highest visual acuity by freely moving
birds (Reymond 1985, 1987).

Relative depth, distance and time to
contact

Determination of the position of an object in rela-
tive depth from an animal, as well as its absolute
distance, is a complex perceptual process for any
visual system (Goldstein 1984, Bruce et al. 2003).
However, it is clearly a process that is central to
understanding collisions.

Estimation of depth and distance are not a prop-
erty of the eye alone, but a perception based upon
higher order processing by the brain. In humans,
relative depth close to the observer is usually
analysed by reference to the process of stereopsis
(Bruce et al. 2003). Perception of the distance of
objects further away depends upon cues that are
available in each eye alone but which also require
a high degree of cognitive processing. Stereopsis is
based upon the small differences in the images of
the same object produced on the retinas of the
two eyes, which occur because of the lateral dis-
placement of the eyes in the skull. Human eyes are
relatively far apart compared with birds and even
in humans the process of stereopsis provides rela-
tive depth information for only a few metres ahead
and is typically employed for tasks conducted clo-
ser to the eyes (e.g. manipulation of objects by the
hands). Whether birds whose eyes are relatively
close together (typically, avian eyes almost touch
in the median sagittal plane of the skull) are able
to employ stereopsis to gain relative depth infor-
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mation is uncertain. An early behavioural demon-
stration of stereopsis in a falcon (Fox et al. 1977)
has not been replicated or extended more generally
among bird species, although McFadden (1994)
found some behavioural evidence of stereopsis for
close objects in pigeons. More recently, Martin
(2009) has argued that birds, with perhaps the
exception of some owl species (Strigidae, Tytoni-
dae), do not have stereopsis and that the function
of binocular vision lies primarily in the control of
the bill (and/or feet in some species) towards
objects at close range, and not for the control of
locomotion towards more remote targets. Martin
(2009) also argues that for any bird, the most vital
visual information beyond recognition of an object
is the object’s position and, if there is relative
speed between the object and the observer, infor-
mation on time to contact. The actual distance of
an object from a bird may be of little importance
compared with its direction and the time it may
take to make contact with it.

Such information is available from optic flow-
fields (Lee & Lishman 1977, Lee 1980, Warren
2008) and it has been shown that Northern
Gannets Morus bassanus and hummingbirds, when
carrying out manoeuvres that require accurate
visual information regarding time to contact a tar-
get, appear to employ optic flow-field information
(Lee & Reddish 1981, Lee et al. 1991). The infor-
mational properties of optic flow-fields were first
analysed in detail by Gibson (1966) and derive
directly from the way images of objects flow across
the retina as they move relative to the observer
(Warren 2008). They can specify very accurately
both the direction of travel and the time to contact
with an object that is being approached and they
may underpin many tasks undertaken by humans,
such as driving, cycling, running, jumping and ball-
catching: tasks in which the observer has to adjust
speed of approach to achieve accurate timing of
arrival at a given point (Lee 1980). However, the
information extracted from the optic flow-field
across the retina is contained not in highly detailed
spatial information but in information extracted
from moving images at relatively low resolution.

Fields of view

Visual fields and the variation of visual capacities
within them are likely to have a direct impact on
collision susceptibility. This is because, regardless
of the ways in which visual information is



processed, visual fields determine what part of an
animal’s environment can influence its behaviour
at any one instant (Martin 2007, 2009) and
because visual capacities can vary markedly within
the visual field (Martin & Osorio 2008). This is
true of humans, where there are marked changes
in visual capacity from central to peripheral vision
within an eye, but such differences appear to be
more extreme within avian eyes. Especially impor-
tant are the characteristics of that section of a
bird’s visual field that are used to detect and ana-
lyse objects of interest, and the characteristics and
general functions of the section of the visual field
that projects forward and hence ‘looks’ in the
direction of travel.

In humans, that section of the visual field that is
used for detailed analysis of objects looks directly
forward, and there is a very extensive region of for-
ward binocular vision that constitutes the major
portion of the total visual field (Fig. 2). However,
this is not the case in most, perhaps all, birds. For
humans, the detailed world lies ahead, whereas
for the majority of birds the detailed world lies
laterally. Furthermore for birds (indeed any ani-
mals with eyes placed laterally in the skull),
forward/binocular vision is achieved through the
peripheral vision of the each eye; in other words
vision at the edge of the visual field of an individ-
ual eye, away from the optical axis (Fig. 2). In con-
trast, in most manufactured optical systems, such
as binoculars, the quality of optics in the periphery
is always inferior to the quality of optics along the
optical axis of the system. As little is known about
the quality of peripheral optics in bird eyes, it is
not possible to be sure that when birds look for-
ward with their binocular field, which is typically a
very small portion of the total visual field (Fig. 2),
they are employing the best quality optics.

The visual field of an animal is a function of the
optics of the eyes and of their placement in the
head, and among birds a number of visual field
arrangements have been described (Martin 2007)
(Fig. 2). Visual fields need to serve two key func-
tions: (1) the detection of predators, conspecifics,
obstacles and potential food sources that are
remote from the animal, and (2) the control of
accurate behaviours, such as the procurement of
food items, at close quarters. Both functions are
potent sources of natural selection but they are
potentially antagonistic (Fernandez-Juricic et al.
2008, Martin & Piersma 2009). While there is evi-
dence that some birds have optical systems that
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keep both distant and close objects in focus with-
out the need to change the refractive state of the
eye, this occurs in the laterally projecting visual
field, not the frontal projection of the field (Martin
1986b, Hodos & Erichsen 1990). The human eye,
with its frontal orientation, has continuously to
accommodate for objects that lie ahead at different
distances.

In bird species that employ visual information
for the guidance of bill position when taking food
items, the projection of the bill falls approximately
centrally within the binocular (frontal) section of
the visual field, and in the majority of birds that
feed in this way, the binocular field is relatively
narrow, between 15° and 30° in maximum width,
and vertically long (Martin 2007) (Fig. 2). How-
ever, the vertical extent of the binocular field var-
ies markedly. For example, in herons (Ardeidae)
and storks (Ciconiidae), it extends through 180°,
so that these birds have comprehensive visual cov-
erage of the hemisphere in front of the head (Mar-
tin & Katzir 1994), while in eagles, bustards and
cranes it extends through only 80°, vertically giving
these birds extensive blind areas both above and
below the head in the frontal hemisphere (Martin
& Katzir 1999, Martin & Shaw 2010) (Fig. 2). In
birds that do not employ visual information to
guide bill position (e.g. some duck species which
filter-feed, and some long-billed shorebirds which
feed by probing in soft substrates guided by tactile
cues), the bill falls at the very periphery or outside
the visual field. In these cases the eyes are posi-
tioned high in the skull, giving comprehensive
visual coverage of the hemisphere around and
above the head such that there are no blind areas
in their visual field except that produced by their
own body (Martin 2007, Martin et al. 2007).

Eye movements are present in many bird spe-
cies and these are typically independent complex
rotations of the eyes that can have markedly differ-
ent effects on visual coverage around the head. In
a number of species (e.g. herons, hornbills and cor-
morants; Martin & Katzir 1994, Martin & Coetzee
2004, Martin et al. 2008), it has been shown that
binocularity to the front of the head can be abol-
ished by eye movements. Such abolition of binocu-
larity occurs frequently when birds are held in the
hand, suggesting that they switch spontaneously
between binocular coverage of frontal field and its
abolition. The function of such abolition of frontal
binocular vision is unclear but it may be an inci-
dental consequence of using the region of an eye’s
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Kori Bustard Human

best optical quality, which projects along the optic
axis laterally, to examine an object or track its
movement (Martin et al. 2008).

In birds, the function of binocular vision
appears primarily to be the control of behaviours
requiring the accurate positioning and timing of
bill-opening towards objects close to the animal
(particularly the control of bill position for food
procurement and/or chick provisioning); the con-
trol of locomotion with respect to more distant
objects is a less important determinant of binocu-
lar field characteristics (Martin 2009). Indeed, for
birds such as the filter-feeding ducks or probing
shorebirds, the binocular field can be very narrow
(=~ 5°) in the direction of travel when flying. Fur-
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White Stork

thermore, it seems likely that in many birds the
detection of food items is primarily under the
control of lateral vision, with control of item pro-
curement transferred to forward vision just prior
to seizure (Montgomerie & Weatherhead 1997,
Land 1999, Tucker 2000, Tucker et al. 2000,
Rogers 2008).

A COMPARISON OF AVIAN AND
HUMAN VIEWS

A summary comparison of human and bird’s
views which are likely to be relevant to collision
susceptibility should recognize the following
elements.
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Figure 2. Visual fields in Kori Bustards, humans and White Storks. The differences between a ‘human eye view’ and a ‘birds’ eye
view’ are readily apparent from these diagrams. Bustards are particularly prone to collisions with power lines of the kind depicted in
Figure 1. Storks, although vulnerable to collisions with such power lines, are more likely to be electrocuted by low-tension power wires
(because their wide wing span is sufficient to earth between two current-carrying wires in low-tension power transmission systems).
The figure is a matrix that allows interspecific comparison of the same information across rows, while columns show information for
each species. Row (a): perspective views of orthographic projections of the boundaries of the retinal fields of the two eyes and in the
birds the line of the eye—bill tip projections (indicated by a white triangle). The direction of the optic axes of the eyes is indicated by a
white pentagon. The diagrams use conventional latitude and longitude coordinate systems with the equator aligned vertically in the
median sagittal plane of the head. The grid is at 20° intervals. It should be imagined that in each diagram the head is positioned at the
centre of a transparent sphere with the field boundaries and optic axes projected onto the surface of the sphere with the heads in the
orientations shown in row (c). Green areas, binocular sectors; pink areas, monocular sectors; blue areas, blind sectors. Row (b): hori-
zontal sections through the visual fields in a horizontal plane defined by the straight line running through the middle of each of the
visual field projections shown in row (a). Dashed lines indicate the directions of the optic axes. In the birds, the axis of each eye pro-
jects laterally, in humans, the optic axes of each eye project forward and coincide (colour coding of each sector of the visual fields as
in row (a)). Row (c): vertical sections through the binocular fields (green) in the median sagittal plane defined by the vertically oriented
equators of the diagrams in row (a). The line drawings of the heads of the birds show them in the approximate orientations typically
adopted by the species in flight. In humans, the head is in a typical upright posture. The visual fields are presented with respect to
these typical head positions. Key features of visual fields in birds that forage using visual guidance are shown in the case of the bus-
tards and storks. These are features typical of the majority of bird species (Martin 2007). The eyes project laterally and the best optical
quality and the direction of best resolution projects laterally. The binocular field is narrow and vertically long with the bill projecting
approximately centrally; there is extensive visual coverage by each eye to the side and behind the head, resulting in a small blind sec-
tor above and to the rear of the head. In humans the visual field is arranged very differently from those of the two birds. The eyes pro-
ject forwards and almost the whole of the visual field is binocular, there is a large blind area behind the head and the best optical
quality and highest resolution lie directly ahead. One crucial difference between the two bird species depicted here lies in the vertical
extent of their binocular fields and the effect of moving the head on visual coverage of the frontal hemisphere. In bustards, a relatively
small forward head pitch of 25° (rows a and c) is sufficient to bring the extensive blind area above the head to project forwards in the
direction of forward travel. However, in storks, visual coverage of the frontal field is not abolished until the head has pitched forward
by 55°, which would mean that the bill is pointing vertically downwards. This amplitude of head movement that is necessary to abolish
forward vision is similar to that required for the same effect in humans. The visual field of bustards is similar to those found in cranes
and eagles, which are also highly vulnerable to collisions with artefacts. The visual field of storks is similar to those found in other
members of the Ciconiformes and in duck species (Martin 2007). The figure is based upon Martin and Shaw (2010).

can at times be spontaneously abolished. There are

Human eye view . o L 1
y marked differences in visual capacities within a field

In humans, two eyes at the font of the head pro-
vide extensive binocular overlap in the direction of
travel (Fig. 2). Highest spatial acuity and most
acute colour discriminations lie directly ahead and
there are extensive blind regions above and behind
the head. The best appreciation of relative depth
also lies directly ahead. In essence, humans see the
world as being ‘in front’, and we move ‘into’ it.

Birds’ eye views

Two eyes placed laterally in the skull provide some
visual coverage of the world ahead, but there is also
typically extensive coverage above and behind the
head (Fig. 2). Binocular and blind areas differ in
extent and position depending upon the ecology of
the species. In general, the region of binocular
vision is small and even in fast-flying species, such
as some ducks with high wing loadings, binocular
vision in the forward direction can be very narrow
in the direction of travel (< 10° in Mallards Anas
platyrhynchos). In some species, binocular vision

of view but typically, retinal regions that provide
the highest resolution and colour discrimination
capacities project laterally, not forwards. These
regions typically lie close to the optical axes of each
eye (Fig. 2). Binocular/frontal vision is primarily
concerned with near tasks such as the control of bill
position in foraging (pecking/lunging), chick provi-
sioning and nest building, not the control of loco-
motion. Control of locomotion is achieved through
the use of information extracted from optic flow-
fields and this requires the detection of movement,
not necessarily of high resolution. Optic flow-fields
are the primary source of information on the direc-
tion of travel and time to contact. In essence, birds
probably see the world as ‘around them’ and they
move ‘through’ it.

THE FUNCTIONS OF LATERAL
VISION IN BIRDS

Birds use their lateral visual fields rather than bin-
ocular/frontal fields for many key tasks. Typically,
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lateral vision has been seen as serving for the
detection of predators or conspecifics (Fernandez-
Juricic et al. 2004). However, it is now clear that
lateral vision in birds has a prime role in sophisti-
cated aspects of foraging and predator detection
tasks, including the response to novel stimuli and
the reliable separation of pertinent from distracting
stimuli (Rogers 2008). Moreover, it is also clear
that the avian brain is functionally lateralized in
the conduct of such tasks and that these are
revealed by birds preferentially using their left and
right eyes for different tasks (Rogers 2008). This
use of lateral vision is seen clearly in tasks in which
birds choose to examine different types of objects
and scenes preferentially with the left or right eye,
rather than binocularly (Mench & Andrew 1986,
Rogers 1991, Dharmaretnam & Andrew 1994,
Vallortigara et al. 2001, Koboroff etal. 2008,
Franklin & Lima 2010). Furthermore, use of the
left and right eye is secondary to selective activa-
tion of the contralateral hemisphere of the brain,
and this can change during free viewing depending
on the task (Vallortigara 2000). This refers not
only to eye use but more generally to allocation of
attention in the left and right visual hemispaces
(Diekamp et al. 2005). Therefore birds seem to be
highly lateralized with respect to both eye and
brain function.

Preferential use of lateral vision has been
described both in tasks involving close objects,
which require approach or a pecking response
towards the object, and in tasks that involve
flight towards distant objects. Thus a Peregrine
Falcon Falco peregrinus stooping upon its prey
seems to be under the control of lateral rather
than frontal/binocular vision, in that the bird
approaches along a curving path that allows the
prey object to be kept in the vision of the later-
ally projecting fovea of one eye until the final
closure upon the prey object, when transfer is
passed to frontal vision at close range (Tucker
2000, Tucker etal. 2000). This use of lateral
vision to detect an object, and the control of
behaviour passing to the frontal field only when
the object is in close proximity, is similar to that
described in thrushes (Montgomerie & Weather-
head 1997), Zebra Finches Taeniopygia guttata
(Bischof 1988), Rock Pigeons (Bloch et al. 1988)
and domestic fowl (Dharmaretnam & Andrew
1994), all of which take items by detecting them
when standing and pecking at them from a sur-
face. All these examples suggest that both lateral
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and binocular vision are used for specific tasks
and are not interchangeable in their function.
Therefore for tasks requiring high spatial resolu-
tion, and perhaps separation of pertinent from
distracting stimuli, birds seem to fixate initially
upon a target with one of their lateral fields of
view, and behavioural control typically passes to
frontal (binocular) vision for final seizure of
object/food only at close range: this may apply
to a very wide range of species and tasks.

WHEN BIRDS ARE FLYING IN OPEN
AIRSPACE, WHAT ARE THEY
DOING?

When flying in open airspace, are birds looking
ahead for obstacles? The complexity of visual fields
and the topographical distribution of visual capaci-
ties within them suggest that it is wrong to assume
that birds are looking forward into the open air-
space and attending to what might lie ahead of
them. What birds might actually be attending to in
flight presents a more complex set of possibilities
than the situation in humans. Humans have two
eyes whose visual fields project forwards and the
key visual capacities of high spectral and spatial
resolution also project forwards in the direction of
travel. This is clearly not the case in the majority

of birds.

Looking but failing to see

Humans also exemplify an additional problem for
the analysis of collisions — the need to differentiate
between vision and visual perception. Even when
looking ahead in the direction of travel it has been
established that car drivers may ‘look but fail to
see’ and that people may frequently drive beyond
their ‘perceptual limit’. In other words, they drive
in a manner that relies on information which is not
in fact immediately available via their visual system
(Hills 1980); such a framework has been used in
the analysis of collisions (Clarke et al. 1995,
1998). Collisions are generally avoided, however,
because the available visual information is supple-
mented by experience of the nature of roads and
traffic and specific knowledge of road layout. The
driver simply interprets a meagre set of informa-
tion in a useful way, assuming that the road will
continue much as before, unless specific signals
suggest otherwise. Indeed, much road engineering
is concerned with making roads as predictable as



possible within a region or country, so that only
minimal cues are needed to drive safely (Hills
1980). That drivers are often beyond their percep-
tual limit is indicated by what happens when there
is an unpredictable obstruction in the road. At
such times, it is more likely that a collision will
happen. This is because the rate at which a driver
is gaining information about the environment
ahead is not sufficient to match the challenge
posed. This is one of the main reasons why known
hazards have to be so well indicated, to warn or
prime the driver that the world ahead will be less
predictable and that they should reduce speed to
adjust their rate of gain of information to match
the requirements of the changing or changed
circumstances.

Car driving may not seem particularly relevant
to birds in flight. However, it does seem likely that
the same principles concerning the role of cogni-
tion in the correct interpretation of cues and the
adjustment of the rate of gain of information to
match the challenges of the environment are of
wide application (Gibson 1986).

Two key questions

Are there similar perceptual and attentional prob-
lems posed by obstacles that intrude into the open
airspace for flying birds? Two key questions arise.
First, when in flight can birds adjust their rate of
gain of information to meet the perceptual
challenge of the environment? For example, under
conditions of reduced visibility (which will result
in a reduced rate of information gain), can birds
slow down and adjust their rate of gain of informa-
tion to meet the perceptual challenge? Secondly, in
open habitats, are flying birds always looking
ahead?

Can flying birds adjust their rate of gain of visual
information?

It is well established that the aerobic range of flight
speeds for any bird is restricted. The well-
established U-shaped function of aerodynamic
power requirement as a function of flight speed
has wide applicability. It shows that for most birds,
slow flight, even for short periods, is not possible
and this becomes more acute for birds with high
wing loading and consequently higher average
flight speeds (Norberg 1990, Biewener 2003). In
essence, birds cannot readily slow down; sustained
slow flight is costly or aerodynamically impossible
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and hence reducing speed to match the rate of gain
of information to increasing perceptual challenges
is unlikely to occur. In other words, when the envi-
ronment restricts the information available (e.g.
because of rain, mist, low light levels), birds cannot
fly more slowly to meet the increased perceptual
challenge. Thus if birds are to fly under non-ideal
perceptual conditions, or visibility conditions
change during a flight, they cannot act in the way
that a careful car driver should and reduce their
speed to gain information at a rate sufficient to
match the new perceptual challenge.

Are flying birds always looking ahead?
The second question, relating to whether birds in
open airspace fail to see the way ahead, is more
challenging to address. Vision in the direction of
travel that is mediated by the forward-projecting
binocular region may provide far less spatial infor-
mation (derived either from spectral or luminance
contrasts) than vision laterally. Furthermore, binoc-
ular (frontal) vision may have quite restricted func-
tions that are concerned primarily with nearby
objects rather than more distant ones. That is not
to say that birds may not ‘see’ objects that lie
ahead at a distance, but it is likely that frontal bin-
ocular vision does not match the best visual perfor-
mance derived from the laterally projecting
sections of the visual fields. Furthermore, open air-
space above vegetation is a highly predictable envi-
ronment, usually clear of hazards, and birds may
not be perceptually primed either through learning
or evolutionary selection to detect hazards that
extend into this airspace from below. Much in the
same way that a car driver requires perceptual
priming when a predictable road becomes less pre-
dictable, birds may also fail to detect objects
because they too ‘look but fail to see’ what lies
ahead when flying in open airspace. This is not to
imply that birds are unaware of their surroundings
when in flight above vegetation, as it is likely that
they are perceptually primed to detect aerial pre-
dators, but that these are specific targets that are
likely to appear above or behind the flying bird,
not in the frontal visual hemifield. That birds
appear to be primed for the detection of predators
is supported by the rapid response shown when
predator silhouettes are presented, for example in
studies of escape or avoidance behaviours (Deve-
reux et al. 2006).

Do birds sometimes actually fail to see the way
ahead? Certainly the evidence that some birds can
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spontaneously abolish their binocular (frontal)
field suggests that, at least momentarily, birds of
some species could simply not look ahead during
flight. In addition, birds can turn their heads side-
ways (yaw) to bring the laterally projecting visual
field more forwards with respect to the direction
of travel. More important, however, are examples
where birds have frontal binocular fields that are
of restricted vertical extent (Fig. 2), and with
extensive blind areas above and below them. In
these cases, only relatively small amplitude (25-
35°) downward pitch movements of the head
from those typically adopted in level flight will
bring these blind areas to project forward in the
direction of travel (Fig. 2). Anecdotal sources,
including field observations, video clips and still
photographs of birds in flight, show that birds of
a wide range of species are often seen with their
head pitched downwards during flight. It is worth
noting that the well worn cliché of a ‘bird’s eye
view’, which wusually refers to looking straight
down at the world below (as in aerial photographs
and satellite imagery), can in fact only be achieved
in birds if the head is pitched forward, and would
probably also involve yaw and roll movements of
the head (Fig. 2). Such pitching and yawing
movements have been studied in Gull-billed Terns
Gelochelidon nilotica, which turn their heads sys-
tematically to look both laterally and downwards
(forward pitch of the head by 60°) when search-
ing for prey so as to bring central vision to guide
the task of detection (Land 1999). But why
should birds in flight pitch their head down in
this manner? In the case of terns and eagles this
may be directly linked with foraging behaviour, as
prey and carrion are principally detected on the
ground or in water below. In the case of bustards
and cranes, birds may not be looking for individ-
ual prey items but for foraging patches, conspecif-
ics or roost sites. However, in both cases the birds
are more interested in what is below them than
what lies ahead in the (presumed) open airspace.
Clearly, further studies of the circumstances,
amplitude and frequency of forward pitch and
yaw head movements during flight in collision-
prone birds will help to establish whether these
birds are ‘looking but failing to see’ or simply just
not looking ahead when flying in open airspace.
Recent developments in miniaturized digital imag-
ing, image storing and telemetry might enable

such work to be carried out (Carruthers et al.
2010).
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CONCLUSIONS

General observations

The evidence and arguments reviewed here suggest

that bird collisions may be the result of both visual

and perceptual constraints. Analyses of the reasons
why any particular species may find particular situa-
tions hazardous should acknowledge the following:

1. Birds live in quite different visual worlds from
that occupied by humans. Birds’ eye views are
not the same as the human eye views with
respect to many parameters and it is not possi-
ble simply to extrapolate from knowledge of
human perception of a hazard to understand
the problem faced by a bird.

2. In flight, some birds may be blind to what is
ahead of them; turning the head in both pitch
and yaw to look downwards either with the bin-
ocular field or with the central part of an eye’s
visual field may not be unusual, and this may
leave birds blind in the direction of travel.

3. Frontal vision in birds is not high-resolution
vision; high resolution occurs in the lateral fields
of view.

4. Frontal vision in birds may be tuned for the
detection of movement concerned with the
extraction of information from the optical flow-
field, rather than high spatial detail.

5. Birds probably employ lateral vision for the
detection of conspecifics, foraging opportunities
and predators. Attention to these may be more
important for a bird than simply looking ahead
during flight in the open airspace.

6. Birds in flight may predict that the environment
ahead is not cluttered. Even if they are ‘looking
ahead’ they may fail to see an obstacle as they
may not predict obstructions. Perceptually they
have no ‘prior’ for human artefacts such as
buildings, power wires or wind turbines.

7. Birds have only a restricted range of flight
speeds that can be used to adjust their rate of
information gain as the sensory challenges of
the environment change due to reduced visibil-
ity caused, for example, by rain, mist or lower
light levels.

Solutions to collisions?

Armed with this information, are there solutions
to the problem of collisions? Some general princi-
ples can be suggested:



1. Although birds cannot be guaranteed to be
looking at or attending to an obstacle that
extends into open airspace, it is still valuable to
employ markers to increase their conspicuous-
ness in key situations where collisions rates are
high. Stimuli used to draw attention to the
obstacle should be of high contrast, incorporate
movement and be large, well in excess of the
size calculated to be detectable at a given
distance based upon acuity measures. This
recommendation takes account of the idea that
forward vision may be tuned primarily for
extracting information from optic flow rather
than static stimuli, and that estimates of acuity
typically refer to the highest performance of
spatial resolution which occurs in the lateral,
not the frontal, fields of view. Although birds
have an extended visible spectrum compared
with humans, it seems unlikely that stimuli spe-
cifically employing reflectance in the short
wavelength (UV) end of the spectrum will have
particular salience. In fact, the target that is
likely to remain conspicuous under all possible
viewing conditions should simply be of high
black-and-white contrast so that it reflects
highly or absorbs strongly across the full spec-
trum of ambient light. This is because the
degree to which a coloured target is conspicu-
ous depends upon the spectral characteristics of
ambient and background illumination as well as
the distribution of spectral information within
the target itself (Endler & Mielke 2005) and
these can vary markedly with situation, time of
day and cloud cover.

2. Collisions with obstacles in the open airspace
are as much a perceptual or attentional problem
as a visual one. Therefore, if possible, solutions
should be found that alert birds well in advance:
their attention may need to be primed just as
much as the car driver’'s when approaching a
hazard. However, what constitutes a warning or
alerting stimulus may be difficult to determine
and may vary with species.

3. In locations where collision incidents are high it
may be more efficient to divert or distract birds
from their flight path with respect to a known
hazard rather than attempt to make the hazard
more conspicuous. This is because to be effec-
tive, a warning on the obstacle itself may have
to be very large and probably moving, and that
for some collision-vulnerable species it may be
best to assume that birds are more likely to be
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looking down and laterally rather than forwards.
Therefore, any warnings or additional marker
may not in any case be seen. To reduce colli-
sions with known hazards, a signal on the
ground may be more important than a signal
on the obstacle. Foraging patches, conspecific
models or alerting sounds placed a suitable dis-
tance from the hazard may be necessary.

4. There is unlikely to be a single effective way to
reduce collisions for multiple species at any one
site. Warning or diversion and distraction solu-
tions may need to be tailored for particular
target species. Solutions may need to take
account of the foraging ecology and social
behaviour of the species as well as its visual
capacities in order to understand why it flies in
the open airspace at particular locations.

SENSORY ECOLOGY ANALYSES OF
ENVIRONMENTAL HAZARDS

Sensory ecology provides a valuable framework
for understanding important aspects of animals’
interactions with their environment. This review
shows that combining a sensory and a perceptual
approach may provide valuable insights into how
an animal’s behaviour may be controlled and con-
strained by the information they extract from their
natural environment. The ways in which humans
have altered those environments, particularly
through the construction of obstacles, have posed
many additional sensory and perceptual challenges
for animals that in some circumstances can consti-
tute hazards which threaten the lives of individual
birds and even the survival of particular popula-
tions. A sensory ecology approach could well be of
value for understanding, and suggesting solutions
to, other sensory challenges that human activity
poses for birds in different environments.

This paper is based upon one presented orally at the
British Ornithologists’ Union annual conference ‘Cli-
mate Change and Birds’, Leicester, April 2010. I thank
the Editor-in-Chief for inviting me to write this review. I
also thank Jeremy Wilson, Ian Hartley and an anony-
mous referee for making valuable suggestions for its
improvement.
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